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Preface

The first reports in 1997 of vertical external-cavity surface-emitting laser (VECSEL),
also known as optically pumped semiconductor disk laser (SDL), attracted a lot
of attention in the research and laser community. This relatively new type of laser
combines the versatility in wavelength from the semiconductor-active region with
superior emission properties such as multi-watt output powers in cylindrically
symmetric TEM00 mode and nearly diffraction-limited beam quality. The extended
cavities allow an efficient intracavity frequency conversion and enable, by incor-
porating semiconductor saturable absorber mirrors (SESAM), short-pulse mode
locking operation.

Since the first summarizing book of the achievements in this field in 2010
from Oleg G. Okhotnikov, a tremendous progress in demonstrating the expected
VECSEL properties took place. The direct emitting wavelength of these lasers
expands meanwhile from the blue to the mid-infrared range. With frequency
doubling, even the UV spectral range is reached with high optical powers. SESAM
mode-locked lasers demonstrated pulse widths below 100 fs and pulse repetition
rates over 100 GHz. However, not only the predicted features were confirmed but
also new varieties of VECSELs were invented in the meantime. The most promi-
nent ones are the mode-locked integrated external-cavity surface-emitting laser
(MIXSEL), combining the SESAM and gain mirror in one semiconductor stack,
and the membrane external-cavity surface-emitting laser (MECSEL), basically a
heat spreader–semiconductor sandwich in an external cavity, enabling wavelength
ranges which were not reachable due to semiconductor growth restrictions. Next
to these nice efforts and lively research, these devices as well took the step to
commercialization. Several companies offer nowadays laser equipment including
SDL either in cw or mode-locked operation.

It is our pleasure and honor to present with this book some of the most recent
developments in VECSEL research. It is written by internationally renowned
experts who actively advance this field of laser research. The book is structured into
two sections, a continuous wave and a pulsed laser part. It includes the development
of the VECSELs, recent advances, technology aspects, and some applications of
VECSEL. It can be useful for engineers and scientists working in this field as well
as for graduate students interested in the technology of these laser devices.
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1

History of Optically Pumped Semiconductor
Lasers – VECSELs
Mark E. Kuznetsov

Axsun/Excelitas Technologies, Billerica, MA, USA

1.1 Introduction

Optically pumped semiconductor lasers (OPSLs) are an old concept that originated
in the early days of semiconductor lasers in the 1960s, and that remained a scientific
curiosity until the mid-1990s, when its potential capabilities for high power with
excellent beam quality were first fully demonstrated, spurring subsequent rapid
development of the science and technology of these versatile lasers. Distinguishing
features of OPSLs today are light emission normal to the plane of the semiconductor
chip, laser cavity external to the chip to stabilize fundamental transverse laser mode
and to enable insertion of intracavity functional optical elements, and the use of
optical pumping for efficient and high output power operation. A wide range of
applications is enabled by additional remarkable properties of this laser family,
such as wavelength operation from ultraviolet (UV) to mid-infrared (IR) and even
terahertz range, and passively modelocked operation with output pulses shorter
than 100 fs. These lasers are also widely known by two other names, descriptive
of their geometry: vertical external-cavity surface-emitting lasers (VECSELs) and
semiconductor disk lasers (SDLs). Alternatively, VECSELs can also be electrically
pumped, but achievable laser output powers are then typically much lower than for
the optically pumped version.

OPSL development in the 1990s was spearheaded by Aram Mooradian in Micra-
cor, a small start-up company that spun out technology from Aram’s group in the
MIT Lincoln Laboratory. I worked with Aram in Micracor to carry out this devel-
opment. In 2011, the first annual VECSEL conference was held at SPIE Photonics
West, with the VECSELs-XI conference scheduled for 2022. The first book about
these lasers, Semiconductor Disk Lasers: Physics and Technology [1], was published
in 2010; it was edited by Oleg Okhotnikov from the Tampere University of Tech-
nology in Finland and described the then state of the art in chapters contributed
by researchers from around the world. Since the publication of this book, science,
technology, and applications of VECSELs have made a significant step forward,
and hence the present book to bring VECSELs overview up to date. This chapter

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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describes the history of OPSLs, the people that took part in their development, and
it’s also a personal story of the OPSL development by our team at Micracor. Sadly,
both Aram Mooradian and Oleg Okhotnikov, who have contributed so much to the
early development of these lasers, have passed away since the publication of the
first book. This historical chapter is dedicated to their memory.

1.2 OPS-VECSELs: Concept and History

The first laser invented in 1960 was a flashlamp-pumped solid-state ruby laser. Other
laser gain media and pumping schemes soon followed, and in 1962 a semiconduc-
tor diode laser pumped by current injection in a semiconductor p-n junction was
demonstrated [2–6]. Semiconductors offered the possibility of operating at differ-
ent wavelengths, depending on the material composition – already in 1962, together
with the near-IR operation of binary GaAs lasers, ternary alloy GaAsP semiconduc-
tor diode laser in the visible was also demonstrated [5]. Electron-hole pairs for laser
excitation in semiconductors can be created by various means. Current injection
pumping of diode lasers, although requiring more complex device fabrication, is
appealing for its simplicity of use and the possibility of direct laser output modu-
lation by current modulation. Yet other schemes for semiconductor laser pumping
were also investigated, including optical and electron beam pumping. Semiconduc-
tor diode lasers have seen tremendous development from the 1960s to the 1990s,
driven primarily by applications in optical fiber communication, CD and DVD opti-
cal disk readout, and pumping of solid-state and fiber lasers and amplifiers. One
challenge had remained, however. While diode lasers could produce very large, from
watts to hundreds of watts, powers, this power was produced with poor beam quality:
in highly transverse multimode, high aspect ratio output beams, or from large arrays
of lasers. Single transverse mode output, and especially circular Gaussian output
beam, could be produced at only much smaller power levels of at most a few hun-
dred milliwatts. Optical pumping had remained an essentially experimental tool to
demonstrate lasing capability of the semiconductor gain medium or laser structure,
on the way to the ultimately useful diode-current-injection electrical pumping.

Why would semiconductor lasers with high multiwatt output power and beam
quality be useful and important? The alternative high-power laser technologies,
e.g. solid state, gas, and atomic vapor lasers, rely on discrete atomic transitions and
thus are restricted to discrete unique operating wavelengths. Semiconductor lasers,
via material composition and bandgap-engineered quantum-confined structures,
can produce a very wide range of operating wavelengths, from UV to mid-IR,
both directly and using nonlinear optical, including intracavity, conversion. This
allows, by design, an essentially continuous coverage of this spectrum and even
dual wavelength laser operation. High-power good beam quality semiconductor
lasers can offer unique operating parameters not accessible by other types of lasers.
If you add to this femtosecond pulse capability with high peak powers, potentially
compact size and low fabrication cost, this makes such semiconductor lasers useful,
and sometimes possibly unique, for a wide range of applications.
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Early semiconductor lasers were edge emitting and emitted light in the plane of
the wafer, so that enough gain could be accumulated over the length of the device.
Such edge-emitting geometry, both gain and index guided, limits transverse profile
beam quality for high powers. Vertical cavity surface-emitting lasers (VCSELs) were
first described by Kenichi Iga at the Tokyo Institute of Technology in 1979 [7, 8] and
further developed to efficient low threshold operation by Jack Jewell at Bell Lab-
oratories, Holmdel, in 1989 [9–11]. VCSELs surface-emitting geometry, with light
emitted normal to the plane of the wafer, because of low gain of the short gain region,
requires very high reflectivity semiconductor or dielectric multilayer mirrors. Such
vertical cavity geometry allows single transverse mode circular Gaussian beam out-
put, but typically only for milliwatt level powers, limited by the difficulty of heat
dissipation from the small mode area of a few microns in diameter.

Optical pumping of semiconductor lasers has a long history; it has been used for
various purposes, such as characterization of novel semiconductor laser materials
and structures, generation of higher output powers, or short pulse generation. As
early as 1965, an OPSL has been demonstrated by Robert Phelan and Robert Rediker
at MIT Lincoln Laboratory [12], where an edge-emitting InSb laser was pumped by
an edge-emitting GaAs diode laser. Remarkably, both concepts, optical pumping of
semiconductors and the use of diode lasers as pumps, are already in use this early in
the history of lasers. In 1966, Nikolay Basov’s group at the Lebedev Physical Institute
in Moscow introduced the concept of a “radiating mirror” [13], Figure 1.1a: a thin
semiconductor gain layer placed on top of a mirror and a heatsink, with an external
output coupling mirror completing the laser cavity. Both optical and electron beam
pumping were envisaged and demonstrated as the possible excitation sources. Large
lateral extent of the gain medium, greater than its thickness, would ensure effective
heat removal and thus the possibility of high output power. This is essentially the
concept of a “disk laser” geometry, which would prove so effective many years
later in both solid-state [14, 15] and semiconductor [1] laser configurations. Basov’s
1966 “radiating mirror” concept, Figure 1.1a, is remarkably similar to the 1996
Micracor OPSL configuration, Figure 1.1b. In his paper, Basov reported operation
of a “radiating mirror” laser with optical pumping of CdSe using two-photon
absorption of a Q-switched Nd-doped glass pump laser. So as a concept, SDL had
been already introduced and demonstrated in 1966; however, its full potential was
yet to be explored and developed.

In the late 1960s, Nick Holonyak’s group at the University of Illinois, Urbana,
reported several studies of optically pumped CdS, GaAs, and GaAsP semiconductor
thin platelet lasers [16], some using GaAsP diode laser pumping, and considered
both edge- and surface-emitting laser geometry. Transparent sapphire heatsinking
windows had been used to remove heat and help improve power performance of the
devices, foreshadowing the future use of such transparent heatspreaders. Optical
pumping here is mainly used to explore lasing in different semiconductor materials.
In a 1973 publication from Aram Mooradian’s MIT Lincoln Lab group, Stephen
Chinn demonstrated pulsed operation of optically pumped edge-emitting bulk
GaAs semiconductor lasers [17], with the goal of efficient high power generation.
Later in 1981, Julian Stone, Jay Wiesenfeld, Andrew Dentai, and coworkers from
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Figure 1.1 (a) Semiconductor laser with radiating mirrors. Source: Reprinted, with
permission, from Basov et al. [13], © 1966 IEEE. (b) Optically pumped semiconductor
vertical external-cavity surface-emitting laser (OPS-VECSEL), Micracor, 1996.

the Bell Laboratories Crawford Hill Lab, used surface-emitting thin-film ultrashort
cavity InGaAsP lasers [18] to generate gain-switched picosecond pulses in the
0.83–1.59 mm wavelength range using dye laser pumping. Wavelength versatility
of semiconductor materials is explored here, with short pulse generation as the
primary goal. Using an external optical cavity for pulse repetition rate and transverse
mode control, optically pumped mode locking was demonstrated with a CdS thin
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platelet laser by Charles Roxlo and Michael Salour at MIT in 1981 [19]. In 1991,
Mooradian’s group observed high peak power in an external-cavity GaAs platelet
laser pumped by a Ti:sapphire laser [20]. Note that the above OPSLs largely used
bulk semiconductor material without internal heterostructures. As a result, the
performance of these lasers was limited.

When semiconductor heterostructures and quantum wells had been developed,
they also had been used for OPSL experiments, e.g. in Holonyak’s group [21]. When
the first efficient VCSEL semiconductor lasers were demonstrated by Jack Jewell in
1989, early experiments used optical pumping of bulk GaAs [9] and later InGaAs
and GaAs quantum well laser structures [10, 11]. On-wafer high reflectivity semi-
conductor multilayer distributed Bragg reflector (DBR) mirrors were used for these
vertical cavity lasers. At this point, the full power of the semiconductor bandstruc-
ture engineering was beginning to be applied to OPSLs. But again, optical pumping
was used only as an initial characterization of laser structures on the way to eventual
diode current-injection pumping [11].

In the 1990s, a series of papers explored optical pumping of semiconductor lasers
with the goal of obtaining high power with good beam quality, as well as short
pulse generation. A wide variety of laser configurations were explored, both edge
and surface emitting, with a range of pump laser options: diode, solid-state, and
gas lasers. Using diode laser pumping, low-power 10 mW continuous wave (CW)
operation was demonstrated with GaAs VCSEL by Steve Brueck’s group at the
University of New Mexico [22]; in external cavity, however, such lasers emitted only
20 μW [23, 24]. External resonator was also used with an electrically pumped VCSEL
by a group from the University of California, Berkeley, in an attempt to increase
its single-transverse-mode output power; however, only 2.4 mW was achieved in
CW operation [25]. A diode-laser-pumped surface-emitting optical amplifier was
demonstrated at 1.5 μm using InGaAs–InGaAlAs multi-quantum-well structures by
Shojiro Kawakami’s group at Tohoku University [26]. Using 77 K low temperature
operation and a Nd:YAG pump laser, 190 mW continuous output power was
obtained from an external-cavity InGaAs–InP surface-emitting laser by Wenbin
Jiang in the Yoshihisa Yamamoto’s group at the NTT Basic Research Laboratories
[27]. The same group used a similar configuration to demonstrate an external-cavity
GaAs VCSEL at 77 K with CW output power of 700 mW using a 1.8 W krypton–ion
pump laser [28]. Modelocked femtosecond pulse operation was demonstrated with
a periodic gain vertical cavity laser in an external cavity by Wenbin Jiang in the John
Bowers group at the University of California, Santa Barbara [29]; with synchronous
pumping by a modelocked Ti:sapphire laser, 6 mW average output power was
obtained. Specially designed edge-emitting InGaAs–GaAs laser structures were
used with diode laser pumping to generate as much as 4 W average power by
Han Le at MIT Lincoln Laboratory [30, 31]; however, the beams were strongly
elongated with aspect ratios between 10 and 50 to 1. To summarize the state of the
art by the mid-1990s, semiconductor lasers could emit watt-class power only with
poor beam quality from edge-emitting structures; vertical cavity lasers operated
with good beams but only with milliwatt class output, external-cavity operation
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of surface-emitting lasers hadn’t produced particularly high powers, and optical
pumping remained just a tool for scientific exploration of novel laser configurations.

1.3 Micracor

Micracor (1992–1997) was a small company started by Aram Mooradian, see
Figure 1.2, in Acton, a suburb of Boston, to commercialize several technologies
from the Quantum Electronics Group at MIT Lincoln Laboratory, where Aram was
the group leader for more than 20 years. Micracor’s core technologies and nascent
products were diode-pumped solid-state microchip lasers, work led by Kevin Wall,
and tunable external cavity diode lasers, work led by Ken German. OPSLs were
a concept explored previously in Aram’s group at MIT Lincoln Lab. Micracor
made a quixotic attempt to take this, at the time vague, concept, demonstrate it,
and develop and commercialize such devices. The key initial target application
was 980 nm pumping of Er-doped fiber amplifiers. Micracor’s core technologies
weren’t very successful commercially, while OPSL development after three and a
half years showed tremendous promise. But investors eventually lost patience, and

(a)

(b)

Figure 1.2 Aram Mooradian and the
Micracor logo.



1.3 Micracor 9

at the end of 1996 the company was shut down. Luis Spinelli from Coherent Inc.
recognized the potential of OPSL technology and drove the purchase of Micracor’s
assets by Coherent. At this point our group at Micracor published two papers on
OPS-VECSELs [32, 33], where the term VECSEL was first introduced. The results
of Micracor’s more than three-year effort on OPSLs were finally made public. These
publications triggered subsequent development and exploration of VECSELs by
the scientific community around the world. VECSEL technology was successfully
commercialized by Coherent for applications as diverse as entertainment, forensics,
life sciences, and medical. If it weren’t for OPSLs, Micracor would be forgotten
today. A recent Google search on Micracor yielded a puzzled response – “Did you
mean: microcar?”

How did I come to Micracor and what was my role there in the development of
OPSLs? After Micracor was founded, in 1993 Aram got a Small Business Innovation
Research (SBIR) grant from the US Department of Defense to develop high-power
OPSLs. However, there was nobody at the company who could actually carry out
this work. Phase I money was being spent, but no progress was made. I was hired
in August of 1993 to carry the development of what would become OPSLs. Micra-
cor was funded by Rothschild Ventures, and I remember visiting their offices in New
York, with Rothschild family portraits on the walls. I came to Micracor after graduate
school at MIT with Hermann Haus and Erich Ippen and seven years at Crawford Hill
Lab of Bell Laboratories in the department of Ivan Kaminow. Looking back, I was
well prepared and had the right background and experience to embark on the risky
and challenging development of OPSLs. At Bell Labs, I had worked on electroni-
cally tunable quantum well diode lasers, I had both theoretical and experimental
experience with semiconductor lasers, and my work has involved extensive mod-
eling and design of edge-emitting semiconductor laser structures, semiconductor
device processing, laser fabrication and characterization, as well as device perfor-
mance analysis. I had also been exposed to earlier work on OPSLs: at MIT, Michael
Salour’s lab was next door and I had attended multiple talks from the group; at Bell
Labs, Julian Stone, Jay Wiesenfeld, and Jack Jewell were colleagues whose work I
closely followed. Micracor was a small company of about 20 people working on a
variety of projects; to develop OPSLs, I had to rely on myself to get the job done – no
grand team to attack the problem; we had limited resources, equipment, and money.
Compare this to Novalux, founded by Aram Mooradian several years after closing of
Micracor, where $193 million (!) was spent developing electrically pumped VEC-
SELs. Several people at Micracor played crucial roles in the OPSL development: Bob
Sutherland (thin semiconductor wafer polishing), Bob Sprague (AR coatings), and
Farhad Hakimi (pushing powers higher at the later stages of development). Aram
Mooradian was the visionary who initiated the program, guided the program along,
and with whom we discussed all aspects and nuances of the work to overcome a
continuous string of challenges. Aram had the physical intuition to see OPS laser
operation, even when he couldn’t tell exactly how to get there. I felt we were “father
and mother” team with Aram, nursing and raising our “baby” OPSLs.

Why do I think we succeeded at Micracor? Various groups had worked on OPSLs
for several decades, but a common thread was that when they got results good
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enough for a publication, they were satisfied and stopped at the publication. We
were a small company and had to push OPS concept to the commercial performance
level to get funding for our work and for the company, both from government pro-
gram sponsors and from investors. We were fighting for survival as a company,
and just a publication was not good enough. And we had persevered, overcoming
challenge, after challenge, after challenge, finding a path forward at every step.
First, we got some initial miniscule amount of light from the laser. At that point,
we had something to work with, and we just kept optimizing and improving,
and we never stopped, until the company went out of business. In this process,
physical understanding was critical, and fabrication ability was critical. Our work
went through multiple iteration cycles: physical modeling and design – device
fabrication – characterization of the materials and devices – analysis of the device
characteristics – and then finding ways to improve in the next iteration cycle.

Another reason we succeeded at Micracor is the tremendous progress that had
been made in the semiconductor technology in the preceding years and that was
now available to us. Semiconductor lasers had progressed from simple edge-emitting
homojunction GaAs devices grown by liquid-phase epitaxy (LPE) in the 1960s,
to the MBE (molecular-beam epitaxy) and MOCVD/MOVPE (metal-organic
chemical vapor deposition/vapor-phase epitaxy) grown semiconductor structures
with bandgap engineering to manipulate their electronic and optical properties, to
strain-engineered and strain-compensated quantum-confined structures, to vertical
cavity laser structures with grown multilayer semiconductor DBR mirrors. Such
semiconductor materials and structures were now also understood well enough to
be grown commercially in companies such as Epitaxial Products International (EPI)
PLC (now IQE PLC). These developments enabled diode VCSELs in the late 1980s;
we applied these technologies to the optically pumped vertical external-cavity
configuration in the early 1990s. Another key enabler was the availability of new
multiwatt multitransverse-mode semiconductor diode pump lasers. Such pump
lasers had been developed in the 1980s for pumping solid-state lasers, e.g. 808 nm
pumps for Nd:YAG lasers.

What were the resources and facilities available to us at Micracor? We had an elec-
tron beam evaporator for optical dielectric coatings and a thermal evaporator for
chip metallization; we had a polishing facility for thinning the wafers; we also had
a spectrophotometer for optical characterization of wafers and coatings. However,
we did not have an optical spectrum analyzer (OSA) – commercial OSA was just too
expensive. So I made a homemade OSA, converting a grating monochromator to a
rudimentary calibrated OSA by rigging a fiber input and a detector output to the
input and output slits, driving the grating stepper motor from a computer D/A out-
put and reading the detector output into computer A/D. I periodically calibrated this
OSA using a He-Ne laser. To my surprise, coming from Bell Labs, I found that it is
possible to do interesting science in a small company environment and with limited
resources, of course given the right circumstances.
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1.4 OPSL Development at Micracor: First Steps

In August of 1993 when I came to Micracor, it had an SBIR program running, Phase
I, on the topic of “High Power Multi-Segmented Semiconductor Lasers.” Figure 1.3
shows the device that was promised ultimately to the sponsors, a high-power
multiple-bounce optically pumped surface-emitting semiconductor laser. The
project was funded by the Department of Defense, U.S. Army Space and Strategic
Defense Command, colloquially known then as the “Star Wars” initiative. With not
much to show for the program accomplishments at this point, I had two months to
finish the project, write the final report, and convince program managers to give us
more money for Phase II of the project.

I wrote and submitted the final report for Phase I at the end of September 1993:
we had seen no laser light but had done enough experiments to project high hopes
for the future; now we just had to sell these hopes to the program managers.
We had two semiconductor samples, epigrown DBR stack plus quantum-well
gain region on top, to work with, grown and available through Aram’s numerous
connections: an 850 nm AlGaAs/GaAs wafer from Art D’Asaro at Bell Labs and a
900 nm InGaAs/GaAs wafer grown by Stephen Hersee at the University of New
Mexico. Both wafers had major design shortcomings. What had been accomplished
in Phase I? I had learned to align pump optics and laser cavity using Si cameras,
I imaged and characterized pump and sample spontaneous emission beams, I
had demonstrated 1.2 W pump power into ∼100 μm diameter spot from a 785 nm
3 W/500 μm-wide stripe diode laser, and I observed strong amplified spontaneous
emission (ASE) at 900 nm into the laser mode – but no lasing. I had sketched out
a basic OPS laser model, e.g. see Figure 1.4, and determined a set of parameters
to make a “single-bounce” OPS surface-emitting laser. Proposed designs had a
semiconductor wafer structure with a DBR mirror and a gain region with ∼10

Output

Cavity Mirrors

100% Mirror

Semiconductor
Wafer

Optically Pumped
Spots

Figure 1.3 Multi-bounce OPS laser Micracor promised in 1993 to make ultimately in its
SBIR program “High Power Multi-Segmented Semiconductor Lasers.”
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Figure 1.4 Band diagram of the proposed optically pumped surface-emitting
semiconductor laser structure in the September 1993 final report for SBIR Phase I.
Quantum wells are placed in a resonant periodic gain structure [34].

quantum wells in a resonant periodic gain structure [34], with two specific wafer
designs proposed, an external spherical mirror with ∼100 mm radius of curvature
and a reflectivity R > 97%, and a stable fundamental transverse mode laser cavity
with ∼1 W threshold pump power for a 100 μm diameter mode. And I had a basic
pump optics design with cylindrical lenses. Based on all this, while lacking an
actual laser demonstration, we had claimed in the Phase I final report that we had
demonstrated the “feasibility” of our optically pumped semiconductor OPS laser
approach.

By the time I wrote Phase II SBIR project proposal in April 1994, we had a
first major milestone accomplishment – we had seen first laser light at 900 nm
with antireflection (AR) coated samples. Only a tiny amount of pulsed light was
observed, but we already had something to work with. I wrote a very optimistic
proposal, trying to overcome rudimentary results of the first phase, and I described
in detail our approach to getting high power operation. Figure 1.5 shows our
proposed initial single-bounce OPS laser configuration. We got funding for Phase II.

When we started Phase II of the project in June 1994, we were already charac-
terizing low power pulsed laser light. Our 900 nm InGaAs/GaAs samples had four
quantum wells; the chips were AR coated, thinned to 100 μm, metallized, and sol-
dered onto Cu heatsink. With R> 99% output mirror, and the laser driven with 100μs
pump pulses at 1 kHz, we saw very low power laser light but with an excellent beam
profile, see Figure 1.6; chip heating turned the laser off for longer pulses. Ther-
mal impedance of the chip was high; thermal path from active region to heatsink
included DBR region and a 100 μm thick residual substrate. But the important thing
was that we already had some light to work with, and we started to characterize and
optimize our laser.

With money now available to continue the project, in the summer of 1994 we
started by designing and growing a new optimized wafer structure based on our
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Figure 1.5 Single-bounce OPS laser configuration in the April 1994 SBIR Phase II proposal.

Figure 1.6 Excellent beam profile of
the pulsed optically pumped 900 nm
InGaAs/GaAs laser, June 1994.

prior analysis and experiments. We targeted operating wavelength of 980 nm for
application to pumping Er-doped fiber amplifiers; wafer structures included 10
strained quantum wells in the mature InGaAs/GaAs material system. The struc-
tures were designed to be pumped at 808 nm and even included pump-reflecting
mirror in the DBR for more efficient double pass pump absorption. The wafers
were grown successfully by MOVPE at EPI PLC in Cardiff, United Kingdom. These
were fairly complex designs with many DBR and quantum well semiconductor
layers; it’s impressive that a commercial company at the time could already grow
successfully such sophisticated structures. By then, we had developed techniques
to characterize the grown OPS wafers with spectrophotometer wafer reflectance
spectra, as well as surface and edge photoluminescence; laser power and spectral
behavior were also extensively characterized, as well as their temperature depen-
dence. We continued detailed modeling to explain the observed wafer and laser
characteristics, both optical and thermal, and had designed several different pump
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Figure 1.7 Two figures from the Micracor second quarterly report to the sponsor, January
1995: (a) laser and pump configuration, (b) pulsed and CW laser spectra. (c) Figure from the
Phase II final report, July 1996: thermal offset design for OPS vertical cavity laser.

optics configurations. In our first Phase II quarterly report in September 1994, we
described our accomplishments: the new wafers lased only in the pulsed mode;
using R = 97% output reflecting mirror, threshold was ∼400 mW and maximum
pulsed output power was only 30 mW, limited by heating.

So a year after the program started, we had learned a lot, but got only 30 mW
pulsed – pretty far away from the promised watts of CW power. This was time to
get philosophical in the face of challenges, to collect thoughts and to see how to
proceed forward. At the time, I was reminded of the quote from Harold Edgerton,
MIT professor of the flash photography fame, “We worked and worked, but didn’t
get anywhere. That’s how you know you’re doing research.” Well, we definitely were
doing research. I was also thinking of my work then as a friendly wrestling match
with Nature; Nature is a tough opponent, but she is not malicious. I was learning to
speak the language of Nature, learning to listen carefully and understand what she
says, and trying to speak back to her in her own language; and if I were successful,
she would listen and understand me, and do what I asked.

1.5 OPS Development at Micracor: Pushing Forward

In the next quarter we pushed forward, and here are the important advances from
the second quarterly report in January of 1995, see Figure 1.7. Laser chips were
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Figure 1.8 (a) Pulsed laser power up to 110 ∘C with weak temperature dependence, third
quarterly report, March 1995. (b) 160 mW CW output power, program extension proposal,
May 1995.

thinned to 20–30 μm, to reduce thermal impedance between the quantum well active
layer and heatsink, and soldered to Cu submounts – we got 130 mW pulsed out-
put power and, crossing an important barrier, we had ∼1 mW CW! (at 0 ∘C). We
had concluded that thermal effects limited our CW output power, and we focused
on several approaches to improve further laser power performance. (i) We lowered
thermal impedance of on-chip mirror and substrate in order to decrease detrimental
temperature rise of the active region. (ii) We made laser threshold less sensitive to
temperature. To this end, we improved quantum well design with stronger carrier
confinement to prevent carrier escape from the wells at higher temperatures. And
finally, (iii) we placed the lasing mode resonance on the long wavelength side of the
material gain peak at room temperature. This would compensate the larger temper-
ature shift of the gain spectrum compared to the smaller temperature shift of the
resonant wavelength and would align material gain spectral peak and lasing mode
wavelength at the increased operating temperature of the laser active region. The
key to laser power performance was addressing these thermal issues.

Our understanding and improvement steps proved to be correct. By the time I
wrote our Phase II third quarterly report in March of 1995, we had made significant
progress. Our second iteration redesigned 980 nm wafer structure was grown – the
measured thermal impedance improved by a factor of two to 45 ∘C/W, in part due
to elimination of the pump-reflecting mirror; improved quantum well (QW) carrier
confinement resulted in weaker dependence of threshold power on temperature, see
Figure 1.8a; CW lasing was now observed at up to 30 ∘C; and we measured 57 mW
CW output power at −5 ∘C. By May 1995 we had improved performance even fur-
ther – the chip was now only 17 μm thick and soldered onto diamond heatspreader,
which was in turn soldered to a Cu heatsink; CW output power was now 160 mW!
See Figure 1.8b. And, based on these results, we got infusion of additional money
from the sponsor in the program extension. We could keep going with OPS laser
development.

In August of 1995, I had a chance for the first time to attend the Topical Meeting on
Semiconductor Lasers in Keystone, Colorado – attending conferences was a luxury
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not always available in a small company. There I discovered that we had competi-
tion – in a poster session, John Sandusky described their work with Steve Brueck
at the University of New Mexico on “A CW external-cavity surface-emitting laser”
[23]. Their configuration was generically similar to ours, and they reported 20 μW
of CW output power using a ring dye laser pump. This was frustrating – at the time
we were already measuring 200 mW CW and with a diode laser pump, four orders
of magnitude higher power, but we couldn’t report anything at the conference, our
work was commercial and proprietary, not for publication. So all I could do is talk to
the presenter and comment on their nice work. We did apply for several patents on
Micracor work. Once I even had to travel to Washington DC to argue for one of our
patent applications in front of a patent examiner – I argued successfully against the
objections, and we got that patent. I remember the patent office building, with stacks
full of paper copies of old patents, famous patents on display; paper was king then.

As we were increasing OPS output powers, we had discovered serious laser
power degradation over time and had found the culprit – under pump illumination,
dark line defects were growing in our chips, caused by crystal dislocations due to
excessive accumulated strain –thickness product of our multiple-quantum-well
(MQW) structures, see Figure 1.9. Moving to a new spot on the chip restored the
power, but then it would degrade slowly again. While a single quantum well in our
structure was within the strain-thickness stability limits of Matthews and Blakeslee
[35], multiple quantum wells violated that limit. In an attempt to address this, by
September 1995 in our third iteration wafer design we had reduced the cumulative
strain-thickness product and had hoped that large 100 nm separation between wells
would also help. We got higher CW output powers – now 200 mW in Transverse
Electro-Magnetic (TEM) TEM01 and 140 mW in TEM00 Gaussian beam modes
using a 1.2 W fiber-coupled diode laser pump, Figure 1.10. But power degradation
and dark line defects were still present.

At this point we were at the threshold of commercially relevant output powers.
Aram was already dreaming of optical frequency doubling into the visible. The
initial promising application was pumping of Er-doped fiber amplifiers, which
required several hundred milliwatts at 980 nm in a single mode fiber. We had
contacted several potential customers to inquire how much power was desired. A
memorable answer came from Bell Labs: “Too much power is almost enough!” How
true. But we still needed to solve the dark line power degradation problem – our
devices were useless, if all that power decayed on the scale of hours. We were yet
again facing a critical challenge – a fundamental semiconductor materials problem:
crystal layer strain in our structures was too high, and attempts to reduce it did
not help.

1.6 OPS Development at Micracor: Final Chapter

Reviewing the literature, I had found that strain compensation should solve our
problem: thin tensile strain-compensating GaAsP layers to balance the com-
pressively strained InGaAs quantum wells on GaAs. Strain compensation was a
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Figure 1.9 Photoluminescence
image of the strained multi-
quantum-well InGaAs/GaAs OPS chip,
808 nm pump, 980 nm
photoluminescence. Dark line defects
in the image and a dark spot at the
lasing location, caused by dislocation
defect lines in the crystal due to
excessive crystal strain. Third
iteration wafer design, Micracor fifth
quarterly report, February 1996.

0

100

200

300

400

500

y,
 μ

m

600

700

800

0

0 50 100 150
Photoluminescence Image Intensity

200 250

100 200 300 400 500 600 700 800
x, μm

220 160

140

120 CW

100

0°C

10°C

20°C80

60

40

20

0
0 100 200 300 400 500 600 700 800 900

200
180
160
140
120
100
80

60
40
20
0
0 100 200 300 400

PUMP POWER (mW)(a) (b) PUMP POWER (mW)

TEM01 mode CIRCULAR GAUSSIAN BEAM
TEM00TEM00 mode

(Gaussian Beam)

CW, T = 0°C

O
U

T
P

U
T

 L
A

S
E

R
 P

O
W

E
R

 (
m

W
)

O
U

T
P

U
T

 L
A

S
E

R
 P

O
W

E
R

 (
m

W
)

500 600 700 800 900

Figure 1.10 (a) OPS CW output power in TEM01 and TEM00 (Gaussian beam) modes, and
(b) temperature dependence of TEM00 mode, second iteration wafer design, Micracor fourth
quarterly report, September 1995.

relatively new technique at the time, and we hoped that EPI could grow such
structures. I had designed the required structure and even calculated its theoretical
crystal X-ray diffraction pattern, so that the grower could measure and verify
strain balancing. I also calculated tolerance limits of strain compensation, to make
sure composition and thickness errors during growth won’t destroy crystal strain
structural stability. And I verified band edge alignment of the strain-compensating
layers in our structure to make sure pump-generated carriers are not blocked on
their way to the quantum wells. EPI had accepted the wafer growth order and was
learning to do strain compensation.

While EPI was growing our fourth-generation wafer design, now incorporating
strain-compensated semiconductor multi-quantum-well structure, I had further
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Figure 1.12 OPS power coupled into
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wafer design, with strain compensation,
Phase II Final Report, July 1996. OPS
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improved our OPS laser performance. I learned how to better thin our chips, exper-
imented with Au/Sn, and thin evaporated indium solders, diamond heatspreaders,
etc. By our fifth quarterly report in February 1996, Figure 1.11, using our third
iteration wafer design, we had already achieved 350 mW output power, albeit in a
higher order transverse mode; fundamental Gaussian beam output was 200 mW;
and 160 mW was coupled into single mode fiber.

Wafer growth at EPI was a success, and fourth iteration design with strain com-
pensation worked well – there were no dark lines, and output optical power was not
decaying! And we also improved laser performance. In the Phase II program Final
Report in July of 1996, OPS power was now 500 mW in TEM01 mode, 425 mW in
TEM00 mode, and 315 mW coupled into single mode fiber, see Figure 1.12. At the
time, state-of-the-art high power edge-emitting lasers had only ∼200 mW in single
mode fiber. We started to look into ways of packaging our OPS lasers. We also thought
of making our laser tunable and explored using an external mirror on an electrostati-
cally deflectable membrane. The process of device characterization and performance
optimization and improvement continued.

In April of 1996 we applied for, and later received, a Small Business Tech-
nology Transfer (STTR) program from the Defense Advanced Research Projects
Agency (DARPA) of the US Department of Defense to work together with Sandia
National Laboratory on the topic of “High-Power Optically-Pumped Vertical Cavity
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Figure 1.13 OPS power in TEM11
mode, TEM00 fundamental circular
Gaussian mode, and coupled into
single mode fiber, fifth generation
design with inverted wafer structure,
DARPA Final Report, December 1996.
Output power here is pump power
limited.
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Semiconductor Lasers with Diffraction-Limited Beams.” By then we knew and
had announced to the potential sponsor that Micracor had demonstrated a new
watt-class high-power optically pumped semiconductor OPS laser technology; and
we wanted to push OPS powers even higher to 1 W and beyond. Chip thermal
impedance still limited our performance, but we couldn’t thin substrate between
the DBR and heatspreader any further by polishing. So we applied the “flip-chip”
approach to get active region closer to the heatsink. We designed an inverted wafer
structure, where the MQW active region was grown on the substrate first, with the
DBR region grown on top of it. We then flipped the chip and soldered the DBR
mirror directly onto the diamond heatspreader. The substrate, which was now on
top of the active region, was then selectively etched away. We had several inverted
wafer designs grown at EPI and also by Hong Hou at Sandia Lab. Using this flip-chip
approach, we got our OPS thermal impedance down to ∼20∘K/W, a factor of 2–3
lower than for the non-inverted structure. Laser performance had indeed improved.
In our final report to DARPA in December of 1996, OPS laser power was 0.69 W in
TEM11 mode, 0.51 W in a fundamental Gaussian TEM00 mode, and 0.36 W coupled
into single mode fiber, see Figure 1.13. Output powers for the inverted OPS laser
structure were now pump power limited, unlike our earlier lasers, where output
power was thermally limited and was saturating and rolling off at the higher pump
powers. If we had a more powerful pump, or added a second pump to the laser, laser
output power would have been even higher. Indeed, several years later in 2003 a
group from Osram Opto Semiconductors used this wafer design, with higher power
pump, to demonstrate an OPS laser with 8 W output [36].

So almost three and a half years after the start of the OPS program, we had demon-
strated at Micracor the powerful capabilities of the OPS laser approach: watt-class
output powers in a circular Gaussian beam, with stable and reliable wafer struc-
ture, and multi-transverse-mode diode laser pumps. A path was now open to future
developments: yet higher output powers, intracavity optical frequency doubling and
visible light generation, modelocking for short pulse generation, new semiconduc-
tor materials and new wavelengths, and other yet unknown possibilities. Figure 1.14
shows evolution of Micracor OPS laser power over time: it took us a year to get some
pulsed light out of the structures, but after that, continuous improvements in wafer
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design and chip processing drove the power relentlessly up from the milliwatt scale
of the VCSELs to the watt scale of the OPS VECSELs. One thing this chart does not
reflect is all the challenges and frustrations that had to be overcome along the way.

But at this point Micracor reached its finale. At the end of 1996 Micracor ran out
of money, and investors closed the company. Largely due to the foresight of Luis
Spinelli from Coherent Inc., who visited Micracor and realized the potential of OPS
technology, Coherent bought the assets of what remained of Micracor, which related
to materials and intellectual property of solid-state microchip and OPS lasers. I trans-
ferred the OPS laser technology to Coherent and helped to set it up there; Juan Chilla
took over the OPS project at Coherent. I was anxious to publish at least some portion
of our work, the results of more than three years of our labor. Fortunately, Coherent
agreed, we got permission to publish, and in March of 1997 I submitted a short paper
on OPS-VECSELs to IEEE Photonics Technology Letters (PTL) [32]. At Micracor, from
the very beginning we called our technology “OPS lasers,” but for the paper Aram
came up with the term VECSEL, vertical external-cavity surface-emitting laser, to
distinguish more clearly the external cavity of our approach from the conventional
monolithic short-cavity VCSEL. At this time, the term OPS-VECSEL was born. More
than a year later, in November of 1998, when I was already working at MIT Lincoln
Laboratory, I wrote a longer and more detailed paper on OPS-VECSELs and our
work at Micracor and submitted it to IEEE Journal of Selected Topics in Quantum
Electronics (JSTQE) [33].

1.7 VECSELs beyond Micracor

I was excited by the results of our work and their publication, but I did not foresee
the impact this had on the laser field and the subsequent broad development of
VECSEL science and technology in academia and in the commercial world. Follow-
ing publication of the Micracor OPS papers, after a brief period, VECSEL-related
papers started coming out; and I got to review many of them. In 1998 Aram Moora-
dian started a new company in California, Novalux, to develop electrically pumped
VECSELs. Soon, Novalux Extended-Cavity Surface-Emitting Laser (NECSEL)
was demonstrated, first in the IR, and then in 2001 Victor Lazarev demonstrated
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OPS laser power over time since the
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intracavity frequency doubling of NECSELs into the blue. Coherent Inc. released
commercial products based on OPSL technology, first in the IR (at Optical Fiber
Communication (OFC) conference 1999) and later in the visible (SapphireTM blue
laser, 2001). It’s interesting that OPS-VECSEL, and NECSEL for that matter, were
first developed with 980 nm pumping of Er-fiber amplifiers in mind, and that’s one
application that never took, either for optically or electrically pumped version. In
1999, Sandia reported OPS-VECSEL intracavity doubled into the blue [37]. In 2000,
the first SESAM, semiconductor saturable absorber mirror, passively modelocked
picosecond OPS-VECSEL was reported in a joint work between Ann Tropper’s group
in the University of Southampton in the UK and Ursula Keller’s group in the Swiss
Federal Institute of Technology ETH in Zurich [38]. Later, VECSEL pulses entered
high power femtosecond regime [39] at GHz repetition rates, with promising appli-
cations to multiphoton imaging demonstrated by the Ursula Keller’s group [40].
The same group developed modelocked integrated external-cavity surface-emitting
lasers (MIXSELs), where the gain region and saturable absorber are integrated on
a common substrate, with promising applications such as dual-comb spectroscopy
[41]. In the following years, CW VECSELs have been demonstrated in a variety
of materials and wavelengths, from UV to near-IR, mid-IR, and terahertz (THz)
range [1]. Alexei Sirbu and Eli Kapon at École Polytechnique Fédérale de Lausanne
(EPFL) in Switzerland, together with the Oleg Okhotnikov group at Tampere
University, Finland, demonstrated wafer-fused VECSELs at 1.3 and 1.5 μm [42].
Mid-IR VECSELs were demonstrated by the Hans Zogg group in ETH Zurich
[43]. Many originally unexpected applications and features of VECSELs were also
demonstrated. Highly sensitive spectroscopic applications of VECSELs, intracavity
laser absorption spectroscopy (ICLAS) [44] and cavity ringdown spectroscopy
(CRDS) [45], took OPS ideas in new directions, as demonstrated by a collaboration
of researchers from several French universities, including Alain Campargue at
Université Grenoble and Arnaud Garnache at Université Montpellier. Arnaud
Garnache and his group demonstrated a number of VECSEL properties and novel
applications, such as spatial vortex beam generation [46]. VECSELs were found
to operate in the low noise class-A laser regime and found applications for radio
frequency (RF) optical analog links by a group from several French institutions
[47]. David Wineland’s group at the National Institute of Standards and Technology
(NIST) in Boulder, Colorado, in collaboration with Mircea Guina’s group from Tam-
pere University in Finland, utilized wavelength versatility, narrow linewidth, power
scaling, and intensity stability of VECSELs to demonstrate applications in atomic
physics for cooling and trapping of atoms [48] with potential future applications in
quantum computing. High power yellow VECSELs in Mircea Guina’s group found
application for sodium laser guide stars [49]. Jacob Khurgin from the Johns Hopkins
University [50] and Mansoor Sheik-Bahae from the University of New Mexico [51]
in the US have described the use of VECSELs for optical refrigeration - laser cooling
of solids. Benjamin Williams from the University of California Los Angeles has
developed terahertz quantum-cascade metasurface-based watt-level and tunable
VECSELs [52]. Along the way, the term semiconductor disk laser (SDL) was intro-
duced, by analogy with the similar solid-state disk lasers [14, 15]. Semiconductor
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Disk Lasers book was published by Oleg Okhotnikov in 2010 [1], and 10 annual
conferences focused on VECSELs have been held at SPIE Photonics West in San
Francisco. Many researchers, research groups, and commercial companies around
the world have contributed to the advancement of VECSELs over the years and have
made VECSELs what they are today; they are too numerous for all to be listed here.

From the initial concepts of Nikolay Basov in 1966, and after three decades
of advances by many groups working on OPSLs, in 1997 Micracor used modern
bandgap-engineered semiconductor structures to demonstrate OPS-VECSELs with
watt-class output powers and excellent circular Gaussian beams. By demonstrating
feasibility, power, and implementation details of the OPS approach, Micracor
work opened the gates for the rapid and broad development of this class of lasers.
OPSL – VECSEL – SDL approach combined strengths of semiconductor lasers and
diode-pumped solid-state lasers, such combination proving to have unique advan-
tages. Optical pumping and external cavity of VECSELs, which initially appeared as
their weaknesses, proved to be instrumental for the rich versatility of these lasers.
VECSELs frequently outperform and displace other types of lasers because of their
unique combination of properties, such as >100 W output power, femtosecond
pulse operation, or output wavelengths from UV to THz. The future of VECSELs lies
in further understanding of their physical properties, improvement of their various
operational parameters, and broadening the range of their applications, which
today range from entertainment to solid-state laser pumping, spectroscopy and
atomic physics, fluorescence excitation in biomedicine, retinal photocoagulation
therapy, and multiphoton imaging. Yearly VECSEL conferences at SPIE Photonics
West bring VECSEL scientists together to exchange their latest results and ideas.
This second book on VECSELs reviews their state of the art today. Thanks to the
contributions of researchers prior to Micracor, the Micracor work itself, and all the
contributions from researchers and engineers since, VECSELs have established
their place among the important laser technologies today, with expected rich and
multifaceted future.
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2.1 Introduction

This chapter provides an overview of vertical external-cavity surface-emitting lasers
(VECSELs) with fundamental emission in the wavelength range of 1.18–1.55 μm.
The main challenges relate to the properties of the available semiconductor mate-
rials. On one hand, InP-based gain structures are the preferred choice for emission
at wavelengths >1.3 μm, but the III–V alloys lattice matched to InP are not suitable
for fabricating a high-performance distributed Bragg reflector (DBR) section. On the
other hand, GaAs-based materials can offer high-performance DBRs, but the fabrica-
tion of GaAs-based active regions is challenging at wavelengths longer than 1.1 μm.
This challenge of GaAs-based materials has been tackled by using strain compensa-
tion, GaInNAs and GaAsSb quantum wells (QWs), and InAs quantum dots (QDs).
These techniques are detailed within the first part of this chapter. The focus is then
shifted to InP-based VECSELs and the measures that have been taken to overcome
the limitations of InP-based DBRs. The most impressive results have been obtained
with wafer bonding, which enables combining the better parts of both worlds, i.e.
the integration of InP-based gain sections with GaAs-based DBRs. For this reason,
an entire section is devoted to the topic of wafer bonding. Further advances in the
DBR performance are also discussed, including the possibility of omitting the DBR
section altogether. Finally, the first demonstration of InP-based VECSEL at 1.5 μm
with flip-chip geometry and the first demonstration of a 1.5 μm VECSELs exploiting
QD gain structures are reviewed.

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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2.2 Overview of GaAs-based Gain Mirror Technologies
for Long-wavelength Infrared VECSELs

2.2.1 InGaAs QWs

Impressive performance has been demonstrated from GaAs-based VECSELs at
wavelengths around 1 μm with output powers reaching >100 W in continuous-wave
operation [1], multiple watts in modelocked operation [2, 3], and tens of watts
at the visible wavelengths via intracavity frequency doubling [4]. This level of
performance is made possible by the favorable properties of the semiconductor
materials. The active regions benefit from InGaAs QWs that provide high gain
and temperature-insensitive operation, while the DBR can be fabricated using
Al(Ga)As/GaAs layers that provide sufficient thermal conductivity and high
refractive index contrast.

Unfortunately, the performance of these GaAs-based VECSELs is limited at wave-
lengths >1.2 μm. The limitation arises because emission at these longer wavelengths
requires a higher In content in the InGaAs QWs, which is associated with higher
compressive strain. To some extent, this issue can be alleviated using tensile-strained
GaAsP layers between the QWs for strain compensation [5, 6]. One can also use
lower growth temperatures, which prevent the highly strained InGaAs layers from
evolving into 3D growth. However, the lower growth temperatures can also increase
the number of nonradiative centers, point defects, and the surface roughness in the
structure [6]. The growth temperature is therefore a trade-off between these factors.
VECSELs with an output power as high as 72 W emitting around 1.18 μm have been
demonstrated using strained InGaAs QWs but reaching comparable power levels
beyond 1.2 μm has remained so far elusive [7]. The corresponding output power
characteristics are shown in Figure 2.1.
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Figure 2.1 The output characteristic of
the 1185 nm VECSEL. The maximum
output power of 72 W is obtained at a
heatsink temperature of 0 ∘C. Source: The
figure is reproduced from [7] with
permission from IET.

2.2.2 GaInNAs QWs

Due to the favorable properties of GaAs-based materials, several approaches have
been undertaken to extend their emission wavelength beyond 1.2 μm. One of the
most prominent approaches is the incorporation of small amounts of nitrogen into
the InGaAs QWs. The incorporation of nitrogen is beneficial, because it reduces the
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Figure 2.2 A representation of the bandgap and lattice constants for dilute nitride
GaInNAs QWs with varying N content. Source: The figure is reproduced from [14] with
permission.

bandgap and shrinks the lattice constant of InGaAs QWs [8, 9]. GaInNAs QWs there-
fore provide longer emission wavelengths and reduced strain when compared to
InGaAs QWs. This bowing of the InGaAs bandgap at different nitrogen concentra-
tions is illustrated Figure 2.2. The nitrogen content in GaInNAs QWs is usually kept
below 3–4%, which is sufficient for reducing the bandgap to 0.8 eV that corresponds
to 1550 nm in wavelength [10]. However, more typically the nitrogen content is kept
below 2% [11–13] in order to decrease the detrimental influence of N-related defects
on the device lifetime.

When compared to their InP-based counterparts at wavelengths <1.3 μm, GaIn-
NAs QWs benefit from better carrier confinement and therefore improved operation
at elevated temperatures [9, 15]. In addition, the shortcomings of InP-based
DBRs are mitigated using GaAs-based materials. Specifically, there is a lack of
InP-based lattice-matched materials having a high refractive index contrast, which
is an essential requirement for the DBR. InP-based DBRs therefore have narrow
reflection bands and require a very high number of DBR pairs (i.e. in the range of 50
layer pairs) to obtain high reflectivity, which increases their electrical and thermal
resistance [16].

On the other hand, the introduction of nitrogen into InGaAs QWs requires rather
specialized expertise [17] and is associated with the formation of structural defects
that can act as nonradiative recombination traps. In practice, there is a trade-off in
the In/N ratio: a higher N content reduces the compressive strain, but at the same
time degrades the quality of the structure [11]. As an example of this, the maximum
output power of a GaInNAs VECSEL is 11 W at 1.18 μm [13], while the maximum
output power at a longer wavelength of 1.3 μm is considerably lower with 0.6 W
[18]. The output power is then further decreased to below 100 mW at 1.5 μm [19].
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Overall, it seems that the most promising operation range for dilute nitride
VECSELs is in the wavelength range 1.2–1.3 μm, where GaInNAs VECSELs have
been demonstrated with frequency-doubled output powers of >10 W from a
1230 nm VECSEL [20] and >6 W from 1250 nm VECSEL [21]. At their fundamental
emission wavelength, GaInNAs VECSELs have been used as pump sources for
Raman fiber lasers that highly benefit from the combination of low noise and
high beam quality provided by VECSELs [22, 23]. GaInNAs VECSELs have also
been demonstrated in modelocked operation generating 5 ps pulses and an average
output power of 2.75 mW at the wavelength of 1.2 μm [24]. Finally, it is noteworthy
that a GaInNAsSb VECSEL has been demonstrated at a longer wavelength of
1.55 μm with 80 mW of output power, owing to introduction of Sb [19]. The purpose
of the Sb was to act as a surfactant that improves the structural quality, widens the
growth parameter window, and decreases the bandgap of highly strained GaInNAs
structures [15, 25].

2.2.3 InAs QDs

With GaAs-based materials, the wavelength range >1.2 μm can also be accessed
using InAs QDs. QDs are essentially nanostructured semiconductors that are
placed into semiconductor material having a larger bandgap. The special
properties of QDs include high characteristic temperatures, low threshold
currents, and high material gain [26, 27]. These features arise from their dis-
crete density of electronic states that result from carrier confinement in all three
dimensions [28].

The methods for fabricating QD-based lasers include submonolayer (SML) and
Stranski–Krastanow (S–K) growth [29, 30]. The QD lasers emitting at wavelengths
around 1 μm are usually grown using the SML growth, where the QDs are formed
by alternating depositions InAs and GaAs with an average layer thickness below
one monolayer. In the S–K growth mode, the QDs are formed via relaxation of the
grown layer after some critical thickness has been reached. The critical thickness,
the size of the QDs, and the density of the QDs all depend on the growth condi-
tions and the lattice mismatch between the substrate and the deposited layers [31].
The S–K growth is generally more suitable at the longer wavelengths >1.2 μm [29],
though 6 W of output power at 1040 nm has also been demonstrated from such a
structure [32].

Similar to dilute nitride structures, QD-based lasers have certain drawbacks
despite their many potential advantages. For instance, even though the material
gain is very high in QDs, the relatively small gain volume and small optical
confinement factor (i.e overlap between the optical field and the active material)
lead to smaller modal gains when compared to their QW-based counterparts
[29, 31]. The peak gain can also be relatively low in QD-based active media due
to inhomogeneous broadening that arises from size and composition variation in
the QDs [31]. Therefore, QD lasers are preferably fabricated with several QD layers
[33, 34] and high areal dot density [35] in order to enhance the modal gain and
increase the saturation intensity.
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QD-based lasers also face additional challenges at wavelengths >1.3 μm. These
issues arise because the QDs emitting at longer wavelengths need to be larger, which
leads to increased strain and reduced dot densities [29]. To some extent, the issues
with increasing strain can be mitigated by covering the QDs with a strain-reducing
layer, such as InGaAs [36]. Further improvement can be obtained by embedding the
InAs QDs into InGaAs QWs in a so-called dots-in-a-well (DWELL) structure. These
DWELL structures offer attractive features such as narrow emission linewidths,
high QD densities, and efficient carrier capture into the QDs [37, 38]. However,
at wavelengths >1.3 μm the performance of DWELL structures can be limited by
reduced carrier confinement and an excessive amount of defects in the InGaAs
QWs [39, 40]. Alternative methods are therefore used in extending the wavelength
of QD-based lasers beyond 1.3 μm [31, 41, 42], such as metamorphic growth and
bilayer structures [43, 44].

As for the performance of QD-based VECSELs, a comparative study of two
different gain structures at the wavelength of 1.25 μm was performed by Albrecht
et al. in [45]. The authors fabricated two similar gain structures that each had 12
layers of QDs but with different distributions over the antinodes of the optical field
in the resonant periodic gain structure. In the first structure, the QD layers were
placed at the antinodes of the optical field with a 12× 1 distribution, while the
second structure had a 4× 3 distribution over four antinodes. The 12× 1 structure
exhibited superior performance with 3.25 W of output power, whereas the 4× 3
structure produced power levels four times lower. The authors attributed this
difference in performance to the superior strain relief in the first structure having
only one QD layer per antinode, but also to the increased pump absorption in the
thicker active region. In any case, the demonstrations of monolithic QD-based
VECSELs have been limited to wavelengths below 1.3 μm. In the wavelength range
1.1–1.3 μm, the best results in terms of output power include 6–7 W at 1.18 μm
[32, 46], 2 W at 1.2 μm [47], 4.65 W at 1.25 μm [48], and 200 mW at 1.3 μm [49].

2.2.4 GaAsSb QWs

The third approach in extending the emission wavelength of GaAs-based VECSELs
to the 1.2 μm range is the use of GaAsSb-based active regions [50–52]. This approach
has been implemented in VECSELs leading to the demonstration of close to 100 mW
of output power for a gain element temperature of −15 ∘C [53]. Unfortunately,
these structures are not suitable for high power operation, because their low
conduction band offset leads to weak electron confinement and therefore high
temperature sensitivity [30, 54]. The performance can be improved using type-II
QWs with “W”-type GaInAs/GaAsSb/GaInAs structures, where the transitions
occur indirectly across material interfaces as illustrated in Figure 2.3. In such a
structure, the electron and hole confinements are spatially separated, so that the
conduction and valence band states can be engineered independently [55]. These
type-II “W” QWs can also enable reduced Auger recombination [55–57] and provide
high gain due to a good overlap between the electron and hole probability density
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Figure 2.3 An illustrative example of a type-II “W”-type QW. The electrons are confined in
the GaInAs QWs and the holes in the GaAsSb QW. The radiative recombination occurs via
indirect transitions through the material boundary as shown by the black arrows. As a result,
a photon illustrated with the green arrow is emitted. Source: The figure is reproduced from
[55] by courtesy of Prof. Dr. Wolfram Heimbrodt with the permission of AIP Publishing LLC.

functions [58, 59]. In contrast to type-I QWs, type-II “W” QW structures exhibit a
blue shift in material gain with increasing carrier density [60, 61].

To date, the highest reported output powers from a type-II GaInAs/GaAsSb/
GaInAs VECSEL are 4 W and 1.6 W in multi-transverse mode operation at gain
element temperatures of −15 and 15 ∘C, respectively [61]. In addition, single
transverse mode operation has been reported with a lower output power of 400 mW
at a temperature of 15 ∘C [62]. All of these demonstrations were performed using
structures emitting at 1.2 μm, but further extension to the wavelength range
1.2–1.47 μm could be possible to reach using appropriate growth conditions
[59]. Even further extension to the 1.55 μm range could be possible using GaIn-
NAs/GaAsSb/GaInNAs type-II QWs, which overcome the issues of high strain in
the GaInAs/GaAsSb/GaInAs structures at these wavelengths [63, 64].

2.3 Overview of InP-based Gain Mirror Technologies
for Long-wavelength Infrared VECSELs

InP-based heterostructures have been well established as laser gain materials
emitting at >1.3 μm. They have played an important role in the emergence of
telecom laser diode technology and vertical-cavity surface-emitting lasers [65], even
if the material system suffers from poor performance DBRs. Starting from the ideal
choice of developing monolithic structures, the development of InP-based gain
mirrors has evolved toward complementary technologies that aim to mitigate the
poor performance of InP-based DBRs. Figure 2.4 presents a generic description of
various gain mirror technologies, which are detailed in this section with a focus on
InP-based materials.

2.3.1 Monolithic InP-based DBRs

The initial demonstrations of InP-based long-wavelength VECSELs include a mono-
lithically grown structure emitting at 1.55 μm [67]. The active region comprised 20
InGaAsP QWs and a 48 layer pair InP/InGaAsP DBR with a calculated reflectivity
>99.8%. The thermal management of the structure was performed by thinning the
InP substrate to about 50 μm, after which the bottom of the substrate was bonded
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Figure 2.4 Main approaches for integration of gain and reflector regions. (a) Monolithic,
(b) hybrid, (c) wafer bonded, and (d) DBR free. Source: The figure is reproduced from [66]. ©
IOP Publishing. Reproduced with permission. All rights reserved.

onto copper submount using indium. The VECSEL was pumped with a 1250 nm
Raman fiber laser and produced 70 mW of output power in multi-transverse
mode operation at a temperature of −40 ∘C. The performance was soon improved
with a more effective thermal management strategy, where an intracavity silicon
heatspreader was bonded onto the top emitting surface of the VECSEL [68]. When
tested in a similar setting, the VECSEL produced 250 mW of output power with
multi-transverse mode operation at a temperature of −33 ∘C. Further improvement
was achieved using an intracavity diamond heatspreader with 780 mW of output
power at a temperature of −33 ∘C [69]. This VECSEL was also the first InP-based
VECSEL with a reasonable output power of 100 mW at room temperature. A similar
configuration with a 50 μm thick chemical vapour deposition (CVD) diamond [70]
was later utilized in demonstrating modelocked operation with 3.2 ps pulses at
an average output power of 120 mW [71] and single-frequency operation with an
output power of 470 mW in [72].

2.3.2 Dielectric and Metamorphic DBRs

In order to increase the thermal conductance and the reflectivity of InP-based DBRs,
Symonds et al. demonstrated a 1.55 μm flip-chip VECSEL with a mirror section com-
prising two pairs of SiNx/Si and a highly reflecting Au layer [73]. The authors esti-
mated that the thermal conductance of this dielectric-metal mirror was three times
higher when compared to an InP-based DBR. The improved thermal characteristics
also permitted the demonstration of 45 mW of average output power at a gain ele-
ment temperature of 0 ∘C. Further improvement was achieved using a GaAs-based
DBR that was metamorphically grown onto the InP-based active region [74]. As with
previous demonstration, the reflectivity of the DBR was enhanced by finishing it
with a highly reflective Au layer. This flip-chip VECSEL produced up to 80 mW of
average output power at a temperature of 20 ∘C at 1.55 μm. Later, the thermal prop-
erties of metamorphically grown GaAs-based DBRs were confirmed to be superior
to the use of dielectric mirrors, both experimentally and theoretically [75].

Based on using metamorphic GaAs-based DBRs, long-wavelength VECSELs have
been reported in various configurations at room temperature. The first demon-
stration of single-frequency operation with 77 mW of output power at 1.55 μm
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was reported in [74, 75]. This work was further advanced in [76], where Baili
et al. demonstrated a single-frequency VECSEL with 110 mW of output power at
1.55 μm with an emphasis on the class A operation of VECSELs, i.e. the absence
of relaxation oscillations due to the photon lifetime exceeding the carrier lifetime
[77]. This VECSEL was also implemented in a wideband photonic link and was
shown to outperform a low-noise distributed feedback (DFB) laser. In addition,
single-frequency operation has been demonstrated at a slightly longer wavelength
of 1.61 μm with 8 mW of output power [78], though in this case the gain element
comprised InAs quantum dashes.

InP-based VECSELs with metamorphic GaAs-based DBRs have also been demon-
strated in dual-frequency operation. These VECSELs possess two orthogonal fre-
quency components that are partially separated at the gain element using a bire-
fringent intracavity element but still pumped using the same pump spot. One of
the novelties of this implementation arise from the fact that the two orthogonal
beams share the same cavity fluctuations, i.e. the intensity and phase fluctuations
are strongly correlated, so that a high-purity beat note with a linewidth in the 10 kHz
range can be obtained in free-running operation [79]. Such a VECSEL was demon-
strated in [80] at the wavelength of 1.55 μm with about 50 mW of power in each of the
two orthogonal modes. The work was then further advanced in [81] with a detailed
experimental and theoretical study on the correlation between the intensity noises
of the two orthogonal laser modes and on the correlation between the phase noise
of the generated radio frequency (RF) beat note and the intensity noises of the two
orthogonal laser modes. Moreover, such a VECSEL has been proposed for use in
distributed optical fiber sensors (OFS) that are based on Brillouin scattering [82].

Finally, GaAs-based metamorphic DBRs on InP-based QWs have been utilized
in ultrashort pulse generation via passive modelocking. Near transform-limited
pulses were demonstrated in [83] with a 1.7 ps pulse duration and an average
power of 15 mW at the repetition rate of 2 GHz. The laser utilized a GaInNAs
semiconductor saturable absorber mirror (SESAM) and had a free-running RF
linewidth less than 1 kHz. Further reduction in pulse duration was reported in [84]
with transform-limited 900 fs pulses at an average output power of 10 mW. The
time-bandwidth product of the pulses was 0.36, which is 1.14 times the Fourier
transform limit.

2.3.3 Semiconductor-dielectric-metal Compound Mirrors

Typically, the DBR section has been made thinner by reducing the number of DBR
pairs and then compensating for the consequent reflectivity loss with a highly
reflecting metal layer. Inherently, this scheme also increases the residual pump
reflection due to the high reflectance of the final metal layer, provided that the
DBR is transparent for the pump radiation. The highly reflective metal layer is
usually gold, but other metals such as aluminum, silver, or copper can also be
used. In these mirror structures, the node of the optical field is placed close to
the semiconductor–metal interface for obtaining phase matching between the
semiconductor DBR and the highly reflecting metal layer [85]. However, the
drawback of these structures is the highly absorbing adhesion metal that is often
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needed between the semiconductor DBR and the highly reflecting metal layer. This
adhesive metal layer can hinder the reflective properties of the semiconductor-metal
mirrors [86–89].

Fortunately, the absorbing adhesion metal layer can also be avoided using a
thin dielectric layer between the semiconductor DBR and the highly reflecting
metal layer. This concept is based on having a transparent dielectric layer that
is thin enough, so that its thermal conductance is high even though the thermal
conductivity of the material itself is relatively low [90, 91]. When compared to
semiconductor-metal mirrors, the semiconductor-dielectric-metal compound
mirrors enable the fabrication of even thinner mirror structures with reduced
growth times, but also lower overall strain leading to higher lifetimes [92]. They
can also ensure higher reflectivity for the pump radiation, which is beneficial in
terms of overall efficiency due to the recirculation of the unabsorbed pump light.
Moreover, these goals can be accomplished without compromising the reflectivity
for the VECSEL signal wavelength, the thermal conductance of the mirror section,
or the reliability of overall structure.

To date, semiconductor-dielectric-metal mirrors have been demonstrated in
edge-emitting semiconductor lasers [93] and SESAMs [94–97]. In the simplest case,
only one dielectric layer is placed between the metal reflector and the semiconduc-
tor structure. The thickness of this dielectric layer should be slightly lower than
the conventional 0.25-𝜆 due to the phase shift that occurs in the metal reflector.
The equation for calculating this optimal thickness is provided in [94], with an
optimal value of about 0.222-𝜆. The benefits of these compound mirrors have been
realized in broadband SESAMs, which have enabled several demonstrations of
modelocked solid-state lasers with pulse durations in the fs range at 0.7–1.6 μm.
These SESAMs included mirror structures such as InAlAs-SiO2-Au [94, 96],
InAlAs-SiO2-TiO2-SiO2-Au [95], and AlGaAs-Al2O3-Ag [97].

However, care should be taken when choosing the materials for a semiconductor-
dielectric-metal compound mirror. The materials should provide high adhesion
between the adjacent layers but also limited material diffusion for long-term stability
[98, 99]. Both of these requirements are fulfilled for semiconductor-Al2O3-Al struc-
tures that have been demonstrated for VECSELs on several occasions [90, 100, 101].
Further improvement could be obtained using Au as the last metal layer, since Au
provides higher reflectivity than Al (at wavelengths> 600 nm). However, the use
of Au would also require exchanging the Al2O3 layer to a more suitable dielectric
material that provides better adhesion to Au. This requirement is fulfilled by
fluoride-dielectrics [102] that could also provide higher thermal conductivities than
oxide-dielectrics [103]. In fact, such a configuration has been depicted in [104] with
semiconductor-BaF2-Au mirror structures. These structures targeted VECSELs
emitting at <700 nm, where the properties of semiconductor DBRs are limited.

The optical properties of semiconductor-dielectric-metal mirrors are illustrated
in Figure 2.5. The simulated data points show the minimum number of DBR layer
pairs that are required at a given dielectric layer thickness for >99.8% reflectivity.
The figure is meant to show the trade-off between the number of DBR layer pairs
and the thickness of the dielectric layer, when the thickness of the dielectric layer is
varied from a few nm up to 0.222-𝜆. For comparison, the simulated data is provided
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Figure 2.5 The number of DBR pairs required to attain a reflectivity of>99.8% as a
function of Al2O3 and MgF2 layer thicknesses (simulation performed using MacLeod thin
film tool). Inset: schematic of the flip-chip structure used in the simulation. Source: The
figure is reproduced from [66]. © IOP Publishing. Reproduced with permission. All rights
reserved.

for VECSEL structures at 1.32 and 1.6 μm for mirror structures having Al2O3-Al
and MgF2-Au as the final layers. The data for the 1.32 μm VECSEL is obtained by
simulating the reflectivity of the structure described in [105], while the data for the
1.6 μm VECSEL is obtained assuming a similar structure with a correspondingly
thicker structure. In both cases, it is clear that the thickness of the dielectric layer
does not have to be as high as 0.222-𝜆 in order to enable a significant reduction
in the required number of DBR layer pairs. Specifically, a significant reduction in
the required DBR layer pairs is already obtained using a dielectric layer of 100 nm
in thickness. In such a case, a reflectivity >99.8% is obtained with 15 GaAs/AlAs
layer pairs using the GaAs/AlAs-Al2O3-Al mirror and with 11 GaAs/AlAs layer pairs
using the GaAs/AlAs-MgF2-Au mirror. This is an important feature from a ther-
mal point of view, because a dielectric layer with 100 nm in thickness is expected
to provide a negligible increase in the thermal resistance of such structures [90, 91].
Finally, it should also be noted that another variation of a compound mirror has also
been proposed in [106]. In this design, the flip-chip VECSEL gain element (with a
reduced number of DBR layers) is bonded onto a CVD diamond heatspreader with a
transparent bonding layer, and a secondary Bragg mirror is then placed at the bottom
of the diamond heatspreader to obtain >99.8% reflectivity for the signal wavelength.

When considering long-wavelength VECSELs at 1.3–1.6 μm, the combination of
wafer bonding (covered in Section 2.3.4) and GaAs/AlAs-dielectric-metal compound
mirrors (covered in Section 2.3.3) could bring several benefits. For one, GaAs-based
DBRs are transparent to the 980 nm pump radiation, so they are suitable for residual
pump recirculation. Consequently, due to the high reflectance of the final metal
layer, semiconductor-dielectric-metal mirrors can easily provide well over 90%
reflection for the residual pump radiation without resorting to thick double-band
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Figure 2.6 The output characteristics of
a flip-chip VECSEL with a mirror section
comprising 18-layer GaAs/AlAs pairs,
100 nm Al2O3, and 150 nm of Al. The
optical spectrum of the VECSEL at the
highest output power is shown in the
inset. Source: ©2015 IEEE. Reprinted with
permission from [101].
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DBR structures [107, 108]. Second, reducing the number of DBR layers is expected
to provide increasing benefits at longer wavelengths with respect to higher thermal
conductance, less material use, less strain, and lower number of misfit dislocations
[92, 101], because the 𝜆/4 layer thickness increases with wavelength.

The output characteristic of a 1.32 μm VECSEL with a GaAs/AlAs-Al2O3-Al com-
pound mirror is shown in Figure 2.6 [101]. The gain mirror comprised an InP-based
active region that was wafer bonded onto a GaAs-based DBR. The details of the
VECSEL structure are covered in [109], while the utilized SiO2–SiO2 wafer-bonding
procedure is covered in the Section 2.3.4.2. The VECSEL was pumped with a
fiber-coupled 980 nm pump diode that was focused onto the gain element with a
spot diameter of 200 μm. The maximum output power reached about 3 W at a gain
element temperature of 10 ∘C. This power level is slightly less than the 4 W that
was obtained in the intracavity diamond configuration in Figure 2.17 (utilizing the
same semiconductor wafers), but this would be expected using such a relatively
small pump spot size [110]. At this point, it should also be pointed out that a similar
comparison between flip-chip and intracavity diamond configurations was reported
in [111] for wafer-fused structures emitting at 1.3 μm. The output power of the
flip-chip structure reached 5.6 W, while the intracavity diamond structure provided
an output power of 7.1 W.

2.3.4 Wafer-bonded GaAs-based DBRs

In general, monolithic InP-based DBRs, dielectric DBRs, and metamorphically
grown (GaAs-based) DBRs have only resulted in limited success for long-wavelength
InP-based VECSELs with output powers in the hundreds of mW range. Further
extension to multiwatt output powers has required the implementation of wafer
bonding that enables the integration GaAs-based DBRs onto InP-based active
regions [112, 113]. In this method, the DBR and the active region can be both grown
on their preferred substrates, after which they are integrated in a single device.
However, while conceptually simple, historically the term wafer bonding has been
“a very general term applied to various techniques using different physical/chemical
principles,” and there has been “a high degree of confusion surrounding this field
due to the total lack of standards” [114]. Nevertheless, wafer bonding of III–V
semiconductors has played a significant role for 1.3–1.6 μm VECSELs.
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Figure 2.7 A generic illustration of wafer bonding.

In essence, wafer bonding enables the integration of materials that cannot be
grown monolithically without introducing an excessive amount of defects due to
lattice mismatch or mismatched coefficients of thermal expansion (CTEs) [115].
The generic wafer-bonding process comprises surface cleaning, surface prepara-
tion, wafer contacting, and thermal annealing. The process is roughly illustrated in
Figure 2.7. A generic procedure could include:

1. Surface polishing to obtain surface roughness <1 nm [116]
2. Particle contamination removal via megasonic cleaning [117–119]
3. Organic contamination removal, e.g. via oxygen plasma [120] or UV/ozone treat-

ment [121, 122]
4. Oxide removal [123, 124]
5. Surface activation with chemicals and/or energetic particles [123, 125, 126]
6. Surface rinsing and drying [117, 127]
7. Wafer contacting and annealing

It should be emphasized, however, that not all these steps are necessarily required
for a given bonding process, and sometimes multiple points can be covered using a
single processing step. For instance, sputter cleaning in ultrahigh vacuum (UHV)
conditions can simultaneously provide oxide removal and surface activation via
dangling bond creation [123]. Similarly, chemical–mechanical polishing (CMP) can
itself create surfaces ready for wafer bonding [128].

In any case, the wafer surfaces should be sufficiently smooth for successful bond-
ing. The roughness should preferably be <1 nm over an area of 2× 2 μm2 [114, 129];
this can be assessed using an atomic force microscopy (AFM). The wafer surfaces
also need to be clean of particles and organic contaminants. The particles are con-
ventionally removed using megasonic cleaning, because it is less likely to cause sur-
face damage than ultrasonic cleaning. The organic contaminants are often removed
using oxygen plasma. Otherwise, organic contamination can lead to bubble creation
at the bonding interface, because hydrocarbons provide agglomeration sites [130]
for the gaseous side products that are generated when covalent bonds are formed
between the wafers [114, 129, 130]. When the wafer surfaces are clean, they are
usually activated using appropriate chemicals and/or sputtering procedures. The
wafers are then contacted at room temperature [127] by placing them face-to-face
and applying point pressure in the middle of the wafer stack. Such a procedure ini-
tiates a “bonding wave” at the center of the wafers [131], so that the wafers become
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Figure 2.8 Generic summary of direct wafer-bonding methods. Source: The figure is
adapted from [66]. © IOP Publishing. Reproduced with permission. All rights reserved.

contacted via van der Waals forces. Alternatively, the initial contacting can also be
performed via capillary bonding using a suitable liquid [132]. Finally, the bonding
is completed by transforming the van der Waals bonding into covalent bonding by
thermal annealing under uniform pressure.

The following sections introduce the most general wafer-bonding methods related
to VECSELs. The discussion is started by introducing the basic principles of direct
wafer bonding. The section will also include the results that have been obtained
with so-called wafer-fused VECSELs. The focus is then shifted into low temperature
bonding methods and their application to III–V semiconductors.

2.3.4.1 Direct Wafer Bonding
The direct wafer-bonding methods can be generally summarized as shown in
Figure 2.8 [66, 114, 133]. By definition, these bonding processes are performed
without resorting to the use of intermediate layers. They can be roughly divided
into anodic and molecular bonding. Anodic bonding is conventionally used to
bond silicon wafers onto glass wafers having high alkali oxide content. It comprises
thermal annealing and the application of an electric field to establish bonding
at the silicon–glass interface. On the other hand, molecular bonding is based on
joining the wafers via chemical bonds between the surfaces. In the simplest case,
the bonding is performed between two clean wafers that are free of adsorbents.
Such surfaces can be obtained in UHV conditions e.g. via thermal annealing and/or
atomic hydrogen exposure [124, 134]. However, the commonly used wafer-bonding
processes often comprise surface conditioning procedures that render the surfaces
either hydrophobic or hydrophilic.

In hydrophobic bonding, the surface oxides are removed and the wafer surfaces
terminated with hydrogen and/or fluoride, often using dilute HF. The HF treatment
can also leave a few monolayers of residual HF on the wafer surfaces, which can
provide bonding at room temperature via capillary bonding [135]. The initial van der
Waals bonding at room temperature is obtained via hydrogen bridge bonds. Once the
wafer stack is annealed at 300–700 ∘C, the hydrogen desorbs from the wafer surfaces
and diffuses away from the bonding interface. In the case of silicon wafers, covalent
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bonding between the wafers takes place via the reaction [136]

≡ Si − H + H − Si ≡⇔≡ Si − Si ≡ +H2 (2.1)

In hydrophilic bonding, the wafer surfaces are rendered attractive to water. This is
conventionally done by terminating the surfaces with reactive oxides and/or amine
groups. A few monolayers of water are often left on the surfaces that help with the
initial capillary bonding. As before, the initial van der Waals bonding is obtained via
hydrogen bridge bonds. Upon annealing >150 ∘C, the residual water diffuses away
from the bonding interface and/or reacts with the surrounding material. In the case
of silicon wafers, the wafer bonding takes place via the reactions [126, 137]

≡ Si − OH + OH − Si ≡⇔≡ Si − O − Si ≡ +H2O (2.2)

≡ Si − NH2 + H2N − Si ≡⇔≡ Si − N − N − Si ≡ +H2 (2.3)

Finally, direct wafer bonding can also be obtained via wafer fusion [138], which
also goes by the name of bonding by atomic rearrangement [139]. It should be
noted, however, that in some cases these terms have also been used as synonyms
to the broader category of “direct bonding” and “molecular bonding” [114]. Nev-
ertheless, wafer fusion is placed in its own category here, because it is based on
slight plastic deformation and material diffusion to create uniform bonding. The
following description of the wafer fusion process roughly follows the one given
in [140–142]:

1. Surface patterning to create outgassing channels for the residual gasses
2. Thinning one of the wafers to reduce the thermal stress after bonding
3. Removing organic contaminants with oxygen plasma or UV/ozone treatments
4. Surface oxide removal
5. Contacting the wafers and the application of uniform pressure
6. Annealing at about 550 ∘C
7. Cooling to room temperature

In wafer fusion, one of the wafers is usually patterned with grooves to provide
outgassing channels to the species that are released at the bonding interface during
high temperature annealing. Without the presence of these grooves, the bonding can
become unreliable and large interfacial bubbles can appear at the bonding interface
[141]. Thinning one of the substrates is also essential for the wafer fusion process,
because it reduces the thermal stress at the bonding interface by making one of the
substrates more compliant [143]. Otherwise, high temperature bonding of two rigid
substrates with differing CTEs would lead to high stress at the bonding interface
upon cooling to room temperature. The substrate thinning is followed by organic
contaminant removal, after which the oxides are removed, e.g. using chemicals such
as HF for InP and HCl for GaAs. However, the oxide removal can also be performed
in oxygen-reduced environments such as nitrogen and/or hydrogen. In any case, it is
important the wafers are not reoxidized prior to the bonding. The wafer fusion pro-
cess therefore resembles conventional hydrophobic wafer bonding, even if the bond
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Figure 2.9 Some of the initial
high-power demonstrations of 1.3–1.6 μm
wafer-fused VECSELs. Source: The figure
is adapted for the 1.31 and 1.58 μm
VECSELs with permission from [111, 149]
© The Optical Society. The data for the
1.48 μm is previously unpublished
(courtesy of Jussi Rautiainen), but it was
obtained using the gain structure
described in [148].
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formation is associated with material diffusion in the bonding interface. The bond-
ing occurs when the wafers are contacted with a uniform pressure of 3 kPa–3 MPa
and the temperature of the assembly is increased to>500 ∘C for about 30 minutes. At
such high pressures and temperatures, it is said that indium and phosphorus are the
mobile species that diffuse along the bonding interface and create uniform contact-
ing of the wafers. The wafer stack is then cooled to room temperature, after which
the assembly bows due to the differing CTEs of the wafers. The planarity is restored
once the (thinned) substrate is removed [144].

The wafer fusion process was initially demonstrated for long-wavelength VCSELs
in the early nineties [145, 146], but it was not applied to VECSELs until 2008
[112, 113]. The initial high power attempts with wafer-fused VECSELs comprised
several demonstrations at the wavelength range 1.3–1.6 μm [147–149], as summa-
rized in Figure 2.9. The thermal management for all these VECSELs utilized a
300 μm thick CVD intracavity diamond heatspreader. The optical pumping was
performed with a 980 nm fiber-coupled diode laser that was focused onto the gain
chips with a spot diameter of 300 μm. The data for the 1.31 and 1.58 μm VECSELs
were measured at gain element temperature of 8 ∘C using V-cavities, while the
data for the 1.48 μm VECSEL was measured at 15 ∘C in a linear cavity. The average
output powers reached 7.1, 4.8, and 4.6 W for the 1.31, 1.48, and 1.58 μm VECSELs,
respectively.

Further power scaling of wafer-fused long-wavelength VECSELs was later
achieved using flip-chip structures emitting at 1.27 μm. Such flip-chip structures
are advantageous in avoiding unwanted cavity reflections that are associated with
the use of intracavity heatspreaders. The initial work comprised demonstrations
with output powers reaching 6.1 W at 7 ∘C [150] and 8.5 W at 5 ∘C [89]. Later, the
output power was scaled up to multiple tens of watts with the demonstration of
33 W at a temperature of −5 ∘C [151]. The corresponding output characteristics
are shown in Figure 2.10. The VECSEL was pumped using two different 980 nm
fiber-coupled diode lasers that were focused on the gain chip with a spot diameter
of about 860 μm. The 75 mm long linear optical cavity comprised a curved output
coupler with a radius of curvature of 150 mm and an output coupling ratio of 2.5%.
A slight kink in the output power was observed when the second pump laser was
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Figure 2.10 The output characteristics
of a wafer-fused flip-chip VECSEL
generating over 30 W of output power.
The corresponding optical spectrum is
shown in the inset. Source: The figure is
reproduced with permission from [151] ©
The Optical Society.
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Figure 2.11 The gain mirror structure used
for the first flip-chip VECSEL at ∼1.54 μm.
Source: ©2015 IEEE. Reprinted with
permission from [152].

introduced. This kink was presumed to originate from imperfect overlap of the two
pump spots.

Recently, a wafer-fused flip-chip VECSEL was also demonstrated at a longer wave-
length of 1.54 μm [152]. The corresponding gain mirror is shown in Figure 2.11.
The laser was tested in a V-cavity configuration with a 2.2% output coupler. The
optical pumping was performed with a 980-mm fiber-coupled diode laser that was
focused onto the gain element with a spot diameter of about 470 μm. A maximum
output power of 3.65 W was achieved in fundamental mode operation at a heatsink
temperature of 11 ∘C. These results are put in perspective with the other demonstra-
tions of flip-chip VECSELs at the infrared wavelengths with the summary shown in
Figure 2.12.

Finally, the first QD-based wafer-fused VECSEL operating at 1.53 μm was demon-
strated in [153]. The gain structure comprised 20 layers of high-density InAs QDs.
They were grown on a 2-inch InP(311)B substrate using the S–K method with gas
source molecular beam epitaxy. The InAs QDs were formed at 480 ∘C after the depo-
sition of a few monolayers of InAs onto an InP-lattice-matched Ga0.2In0.8As0.44P0.56
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Figure 2.12 A summary of
output power levels achieved
using flip-chip VECSELs (spheres
for early results; star for recent
demonstration). Source: ©2015
IEEE. Reprinted with permission
from [152].
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alloy. Independent control of QD density and wavelength emission was achieved
by applying a double-cap growth sequence [154]. The optimization of the spacer
layers thicknesses and strain compensation were applied to enable the nucleation of
a relatively high number (i.e. 5) of QD layers per each antinode within the resonant
periodic gain structure. The gain structure was then wafer fused with a GaAs-based
DBR that was grown by metal-organic vapor-phase epitaxy (MOVPE). The InP sub-
strate was then removed by wet etching and a 2.7× 2.7 mm2 gain chip was capillary
bonded onto an intracavity diamond heatspreader. The gain chip was pumped with
980 nm fiber-coupled diode laser that was focused onto the gain element with a spot
of 190 μm in diameter. The maximum output power reached 2.2 W at gain element
temperature of 15 ∘C. In addition, using a 0.5 mm thick birefringent filter, the oper-
ation wavelength could be tuned over 60 nm.

The ability to generate multiwatt emission in the wavelength range 1.25–1.6 μm
via wafer fusion has also spurred interest in accessing the wavelength range
650–800 nm via intracavity frequency doubling. This interest arises due to the
limited performance of directly emitting VECSEL structures at these wavelengths.
In particular, direct-emitting VECSELs at 650–800 nm suffer from issues such as
low carrier confinement in the QWs that leads to increased temperature sensitivity,
material degradation, AlGaAs/AlAs DBRs with reduced refractive index contrast
and thermal conductivity, and the requirement for pump lasers emitting at the
visible wavelengths [30, 155–157]. Consequently, the output powers of directly emit-
ting red VECSELs have conventionally been limited to <1 W [158], though higher
output powers have been recently demonstrated and further advances are expected
[159, 160]. In any case, wafer-fused VECSELs provide an interesting alternative to
reach these wavelengths via intracavity frequency doubling with demonstrated out-
put powers of 3 W at 650 nm [147], 1.5 W at 750 nm [161], and 1 W at 785 nm [149]. In
addition, a wafer-fused 1.56 μm VECSEL has been demonstrated with 1 W of output
power in single-frequency operation at a gain element temperature of 15 ∘C [162].

Wafer fusion has also contributed to modelocked VECSELs in the wavelength
range 1.25–1.6 μm. These demonstrations include 6.4 ps pulses with an average
output power of 100 mW at 1.3 μm [163] and 16 ps pulses with an average output
power of 860 mW at 1.57 μm [164]. In the former case, the SESAM was a similar
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wafer-fused structure as the gain element, while in the latter case the SESAM was
a dilute nitride GaInNAs structure. Later on, the output of a modelocked 1.57 μm
VECSEL was amplified in an Er/Yb-doped fiber amplifier to reach an average output
power of 4.5 W, which was then used for supercontinuum generation using a highly
GeO2-codoped silica fiber [165]. Finally, VECSELs have also been used as pump
sources for modelocked Raman fiber lasers in several configurations [166, 167].
VECSELs are particularly suitable for this task due to their low noise and high
beam quality that enable high coupling efficiencies into single mode fibers. These
features have led to the demonstrations of VECSEL-pumped modelocked Raman
fiber lasers at 1.38 μm [168] and 1.6 μm [169] using pump VECSELs emitting at 1.3
and 1.48 μm, respectively.

2.3.4.2 Low Temperature Bonding
The main limitation in wafer bonding is the thermal annealing that is required for
transforming the initial van der Waals bonding into covalent bonding between the
wafers [114]. Consequently, if the CTEs of the wafers differ, high bonding tempera-
tures can lead to significant stress in the bonding interface, warping, and even wafer
breakage [114, 143, 170]. Therefore, a push exists for low temperature bonding tech-
niques for III–V semiconductor materials [115].

The most obvious route for low bonding temperature is the utilization of
hydrophilic bonding, because it enables relatively low bonding temperatures.
However, hydrophilic wafer bonding can be problematic for III–V semiconductors,
because the surface oxides of III–V semiconductors are not stable (with respect to
time and temperature) and the surfaces are prone to roughening during surface
cleaning [171]. III–V semiconductor materials also react with the residual water in
the bonding interface at elevated temperatures, which leads to gaseous side products
and eventually interface bubbles [131]. Thus, alternative routes for low temperature
bonding of III–V semiconductors have been devised. The most common routes
include the use of various surface activation methods and the use of intermediate
bonding layers.

Bonding via Surface Activation The surface activation methods rely on surface
treatments that lower the amount of thermal energy that needs to be provided
to the bonding interface for covalent bonding. The activation procedures can be
generally divided into wet and dry processes. The wet activation methods include
chemical–mechanical polishing/planarization (CMP) [128, 130] and the use of
various chemicals [137], while the dry activation methods include plasma exposure
[117, 172, 173], surface-activated bonding (SAB) or sputtering [125], and UV
illumination [174, 175].

An illustration of wafer cleaning/activation via sputtering is shown in Figure 2.13
[125]. A very similar procedure is also provided by Electronic Visions Group (EVG)
with the development of their ComBond process for III–V semiconductors [123],
which relies on plasma activation/sputtering prior to the bonding. This process
has also been demonstrated for III–V/Si multi-junction solar cells with 31.3%
efficiency [176]. However, to date, such a process has not been demonstrated in
long-wavelength VECSELs.
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Figure 2.13 Wafer cleaning and activation via sputtering to generate dangling bonds on
the wafer surfaces. The process needs to be performed in high vacuum to prevent surface
oxidation after the surface cleaning/activation.

Bonding via Intermediate Layers The intermediate bonding layer approach relies on
using intermediate materials that enable lower bonding temperatures than the orig-
inal wafer materials. A summary of various intermediate bonding layer techniques
is shown in Figure 2.14 [66, 114, 133, 177]. The division between different bond-
ing methods is based on the intermediate materials that are used for the bonding
process. However, the discussion here is limited to the intermediate layers that are
suitable for (optically pumped) VECSELs, i.e. to the bonding methods that provide
optically transparent interfaces with relatively thin bonding sections in the range of
a few nm. This leaves thin dielectric layers and monolayers as viable options, while
glass frit, metal, and adhesive bonding are omitted from the discussion.

The benefits of using thin intermediate layers include avoiding the issues related
to the III–V semiconductor oxides, relatively modest bonding temperatures, reduced
requirements for high vacuum conditions, and the possibility of utilizing bonding
techniques that are well-established for silicon-based materials. The use of non-
conducting intermediate layers is also a viable option for optically pumped VEC-
SELs, since electrical conductivity is not required. However, the intermediate layer
should be sufficiently thin to prevent any noticeable increase in the interface thermal
resistance [90, 110].

The suitable materials for wafer-bonding III–V semiconductors include Si3N4
[178] and SiO2 [126, 179], which both benefit from the well-established procedures
for hydrophilic silicon bonding. This is beneficial because hydrophilic bonding
is less prone to hydrocarbon contamination [128] and less sensitive to the wafer
surface roughness [120] when compared to hydrophobic bonding. A schematic of
such a process utilizing intermediate SiO2 layers is illustrated on the left side in
Figure 2.15. The process is started by dipping the SiO2-covered wafers into NH4OH
and drying them with nitrogen. The wafers are then placed face-to-face and pressure
is applied in the middle of the stack to initiate the bonding wave. The bonding
is concluded by annealing the stack under uniform pressure of about 0.5 MPa at
200 ∘C. A scanning electron microscope (SEM) image of such a VECSEL structure
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Figure 2.14 Generic summary of the intermediate layers that have been used in wafer
bonding. Source: The figure is adapted from [66]. © IOP Publishing. Reproduced with
permission. All rights reserved.

is shown on the right side of Figure 2.15. This process has been demonstrated for
VECSELs with multiwatt-level output powers [100, 101, 105].

Another variation of intermediate layer bonding is the utilization of self-assembling
monolayers (SAMs), where a molecule with at least two different functional groups
is used for the bonding [180, 181]. The first functional group is used for attaching the
molecule onto the first wafer, while the second functional group is utilized to obtain
bonding with the opposing wafer. Such a procedure has been demonstrated for
VECSELs using (3-mercaptopropyl)trimethoxysilane (MPTMS) [100, 101, 105, 109].
In addition to enabling relatively low bonding temperatures, such a bonding process
can also relax the requirements for the surface roughness [182].

The MPTMS process is started by dipping the SiO2-covered GaAs-based DBR
into NH4OH and drying it with nitrogen. The DBR structure is then placed into
a low-vacuum chamber with an open container of MPTMS [183]. As the MPTMS
molecules evaporate from their container, the hydrophilic ends of MPTMS attach
to the hydrophilic NH2 and OH groups on the SiO2-covered GaAs surface, as
illustrated on the left side of Figure 2.16. The process leaves the GaAs-based DBR
structure terminated with hydrophobic SH groups, which can be used for wafer
bonding with hydrophobic InP surface.

The output characteristic of an MPTMS-bonded VECSEL is shown in Figure 2.17
[109]. The VECSEL utilized a 300 μm thick CVD intracavity diamond heatspreader
for thermal management. The gain element was pumped with a 980 nm laser
diode that was focused onto the gain element with a spot diameter of 200 μm.
The temperature of the gain element was set to 10 ∘C and the maximum output
power reached 3.9 W. This output power is comparable to the output power that
was obtained from similar semiconductor materials processed with wafer fusion
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Figure 2.15 Wafer bonding of long-wavelength VECSELs via intermediate SiO2 layers.
Source: The figure reproduced from [66]. © IOP Publishing. Reproduced with permission. All
rights reserved.

[184]. It is also noteworthy that the thermal simulations performed in [110] suggest
that an intermediate layer with a thickness of a few nanometers and a thermal
conductivity of 1 W m−1 K−1 introduces negligible increase in the overall thermal
resistance of the structure. The use of thin intermediate layers can therefore be
considered as a viable approach for high power optically pumped VECSELs.

2.3.5 Gain Structures in Transmission

At this point, it is safe to state that significant measures have been taken to circum-
vent the limitations brought by the DBR section in InP-based VECSELs. In essence,
all of these techniques target to overcome the low refractive index contrast and low
thermal conductivity of InP-based DBRs with alternative mirror designs. However,
the limitations of InP-based DBRs can also be overcome by omitting the DBR section
altogether and using the InP-based active region in transmissive mode, i.e. replac-
ing the semiconductor DBR with external dielectric mirrors. These structures are
labeled DBR-free in this section.

A schematic of a DBR-free 1.36 μm VECSEL is illustrated in Figure 2.18 [185]. In
contrast to the InP-based VECSELs with InGaAsP QWs in Section 2.3.4, the active



48 2 VECSELs in the Wavelength Range 1.18–1.55 μm

SiO2

GaAs-based DBR

SiO2

GaAs-based DBR

NH2

OCH3

OCH3

OCH3

H2O

H3CO Si

H3CO OCH3O O

O O O

Si Si Si

SH

SH SH SH

SH

OCH3H3CO Si

H2O H2O H2O
OH OH

(a)

InP-based active region

InP-based active region

SiO2

GaAs-based DBR

SiO2

GaAs-based DBR

S S S

H3CO OCH3Si

O O O

O O O

O OSi Si

H3CO OCH3Si O OSi Si

SH

H H H
HF HF HF HF

SH SH

(b)

Figure 2.16 Wafer bonding of long-wavelength VECSELs via intermediate MPTMS
monolayers.

region comprised 30 pairs of AlGaInAs QWs due to their higher conduction band
offset and better carrier confinement [186]. The backside of the InP substrate was
mechanically polished, after which antireflection coatings were applied on both
sides of the gain chip. The pumping was performed with a 1.06 μm Q-switched
solid-state laser that operated at repetition rates 5–50 kHz with pulse durations of
15–50 ns. At the peak pump power of 8.5 kW at 5 kHz, the VECSEL produced a
maximum peak power of 1.5 kW. The output power was presumed to be limited
by pump absorption saturation in the barriers layers of the active region. The
corresponding pump saturation intensity was estimated to be 8.2 MW/cm2, which is
two to three orders of magnitude higher than conventional solid-state laser crystals
due to the shorter fluorescence decay time [187]. On the other hand, at a higher
pump repetition rate of 50 kHz, the output power of the uncooled gain element was
considered to be limited by thermal rollover.
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Figure 2.17 The output characteristic of
an MPTMS-bonded VECSEL emitting at
1.32 μm. The optical spectrum of the
VECSEL at the highest output power is
shown in the inset. Source: The figure is
adapted with permission from [109] ©
The Optical Society.
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Figure 2.18 The cavity configuration of a pulsed VECSEL emitting at 1.36 μm. The active
region comprised 30 pairs of AlGaInAs QWs on InP substrate. The VECSEL is operated in a
transmissive mode without the DBR section in a 10 mm long optical cavity. Source: The
figure is reproduced with permission from [185] © The Optical Society.

The work on long-wavelength DBR-free VECSELs was later extended to the
eye-safe wavelength range of 1.57 μm [188]. The overall cavity and VECSEL designs
were very similar to the 1.36 μm demonstration described above, but now both of
the cavity mirrors were flat and the cavity was stabilized by a thermal lens in the
VECSEL gain element. At a pump repetition rate of 20 kHz, the VECSEL produced
peak output powers of 290 W at a peak pump power of 2.3 kW. In subsequent work,
the barrier pumping with a 1.06 μm laser was exchanged for in-well pumping using
a 1.32 μm Q-switched Nd:YVO4 pump laser [189]. Using the same pump repetition
rate of 20 kHz, the VECSEL produced peak powers of 0.52 kW at a pump peak
power of 3.7 kW. The concept of in-well pumping was then extended to wavelengths
1.23 μm [190] and 1.53 μm [191] with peak powers of 0.76 and 0.56 kW, respectively.

mailto:PR@1.36
mailto:HR@1.36
mailto:HT@1.06
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Finally, the utilization of improved thermal management with intracavity diamond
heatspreaders enabled high power demonstrations at much higher repetition rates
of hundreds of kHz [191–193]. The peak powers in these demonstrations were in
the range 400–600 W, while the average output powers reached multiwatt levels.
Specifically, a maximum average output power >3 W was obtained at a repetition
rate of 200 kHz [191].

2.4 Conclusion

The main technological approaches deployed in developing VECSELs operating at
long infrared wavelengths (i.e. 1.18–1.55 μm) have been reviewed. As a reflection of
the largest research effort, design versatility, and performance, a detailed presenta-
tion of wafer-bonding technologies was provided. Amongst the reviewed VECSELs,
we note the demonstration of 33 W at 1.27 μm, the first demonstration of a multi-
watt flip-chip VECSEL at 1.55 μm, and the demonstration of the first InP-based QD
VECSEL at >1.5 μm.
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Single-frequency and High Power Operation of 2–3 Micron
VECSEL
Marcel Rattunde, Peter Holl, and Joachim Wagner

Department Optoelectronics, Fraunhofer Institute for Applied Solid State Physics IAF, Freiburg, Germany

3.1 Introduction

By exploiting the group-III antimonide material system, the emission wavelength of
vertical external-cavity surface-emitting lasers (VECSELs) can be extended further
to the mid-infrared (MIR) region so that high-brightness laser sources in the 2–3 μm
wavelength range can be built. Although GaAs and InP and related Al and/or In con-
taining alloys are considered to be more mature semiconductor materials, there were
major improvements with GaSb-based VECSELs in recent years. Progress has been
made both in terms of efficiency and output power of the semiconductor gain chip
itself as well as in terms of demonstration of several setups for low-noise, tunable,
single-frequency laser emission.

There are numerous applications that can benefit from these improvements
in 2–3 μm VECSEL performance. Because of the strong absorption lines of a
variety of relevant gases in this wavelength range, high resolution spectroscopic
gas detection for industrial process monitoring or environmental control can be
realized using such lasers [1, 2]. The ability to realize low-noise, tunable 2–3 μm
laser sources with very narrow emission linewidths in the 100 kHz regime [3]
makes these lasers ideal tools for quantum optic experiments [4], heterodyne-based
light detection and ranging (LIDAR), or the use as seed lasers for high-power
solid-state lasers in the 2–3 μm regime, such as holmium- or thulium-based laser
systems [5]. Besides, GaSb-based VECSELs have proven to be able to deliver high
output powers (up to 20 W in continuous-wave (CW) operation in a lab experiment
[6]), enabling applications like material processing (e.g. processing of transparent
plastic material), medical surgery (laser scalpel), or infrared countermeasures.
Further on, due to the good beam quality, 2.X μm VECSEL can be used as pump
source for solid-state laser material like Cr:ZnSe [7] or holmium [8, 9] or provide
pump energy to nonlinear optical materials like periodically poled GaAs or zinc
germanium phosphide (ZGP) in order to realize tunable coherent sources at even
longer emission wavelength (4–10 μm range). The latter two materials benefit
especially from the long-wavelength (>2 μm) pumping a GaSb-based VECSEL can
provide, as their optical losses greatly decrease with pump wavelength [10].

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.



64 3 Single-frequency and High Power Operation of 2–3 Micron VECSEL

This chapter provides a basic overview of MIR VECSELs based on the
(AlGaIn)(AsSb) materials system and introduces recent key developments
concerning conversion efficiency and output power as well as single-frequency
operation (SFO) and tunability of such laser sources.

In the following section, a general overview of semiconductor-based lasers for the
>2 μm MIR wavelength range is given as an introduction. Then, some key aspects of
the (AlGaIn)(AsSb) material system are presented in Section 3.3, followed by design
principles for GaSb-based VECSELs and achievable laser efficiencies in Section 3.4.
Section 3.5 reviews the different VECSEL-chip mounting technologies and output
power levels that can be reached for the different designs and mounting options.
Section 3.6 finally details different ways to achieve low-noise SFO with different key
requirements.

3.2 Semiconductor Lasers for the MIR Range

Beside the GaSb-based VECSELs, there exist now a plurality of semiconductor-based
laser sources for the MIR wavelength range, each with its own strength and weak-
nesses and specific performance limitations. The key parameters of these different
sources are discussed in the following, revealing also the unique possibilities of the
GaSb-based VECSEL sources.

The most advanced and commercially available technology are the electrically
driven GaSb-based type-I quantum well (QW) semiconductor diode lasers [11, 12].
They span the wavelength range from 1.9 to above 3.7 μm emission wavelength
[13, 14] with a distinct drop in performance toward longer emission wavelengths.
This behavior can be seen in the internal laser parameters [15] but also on the max-
imum achievable output power in CW-operation at room temperature, as plotted in
Figure 3.1 (full black squares): for broad area lasers with a typical width of the emit-
ting facet of 100–150 μm (which implies a poor beam quality), output power values
close to 2 W are achievable around 2 μm. Toward longer emission wavelengths,
these values drop to 100 mW at 3.3 μm. Below 1.9 μm, InP-based diode lasers show
a better performance, and above approximately 3.4 μm, the InP-based quantum
cascade lasers (QCL, stars in Figure 3.1) are the best performing semiconductor
laser variant with the highest available output powers [16, 17].

An alternative approach also based on cascaded sections but with a type-II QW
interband active region are the interband cascade lasers (ICLs) [18]. Due to improve-
ments such as the “W” structure in the active region [19] and fine-tuning of the
electron and hole injection [20], very low threshold current devices were achieved
(much lower than the QCL counterparts) with moderate output powers (blue down-
ward triangles in Figure 3.1). And recently, a cascading scheme was also successfully
implemented for type-I QW diode lasers: Using a GaSb/InAs tunnel junction, the
cascaded type-I QW GaSb-based diode laser was introduced in [21], with impressive
performance (see green upward triangles in Figure 3.1). Most noticeably they could
improve the performance compared to the “standard” GaSb type-I diode lasers in the
longer wavelength side with e.g. close to 1 W output power at around 3 μm emission
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wavelength [22]. This result was obtained from 100 μm wide single emitters, i.e. a
diode laser variant with a very poor beam quality. In order to achieve a beam quality
parameter M2 close to the Gaussian limit of 1, the width of the electrically pumped
emitter has to be drastically reduced to the order of 4–10 μm, reducing the available
output power to the couple of 10 mW regime around 3 μm [22] and to ∼70 mW at
2 μm [12].

Compared to these electrically driven MIR lasers described above, the work on
GaSb-based type-I VECSELs started much later with the first realization published
in 2004 [23]. For high power operation, an intracavity heatspreader (ICH) out of
diamond or SiC is almost exclusively used [24], resulting in a maximum of 17 W CW
output power at room temperature at 2.0 μm [25] and still around 0.8 W at 2.8 μm [9]
(see red circles in Figure 3.1). This means that the GaSb-based VECSELs are the most
powerful semiconductor-based single emitters in this wavelength range. Moreover,
as the beam quality of the VECSELs is far superior to that of the broad area edge
emitters, they are by far the lasers with the highest brightness.

So far, there has been no report of GaSb-based type-II VECSELs in order to expand
the emission wavelength of these devices further to the long-wavelength side. But
the VECSEL concept has also been realized using the II-VI material system with
PbTe QWs and EuPbTe barriers. In this way, VECSEL in the 3–5.3 μm range have
been realized with mW-range output power [26, 27] (see magenta crossed circles in
Figure 3.1).

Wavelength (μm)

Type-I diode (GaSb)
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Figure 3.1 Overview of various semiconductor-based laser sources for the MIR regime
around 2–4 μm emission wavelength: CW output power at room temperature versus
emission wavelength (Refs. [9–31]).
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Finally, yet importantly, it is worth to mention that also the electrically pumped
version of the VECSEL, the VCSEL, has been realized in the GaSb-material sys-
tem exploiting type-I [28, 29] and type-II [30, 31] QW active regions, resulting in
sub-mW output powers in the 2.3–4 μm wavelength range (see orange open circles
in Figure 3.1).

Apart from the QCL and the II-VI VECSEL, all other laser sources are based on
the GaSb-material system, whose basic features will be presented in the next chapter
with the focus on type-I QW active regions.

3.3 III-Sb Material System

The III-V compound semiconductor material system (AlGaIn)(AsSb) constitutes an
ideal basis for the realization of semiconductor lasers at and above 2 μm emission
wavelength. With only a few exceptions, GaSb is almost exclusively used as substrate
material and starting point for the laser heterostructure.

Due to the higher bandgap compared to GaSb, quaternary AlxGa1−xAsySb1−y
is well suited for barrier, waveguide, window, or pump absorbing layers.
Because of the large width of these layers, they are almost exclusively grown
lattice matched to the GaSb-substrate, which is achieved by adding a small
amount of As to the AlGaSb to form AlxGa1−xAsySb1−y with y = 0.08x [32].
The direct band gap for AlGaAsSb at 300 K, lattice matched to GaSb, is given
by Eg(Γ) = 2.297x + 0.727(1 − x) − 0.48x(1 − x) eV [32]. The refractive index
for these layers can be found in [33]. For distributed Bragg reflectors (DBRs),
AlAs0.08Sb0.92/GaSb layer pairs are the most efficient way to achieve the necessary
high refractive index contrast and thus reflectivity.

For the active layer, Ga1−xInxAsySb1−y is used that has a direct bandgap for all alloy
compositions and is latticed matched to GaSb if y = 0.913x [32], i.e. the As-content is
close to the In-content. For the quaternary material, the interpolation scheme intro-
duced in [34] together with the material data from [32] have been proven to deliver
material data that reproduce the experimental values quite well [35].

A detailed microscopic simulation revealed that almost ideal type-I QWs can be
achieved in this material system [36]: compressively strained ternary Ga0.8In0.2Sb
QW embedded between (Al0.30Ga0.70)(As0.02Sb0.98) barriers show a large spacing of
the electronic subbands in the QW and almost equal electron and hole effective
masses. This constitutes the ideal conditions for high optical gain, even superior to
the well-known GaInAs/GaAs or GaInAs/AlGaAs QWs. These Ga0.8In0.2Sb QWs
yield an emission wavelength around 2.0 μm and in agreement to the finding above,
very low lasing thresholds have been reported in the literature for diode lasers
(50 A/cm2 [37]) or VECSELs (0.9 kW cm−2 [38]) around 2 μm.

In order to increase the emission wavelength beyond 2 μm, the In-content in
the GaInSb QWs can be increased further. But as this increases also the strain
to values beyond the critical layer thickness for pseudomorphic growth, this
strand is limited to emission wavelengths below approximately 2.2 μm. Beyond
that, As has to be added that further reduced the bandgap and also the strain of
the quaternary GaInAsSb QWs. Unfortunately, adding As also reduces the hole
confinement as can be seen in Figure 3.2a. Here, the relative band alignment for
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Figure 3.2 Relative position of the conduction and heavy hole band and the first electron
and hole subbands (cb1, hh1) for a 10 nm wide GaInAsSb QWs embedded in GaSb barrier
layers for a compressive strain of (a) 𝜀⟂ = 1.6% and (b) 𝜀⟂ = 2.1%.

10 nm wide GaInAsSb QWs with a compressive strain of 𝜀⟂ = 1.6% is plotted versus
the simulated photoluminescence (PL) emission wavelength. Also shown are the
band edges of the GaSb barriers. With increasing emission wavelength, the valence
band offset ΔEV is reduced and reaches 0 meV at approximately 2.8 μm. Depending
on the carrier density inside the QW at and above threshold, a low band offset can
lead to increased carrier leakage and successive recombination or absorption in the
surrounding layers, limiting the laser performance. The hole confinement can be
increased by using more strained QW material, as can be seen in Figure 3.2b. Here,
the same parameters are plotted for a strain of 𝜀⟂ = 2.1%, leading to a valence band
offset of 30 meV at 2.8 μm.

Another option to increase a low valence band offset in GaSb-based type-I QWs
is the increase of the Al-content in the barrier layer, as illustrated in Figure 3.3a.
The upper limit to that, at least for optical pumped devices such as VECSELs, is the

E
ne

rg
y 

(e
V

)

E
ne

rg
y 

(e
V

)

0
+In

1

2

0

1

2

2.8 μm QW

ΔEv = 30 meV ΔEv = 138 meV ΔEv = 335 meV

Al1.0AsSb

Al0.3GaAsSb

GaSb

(a) (b)

Figure 3.3 (a) Band edge profile of 2.8 μm GaInAsSb QWs embedded between different
barrier material. (b) Schematic of the change in the relative band edge position for In
incorporation into AlGaAsSb barrier.
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photon energy of the pump source when the barriers should act as pump-absorbing
layers (an alternative to that is the QW pumping as discussed in Section 3.4.2). From
Figure 3.3a one can also clearly see that in all cases, the electron confinement is
much higher than the hole confinement for these 2.8 μm QW, no matter what the
Al-content is. In order to balance the offset and thus actually increase the valence
band offset, Indium can be added to the barrier layers as can be seen schematically
in Figure 3.3b. These quinternary (AlGaIn)(AsSb) barriers were successfully used in
long-wavelength GaSb diode lasers [14] and electrically pumped VCSELs [39], but
not in optically pumped VECSEL so far.

3.4 2–3𝛍m VECSEL Design

3.4.1 Standard Barrier Pumped Structures

The most widely used general structural layout for GaSb-based VECSEL in the
2–3 μm wavelength range is a barrier pumped structure. Around 5–15 type-I QW
are used, which gain is maximized by using the concept of resonant periodic gain
[40], i.e. by placing the QW in the antinodes of the standing wave of the microcavity,
formed by the DBR and the top interface of the semiconductor gain chip toward the
surroundings. The barriers and pump-absorbing spacer layers are normally made
out of the same material, which is either GaSb or AlGaAsSb with an Al-content
up to 35% [23] (see Figure 3.4a). With this material selection, readily available
and powerful 808–980 nm diode lasers can be used for optical barrier pumping.
The DBR is normally made out of quaterwave GaSb/AlAs0.08Sb0.92 layer pairs. In
order to achieve the necessary high reflectivity of >99.8%, around 20 pairs are used
(18.5–24.5 reported in the literature [15, 41, 44]). This number is lower than the
typical number of DBR layer-pairs used in GaAs-based 1 μm VECSEL, which is due

E
ne

rg
y 

(e
V

)

S
lo

pe
 e

ffi
ci

en
cy

 (
%

)

A
I0

.3 G
a

A
sS

b

Wavelength (μm)(a) (b)

Standard, 980 nm pumped

2.0 2.2 2.4 2.6 2.8

0

0

10

20

30

1

2

Figure 3.4 (a) Standard VECSEL design for a barrier-pumped active region. With an
Al-content around 30% in the barrier layers, 980 nm pump diodes can be used. (b) Resulting
slope efficiency in CW operation at room temperature vs. emission wavelength for various
VECSEL structures with ICH from different groups [6, 41–43].
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to the higher refractive index contrast that can be achieved in the Sb-based material
system. The total thickness of the DBR section is, however, much greater as each
quarterwave pair in the 2–3 μm range is much thicker than those designed for 1 μm.
Further on, the thermal conductivity of the GaSb-based alloys is significantly lower
than that of the GaAs-based counterparts. Therefore, heat-extraction through the
DBR is limited in GaSb-based VECSEL. The use of an intracavity heatspreader
(ICH) is thus the standard mounting option to maximize heat extraction in order
to achieve high output powers in CW. Single-crystalline diamond or silicon carbide
(SiC) are the most prominent materials for these ICHs, as they are transparent
for the pump and laser wavelength and offer excellent thermal conductivity. All
following data shown in this section are from VECSEL chips bonded to an ICH,
unless otherwise stated (other and more advanced mounting options are discussed
in Section 3.5).

For this standard design, Figure 3.4b summarizes the achievable slope efficiency
of the VECSEL devices versus the emission wavelength. Output couplers with a
transmission of 1–4% were used in these cases, optimized for the individual VEC-
SEL structure. Similar to the behavior found for GaSb-based type-I diode lasers (see
e.g. [15]), the efficiency degrades with emission wavelength. At around 2 μm emis-
sion wavelength, the lasers reach up to 23% slope efficiency [38], dropping to 14%
around 2.5 μm [42] and 2% at 2.8 μm [45]. Similar to that, the maximum achievable
output power in CW operation at room temperature drops from 4.5 W to 1.5 W and
0.12 W at 2.0 μm, 2.5 μm, and 2.8 μm, respectively. The threshold pump power den-
sity for these devices is quite low with reported values of ∼1 kW cm−2 [38], with the
exception of the long-wavelength 2.8 μm VECSEL where the threshold increases sig-
nificantly to 3 kW cm−2 [45]. As these VECSELs were pumped with 980 nm pump
diodes, the quantum efficiency 𝜂Q, i.e. the ratio between laser and pump photon
energy 𝜂Q = h𝜈laser/h𝜈pump = 𝜆pump/𝜆laser, is rather small (i.e. the quantum deficit
(1 − 𝜂Q) is high). The value for the quantum efficiency 𝜂Q for the 980 nm pumped
VECSEL is 50% at 2.0 μm, dropping to 35% at 2.8 μm. This means, that even for a
perfect VECSEL without any carrier or optical losses, the achievable power slope
efficiency is limited to the values given above. As this severely limits the achievable
efficiency of these devices, two ways to increase the quantum efficiency are described
in the next paragraphs.

3.4.2 In-well Pumping

If barrier pumping leads to a large difference between pump and laser wavelength,
in-well pumping [46] can be a convenient way to reduce that difference and thus to
increase the efficiency of GaS-based VECSEL [47]. As illustrated in Figure 3.5, this
approach allows not only to increase the quantum efficiency 𝜂Q but also to select the
barrier material independent of the pump wavelength, so that the band offsets can be
increased. In this way, in-well pumped 2.3 μm VECSEL have been realized [48] with
100% Al-content in the Al1.0AsSb barrier layers. The slope efficiency was successfully
increased in that way to 32% at room temperature using a 1.96 μm Tm-fiber laser as
the pump source (𝜂Q = 87% for this configuration).
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Figure 3.5 (a) In-well pumped VECSEL design for an increased quantum efficiency. The
barrier height can be chosen independent of the pump wavelength. (b) Resulting slope
efficiency for a 1960 nm in-well pumped structure (blue square), compared to the standard
barrier pumped VECSELs [6, 41–43, 48].

Despite this positive result, this approach has some severe drawbacks: first, the low
pump absorption in the QWs requires either a complex pump recycling optics [49]
or a complex VECSEL structure with a double resonance design (i.e. internal pump
recycling) [48]. If the latter concept is used, the resonance for the pump light strongly
depends on the angle of incidence of the pump beam and the pump wavelength.
Therefore, a pump source and a pump optic with a low numerical aperture (<0.07)
and low spectral width (<10 nm) is required. Tm-fiber lasers can easily meet these
criteria, but not 1.9–2.1 μm GaSb-based diode lasers or diode laser stacks, which
would be the practical pump source for the in-well pumped VECSEL. On the other
hand, the realization of the first concept (use of pump recycling optics) results in a
bulky and complex laser setup.

3.4.3 Low Quantum Deficit Barrier Pumping

The two drawbacks mentioned above can be avoided with barrier pumping, exploit-
ing the large absorption in the spacer region between the QW in the VECSEL active
region. In order to increase the quantum efficiency for this pump configuration,
the barrier bandgap has to be reduced. The binary GaSb can be used for this pur-
pose, which bandgap (0.72 eV) coincidences well with readily available and powerful
1470 nm pump diodes (0.84 eV photon energy). This leads to a significant increase of
the quantum efficiency (e.g. 𝜂Q = 73% at 2.0 μm emission wavelength) but also to a
reduction in the band offsets between the GaInAsSb QWs and the GaSb-barriers (see
Figure 3.6a). Nevertheless, the slope efficiency was successfully increased for sev-
eral of these “low-quantum deficit” (LQD) structures, as can be seen in Figure 3.6b,
where the slope is again plotted against the emission wavelength and compared to
the other two GaSb VECSEL active region concepts described above [6, 9, 42]. From
2.0 to 2.5 μm, a very high slope efficiency was reached with a value of around 30%,
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Figure 3.6 (a) LQD barrier pumping, using GaSb-barriers and 1470 nm pump diodes. (b)
Resulting slope efficiency vs. emission wavelength for various LQD samples (red stars) in
comparison to the results discussed above [6, 41–43, 48].

dropping to 11% at 2.8 μm. These values (red stars in Figure 3.6b) are well above
the slope efficiencies of standard barrier pumped structures (black dots) and even
similar to the slope of in-well pumped VECSELS (blue squares). Comparing the
threshold pump power density of a 2.0 μm LQD structure and a standard 980 nm
pumped VECSEL revealed almost unchanged values at room temperature. Only at
elevated heatsink temperature >60 ∘C, the threshold power density increased more
rapidly for the LQD structure, which is a hint of increased thermionic emission from
the QWs to the barrier layers due to the reduced band offset.

The high achievable slope efficiency of the LQD-VECSEL samples translates in a
much higher output power, as can be seen in Figure 3.7a. Here, the power char-
acteristics of a standard 980 nm pumped (black line) and LQD 1470 nm pumped
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Figure 3.7 (a) Output power characteristics of a 2.5 μm LQD-VECSEL compared to a
standard barrier pumped VECSEL, both with SiC intracavity heatspreader. (b) EQE of the
LQD-VECSEL versus emission wavelength. The EQE is the slope efficiency of the laser
characteristics divided by the quantum efficiency 𝜂Q. This value describes the fraction of
emitted photon per pump photon.
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(red line) VECSEL structure, both emitting at 2.5 μm, are compared. Both samples
exhibit a SiC intracavity heatspreader and are operated in CW mode at 20 ∘C heatsink
temperature. The maximum output power is 1.6 W for the standard structure and
above 7 W for the LQD structure, pumped at 1470 nm [42].

One reason for the degrading slope efficiency with emission wavelength, as
seen in Figure 3.6b, is of course the decrease of the quantum efficiency with
the laser wavelength for a fixed pump wavelength. A more direct comparison
of the “pump-photon to laser-photon” conversion efficiency can be made when
dividing the slope by the quantum efficiency, which results in the external quantum
efficiency (EQE), plotted in Figure 3.7b. For the LQD-VECSEL structures (red stars)
pumped at 1470 nm, this graph reveals a quite unusual behavior for GaSb-based
devices: an initial increase of the EQE from 42% around 2.0 μm to 50% at the longer
laser wavelength of 2.5 μm. This behavior can be attributed to an increase of the
valence band offset ΔEV with wavelength for these structures (42 meV for the 2.0 μm
and 72 meV for the 2.5 μm structure, see [42]) due to an increase in QW strain.
Together with the excellent performance of the 2.5 μm LQD-VECSEL, this leads to
the conclusion that a valence band offset around ΔEV = 70 meV is sufficient for the
hole confinement in GaSb-based devices. And even with a value of ΔEV = 42 meV
as for the 2.0 μm LQD structure, excellent laser performance can be achieved, given
that the carrier density at and above threshold is not too high. Structures with a
high barrier offset are less affected by high QW carrier concentration, which are
e.g. needed to overcome the losses for high output coupling. An example for that
is the in-well pumped structure with Al1.0AsSb barriers [48] that can be operated
efficiently at high outcoupling rates of 10%.

The impressive efficiencies of the 1470 nm pumped LQD-VECSEL structure are a
pronounced improvement compared to the designs reported above. The high slope
efficiencies above 30% (see Figure 3.6) and concomitant external quantum efficien-
cies in the 45–50% range (see Figure 3.7b) for 1.9–2.5 μm VECSELs lead to a reduced
thermal load and thus higher possible output powers for a given mounting technol-
ogy (see following section). However, even with this improvement, the efficiencies of
these GaSb-based VECSELs is still inferior compared to state-of-the-art GaAs-based
VECSEL around 1 μm emission wavelength [50] with a slope efficiency of 62% and
an EQE of 78%. This is in fact the major difference between VECSELs from the two
material systems and the main reason for the inferior performance of the GaSb-based
2.X μm devices compared to the 1 μm GaAs-based counterparts.

3.5 Mounting Technologies

GaSb-based VECSELs are generally thermally limited, as there is a large amount of
waste energy to be dissipated, which heats up the chip and impair laser parameters.
Therefore, efficient heat extraction from the VECSEL chip is crucial to enable high
power operation. Two heat removal approaches are commonly used, the thin device
and the intracavity heatspreader (ICH) approach [24]. They use different pathways to
remove the heat from the active region (Figure 3.8): The thin device approach uses a
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(a) (b) (c)

Figure 3.8 Three heat removal approaches and their dominant heat removal pathways: (a)
intracavity heatspreader (ICH). (b) Thin device. (c) Double-sided heatspreader (DSH).

heatspreader on the backside of the chip, whereas the ICH is placed in direct contact
to the front side of the VECSEL chip. The ICH is therefore in close proximity to the
active region, where the majority of waste heat is generated and the heat removal to
the front circumvents the DBR and potential remaining substrate. The thin device
approach on the other hand removes the heat through the DBR to the backside of
the chip, and special care has to be taken to minimize the thermal resistance of this
pathway, which is especially challenging for GaSb-based DBR structures (see Section
3.5.2).

A rather new approach is the double-sided heatspreader (DSH), which is a com-
bination of a front- and a backside heatspreader together with a thinned or removed
substrate [6].

A crucial parameter for any heat management technique for VECSELs is its power
scalability upon increasing the pump spot diameter. An ideally power scalable device
has a constant temperature increase relative to the heatsink, as long as the pump
power density in the pumped area is kept constant. This means, that even though
larger pump spot diameters deposit more total power in the active region of the chip,
the maximum temperature does not change.

In order to compare the different approaches described above, Figure 3.9
shows the results of a thermal simulation for a standard 980 nm pumped 2.0 μm
GaSb-based VECSEL structure [6]. Plotted is the temperature increase relative to
the heatsink temperature in dependence of the pump spot diameter for a constant
pump power density of 20 kW cm−2. This simulation reveals that the ICH (black
line) has advantages over the thin device (red line) especially for small pump spot
diameters. This is an effect of the three-dimensional (i.e. vertical and lateral) heat
transfer in the front side heatspreader, which leads to a bottleneck in the lateral
heat removal path for larger pump spot diameters. The thin device approach on
the other hand largely depends on one-dimensional heat transfer to the backside
of the chip and thus exhibits an almost ideal flat curve. The temperature rise is
four times higher compared to the ICH approach for small pump spot diameters
around 100 μm. On the other hand, for larger pump spots >700 μm, the thin device
should be advantageous, even for these GaSb-based VECSELs. For this calculation,
a complete removal of the underlying GaSb substrate was assumed. If a 30 μm thick
layer of substrate material remains (dotted red line in Figure 3.9), the temperature
increases slightly, but this “almost” thin device approach is still superior to the ICH
for pump diameters above 1400 μm.
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Figure 3.9 Simulated temperature increase relative to the heatsink temperature for
different heat management approaches in dependence of the pump spot diameter,
simulated for constant pump power density. A standard, 980 nm pumped 2.0 μm
GaSb-VECSEL structure was used for the simulation.

The DSH approach (blue line in Figure 3.9) combines both heat removal pathways
and therefore outperforms both approaches independent of the pump spot diameter.
As above, the straight blue line was calculated assuming complete substrate removal
and the dotted blue line assuming 30 μm of remaining substrate material. Also in the
latter case, the DSH approach should outperform both other approaches and lead to
a lower temperature rise inside the active region.

The realization and results for these three heat removal strands for GaSb-based
VECSEL are discussed in the following sections.

3.5.1 Intracavity Heatspreader

As the DBR is a thermal bottleneck for GaSb-based VECSEL (see Section 3.4.1),
the ICH approach is the most commonly used heat extraction method for these
devices. In order to ensure optimum thermal contact to the chip, the heatspreader is
bonded to the as-grown front surface of the VECSEL chip by liquid capillarity bond-
ing [51]. The material used for the ICH has to fulfill several requirements: It has to
be transparent for both the laser and pump wavelength, it has to be highly thermally
conductive, and also it has to be available with an excellent surface quality and flat-
ness in order to make liquid capillarity bonding possible. These requirements are
fulfilled by diamond and SiC. The thermal conductivity of single-crystal diamond
is much higher, but both the surface quality of commercially available, epi-ready
SiC wafers as well as the availability of SiC are far superior. Also for emission wave-
lengths longer than 2.6 μm, only SiC can be used, as the absorption coefficient of
diamond increases for higher wavelengths due to two-phonon absorption [52].



3.5 Mounting Technologies 75

Figure 3.10 Emission spectra of an
ICH sample for different heatsink
temperatures. The used
heatspreader was made from SiC
and has a thickness of 500 μm.
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The ICH forms a low-resistivity pathway for the waste heat generated in the active
region, but it also acts as an optical etalon and restricts the emission wavelengths to
those emission maxima. The spectral position of these maxima is given by the optical
thickness of the etalon, which can only be changed by varying the temperature of a
given heatspreader sample. This leads to the typical spectrum of a sample with an
ICH in high-power, multimode emission shown for different heatsink temperatures
in Figure 3.10. The maximum of the envelope of the multitude of individual lasing
modes shifts with temperature (∼1.3 nm K−1) due to temperature dependence of the
QW bandgap. The maximum of each individual etalon mode is also red-shifted upon
increasing temperature due to the chance in the effective refractive index n. But this
shift occurs at a much lower rate of ∼0.03 nm K−1.

By using ICHs made from SiC, output powers up to 5.6 W for 980 nm pumped stan-
dard structures are possible (black open circles in Figure 3.11). The highest output
powers are reached around 2.0 μm emission wavelength, whereas longer emission
wavelengths result in decreasing output power. The 1470 nm pumped LQD struc-
tures show a different behavior (red filled circles in Figure 3.11) with rather constant

Figure 3.11 Output power vs.
emission wavelength of VECSEL
chips with ICH made from SiC
(circles) and diamond (stars) at
room temperature. Standard
980 nm pumped VECSEL
structures (open black symbols)
and LQD 1470 nm pumped
structures (filled red symbols) are
shown. All data was measured at
room temperature
[6, 9, 25, 43, 53].
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performance in the wavelength range between 2.0 and 2.5 μm, where maximum out-
put powers between 6 and 7.5 W were possible.

Using a single-crystal diamond ICH can greatly reduce the thermal resistance of
the setup (red stars in Figure 3.11), resulting in a CW output power as high as 17 W at
room temperature for a 1470 nm LQD-VECSEL structure emitting at 2.0 μm [25]. The
use of diamond heatspreaders is severely hampered by the limited availability and
the resulting cost of high-quality samples with low optical loss, low birefringence,
and an atomically flat surface.

3.5.2 Thin Device

The thin device approach relies on heat removal through the backside of the VEC-
SEL chip, so it is beneficial to minimize the thermal resistance of this pathway by
completely removing any remaining substrate and using a heatspreader with the
highest possible thermal conductivity. As there are no constraints regarding the opti-
cal properties of such a backside heatspreader, commonly polycrystalline diamond
is used, which is commercially available in large quantities and at reasonable cost
and has a very good thermal conductivity.

The thin device setup is the state of the art for GaAs-based VECSELs emitting
around 1 μm, where the bottom-up process is used in order to completely remove
the substrate [50]. For this, the chip is grown in reversed order, i.e. first an etch stop
layer, then the active region, and last the DBR, and then soldered DBR down onto
the backside heatspreader. The last step is to remove the substrate from the front by
chemical wet-etching [54]. This procedure is very reliable and reproducible when
using the mature GaAs material system, where combinations of etch solution and
etch stop materials with selectivities over 1 : 100 000 are available [55]. The highest
output power of a VECSEL up to date of 106 W was demonstrated with a GaAs-based
VECSEL using the thin device approach [50].

In the GaSb material system, the best available combinations of etch stop and etch
solution have much lower selectivities around 1 : 100 [56], making the reverse order
growth approach hard to realize. Nevertheless, this approach has been demonstrated
for GaSb-based VECSELs [55, 57] with an output power of 12 mW out of a 120 μm
diameter pumped spot for a 2.3 μm emitting VECSEL, barrier pumped at 980 nm.

An alternative approach to realize an “almost” thin device for GaSb-based VEC-
SELs was introduced recently [58]. Here, the structure is grown in the standard
sequence (substrate – DBR – active region), and only mechanical thinning is used
in order to remove most of the substrate. As this process cannot be controlled with a
sub-μm accuracy, a ∼30 μm thick substrate layer is left in order to avoid any damage
to the DBR. This thin device is subsequently soldered to a backside, polycrystalline
diamond heatspreader. The power characteristic and emission spectra of a standard
980 nm pumped 2.0 μm VECSEL fabricated this way are shown in Figure 3.12. The
minimum pump spot diameter, where this laser could be operated was ∼200 μm. For
smaller diameters, the device could not be operated in CW mode in contrast to the
device with the substrate completely removed, described in the last paragraph [55].
This is a clear indication of the thermal impedance induced by the residual ∼30 μm
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Figure 3.12 (a) Output power characteristics of a thin device for different pump spot
diameters at 20 ∘C heatsink temperature. (b) Emission spectra of the thin device VECSEL at
different heatsink temperatures. The visible substrate mode spacing corresponds to a
substrate thickness of 31 μm.

thick substrate layer. But for larger pump diameters of >200 μm on the other hand,
this device exhibits an almost ideal scalability with almost unchanged threshold
pump power density, slope efficiency, and maximum output power density with
increasing pump spot diameter. This is in accordance to the flat line in Figure 3.9
for this device (red dotted line) and further indicates a homogeneous removal of the
GaSb substrate without any damage to the epitaxial layer sequence. For the max-
imum pump spot diameter of over 1000 μm, this results in a CW output power of
2.4 W for this “almost” thin device (see Figure 3.12a).

The remaining substrate layer on the backside of the DBR has effects on the emis-
sion spectra of the thin device chip in high power, multimode emission. The DBR
and the gold metallization on the backside of the chip form a low-finesse cavity with
a mode spacing depending on the GaSb substrate thickness. In the specific sam-
ple shown in Figure 3.12b, the modes separation correspond to a cavity length of
31 μm. This value is confirmed by thickness measurements of the chip, from which
the thickness of the remaining substrate layer was determined to the same value.

3.5.3 Double-sided Heatspreader

The DSH is basically a combination of the two mounting techniques described
above. It was realized using a SiC ICH on the front side, a polycrystalline diamond
heatspreader on the backside, and a mechanically thinned VECSEL chip with
a residual substrate thickness of ∼30 μm [6]. Thermal simulations predicted an
improvement of the thermal properties compared to the ICH alone even for the
above given residual substrate thickness (see Figure 3.9, blue dotted line), with the
largest improvement for rather large pump spot diameters.

In Figure 3.13, the power characteristics of a standard VECSEL structure pumped
at 980 nm (Figure 3.13b) and an LQD-VECSEL structure pumped at 1470 nm
(Figure 3.13a) are shown, comparing two mounting options: the ICH alone and
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Figure 3.13 Comparison of output power characteristics for two heat management
techniques. Each graph compares chips from the same wafer, but one with ICH only (red
dotted line) and one with double-sided heatsinking (black solid line). Graph (a) shows data
of a VECSEL structure with LQD emitting around 2.0 μm, and graph (b) data for a 980 nm
pumped standard structure emitting around 1.9 μm. All data measured at 20 ∘C heatsink
temperature.

the DSH approach. In both cases, the slope is unchanged while the pump power at
thermal rollover is almost doubled. This leads in both cases to an increase of the
maximum output power by a factor of ∼2 (from 5 to 10.7 W for the LQD 2.0 μm
VECSEL and from 3.2 to 7.3 W for the standard 1.9 μm VECSEL). It is noteworthy,
that the pump spot diameter for maximum output power increases for the DSH
approach. This behavior is expected, as the pump power density at thermal rollover
should be comparable and the DSH approach enables and favors larger pump
diameters as the temperature reduction (compared to ICH) is highest for large
pump spot diameters.

The current implementations of the DSH approach could be further improved by
removing also the residual substrate layer on the backside of the VECSEL chip, even
though difficult to achieve as detailed above, and by using a front side ICH made
from single-crystal diamond instead of SiC.

3.6 Single-frequency Operation (SFO) of 2–3𝛍m
VECSEL

There are different strands to achieve single lateral and longitudinal mode opera-
tion of a VECSEL. At the same time, different applications requiring SFO, such as
quantum optic experiments, LIDAR, or laser seeding, have quite different requests
concerning relevant laser parameters. They have diverse requirements concerning
the single-frequency output power, emission linewidth, total or continuous tuning
range, tuning speed, and the long-term stability in the relevant environment. There-
fore, there is not one optimal configuration for single-frequency VECSELs, but the
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different routes to SFO available help to cover the various and sometimes conflicting
needs of the different applications.

The different optical setups for SFO are closely linked to the underlying mounting
technology of the VECSEL chip. As already mentioned in the preceding section, the
emission spectra of a chip with intracavity heatspreader (ICH) in a standard linear
cavity (Figure 3.10, cavity optimized for high power operation) differs quite signif-
icantly to that of an “almost” thin device chip (Figure 3.12b). Therefore, different
optimization strategies have to be applied in order to convert the shown spectra into
a pure single-frequency emission, and different behavior can be expected concern-
ing the tunability of these laser sources. This chapter is thus organized according
to the used gain chip mounting technology (Sections 3.6.2–3.6.5), preceded by some
general remarks on narrow-linewidth emission in the following section.

3.6.1 Key Parameters for Single-Frequency Operation

Compared to other laser sources like edge-emitting semiconductor diode lasers or
solid-state lasers, the VECSEL combines several features, making this laser concept
very advantageous for low-noise SFO: due to the semiconductor QW gain region,
the spontaneous lifetime of the upper laser state is rather short with typical values
in the ns regime. This is much shorter than e.g. in solid-state lasers, where this value
can approach the ms regime. On the other hand, due to the vertical emission and
therefore short overlap of the optical mode with the QW gain media, VECSELs have
to be operated in a high finesse cavity with just a few percent output coupling. This
results in a long photon lifetime or long cavity decay time, which can actually exceed
the value of the upper-state lifetime [59]. In this case, the VECSEL exhibits a class A
laser dynamics: the optical gain can react instantaneously to variations in the photon
density, leading to an exponential relaxation to the steady state and a strong damping
and thus reduction of any intensity fluctuations [60]. The opposite case (upper-state
lifetime much longer than the photon lifetime, so called class B regime) applies to
most solid-state lasers, leading to relaxation oscillations and spiking. And even most
edge-emitting semiconductor lasers operate in the class B regime due to the short
cavity and rather large outcoupling rate (resulting in a photon lifetime below 1 ns),
leading to damped relaxation oscillations in the GHz range.

The linewidth of a single-frequency laser is ultimately limited by the
Schawlow-Townes limit [61], given by

ΔνL =
2πhν(Δνcav)2

𝜇 (1 + 𝛼
2)

P
This value is thus proportional to the square of the linewidth of the passive laser

cavity Δ𝜈cav and inverse proportional to the output power P. It depends further on
the linewidth enhancement factor 𝛼 (∼3) [62] and on the ratio of spontaneous emis-
sion to stimulated emission 𝜇 (∼1.5) [60]. The passive laser cavity linewidth Δ𝜈cav
itself is inversely proportional to the cavity length and increases with increasing cav-
ity losses (outcoupling or internal absorption). A long, high-finesse optical cavity
with low outcoupling together with a high output power thus decreases this ulti-
mate limit. Using standard values for GaSb-based devices, this limit is already in the
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MHz regime for 2 μm Distributed Feedback Diode (DFB) diode lasers but orders of
magnitudes lower in the Hz or sub-Hz regime for 2 μm VECSELs with a few cen-
timeter long optical cavity [15]. The actual linewidth of a laser setup will always be
above the Schawlow-Townes limit due to technical noise (vibrations, pump power
and temperature fluctuations, etc.), which will be discussed in more detail below.

In order to achieve stable SFO from semiconductor edge emitters, a wavelength-
sensitive filter is always applied, most typically in the form of a DFB grating or an
optical grating in an external cavity setup (the longer cavity in the latter case helps
also to reduce the minimum achievable laser linewidth, as discussed in the previous
paragraph). For VECSELs, a stable SFO can be also achieved without any intracav-
ity filter [63]. The necessary requirements for the cavity setup and the underlying
physics of the nonlinear multimode dynamics of QW VECSELs were discussed in
detail in [60] and [64]. It was shown that the VECSEL can be described as an almost
ideal homogeneous gain laser where the initial multimode operation (after start of
the emission or a large perturbation) collapses to a spectral width below the mode
spacing (i.e. single-mode operation) after a characteristic time tc. This time is propor-
tional to the cube of the cavity length and the square of the gain or filter bandwidth
(whichever is smaller) and is in the ms range for a ∼2 cm long cavity and typical
values for a GaSb-based VECSEL without ICH or any other optical filter [60]. If any
process disturbs the laser dynamics before tc has elapsed, the laser will remain mul-
timode in CW operation. If the timescale of any subsequent perturbation is longer
than tc, the laser will reach SFO. Figure 3.14 summarized the most important noise
sources and their typical time scales [65]. For the GaSb-based VECSEL, this trans-
lates into the following: the cavity length should be no longer than a few centimeters
in order to keep tc at or below 1 ms, so that the majority of the technical noise sources
do not affect the laser mode dynamics. For larger cavity lengths, the gain bandwidth
has to be reduced, i.e. intracavity filters have to be inserted in order to decrease tc.
This is actually the most widely used case, with cavity lengths in the ∼20 cm range
and a birefringent filter (BRF) or etalon (or combination of both) used as wave-
length selective elements. A lower limit for the cavity length, where stable SFO can
be achieved without intracavity filter, is given by the switch to class B laser dynamics
for shorter photon lifetimes in shorter cavities. For GaSb-based VECSEL, this switch
occurs roughly below a few millimeter cavity length [60]. Theoretically, the laser
is still single mode in CW operation but will amplify any fluctuations and is much

Temperature control

Air pressure & humidity

Environment temperature

Piezo drifts

Laser diode current noise

1 μ 10 μ 100 μ 1 m 10 m 100 m 1 10 100 1 k 10 k 100 k

Time scale (s)

Acoustics & vibrations

Figure 3.14 Noise sources and their typical time scales adversely affecting the laser
linewidth [65].
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more sensitive to optical feedback. This will render stable device operation difficult
to achieve [60]. Nevertheless, with very small cavities in the ∼50 μm range, stable
SFO was reported [66]. This is due to the fact that in these small cavities only one
(or a few largely spaced) longitudinal modes are supported.

Experimentally determined laser linewidths can be directly compared only if the
sampling time used in the respective experiments was the same. The sampling time
determines the lower frequency limit of the noise sources, which contributes to the
measured linewidth. In other words, the chosen sampling time categorizes all noise
sources (see Figure 3.14) into two categories: the one on a shorter time scale will
affect the linewidth and the other one with longer characteristic times will be clas-
sified as “drift” effects. In datasheets and scientific publications, typical integration
times are in the 5–100 μs range. Measuring the linewidth at different sampling times
cannot only provide interesting insights into the predominant noise sources. More-
over, it can reveal the linewidth at that time scale which is relevant for the specific
application (see Section 3.6.2 below).

A prerequisite for single-frequency emission is a single transverse mode opera-
tion in TEM00. Higher order lateral modes are not only affecting the beam qual-
ity but also exhibiting slightly higher resonance frequencies due to the different
Gouy phase shift [67, 68]. These higher order lateral modes can be suppressed by
using the pump spot as a gain aperture: the emergence of higher order modes is
suppressed if the pump spot size undercuts the fundamental mode spot, i.e. if the
ratio dpump/dmode ≤ 1. If the pump spot is not a perfect top-hat but rather Gaus-
sian or super-Gaussian like, then the effective “above-threshold” pumped area will
increase with increasing pump power, even if the 1/e2 diameter is not changed. This
is schematically illustrated in Figure 3.15, indicating that higher order modes can
be supported at increased pumping levels if the pump diameter was optimized for
single lateral mode operation only at or slightly above threshold.

Another important effect that can alter the pump to fundamental mode size ratio
is thermal lensing [69, 70]. Internal heating inside the gain chip leads to a refrac-
tive index profile determined by the pump intensity distribution. This thermal lens
can be approximated to first order by a spherical one with a dioptic power, i.e. the
inverse of the focal length, that increases with increasing pump power. Therefore,
the VECSEL gain chip has to be approximated by a curved mirror, with the focal
length decreasing from infinity at low pump powers to values around 100 mm and
below for high CW pump intensities [70]. This in turn reduces the on-chip beam
diameter of the fundamental mode, leading also to higher order lateral modes at
increasing pump intensities. Because of both effects, it is important to optimize the
pump spot diameter at the operating point of the laser in order to keep higher order
lateral modes below threshold.

3.6.2 SFO with Intracavity Heatspreader

As explained in Section 3.5.1, an ICH is the most straightforward and mostly used
way to achieve a good thermal management in GaSb-based VECSELs. Therefore,
the majority of experiments with GaSb-based VECSELs to achieve single-frequency



82 3 Single-frequency and High Power Operation of 2–3 Micron VECSEL

Threshold

P
um

p 
po

w
er

di
st

rib
ut

io
n 

(a
.u

.)

SDL chip Fundamental mode

Net gain area at P0

Net gain area at P1 > P0

P0

P1 = 4 P0

Figure 3.15 If the pump spot is not a perfect top-hat profile, the effective area pumped
above threshold (blue and red circles) increases with increasing pump power even though
the 1/e2 pump diameter (yellow area, upper diagram, same for both curves) remains
constant. In this way, regions outside the fundamental mode diameter (green area) are
pumped at higher power levels, which can provoke higher order modes.

emission was done using gain chips bonded to ICHs. Besides the possibilities to
achieve high output powers, the ICH also acts as an optical element that affects the
lasing spectrum: if both surfaces are plane parallel, it acts as an etalon with lasing
restricted to well-defined etalon modes (see Figure 3.10).

3.6.2.1 Laser Cavity Setup
SFO can be achieved using a heatspreader-bonded VECSEL in a simple linear cavity
without other optical elements: using a 2.3 μm standard-design VECSEL chip, a
diamond heatspreader, and a 50 mm radius of curvature (ROC) mirror in a 4.9 cm
long linear cavity, SFO was reported in [71]. The transition from multimode to
single-mode operation, while carefully aligning the cavity and the pump to cavity
mode overlap, was associated with a noticeable reduction in intensity noise due
to the suppression of mode competition. The SFO was stable for several minutes.
A 980 nm diode laser module, coupled to a multimode fiber, was used as a pump
source focused to a pump spot diameter of 200 μm. Although a multimode pump
setup was reported to introduce intensity fluctuations on quite short timescales
(∼100 μs) [64] hindering SFO, the etalon effect of the heatspreader seems to narrow
the effective gain bandwidth sufficiently to achieve SFO.

A more flexible and indeed the most widely used cavity setup for a tunable and
SFO is shown in Figure 3.16. This V-shaped cavity setup with two external mirrors
offers the advantage of an almost collimated beam in the second arm bounded by a
flat outcoupling mirror (see in Figure 3.16b), reducing reflection losses for a wave-
length selective filter. A BRF out of Quartz placed at Brewster’s angle is mostly used
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Figure 3.16 Typical V-shaped cavity setup for a tunable VECSEL (a) and the corresponding
fundamental mode diameter vs. distance from the VECSEL chip (b). A Quartz BRF at
Brewster’s angle is placed in the almost collimated part of the setup. With the outcoupling
mirror mounted on a PZT, fine-tuning can be achieved by varying the cavity length.

with a typical width in the range of ∼3 mm [71, 72]. The outcoupling mirror can be
mounted on a piezo-electric transducer (PZT) in order to fine-tune the cavity length
and thus the emission wavelength. Further on, the PZT can be controlled by a feed-
back loop in order to stabilize the cavity, which is subject to a section below.

The two optical filters (heatspreader etalon and BRF) included in this setup enable
SFO also in this rather long optical cavity. A typical emission spectra, measured with
a Fourier transform spectrometer (FTIR) is shown in Figure 3.17a, revealing a side
mode suppression ratio (SMSR) of 30 dB [73]. With the typical resolution limit of
an FTIR in the few GHz range, the cavity modes (around 500 MHz mode spacing
for a 27 cm long cavity) or higher order lateral modes cannot be resolved. For that
purpose, a scanning Fabry-Perot interferometer (FPI) is used. Given that the free
spectral range (FSR) of the FPI is wider than the cavity mode spacing, SFO can be
confirmed if no side bands are visible (see Figure 3.17b). The inset of this figure
shows a detailed measurement of one FPI resonance, showing a full width at half
maximum (FWHM) around 2.3 MHz, which is the resolution limit of this confo-
cal FPI. For resolving the true linewidth of the laser, different techniques must be
employed that will be discussed below.

3.6.2.2 Wavelength Tuning
By rotating the BRF, the emission wavelength can be tuned over the whole gain
spectrum of the VECSEL chip. Due to the heatspreader, the emission wavelength
is not scanning the densely spaced cavity modes (∼500 MHz) while tuning, but the
much wider spaced heatspreader etalon modes (∼160 GHz, 2.2 nm) as can be seen
in Figure 3.18. The emission is still single frequency, i.e. only on one cavity mode
at the maximum of the etalon transmission. The maximum tuning range depends
mostly on the gain bandwidth of the used VECSEL structure and the total optical
losses of the cavity (internal and outcoupling losses). In [71], a total tuning range of
70 nm (4 THz) was achieved for a standard design 2.3 μm VECSEL. At 2.0 μm central
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Figure 3.17 (a) FTIR measurement of the emission spectra, revealing an SMSR of 30 dB. (b)
Spectrum of a scanning FPI confirming SFO as no side bands are visible with the FSR of
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Figure 3.18 Coarse wavelength
tuning by rotating the BRF. A 2.0 μm
standard 980 nm pumped VECSEL
with a 300 μm thick SiC ICH and a
3 mm thick Quartz BRF was used in
this case. Each color represents a
single-frequency spectra at a
different rotation angle of the BRF.

emission wavelength, 120 nm (9 THz) of total tuning was achieved [3], also for a stan-
dard 980 nm pumped device. Using a special broad-bandwidth VECSEL design that
incorporates QWs with the same composition but different widths and thus different
wavelengths of their gain peaks, an increased tuning range of 156 nm (11.6 THz) was
achieved around 2.0 μm [41].

In general, the maximum tuning range of a VECSEL is limited not only by the
gain bandwidth of the QWs (which is the case for diode lasers) but also by the lon-
gitudinal modal gain. This value is also affected by the longitudinal confinement
factor for the resonant periodic gain and the microcavity resonance (both effects
don’t exist in edge-emitting diode lasers). The maximum tuning range is therefore
expected to be slightly smaller than that for diode lasers, placed in an external cav-
ity. For GaSb-based 2.3 μm edge emitters, 177 nm (10 THz) of tuning were achieved
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[74] using an optical grating as feedback element, which is higher than the values
reported above for VECSELs (for identical QWs).

For a mode-hop free fine-tuning, the optical length, i.e. the product of mechanical
length and average refractive index, must be changed. This can be accomplished in
three ways: by varying the resonator length, a continuous tuning on one cavity mode
can be achieved. With the resonator geometry shown in Figure 3.16a, this results in
a 0.6 GHz μm−1 wavelength shift [3]. By changing the heatspreader temperature, the
refractive index inside the VECSEL chip and that of the ICH is changed, leading to a
tuning in the range of 3.3 GHz K−1 for GaSb-based VECSEL with a SiC heatspreader.
The bandgap of the QW changes of course too, but this effect is negligible on a few
GHz wavelength scale and does not affect the cavity mode. Increasing the pump
power also increases the refractive index inside the active medium as its temperature
rises, leading to an increase in emission wavelength. On the other hand, at increasing
pump powers the carrier density in the barrier layers increases, which reduces the
effective refractive index and thus the emission wavelength. Experimentally, it was
found that the latter effect dominates at small pump power changes, leading to a
fine-tuning of −830 MHz mW−1 [3].

Using one of these three effects individually will result in a limited mode-hop
fine-tuning range in the ∼GHz range. E.g. when varying the resonator length alone,
the cavity mode shifts away from the fixed heatspreader etalon mode. If this shift
is large enough, the adjacent cavity mode experiences considerably less optical loss,
resulting in a mode-hop to this cavity mode. This problem could be solved by tuning
the etalon mode too in a synchronized way. However, as the heatspreader etalon is
directly mounted onto the chip, the only possible way to do so in this configuration
is to change the chip temperature. This method has several drawbacks: temperature
tuning is per se slow, and the maximum temperature change is limited for practical
reasons and will have a large impact on the output power (e.g. at high temperatures).
A control of the etalon effect itself without affecting the VECSEL chip, e.g. by tilting
the etalon or varying only its temperature, would result in a much more practical
way to synchronize the different effects and achieve a large mode-hop free tuning.
To enable this possibility, however, the etalon has to be decoupled from the VECSEL
gain chip and a layout without ICH has to be used (see Section 3.6.5). In fact, the
above outlined limitations for wide mode-hop free tuning is the most severe draw-
back of using a VECSEL chip with ICH in a single-frequency laser setup. Further
on, setting the emission wavelength of the laser to an arbitrary value in particular in
between the heatspreader etalon modes shown in Figure 3.18 can be a complex task.
It may include adjusting the temperature of the VECSEL plus heatspreader stack (in
order to shift the refractive index of the etalon) or to change the pump and mode
spot position on the VECSEL chip to realize a change of the etalon mode by very
small local thickness variations of the heatspreader [75].

3.6.2.3 Emission Linewidth
The determination of the true laser linewidth in the sub-MHz regime requires
sophisticated measurement techniques. As stated above, a typical confocal FPI
with a few centimeter cavity length has a resolution in the GHz range and cannot
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resolve the linewidth of a stable single-frequency VECSEL setup. Only high-finesse
plano-FPIs with long cavity length (40 cm) can offer a resolution in the ∼20 kHz
range [63], but they are not commercially available and hard to align properly.
When actively stabilized VECSELs are used, the linewidth can be estimated from
the error signal of the control loop [71, 76]. However, this is only an indirect way and
impossible to apply for a free-running setup. A direct measurement technique for
very narrow linewidths is the heterodyne detection scheme. At wavelengths where
optical fibers with negligible transmission losses are available, the self-delayed
heterodyne technique can be applied [77]. The prerequisite for this setup is a
long fiber-based delay line that must be longer than the coherence length. For a
10 kHz linewidth, this translates in more than 10 km of optical length. Even though
the length can be reduced with more sophisticated setups [78], this technique
fails in the MIR due to the lack of low-loss fibers. Therefore, a true heterodyne
beat-note experiment is the most direct way to measure a small laser linewidth,
which requires two almost identical lasers [79]. A schematic of the measurement
configuration setup is depicted in Figure 3.19a. In order to measure the beat note,
the difference in emission frequency of both VECSELs must be smaller than the
bandwidth of the photodiode. High-speed extended InGaAs PIN diodes are readily
available with a 60 MHz bandwidth, which translates to a maximum detuning of
the emission frequency of <0.0008 nm at 2.0 μm.

An example of the beat-note frequency spectra of two 2.0 μm free-running
VECSELs is shown in Figure 3.19b. In order to reduce technical noise, the VECSEL
resonator was placed inside a sealed module housing machined from a solid
aluminum block [72]. Both modules were operated at 100 mW output power
running at 2019.1582 nm and 2019.1587 nm emission wavelength, respectively. The
measured beat-note spectrum recorded with 100 μs integration time is centered
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Figure 3.19 (a) Measurement setup for a heterodyne beat note. Two identical VECSEL
setups are used with their laser frequencies detuned by some MHz, as surveyed by a
wavelength meter. Both beams are then superimposed on a fast photodiode, whose signal
is fed into a sampling oscilloscope or spectrum analyzer. (b) Measured RF spectrum (black
dots) of a beat note of two free-running 2.0 μm VECSEL laser modules at 100 mW output
power with a 100 μs integration time. The red line is a Voigt fit to the experimental data.
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around the 35 MHz difference frequency and can be well described by a Voigt profile
(red line in Figure 3.19b). Technical noise is associated with a Gaussian lineshape,
while broadening due to phase fluctuations (spontaneous emission) is described
by a Lorentzian function [80]. Since the Voight profile is a convolution of both,
a curve fit using this function simultaneously yields the linewidth contribution
from both. Under the assumption that the noise sources and level are similar
for both lasers, the Lorentzian (Gaussian) linewidth Δ𝜈L (Δ𝜈G) of the individual
laser is calculated by dividing the corresponding fitting parameter by a factor
of 2 (20.5). The resulting Voigt linewidth Δ𝜈V can then be calculated [81] using
Δ𝜈V ≈ 0.535Δ𝜈L + (0.217(Δ𝜈L)2 + (Δ𝜈G)2)0.5. In this way, a Gaussian linewidth of
40 kHz, a Lorentzian linewidth of 8 kHz, and a total Voigt linewidth of 45 kHz were
deduced for the individual free-running VECSEL.

By optimizing the laser cavity and using a larger fundamental mode diameter on
the VECSEL chip of 520 μm, the output power for SFO at 2.0 μm could be increased
to 960 mW [73]. The beat-note measurement still revealed an extreme narrow
linewidth of 60 kHz of one individual VECSEL at 100 μs integration time. Again
the laser module was free running, only the temperature of the whole setup was
stabilized to room temperature. At the same time, the SFO of this laser module
is not limited to several minutes: it shows an excellent long-term stability as can
be seen in Figure 3.20. There the central emission wavelength, measured with a
20 MHz resolution wavemeter over a period of over 18 hours, is plotted. The 2.0 μm
VECSEL remains in single-mode operation over the whole time span. Further on,
no mode-hop to an adjacent cavity mode (500 MHz mode spacing) is visible and the
total drift over 18 hours of operation is as small as 320 MHz.

The ability to achieve ∼1 W output power at <100 kHz emission linewidth at
2.0 μm with a rather simple and still very stable setup makes these VECSELs a
quite unique laser source. DFB laser exhibits much larger linewidths in the MHz
regime, and external cavity diode laser do not reach this power level without further
amplification stages at this wavelength range.

Figure 3.20 Long-term
stability of a free-running
VECSEL module at 2.0 μm:
the emission wavelength,
measured with a 20 MHz
resolution wavemeter, is
plotted against the
operation time. Within the
observed 18 hours, the
VECSEL remains in SFO,
no-mode-hop to an adjacent
cavity mode was recorded,
and the total wavelength
drift is only 320 MHz during
the 18 hours.
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3.6.2.4 Active Stabilization and Influence of Sampling Time
As described above, a linewidth of <100 kHz (100 μs sampling time) of a
free-running VECSEL is sufficient for most applications but still much larger
than the Schawlow-Townes limit due to technical noise. In order to reduce the
linewidth further, active stabilization techniques can be used that lock the laser
wavelength to a reference frequency. The simplest and most flexible way is to use a
passive cavity (e.g. an FPI) as reference.

When the cavity length of the FPI is adjusted so that the laser emission wavelength
is at the edge of a transition maximum, any change in laser wavelength will translate
into an intensity change of the light transmitted through the FPI. In this way, this so
called side-of-fringe method can produce an error signal that can drive a feedback
loop, e.g. adjust the cavity length via the PZT onto which one of the cavity mirrors
is mounted (see Figure 3.21a for the schematic setup). Although an estimation of
the laser linewidth through an analysis of error signal is possible [71, 76], a direct
way to determine the linewidth is again the heterodyne beat-note measurement (see
Figure 3.19a). Active stabilization has to be applied to both laser modules used [72]
in this experiment. Linewidths measured this way for different sampling times are
collected in Figure 3.22 for a 2.0 μm VECSEL emitting 350 mW of output power [3].
The black squares and lines indicate linewidths of a free-running VECSEL module,
only temperature stabilized to 20 ∘C. There is an overall increase in linewidth with
sampling time from 20 kHz (10 μs sampling) to 220 kHz (100 ms sampling), which is
most pronounced between 100 μs and 1 ms. When the side-of-fringe locking mech-
anism is turned on (blue triangles and lines in Figure 3.22), the linewidth becomes
much narrower, especially at longer integration times. Nevertheless, there is still a
pronounced increase between 100 μs and 1 ms.

One limiting factor in this setup is the bandwidth of the PZT that controls the laser
wavelength via the cavity length: the PZT bandwidth is typically in the kHz regime;
therefore, any noise source with higher frequencies than this cutoff frequency can-
not be compensated. A way to increase the bandwidth would be to include the pump
laser drive current into the feedback mechanism as another mean to fine-tune the
emission wavelength. However, a fundamental problem with the side-of-fringe lock-
ing scheme is that it cannot distinguish between frequency or intensity noise, as both
would lead to a change of the light intensity transmitted through the reference cavity.
A variation in pump power translates into a change of the VECSEL output power,
which in turn is interpreted by the side-of-fringe error signal as a false change in
wavelength. Hence, the potential benefit of that faster pump diode laser control stage
needs a stabilization technique that is immune to intensity fluctuation. This can be
achieved using the Pound-Drever-Hall (PDH) technique.

The experimental setup for the PDH stabilization technique [82] that was used
for 2.0 μm VECSEL [3] is shown in Figure 3.21b. The PDH error signal is based on
a frequency modulation of the laser emission via an electro-optic modulator, pro-
ducing sidebands in the laser frequency spectrum. The reflected light from the FPI
reference cavity was detected by a photodiode, and this signal was mixed with the
local oscillator used to modulate the laser light. This multiplication yields the PDH
error signal, given that the phase between the local oscillator and the photodiode
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Figure 3.21 Setups for active wavelength stabilization: (a) Side-of-fringe setup where the
laser is locked to an edge of a transition maximum of a reference cavity (e.g. an FPI). The
proportional–integral–derivative (PID) feedback loop is adjusting the cavity length. (b) PDH
setup. The laser is frequency modulated FM modulated, and the signal reflected from the
reference cavity is mixed with the local frequency modulation FM oscillator signal yielding
the PDH error signal. As the PDH error signal is immune against intensity noise, two
feedback loops can be used in order to control the cavity length and the pump power.

is properly adjusted (see [83] for further details). The advantages of the PDH setup
over the side-of-fringe locking scheme is that existing intensity noise of the laser
will not lead to false wavelength correction (and thus potentially an actual increase
of the laser linewidth). As discussed above, for the same reason also the pump diode
current can be integrated into the control loop (see Figure 3.21b), which greatly
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enhances the bandwidth of the feedback to the MHz regime. A further advantage
is the steeper slope at the set point for a given finesse of the reference cavity (approx-
imately 2.7 times higher [83]). All this leads to a superior suppression of technical
noise within the laser cavity, as can be seen from the experimental data displayed
in red in Figure 3.22. They show the laser linewidth, measured with the heterodyne
technique, as a function of the integration time for a 2.0 μm VECSEL with active
PDH stabilization and the same reference cavity as used before. The laser linewidth
is reduced to <50 kHz for all sampling times up to 100 ms. Further on, the sharp
increase of the linewidth between 100 μs and 1 ms is greatly reduced.

A detailed analysis revealed a mechanical resonance of the module housing
around 1.4 kHz as the origin of this increase [3]. In order to suppress the frequency
noise stemming from a narrow-bandwidth resonance, specific challenges for
derivative and high frequency gain arise, which can be met effectively only with a
two-stage feedback loop [84]. This is another reason for the superior performance
of the PDH control scheme, using the cavity length and the diode current as
independent means to stabilize the laser wavelength.

For a 100 mW VECSEL at 2.0 μm, a 9 kHz linewidth (100 μs integration) was
reported in [72] using a side-of-fringe stabilization scheme. With PDH stabilization,
the linewidth of a 960 mW VECSEL at the same wavelength was reduced to 20 kHz
(30 kHz) at 100 μs (1 ms) integration time [3]. With a more careful design of the
laser module housing and by using more sophisticated and more stable reference
cavities (see e.g. [85]), a further reduction of the linewidth in the Hz regime for e.g.
metrology purposes seems to be possible for these VECSELs.

3.6.2.5 Conclusion
Using a VECSEL chip with ICH as the gain element in a V-shaped single-frequency
cavity setup ∼1 W of output power at a narrow linewidth of <100 kHz can be readily
achieved at 2.0 μm using a 980 nm pumped standard VECSEL design and a SiC heat-
spreader. So far, no gain chip with more advanced thermal management (e.g. DSH
mounting, see Section 3.5.3) or higher efficiency (1470 nm LQD design, see Section
3.4.3) has been operated in a single-frequency setup. Both of these improvements
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applied successfully to high-power multimode VECSELs could eventually lead also
to further improvements in achievable narrow-linewidth output power at or around
2 μm.

SFO VECSEL modules can be built with an excellent long-term stability also in
free-running operation making them an ideal laser source for seeding, quantum
physics, or metrology. The major drawback, that arises from the used mounting tech-
nology (which is that the heatspreader etalon is directly attached to the VECSEL
chip), is the limited tuning performance: The mode-hop free tuning range is very
narrow and the rather fixed mode pattern imposed by the heatspreader makes it dif-
ficult to address all wavelengths within the gain regime. Possible ways to improve on
this will be discussed below. This includes the reduction of the etalon effect (Section
3.6.3), avoiding the coupled subcavities by using a homogeneously filled external
cavity without air space (Section 3.6.4) or by removing the heatspreader (Section
3.6.5) inside the laser cavity

3.6.3 SFO with Wedged Heatspreader

As discussed above, a plano-parallel ICH severely limits the tuning performance
of a single-frequency VECSEL setup. In order to suppress these etalon modes, a
wedged and antireflection (AR)-coated heatspreader can be used. Typical wedge
angles are in the 2–3∘ range (an AR coating alone would not be sufficient to suppress
the etalon effect) [86]. However, this approach has two drawbacks: due to the wedge,
the upper surface of the heatspreader is not perpendicular to the laser emission axes
(see Figure 3.23b), leading to reflection losses at the surface and “walk-off” losses
inside the heatspreader that are still relevant even for good AR coatings. Further
on, the longitudinal enhancement factor for the microcavity resonance is reduced,
leading to a higher threshold and a reduced maximum tuning range.

Wavelength (nm)

In
te

ns
ity

 (
a.

u.
)

2300

2310 2312 2314

2320 2340

(a) (b)

Wedged
heatspreader

Reflective
diffraction
grating

VECSEL beam

Outcoupling
mirror

VECSEL chip

Figure 3.23 (a) Emission spectra of a VECSEL with wedged and AR-coated heatspreader
inside a V-shaped cavity tuned by rotating the BRF. (b) Schematic drawing of a VECSEL
setup, where the reflection of the upper surface of the wedged heatspreader is used to
self-seed the laser.
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Closely spaced lasing spectra of a 2.3 μm VECSEL chip with a wedged and
AR-coated SiC heatspreader are shown in Figure 3.23a [87]. The chip was incorpo-
rated in a standard V-shaped cavity with a BRF that was used to tune the emission
wavelength. Due to the successful suppression of the heatspreader etalon effect,
the lasing wavelength could be set to any arbitrary value within the overall tuning
range without any jumps to adjacent etalon modes (compare Figure 3.23a with
Figure 3.18). The lasing wavelength was, of course, still locked to the densely spaced
cavity modes, not resolved in this measurement. But the total tuning range was lim-
ited to 57 nm, and the maximum output power (170 mW) was only half of that which
was achieved with a plane-parallel heatspreader and the same gain chip material.

Self-seeding, i.e. a spectrally filtered feedback from outside of the laser cavity, is
another means to tune the emission wavelength that was successfully demonstrated
for GaSb-based VECSELs. In [88], a 2.0 μm VECSEL was self-seeded by means of
a diffraction grating placed behind an high-reflection (HR) mirror (99% reflectiv-
ity), that couples a fraction of the spectrally filtered light back into the resonator.
A 35 nm tuning range could be achieved using a standard (plane-parallel) diamond
heatspreader. Another setup using a GaAs-based VECSEL and fiber Bragg gratings
was reported in [89].

A wedged heatspreader will always introduce reflections at its upper surface that
are not directly coupled back into the laser cavity. A way to use this (otherwise
lost) portion of the laser radiation to self-seed the linear VECSEL cavity is shown
in Figure 3.23b. The back reflected light is spectrally filtered by a diffraction grat-
ing and used to tune the emission wavelength. Using a 2.0 μm VECSEL chip and a
SiC wedged heatspreader, it was possible to tune the emission to any arbitrary cavity
mode. The total tuning range was 30 nm at 400 mW output power. But this setup
showed also severe fluctuations of the output power on a ms timescale. Varying the
intensity of the self-seeding signal coupled back into the cavity did not yield a regime
[90] where self-seeding and a stable power output could be achieved simultaneously.

Both approaches using a wedged heatspreader on top of a GaSb-based gain chip
proved successful in removing the tuning limitations imposed by the etalon modes
associated with a plano-parallel heatspreader. But with none of them stable opera-
tion with a large total tuning range (>50 nm) and a high output power (>200 mW)
could be achieved simultaneously. And in fact no measurement proving true SFO
(e.g. an FPI spectrum) has been reported so far.

3.6.4 SFO with Microcavity VECSELs

One possible way to decrease the complexity of the laser cavity discussed so far is
to omit the air space and realize a setup where the cavity length is reduced signifi-
cantly and the complete cavity is filled with semiconductor or heatspreader material
(Figure 3.24a). The cavity mirrors are then formed by the DBR inside the VEC-
SEL structure and an HR coating, deposited either on top of the heatspreader (see
Figure 3.24) or on top of the VECSEL structure itself. By means of pump absorp-
tion and internal heating, a thermal lens is established that renders this otherwise
plano-parallel cavity stable. This microcavity (μC) can be described to first order as a
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Figure 3.24 Schematic of the
μC-VECSEL setup. An HR coating
deposited on the top surface of
the heatspreader acts as
outcoupling mirror. Due to
thermal lens effects, the effective
cavity can be approximated by a
curved end mirror and a planar
outcoupling mirror.

Si/SiO2 coating
(1.5 µm)
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linear cavity with a plane mirror and one effectively spherically curved mirror, whose
focal length is reduced with increasing pump power. Therefore, the fundamental
mode size diameter is also reduced when the pump power is increased, leading to
multiple lateral mode operation (see Section 3.6.1).

This monolithic μC-VECSEL approach was realized successfully using a 0.85 μm
VECSEL and a SiC heatspreader [91], a 1.3 μm VECSEL with diamond heatspreader
[92] and an 0.98 μm VECSEL with a sapphire heatspreader [93]. Using a GaSb-based
2.3 μm VECSEL structure, a μC device was reported in [63] where no ICH was used
and the HR coating was deposited directly onto the semiconductor chip. With that
approach, up to 3 mW of output power were obtained in SFO using a pump spot
diameter of 36 μm. Measuring the FPI trace revealed a linewidth of 5 MHz at 0.5 mW
output power. The higher linewidth compared to the standard VECSEL setup (see
Section 3.6.2) was expected as the cavity length is greatly reduced.

The influence of the thermal lens on the lateral mode profile (and thus beam qual-
ity) for a 2.0 μm GaSb-based μC-VECSEL with SiC heatspreader was studied in [70]
and [94]. Two different 2.0 μm VECSEL structures were compared in the μC geom-
etry: a standard 980 nm pumped design and an LQD 1470 nm pumped design. The
latter exhibited a higher quantum efficiency, thus higher slope and reduced internal
heating (see Section 3.4.3). The output power characteristics for these two devices
with different pump spot diameters can be seen in Figure 3.25a, while Figure 3.25b
shows the corresponding beam quality parameter M2 as a measure for the number
and intensity of higher order lateral modes. For the standard VECSEL design (black
curves), the M2 value increases rapidly with increasing pump power, revealing a
strong increase of the thermal lens. Due to that, the fundamental mode size diam-
eter is strongly reduced with increasing pump power, leading to highly multilateral
mode emission and thus a large M2, which is quite unusual for the VECSEL con-
cept otherwise. The LQD structure (red line in Figure 3.25) shows a rather different
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Figure 3.25 (a) Output power of the μC-VECSEL vs. absorbed pump power at room
temperature for different pump spot diameters and two different VECSEL active region
designs: a standard 980 nm pumped design (black) and an LQD 1470 nm pumped design
(red). (b) Measured values of the corresponding beam quality parameter M2. At higher
output powers, this value increases drastically, indicating high lateral mode operation. This
effect is much more pronounced for the standard 980 nm VECSEL design where the internal
heating is much stronger, compared to the 1470 nm pumped device.

behavior: as the internal heating is reduced due to the higher conversion efficiency
of the VECSEL device, the increase of thermal lensing with pump power is less pro-
nounced. This results on the one hand in an increased threshold pump power (as
more power is needed to render the cavity stable). But on the other hand the output
power reaches very high values of over 2 W in CW operation and the increase of
M2 is only moderate, reaching values around M2 = 3.5 at 2 W output power. Single
lateral mode (TEM00) emission was observed up to 105 mW for the standard device
(105 μm pump spot diameter) and up to 700 mW for the LQD device (250 μm pump
spot diameter).

For single-frequency emission, i.e. the selection of one longitudinal mode, the
output power had to be further reduced to 30 mW in case of the standard design
and 90 mW for the LQD sample. By changing the submount temperature, a coarse
tuning range of 110 nm could be achieved for a 120 ∘C temperature interval (see
Figure 3.26a). Mode-hop free fine-tuning could be observed in a smaller temperature
range of ΔT = 6 K, leading to a 30 GHz change in emission wavelength (approxi-
mately 20% of the μC FSR of 2.1 nm; see inset in Figure 3.26a). The single-frequency
emission of the μC-VECSEL was verified using a scanning FPI with 2.5 MHz resolu-
tion limit. The measured linewidth of 7 MHz (Figure 3.26b, 100 μs time interval) is
comparable to the results achieved in [63] for a 2.3 μm μC-VECSEL, confirming that
the linewidth of these short cavity devices is limited, as expected, to the MHz range.

3.6.5 SFO without Intracavity Heatspreader

As described in Section 3.6.2, the poor single-frequency tuning performance is actu-
ally the major drawback of using a VECSEL with ICH bonded directly onto the
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Figure 3.26 (a) Wavelength tuning with a temperature change of 120 ∘C. The inset shows
the mode-hop free tuning range. (b) Measured FPI transmission of the μC-VECSEL revealing
a linewidth of 7 MHz.

laser chip. Omitting the heatspreader leads to a better control of the laser modes
(i.e. the heatspreader etalon modes do not dominate the spectral behavior) and can
lead to a much wider mode-hop free tuning range. The major challenge, especially
for GaSb-based devices, is to achieve efficient heat removal from the pumped gain
region and thus high output powers (see Section 3.5.2).

Using a 2.3 μm VECSEL without any special means to improve heat extraction,
i.e. without ICH and with the ∼500 μm thick GaSb-substrate still underneath the
DBR, SFO with a maximum output power of 5 mW was reported in [15, 63] and
[95]. Due to the high thermal resistance of the DBR plus substrate layer stack, the
pump spot diameter was limited to small diameters in the 10–50 μm regime. A short
linear cavity was used in all cases (1.4–15 mm cavity length) that enable SFO without
additional spectral filtering employed (see Section 3.6.1). The advantage of a short
cavity is the larger possible tuning range when changing the cavity length: Standard
PZTs have a maximum travel range around ∼10 μm and the resulting wavelength
change is more pronounced for a short cavity with large FSR (𝜆/2 length change is
needed to change the frequency by one FSR). In Figure 3.27a, the schematic setup for
a tunable, single-frequency 2.3 μm VECSEL (without heatspreader) is shown, using
a short 1.4 mm long cavity (108 GHz FSR) with a 2 mm ROC outcoupling mirror [95].
The VECSEL is diode pumped under Brewster’s angle using a single mode 830 nm
diode laser that produced a pump spot diameter of approximately 23 μm diameter,
resulting in an output power of 2.3 mW at 5 ∘C. Tuning was possible by changing the
cavity length (PZT with 8 μm travel range) and by changing the heatsink temperature
(by 14 ∘C). In both cases, a regular pattern of mode-hops occurred after one cavity
FSR of 108 GHz, respectively. This pattern is shown in Figure 3.27b (black square for
the position of a mode-hop) for the two tuning parameters PZT voltage and heatsink
temperature. Using a slightly curved diagonal trajectory in the above-defined param-
eter space (line in Figure 3.27b), a mode-hop free scan larger than the cavity FSR
can be achieved. The synchronous change of both parameters in this way leads to
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Figure 3.27 (a) Short cavity setup for single-frequency 2.3 μm VECSEL and a large
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tuning parameters PZT voltage and heatsink temperature [95].
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Figure 3.28 Measured CH4
absorption spectra with the
laser setup shown in
Figure 3.27 [95].

a 500 GHz (8.8 nm) mode-hop free tuning that was applied to measure a methane
absorption in the 2314–2324 nm wavelength range. The resulting absorption spectra
are in perfect agreement with high-resolution transmission molecular absorption
database (HITRAN) absorption data (Figure 3.28). It has to be noted that the regu-
lar mode-hop pattern (Figure 3.27b) could only be achieved when the backside of
the GaSb-substrate was wedge polished (angle of 2∘, see Figure 3.27a) in order to
suppress cavity loss modulations due to the substrate etalon [95].

In order to increase the output power for ICH-free SFO of GaSb-based VECSELs,
the heat management has to be improved. As discussed in detail already in Section
3.5.2, this can be at least in part achieved by using an adapted thin device approach.
By using a reverse growth order, followed by a complete chemical removal of the sub-
strate, the output power of these thin GaSb-based VECSEL chips could be increased
by a factor of 2.5 compared to the results above, resulting in a maximum CW power
of 12 mW [55, 57] at 15 ∘C. The pump diameter was increased to 120 μm for this
2.3 μm device.

For the “almost” thin device introduced in Section 3.5.2 (i.e. exploiting a standard
growth order and mechanical thinning to achieve a ∼30 μm layer of residual
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Figure 3.29 Schematic setup of the long V-shaped cavity used for wavelength tuning and
SFO of the “almost” thin VECSEL device, whose basic characterization is shown in
Figure 3.12. Note that the main difference to Figure 3.16 (typical SFO cavity setup for a
VECSEL with ICH) is the position of the etalon away from the VECSEL chip. This enables an
adjustment of the tilt angle or etalon temperature individually, without affecting the gain
chip.

substrate), single-frequency performance was obtained by using the cavity shown
in Figure 3.29. In order to achieve a large fundamental mode diameter of >500 μm,
where this chip has proven to support high output powers (see Figure 3.12a), a
large cavity with 47 cm length was chosen. SFO was established in this long cavity
by narrowing the effective gain by using a 3 mm thick Quartz birefringent plate
and a 500 μm thick SiC etalon filter. The relatively broad width of the BRF function
alone was not sufficient to discriminate between the densely spaced cavity modes
(320 MHz FSR) and achieve SFO. An alternative to the additional etalon would be
to use a stack of BRF with different thicknesses. The maximum output power in
SFO was 500 mW at 2.0 μm and thus over an order of magnitude more than with
the previously reported experiments for a VECSEL without ICH. The measured
linewidth was limited by the resolution of the scanning FPI used. Although no
beat-note experiment was carried out, the real laser linewidth is expected to be also
in the ∼100–400 kHz range (see Section 3.6.2).

Note that the setup described here is very similar to a typical SFO cavity setup
for a VECSEL with ICH (see Figure 3.16). The small but essential difference is the
position of the etalon away from the VECSEL chip. This enables an adjustment of
the tilt angle and/or temperature of the etalon individually, without affecting the
gain chip. In this way, the tuning behavior is simplified and an arbitrary emission
wavelength within the gain spectrum is easily addressable.

Coarse tuning of the emission wavelength in this cavity design can be achieved
by rotating the BRF. In Figure 3.30, the single-frequency emission wavelength, mea-
sured with a 20 MHz resolution wavemeter, is plotted vs. this rotation angle. Regular
mode-hops with a 120 GHz spacing can be seen, that correspond to the FSR of the
etalon filter. In the detailed section in Figure 3.30b, the position of the cavity modes
are indicated by the gray lines (320 MHz spacing). This plot shows that the laser
stays at exactly one cavity mode (at the transmission maximum of the corresponding
etalon mode) before it jumps to the next etalon mode. Addressing the different cav-
ity modes is achieved by tilting the etalon filter. This is shown in Figure 3.31 where
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Figure 3.31 (a) Emission wavelength vs. tilt angle of the etalon. (b) Detailed view with the
cavity modes displayed as gray lines.

the measured laser wavelength is plotted versus the tilt angle. From the detailed
section (Figure 3.31b), it is evident that the laser is not always jumping to an adjacent
cavity mode while tilting the etalon, sometimes the mode-hops occur with a spacing
corresponding to two or three times the cavity mode separation. This irregular pat-
tern could originate from the plane-parallel 30 μm thick residual substrate (see the
discussion about the need for a wedged substrate above) or from mechanical noise
as the rotation was done by hand. By tilting the etalon, 157 GHz of total tuning was
possible before the laser jumped back to an adjacent etalon mode (see Figure 3.31a).
Fine-tuning in between the cavity modes (320 MHz spacing) would be possible in
this setup by changing the cavity length (which was, however, not demonstrated).
For a large mode-hop free tuning range, the length change (via PZT) and tilt of the
etalon would need to be synchronized. However, due to the long cavity, a 500 GHz
continuous tuning range would translate into a length change of 1600 μm, which is
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Figure 3.32 Emission
wavelength in a 60 hour
time span for the free
running single-frequency
setup using a thin device
2.0 μm VECSEL chip. No
mode-hop (320 MHz cavity
mode spacing) was
observable during the
whole operation time. The
baseplate was not
temperature stabilized
leading to the observable
wavelength drift.
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difficult to achieve with regular PZTs. Finally, Figure 3.32 displays the long time sta-
bility of this cavity setup. Again, a very stable operation without cavity mode-hops
was achieved over a time span of 60 hours. The temperature-induced wavelength
fluctuation (2.2 GHz) is larger than corresponding results shown above for another
V-shaped cavity (see Figure 3.20). This is because in the latter experiment, the base
plate of the laser module was also temperature stabilized, which was not the case for
the setup described here.

3.7 Conclusion

The GaSb-based type-I QW VECSEL devices covering the 1.9–2.8 μm wavelength
range have reached a considerable level of maturity. Fully exploiting the design flexi-
bility offered by the (AlGaIn)(AsSb) materials system, the highly successful VECSEL
concept could be extended to the above given wavelength range with an impressive
performance level.

The “low-quantum deficit (LQD)” VECSEL structures, using 1470 nm barrier
pumping, have emerged as the most efficient GaSb-based gain chips offering
high slope efficiencies around 30% up to an emission wavelength of 2.5 μm. This
is considerably higher than the slope of the “standard” 980 nm barrier pumped
VECSEL structures (16–22%) for that wavelength range. Despite the low carrier
confinement in the LQC structures, the threshold pump power density at room
temperature is almost unchanged, leading to higher achievable output powers in
the 5–8 W range in CW operation using a SiC intracavity heatspreader (ICH). With
a diamond heatspreader in combination with a LQD structure, 17 W CW output
power at room temperature could be demonstrated for an emission wavelength of
2.0 μm. On the long-wavelength side, 0.8 W was demonstrated at 2.8 μm emission
wavelength with an LQD structure and a SiC heatspreader.

Although the ICH is the most widely used technology for efficient heat removal for
GaSb-based VECSEL, two other techniques were also successfully demonstrated: the
thin device approach with the substrate completely or partially removed. With the
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latter approach (∼30 μm residual substrate left), over 2 W of CW output power was
achieved for very large pumped areas (>1000 μm diameter), while the first approach
(substrate completely removed) produced VECSEL chips that are more efficient for
smaller pump diameters around 100 μm. The “double-sided heatspreader (DSH)”
technology combines the ICH with the thin device approach. With this technique,
higher pump powers and thus an improvement of a factor of ∼2 for the maximum
output power (compared to the ICH alone variant) was demonstrated for a plurality
of GaSb-based VECSEL structures.

The VECSEL concept combines several features, which are advantageous for
low-noise SFO. Using GaSb-based VECSEL chips with different mounting tech-
niques, a variety of setups for SFO have been demonstrated, all with different
strength and weaknesses. Using a VECSEL chip with ICH in a V-shaped cavity
setup, high power (∼1 W) narrow linewidth (∼100 kHz at 100 μs integration time)
single-frequency emission was demonstrated around 2.0 μm for a free-running laser
module, i.e. without any active stabilization applied. Excellent long-term stability
could be achieved (>18 hours with no mode-hops in free-running operation and
only a 320 MHz temperature-induced drift), making this setup a stable laser source
for seeding, quantum physics, or metrology. Using active stabilization employing
a reference cavity (side of fringe or PDH locking), a reduction of the linewidth to
the ∼10 kHz regime (100 μs integration time) was demonstrated. The drawback of
this setup employing planar ICHs is the limited tuning performance: the mode-hop
free tuning range is limited to a few GHz or below and the fixed mode pattern of
the heatspreader etalon makes it difficult to address wavelengths in between these
etalon modes.

By depositing an HR coating directly on the top surface of the VECSEL chip or the
ICH, μC-VECSELs are formed with the complete cavity filled with solid-state (heat-
spreader or semiconductor) material. For these small and simple devices, SFO was
demonstrated with up to 90 mW of output power at 2.0 μm emission wavelength,
using an LQD-VECSEL structure. Temperature tuning lead to a mode-hop free tun-
ing range of 30 GHz while the linewidth was increased to 7 MHz due to the short
laser cavity.

By omitting the ICH, laser cavities allowing a smooth continuous tuning perfor-
mance and a precise control of the laser modes can be build. Using a short (1.4 mm
long) laser cavity and a 2.3 μm VECSEL chip with a wedged substrate, a very large
mode-hop free tuning range of 500 GHz was demonstrated by changing the cavity
length and the VECSEL chip temperature in a synchronized way. However, due to
the poor thermal management, the output power was limited to a few mW, which
could be improved to 12 mW for a thin device chip with the substrate completely
removed. Using a 2.0 μm “almost” thin device VECSEL chip (∼30 μm residual sub-
strate left) in a large optical cavity, the maximum single-frequency output power
could be increased to 500 mW and a precise control of the laser modes over the whole
gain regime was demonstrated. However, the mode-hop free tuning range was again
reduced due to practical limitations (maximum travel range of the PZTs used for
varying the cavity length).
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From the overview presented here, it is evident that there is not a single optimal
configuration for single-frequency VECSELs. Instead, we have a plurality of differ-
ent single-frequency VECSEL variants at hand, with their respective strengths and
weaknesses, from which one can chose the variant delivering the best compromise in
performance to meet the, sometimes even conflicting, needs of a specific application.

By using a combination of the more advanced VECSEL gain structure with higher
efficiencies (LQD) and/or more advanced thermal management methods (DSH)
could eventually lead to an improvement of the single-frequency performance in
the future for most of the above discussed single-frequency VECSEL variants.
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4.1 Introduction: Lasers for Applications

Applications working with continuous light wave need specific properties concern-
ing the light that is emitted by the source. For many of these applications, the electri-
cal field has to be precisely controlled (coherent) regarding its localization in space,
its spectrum (or energy state), and its polarization state. This is what makes more
efficient the interaction between light and matter or between light and various opti-
cal devices. For example, injecting light at an optical resonance, with large power
density and with the good polarization state results in higher efficiency or sensitiv-
ity in lots of situations (atomic-clocks [1], detection of gravitational waves [2], trace
gas specrtroscopy [3] etc.). In other situations, this control is especially critical on at
least one of these three physical properties of the field:

● For long-range applications, a good coherence of the spatial distribution of the
light is mandatory, and it’s the same for injecting efficiently the laser light in a
single-mode optical fiber or in a Fabry–Perot cavity or to increase the amount of
encodable information for a given surface in data-storage applications.

● Time coherence/spectral resolution is necessary for a good signal-to-noise
ratio in telecommunication systems [4], for gas spectroscopy [3], or for most
interferometry-oriented applications such as telemetry (OFDR [5]).

● In this last case, the polarization state stability is crucial too.

Moreover, most applications need to exist “out-of-the lab” in real conditions
and thus need to be embedded in a compact and integrated package, with good
power efficiency. All the properties of the light should allow easy injection in the
targeted optical system, with the fewer adaptations possible, in order to minimize
the amount of external elements: this is important because a complex setup usually
leads to reduced performances. For example, the output beam of an edge-emitting
laser diode is generally so astigmatic and divergent that it requires complex
wide-angle reshaping optics to be used in acceptable conditions in free space or for
injection in an optical fiber, to avoid significant optical aberrations and/or optical

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 4.1 Basic design of a VeCSEL. The longitudinal (z) axis and the transverse (x, y)
plane are displayed.

losses; another telling example is the one of some technologies of single-frequency
fiber lasers that require external optical amplification to reach a suitable level of
optical power, which is at the expense of the intensity noise [6]. In short, we can
say that it is usually more efficient for a given property to come from the laser
source itself rather than to be obtained outside, because it takes advantage of the
amplification by the laser.

All these properties of the light source are critical for most applications, but to
fit the most advanced requirement, the laser source should also exhibit some extra
functionalities. An important example is laser spectroscopy. For this purpose, the
laser source has also to demonstrate an added feature: the continuous tunability. By
moving the laser wavelength 𝜆 to accurately each wavelength of interest in a given
range, the continuous tunability enables the probing of various materials’ spectral
properties without missing any variation, for example, in an absorption spectrum
involving multiple gas species.

At first glance, the aforementioned features define the specifications of “the ideal
laser” that we want to describe here.1 In this chapter, we propose a design and discuss
our implementation of this “ideal” laser source by means of the VeCSEL technology
(see Figure 4.1), a laser that redefines the state of the art, by outclassing the other
laser technologies for this purpose.

A VeCSEL is a laser based on a linear, paraxial cavity. A specificity of this kind of
laser topology is that its wavefunction can be divided in two distinct parts. The first
one concerns the longitudinal axis (z) of the cavity that defines the temporal proper-
ties of the laser. The second one concerns the transverse plane (x, y) that defines the

1 This definition of the “ideal laser” concerns a stereotyped vision of the light coherence. We
describe here the light emitted by a class of very demanding lasers, as it suits lots of applications.
Because the coherence is mathematically defined in a more general frame [7, 8], other kinds of
sources can be said to be coherent following other criteria. However, these sources are not the
purpose of this chapter and will be discussed, for some of them, in part II about modelocking, or,
for CW lasers, in the literature in [18, 19, 46, 57–60].
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Figure 4.2 (a) Transverse intensity distribution of some possible transverse modes of
Fabry–Perot cavities. (b) Exact TEM00 compared with distorted and multimode beam, with
associated M2 values.

spatial profile of the light. The VeCSEL is composed of a semiconductor chip, an out-
put coupler, and in most cases an optical pump (electrical pumping is often possible)
[9]. The semiconductor chip embeds both the gain medium and a multilayer
High-Reflectivity (HR) backside mirror. The mm–cm long cavity can be adjusted
for the continuous-wavelength tunability purposes, over wide spectral ranges (close
to THz demonstrated [10]). In the following, we focus on the design parameters of
a VeCSEL that demonstrates tunability, compactness, and high coherence.

4.2 The “Ideal” Laser

The purpose of what we call here “the ideal laser” in continuous-wave regime is
to generate a high-power light (from some mW to multiwatt operation), which is
strongly confined on three physical observable quantities:

● Space: the generated light has to be focusable in the smallest possible spot, as
predicted.2 by the diffraction. This property is called “spatial coherence” and
leads to “brightness” in the case of high-power lasers. The spatial coherence
also induces the possibility to collimate the beam over a very long distance.
Most spatially coherent lasers emit solely the transverse TEM00 mode from the
Laguerre–Gauss or Hermite–Gauss basis [11], (see Figure 4.2a). An exact TEM00
emission is said to be “diffraction limited.” Any mismatching observed between
the emitted light profile and the exact TEM00 mode is usually estimated by means
of the propagation factor M2

≥ 1.
√

M2 can be understood like the unexpected
radius increase of the beam [12], compared with the diffraction-limited (theo-
retical) one, defined to be w0 in near field and 𝜃0 in far field.3 Both are related

2 In extreme focusing conditions, its radius tends to be 2𝜆∕𝜋2 ≈ 0.2𝜆 where 𝜆 is the wavelength.
3 Both w0 and 𝜃0 are evaluated at 1∕ exp(2) from the maximum on the intensity profile. However,
choosing an appropriate indicator to define the size of a beam is not something easy. We encourage
the reader to examine the very interesting work of Siegman [12] for free-space beams, and the
works of Petermann [13, 14] for confined/guided light.
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two higher-order transverse modes. We also depict two fundamental parameters of the
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by the invariant parameter from the Gaussian beam theory w0𝜃0 = 𝜆∕𝜋M2 [11].
However, it makes more sense, for better quantification or physical analysis,
to perform a more advanced investigation, by observing the unexpected phase
variations in the transverse plane, as well as performing a Zernike decomposition
of the wavefront [15].

● Time/spectrum: the spectrum of the light source must be as narrow as possible.
This property is called “monochromatic wave” or “long coherence time” and
means that the electric field follows a perfect, pure, and unmodulated sine wave
oscillation at the optical frequency 𝜈0,4 that was born a long time ago and that
will die in a very far future. Whatever the physical origin of the spectral width
(multimode operation and/or temporal phase distortion, see Figure 4.3a and b),
a classical way to quantify this time coherence is the Full-Width-Half-Maximum
(FWHM) of the laser spectrum, which is, from high to low coherence, in the
kHz–GHz range for most single-frequency free-running lasers.5 However, because
the possible physical reasons for broadening are many, studying the coherence
of a laser by means of the spectrum FWHM is not always relevant. For better
analysis and more accuracy, one may look at the time-domain fluctuations of the
laser field instant frequency, often quantified its the Allan Variance, but more
usually through its spectral density [17]. That’s what we do in the following.

● Polarization: the polarization state of the electrical field must be unique in space
and time. In most cases, it will be linear, following a specific direction, but it can
also be circular, left or right-handed, or elliptical. This property is called “polar-
ization coherence.”

4 This frequency is in the 100–1000 THz range for usual ultraviolet to infrared wavelengths.
5 It can go close to Hz level for lasers actively locked on a frequency reference [16].



4.3 Toward Single-Mode Operation 113

Aiming at this kind of coherence, the laser design will have to induce the selection of
a single transverse, longitudinal, and polarization mode of the cavity (see Figure 4.3b).
Of course, this ability for the laser strongly depends on its technology and design;
however, reaching a single-mode operation is only the first step: it is necessary but not
sufficient for high coherence, and it needs to be discussed in the following. These
two topics are the purpose of the two next sections.

4.3 Toward Single-Mode Operation

In most cases, each mode of a passive cavity is identified by a specific optical reso-
nance frequency (see Figure 4.3b). These resonances can however be displayed in a
more convenient way (see Figure 4.4a-c), by using the dispersion relation that exists
between the wave vector k and the optical frequency 𝜈 in free space:

𝜈 = c∕𝜆 = c∕2𝜋 × k (4.1)

On the longitudinal axis, these resonance frequencies are well-known (-a) as each
longitudinal mode resonates at a frequency located by one of the tooth of a frequency
comb, periodicity of which is given by the Free Spectral Range, defined as follows:

Δ𝜈FSR = c∕(2nD) (4.2)

where c is the speed of light in vacuum, n the optical index of the medium in the
cavity, and D the cavity length.

Each mode of the transverse plane supports a frequency comb with exactly the
same periodicity Δ𝜈FSR on the longitudinal axis. However, the frequency comb asso-
ciated to a given transverse mode is shifted by an offset that depends on the base
of modes supported by the cavity. For a VeCSEL, it is usually the Hermite–Gauss or
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Laguerre–Gauss base. In the last case, the absolute resonance frequencies are [11]:

𝜈q,p,l = Δ𝜈FSR (q + (1 + 2p + |l|)𝜑∕𝜋) (4.3)

where q, p, and l are the modes’ quantum numbers, and 𝜑 = cos−1
(√

1 − D∕Rc

)
is

known as the Gouy phase shift (Rc is the radius of curvature of the mirror). For that
reason, the resonance frequencies for a given transverse mode can be equal or dif-
ferent to the ones of other transverse modes, depending on their quantum numbers.

For the polarization modes (-c), the cavity anisotropy (birefringence) lifts the
frequency degeneracy of the two orthogonal polarization states, splitting the
Fabry–Perot mode into two distinct polarization modes at different frequencies.

We have now finished describing the passive cavity: we now power the laser on and
aim at selecting a single longitudinal, transverse, and polarization mode, chosen
among the ones supported by the cavity. This selection is possible because the modes
undergo dissimilarities concerning their own gain (called modal gain) or their own
losses, and there are numerous physical reasons for that. First of all, as described
above, most modes are not located at the same resonance frequency, and then, the
simple spectral dependency of the gain (see Figure 4.5a) creates gain differences
between the modes. But other reasons exist; for example, if some gain dichroism
occurs, a polarization state will be more amplified than another one. For the trans-
verse modes, the spatial overlap between the pump and each mode (see Figure 4.5c)
leads to more or less efficient pumping of each individual mode, leading to more or
less gain.

Considering this discrimination that exists in the gain and the losses for the cav-
ity modes, the first effect that makes mode selection happen is simply the threshold
condition: all the modes that do not experience a gain stronger than their losses are
not eligible for lasing. Lots of laser designs are based on this principle, and their
single-frequency operation usually relies on the introduction of filters inside the
laser cavity.

The other modes that fulfill the threshold condition will experience “mode compe-
tition.” The mode competition stems from the fact that all the modes of an optical
cavity share the available population inversion (or gain) and thus compete for it. The
rise of a mode will generally reduce the available gain for other modes [18]. To illus-
trate this idea, Hermann Haken used the biological natural selection analogy in his
book “Laser light dynamics” [20] to explain this process: we visualize here the dif-
ferent modes as different kinds of animals, and the inversion of population as food,
which is continuously fed into the system. The kind of animal that has a better access
to the food sees its own population growing more quickly and can thus eat more food.
The other kinds cannot compete in eating and eventually perish. This is what is illus-
trated in Figure 4.5a and b for the simple case of two longitudinal modes.6 In this
example, we assume a very small gain (food) difference between two modes: 0.2%.
During the very beginning of the laser start-up in time, the two populations grow
and are quite indistinguishable, because the gain difference is very weak. However
it exists, and once a critical population size is reached, this difference in gain (or food)

6 A good starting point for such a modeling is [21].
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has significant effects, leading to the domination of one of the two species, sacrific-
ing the other. That is due to the saturation of the gain medium by the laser power (see7

Figure 4.6a): because the rate at which the food regenerates is limited (i.e. the pump
power8 is finite), the population that experiences the strongest gain can grow enough
to eat all the food at quite the same speed at which the food regenerates, so that other
populations vanish. This line of thinking leads to a very important conclusion: two
different kinds can coexist only if they live from separated resources of food,9 in other
words two optical modes can only coexist if they consume separated population inver-
sions ΔN. However, we have to mention that, in the foregoing, we only considered
the “photon population” nature of the optical modes, and thus we forgot that optical
modes are waves too. Due to their wave nature, two modes can be indistinguishable
if the spectral distance between them is so short that Δ𝜈q,p,l < 2𝜋Δ𝜈c, where Δ𝜈c is
the cold-cavity mode width, see Figure 4.6. If this condition is respected, then the
laser can lock the two considered modes together, leading to a multiple frequency
operation without requiring separated population inversion for each. In the follow-
ing, we will never consider this so specific case and will always work with modes in
terms of photons populations.

In a laser, various reasons can lead to the existence of multiple independent pop-
ulation inversions and thus to the unwanted multimode operation:

● First of all, in some gain media, all the atoms do not provide gain in accurately
the same spectral area, which is similar to say that the global gain bandwidth

7 The gain saturation usually responds to a nonlinear law close to 1∕(1 + S∕S0), with S being the
laser intensity in the gain medium (not the pump intensity) and S0 the saturation intensity. This is the
law depicted in Figure 4.6a.
8 The optical power can be understood like a rate of photons per second, and thus, the pump
power, like a rate of excitation per second. This is discussed in Section 4.11.1 and illustrated by Eq.
4.15.
9 Or if they experience rigorously identical gain and losses, which is never obtained in practical
cases.
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is the combination of many independent population inversions, each addressing
a given spectral region: those materials are said to experience “inhomogeneous
spectral broadening” [11]. For that reason, the light emitted at a given wavelength
can not saturate the other population inversions, leading to multimode opera-
tion: this what is called “Spectral Hole Burning.” In semiconductor materials,
quantum wells exhibit homogeneous gain properties due to the homogeneity of
the atomic cristal, while quantum dots technology lead typically to a nonuniform
atomic organization, thus to inhomogeneous gain broadening. Because VeCSELs
are based on quantum wells, they do not experience this kind of inhomogeneity.

● The inhomogeneity can also come from the fact that two uncoupled spin states
exist in the gain medium: each of them can feed two independent polarization
modes at the same time, leading to gain inhomogeneity [22].

● Finally, inhomogeneity can exist because two modes eat in two separate regions of
the gain medium. This last case is called “Spatial Hole Burning” (SHB) and is very
common in lasers, especially concerning the longitudinal axis. However, we can
take advantage of the VeCSEL technology to make it vanish. As a matter of fact,
semiconductors allow to work with very thin gain layers such as quantum wells,
the size of which is far below 𝜆, because the gain in semiconductors is huge: this
obviously leads to spatial homogeneity on the longitudinal axis (see Figure 4.6b).

As a result, a laser launches a more or less pure single-frequency light, depending
on the gain medium homogeneity and on (complex) nonlinear effects [23, 24], and
this purity has to be quantified.

In the case of longitudinal modes, it is made by computing the ratio between the
power obtained in the main lasing mode and the power in the strongest side mode:
that is the “Side Mode Suppression Ratio” (SMSR). The fundamental limit, due to
the amount of spontaneous emission, is nearly identical for all the cavity modes. For
the mode situated at q × Δ𝜈FSR from the strongest mode, the SMSR limit in dB is
given by [24], in the case of homogeneous broadening of the gain:

SMSRq ≃ 10 log
⎡⎢⎢⎣

Pout 𝜆

h c × 2𝜋Δ𝜈c × 𝜉

×

(
q Δ𝜈FSR

Δ𝜈gain

)2⎤⎥⎥⎦ (4.4)

where Pout is the output power, 𝜉 the spontaneous emission factor, and Δ𝜈gain the
optical gain bandwidth. In the case of the VeCSEL, for typical internal losses of 1%,
Δ𝜈gain = 6 THz and 𝜉 ≈ 1, this leads to SMSRq > 60 dB for a cavity length D > 1 mm.
A important point here is that SMSRq increases when the cavity mode width Δ𝜈c
narrows, which is a manifestation of the filtering ability of a good cavity.

In the transverse plane (see Figure 4.6c), the single-mode operation is easily
obtained by pumping the VeCSEL chip with a waist that is a little smaller than
the TEM00 waist of the cavity: most high-order modes do not experience enough
gain to rise, while low-order modes are eliminated by the competition.10 The cavity
waist is imposed by the study of the cavity stability, due to the relation between the
cavity parameters and the waist of the Gaussian beam. In the very usual case of a

10 A model of this transverse behavior is described in [19, 25].
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plano-concave VeCSEL cavity, the relation between the waist on the plane mirror
surface and the cavity parameters is given by the Gaussian beam theory [11], as
follows:

w0 =
√

𝜆

𝜋

√
D(Rc − D) (4.5)

Still concerning the transverse axis, another advantage of the gain thinness is that the
pump can be efficiently absorbed through a very narrow depth of field (<𝜆), making
quite easy the use of pump lasers whatever their beam quality, because there is no
longitudinal pumping, but only surface pumping. The VeCSEL is thus, intrinsically,
an efficient converter, from low-coherence pump light to high-coherence laser light.

The linear polarization state is selected thanks to the gain dichroism: in III-V semi-
conductor nanostructures, the gain anisotropy leads to birefringence as well as gain
dichroism, following the axes [110] and [110] for a growth on usual substrate [100]
[18]. In InGaAs/GaAs and InGaAsSb/GaSb quantum wells, this leads to a gain ratio
close to 10% between both axes. This gain dichroism can be reinforced by a slightly
asymetric pumping over the cristal axis. The big axis of the pump must correspond
to the [110] axis of the cristal, where the gain is the strongest. Again, the two polar-
ization modes compete, and the one exhibiting the strongest gain will rise. Like for
SMSR, the strength of the single-polarization operation can be quantified by evaluat-
ing the suppression ratio S⟂ between the main polarization mode and the orthogonal
one. The fundamental limit of S⟂ is fixed by the spontaneous emission:

S⟂ ≃ 10 log
[ Pout 𝜆

h c × 2𝜋Δ𝜈c × 𝜉

×
ΔG⟂

G

]
(4.6)

where ΔG⟂∕G is the gain dichroism, close to 10%. Again, S⟂ increases with decreas-
ing Δ𝜈c.

We conclude that the spectral dynamics of the mode competition in VeCSEL is
far more simple compared with most other lasers, making the single-frequency
operation more natural for this kind of device. Of course, multimode operation
can occur even with a clean VeCSEL configuration because of other nonlinear
phenomena [24]. However, well-designed VeCSELs can reach the single-mode
operation at large power without any intracavity filter [26], which is very unusual
in the state of the art of lasers. This specific feature is strongly helpful to reach
broadband continuous tunability and contributes to the coherence properties,
since “securing” single-frequency operation with optical filters does impact also
the wanted mode losses, decreasing its Finesse, thus limiting the coherence. In
this context, the VeCSEL coherence properties are boosted compared with other
technologies: this is the point of the next section.

4.4 Toward High Coherence

We examined how a laser can select a single mode, which is a key point for
high-coherence emission. Of course, the stimulated emission process plays a
crucial function in the construction of the emitted light. However, to achieve a
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high-coherence laser, the cold-cavity modes need a special attention because they
are the very starting condition with which the stimulated emission plays. But only
a few laser designs and technologies give the opportunity to reach nearly ideal
cold-cavity modes. The impact of the technology on the cold cavity will be discussed
in Section 4.5, after the following description of the parameters that influence the
cold-cavity modes.

Concerning the transverse modes, we first have to mention that waveguide-based
lasers always exhibit high spatial coherence if the waveguide is single-mode. One
needs to know that this kind of design is not meant for high power because the
waveguide dimension is a restriction to increase the fundamental mode size. In
many practical cases, it also leads to very divergent beams (for example, in the case
of laser diodes), which makes their use more complex. In the case of free-space
cavities, power scaling and low divergence beams are easily obtained by increasing
the cavity waist (see Eq. 4.5). However, obtaining the exact Laguerre–Gauss or
Hermite–Gauss basis, thus the exact Gaussian TEM00 mode, is only possible with
an infinite Finesse11

 of the cold (Fabry–Perot) cavity, which is defined as follows:

 =
Δ𝜈FSR

Δ𝜈c
= 𝜋∕2

(
arcsin

(
1 −

√


2 4
√


))−1

(4.7)

where  = R1R2 exp(−2𝛼iD) is the round-trip losses in intensity, with R1 and R2 the
mirror reflectivities in intensity, 𝛼i the intracavity losses coefficient, and D the cavity
length. Of course, infinite Finesse cannot be obtained in practice, for various tech-
nical reasons and for fundamental ones because we want to extract a beam from the
cavity to use it. Therefore, the beam formed by the cavity can be more or less close to
the wanted TEM00 mode (see Figure 4.7a) and that will limit the spatial coherence.
High Finesse also means long photon lifetime 𝜏c and numerous round trips 𝒩 :

𝜏c =
1

2𝜋Δ𝜈c
= 

2𝜋Δ𝜈FSR
= nD

2𝜋c
𝒩 ≡

𝜏c

𝜏RT
= 

2𝜋
(4.8)

where 𝜏RT = 1∕Δ𝜈FSR is the round-trip time.
The impact of the Finesse  on the spatial modes can be described by a spread-

ing around the eigenvalues, as depicted by the passage from Figure 4.4c-d. To
explain this, we start again from the dispersion relation (Eq. 4.1). Because of the
finite-Finesse spreading, the spectral width of the cavity modes Δ𝜈c is not zero.
Δ𝜈c can be understood like an uncertainty on a given resonant frequency 𝜈, which
leads to an uncertainty Δk on the wave vector k, leading itself to a wider angular
acceptance for each mode: the result is a lower ability to filter the light distribution
in the transverse plane (see Figure 4.7a). The consequence is that the fundamental
mode is not exactly the wanted Gaussian TEM00 mode, and this is worse if  is low,
which occurs usually if the losses  are strong, as shown by Eq. (4.8).

In the high-coherence laser design, the intracavity losses 𝛼i are usually the difficult
point. Their physical origins are, in most cases, the absorption – for example in the
gain medium itself – and some unwanted diffraction of the beam inside the cavity,
for example, because of thermal lensing, which can change the stability condition of

11 Infinite Finesse thus means zero losses and zero-transmission cavity.
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Figure 4.7 (a) Ability of a cavity to filter a noisy seeding as a function of the Finesse (here
in terms of number of round trips 𝒩 ≡ ∕2𝜋): observation of the output beam. This was
obtained thanks to the Fox–Li method [11, 18, 27], by seeding the cavity with a waist-size
disc. Inside the disk, the field was modulated in phase and intensity by low-frequency
spatial noise. (b) Phasor illustration of the laser line width [28], in the complex plane.

the cavity (Eq. 4.5). For that reason, the impact of the thermal lens should be taken
into consideration during the study of the cavity stability [26]. Moreover, strong ther-
mal lensing can break the regular base of optical modes. In these cases, the spatial
distribution of the light is a certain pattern of light, often called improperly “mode”
of the cavity. The shape of these “modes” can be similar to a distorted TEM00 mode
for example. Because they require additional optical gain (compared with regular
cavity modes) to keep going, they exhibit more losses than regular modes; however,
they can find a better overlap with the laser gain, making them eligible for lasing.
The result is a deteriorated coherence emission. This can occur in VeCSELs, but it
is easy to avoid because the absolute value of the gain is small, and thus in lots of
VeCSEL configurations, these “modes” cannot reach the laser threshold.

Concerning the longitudinal modes, our starting point concerns the most funda-
mental limit of the time coherence in lasers. Such a limit contributes to the spectral
width of single-frequency lasers and is known to originate from the time domain
random variation of the phase of the spontaneous emission coupled to the lasing
mode [28, 29]. This can be depicted by describing the laser field like the sum of a
pure stimulated emission field with a pure spontaneous emission field. The stimu-
lated emission field is perfectly defined concerning its instantaneous phase: because
all the photons generated through this process are in phase coincidence, it oscillates
following an exact and pure sine wave at the optical pulsation 𝜔0 = 2𝜋𝜈0 and thus
exhibits an infinite coherence time. Due to the additional spontaneous field (see12

Figure 4.7b), the overall laser field has not a perfectly defined phase in time, which
leads to a broadening of the laser line for obvious Fourier transform reasons.

12 This representation is known for RF oscillators as the “Rice” representation [30]. For a laser:
the pure stimulated emission vector describes perfect circles in time with periodicity 2𝜋∕𝜔0,
corresponding to the optical pulsation. The random spontaneous emission is added to this motion,
leading to a global imperfect circular motion, denoting an imperfect sine-wave electrical field,
limiting the coherence.
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This broadening of the laser line, due to the spontaneous emission, is called the
Schawlow–Towmes limit. Its expression is given below [28, 29]:

Δ𝜈limit =
𝜋h𝜈(Δ𝜈2

c )
Pout

{
𝜉(1 + 𝛼

2
h)
}

(4.9)

where Δ𝜈limit is the Full-Width-Half-Maximum of the laser spectrum,13 h is the
Planck constant, 𝜈 the average optical frequency, Pout the emitted power, and
Δ𝜈c the already described cold-cavity linewidth. The term between accolades
contains additionnal linewidth broadening factors: 𝜉 is the spontaneous emission
confinement factor, and 𝛼h the well-known Henry factor, the value of which is
usually stronger in the case of semiconductor materials [28] (𝛼h ≈ 4 in most cases)
than with other materials. Depending on the laser design, the Schawlow–Townes
limit can be, or not be, the predominant reason for linewidth broadening. The first
step on the path to high temporal coherence is thus to minimize the impact of this
contribution, which is related to the cold-cavity linewidth Δ𝜈c, (Eq. 4.9), requiring
thus a high Finesse design.

To summarize, we want here to point out the fact that a good way to design a highly
coherent laser is first to build a high Finesse cavity to create an efficient filter for the
light-modes, for spatial, polarization, and longitudinal reasons, as told by Eqs. (4.4),
(4.6) and (4.9). Next, the laser oscillation inside this cavity must be maintained by
means of a homogeneous gain medium, in order to reach a single-frequency regime
without inserting any filter that may reduce the Finesse. For structural reasons, the
VeCSEL technology is a better starting point than many others in the landscape
of laser technologies for high-coherence emission. It should even be specifically
designed and optimized for this purpose. Hereafter, the keys and technologies asso-
ciated to highly coherent VeCSEL design will be discussed, after a brief state of the
art of laser technologies and of VeCSELs.

4.5 The VeCSEL in the State of the Art

As pointed out in the previous sections, the coherence properties are deeply related
to 𝜏c, which is proportional to both the cavity Finesse  and the cavity length D,
as indicated by Eq. (4.7). In Figure 4.8a, we list the most available laser technolo-
gies14 regarding this only criterion. It demonstrates that the VeCSEL is in the best
competitors about this. But this is not the only interest of this technology.

In fact, the VeCSEL can be understood like a traditional solid-state laser relying
on the modern semiconductor technology for gain medium. It can thus benefit

13 Again, choosing an appropriate indicator to define the width of laser spectrum is not something
easy. We encourage the reader to examine the complex but fundamental works by Mandel and
Wolf [7], or a more pragmatic sum-up by Saleh [8], or illustrated in practical cases in [31].
14 Used acronyms are the following: DPSSL: Diode-Pumped Solid-State Laser. VeCSEL: Vertical
Cavity Surface Emitting Laser. DFB-FL: Distributed Feedback Fiber Laser. ECDL: External Cavity
Diode Laser. DFB-SC: Distributed Feedback Semiconductor Laser. μc-VCSEL: microcavity Vertical
Cavity Surface Emitting Laser.
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from both worlds: high coherence and high power from solid-state lasers; com-
pactness, continuous tunability, and wavelength flexibility from semiconductor
lasers. Considering this, the VeCSEL is a candidate of choice for most applications,
because it can be developed to fit most requirements in a single design, as depicted
in Figure 4.8b. We want to point out that in the state of the art, most lasers are
optimized for one or two criteria; however, to our knowledge, the VeCSEL is the
only technology allowing to demonstrate a very high level of performance fitting
almost all criteria of interest at the same time (Figure 4.8b).

Inside the world of VeCSELs (Figure 4.8c), a very wide variety of emission wave-
lengths is offered by the flexibility of the semiconductor technology [21], contrary
to fiber or solid-state lasers. Moreover, the single-frequency regime is demonstrated
for a wide variety of materials and of emission wavelengths. A specific feature of
VeCSELs is that most characteristics (beam quality, polarization, phase noise, etc.)
remain the same whatever the emission wavelength, except the emitted power.

4.6 Highly Coherent, Tunable VeCSEL Design

We discuss here how to optimize the design of a VeCSEL for high coherence. As
explained before, we have to follow two paths: gain homogeneity and high Finesse
cavity. We display in Figure 4.9a the main structure of a VeCSEL (here for emis-
sion at 1μm), including the semiconductor chip, the air gap, and the output coupler
(dielectric mirror), as well as the standing wave and the pump absorption profile.

About the gain homogeneity, most VeCSELs rely on pump absorption in the
barriers15 as depicted in Figure 4.9c. The excited carriers will be captured with a
time constant 𝜏cap ≈ 10 ps far quicker than the lifetime of the population inversion
(𝜏e ≈ 10 ns) by the quantum wells thanks to the carrier diffusion. For this kind
of pumping scheme and for barriers in GaAs, a length of 7𝜆∕2 is required to
absorb more than 85% of the pump power in a single travel. Obviously, for high
efficiency, the quantum wells have to be placed at the maxima (or anti-nodes) of
the standing wave (Figure 4.9a), which is possible thanks to the integration of
the gain medium together with the DBR backs-side mirror on the same chip. The
exponential profile of the pump absorption leads to nonconstant carrier density
along the active sections, and thus it is necessary to place the quantum wells so that
their excitation is uniform. A method consists in changing the amount of quantum
wells per antinode, but it is limited (1, 2 or 3 usually16) if we want to avoid spectral
filtering by the gain due to the spatial overlap between the quantum wells and the
standing wave.

About the high Finesse design, we said in the previous sections (Sections 4.3 and
4.4) that a highly coherent laser is a laser that cold cavity exhibits high 𝜏c values.
However, we also want wideband continuous tunability as well as compactness, so

15 Other designs perform the pump absorption in the quantum wells.
16 The distance between the quantum wells should not be too small to avoid electronic coupling
between them. For example, for 1μm emission, their size is close to 8 nm, and the minimal
distance should be close to 20 nm.
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we need to work with short cavity length D. To preserve a low Δ𝜈c and thus a long
photon lifetime 𝜏c, we have to increase the cavity Finesse  , as indicated by Eq. (4.7).
For that purpose, we have to rely on both highly reflective (HR) mirrors and low intra-
cavity losses.

Concerning the HR mirror design, semiconductor technology benefits from the
“Distributed Bragg Reflector” (DBR) structure [21], made of multiple 𝜆∕4 layers per-
forming constructive interferences to enhance the reflection coefficient. As depicted
in Figure 4.9b, a reflectivity higher than 99.9% can be achieved by means of some
tens of pairs of layers with most semiconductor materials and technologies.

High reflectivity is however not enough, and we also have to minimize the losses
inside the cavity. Assuming a stable cavity design, the main origin of the losses in
the cavity is the absorption of the laser oscillation inside the active layer barriers.
In most usual cases, the standing wave experiences a specific confinement by
the micro-cavity formed by the HR-DBR on one side and the semiconductor–air
interface on the other side (reflectivity ≈30%): this can be seen in Figure 4.9a. The
strength of this confinement is usually thought in terms of confinement factor Γμc:

Γμc = nsc|Eint|2∕|Eext|2 (4.10)

where nsc is the optical index inside the micro-cavity, |Eint| and |Eext| are respec-
tively the magnitude of the electrical field inside the micro-cavity and outside it (in
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the air). This micro-cavity is not strong enough to enable the laser oscillation; how-
ever, it can be designed to enhance the value of the modal gain, or, on the contrary,
to decrease the internal losses. For example, the confinement layer can be struc-
tured with some pairs of DBR, in order to reinforce reflectivity compared with a
simple semiconductor–air interface; this will increase the confinement, thus the
modal gain, as depicted in Figure 4.9d. Because it is based on cavity effects, Γμc is
a function of the wavelength and exhibits resonances. This can be a wanted effect,
in order to narrow the modal gain curve and reach a higher SMSR value (because
it narrows Δ𝜈gain, see Eq. 4.4) or to ensure a single-frequency emission. However, a
side effect is that the losses are then larger, due to the absorption of the laser oscil-
lation in the barriers, which widens Δ𝜈c and damages the coherence properties. It
also reduces the possibility to obtain wideband continuous tunability.

Fortunately, the confinement layer can also be designed to fit a very different objec-
tive: reducing the confinement, by designing it like an antireflection coating or a
even an antiresonant structure (see Figure 4.9d). Of course, this leads to a reduction
of the gain, but also to reducing the semiconductor chip losses in similar propor-
tions. For that reason, all we have to do is to compensate this reduction of the gain
by choosing an output coupler with higher reflectivity. Because the spectral shape
of Γμc(𝜆) is then much broader, this kind of design also allows to exploit the whole
natural gain bandwidth of the quantum wells, without any filtering. This is the way
we want to design VeCSELs for high coherence and broadband tunability.

This engineering is possible thanks to the flexibility offered by the semicon-
ductor technology, and this is another advantage of the VeCSEL. Thanks to this
technological context, it is also possible to insert on the semiconductor chip various
functionalities that enable the generation of unusual light-states, such as two con-
trolled frequency emission, Vortex beams, circular polarization [18, 19, 46, 57–60].

4.7 Limits and Solutions

There are two main limits to this VeCSEL design.
First of all, even if the VeCSEL geometry is candidate for high power emission, this

technology is technically limited concerning the maximum output power. This limit
depends strongly on the emission wavelength, as it is mainly a consequence of the
thermal performance of the materials involved. In practice, the output power Pout of
a VeCSEL working at a temperature T + ΔT is given by:

Pout(T + ΔT) = 𝜂d(T + ΔT)
(

Pp − Pth(T) exp
(
ΔT
T0

))
(4.11)

where 𝜂d is the differential efficiency of the laser, Pp the pump power, Pth the laser
threshold, and T0, the “caracteristic temperature” of the laser. This parameter is phe-
nomenological and hides a lot of complex physics.17 At a macroscopic level, it takes

17 L. A. Coldren explains in [33] that even very complex theoretical treatments do not allow to
predict workable values of T0. The exp dependency of the threshold (4.11) has no specific physical
meaning, it mainly renders the fact that the dependency of the laser threshold is nonlinear with T0.
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into account the evolution of the laser output power as a function of the temperature.
If the value of the T0 is related to microscopic mechanisms [33], its value can be influ-
enced by structural effects too. For example, in the case of the VeCSEL, a usual origin
is the thermal shift of the microcavity mode Γμc(𝜆), which is not as strong as the one
of the gain (see Figure 4.10), leading to temperature-dependent gain variation.

Whatever the physical accurate origin, the pump power almost always warms sig-
nificantly the semiconductor chip, which in turn leads to a decrease of the modal
gain. The most usual impact is the laser threshold Pth that can becomes larger and
larger all along the Pout(Pp) characteristic, limiting the maximum power available.
To avoid this, thermal management technology should be used in order to reduce
the heating of the structure. In the VeCSEL, the heat source comes from the pump-
ing while, stuck on the backside, a Peltier element maintains a constant temperature
Tpeltier. The temperature of the quantum wells TQW can then be evaluated thanks to
the thermal resistance Rth = ΔT∕ΔPinc of the structure:

TQW = Tpeltier + Rth × Pinc (4.12)

where Pinc is the optical power coming from the pump injected into the structure.
For a uniform and isotropic medium pumped with a beam of waist w0, the maximum
ΔTmax between the Peltier element and the quantum wells is given by [34]:

ΔTmax ∝
Pinc

𝜅w2
0

(
w0 + 2d −

√
w2

0 + 4d2
)

(4.13)

where 𝜅 is the thermal conductivity of the material and d the thickness of the
medium. This gives a good overview of the thermal behavior; however, it is
quantitatively not satisfying to develop a real VeCSEL, because the semiconductor
chip is not a homogeneous material and also because the pumping geometry plays
a role in the heat propagation. The value of the thermal conductivity [35–37],
for the semiconductor materials discussed here, is in the range 10– 60 W∕m∕K,
which is not very high. In most cases, the main problems are the thickness and
high thermal conductivity of the Bragg section and of the substrate. Fortunately,
various thermal management methods are possible, consisting in inserting in the
semiconductor structure high conductivity materials (for example, Gold, SiC, and
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Diamond exhibit 𝜅 in the range 300–2000 W∕m∕K) with various techniques, as
depicted in Figure 4.11a.

All will lead to an increasing of the T0 of the laser. However, for high coherence
design, the intracavity transparent cristal method is not eligible, as it introduces
losses and can lead to unstable polarization operation. The substrate removal tech-
nique can be used or extended [38] to the reduction of the amount of pairs of DBR
in the case of a gold heat spreader (𝜅 = 300), which thins the amount of semicon-
ductor, thus improves the thermal transfer. In this last case, the gold participates
in the global reflectivity of the backside mirror. We checked the efficiency of a host
SiC(𝜅 = 490) substrate in Figure 4.11b for a GaSb (𝜅 = 33) VeCSEL and a 50 μm waist
pumping. The result is impressive, reducing ΔT from 100∘K down to less than 30∘K.
As depicted in Figure 4.11c, similar improvements occur on GaAs, with much better
absolute performance due to the thermal properties of GaAs(𝜅 = 55).

The second limit concerns the filter-free single-frequency operation. As suggested
above, a filter-free operation is attractive as it enables wideband tunability as well
as highly coherent operation even with short cavities. However, increasing the cav-
ity length to not so long lengths (above usually 1 cm) and/or working at high optical
power reveals longitudinal multimode operation, originating from complex nonlin-
ear spectro-temporal dynamics [24].

4.8 Highly Coherent, Tunable VeCSEL: Main
Characteristics

Because the VeCSEL is capable of a very pure light emission, its accurate characteri-
zation relies on advanced metrology. In this section, we start with a global overview
the VeCSEL features, by exploiting high quality but standard measurement tech-
niques, similar to the one that can be found in any laser optics lab. Next, we will
introduce an accurate qualification of the single-frequency emission, as well as more
advanced metrology concerning the beam quality. To finish, the time domain coher-
ence is the most complex one and will be described in a dedicated section.
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Figure 4.12 Overview of the VeCSEL characteristics. (a–c) Display the output power for
various VeCSEL configurations, see main text for comments. (d) Typical beam quality for
single-mode VeCSEL. (e) Spectrum of a VeCSEL. The SMSR is close to 60 dB, limited by the
spontaneous emission. The displayed width of the main mode is not due to the laser but to
the apparatus function of the optical spectrum analyzer, which is a common situation. (f) A
demonstration of thermal and piezo tunability in a basic gas analysis setup with a GaSb
VeCSEL [39].

Figure 4.12 depicts the main characteristics of various single-frequency VeCSELs.
As expected, the power characteristics can change a lot depending on T0 or on the
design. For example, constant 𝜂d above threshold for a low T0 GaAs structure can be
observed (a). A highly variable 𝜂d is observed (b) in the case of a multiwatt highly
coherent VeCSEL [26], cavity stability of which is based on thermal lens: because
the thermal lens evolves as a function of the pump power, the cavity waist evolves
too, inducing threshold variations, caused by the change in the overlap between the
pump size and the cavity mode. Finally, for materials exhibiting bad thermal prop-
erties such as GaSb structures for 2.3 μm emission (c), the impact of the thermal
rollover is strong, because of the Auger effects, limiting the maximal power to less
than 10 mW .

Whatever the output power or emission wavelength, high beam quality emission
is available with the VeCSEL technology, as observed with a windowless camera (see
Figure 4.12d). A stable, single-frequency regime, with SMSR close to the quantum
limit, is observable in most cases. Due to high finesse, a cavity as short as 1 mm
exhibits SMSR values as high as 60 dB (see Figure 4.12e). This was observed with
a 1 m long optical spectrometer by Jobin–Yvon (THR1000). We have to mention



4.9 Ultrahigh-Purity Single-mode Operation 129

that the observable linewidth as well as the tails of the main mode come from the
apparatus function of the spectrum analyzer and are not characteristics of the laser.
In this figure, the only relevant information is thus the SMSR. Concerning the
polarization state, a measurement performed with a commercial polarizer lets us
conclude about the rejection of the perpendicular polarization state > 30dB. Again,
this result is not a characteristic of the VeCSEL but a limit of the measurement
device. For all these quantities, a far better observation can be performed by means
of radiofrequency instrumentation, as explained in the following.

Finally, a very interesting and unique feature (to our knowledge) of the VeCSEL
is its ability to reach all these features in a filter-free configuration. This enables the
broadband continuous tunability over spectral ranges as wide as 7 nm. But beyond
that, combining it to thermal tuning opens the exploitation of the full gain band-
width of the laser, leading to huge tuning bandwidth (close to 40 nm), as demon-
strated with a commercial VeCSEL [3, 39] by Innoptics (see Figure 4.12f), design of
which relies upon the above described concepts.

4.9 Ultrahigh-Purity Single-mode Operation

As suggested above, because of its high level of performance, the accurate charac-
teristics of the highly coherent VeCSEL cannot be evaluated by means of traditional
metrology. For example, observing the SMSR in the case of longer cavities (cm long),
or high rejection of the transverse modes as well as the polarization modes, can-
not be done by a traditional measurement setup. A much more accurate evaluation
can be provided by moving the problem to the radio-frequency domain, because the
available instrumentation exhibits huge dynamics as well as very high spectral res-
olution. As any photodetector is sensitive to the optical intensity (which is ∝E2),
radio-frequency instrumentation can be very handy for our purposes with lasers.
Nonlinearity of photodetector reveals the beatings between various discrete frequen-
cies into the laser field. Those discrete frequencies come from residual emission in
the cavity modes, and this is true for longitudinal modes [40], spatial modes [11, 19],
and polarization modes [18, 19].

The principle of the measurement is simple: we observe the beam in a configura-
tion of interest (see Figure 4.13) with a high-frequency photodetector connected to
a low-noise amplifier, output of which is observed with a radio-frequency spectrum
analyzer. Knowing the detected average optical power (which is simply proportional
to the average photocurrent) and measuring the power inside the beating lead to
know the relative intensity of the mode, which is identified by its specific beating
frequency.

The case of longitudinal mode is straightforward: the beam is injected directly on
the high-frequency photodiode. The result is an RF comb with periodicity Δ𝜈FSR
displaying all the possible beatings between all the longitudinal modes. The power
of this beating contains the information on the SMSR.

The case of transverse mode is a little bit more tricky: because the modes of a
resonator form a basis, all the modes are orthogonal and no photodetector could
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see a beating. To visualize the beating, the detector has to intercept a portion at the
intersection between the two modes (see Figure 4.13a) to break the symmetry of the
modes basis. Then, the Transverse Mode Suppression Ratio can be evaluated to be:

TMSR = 10 log

[
2Γr,𝜃

( iph

ibeat

)2]
(4.14)

where iph is the average photocurrent, ibeat the effective value of the beating signal
and Γr,𝜃 the theoretical overlap between the two modes under consideration, tak-
ing into account all the experimental conditions (beam size, photodetector position
and size). In most cases, the VeCSELs developed thanks to our methodology exhibit
TMSR > 80 dB. An example of result is given in Figure 4.13b, displaying the TMSR
beating as well as the FSR beating.

In the case of the polarization mode, it is necessary to project the two components
of the electrical field. For a linear polarization, it is easy to do by putting a polarizer at
45∘ (see Figure 4.13c) before the photodetector. Because an isolator cannot be used
during these measurements,18 the photodetector should be tilted to avoid optical
feedback. Here, the spectral position of the peak gives the birefringence of the cavity,
while its power allows to evaluate the rejection of the polarization S⟂, after taking
into account the effect of the polarizer. In the case of VeCSELs, this method usually
leads to S⟂ > 70 dB.

18 An isolator plays with the polarization state to perform the isolation.
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So, we made the theoretical proof as well as the experimental proof of the excep-
tional purity of the single-mode operation of the VeCSEL. We revealed its exces-
sively pure photon state on all the three coherence axis thanks to the radio-frequency
metrology, which offers much stronger measurement dynamics (by decades com-
pared with usual methods!).

4.10 Spatial Coherence

As demonstrated above, VeCSELs can select a single transverse mode, which is a
first important step to reach spatial coherence. However, this pure mode can be pol-
luted by some spatial noise, (see Figure 4.7a). In this section we get a closer look at
this transverse spatial noise, i.e. the static (time-domain independent) fluctuations
superimposed on an ideal wavefront beam: the time domain phase fluctuations will
be investigated in the next section.

We can consider that a real-world Gaussian TEM00 mode is an ideal spherical
Gaussian wave, wavefront of which is polluted by some “spatial phase noise” in
the transverse dimension of the wave, as illustrated in Figure 4.14. This leads to
M2 propagation factors higher than 1. In the case of VeCSELs, we measured that
the wavefront deformation, compared with an ideal spherical Gaussian wave, is
less than 1%, leading to excellent M2 values (typically lower than 1.2). This kind
of wavefront deformation typically originates from some residual, nonspheric,
thermal lensing, or from the slight irregularities of various surfaces that the beam
meets inside the cavity.

4.11 Time Domain Coherence and Noise

An accurate mean for the quantification of the time domain coherence is the study of
noise. When talking about laser coherence, two kinds of fluctuations need to be dis-
cussed: magnitude fluctuations A(t) (or intensity fluctuation) and phase fluctuations
𝜑(t) of the total electrical field E(t) = (A0 + A(t)) exp(j(𝜔0t + 𝜑(t))) as a function of
the time.

The main characteristic of A(t) and 𝜑(t) is that they are random functions of
the time, i.e. not predictable, so they are called “noise.” The word “noise” is often
thought in terms of parasitics, which are external to the device. This is a narrow
way of thinking: noise has fundamental reasons to be ingrained by the very physics
of the device. Lasers are no exception.

4.11.1 Noise in Photonics: Basics

For example, about A(t), the mere fact that a photonic source emits photons at ran-
dom instants19 leads to intensity noise. Actually, the optical power can be described in

19 This is the case of most of them, even most lasers. A few counter-example exist in the literature,
see a pedagogical example with high-efficiency Light-Emitting Diode [41] or in the case of lasers
[42, 43].
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a pure corpuscular vision like a flux of photons going through a surface, for example,
the laser output coupler itself, or the surface of a detector. It is then defined like:

Pout = h𝜈N
𝜏

(4.15)

where N is the number of photon going through the considered surface during the
time 𝜏 of the experiment. This is a very high rate signal: for a monochromatic emis-
sion of 1 mW at 𝜆 = 1 μm, this leads to N ≈ 1016 for an observation of one second,
with an intensity modulation of 100%, because at each instant, a photon is emitted or
not, randomly. As we use bandwidth-limited detectors, we filter this high rate signal
and observe an average value with moderated fluctuations (see Figure 4.15a). Due to
its random nature, it is complex to speak about the time function of a noise because
the magnitude in time is totally unpredictable, and we thus prefer to work with a
statistically stable indicator such as its variance, or the square root of the variance,
called effective value or RMS (Root Mean Squared) value.

Whatever the physical origin of the noise for a given photonic source, it should
always be compared with a fundamental, nearly unavoidable, noise reference:
the shot noise. The shot noise is nearly unavoidable, because optical attenuation,
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Figure 4.15 (a) Macroscopic intensity noise related to microscopic events. (b) effect of the
attenuation on the photon statistics, while extracting light from a cavity or passing through
a lossy optical system.



4.11 Time Domain Coherence and Noise 133

whatever its origin (attenuator, absorption, beam-splitter, diffraction, …), is nearly
inescapable in practical photonic systems. Because attenuation selects randomly
the photons that can pass, it alters the statistic of the attenuated beam, compared
with the incident one. In the case of lasers, and especially for high finesse cavity
lasers, the shot noise is usually unavoidable because the intracavity power expe-
riences a huge attenuation when being coupled to the outside of the cavity [44]
(see Figure 4.15b). We must point out that, in most usual cases, the magnitude
of the shot noise is low compared with other kinds of noise, and for that reason
the existence of the shot noise is rarely a limit20: it is more to be understood like a
practical reference level of noise. This shot noise is quite easy to quantify. We simply
have to evaluate the average value and the variance of N1, the amount of photons
passing through an attenuator of transmittance T [44]:

N1 = T × N and ΔN2
1 =

(
N1 − N1

)2
= N2

1 − N1
2

(4.16)

Assuming all the attenuation events are independent, we can calculate ΔN2
1 for a

single photon and apply a scaling factor by N to take into account all the photon
selection events: ΔN2

1 = NT(1 − T). Then, Eq. (4.15) leads to the fluctuation that
occurs on an optical power Patt = Pout × T that experienced some attenuation [44]:

Patt = h𝜈
N1

𝜏

and ΔP2
att = h2

𝜈
2 ΔN2

1

𝜏2 = h𝜈
𝜏

PoutT(1 − T) (4.17)

This relation is dependent on the observation time 𝜏, which is not practical. Usu-
ally, people prefer to work with the power spectral density SP(f ) of the signal P(t),
which is simply related to the variance or its square root PRMS as follows:

PRMS =
√

ΔP2 =

√
∫

fhigh

flow

SP(f )df (4.18)

SP(f ) can be understood like the spectral distribution of the noise.21

Because observing a signal over a time 𝜏 is equivalent to observing it with a spectral
bandwidth22 Δf = (2𝜏)−1, we can deduce from Eqs. (4.17) and (4.18) that the spectral
density due to the shot noise is given by Sshot = 2h𝜈PoutT(1 − T). In the case of laser
experiments, strong attenuations are usual (T → 0), and thus T(1 − T) → T, which
leads to:

Sshot(f ) = 2h𝜈Patt (4.19)

20 Except in extreme setup like spin noise spectroscopy [45], or in very long-range doppler
detection [46].
21 As depicted above, due to its random nature, the time function of a noise is complex to describe
with mathematics. It is exactly the same for the Fourier transform of the noise because it exhibits
the same random feature as the time function. We thus use the power spectral density SP(f ), which
is a stable indicator of the spectral repartition of the noise.
22 This equivalence is due to the fact that the Fourier transform of a time window 𝜏 is a cardinal
sine which width is Δf = (2𝜏)−1.
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This expression does not depend on the frequency, and this means that the shot
noise spectrum is flat, with uniform value for all frequencies: it is a white noise. Intu-
itively, we feel that there is no reason for an attenuation process to have a specific
time constant associated. If we take a source with a self noise, spectral density of
which is Slaser(f ), because the attenuation process is not dependent on the source
statistics, the observation of this source through the attenuator should lead to:

SPatt
(f ) ≈ Slaser(f ) × T2 + 2h𝜈Pout × T (4.20)

Finally, increasing the attenuation (T → 0) leads to observe only shot noise and hides
the contribution of Slaser(f ).

When detected by a photodiode, a quantum efficiency 𝜂q < 1 can be understood
as if all the photon events were not transfered into electron events. This is simi-
lar to the detection with an ideal photodiode (that means 𝜂q = 1, thus a sensitivity
= hc∕q𝜆 in A∕W) placed after an optical attenuator, transmittance of which is equal
to the quantum efficiency 𝜂q. And so the simple detection process with a real-life
detector can introduce a shot noise contribution too. Because of all the possible atten-
uation processes described above, it is usually assumed that the detected current
contains a part of shot noise, value of which is Sshot(f ) = 2qiph, where iph is the aver-
age detected photocurrent. For that reason, intensity noise is usually evaluated by
the “Relative Intensity Noise” (RIN), which does take into account the fact that the
shot noise may come from the measurement setup itself:

RIN =
Siph − 2qiph

i2
ph

(4.21)

where Siph is the spectral density of the photocurrent measured in an experiment
similar to the one depicted in Figure 4.15b.

The measurement is usually performed thanks a low-noise-amplified photodiode,
output of which will be processed to perform power spectral density spectra averag-
ing. Averaging is necessary because the power spectral density is evaluated during
a finite measurement time (the one of the experiment); so, its experimental estima-
tion undergoes a statistical error, which can be reduced M times by accumulating M
averages (due to the law of the large numbers). The power spectral density may be
estimated by a RF sweeping spectrum analyzer or by measuring the time signal with
an acquisition card and some Fast-Fourier-Transform (FFT) processing [47, 48]. The
latter is more interesting, when possible, because in most practical cases, the compu-
tational efficiency of the FFT algorithm leads to petty computation times.23 For that
reason, the time necessary for the acquisition of a single spectrum is the one neces-
sary for the acquisition of the time domain signal, defined as RBW−1 where RBW is
the Resolution BandWidth of the spectrum. It is far quicker than with a RF sweep-
ing analyzer, which requires at least K × RBW−1 with K the amount of points in the
spectrum. This necessary time for the acquisition is an important topic because, as
explained, accurate noise measurements rely on averaging spectra. An example of

23 This is true in lots of practical cases, when the wanted spectral resolution is narrow. In very
specific cases, dedicated electronics can be involved to speed up the FFT computation [45].
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result of this process is given for Siph, as well as for the corresponding RIN spectrum,
in Figure 4.16a.

To sum up, noise is usually quantified through the power spectral density, which
indicates the spectral repartition of its fluctuations. The attenuation impedes an
accurate laser power spectral density measurement because the shot-noise is super-
imposed. For that reason, the intensity noise is usually given by the RIN that takes
into account the impact of the shot-noise on the measurement.

4.11.2 Intensity Noise of a VeCSEL

Like in most lasers, the VeCSEL noise has a fundamental cause: the spontaneous
emission. However, this contribution is weak due to the high Finesse cavity design,
and other technical noise, mainly coming from the pump, usually has a much
stronger contribution (see Figure 4.16b and c). The pump noise itself depends on
the kind of pump: usually single-mode laser diodes experience mainly 1∕f noise
at low frequency [49] due to the impact of the semiconductor cristal defects on
the electronic transport [50]. Multimode pumps can deliver much higher power
but may produce extra contributions to noise for optical reasons, coming from the
multimode operation itself [51].
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Figure 4.16 (a) Example of noise spectrum, exhibiting both RIN and spectral density. (b)
Model of the VeCSEL Noise [18]. (c) Result from the model described in (b) in the case of
intensity noise. (d) VeCSEL intensity noise compared with other technologies. For the
VeCSEL, the cutoff is always below 100 MHz, and the intensity noise inside the VeCSEL
bandwidth depends on the kind of pump: single-mode for the 50 mW VeCSEL, multimode in
the case of the 2 W VeCSEL. The VeCSEL beatings were outside of the available spectral
range (beyond 10 GHz) at the moment of the experiment.
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Whatever the kind of pump, the VeCSEL will efficiently filter the pump noise.
Actually, even a passive cavity would filter the events quicker than the cavity photon
lifetime 𝜏c, which is related to Δ𝜈c (Eq. 4.8). The ability of the cavity to filter the
pump noise is thus linked, again, to  : the higher the Finesse, the lower the noise
cutoff frequency, and thus the lower the RMS noise, as written in Eq. (4.18). Lasers
dynamic behavior is however a little more complex than the one of a passive cavity:
it depends on both the photon lifetime 𝜏c and the electron lifetime 𝜏e. Due to the
interplay between these two time constants, the laser dynamics may show, in some
conditions, resonant amplification of the noise (called “class B” dynamics): this is the
case for low 𝜏c lasers, such as laser diodes, or for low 𝜏e lasers, such as fiber lasers or
DPSSL. This is well illustrated by the transfer function of the pump modulation on
the laser power H(f ) [9] as a function of the Fourier frequency f :

H(f ) =
𝜂P∕(𝜂P − 1)

1 − j 2𝜁
f0

f − f 2

f 2
0

with 𝜁 = 1
2

√
𝜏c

𝜏e

𝜂
2
P

𝜂P − 1
and f0 = 1

2𝜋

√
𝜂P − 1
𝜏c𝜏e

(4.22)

where 𝜂P is the pump rate, defined as 𝜂P = (PP − Ptr)∕(Pth − Ptr) with Ptr is the trans-
parency power. 𝜁 is the damping factor, its value is high for high 𝜏c or small 𝜏e; for
that purpose, the VeCSEL is a unique case as it combines both24 see Figure 4.16d.
This dynamic behavior, leading to a simple short-pass operation for |H(f )|, is called
“class A” and is not a usual (but usually wanted) feature for a laser. Moreover, often,
the cutoff (or resonance) frequency f0 is low in VeCSELs (below 100 MHz in most
cases), being an efficient filter for the pump noise. It grants to the VeCSEL a very
original property: its intensity noise is limited by the shot-noise (thus a RIN ≈ 0)
over a very wide frequency range, starting at the cutoff frequency and ending at the
first FSR beating, above 100 GHz for a mm long cavity. This unique feature makes
the VeCSEL very interesting when used as optical carrier for microwave signals, for
example, in the context of optical fiber transmissions.

4.11.3 Phase Noise, Frequency Noise, and Linewidth of a VeCSEL

The stability of the laser field frequency through time can be observed thanks to var-
ious indicators, which are all related to the phase noise. For RF oscillators, direct
measurement of the phase noise 𝜑(t) is performed, because it is directly accessible
through experiments. In the case of lasers, such a direct measurement is usually not
possible. Most measurement systems rely on frequency discriminators and thus the
quantity obtained is the “instantaneous frequency” of the laser 𝜈(t). Both are equiva-
lent and contain the same information as they are related by the simple relation [52]:

𝜈(t) = 1
2𝜋

× d𝜑(t)
dt

(4.23)

24 𝜏c is high due to high finesse cavity, 𝜏e is small due to semiconductor gain medium. Fiber or
solid-state lasers display 𝜏e in the ms range, whereas semiconductors display 𝜏e in the ns range.
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Figure 4.17 (a) Typical frequency-noise setup using a Fabry–Perot interferometer.
(b) Principle of side-fringe demodulation.

From both 𝜈(t) and 𝜑(t), a power spectral density can be calculated. In the case of
𝜈(t), the corresponding quantity is called the “Frequency Noise Spectrum,” and its
physical unit is Hz2∕Hz.

The principle of the measurement is to drive the laser field through an optical
device, called “frequency discriminator,” in order to convert the frequency varia-
tions of the laser 𝜈(t) into proportional optical power fluctuations through time. In
most cases, this frequency discriminator is simply a device displaying optical res-
onances features, such as interferometeors like Fabry–Perot or fibered Michelson,
but it can also be a gas cell (to exploit)the atomic transition of the gas). This device
is used at the side of an optical resonance, in a linear zone, so that laser frequency
variations 𝜈(t) are converted into proportional optical power fluctuations through
time, as depicted in Figure 4.17b. Assuming that the intensity fluctuations coming
directly from the laser are known or can be neglected, the observed signal contains,
without ambiguity, the frequency noise of the laser, and its spectral density can be
measured and computed by the process already used for intensity noise.

Like in other lasers, spontaneous emission is a fundamental limit of the VeCSEL,
known as the Shawlow–Townes limit (Eq. 4.9). On a frequency noise spectrum, it
contributes as a white noise with magnitude Δ𝜈limit∕𝜋. This limit is very low in VeC-
SELs, and this is why in their case, noise mainly comes more from technical origins
(see Figures 4.16b and 4.18a). Two of them are prevalent, both leading to Δ𝜈FSR
variations25: first, the direct cavity length fluctuations due to mechanical vibrations;
second, index fluctuations in the semiconductor chip. These index fluctuations come
from the pump intensity noise that produces temperature fluctuations, modifying
the optical index through time, impacting Δ𝜈FSR as follows [9]:

𝛿𝜈

𝜈

=
𝛿Δ𝜈FSR

Δ𝜈FSR
≈

2LpΓμc

D
𝛿nsc (4.24)

where Lp is the penetration length of the laser field inside the semiconductor chip.
This technical contribution is thus stronger for high Γμc values and so is stronger in
the case of low Finesse designs, as discussed in Section 4.6. The index fluctuations

25 Δ𝜈FSR is the free spectral range of the interferometer, please look at Figure 4.3.
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Figure 4.18 (a) Theoretical frequency noise spectrum computed from the model described
in Figure 4.16b. (b) State of the art of frequency noise for various laser technologies already
discussed. Dashed lines are the calculated Schawlow–Townes–Henry Limits from Eq. (4.9).
(c) Laser spectrum computed from frequency noise data for 1 ms of observation time.
Please notice that the 2 W laser has a linewidth which is narrower in spite of a much noisier
pump. This is due to the fact that the 2 W laser was based on a thermally managed (SiC
reported) semiconductor chip. (d) Half laser spectrum shown for various observation times.

𝛿nsc can be related to the pump fluctuations 𝛿Pinc by:

𝛿nsc(f ) =
(Δnsc

ΔT

)
RthPinc𝛿PincΘ(f ) (4.25)

where Θ(f ) is the thermal transfer function, close to a first-order low-pass filter cut-
ting in the kHz range. Therefore, the index fluctuation is proportional to Rth, and a
thereby way to reduce the technical source of frequency noise is to perform thermal
management. The frequency noise performances of VeCSELs are compared with
other technologies in Figure 4.18b.

In the literature, the coherence of lasers is usually quantified by the FWHM
linewidth. The laser spectrum is observed at very high resolution, much higher
than the one of an optical spectrum analyzer. It can be measured directly, by various
beating methods [53, 54] called “heterodyne” methods, or can be computed from
the frequency noise. At first glance, the FWHM linewidth seems to be a simple,
working indicator: this unique value should represent accurately the time domain
coherence of the laser. This is an attractive point of view, compared with the
complexity of a full spectrum in the case of the frequency noise. Unfortunately,
this is a very wrong idea, even if it is a quite common one. As pointed out in [31],
the laser spectrum is not a stable information: it depends a lot on the time span
on which the spectrum is observed, and thus the FWHM linewidth is observation
time-dependent.
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The laser spectrum is usually made of two contributions. The Schawlow–Townes–
Henry one, which is nearly a white noise, contributes with a Lorentzian shape
to the linewidth. Low-frequency contributions, displaying various shapes (1∕f
like or spikes) on the frequency noise spectrum, lead in most cases to a Gaussian
contribution,26 the width of which increases along the observation time. This
is because observing the laser during a longer time implies to be sensitive to
events at lower frequencies, which are usually of higher magnitude, as observable
here on all the given noise spectra. The overall laser linewidth is therefore very
commonly the convolution between a Lorentzian and a Gaussian, leading to a Voigt
profile [56].

We estimated the VeCSEL spectrum from frequency noise data. It can be per-
formed by two ways: from the frequency noise spectrum (but it is not always accurate
because based on assumptions) or better from the time domain variations of the
frequency fluctuation of the laser 𝜈(t) [31]. According to Eq. (4.24), the technical fluc-
tuations are proportional to Δ𝜈FSR and so depend on the cavity length like D−1 (thus
D−2 in power spectral density). For that reason, the VeCSEL linewidth decreases
when the cavity length increases. In the case of the VeCSELs we developed here,
with cavities in the mm–cm range, the result is a linewidth of some tens of kHz over
observation times as long as 1 ms (see Figure 4.18).

4.12 Conclusion

We stated that the VeCSEL design has all the good features to work like the
stereotyped “ideal” continuous wave laser, as depicted in our introduction. For
this purpose, the VeCSEL has to be optimized following two principal ideas:
gain homogeneity and low losses. However, to reach the best results, thermal
management performed outside the cavity may increase power as well as reduce
noise.

Following this process, we obtained VeCSELs with remarkable performances in
a compact (mm to cm cavity length) design: the single-mode operation is ultrapure,
rejecting every unwanted modes (spatial, longitudinal, and polarization) by more
than 60 dB in every the configurations developed here. Thanks to single-frequency
filter-free operation, we achieved exceptional continuous tunability performance
(close to THz) in single-mode regime. Coherence properties are also beyond
state-of-the-art expectations: high spatial coherence (M2

< 1.2), low divergence
beam (<1∘), narrow linewidth (<100 kHz for 1 ms), and shot-noise operation over
large span in the RF domain.

These are the reasons why in our opinion, VeCSEL resets the lasers state of the art,
as this single design is able to comply with the requirements of a very large diversity
of applications.

26 We encourage the reader to have a look at the interesting paper of DiDomenico et al. about the
𝛽-separation line technique applied to the laser linewidth estimation [55].
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5.1 Introduction

The challenge of creating lasers that emit with a high power level in a high-quality
beam is ubiquitous across the spectrum. Indeed, as is discussed extensively in this
book, one of the great advantages of the VECSEL concept is its ability to address this
problem for semiconductor lasers. However, the problem of output power and beam
quality is particularly acute for terahertz quantum-cascade (QC) lasers.The tera-
hertz range of the electromagnetic spectrum is typically defined as the frequencies
between 300 GHz and 10 THz, or wavelengths between 30 μm and 1 mm. The domi-
nant semiconductor laser source in this range is the QC laser – a unipolar intraband
laser in which photons are generated as electrons make radiative transitions between
quantized “subbands” engineered in stacks of heterostructure quantum wells [1].
The first THz QC lasers were demonstrated in 2001 and shortly thereafter [2–4]; their
technological progress has been summarized in various review articles [5–7]. The
GaAs/AlxGa1−xAs material system is most commonly used, although other mate-
rial systems have been demonstrated as well(e.g. InGaAs/AlInAs, InGaAs/GaAsSb,
etc.). Various THz QC-lasers currently have been demonstrated between 1.2 and
5.6 THz (and at frequencies as low as 0.6 THz in a strong magnetic field). At this
time cryogenic operation is still required for THz QC-lasers; the current tempera-
ture record is Tmax =200 K in pulsed mode, and Tmax =129 K in cw mode [8, 9]. While
efforts to improve temperature performance of the active material continue, with the
continuous improvements in cryogen-free coolers, operation in the 40–90 K range is
very feasible for many applications. High output power has been demonstrated in a
few devices: current records results stand at over 2 W peak power in pulsed mode,
and 230 mW in continuous-wave (cw) mode for devices cooled by liquid helium)
[10, 11]. For devices operating above 77 K, milliwatt level powers are more typical.
THz QC-lasers have several characteristics which have made it extremely difficult
to attain a good beam patterns simultaneously with high output power, particularly
in continuous-wave mode above 77 K. This is the challenge that is addressed by the
newly developed THz metasurface QC-VECSEL.

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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5.1.1 Waveguides for THz QC-Lasers

The biggest difference between THz QC-lasers and semiconductor lasers at shorter
wavelengths lies in the techniques for waveguiding. Nearly all waveguides in elec-
trically injected visible, near-IR, and mid-IR semiconductor lasers are based upon
doped dielectric cladding layers that surround the waveguide core, which provide
both modal confinement and a path for current. Because free-carrier losses increase
as 𝜆2, the use of doped cladding layers introduces excessive loss at THz wavelengths.
Hence, unique waveguides for THz QC-lasers have been developed so as to mini-
mize the overlap of the mode with any doped cladding layers. These waveguides use
metallized layers partially or fully for optical confinement; unlike at shorter wave-
lengths losses are quite modest for noble metals in the terahertz range. There are two
types of waveguides used at present for THz QC-lasers: the surface-plasmon and the
metal–metal waveguide [5].

The surface-plasmon (SP) waveguide involves the growth of a thin (0.2–0.8 μm
thick) heavily doped layer underneath the 10-μm-thick GaAs/AlGaAs quantum-well
active region, but on top of a semi-insulating GaAs substrate [2, 3, 12]. The resulting
mode is a compound surface plasmon tighly confined by the top metal contact and
loosely bound to the heavily doped lower plasma layer. The mode extends far into
the substrate (by tens to hundreds of microns); since the substrate is semi-insulating,
the free carrier loss is minimal. The confinement factor to the active region is typi-
cally between 10–50%, and in general modes are somewhat loosely confined, which
enables one to have relatively wide ridges without supporting multiple lateral modes.
The downside is that ridges narrower than ∼100 μm tend to squeeze the mode out
of the active region and into the substrate. This increases the threshold and effec-
tively puts a floor on the minimum device area (and power dissipation), which in
turn limits the maximum achievable cw operating temperature [13].

An alternative to the SP waveguide is the the so-called “metal–metal” (MM)
waveguide, also known as a “double-metal” or “double-plasmon” waveguide
[14, 15]. In this structure, the waveguide mode is tightly confined between metal
cladding placed immediately above and below the 5–10 μm thick epitaxial active
region. Such a structure is fabricated using copper-to-copper or gold-to-gold
thermocompression wafer bonding, followed by a substrate removal selective
wet etch that stops on active region heterostructures [16]. Then, the remaining
epitaxial active region can be patterned via photolithography, etched into ridges
(or any other geometry), and further metallized via conventional microfabrication
processes. Since any doped contact layers are usually quite thin, waveguide losses
are dominated by absorption in the metal, and any reabsorption from inside the
active region itself (which is often not negligible). The overall result resembles a
microstrip transmission line, and indeed transmission-line formalism can be used
to analyze the structure [17, 18].

MM waveguides tend to have the best high-temperature performance, mostly
as a result of lower overall losses (both absorption and radiative) compared to the
SP waveguide. For example, the highest operating temperature in pulsed mode in
a metal–metal waveguide is 199.5 K, compared to approximately approximately



5.1 Introduction 147

120 K in a SP waveguide [8]. Furthermore, the strong modal confinement of MM
waveguides allows both the vertical and lateral dimensions to be made smaller than
the wavelength. This in turn reduces the total thermal dissipation and required
cooling power, which enables cw operation up to 129 K in a metal–metal waveguide,
compared to approximately 80 K in a SP waveguide [9, 16]. However, the question
arises: how do we get the radiation out of the waveguide? If a MM ridge waveguide
is simply cleaved to form a Fabry–Pérot cavity, it performs poorly as a edge emitting
laser. The cleaved facet radiates as a subwavelength sized aperture, which exhibits
an extremely divergent beam [19]. Even worse, the emitting aperture is poorly
impedance matched to free space; as a result, the effective facet reflectivity becomes
large R ∼ 0.6–0.9 (depending on the waveguide dimensions relative to the wave-
length). This is much higher than the expected Fresnel value of R ∼ 0.32 calculated
from the GaAs/vacuum index mismatch [13, 17]. For realistic dimensions, the
radiation losses are roughly an order of magnitude smaller than absorption losses,
which implies the optical coupling efficiency is low (10% or less), and the emitted
output powers tend to be milliwatts up to a few tens of mW at best.

A host of different techniques have emerged to improve both the beam pattern and
output coupling efficiency – too many to fully survey here. To give one example, by
mounting a silicon hyperhemispherical lens on the metal–metal waveguide facet,
significant improvement in output power and beam quality can be achieved [20].
As another example, a great deal of effort has been on a variety of distributed feed-
back (DFB) cavities, where Bragg scattering from periodic structures is used both
to provide feedback, and to couple out and redirect the emission into a directive
far-field beam. Second-order DFB [21, 22] and photonic crystal cavities [23] use
Bragg scattering to redirect in-plane radiation into surface emission. This improves
the beam a great deal, since the waveguide surface, not the facet, is now the radi-
ating aperture. However, when one tries to increase the aperture by increasing the
width of the waveguide, thermal performance suffers and multiple transverse modes
tend to appear. Phase-locking arrays of narrow-ridge second-order DFBs is another
option – however, on-chip phase locking is challenging for large numbers of array
elements, and grating side lobes appear if the array spacing is larger than the wave-
length [24]. End-fire DFB QC-lasers based upon third-order DFBs or antenna DFB
cavities are another attractive option; they can achieve very narrow far field beams
even when the transverse waveguide cross section is subwavelength, since the beam
divergence scales inversely with square root of the cavity length [25–28]. However,
once again scaling up the output power is not trivial: if wider waveguides are used
the cw performance will degrade, if longer cavities are used the phase matching con-
dition becomes increasingly strict (for third-order DFBs). In summary, many of these
DFB approaches are indeed very effective at improving the beam pattern and out-
coupling efficiency; however, they show their limitations when one wishes to scale
up the output power levels while maintaining a good beam pattern. A secondary
issue is that DFB and other Bragg grating approaches are inherently narrowband
and largely unsuitable for widely tunable single mode lasers or for broadband fre-
quency combs. This is the landscape that has motivated the development of the THz
QC-VECSEL.
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5.1.2 Overview of Metasurface QC-VECSEL Concept

While the VECSEL is a natural architecture for achieving high power with a good
beam, it is ordinarily not possible to implement this geometry for QC-lasers. This
is because since the optical gain occurs via intersubband transitions of electrons
within planar quantum wells, which obey a selection rule that only allows inter-
action with electric field polarized perpendicular to the plane of the wells. This is
incompatible with the natural in-plane polarization for surface incident waves in
a VECSEL cavity. We address this problem by introducing the concept of an active
reflectarray metasurface, which consists an array of metallic microcavity antennas
loaded with QC gain material; each antenna efficiently couples in THz radiation,
amplifies it via stimulated emission, and reradiates into free space. The amplifying
metasurface reflector is then paired with an output coupler to create an external
laser cavity. A schematic of this concept is shown in Figure 5.1. Several SEM images
of fabricated metasurfaces are shown in Figure 5.2. This approach is fundamentally
different from the previous beam shaping techniques for THz QC-lasers – it is
the super-mode of the VECSEL cavity, rather than the modes of the individual
metallic microcavities on metasurface, that exhibits lasing and shapes the beam
to a near-Gaussian profile. The metasurface is deliberately designed to have a low
radiative quality factor (Q-factor) so that the microcavities will not self-oscillate in
the absence of an external cavity. Furthermore, since each microcavity also supports
a highly confined fundamental propagating waveguide mode, absorbing boundary
conditions implemented by creating lossy tapers to suppress self-lasing. These
tapered regions have a dielectric layer underneath the top metallization, so that no
current is injected, and they exhibit loss rather than gain.

Compared to conventional THz QC-lasers, the advantage of the QC-VECSEL can
be summarized as: (a) the output power is scalable with the active area on the meta-
surface as more active microcavities contribute stimulated emission to the VEC-
SEL cavity mode, (b) the beam quality is primarily determined and well shaped
by the external cavity and not individual microcavities, (c) compared to monolithic
cavities, it is easier to achieve the optimum coupling condition and maximize the
output power by choosing the reflectance of the output coupler, and (d) the sparse
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Figure 5.2 Scanning electron microscope images at various magnification of a QC-VECSEL
metasurface made up of uniform metal–metal waveguide ridges and tapered lossy
terminations.

arrangement of the microcavities reduces the power dissipation density for improved
cw performance. While the advantages (a)–(d) are somewhat generic to the VECSEL
configuration, a further advantage (e) is somewhat unique, in that the metasurface
provides a flexible platform for engineering the phase, amplitude, and polarization
response, in both the spatial and spectral domains. That is not to say this comes at
no cost – the use of an external cavity adds complexity and complications for stabil-
ity. (Since the laser must reside in a cryostat, increased size, and weight need not be
substantial.) Nonetheless, in many cases, the advantages will collectively outweigh
the disadvantages of an external cavity.

The first demonstration of a QC-VECSEL was in April of 2015, in which exhibited
lasing at 2.8 THz in a near-Gaussian beam pattern with about significant power out-
put [29]. Since then improvements have been occurring rapidly. Indeed, since the
QC-VECSEL is barely two years old at the time of this writing, we expect the field
will continue to move quickly. Here, we provide an overview of the QC-VECSEL
approach, give a snapshot of some current performance levels, and highlight the
opportunity for novel laser engineering made possible by the metasurface approach.

5.2 Metasurface Design

The enabling component for the QC-VECSEL is the active metasurface reflector. It
can be considered a THz version of the reflectarray antennas that are common in the
mm-wave range [30]; however, here the primary purpose of microcavity antenna
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elements is to couple the incident THz radiation with the QC laser gain material.
Any other functionality, such as control of the reflection phase and polarization, is
a “bonus.” In the simplest form, the active metasurfaces are composed of a sparse
array of identical metal–metal waveguide ridges; a schematic of such a structure is
shown in Figure 5.1b. However, while metal–metal waveguides are usually intended
to support a confined and guided mode (i.e. the fundamental mode), in this case we
wish them to act as surface emitting antennas. This is done by using a very nar-
row ridge with a width that corresponds approximately to half of the wavelength
in the semiconductor (w ≈ 𝜆0∕2n). This produces a resonance at the corresponding
frequency – essentially the lowest order standing wave in very short cavity of length
w. Alternately, each microcavity can be considered to be a leaky-wave antenna oper-
ating at the cutoff frequency of the first higher order lateral waveguide mode, where
the group velocity of the mode goes to zero [31, 32]. The structure is best under-
stood as an elongated patch antenna, where the fringing fields at the ridge sidewalls
radiate constructively into the far-field in the surface normal direction [17]. When
electrically biased, the QC active material provides THz gain described by the bulk
material gain coefficient g(𝜈). Incident THz radiation (polarized transverse to the
ridge axis) is coupled into the standing wave mode within each microcavity, which
possesses the necessary vertical E-field polarization needed to satisfy the intersub-
band polarization selection rule. Interaction with the QC gain material amplifies the
THz field via stimulated emission and reradiates it back into free space. The micro-
cavities are spaced with a period Λ which is kept less than the free-space wavelength
𝜆0 (of intended laser emission). This is necessary to suppress any higher order Bragg
diffraction — only zeroth-order (specular) reflection occurs. It is important to note
that despite its resemblance to a grating, the primary mechanism of operation for
the metasurface is not Bragg scattering. Indeed, periodicity is not strictly necessary.
Rather, each microcavity antenna is locally self-resonant on the unit cell level. For
Λ ≪ 𝜆0, this resonance frequency is primarily determined by the ridge width w; the
choice of period Λ is only a small perturbation.

As an example, a finite element solvers are used to numerically simulate the
reflectance of the metasurface – this is done both in passive mode, and when a
simulated gain is added to the dielectric via an anisotropic permittivity tensor. Here
we present a two-dimensional unit cell, with periodic boundary conditions used to
simulate an infinite sized metasurface. Drude model parameters are used to describe
the loss of both the metal, and the free-carrier losses inside the semiconductor [33].
Figure 5.3a shows a set of simulated reflectance spectra for a group of metasurfaces
with different ridge widths ranging from 11 to 12.5 𝜇m and a fixed periodicity
Λ = 70 μm. Two scenarios are considered: passive with g = 0 cm−1 and active with
g = 30 cm−1 in the QC-material. As expected, reducing the width w leads to a higher
resonance frequency. Figure 5.3b shows the reflectance RMS increase with gain for
the metasurface w = 11.5 μm and Λ = 70 μm at its resonance frequency 3.4 THz
and two other frequencies above and below the resonance. It is useful to fit these
numerical results to the relation

RMS = R1G = e𝜉(𝜈)(g−gtr). (5.1)
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Figure 5.3 (a) Simulated reflectance spectra for four metasurfaces with ridge widths
varying from 11–12.5 μm and fixed period Λ = 70 μm. The solid lines are results for
passive metasurface with g = 0 cm−1, and the dashed lines are for active metasurface with
g = 30 cm−1. (b) Simulated reflectance change (plotted in log scale) versus gain coefficient
for a metasurface with w = 11.5 μm and Λ = 70 μm at different frequencies on and off
resonance. The transparency gain gtr is indicated with an arrow. Source: ©2017 IEEE.
Reprinted, with permission, from [34].

where R1 is the passive metasurface reflectance at frequency 𝜈, G is the intensity gain,
gtr is the transparency gain coefficient needed to balance absorption losses (from
the metal and semiconductor), and 𝜉(𝜈) is a fitting coefficient that contains infor-
mation about the metasurface frequency response and quality factor. Gain is more
efficiently coupled to incident radiation when the operation frequency is closer to
the resonance; this effect is represented by a larger value of 𝜉(𝜈). In these simula-
tions, we assumed a frequency-independent gain for the active medium, so that the
metasurface response can be analyzed independently of the choice of active material.
In reality, the gain will have its own lineshape; the general design goal is to match
the metasurface resonance with the peak gain frequency of the gain medium. This
is typically accomplished by first measuring the lasing spectrum of a conventional
metal–metal waveguide QC-laser fabricated from the same active material and then
designing the metasurface dimensions around the measured values.

We might ask, how “subwavelength” must the period be? Indeed, it is advan-
tageous for thermal reasons to make the metasurface as sparse as possible. One
might expect as long as Λ < 𝜆0, at normal incidence all Bragg diffraction orders
are suppressed save the zeroth order (specular reflection). However, even for peri-
ods approaching 𝜆0, coupling occurs between the localized microcavity resonance
and a propagating Bloch surface wave which introduces diffraction loss [34]. This
effect is more significant than is readily apparent by using simulations with peri-
odic boundary conditions, which approximate the case of an infinite sized meta-
surface excited by normally incident plane waves. For an infinite-size metasurface
reflectance simulation, the Bloch mode appears to be of very high quality factor;
however, for a more realistic finite sized metasurface, the opposite is in fact true; as
Λ approaches 𝜆0 there is considerable additional loss present associated with scatter-
ing and diffraction. Furthermore, a finite-size Gaussian beam will have additional
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transverse momentum components which will more readily couple to the Bloch
wave. So far, we have developed a design rule of thumb to keep Λ ≤ 0.8𝜆0 to prevent
these effects.

5.3 QC-VECSEL Model

In order to have a framework for understanding QC-VECSEL performance,
we review a formalism first presented in Ref. [34]. We consider an idealized
QC-VECSEL cavity as illustrated in Figure 5.4, which consists of a a metasurface
of area A with passive reflectance R1 and an output coupler with reflectance R2
and transmittance T2 = 1 − R2. The forward and backward circulating intensity
is I+ and I−. We also include a single-pass transmittance T for the propagation of
the cavity length L which includes the effect of diffraction loss, atmospheric and
window absorption. The metasurface produces a uniform power gain G = e𝜉g, so
that its active reflectance is equal to R1G. The bulk gain coefficient of the active
QC-laser material at the cavity mode frequency 𝜈 is g = g(𝜈). We assume for the
moment that the intensity is uniform in the transverse direction and that the mode
area and the metasurface area are identical; later we will modify our expressions
to include a transverse confinement factor which will let this assumption to be
relaxed.

The threshold condition is set by requiring the intensity to be unchanged after one
round trip:

1 = T2R1R2Gth = T2R1R2e𝜉gth . (5.2)

Similarly, this sets the threshold gain coefficient gth as

gth = −
ln(T2R1R2)

𝜉

. (5.3)

We now introduce a simple rate equation model to describe the QC-laser active
material, as shown in Figure 5.4. While this cannot hope to capture the complex
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Figure 5.4 (a) Schematic of model VECSEL cavity. (b) Schematic three-level system used to
define idealized rate equation model for QC-laser transport. Source: ©2017 IEEE. Reprinted,
with permission, from [34].
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transport kinetics, it is a standard treatment for intersubband transport similar to
that given in Ref. [35]. The upper radiative state 3 is pumped using tunneling current
injection at a rate of J𝜂∕eLp, where J is the current density, 𝜂 is the injection effi-
ciency, e is the fundamental charge, and Lp is the length of one cascade period. The
remaining fraction (1 − 𝜂) of current density is injected into the lower radiative state
2, which is then emptied by some combination of tunneling and electron–phonon
scattering. The various nonradiative lifetimes are given by 𝜏3, 𝜏32, and 𝜏2. Within the
active material, we use a standard expression for the saturated gain coefficient for a
homogeneously broadened gain transition:

g =
g0(J − Jleak)

1 + I0∕Is
=

J𝜎𝜏eff

eLp

1
1 + I0∕Is

. (5.4)

where g0(J) is the unsaturated gain coefficient, which we assume is proportional
to the pump current density J less an empirical shunt leakage current density
Jleak. The effective upper state lifetime is given by 𝜏up = 𝜏3

(
1 − 𝜏2∕𝜏32

)
. and the

effective lifetime for population inversion is 𝜏eff = 𝜂𝜏up − (1 − 𝜂) 𝜏2, which accounts
for a nonunity injection efficiency 𝜂. For the case of 𝜂 = 1 we see 𝜏eff = 𝜏up. The
circulating intensity within the microcavity ridge is I0, and the saturation intensity
Is is defined as the intensity sufficient to reduce the population inversion by a
factor of two: Is = h𝜈∕𝜎

(
𝜏up + 𝜏2

)
. The stimulated emission cross section at the

cavity frequency is 𝜎(𝜈), such that g(𝜈) = 𝜎(𝜈)(n3 − n2), where n3 and n2 are the 3D
population densities of levels 3 and 2, respectively. Setting the value g = gth, we can
obtain an expression for the intensity vs. current density:

I0 = h𝜈
eLp

𝜏eff

𝜏2 + 𝜏eff

(
J − Jth

)
gth

, (5.5)

where the threshold current density is:

Jth =
n𝛼caveLp

𝜎𝜏effΓl
+ Jleak. (5.6)

We now must relate the intensity inside the microcavity to the open cavity circu-
lating intensities I+ and I−. We assume a form for the cavity mode as a circulating
near-plane wave in free space over length L with transverse profile 𝜓(x, y), and as
a standing wave within each QC-laser ridge antenna with intensity I0. This can be
written as

E = x̂E+𝜓(x, y)
(

eik0z + r1
√

Gthe−ik0z
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

open cavity

+
N∑

i=1
ẑE0𝜓(x, y) sin

(
𝜋

w
(

x − xi
))

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

inside microcavities

, (5.7)

where we assume for the moment that the circulating field is polarized in the
x-direction transverse to the N microcavity ridges each centered at xi. This form
neglects the reactive fringing near fields in the air near the ridges. As mentioned
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above, we assume for the moment that the field is uniform so that 𝜓(x, y) = 1
over the area (i.e. a top-hat beam where we neglect phase front nonuniformities).
Conservation of energy requires

A(I− − I+) =
dU
dt

=
𝜔0U0

Qabs
, (5.8)

where U0 is the electromagnetic energy stored inside the antenna microcavity, 𝜔0 is
the resonance frequency, and Qabs represents the nonradiative quality factor of the
microcavity that accounts for the absorption loss. We write U0 based upon (5.7):

U0 = AF 1
4
𝜀E2

0h, (5.9)

where h is the microcavity height determined by the active material thickness such
that h = NpLp, where Np is the number of cascaded periods. The permittivity of
the active region material is 𝜀, and F is the fill factor of the biased antenna area
over entire metasurface area (F = w∕Λ for the metasurface shown in Figure 5.1b).
We further write Qabs =

𝜔0n
(gtr−g)c

, where transparency gain is gtr = 𝜉
−1 ln R−1

1 , and is
obtained from numerical simulations such as described in Figure 5.3. Using the rela-
tion I− = R1GI+ = c𝜀0E2

−∕2 and combining Eqs. (5.8) and (5.9), we can define a field
enhancement factor M as

M =
|E0|2|E−|2 =

2(1 − R1G)
R1G(gtr − g)nhF

. (5.10)

The output intensity is written as Iout = (1 − R2)TI−. With I0 = nc𝜀0E2
0∕4 and I+ =

c𝜀0r2E2
+∕2, we can write the output intensity as

Iout =
2(1 − R2)T

nM
I0. (5.11)

Substituting (5.5) and (5.10) in (5.11), using the laser threshold condition R1Gth =(
R2T2)−1, and muliplying by the metasurface area A, we obtain the total output

power as

Pout = Np
h𝜈
e

𝜏eff

𝜏2 + 𝜏eff
⏟⏞⏟⏞⏟

𝜂i

T(1 − R2) ln(R2T2)
(1 − R2T2) ln(R1R2T2)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝜂opt

(
I − Ith

)
, (5.12)

where

Ith = AF
[ eLp

𝜎𝜏eff

− ln(R1R2T2)
𝜉

+ Jleak

]
. (5.13)

The derivation so far does not account for the effects of modal nonuniformity
and spatial hole burning. For example, one effect of modal nonuniformity is to
reduce the slope efficiency near threshold, as the injected current is effectively
wasted in regions with low modal intensity. Spatial hole burning is particularly
acute in THz QC-lasers, due to the long length scale of the standing wave (∼10 μm)
compared to the lateral diffusion lengths of the inverted carrier population (a
few hundred nanometers). This effect results in a nonlinear P–I curve; however,
near threshold a linearized expression can be derived, and included through an
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additional “uniformity efficiency” factor 𝜂u ≤ 1. The slope efficiency near threshold
can then be written:

dP
dI

= Np
h𝜈
e
𝜂opt𝜂i𝜂u. (5.14)

Since the electric field is polarized almost entirely in the z-direction within the
metal–metal waveguide, the uniformity factor associated with the microcavity mode
can be written as

𝜂u =

(
∫

act

||Ez
||2dA

)2

Aact∫
act

||Ez
||4dA

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

microcavity

(
∫

A
|𝜓(x, y)|2dA

)2

A∫
A
|𝜓(x, y)|4dA

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

cavity mode shape

. (5.15)

The first factor describes the modal uniformity within each microcavity, and the
second factor describes the uniformity of the slowly varying cavity mode profile inci-
dent upon the metasurface. While 𝜂u can be solved exactly from numerical results,
for a uniform cavity mode and the sinusoidal dependence of the mode within the
microcavity described by Eq. (5.7), 𝜂u = 2∕3 (very close to the value of 0.65 extracted
from a finite element simulation (inset of Figure 5.3b). If the transverse beam 𝜓(x, y)
within the cavity is not uniform, then 𝜂u will be further reduced. This function is plot-
ted for a Gaussian beam with spot size w0 on a square metasurface, where only the
center circular area of diameter 2a is biased. The uniformity is shown in Figure 5.5
and shows that underfilling a metasurface with the beam will cause a reduction in
efficiency. Transverse mode confinement factor Γt as defined in Eq. (5.19) is also
plotted in Figure 5.6, which exhibits a trend opposite to 𝜂u. This suggests a tradeoff
between these two factors in the metasurface bias area design.

The effects of modal uniformity and spatial hole burning illustrate one of the
largest differences between the metasurface VECSEL and conventional Fabry–Pérot
waveguide QC-lasers. In a Fabry–Pérot laser multimode oscillation “washes-out”
the overall field nonuniformity and allows for the most efficient use of the available
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Figure 5.5 (a) Diagram of square metasurface with biased circular area of radius a
illuminated by a Gaussian beam with waist w0. (b) Calculated uniformity factor 𝜂u and
transverse confinement factor Γt for scenario in (a).
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Figure 5.6 Calculated output power per period Pout∕Np vs. output coupler reflectance R2

for T2 = 1 (a) and T2 = 0.82 (b) for three metasurfaces designed with different ridge heights
from 5 to 10 μm at the identical resonant frequency of 3.4 THz. A fixed bias area of
A = 0.3 mm2 is assumed for all.

gain. Hence, 𝜂u typically does not appear in most expressions for the slope efficiency.
However, in a QC-VECSEL cavity with uniform microcavities, all of the various lon-
gitudinal modes in the external cavity interact with the active material through the
same metasurface resonance and have the same uniformity factor 𝜂u. This may lead
to a suppression of multimode operation – more work is needed to fully understand
this phenomenon. We also note that this effect may be “engineerable” by designing
spectrally and spatially inhomogeneous metasurfaces.

5.3.1 Confinement Factor

Conventional formalism for describing semiconductor and QC-lasers defines the
threshold current density in terms of loss coefficients per unit length and modal
confinement factors. We can link the above derivation to this more conventional
terminology, if we defines the threshold gain gth in terms of a loss coefficient 𝛼cav
(prorated over the cavity round trip length 2L) according to:

gth = n
Γ
𝛼cav = −n

Γ
ln

(
T2R1R2

)
2L

, (5.16)

where Γ = ΓlΓt is a modal confinement factor which describes the overlap of the
mode with the QC-active material (satisfying the polarization selection rule). It can
be defined using a standard expression,

Γ = ΓlΓt =
∫

act
𝜀(R)||Ez(R)||2dV

∫

V
𝜀(R)|E(R)|2dV

, (5.17)

which can be conceptually separated into a longitudinal confinement factor Γl(𝜈)
and a transverse confinement factor Γt. The longitudinal confinement factor con-
tains the field enhancement effects of the microcavity resonance M(𝜈). For large
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cavity lengths, and using the field in Eq. (5.7), we can approximate

Γl(𝜈) ≈
hn2M(𝜈)F

2L(1 + R1Gth)
. (5.18)

This expression has undesirable feature that it depends upon the threshold gain Gth.
However, in the limit of a high finesse cavity, R1, R2, T, and Gth are all close to unity,
and Γl(𝜈) is directly proportional to the fitted 𝜉(𝜈) parameter (see Eq. (5.1)). When
the transverse extent of the mode is smaller than the biased area of the metasurface,
the entire mode experiences reflective gain and the transverse confinement factor Γt
is unity. However, when the transverse extent of the mode is larger than the active
“bias area” of the metasurface, the wings (or other portions) of the beam do not
experience gain, and we can define

Γt =
∫

bias area
|𝜓(x, y)|2dA

∫ |𝜓(x, y)|2dA
(5.19)

See Figure 5.5, for a plot of the variation of Γt and 𝜂u for a fundamental Gaussian
beam incident upon a metasurface with a circular bias area.

Note, if we assume a lossless transmittance for the external cavity, i.e. T = 1, the
optical coupling efficiency in Eq. (5.12) reduces to where 𝜂opt = 𝛼m∕𝛼cav, where
𝛼m = ln R−1

2 ∕2L is the prorated output mirror loss coefficient. The threshold current
density can then be expressed

Jth =
eLp

𝜎𝜏eff

n
Γ
𝛼cav + Jleak (5.20)

Thus, we recover the “classic” formulas for Jth and dP∕dI for waveguide- based QC
lasers. The factor of n in these definition results from the fact that the loss coefficients
is prorated over a length 2L in vacuum, while the gain coefficient is defined in the
semiconductor medium with refractive index n.

5.3.2 Metasurface and Cavity Optimization

Two parameters describing the metasurface characteristics are involved in modeling
the QC-VECSEL performance at a given frequency: the transparency gain gtr and the
fitting parameter 𝜉. As described above, the 𝜉(𝜈) is a parameter extracted from the lin-
ear curve fit of Eq. (5.1), which physically reflects the modal confinement (or equiva-
lently the field enhancement) with the QC-laser medium. In practice, this is typically
limited by the radiative quality factor of the metasurface, and hence 𝜉(𝜈) is peaked
at the resonance frequency. The transparency gain gtr not only depends on 𝜉 but also
contains information the metasurface reflection loss. Compared with the fundamen-
tal guided mode within a metal–metal waveguide, gtr tends to be slightly larger for a
metasurface. This is because the metasurface resonance is based upon a higher-order
mode within the metal–metal ridge, which has significant fringing fields concen-
trated around the corners and edges, which slightly increases the metallic loss.

We present now an example case of how metasurface design can affect gtr and 𝜉,
and how QC-VECSEL performance is influenced in turn. Specifically, we consider
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Table 5.1 Values of gtr and 𝜉 extracted via simulation for three metasurface designs at
3.4 THz.

Design gtr (cm−1) 𝝃 (cm)

h = 10 μm, w = 11.5 μm, Np=163 16.5 0.0163
h = 7 μm, w = 11.6 μm, Np=114 18.9 0.0229
h = 5 μm, w = 11.7 μm, Np=82 22.2 0.0327

three nominally identical metasurface designs where the microcavity height h is var-
ied, and how the this affects the choice of the output coupler reflectance R2 that one
needs to maximize the laser output power Pout at a fixed injection current. We con-
sider three values of the height h = 10, 7, and 5 μm, (see Figure 5.1b), with (nearly)
identical widths w so that the resonant frequency of 3.4 THz is kept constant. gtr and
𝜉 are extracted at the resonant frequency and summarized in Table 5.1. While all of
the experimental data in this chapter refer to devices with h = 10 μm, changing the
height is a straightforward way to increase the radiative Q-factor and 𝜉 as the height
of the of the radiating sidewall aperture is decreased [17]. However, the trade-off for
a thinner active region is an increased transparency gain as h decreases. This is a
result of the fact that the loss from the metallic cladding scales as h−1.

Inserting these values into Eqs. 5.12 and 5.13, we can obtain the quantity Pout,
given that we make some assumptions related to the particular active region and
metasurface design. We assume a fixed bias area of AF = 0.3 mm2, which is close
to that for the metasurface QC-VECSEL discussed in Section 5.4.2, and a fixed
injection current density of J = 600 cm2. The values of other involved parameters
including 𝜎𝜏eff∕eLp = 0.64 cm/A, 𝜈 = 3.4 THz, 𝜂i = 0.43, 𝜂u = 0.65, Jleak = 343
A/cm2 are inherited from the experimentally extracted values presented in Sec.
5.4.2. The number of periods Np scales as the height h as we assume the microcavity
is filled with the QC-laser active material. In Figure 5.6, we plot the normalized
output power per period Pout∕Np as a function of output coupler reflectance R2
for two cases of round-trip external cavity loss: an ideal external cavity without
diffraction or transmission losses (T2 = 1), and a more realistic with T2 = 0.82
based on the estimate in Section 5.4.2.

As is standard, there is an optimum value for R2 which maximizes the output
power, which reflects the trade-off between the large slope efficiency for small values
of R2 and the low threshold for high R2. The optimum value of R2 varies for different
metasurface designs and occurs at lower values for metasurfaces with higher 𝜉. In
other words, a more transmissive output coupler is needed to achieve the optimum
output coupling condition for a metasurface with high radiative Q-factor. Another
observation is that in a lossless external cavity with T2 = 1 the maximum power per
period Pmax ∕Np is higher for metasurfaces with a lower gtr; this is not surprising
as more absorption loss is always bad. However, if external cavity loss is unavoid-
able (i.e. T2

< 1), a higher 𝜉 may be beneficial even if it is accompanied by higher
transparency gain. Larger 𝜉 corresponds to a larger field enhancement within the
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Figure 5.7 (a) Maximum power per period Pmax ∕Np change with 𝜉 for different external
cavity losses represented by T2 and a fixed gtr = 15 cm−1. The red and green dots indicate
where 90% of Pmax |𝜉→∞ is reached. (b) 𝜉opt change with T2 for three values of gtr. 𝜉opt is
where 90% of Pmax |𝜉→∞ is achieved.

QC-active material, i.e. less field resides in the lossy open cavity. This finding implies
that one should optimize the maximum power output from an actual QC-VECSEL
in the presence of external cavity loss by optimizing both 𝜉 and R2.

The optimization of 𝜉 depends on how lossy the external cavity is, which fol-
lows the trend that a higher 𝜉 is preferred for a lossier cavity. Figure 5.7a plots the
calculated maximum output power per period vs. 𝜉 for three levels of cavity loss
(represented by T2) and a fixed gtr = 15 cm−1, which shows that Pmax ∕Np increases
with a larger 𝜉. However, it is worth noticing that the increase of Pmax tends to sat-
urate at lower values of 𝜉 for a less lossy cavity, with an extreme case being that for
a lossless cavity with T2 = 1, Pmax ∕Np has no dependence on 𝜉 at all. We can rea-
sonably define an “optimized” value of 𝜉 as 𝜉opt at which which 90% of Pmax |𝜉→∞
is reached. The so-defined 𝜉opt are indicated by circles in Figure 5.7a. 𝜉opt is further
calculated and plotted vs. T2 for different gtr (see Figure 5.7b), which suggests that
a higher 𝜉 is preferred for a lossier external cavity with lower T2 to extract more
power out of the VECSEL. In the actual design process, even if the values of T2 and
gtr are typically estimated with an accuracy limit, an optimum range of 𝜉 can still
be inferred from the results shown in Figure 5.7b, which provides a guideline for
metasurface design and optimization. The value of 𝜉 is also readily engineerable for
metasurfaces. While we have considered here the effects of varying the height of the
microcavities, the radiative Q-factor can also be controlled using other techniques.
For example, the polarimetric metasurfaces shown in Section 5.5 exhibit high-Q
Fano resonances arising from interference between various coupled resonances [36].

5.4 THz QC-VECSEL Performance: Power, Efficiency,
and Beam Quality

In this section, we will provide a snapshot for the current state of QC-VECSEL
performance. With the exception of Section 5.4.4, the VECSELs discussed in this
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Figure 5.8 (a) Measured lasing spectra for some demonstrated QC-VECSELs based on
various metasurfaces designed with different ridge widths (labels above each spectrum
show the nominal width) and periods Λ fabricated on different active QC-laser materials. (b)
Measurement set-up of plano-plano cavity where output coupler is external to cryostat.
Source: ©2017 IEEE. Reprinted, with permission, from [34].

section were demonstrated using an external cavity configuration where the meta-
surface was mounted to the cold stage of a cryostat, and the output-coupler (OC)
reflector was outside. This set-up is convenient for easy alignment. This set-up is
shown schematically in Figure 5.8b. However, the cryostat window is an intracavity
element, and one must take care to minimize the transmission loss. Best results
have been obtained using a 3-mm thick high-resistivity (HR) silicon window, the
estimated round-trip loss is 7% based upon literature values for the loss tangent for
HR-silicon. Our first QC-VECSEL demonstration used an off-the-shelf wire grid
polarizer as an output coupler [29], but since then we have more often used mesh
couplers, i.e. a periodic subwavelength inductive or capacitive metal mesh pattern
is defined by photolithography and evaporated on a crystal quartz substrate. Mesh
couplers were developed for use with far-IR molecular gas lasers and allow ready
design of the reflectance/transmittance by choice of the mesh dimensions [37]. Of
course, using a mirror OC with a central hole drilled is an option; however, we have
avoided this path as we wish to preserve the highest quality beam pattern.

5.4.1 Effect of Metasurface on Spectrum

So far, our group has demonstrated various QC-VECSELs lasing over a range from
2.5 to 4.4 THz. This is achieved by designing metasurfaces with different periods
Λ and ridge widths w and pairing them with various resonant-phonon QC-laser
active region designs. Figure 5.8a shows a family of lasing spectra from different
THz QC-VECSELs, all of which were taken using the OC outside the cryostat (except
the 4.4 THz demonstrated with an intra-cryostat cavity). As expected, there is an
approximate inverse relationship between ridge width w and the lasing frequency.
Typically, the lasing is in single-mode when the cavity length is optimized to achieve
a maximum power output. This is attributed to the frequency dependence of the
metasurface response, in conjunction with the etalon filter effect of the HR-Si cryo-
stat window. As the cavity is tuned away from its optimum length, hopping between



5.4 THz QC-VECSEL Performance: Power, Efficiency, and Beam Quality 161

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Current (A)

0 100 200 300 400 500 600

0

10

20

30

40

50

60

Current density (A/cm2)

OC-1 (R2 = 0.97)
OC-2 (R2 = 0.94)
OC-3 (R2 = 0.82)
OC-4 (R2 = 0.70)

0 0.1 0.2 0.3 0.4

410

420

430

440

450

(a)
–lnR2

(c)(b)

3.2 3.3 3.4 3.5 3.6

0.7 0.8 0.9 1
0

50

100

150

200

250

R2
dP

/d
I (

m
W

/A
)

P
ea

k 
po

w
er

 (
m

W
)

Freq (THz)

OC-1

OC-2

OC-4

OC-3 Jt
h 

(A
/c

m
2 )

Figure 5.9 (a) Measured 77 K pulsed P–I characteristics for QC-VECSELs built with one
metasurface and four different output couplers. The inset shows the lasing spectra for each
VECSEL. (b) Slope efficiency change with the OC reflectance R2. The black dashed line is the
fitted curve. (c) Threshold current density Jth plotted vs. − ln R2. The black dashed line is the
fitted curve according to Eqs. (5.13) and (5.12). Source: ©2017 IEEE. Reprinted, with
permission, from [34].

longitudinal modes is occasionally observed. Temperature change can also induce a
longitudinal mode hop.

5.4.2 Effect of Output Coupler

The ability to vary the output coupler transmittance to optimize the emitted power,
threshold, and slope efficiency is one of the useful features of the QC-VECSEL. We
fabricated a series of four mesh output couplers with varying reflectance values R2.
Due to the Fabry–Pérot fringes associated with the 100 μm quartz substrate, the
transmittance varies slowly with frequency; FTIR spectroscopy was used to mea-
sure the transmittance at the relevant frequency, which gives 3.2, 5.8, 17.5, 30% for
OC1–4, respecitively. P–I measurements were performed on VECSELs constructed
using the same uniform metasurface, with the output couplers placed external to
the cryostat (shown in Figure 5.9a. Due to the dependence of the OC’s reflectance
on frequency, the VECSEL lasing frequencies are slightly different. Figure 5.9b and c
shows the slope efficiency plotted as a function of R2, and Jth plotted as a function of
ln(R−1

2 ) (proportional to the output coupling loss coefficient 𝛼m). As expected, as the
transmittance increases, the slope efficiency increases as does the threshold current
denstiy. The dashed lines are fits to the functions based upon Eqs. (5.12), (5.13) and
(5.14), which show good qualitative agreement.

If certain assumptions are made, these fits can be further used for quantitative esti-
mates. For example, we assume T2 = 0.82 based upon 7% round trip loss in the HR-Si
cryostat window, and 11% diffraction loss estimated using Fox-and-Li cavity model-
ing. Fitting the data yields values of R1 = 0.62, 𝜂u𝜂i = 0.29 and Jleak = 343 A/cm2.
This is close to a measured passive reflection of 0.76 (at room temperature) from a
similar metasurface. If we assume 𝜂u = 0.65, this implies that the internal quantum
efficiency at 77 K is 𝜂i = 0.45. These values are relatively insensitive to the estimated
value of T2. The bulk gain increase per injected current density was extracted as
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𝜎𝜏eff∕eLp = 0.64 cm/A. This value was obtained assuming 𝜉 = 1.63 × 10−2 cm from
simulation data as in Section II; however, there is some uncertainty in 𝜉 if the VEC-
SEL is in fact lasing slightly detuned from the metasurface resonance. Direct mea-
surements of the metasurface reflectance and gain will be necessary in the future
to directly measure this value. Nonetheless, these measurements validate (at least
qualitatively) the basic model for the VECSEL cavity. Furthermore, if the estimated
value for T2 = 0.82 is accurate, the simulation data shown in Figure 5.7 suggests that
performance in this cavity configuration could be improved with a higher quality
factor metasurface, as well as a more transmittive output coupler. This assumption
is borne out by the data in Section 5.4.4, which shows a dramatic increase in per-
formance when a fully intra-cryostat cavity is implemented, which eliminates the
contribution of cryostat window losses to T2.

5.4.3 Focusing Metasurface VECSEL

While the simplest QC-VECSELs are based upon spatially uniform metasur-
faces, one has great flexibility to engineer inhomogeneous metasurfaces. This
approach recalls the reflectarray antennas that were first developed for use in the
millimeter-wave region, in which the reflection phase response of various curved
reflectors can be mapped onto planar surfaces by varying some critical dimension of
a subwavelength resonant antenna [30]. More recently, this concept has expanded
across the spectrum even into the optical regime, where engineering of inhomoge-
neous metasurfaces are allowing the development of a wide variety of flat optical
components [38]. Our approach allows the addition of gain via stimulated emission
as an additional design variable.

As a demonstration of this concept, so-called focusing metasurface QC-VECSELs
were demonstrated in Ref. [33], in which a parabolic reflection phase so as to mimic
a parabolic mirror. Thus, the laser cavity acts as a hemispherical laser cavity, which
exhibits improved geometric stability compared with a uniform metasurface cavity.
Thanks to the focusing effect, we observe a significant improvement in cavity stabil-
ity and output beam pattern compared to a nonfocusing metasurface configuration.
This functionality is particularly useful in the THz, where partially transmitting con-
cave output coupler mirrors are not readily available. Indeed, since both the active
metasurface and mesh output couplers are fabricated via photolithography, they are
naturally planar, which prevents realization of a hemispherical two-mirror cavity.

Phase modulation is obtained by varying the width w of the microcavity ridge
antenna both in the transverse and longitudinal direction. Figure 5.10a shows that a
phase change of 311∘ is achieved by varying w from 9 to 14 μm. The ridge width at the
metasurface center is chosen to match the resonant frequency of the element to inter-
subband gain spectrum peak. The modulation in ridge width is designed to achieve
the target parabolic phase profile (for paraxial focusing) of 2𝜋r2∕R𝜆0, where r is the
radial distance to the metasurface center and R is the effective radius of curvature
(i.e. twice the desired focal length). As an example, a focusing metasurface designed
with R = 10 mm at 3.4 THz has its transverse distribution of ridge width through
the center, as shown in Figure 5.10b. Although this microcavity design provides
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Figure 5.10 (a) Simulated reflectance and reflection phase from a uniform metasurface as
a function of the ridge width w for Λ = 70 μm, at a fixed frequency of 3.4 THz. (b) Designed
ridge width as a function of position (top) in order to achieve the target parabolic phase
shift (bottom). Source: Adapted with permission from Ref. [33] [The Optical Society].

the desired phase profile only near a single frequency, the fact that the reflectance
is highest near the resonance provides a “self-selection” to the correct frequency.
Not only is the phase spatially modulated, but the gain is as well. Oxide isolation
is used such that only a 1-mm diameter circular region in the center of the meta-
surface receives current injection. This is a form of integrated spatial filtering that
encourages lasing of the fundamental Gaussian cavity mode, since the center of the
beam has the largest transverse confinement factor Γt with the gain.

Experimental results demonstrated the efficacy of this approach in a cavity con-
figuration where the mesh output coupler is mounted outside the cryostat. Upon
testing, it was immediately apparent that the focusing designs were easier to align
and more tolerant of misalignment compared to uniform metasurface designs. This
was confirmed through a controlled set of measurements where the output coupler
was deliberately misaligned. The focusing metasurface VECSEL cavities exhibited
significantly less increase in threshold current compared to uniform metasurface
VECSELs. Figure 5.11a presents measured P-I-V for a QC-VECSEL based on a 2-by-2
mm2 focusing metasurface designed with an effective curvature radius of R= 10 mm.
Two different metal mesh output couplers with different reflectances R2 were used
outside the cryostat with a cavity length of ∼9 mm.

Beams were measured for VECSEL cavities based upon focusing metasurfaces
with R = 10 mm and R = 20 mm and a cavity length of L = 9 mm. As expected from
Gaussian mode theory, the cavity with R = 20 mm exhibited a less divergent beam
than that with R = 10 mm. The beam quality was in general very high, with circu-
lar, near-diffraction limited beam patterns observed with divergence as narrow as
3.4∘-by-3.3∘ FWHM. This is among the narrowest beam divergences directly pro-
duced by a THz QC-laser so far. The measured result agrees with the calculated
FWHM divergence of 3.5∘ for an ideal hemispherical Gaussian cavity with a con-
cave mirror of 20 mm curvature radius. The M2 beam parameter is further measured
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Figure 5.11 (a) Pulsed P–I–V curves for the R = 10 mm focusing metasurface QC-VECSEL
designed for 3.4 THz at 77 K, paired with two different output couplers with different
reflectance R2. (b) Pulsed and cw P–I–V curves for the QC-VECSEL composed of the
R = 10 mm focusing metasurface and the coupler with R2 = 0.44 at 6 K. Source: Adapted
with permission from Ref. [33] [The Optical Society].
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Figure 5.12 (a) Measured 1D beam pattern cuts in x and y directions for a QC-VECSEL
based on a focusing metasurface with effective radius of curvature R = 20 mm. (b) The
same beam pattern cuts in (a) plotted in logarithmic scale. (c) M2 factor measurement
results for the output beam radius measured using knife edge method measured in both x
and y direction as a function of position along the optical (z) axis through a focused beam
waist. Data is circles, with the curve fitting results plotted in black dashed line. Source:
Adapted with permission from Ref. [33] [The Optical Society].

for the beams generated from some several focusing metasurface QC-VECSELs by
measuring the Gaussian spot size through a beam focus, as shown in Figure 5.12.
The best result was obtained from an R = 20 mm metasurface, which gave value of
M2 = 1.3 in both x- and y-direction while operating at peak power of 27 mW. This
gives a value of brightness (Br = P∕(M2

x M2
y𝜆

2)) of 1.86 × 106 W sr−1 m−2, the highest
reported to date from a THz QC-laser. Achieving this relies on proper cavity align-
ment of course; we observed a degradation in beam quality with M2 increased to
2.2–2.5 as the cavity length approaches the effective radius of curvature.
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Figure 5.13 (a) Measured 77 K pulsed P–I–V for an intra-cryostat cavity QC-VECSEL based
on a uniform metasurface. Paired with a metal mesh OC mounted inside the cryostat. The
inset shows the spectra change with the current injection level. (b) Measured 2D beam
pattern for the intra-cryostat cavity QC-VECSEL and 1D cuts of the beam in x and y
directions. Black dashed lines are the Gaussian curve fits. Source: ©2017 IEEE. Reprinted,
with permission, from [34].

5.4.4 Intra-cryostat Cavity QC-VECSEL

To further improve the compactness and performance of QC-VECSEL, it is pos-
sible to contain the entire cavity within the cryostat. This improves the laser
performance, since there is no longer any loss associated with atmospheric absorp-
tion. Furthermore, removal of the cryostat window as an intracavity element
reduces the transmission loss; it can also change the laser spectrum, since an intra-
cavity etalon has been removed. The primary disadvantage is the inaccessibility of
the optics within the cryostat, while the optical alignment is performed at room
temperature, there is some risk that angular misalignment of the output coupler
may occur during cooldown due to thermal contraction of the device mount. For
this reason, it is helpful to use short cavity lengths of 2–3 mm in order to keep
the walk-off loss low. Use of a focusing metasurface is also helpful, although not
essential, to mitigate the effects of misalignment.

The intra-cryostat cavity configuration has proven to be very promising for
improving the QC-VECSEL performance [34]. As an example, we present a device
at ∼3.4 THz uniform metasurface with area of 2×2 mm2, and a circular bias area of
diameter 1 mm, 11.5-μm ridge width and Λ = 70 𝜇m. It was paired with an output
coupler with T2 ≈ 18 − 20% (Figure 5.13). This device exhibited a high peak power of
140 mW in pulsed mode at 77 K. The slope efficiency is a record high 745 mW/A for a
THz QC-laser operating at 77 K, which corresponds to roughly 0.33 photons emitted
per electron per stage above threshold. The peak wall-plug efficiency was 1.5%. The
measured spectra show lasing in two neighboring longitudinal modes at low biases,
which gradually evolves to a dominant high frequency mode with a higher bias.
At peak power, the lasing is single mode. The two modes are separated by 61 GHz
(measured with a FTIR spectrometer with 7.5 GHz resolution), from which we can
infer that the cavity length is 2.5 mm. Accompanied with the high power output is a
near-Gaussian circular beam pattern with a FWHM divergence angle of 4.9∘-by-4.3∘.

In order to optimize the device for cw operation at 77 K, an intra-cryostat
QC-VECSEL was demonstrated based upon a focusing metasurface with R = 20 mm



166 5 Terahertz Metasurface Quantum Cascade VECSELs

0 0.1 0.2 0.3 0.4
0

2

4

6

8

10

12

Current (A)

V
ol

ta
ge

(V
)

0

2

4

Current density (A/cm2)

0 100 200 300 400 500 600 700

6

8

10

3.3 3.4 3.5 C
W

po
w

er
(m

W
)

3.6
Freq (THz)

83 K, CW

Figure 5.14 Measured 77 K cw P–I–V for an
intra-cryostat cavity QC-VECSEL based on a
uniform metasurface with a small bias area of
0.7-mm diameter.

with a reduced bias area of 0.7-mm diameter. The smaller bias area helps to reduce
the total power consumption. As shown in Figure 5.14, the device exhibits
single-mode cw lasing at 83 K with a power output as high as 7 mW. This is
significantly higher than the previously reported values of 1–2 mW cw power at
77 K [16, 22, 39]. We expect that the cw performance can be further improved
by using sparse and low-power metasurface designs, improved low threshold
QC-active materials, and better thermal engineering.

5.5 Polarization Control in QC-VECSELs

In addition to phase and amplitude, the metasurface approach also allows one to
engineer the polarization response. Indeed, the conventional metasurface made up
of metal–metal ridge microcavities is already polarization sensitive, since it only
responds to incident light polarized perpendicular to the ridges. This feature was
leveraged in Ref. [29], when a wire grid polarizer was used as an output coupler,
whose effective reflectance R2 could be changed by rotating polarizer orientation
with respect to the ridges. This allowed one to achieve the optimum coupling con-
dition to maximize the output power “on-the-fly”.

A more sophisticated control of polarization was reported in Ref. [36], in which
a QC-VECSEL was demonstrated with electrically controlled switching of the out-
put beam between linear polarization states. The enabling concept is a metasurface
designed around two interleaved sets of cross-polarized “zigzag” antennas, each of
which is designed to interact with an orthogonally polarized radiation. An image of
such a metasurface is shown in Figure 5.15a. It is most intuitive to consider each
“zigzag” antenna as a set of patch antennas that couple to the incident electric field
polarized along the patch width (13 μm in this case). Sets of patches are rotated either
at an angle of 45∘ or 135∘ from the x-axis; these patches are then connected by nar-
rower segments needed to allow a continuous dc injection current path (as seen in
Figure 5.15b). Patches of one orientation type are all electrically connected to one
wire bonding area and thus can be biased separately from the other type. By switch-
ing the electrical bias between the two sets, we can select the polarization preference
that the metasurface amplifies.
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Figure 5.15 (a) SEM image of polarimetric metasurface covering an area of 2 × 2 mm2.
Only a center circular region of 1.5 mm diameter is biased, shown by the dashed circle.
Antennas preferring one polarization direction are electrically connected together through
the tapers on the top left of the metasurface, while others preferring the orthogonal
polarization direction are connected together on the bottom right side. (b) Top view of a
portion of the metasurface illustrated with dimensions given in microns. Set 1 of
antennas – the ones interacting with radiation linearly polarized at 45∘ – is shown in dark
gray, while the Set 2 of antennas, which interact with radiation linearly polarized at 135∘ , is
shown in light gray. The region inside the dashed rectangular is one unit cell. (c) Top: Co-
and cross-polarization reflectance of the metasurface when Set 1 and Set 2 are both
passive. The 45∘–45∘ reflectance |Γ45∘−45∘ |2 designates the reflectance of light linearly
polarized at 45∘ into light linearly polarized at 45∘ , and so on. Bottom: Co- and
cross-polarization reflectance of the metasurface when a QC gain of g1 = 30 cm−1 is
assumed for Set 1 patches and Set 2 is kept passive. Source: Adapted with permission from
Ref. [36] [The Optical Society].

Reflection mode simulations at normal incidence were performed for a unit cell
using periodic boundary conditions to simulate infinite periodic arrays. The results
are shown in Figure 5.15c. For clarity, we define gain coefficients g1 and g2 to rep-
resent the amount of gain supplied to Set 1 and Set 2 patches, respectively. The
simulated copolarization and cross-polarization reflectance |Γij|2 are considered for
two cases: first where the metasurface is passive (g1 = g2 = 0), and second where
Set 1 patches only are supplied with a gain of g1 = 30 cm−1 (emulating “turning
on” Set 1 patches using bias current) and Set 2 patches kept passive (g2 = 0). When
gain is supplied to Set 1 only, net gain is observed for incident E-field polarized at
45∘ near the target frequency of 3.4 THz, while the orthogonal polarization 135∘

is almost unchanged compared to the fully passive case. Furthermore, the design
shows high effectiveness in suppressing cross-polarization near the target frequency
(|Γ45∘−135∘ |2 and |Γ135∘−45∘ |2 < 0.01 across a bandwidth of 51 GHz). The asymmetric
reflectance lineshape is characteristic of a Fano resonance owing to the interac-
tions and coupling paths between the complex set of resonances present within the
metasurface lattice. By pairing such a metasurface with an output coupler that is
insensitive to polarization, a QC-VECSEL is created with the ability to switch its
output polarization with electrical control. Because the cavity mode profile does not
depend upon the detailed antenna structure, high power, and excellent beam pattern
can be consistently maintained as polarization is switched.

Results from a typical device are shown in Figure 5.16. The polarization of the out-
put beam was analyzed by placing a wire-grid polarizer between the output coupler
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Figure 5.16 (a) Measured total power through the polarizer versus the polarizer angle
when each set of antennas is separately biased. 80∘ linear polarization angle switching is
shown in arrow. Circles are experimental data, and the solid lines in red and blue are fitting
curves (to linear polarization). The schematic on the right of (a) shows the 2-axis far-field
beam pattern measurement scheme. (b, c) Measured 1D beam pattern far-field cuts along
x- and y-axes for bias of either Set 1 and Set 2. Circles are measured data, with fits to a
Gaussian profile plotted in solid/dashed lines. Source: Adapted with permission from Ref.
[36] [The Optical Society].

and the detector and measuring the power as the polarizer is rotated. This measure-
ment was performed when either Set 1 and Set 2 antenna were biased. We observe
switching between linear polarized states separated by 80∘. The slight deviation from
the ideal value of 90∘ is likely due to nonideal cross-polarized scattering from the
metasurface, partially due to fabrication nonidealities. Far-field beam patterns were
characterized at the same bias point near the maximum power output, with the axes
defined with respect to the metasurface, as shown in Figure 5.16b. The measured
beams are almost identical as the bias is switched between two sets; both exhibit
a directive and narrow near-Gaussian pattern with FWHM angular divergence of
∼ 3∘ × 3∘ (see Figure 5.16). Although not shown, the emission spectrum is single
mode, and no change is observed upon switching (within the resolution of the FTIR
spectrometer). Polarization purity is observed to be greater than 13 dB for the total
output, and the polarization state is mostly uniform across different positions within
the beam pattern. It is likely this can be further improved by optimizing the VEC-
SEL cavity to have the lasing frequency better match the metasurface resonance and
exploration of advanced metasurface designs with improved broadband suppression
of cross-polarized scattering.
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This is a promising alternative approach for polarization control of a laser. Rapid
polarization modulators that operate in the THz typically have large insertion
losses, when available at all. Indeed, there does not appear to be a significant perfor-
mance penalty of the polarimetric QC-VECSEL device compared to conventional
QC-VECSELs. In principle, the switching speed is limited only by the build-up time
of the laser oscillation (∼nanosecond or less) and the RC time constant associated
with the electrical bias. Such a high-performance QC-laser with electrically switch-
able polarization may find use within a multitude of terahertz applications, such as
polarimetry, spectroscopy, and ellipsometry [40–42]. Furthermore, simply by adding
a quarter waveplate in the path of the output beam, the laser can be converted
into one which switches between circular polarizations of opposite handedness.
Or alternately a future chiral metasurface design could selectively amplify specific
circular polarization states directly.

5.6 Conclusion

The VECSEL cavity configuration holds the promise of addressing one of the most
limiting problems for THz QC lasers – the difficulty of obtaining a good beam pat-
terns with high (or even modest) power levels. We believe that the results so far on
QC-VECSELs are just the “tip of the iceberg,” with a great potential for further devel-
opments. First, there is still likely significant room for improvement in terms of raw
performance. The pulsed powers can be increased by scaling up the metasurface
size, and the cw power and efficiency can be increased by developing metasurfaces
with reduced power dissipation density and improved heat sinking.

Second, another rich area for exploration is broadband tuning of single-mode
lasers. This is particularly important, since spectroscopy is a major application for
THz QC-lasers, and the various Bragg grating (i.e. DFB) strategies for THz QC-laser
beam control are not suitable for broadband tuning. Prior to the QC-VECSEL, only
a few demonstrations of THz QC-external cavity lasers had been reported, with the
most successful demonstrations based upon surface-plasmon waveguides for either
tuning [43] or detection via self-mixing [44]. In general though, edge-emitting
metal–metal waveguide external cavities are nearly impossible to implement prop-
erly, since the strong facet reflectivity cannot be eliminated by using an antireflective
coating. The metasurface approach opens up the wide array of tunable external
cavity configurations (e.g. Littrow cavity ECLs) that were previously not available
for metal–metal waveguides due to their high facet reflectivity – the metasurface
eliminates the facet entirely! In principle, the metasurface can be designed with
a large gain bandwidth, and when this is paired with a broadband QC-laser gain
material extremely broad tuning may be possible.

Third, there is a wide open design space in the ability to engineer novel meta-
surfaces afforded by the ability to engineer the phase, amplitude, and polarization
response, in both the spatial and spectral domains. This provides a platform to
leverage extensive past research in reflectarray antennas and emerging research
in metasurfaes and flat optical components [38]. The metasurface QC-VECSEL
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approach allows the addition of gain via stimulated emission and cavity feedback
as an additional design variable. Some preliminary examples of that capability were
shown here in the form of the focusing metasurface VECSEL and the polarization
switchable VECSEL. In the future, this might include design of lasers that directly
generate specific (or even arbitrary) beams, such as vector beams, vortex beams,
multilobed beams. What is more, dynamic electrical control of gain on the unit cell
level can be incorporated into the metasurface itself (as shown by the example of
polarization switching).

Fourth, further work is warranted to explore the design-space that connects
low-Q active metasurfaces intended for QC-VECSELs, with recent demonstrations
of coherent arrays of microcavity lasers that phase lock without an external cavity
but purely through mutual radiative coupling. Such devices have been demon-
strated for THz QC-lasers [24] and plasmonic arrays in the near-IR [45]; they can be
considered to be a manifestation of the so-called “lasing-spaser” [46]. This is ordi-
narily not the intended design space for metasurfaces intended for QC-VECSELs,
which are deliberately designed to have a low radiative quality factor to prevent
self-oscillation. The conventional wisdom is that such self-oscillation will occur
in a high-Q “dark” mode, with low output power and/or an antisymmetric beam
(such as in a second-order DFB or a bound-state-in-the-continuum laser [47, 48]).
However, such collective self-oscillatory behavior has indeed been observed for
the polarimetric metasurface in [36] when both antenna sets were biased. The
metasurface exhibited self-oscillation with high power and a high-quality, narrow
beam.

Finally, the scalability of the metasurface QC-VECSEL approach to shorter wave-
lengths remains an open question. Mid-IR QC-lasers may well benefit, but differ-
ent metasuface designs will be needed to avoid the losses associated with metals at
shorter wavelengths. We look forward to see what the future brings!
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6.1 Introduction

Since the first demonstration of Watt-level output powers from a vertical
external-cavity surface-emitting laser (VECSEL) [1], the basic design has remained
largely unchanged: an active region, typically consisting of several quantum wells
(QWs), sits on top of a monolithically integrated semiconductor distributed Bragg
reflector (DBR) mounted to a heatspreader and heatsink (Figure 6.1a), that together
act as an active mirror of the laser’s external cavity. This approach has been wildly
successful, yielding continuous-wave (CW) output powers exceeding 100 W [2],
ultrashort pulses [3], and spanning a wide wavelength range [4]. One of the
shortcomings of this design is the need for a DBR, which requires lattice-matched,
high index contrast materials to achieve sufficiently high reflectivity. While this
requirement is easily met in the GaAs material system, InP, for example, does
not lend itself to DBR growth [5]. As a solution, direct bonding or wafer fusion of
the gain chip to GaAs-based DBRs has been implemented [5] and more recently
achieved relatively high output power [6]. In this chapter, we discuss a new
alternative that does away with DBRs altogether. Departing from the traditional
VECSEL design, optically pumped semiconductor disk lasers without DBRs are
investigated. In addition to eliminating the need for an epitaxial growth of a DBR,
this architecture offers further advantages that include improved heat management,
broad tunability, and no pump dissipation (excess heat generation) in the DBR.

With the enormous successes of VECSEL devices and applications, we often over-
look the fact that the first optically pumped semiconductor disk laser did not employ
semiconductor DBRs: it consisted of 2–4 μm thick CdSe platelets mounted to the
facet of a GaAsP laser diode using vacuum grease, all at a temperature of 77 K [7].
Lasing operation was achieved in a cavity formed by the CdSe–air interface and the
facet of the pump laser (including the vacuum grease). Pulsed operation in single or
multiple modes (depending on distance between the CdSe platelet and pump laser)
near 690 nm was observed. Shortly after, the same group realized CW operation [8],
by mounting a similar CdSe platelet between two sapphire windows, one of which
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Figure 6.1 Comparison of sample, heatspreader, and heatsink geometries for (a)
traditional VECSELs and (b) DBR-free SDLs.

was metalized with aluminum to increase reflectivity to approximately 90%, while
the other reflector relied on the sapphire–air interface, to allow for higher transmis-
sion of the He-Ne pump laser. Around the same time, a “radiating mirror” concept
[9] was proposed, involving a thin CdSe, GaAs, or GaSe disk mounted on top of a
mirror and using an external output coupler, much like today’s VECSEL.

In 1981 a group at Bell Labs mounted first GaAs [10] and later InP, InGaAs, and
InGaAsP [11] films of micrometer thickness between two dielectric mirrors using
epoxy. The resulting devices were pumped with picosecond pulses and achieved las-
ing at a variety of wavelengths from 0.77 to 1.59 μm. In the same year, another group
demonstrated an external cavity CdS platelet laser having TEM00 output beam [12].
While it required cryogenic temperatures for operation, this laser was also shown to
modelock and produced ps pulses at mW-level average output powers.

In 1991 the disk laser geometry for optically pumped semiconductor lasers was
revisited in order to investigate power scaling while maintaining good beam quality
[13]. Pumped by a Ti:sapphire laser, a 135 μm thick GaAs wafer in a V-shaped cavity
produced 20 ns pulses with approximately 500 W peak power at room temperature
with good beam quality.

In 2009 AlGaInAs/InP QW-based semiconductor disk lasers (SDLs) without
semiconductor DBRs at 1.3 μm [14] and 1.5 μm [15] were demonstrated where
the active regions on the pump-transparent growth substrates were pumped
with Q-switched lasers. Later, the average output power was improved by adding
heatspreaders, though still under pulsed operation [16].

6.2 DBR-free Semiconductor Disk Lasers

In its simplest form, as first demonstrated by Yang et al. [17], a DBR-free SDL
consists of an optically pumped semiconductor active region (Figure 6.1b) in
an external cavity, typically formed by conventional dielectric mirrors as shown
schematically in Figure 6.2. The active region of choice is a QW resonant periodic
gain structure, although bulk (double heterostructure [DHS]) lasers have also been
demonstrated. A GaAs-based active membrane is usually about 2–3 μm thick and
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Figure 6.2 Schematic diagram of a typical linear DBR-free SDL cavity.

thus would be difficult to handle free standing unless bonded to a transparent
substrate (window). More importantly, to facilitate heat removal, this transparent
substrate must have high thermal conductivity and act as a heatspreader to the
thermal ground (heatsink). Typical candidate window materials are sapphire [18],
silicon carbide [19], or diamond [20]. Such DBR-free structures have also been
referred to as membrane external-cavity surface-emitting lasers or MECSELs [21].

Needless to say, DBR-free SDLs are not limited to the linear cavity geometry
shown in Figure 6.2. Depending on the application, various configurations like V-
or Z-shaped and ring cavities can be implemented as will be discussed later.

Another potential advantage of DBR-free structures is the intriguing possibility of
exploiting total internal reflection (TIR) [17], in particular in monolithic ring cavi-
ties. These configurations and other novel concepts will be discussed in more detail
in Section 6.5.

In the following sections, we present certain advantages of DBR-free SDLs over
more traditional VECSEL geometries.

6.2.1 Opportunities and Advantages

As mentioned earlier, the most obvious advantage of DBR-free SDLs is that they do
not rely on an epitaxially grown DBR. Since AlAs and GaAs are almost perfectly
lattice-matched, growth of an Al(Ga)As-GaAs-based DBR on a GaAs substrate is
not too challenging, and the high refractive index contrast allows for reflectivities
well above 99% with 20–30 DBR pairs. This is part of the reason why GaAs-based
VECSELs (and VCSELs) have been so successful in the wavelength range near 1 μm.
Nonetheless, it proves advantageous to avoid altogether the epitaxial growth of sev-
eral micrometer DBRs in order to reduce the growth time and related complexities
and costs. The problem is exacerbated when approaching visible wavelengths in the
GaInP/AlGaInP system on GaAs, where AlAs/AlGaAs DBRs of reduced refractive
index step require close to 60 DBR pairs [22].

The requirements for a lattice-matched DBR are also hard to fulfill in other mate-
rial systems: On InP substrate, very common for the 1.5 μm wavelength range, the
index contrast between InP and lattice-matched InGaAsP is much lower, practically
doubling the number of required DBR pairs when compared to GaAs. This is not
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only impractical to grow but also decreases the thermal conductivity, at least for the
case of heat extraction through the DBR [23]. The same is true for II-VI material
systems in the visible, also grown on InP [24].

Another important factor is the interaction of the pump laser with the DBR
in a standard VECSEL structure: in the case of a GaAs-based VECSEL, a very
common pump laser configuration involves an 808 nm laser diode, which is readily
absorbed in a GaAs(P) barrier. When combined with an AlAs/GaAs DBR, any
pump power transmitted by the active region could be absorbed by the DBR,
or the solder layers [25], causing additional heating (see Figure 6.1a). One can
design a pump-transparent AlAs/AlGaAs DBR [26, 27], but this reduces the
index step, resulting in more DBR pairs. Both the increased thickness and the
ternary alloy used will lead to an increased thermal resistance of the device.
An alternative approach is to design a DBR that reflects not only the VECSEL
wavelength but also the pump wavelength [25]. This helps to maximize pump
absorption but again yields a thicker, more complicated, and less thermally
conductive DBR.

There have also been studies that use hybrid mirrors in VECSELs to expedite the
heat-removal process, including metallic-semiconductor-DBR [23, 28] and even
metallic-dielectric-semiconductor-DBR [29] arrangements. Even though hybrid
mirrors loosen some restrictions of semiconductor DBRs, they could introduce
other issues, for example, phase mismatch at higher temperatures [28].

6.2.2 Thermal Analysis

Similar to other lasers, the lasing process in SDLs is accompanied by heat generation,
due to the quantum defect and nonradiative recombination processes. Overheating
of the active region could degrade laser beam quality, decrease material gain, and
eventually lead to catastrophic damage of the gain medium [30]. Therefore, thermal
management is most critical to SDLs’ performance when moderate to high average
powers are desired. In traditional VECSELs (Figure 6.1a), by heatsinking the
backside of the DBR, an approximately one-dimensional heat flow is ensued, which
controls the temperature gradients in the transverse plane and, as a result, reduces
the beam distortion. However, due to the high thermal resistance of semiconductor
DBRs [31, 32], these VECSELs face practical limitations in their power scalability
[33]. Without the integrated DBR, DBR-free geometries could potentially facilitate
heat extraction from the active region and outperform traditional VECSELs in
power scaling.

Following similar numerical procedure in thermal analysis of VECSELs reported
earlier [34], we developed a finite-element model for DBR-free SDLs, utilizing the
commercial software COMSOL Multiphysics 4.4 [17]. We compare the thermal
performance of the traditional VECSEL and DBR-free SDL geometries subject to
various heat loads. To simplify the problem, we make the following assumptions:
(i) Cylindrical symmetry: both the VECSEL or the DBR-free gain chip and the
heatspreader are taken to be circular, and the pump lasers are assumed to have a
fundamental Gaussian profile centered on the sample. (ii) The thermal conductivity
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Figure 6.3 Maximum active region temperature rise with incident pump power for five
SDL geometries. The maximum pump laser intensity is kept constant, and the pump beam
size is scaled up with the square root of the incident pump power. All heatspreaders in the
simulation are 0.5 mm in thickness. The red lines in schematics represent where the
constant temperature boundary conditions are applied.

coefficients of all materials are taken to be temperature independent. (iii) We
assume a constant proportion (40%) of the absorbed pump light as the heat load in
the active region; any pump light not absorbed in the active region is assumed to be
absorbed in the DBR for traditional VECSELs. (iv) Traditional VECSELs are treated
as three equivalent layers: DBR, active region, and cap layers with equivalent param-
eters, and the thermal inhomogeneity in these equivalent layers is not considered
here. (v) For DBR-free geometries, perfect bonding (i.e. perfect thermal contact) is
assumed between semiconductor and heatspreader; a reasonable assumption for
van der Waals bonding. The heatspreaders are taken to be 500 μm in thickness as
it is often the case in practice. Other parameters used in the simulation are detailed
in [17].

Under the same pumping condition, we compare the maximum temperature
rise in active regions among five geometries, which are shown in Figure 6.3,
including traditional VECSELs with one extra-cavity diamond heatspreader only,
and DBR-free geometries with single- and dual-intracavity diamond or silicon
carbide (SiC) heatspreaders. To mimic the power scaling process, the maximum
pump intensity is kept constant. Geometries with lower temperature rise could
allow for higher power operation.

None of these five geometries are power scalable, for which the maximum
temperature rise is constant with pump power when the maximum pump intensity
is constant. With a single diamond heatspreader, the DBR-free geometry exhibits
lower temperature rise in comparison to the VECSEL geometry due to the absence
of high thermal resistance DBRs. The dual-intracavity-diamond-heatspreader
configuration has less than half of the temperature rise of the single diamond
DBR-free geometry since active cooling can be applied from both sides. Such a
dual-intracavity-heatspreader cooling scheme has also been proposed in [35] with
the high-contrast-gratings concept.
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It is worth emphasizing that even though the thermal conductivity of SiC
(370 W/m⋅K) is much lower than that of diamond (2000 W/m⋅K), the dual-
SiC-intracavity-heatspreader geometry still outperforms the traditional VECSEL
geometry in heat dissipation, which is due to the high thermal resistance of the
semiconductor DBR [31, 32]. With good surface quality, cost-effectiveness, and
wafer-size availability, SiC is a very promising heatspreader material for a myriad
of SDL applications.

6.2.3 Longitudinal Mode Structure and Broadband Tunability

Typical SDLs adopt the periodic gain structure, in which the discrete QW or quan-
tum dot (QD) gain layers are positioned at the peak of the cavity’s standing wave
field to enhance the integrated gain or gain bandwidth. Therefore, the position of
gain layers is critical. For typical VECSELs, these gain layers are close to the cavity
antinodes, forming a so-called resonant periodic gain structure [36].

Without the integrated DBR attached to the active region acting as a global or
local cavity node, the mode structure for DBR-free SDLs will be different from tra-
ditional VECSELs, especially for the transmission geometry. In addition, with much
lower reflectivity (than unity reflectivity from DBR), the integrated gain from the
bonded gain element is also very different. Such disparity is obvious from the gain
perspective. Here we extend the traditional longitudinal mode confinement factor
[37] or integrated gain factor concept [36] to the DBR-free case and introduce its
gain position dependence [38].

To simplify the analytical calculation, we assume a free-standing periodic gain film
as the active region and neglect refractive index difference among materials and the
Fabry–Perot effects, which could modulate the integrated gain. The stable standing
wave resonator is formed with a pair of curved mirrors with a separation of L. For a
small incident signal at normalized intensity, the integrated gain or the amplification
for a given mode at wavelength 𝜆 is [36]

g(𝜆, z) =
∫

L

0
𝛾(𝜆, z′ − z)sin2

[
2𝜋nz′
𝜆

]
dz′, (6.1)

where z is the distance between the global cavity node (i.e. the end mirror) to the
closest gain layer, and 𝛾(𝜆, z) is the longitudinal gain profile (per unit length) of the
active region having an index of refraction n. Considering that typical gain layers
(QWs or QDs) are much thinner than the periodicity (half design wavelength in opti-
cal path length), with one gain layer per period, the longitudinal gain profile can be
approximated as a series of Dirac delta functions separated by half-wavelengths:

𝛾(𝜆, z) =
N∑

i=1
𝛿

[
z −

(i − 1)𝜆0

2n

]
gm(𝜆), (6.2)

where N is the number of gain periods, 𝜆0 is the periodic-gain design wavelength,
and gm(𝜆) is the integrated gain of each layer. Here we assumed one QW per layer,
having the same gain. By combining Eqs. (6.1) and (6.2), the integrated gain of the
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system can be expressed as:

g(𝜆, z) = G(𝜆, z)gm(𝜆), (6.3)

where an integrated gain factor G is defined as:

G(𝜆, z) = N
2
−

sin
(

N𝜋𝜆0
𝜆

)
2 sin

(
𝜋𝜆0
𝜆

) cos
[
𝜋𝜆0

𝜆

(
N − 1 + 4nz

𝜆0

)]
(6.4)

which effectively describes the overlap between the periodic gain structure and
the longitudinal modes. Within typical semiconductor material gain bandwidth,
𝜆0/𝜆≈ 1, this further simplifies to:

G(𝜆, z) ≈ N
2

[
1 + (−1)N sinc(N𝜋(𝜆0∕𝜆 − 1)) cos

[
𝜋𝜆0

𝜆

(
N − 1 + 4nz

𝜆0

)]]
(6.5)

For a traditional VECSEL, ignoring the penetration of the field into the DBR, and
assuming z = m𝜆0/4n (m=odd, but small integer; typically 1 or 3), after minor math-
ematical manipulations yields:

GVECSEL(𝜆, z) = N
2
[1 − sinc(2N𝜋( 𝜆0∕𝜆 − 1))] (6.6)

For a DBR-free SDL (MECSEL) in transmission geometry where z≫𝜆0, the cosine
term in Eq. (6.5) represents a fast modulation, and the overall envelope of the inte-
grated gain function can be expressed as

GMECSEL(𝜆, z) ≈ N
2
[1 ± sinc(N𝜋( 𝜆0∕𝜆 − 1))] (6.7)

Comparing Eq. (6.6) and Eq. (6.7), the DBR-free SDL can offer nearly twice the
integrated gain bandwidth (≈𝜆0/N) as the traditional VECSEL geometry (≈𝜆0/2N),
assuming the gain bandwidth gm(𝜆) is not a limitation. As an example, for a gain
structure consisting of N = 12 periodically distributed QWs, the integrated gain fac-
tors are compared in Figure 6.4 for three z positions. When z= 0.75𝜆0/n (Figure 6.4a),
the MQW is adjacent to the global cavity node, which is typical of a traditional VEC-
SEL. In these plots, the integrated gain factor is the product of the envelope and
a slow modulation. By moving the MQW further away from the cavity node, that
modulation period rapidly decreases as shown in Figure 6.4b for z = 100.25𝜆0/n.
With z=1 cm, as in a typical DBR-free SDL geometry, the modulation becomes even
finer, beyond the resolution of the figure, with an effective gain bandwidth that
is significantly broader than the traditional-VECSEL. Another important implica-
tion of these results is that the integrated gain of neighboring longitudinal cavity
modes in a DBR-free VECSEL vary significantly in magnitude compared to smooth
changes in the traditional VECSEL case. These variations in turn have implications
for mode-locking applications that need further investigation.

Besides broader gain bandwidth, DBR-free active regions are also more robust to
growth errors than traditional VECSEL. Following the previous derivation, the inte-
grated gain of traditional VECSEL and DBR-free active regions with and without
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Figure 6.5 Integrated gain factors for (a) VECSEL and (b) DBR-free geometry in perfect
resonant periodic gain design (black) and with a 15 nm thinner window layer (blue). The
dashed lines at 1050 nm represent the design wavelength.

a growth error are shown in Figure 6.5. With the window layer thinner by 15 nm
than optimal design, the integrated gain peak of the traditional VECSEL shifts to
a shorter wavelength with a 2.0% drop in amplitude, while the integrated gain of
DBR-free geometry exhibits little change in center wavelength and 0.5% decrease in
amplitude.

6.3 Device Fabrication

Due to the high thermal resistance and optical losses of the growth substrates, the
fabrication of DBR-free SDLs typically requires substrate transfer and adhesive-free
bonding. Depending on the fabrication techniques, the bonding process could be
performed before [39] or after the substrate-removal process [40]. To release the
active region from the growth substrate, there are two approaches: undercutting a
release layer [40] and etching off the growth substrate [41]. To bond the released
active regions onto destination substrates, we adopt the direct bonding or van der
Waals bonding technique [40]. We will focus on the fabrication of DBR-free SDLs
near 1 μm based on the GaAs material system.
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Before detailing the fabrication process, we would like to describe the structure of
our typical wafers. After the typical GaAs buffer layer, there is a 100 nm thick AlAs
layer, which serves as the sacrificial layer for undercutting process or the etch-stop
layer for the substrate-etching process. This is followed by the MQW gain structure
surrounded by two InGaP window layers for carrier confinement. Apart from the
typical VECSEL design, because of much lower reflectivity or weaker Fabry–Perot
effect in DBR-free gain structure, the InGaP layer thickness is less critical but is kept
at 𝜆/2 in optical thickness for our designs. For DBR-free SDLs designed at 1020 nm,
there are about 12 periodic InGaAs/GaAsP QW gain layers, each with 𝜆/2 in optical
thickness. For DBR-free SDLs designed at 1178 nm, due to challenges in strain bal-
ancing, there are only eight QWs. Typical barrier-pumped DBR-free active regions
designed near 1 μm are about 2 μm thick.

In the fabrication, a wafer is cleaved into small pieces, usually 3 mm by 3 mm,
limited by diamond size. A larger sample-to-pump area ratio helps to suppress the
possibility of unwanted lateral lasing [42], which we have observed for large pump
spot sizes on small samples (or samples with cracks). Before releasing the MQW sam-
ples from the growth substrate, the epitaxial surface is coated with about 0.5 mm of
black wax (Apiezon Wax W) at 100 ∘C. This serves as mechanical support for the
few-micrometer thick free-standing gain film, which is very fragile and difficult to
handle on its own. Besides, black wax is resistant to etchants and protects the epi-
taxial surface. Our experimental study shows that after bonding, the sample surface
protected by black wax is consistently of higher quality with brighter photolumines-
cence than the one adjacent to the sacrificial or etch-stop layer.

The next step is etching. For the undercutting process [43], the wax-coated sample
is attached to a U-shaped Teflon mount from the substrate side via black wax, with
the wax-coated epitaxial surface facing up. Then the mount is flipped upside down,
positioned in a Teflon beaker with the sample facing down, and immersed into 49%
concentration HF acid. Once the sacrificial AlAs layer has been etched away (about
2.5 hours for our typical 3 mm by 3 mm chip), the gain membrane covered in wax
should fall down due to gravity, preventing it from rebonding to the substrate. For
jet etching, the wax-coated sample is mounted onto a microscope slide with crystal
bonding wax, with the substrate facing up. The etchant is a mixture of hydrogen per-
oxide and ammonium hydroxide at a 33 : 1 ratio, which is pumped onto the sample
substrate at a constant flow. Mechanical thinning could accelerate the process. For
DBR-free devices, direct bonding without adhesive is unavoidable, and the sample
and heatspreader surface quality is critical to both optical and thermal properties of
the bonded structure. The bond quality can be characterized with a Nomarski micro-
scope, as shown in Figure 6.6. On the left is a bonding result with many voids and
right is a good bonding result with only a few tiny dust particles on top.

To evaluate the potential degradation after the fabrication process, carrier lifetime
is characterized before and after the device fabrication process. Time-resolved photo-
luminescence measurements are performed before and after the fabrication process.
Employing a 910 nm pulsed laser diode as pump source, carriers are excited only in
QWs for an active region designed at 1040 nm. As shown in Figure 6.7, no signifi-
cant change is observed from the late-time carrier lifetime, which suggests material
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(a) (b)

Figure 6.6 Nomarski micrographs of bonding examples on single-crystalline chemical
vapour deposition (CVD) diamond substrates: (a) Sample with several bonding issues,
including possible contamination, air bubbles, and partial delamination (sample size
3.5 mm by 2.5 mm); (b) well-bonded sample (3 mm by 2.5 mm).
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Figure 6.7 Lifetime characterization of an active region before (a) and after (b) substrate
transfer. The MQW active region is transferred from growth substrate to a diamond
heatspreader via the undercutting technique. The InGaAs/GaAsP MQW is designed at
1040 nm. A diode laser at 910 nm is employed as the pump source. The pump pulses are
10 ns in length with a repetition rate of 6 kHz. The photoluminescence is collected through
a telescope system and detected with a photomultiplier tube (PMT). Estimated lifetime is
1.25 μs before and 1.22 μs after the device fabrication process.

quality is preserved in the epitaxial lift-off process, in contrast to [44]. This may be
due to reduced bending of the thin film during the fabrication process because of the
mechanical support provided by the black wax.

A thermal resistance measurement of bonded DBR-free gain elements could also
shine light on the bonding quality. Investigations are ongoing using techniques
based on temperature-dependent wavelength shift of the laser emission [45] and
fluorescence of the cap layers [46].

As mentioned earlier, another promising geometry utilizes heatspreaders on both
sides of the gain membrane. The active region is etched off from the growth sub-
strate and transferred onto one of the destination substrates (heatspreader) via direct
bonding. The second substrate is attached in the same manner.
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6.4 DBR-free SDL Implementation

In the DBR-free transmission geometry, to date, CW laser operation has been
demonstrated with sapphire, silicon carbide, and single-crystalline diamond
substrates. Among the three heatspreader materials, sapphire has the lowest
thermal conductivity at room temperature (27 W/m⋅K) and, as a result, lowest
thermal rollover pump power under the same operation conditions. Even though
diamond has much higher thermal conductivity than the other two materials, it
is of limited supply, has worse surface quality, and higher optical losses (between
0.01 and 0.1 cm−1 absorption coefficient and potential losses due to birefringence
[47, 48]). Silicon carbide (SiC) and sapphire have much better optical quality and
lower absorption at common laser wavelengths, but they also have much lower
thermal conductivities. The thermal expansion coefficient of SiC is close to that of
GaAs, which might improve reliability of bonded devices. Here, we will focus the
discussion on DBR-free SDL geometries with single-crystalline diamond and SiC
heatspreaders. Recently, Mirkhanov et al. has collected more than 10 W of output
power from a DBR-free SDL with a SiC heatspreader [49].

For thermal management, the bonded gain element is mounted onto a
custom-made copper heatsink, which is water cooled to about 10 ∘C. To achieve
a good thermal contact, an indium foil layer of 50 μm thickness has been applied
between the copper mount and substrate or sample. In [49], even silver foil is
employed to minimize the thermal resistance between the heatspreader and
heatsink.

6.4.1 High Power Operation

To verify the prediction from the thermal model, a direct comparison on laser
performance has been made between single- and dual-heatspreader configurations,
as shown in Figure 6.8a. Low optical losses, double side polished 4H-SiC windows
have been employed as intracavity heatspreaders. Compared to single-crystalline
diamond heatspreaders, SiC wafers have the advantages of better surface quality,
low cost, and easier, wafer-size availability. The SiC chips used [50] are 0.37 mm
thick, have been diced into 5 mm by 5 mm squares, with surface roughness (RMS)
less than 0.2 mm [50].

Two DBR-free gain chips from one wafer are used for the bonding. The
multi-quantum-well gain structure is etched off from the GaAs growth substrate
and transferred to an uncoated SiC heatspreader with direct bonding technique.
The laser performances of both active regions are shown in Figure 6.8 under the
same cavity conditions. At high pump powers, both configurations deviate from
their initial linear trends. The pump power for such deviation in the dual-SiC
configuration is almost twice of single SiC, which agrees with our previous thermal
simulation results [17]. The second heatspreader significantly accelerates the heat
dissipation process. A wafer-scale fabrication result will be shown later.
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Figure 6.8 (a) Laser performance comparison between gain structures with single-SiC
heatspreader and dual-SiC heatspreader. The circles represent the experiment results and
curves are linear fits. The inset is the laser setup. (b) Laser output power as a function of
absorbed pump power with a dual-SiC-heatspreader geometry. The inset laser spectrum is
collected at 24 W of absorbed pump power.

By optimizing the laser cavity and employing a 5% transmission output coupler,
16.1 W of output power is collected with the dual-SiC configuration at 10.5 ∘C
coolant temperature [50]. We believe this to be limited by the thermal contact
between heatspreader and heatsink, which could be further optimized but utilizing
an improved design and/or larger area heatspreader to increase contact area.
Considering the absorbed pump power, a slope efficiency of 32.6% is achieved. A
broad emission spectrum (FWHM≈ 5 nm) is observed at high power, as shown
in Figure 6.8b inset, which may be due to the large spatial temperature variation
across the active region [51].

Compared to SiC heatspreaders, DBR-free SDLs with diamond heatspreaders have
reported lower output powers [17, 38, 52]. As shown in Figure 6.9, to date only 6 W
has been reported near 1 μm, with a significantly lower slope efficiency of 21.8%. This
may be due to worse surface quality or higher absorption for diamond heatspreaders
compared to SiC.

Without the integrated semiconductor DBR and adopting the transmission geom-
etry, the subcavity effect for DBR-free SDLs is much weaker than the traditional
VECSEL configuration. Same as the intracavity heatspreaders in traditional VECSEL
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Figure 6.9 Laser performance for a
gain chip bonded onto a
single-crystalline diamond. The inset
shows the lasing wavelength, starting at
1040 nm near threshold.
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Figure 6.10 Active region uniformity
check at different pump powers. With
5.8 W (blue) and 16.4 W (red) pump
power, the maximum output powers are
10, 140, and 810 mW, respectively. The
sample is bonded onto a 3× 3 mm2

diamond.
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geometry, the heatspreader could modulate laser spectra [53]. In the ideal scenario,
there could be a spectral modulation from the coupled cavity of the gain membrane
and heatspreader(s) [53, 54]. Simple analysis shows that a symmetric dual heat-
spreader structure (e.g. as shown in Figure 6.3) provides an additional advantage
due to its spectrally broader subcavity and null reflectivity at peak (gain) transmis-
sion. This arrangement is therefore less sensitive to angular deviations from normal
incidence. Alternatively, antireflection-coated surfaces could minimize the subcav-
ity modulations (at the cost of reducing the gain per pass). This may prove neces-
sary if imperfect parallelism of heatspreaders gives rise to unwanted optical losses.
Similarly, a Brewster’s angle geometry can be used to eliminate the subcavity mod-
ulations, thus leading to laser oscillation in the p-polarization, provided that the
subcavity gain enhancements for the s-polarization are suppressed by additional
intracavity polarizers.

Under the same pump and cavity conditions, the spatial dependent laser output
power could give us a hint. An uncoated diamond is used as the bonding substrate.
Before the experiments, both the cavity (including the sample orientation) and pump
parameters are optimized at 16.4 W pump power for maximum output power with
near TEM00 mode. Then the pump condition is kept constant, and the active region is
scanned transversely, with the position dependent normalized output power graphs
as shown in Figure 6.10. Even though there are power fluctuations at pump powers
near threshold, the output power is stable over a 1 mm window for this 3 mm by
3 mm size sample.

6.4.2 Broad Tunability

Inserting a quartz birefringent filter (BRF) into the cavity at Brewster’s angle, the
lasing wavelength can be tuned via rotating the BRF. Approximately 80 nm of tuning
range is observed in two gain elements designed for operation at a wavelength of
1040 nm [38] and 1160 nm [17], respectively, as shown in Figure 6.11. Such broad
tunability is consistent with the previously discussed integrated gain picture.

To verify the predicted unique mode structure in the DBR-free geometry, we study
the longitudinal mode beating signal. The cavity is formed with two concave mirrors
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Figure 6.11 Laser tuning spectra of DBR-free SDLs with active regions designed at
1040 nm (a) and 1160 nm (b).

with 100 mm radius of curvature, separated by about 200 mm. In experiment, to
keep the pumping condition the same, the two mirrors are translated parallel to the
laser path while the active region and pump optics stay unchanged. RF spectra are
obtained by Fourier transform of the laser output trace collected by a high-speed
detector.

When the active region is 5 mm away from the cavity center, the RF spectrum
contains the components of integer times of cavity repetition rate f rep, as shown in
Figure 6.12. When the active region is closer to the cavity center, however, the odd
harmonics of f rep component disappear. This agrees with our integrated gain picture,
previously discussed in Section 6.2.3. As shown in Figure 6.12c, d, under the two
scenarios, the integrated gain for these selected longitudinal modes could be signif-
icantly different. When it is closer to the cavity center point, half of the longitudinal
modes experience near-zero gain. Therefore, the longitudinal mode spacing doubles.

As a proof of concept, a DBR-free SDL based on bulk GaAs as the gain medium
in a GaAs/InGaP DHS has also been demonstrated [54]. In this implementation, the
DHS (having 0.75 μm thickness for each layer) was directly bonded to the backside
of a dielectric mirror on a fused silica substrate. The structure was pumped by a CW
Ti:sapphire laser at 810 nm. However, since thermal conductivity of the fused sil-
ica substrate is poor, the pump laser was mechanically chopped (1% duty cycle) in
order to avoid substantial thermal loading. Pulsed operation near λ = 900 nm was
observed with good mode quality. For a sample bonded onto SiC in a straight cav-
ity with two external dielectric high-reflecting mirrors, threshold could be achieved
under CW pumping with an 808 nm diode, but no significant output power was
recorded. Switching to a 1% output coupler increased the threshold to the limit of
thermal contact between SiC and the water-cooled heatsink. Experiments are under
way to more efficiently heatsink the heatspreader. Although there are known short-
comings for bulk gain materials, such as higher laser threshold and limited material
choices, such gain media may offer advantages for high-power SDLs and amplifiers
due to their inherently large power density. Also, in contrast to in-well pumping, a
DHS can easily be pumped with very little quantum defect.
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Figure 6.12 RF spectra for DBR-free geometry with near-symmetric (a) and perfectly
symmetric cavity configuration (b). (c, d) show the integrated gain factor for both cases, with
circles representing the longitudinal modes supported by the cavity; red circles indicate
modes that are above threshold (dashed line) and blue circles are below threshold.

6.4.3 Wafer-scale Processing

The highest thermal conductivity heatspreader – single-crystalline diamond – is
only available in relatively small pieces, requiring separate processing and bonding
of every laser chip. SiC, on the other hand, is available in relatively large wafers
with excellent surface quality and, despite the smaller thermal conductivity, has
produced the highest CW output powers reported to date. This promises the poten-
tial of wafer-scale processing and bonding, followed by dicing of the individual laser
chips as shown in Figure 6.13 for a GaAs membrane, which is of great interest for
commercial use of DBR-free SDLs.

6.5 Novel Concepts

With the van der Waals bonding technique, the gain membrane can be transferred
onto arbitrary smooth surfaces, which enables many novel concepts. By bonding
onto a nonplanar optical element, such as a prism or a cube, TIR could be utilized
to form the optical cavity, which could allow a multitude of monolithic geometries.
Two examples are presented in Figure 6.14. When using only planar surfaces, the
thermal lens effect in the active region might help stabilize the cavity. In addition,
good surface parallelism is required for both configurations. For the quadrilateral
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(a) (b)

(c) (d)

500 μm

Figure 6.13 Wafer-scale manufacturing process for a dual-SiC-heatspreader (SiC/epi/SiC)
structure, demonstrating a cost-efficient path for generating high-power SDL gain media (or
DBR-free VECSEL or MECSEL gain chips, etc.). The key fabrication steps include (a) direct
fusion bonding of an epitaxial GaAs layer to a single-crystal SiC wafer with subsequent
GaAs substrate removal, (b) optical lithography and wet-chemical etching of dicing lanes
into the epi-GaAs, (c) and a second fusion bonding step to finish the SiC/epi/SiC structure. A
dicing saw was used to cut 5 mm× 5 mm chips out of the 3′′ (76.2 mm) diameter wafer. A
close-up image of the dicing lane is shown in (d) and demonstrates minimal chip-out in the
sawing process. Source: Photos courtesy Garrett D. Cole, Thorlabs Crystalline Solutions,
Santa Barbara, CA, USA.

(a) (b)

Figure 6.14 Schematic of the
TIR-based monolithic ring DBR-free
SDLs. (a) Equilateral prism with
refractive index n> 2 material, such as
ZnSe, ZnS, or diamond; (b)
quadrilateral prism with n> 1.42.

prism geometry, extra geometrical conditions must be satisfied, as discussed in
[54]. Variable output coupling could be achieved via an adjustable coupling prism.
These monolithic geometries have the advantage of being compact, alignment free,
mechanically robust, and offer wavelength flexibility, since they do not rely on
any dielectric mirrors or DBRs. Other functional layers, like a saturable absorber
(for example, semiconductor QW or graphene), can be applied onto other surfaces
for high repetition rate, short pulse generation, similar to what has been demon-
strated for a Nd:YVO4 laser in [55], but with the inherent wavelength flexibility of
semiconductor materials.
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Figure 6.15 (a) Schematic of the total internal-reflection-based V-shaped cavity. (b) Power
conversion graph with 0.4% (blue) and 1.0% (red) duty cycle for the TIR-based DBR-free SDL.

In a proof-of-concept experiment, a TIR-based DBR-free laser was demonstrated
in an InGaAs/GaAs MQW active region (designed for 𝜆= 1040 nm) bonded onto the
hypotenuse side of a fused silica right-angle prism [54]. As shown by the schematic
in Figure 6.15, two curved mirrors of 100 mm radii of curvature were employed to
form the V-shaped cavity. Because of the low thermal conductivity of fused silica
and the lack of active cooling, the active region was pumped at 𝜆P = 810 nm with
a mechanically chopped Titanium–Sapphire laser (0.4–1% duty cycle) to reduce the
average heat load.

In addition to flat substrates, active regions can also be bonded onto curved sur-
faces, like a sphere or cylinder. Smaller spheres have less optical losses, including
scattering and absorption losses, and higher Q factors, but the highly curved sur-
faces are more challenging for bonding. Smaller samples are easier to handle, since
less deformation is needed, but lateral lasing may be involved. Bonding has been
attempted with 6 and 9 mm diameter sapphire spheres (Edmund Optics, Inc.), but
no high-quality bonding has been achieved yet [54].

Another promising DBR-free concept that has been recently proposed involves
using subwavelength gratings in an active mirror structure [54]. Termed
gain-embedded meta-mirror or GEMM, in such a structure the gain medium is
embedded inside a subwavelength grating that is bonded to a heatspreader, as shown
in Figure 6.16 (left). The grating period (Λ), height (h), and fill factor (f ) are carefully
selected to ensure that most (> 98%) of the incident light is diffracted only to the first
order inside the high index (nH) grating medium, and that they are total internally
reflected from the heatspreader (nL) interface. While the grating pitch constraints
1<𝛬nH/λ0 <nH/nL are the same as for broadband mirrors [56], Yang and coworkers
[57] found that the fill factor f plays a critical factor when identifying the optimum
grating parameters that will satisfy the TIR condition for desirable heatspreaders,
such as diamond or SiC, with a relatively high index of refraction (nL ≈ 2.5).

The calculations based on rigorous coupled wave analysis (RCWA) found that, for
GaAs-based gain structure (nH ≈ 3.4), a fill factor of 0.55< f < 0.60 is required if it
is to be bonded to a diamond heatspreader [57]. Yang et al. also performed thermal
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Figure 6.16 The GEMM structure as an active mirror in a VECSEL. Source: Reprinted with
permission from Yang et al. [57], © 2019 The Optical Society.

analysis on these structures and showed that a GEMM/diamond VECSEL can poten-
tially dissipate multikilowatts of heat load, thus vastly outperforming the standard
DBR-based VECSELs.

6.6 Conclusions

Since the first demonstration in 2015 [17], DBR-free SDLs, or MECSELs have already
made tremendous progress, with several groups reporting CW laser operation from
the visible (following chapter) to the infrared, the latter with output powers in excess
of 20 W [58]. Thermal analysis presented in this chapter even suggests that this
design might help overcome the heatsinking and power limitations of traditional
VECSELs. DBR-free SDLs offer great promise for several material systems that
currently lag behind due to a lack of a convenient monolithically integrated DBR.
The current technology already relies on wafer bonding – but to a conventional
DBR, which brings with it all the limitations in design flexibility, heatsinking
ability, and difficult growth process. InP-based devices for emission near 1550 nm
are currently being investigated, but the same approach could certainly be utilized
for other materials as well.

While CVD diamond has long been the heatspreader of choice for VECSELs,
DBR-free SDLs typically require single-crystalline diamond for successful bonding,
and for low intracavity parasitic losses. Although such diamond-based lasers have
been implemented with good results, the supply of good-quality single-crystalline
diamond is very limited, and the cost is high. Another promising heatspreader
material is SiC: it is readily available in large sizes at a fraction of the cost of
diamond, with similar optical losses in the infrared, but much better surface quality,
facilitating reliable bonding. This also opens up the possibility of wafer-scale
processing of single or double heatspreader DBR-free SDLs and MECSELs, which
might be of great interest for commercial applications.

Finally, novel concepts, like monolithic designs relying on cavities formed by TIR
inside the heatspreader might lead to compact and robust laser sources for appli-
cations not typically suited for a VECSEL. The proposed grating-based GEMM con-
cept finally combines the advantages of DBR-free SDLs in a design that could easily
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replace conventional VECSEL chips, without the need to switch to a transmission
geometry cavity design.
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7.1 Introduction

The first part of this chapter deals with the development of optically pumped
and directly red-emitting VECSELs (see Section 7.2). This development began
in 2002. Gallium-indium-phosphide (GaInP) quantum wells (QWs) embedded
in alloys of aluminum-gallium-indium-phosphide (AlGaInP) were used as active
laser material. Lasers based on the optically pumped semiconductor VECSEL
(OPS-VECSEL) scheme have not been shown in the visible spectral range at that
time. Several restrictions like the limited charge carrier confinement, low thermal
conductivity of the used semiconductor materials, and therefore poor heat removal
out of the laser-active region (also discussed in Section 7.3) hampered early progress.
Nevertheless, red-emitting AlGaInP-based VECSELs were successfully developed
and improved continuously during the last years. The following lines will briefly
summarize this development (Figure 7.1).

In a first approach, disk laser architectures with active regions containing GaInP
QWs that were arranged in groups of four QWs each were grown as a resonant
periodic gain (RPG) structure. Gain elements with three, five, and eight groups of
QWs, each group separated by a distance of λ∕2 to each other, have been compared.
With the 8× 4 QW design, which turned out to be the optimum structure then
[1], more than 200-mW peak power at a wavelength of 660 nm and at a heat sink
temperature of −30 ∘C could be shown with a pulsed pump mode with 514-nm
pump wavelength [2]. Heat incorporation due to the large quantum defect made
continuous-wave (CW) operation at the beginning completely impossible. With the
use of a dye laser adjusted to emit 630 nm as pump source and by that pumping only
the QWs, CW operation of the VECSEL with a maximum output power of 55 mW
at a heat sink temperature of −35 ∘C was possible [3]. By in-well pumping, the
temperature increase in the active region could be drastically reduced but cannot
totally be abandoned. This leads to thermally limited performance, as is the case for
all semiconductor devices. Also, poor absorption of the 630-nm pump light in the

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
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Figure 7.1 Close-up view of a red-emitting AlGaInP-VECSEL in a V-shaped cavity without
any intracavity elements, pumped with a 532-nm laser. Source: Photographed by Hermann
Kahle.

GaInP QWs hampered further progress here. For the given semiconductor material
(AlGaInP), charge carrier confinement and material gain are given parameters.
Therefore, investigations and improvements, mainly conducted on the thermal
management, seem to be the most promising path for future work.

Continuing research in the following years, also with a GaInP QW-based structure
with 20 QWs and arranged in pairs in a RPG design, aimed also toward this goal. An
intracavity heat spreader, in this case a 250-μm-thick single-crystal diamond platelet,
was liquid capillary bonded to the VECSEL chip to remove heat from the surface as
well as the whole active region [4, 5]. In that way, 1.1 W of output power at around
675 nm at a heat sink temperature of −10 ∘C [6] was possible and the use of intracav-
ity heat spreaders became a standard method for thermal management on VECSELs
with low charge carrier confinement gain materials.

The shortest emission wavelength from a GaInP-based direct emitting VECSEL in
the red spectral range was reported in 2009. This VECSEL emitted 625-nm light in
a pulsed pumping mode with a repetition rate of 6 kHz and a pulsed output peak
power of up to 3 W [7]. At the same time, CW emission around 646 nm was reported
[8], but with a relatively low power of around 1 mW. 1.2 W of laser output at 670 nm
emission wavelength and at a heat sink temperature of −31 ∘C was reported [9] in
2011. The used chip architecture was a 5× 4 QW distribution. A wide tuning range
of 21 nm (661–682 nm) of laser emission was shown. Investigations on strain com-
pensation of the gain structure comparing the 5× 4 with a 10× 2 QW designs found
an influence of the number of QWs per package as well as the consequences of stack-
ing them to build up an active region in 2013 [10, 11]. Mode-locking of directly
red-emitting AlGaInP-VECSELs, which were also investigated in recent years [12,
13], is described in detail in Chapter 10.

Another way to create red light emission from semiconductor-based structures
is the use of InP quantum dot (QD) layers instead of QWs. A structure compris-
ing 7× 1 QD layers delivered 1.39 W at a heat sink temperature of −25 ∘C and at
655 nm emission wavelength [14]. The superior charge carrier confinement of QDs
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compared to QWs leads to a further improvement of the output power despite a slight
blue shift of the emission wavelength.

It is also possible to cover parts of the red spectral range by frequency-doubling
infrared-emitting VECSELs. 650-nm emission wavelength and up to 3-W output
power were shown in 2010, where an InP-based active medium was fused with a
GaAs (gallium arsenide)/AlGaAs (aluminum gallium arsenide) DBR (distributed
Bragg reflector) resulting in an integrated monolithic gain mirror [15]. Further-
more, second-harmonic generation of GaInNAs-based semiconductor disk lasers
performed with a periodically poled Mg:SLT crystal, which covered the short
wavelength red-orange area. 610-nm emission wavelength with 730-mW stable
output power was presented [16], later up to 4.6 W was reached [17], including
frequency quadrupling to 305 nm with more than 10 mW output power. 615-nm
emission wavelength finally exceeding 10-W output power [18–20] was also reached
with GaInNAs QW-based disk laser structures designed for emission around
1230 nm. An optical-to-optical conversion efficiency of 17.5% was achieved here
via frequency-doubling. Actively stabilized VECSELs in the red spectral range were
also under investigation during the last years. A relative line width of 200 kHz
could be realized when locking the laser to a reference cavity [21]. Later, 16 kHz
in the fundamental and even 50 kHz in the UV were shown [22]. The very latest
results on stabilized red VECSELs emitting at around 690 nm aim on atom cooling
applications for strontium [23].

The second part of this chapter, Section 7.3, describes the latest breakthrough
to a new semiconductor-based laser technology – the membrane external-cavity
surface-emitting laser (MECSEL [24]). In a MECSEL, a semiconductor membrane
consisting only of a laser-active region with micron or submicron thickness sand-
wiched between transparent heat spreaders represents the compact gain element
of the laser. The absence of a substrate and a DBR and the fact that the growth of a
monolithically integrated DBR is not at all necessary avoid a lot of growth-related
problems and furthermore extend the choice of gain materials. Furthermore,
the MECSEL concept aims on creating a thermally perfect environment for the
semiconductor gain membrane and thereby optimizing the heat dissipation out of
the semiconductor gain region.

7.2 Direct Red-Emitting AlGaInP-VECSELs and
Second-Harmonic Generation

In this section, the latest developments in the field of direct red-emitting VECSELs
are presented as well as achievements on intracavity frequency-doubling to reach
the UV-A spectral range.

7.2.1 GaInP Quantum Wells and the AlGaInP Material System

QWs have been routinely used in optoelectronic devices since many years. They
can be grown with great precision by molecular beam epitaxy (MBE) or metal
organic vapor phase epitaxy (MOVPE). These techniques allow the easy production
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of layered structures containing different semiconductor materials with precise
control of the layer thickness down to the atomic level (Figure 7.2).

QWs are formed by growing a layer of a semiconductor of thickness Lw between
layers of another semiconductor with a larger bandgap. The typical material sys-
tem to create light emission in the red spectral range is > GayIn1−y)0.5P0.5 (GaInP).
GaInP QWs are typically embedded in [(AlxGa1−x)yIn1−y]0.5P0.5 (AlGaInP) where a
carefully selected composition of x and y enables lattice-matched growth on GaAs
substrates. The use of QWs as gain material compared to semiconductor bulk mate-
rial delivers several benefits [25, 26]; the keyword here is bandgap engineering. The
bandgap can be adjusted just by the thickness Lw of the QW, which changes the
quantization energy. This adjustment is independent from the material composition
[27]. Below a critical layer thickness [28, 29], which is about 14 nm for (Ga0.4In0.6)P
[30], one can independently select the (GayIn1−y)0.5P0.5 composition where the phos-
phorus fraction is always 50%. Thereby, the bandgap energy can be adjusted. A gal-
lium fraction selected to be y< 0.516 leads to a compressive strained layer compared
to the GaAs substrate due to the larger radius of the indium ions. For a fraction
of y> 0.516, the layer is tensile-strained and reveals pseudomorphic growth. The
material composition can be determined by measuring lattice constants with X-ray
diffraction, which allows one the derivation of the strain situation in the material
[11, 31]. The effective emission wavelength is further influenced by the strain present
in the QW. The bandgap reduction caused by the composition is partly compensated
via compressive strain [30–32]. One has to point out here that the biaxial strain in
the layer plane defines the strain situation (compressive, lattice-matched, and ten-
sile, see Figure 7.3). The strain inside the QW causes a bandgap renormalization, and
the light hole and the heavy hole have again different energy levels, which reduces
the bandgap [29, 32–36]. This causes a reduction of the density of states. Therefore,
population inversion can be reached at a lower charge carrier density, which leads to
reduction of the threshold current in electrically driven devices [25, 26, 37–40]. We
assume here a similar effect as the electric current producing charge carriers can be
replaced by photon flux, the incident optical pump power. Looking at the material
gain of compressively strained layers compared to tensile-strained ones, a slightly
lower transparency charge carrier density and a slightly increased differential effi-
ciency can be expected [26, 32, 41, 42].
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strain and the band structure in the GaInP material system. Source: Schematic adapted from
[32].

Due to the beneficial properties of compressively strained GaInP QWs as gain
material in laser devices, we use a composition of Ga0.4InP to realize GaInP-based
VECSELs. Nevertheless, it is still a challenge to realize short wavelength emitting
VECSELs in the AlGaInP material system due to the charge carrier confinement.
The latter is comparatively low when looking at other material systems [34, 43].
As an example, we compare Ga0.4InP QWs in Al0.5GaInP barriers with In0.2GaAs
in Al0.4GaAs barriers [44]: the electrons in the conduction band in the GaInP wells
reveal a confinement energy of ΔEc = 225 meV, and the holes in the valence band
are trapped by ΔEv = 150 meV, which is the situation for a emission wavelength of
670 nm [43]. In the near-infrared spectral range for In0.2GaAs/Al0.4GaAs, we have
ΔEc = 480 meV and ΔEv = 290 meV. This means a by far better confinement in
In0.2GaAs/Al0.4GaAs as the thermal activation for charge carriers is proportional
to e(−ΔEc∕v)∕(kB⋅T). Therefore, a loss of charge carriers due to thermal escape back
into the barrier lowers the radiative efficiency of the system. This is especially
a problem for high internal temperatures or high operating temperatures and
becomes a real challenge if one aims on power scaling of these systems. For shorter
emission wavelengths, the situation of carrier confinement gets even worse [44].
Assuming a relation of ΔEc∕ΔEv = 0.6/0.4 and starting the calculation at 670 nm,
the confinement energy changes by −8% when going to 660 nm and even by −16%
for 650 nm. Otherwise for larger wavelengths, for 680 nm, we get an improvement
of the confinement energy by 7%, for 690 nm by even 16%. Therefore, evaluating
measured results with respect to the wavelength is indispensable for VECSELs in
the AlGaInP material system.

7.2.2 GaInP Quantum Well VECSELs: A Comparison

A comparison of epitaxial designs for barrier pumped VECSELs in the red spectral
range (see Section 7.2.2.1–7.2.2.4) is presented here. The compared VECSEL struc-
tures are grown by MOVPE as GaInP/AlGaInP multi-QW structures with 20 and 21
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compressively strained QWs, respectively. The QWs are placed in various packages
in a separate confinement heterostructure with quaternary AlGaInP barrier and
cladding layers. We compare three different QW distributions: the standard 10× 2
QW design includes 20 QWs arranged in 10 pairs [45]. The second gain structure
to compare contains also 20 QWs arranged in 10 pairs, but with tensile-strained
barriers to compensate the compressive strain of the QWs. The third gain structure
has an inhomogeneous or, more accurately, an exponential distribution of the QWs
in tensile-strained barriers. Laser parameters such as laser emission wavelength,
differential efficiency, optical output power, and absorption of the pump laser were
measured or calculated for the different designs.

7.2.2.1 Architecture of the Semiconductor Structures
In all three design cases (10× 2 QWs, 10× 2 QWs strain-compensated, and inhomo-
geneous QW distribution strain-compensated shown in Figure 7.4), the VECSEL
chips were fabricated by MOVPE and they consist of the standard monolithic
integrated DBR [9] and the active region providing the gain. In the standard 10× 2
active region design [45], 20 QWs are contained, arranged in 10 pairs embedded
in barrier layers of [(Al0.33Ga0.67)0.51In0.49]0.5P0.5. Compressively strained GaInP
QWs with an approximate thickness of 5 nm are used to achieve a maximum
PL emission at a wavelength of ∼ 665 nm. The QW packages are embedded in
Al0.55Ga0.45InP cladding layers on top of the DBR. The standard samples were
grown at a temperature of 750 ∘C.

The strain-compensated design with the same QW distribution as the stan-
dard design, but slightly different compositions (see [11]), was grown with
tensile-strained [(Al0.33Ga0.67)0.52In0.48]0.50P0.5 barriers and tensile-strained cladding
layers to compensate the compressive strain of the QW. In order to achieve high
gain, it is important to locate the QW packages in the antinodes of the electric field
component of the optical standing wave field, which represents a RPG structure
[46, 47]. The sample with the inhomogeneous QW distribution (see Figure 7.4) has
the same length of the active region and also tensile-strained barriers and cladding
layers for strain compensation. For an optimized charge carrier distribution due to
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VECSEL chip simulated with the transfer matrix method. The QW packages are located in
the antinodes of the electric field in the exponentially distributed QW design. Also, a
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absorption, the QWs were rearranged in a pattern of 4-4-3-3-2-2-1-1-0-1 QWs per
antinode to fit to the exponential absorption profile of the pump power Ppump (see
the schematically included green curve in Figure 7.4) in the active region, which
follows the Beer-Lambert-law:

Ptrans = Ppump ⋅ e−𝛼⋅dabs (7.1)

Ptrans represents the non-absorbed transmitted pump power (which is then absorbed
in the DBR), 𝛼 is the average absorption coefficient of the semiconductor material,
and dabs is the thickness of the active region seen as absorbing path.

According to the number of QWs per antinode/QW-package, a higher number
than four QWs would not be useful because the overlap of the electric standing wave
with the outer QWs in the package would be poor and so the enhancement factor
Γenh, which quantifies this effect (for more details, see [46–48]), would be reduced.
This would finally have negative effects on the performance of the laser. The over-
all value of Γenh for the active region with the inhomogeneous QW distribution was
calculated to be Γenh ≈ 1.93 (Γenh ≈ 1.96 for the 10× 2 structures). This means the
individual QW number per package plays a minor role in the overall performance of
the whole structure as the difference between the Γenh-factors is rather small.

Nevertheless, due to the absorption-adapted QW distribution, we expected a more
equal carrier concentration in the QWs and therefore a more uniform gain over the
whole active region. Additionally, AlInP layers were positioned between the QW
packages to enhance the charge carrier confinement and suppress thermal escape
and diffusion. To achieve CW laser operation, the heat removal from the active
region is improved by bonding a 0.5-mm-thick intracavity diamond heat spreader
onto the chip surface via capillary forces [49].

7.2.2.2 Experimental Setup
The VECSEL chip is mounted with thermal grease on a copper plate cooled by a
thermoelectric cooler (TEC), which is itself water cooled. A downholder made of
polyethylene with a small aperture in the middle is used to apply additional gentle
pressure onto the diamond heat spreader to improve the thermal contact between
diamond and chip and therefore increase the heat removal. The chip is optically
pumped by a frequency-doubled Nd:YAG laser emitting at 532 nm. The pump beam
is focused with a lens (focal length of 100 mm) and irradiated on the chip with
an angle of incidence of about 40∘ resulting in an elliptical pump spot. The pump
spot size on the chip can be varied by changing the distance between the chip and
the lens. It is adjusted for a maximum output power of the VECSEL [50], which
results in mode-matching of the pump spot and the mode diameter on the chip.
We use a V-shaped cavity to measure a set of power transfer curves of the three
different VECSEL designs for the derivation of the transmission losses Tloss with
the Findlay-Clay method [51] and for the comparison of internal parameters due
to Kuznetsov’s model [52]. The concave folding mirror has a radius of curvature of
50 mm and a reflectivity of Rfold ≈ 99.9%. The plane outcoupling mirror was varied
for the test series and therefore had different reflectivities (Rout = 99.9, 99.8, 99.5,
99.0, 98.0, 97.0 and 95.0%). The individual cavity arms of the compact setup have
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a length of ∼68 mm and ∼38 mm, respectively. The measurements for a maximum
output power were performed in a linear cavity with an outcoupling mirror with a
radius of curvature of 50 mm and a distance of ∼49 mm to the chip.

7.2.2.3 Characterization Results
The spectra of the laser emission of the 10× 2 QW design and the optimized
design with the exponential QW distribution emitting at 661.5 and 665.5 nm,
respectively, are shown in Figure 7.5a. The 10× 2 strain-compensated design emits
slightly blue-shifted at 654.7 nm. This blue shift can either be explained by a slight
variation in the QW growth process or by a strain overcompensation [11] due to the
tensile-strained barrier and cladding layers.

The measurements of the output power shown in Figure 7.5b reveals a maximum
output power of 1.6 W for the absorption-optimized structure with exponentially
distributed QWs, which is an enhancement to the values published [14] even at a
higher heat sink temperature. The 1.6 W compared to the maximum output of 1.34 W
from the 10× 2 standard design shows an increase in output power of 20% due to
the arrangement of the QWs in the active region. The 10× 2 strain-compensated
design has a lower output power of about 1.0 W here, which can be explained by
the significantly shorter wavelength, and therefore a reduced confinement of the
charge carriers, which increases the thermal sensitivity leading to an earlier thermal
rollover.

7.2.2.4 Internal Efficiency
To get a relative comparison of the three different VECSEL structures, one has to
look at the efficiencies in a VECSEL introduced by Kuznetsov et al. [53]:

A VECSEL’s output power is then given by

Pout = (Ppump − Pth) ⋅ 𝜂diff, (7.2)

where the VECSEL’s differential efficiency 𝜂diff is

𝜂diff = 𝜂abs ⋅ 𝜂geo ⋅ 𝜂quant ⋅ 𝜂out ⋅ 𝜂int. (7.3)
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The components of the differential efficiency 𝜂diff are the absorption efficiency 𝜂abs:

𝜂abs =
Pabs

Ppump
=

Ppump − Prefl − Ptrans

Ppump
, (7.4)

where Prefl is the reflected pump light on all present interfaces (e.g. air/heat spreader
or heat spreader/semiconductor) and Ptrans is the transmitted pump power which is
neither reflected at nor absorbed in the laser-active region (but probably absorbed
in the DBR, where it creates excess heat); and the geometrical efficiency 𝜂geo [3]:

𝜂geo =
Amode

Apump
=

𝜋 ⋅ r2
mode

𝜋 ⋅ apump ⋅ bpump
=

r2
mode

apump ⋅ bpump
, (7.5)

with the mode area Amode of the VECSEL and the pumped area Apump, which can be
of elliptical shape and therefore consists next to 𝜋 of a short and a long radius apump
and bpump; and the quantum efficiency 𝜂quant:

𝜂quant =
Ephot. laser

Ephot. pump
=

h ⋅
(

c
λlaser

)
h ⋅

(
c

λpump

) =
λpump

λlaser
(7.6)

with h as Planck’s constant, c represents the speed of light, Ephot. laser and Ephot. pump
are the energies of the laser and pump photons, and λlaser and λpump are the corre-
sponding wavelengths; and the outcoupling efficiency 𝜂out:

𝜂out =
ln(Rout)

ln(Rout ⋅ RDBR ⋅ Rfold 1 ⋅… ⋅ Rfold n ⋅ Tloss)
(7.7)

with the ratio of the reflectivity of the outcoupling mirror Rout with the cavity trans-
parency factor Tloss and all other loss channels (reflectivity of the DBR RDBR and
the reflectivity of all other cavity folding mirrors Rfold 1…n) including outcoupling
mirror reflectivity; and the internal efficiency 𝜂int, which can be derived from all
other efficiencies, if 𝜂diff can be taken from a measurement:

𝜂int =
𝜂diff

𝜂abs ⋅ 𝜂geo ⋅ 𝜂quant ⋅ 𝜂out
. (7.8)

The internal efficiency 𝜂int shows us the percentage of charge carriers originating
from absorbed pump photons (𝜂abs) within the laser mode area (𝜂geo) that are actu-
ally transferred into laser photons considering the differential efficiency (𝜂diff), the
quantum efficiency (𝜂quant), and the outcoupling efficiency (𝜂out).

For a relative comparison of the three given GaInP/AlGaInP-VECSEL gain struc-
tures, one can neglect 𝜂abs because all of the three investigated and here compared
structures contain a very similar active region. Especially, the overall thickness of
the active region is important here and only varies in the range of a few nanometers.
Also the difference in architecture, namely an additional GaInP layer on the sur-
face of the strain-compensated 10× 2 design and the exponentially distributed QW
design and the additional electron blocking layers in the latter, should not have a
significant difference in absorption at the used pump wavelength and therefore also
have been neglected in further considerations. For the geometrical efficiency 𝜂geo,
the situation is very similar. As for all three test series, the pump conditions and the
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resonator were kept unchanged, so the geometrical efficiency 𝜂geo should be identical
for all test series and can therefore also be neglected in a relative comparison. On the
other hand, the quantum efficiency 𝜂quant remains important because the different
VECSEL structures emit at different wavelengths. The outcoupling efficiency 𝜂out
contains the constant Tloss as well as the product of all other reflectivities of mir-
rors used in the resonator (RDBR, Rfold, Rout) from which the measurable differential
efficiency 𝜂diff significantly depends. We have then left the equation:

𝜂diff
(

Rout
)
=

λpump

λVECSEL
⋅

ln(Rout)
ln(RDBR ⋅ Rfold ⋅ Rout ⋅ Tloss)

⋅ 𝜂int (7.9)

with 𝜂int as the only unknown parameter, which can now be derived and is named
as 𝜂rel.int.eff. because it represents only a relative comparing factor. By fitting this
equation to the differential efficiencies 𝜂diff(Rout) plotted versus outcoupler reflec-
tivity Rout (see Figure 7.6) for each of the three test series, the relative internal effi-
ciencies 𝜂rel.int.eff. can be determined and are noted in Table 7.1.

In a relative comparison, these results allow the following conclusions:

(I) Comparing the standard 10× 2 QW structure with the strain-compensated, one
it seems obvious that an increase in the internal efficiency 𝜂int by 13.6% can
only be connected to the reduced internal strain inside the structure. Earlier
investigations clearly confirm this improvement [11]. It is also accompanied
with a narrowing of the PL and with this probably a narrowing as well as an
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Figure 7.6 Differential efficiency 𝜂diff plotted versus outcoupler reflectivity Rout and via the
fit function Equation 7.9 determined internal efficiencies 𝜂int.

Table 7.1 From the data plotted in Figure 7.6 with the fit Equation 7.9 derived relative
internal efficiencies 𝜂rel.int.eff. expressed as absolute value and in percent.

10×2 QWs
10×2 QWs,
strain-compensated Exp. distr. QWs

𝜂rel.int.eff. 0.235 0.267 0.301
𝜂rel.int.eff. in % 100.0% 113.6% 128.1%
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increase of the overall gain of the VECSEL chip due to better spectral overlap
of the single gain curves of each QW or QW package (see Figure 7.7).
The relative internal efficiency 𝜂rel.int.eff. can also be identified with the radia-
tive efficiency 𝜂rad. In this case, strain compensation can also result in a more
homogeneous growth and therefore in a lower density of nonradiative decay
channels like defects and dislocations in the semiconductor crystal.

(II) If we now compare the VECSEL structure with the inhomogeneously dis-
tributed QWs, which was also grown with strain-compensating barriers and
cladding layers, to the strain-compensated 10× 2 QW structure, we find again
an additional improvement on the relative internal efficiency 𝜂rel.int.eff. of 14.5
percentage points. In order to determine the reasons for this, one needs a
close look at the differences between the two designs. One difference is the
distribution of the QWs within the structures. It is 4-4-3-3-2-2-1-1-0-1 QWs per
QW package or per antinode of the standing electric field. This distribution
is approximately adapted to the absorption of the pump light in the active
region. Therefore, the probability of fully saturated QWs, which mean a waste
of further present charge carriers, or on the other hand not saturated QWs,
which even act as loss channel because they have the potential to absorb
laser light until they reach transparency charge carrier density, is significantly
reduced. It is well known that gain in QWs is charge carrier density-dependent
[1, 54] and its maximum shifts to shorter wavelengths with increasing charge
carrier density.
The situation of inhomogeneously distributed charge carriers per QW package
is schematically plotted in Figure 7.7a. A more homogeneous charge carrier
density in all present QWs or QW packages in the active region of the VECSEL
implies a much better spectral overlap of the gain in each single QW or QW
package (see Figure 7.7b), which leads to a further overall increase in the
gain and therefore probably to the increase in the relative internal efficiency
𝜂rel.int.eff..
Further, charge carrier diffusion would also be hindered by the presence of
the AlInP electron blocking layers separating the QW packages. The reason for
the implementation of electron blocking layers here is not to suppress charge
carrier diffusion in general but to hamper thermal escape of charge carriers out
of the QWs at high pump power densities. Due to the fact that in the test series
of power transfer measurements high pump powers have been avoided because
only the differential efficiency and the laser threshold were necessary for this
evaluation, the impact of the electron blocking layers can be neglected here.
This can surely not be assumed for high-power measurements. Finally, one
can state that the reason for the improvement of the relative internal efficiency
𝜂rel.int.eff. is the pump power-adapted QW distribution.

(III) Another hint that the new VECSEL structure with the exponentially dis-
tributed QWs is capable to receive more losses than the others is the fact
that laser operation was still possible with an outcoupler with a reflectivity
of Rout = 95%, while with the other structures measurements only with
outcouplers up to Rout = 97% were possible.
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Figure 7.7 Gain schematics, gain (arbitrary units) is plotted versus wavelength: (a) Black,
blue, green, and orange curves represent gain schemes of QW packages with a different
number of QWs and at the same time different charge carrier densities. The red curve
represents the sum of these four curves. The different charge carrier densities lead to
spectrally shifted gain. (b) The consequence of homogeneously distributed charge carriers
leads to a perfect spectral overlap of the gain curves with different numbers of QWs.

7.2.3 Power Scaling via Quantum Well and Multi-Pass Pumping

At the beginning, AlGaInP-VECSELs have in most cases been pumped into the bar-
riers (except the first QW pumping approach by Müller et al. [3]). The typical pump
source is a frequency-doubled 532-nm-emitting DPSS laser. Also, barrier pumping
with blue-emitting GaN (gallium nitride) diodes [55, 56] was under investigation in
recent years. Such short-pumping wavelengths simplify the pumping configuration
due to high absorption within the active region. Looking at the quantum defect:

𝜂defect = 1 − 𝜂quant, (7.10)

which includes the quantum efficiency 𝜂quant (see Eq. 7.6), one problem becomes
obvious – the huge amount of heat created inside the active region itself due to
the excess energy of the pump photons. For an emission wavelength of 665 nm
and a pump wavelength of 532 nm, the quantum defect is 20%. Compared to
InGaAs-based VECSELs emitting around 1060 nm, which are typically pumped
with 808 nm laser diodes, 𝜂quant is quite the same, but due to the worse charge
carrier confinement (see Section 7.2.1) the incorporated thermal energy has a by far
larger impact on the performance of GaInP/AlGaInP structures. This results with
respect to output power in a difference of two orders of magnitude ranging from
1.6 W [57] with the AlGaInP-VECSEL to 106 W [58] with an InGaAs VECSEL. In
both cases, the structures were barrier-pumped resulting in 𝜂defect ≈ 20%. In the
following section, we describe a way to scale up efficiency [59] and power [60, 61]
of AlGaInP-based VECSELs.

7.2.3.1 Quantum Well Pumping
In order to determine the difference between barrier pumping and QW pumping,
a standard 5× 4 GaInP QW structure was used. It was optimized for emission at
665 nm, and its design is described in detail elsewhere [9]. In order to dissipate most
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of the introduced heat, an uncoated single-crystal diamond (∼ 500 m in thickness)
was liquid capillary bonded onto the surface of a cleaved 2.5 2.5 mm2 gain chip. After
bonding, both, the diamond and the disk, were fixed to a water-cooled brass heat
sink. The laser cavity was a standard I-cavity and formed by the semiconductor’s
DBR as one end mirror and an output coupler with a transmittance of 1% on the other
end. The radius of curvature of the output coupler was 100 mm and the cavity length
was about 98 mm. The VECSEL was pumped with a dye laser adjusted to an emission
wavelength of 640 nm and a frequency-doubled Nd:YAG laser emitting at 532 nm for
QW and barrier pumping configurations, respectively. Because of the limited output
power of the dye laser (2 W) and the very low pump absorption of the QWs at the
pump wavelength of 640 nm, the pump spot size was set to be 40 μm in order to have
a high pump power density. For the barrier pumping, the same spot size was used.

Output versus input power (see Figure 7.8a, top) was compared at a heat sink tem-
perature of 15 ∘C for 532 and 640 nm pump wavelengths. With 532-nm-pumping, a
differential efficiency of 𝜂diff = 12.5% was achieved as well as a threshold pump power
of 130 mW. The latter corresponds to a threshold input power density of 10.3 kW
cm−2. The output of the laser, however, was limited by the rollover occurring just a
few hundreds of milliwatts above the threshold. This is an indication that the tem-
perature rise in the gain region is high. A similar laser device [9], but using a larger
pump spot at a heat sink temperature of −31 ∘C, exhibited a differential efficiency
𝜂diff of 18% and a threshold power of 960 mW corresponding to a threshold power
density of 8.5 kW/cm2. The differential efficiency with respect to the absorbed pump
power (see Figure 7.8a, bottom) for the 640-nm-pumped VECSEL was 60%, which
is 3.5 times higher than that of the VECSEL pumped at 532 nm. A maximum out-
put power achieved was only limited by the available pump power, since no thermal
rollover was observed. At the laser threshold, the absorbed pump power at 640 nm
was 40% less than via 532-nm pumping, which resulted in a higher threshold. This
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Figure 7.8 (a) Optical output power versus (top) incident and (bottom) absorbed pump
power for the GaInP-VECSEL operated at 15 ∘C for 640-nm pumping (spheres) and 532-nm
pumping (triangles). (b) Output power versus incident pump power of the QW pumped
VECSEL at 15 ∘C heat sink temperature for both operation with (spheres) and without
(triangles) pump light recycling. Source: Adapted with permission from [59]. ©The Optical
Society.
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comparison shows a clear improvement on the efficiency of the laser itself with
respect to the absorbed power. The drawback that occurs here is the lower absorp-
tion of the pump light when pumping in the QWs. A good way to compensate the
lower absorption is to recycle the pump light several times through the active region.
The influence of this method and its influence on the differential efficiency and the
laser threshold can be directly seen in Figure 7.8b. This so-called multi-pass pump-
ing represents the common pumping scheme in solid-state thin disk lasers [62].

7.2.3.2 Multi-Pass Pumping
In this section, we give an exemplary overview on a multi-pass and QW-pumped
AlGaInP-VECSEL using a fiber-coupled diode laser as a pump source. The same
gain structure as mentioned in Section 7.2.3.1 was used in this study. The used diode
laser delivered 100 W at ∼ 638 nm out of a fiber with a core diameter of 400 μm
and a numerical aperture of 0.22. More details about the pump optics can be found
elsewhere [60]. Figure 7.9 shows the scheme of the setup used in the experiments.
Multi-pass pump optics, well known from solid-state disk lasers [62], allow in the
present case eight double passes of the pump light. It consists of two prism pairs for
pump beam displacement, and a parabolic mirror with a focal length of f = 32.5 mm
for pump beam focusing. Due to the comparatively low brightness of available diode
pump lasers, the minimum pump spot size realized was between 600 and 700 μm.
Smaller pumping spots could be achieved by inserting apertures in an intermedi-
ate image plane while maintaining maximum power density. The laser cavity was
formed by the semiconductor’s DBR as one end mirror and an output coupler with
a transmissivity of 0.5% on the other end. The radius of curvature of the output cou-
pler was 100 mm and the cavity length was (98± 0.5) mm. The performance of the
diode-pumped VECSEL operated at a heat sink temperature of 10 ∘C and with dif-
ferent pump spot sizes is shown in Figure 7.10a. The differential efficiency with
respect to the incident pump power was 19% for pump spot diameters of 150 and
240 μm and 17% for the pump spot diameter of 300 μm. The maximum output power
of 2.5 W in fundamental TEM00 operation was achieved with a pump spot size of

Output
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Pump beamPump beam

Deflecting
prisms

Disk with
intracavity
diamond

heat spreader

Output
mirror

Parabolic
mirror

(a) (b)

Figure 7.9 (a) Mirror and laser beam schematic of a linear VECSEL with multi-pass pump
optic. (b) Simulated pump beam path viewed through the parabolic mirror. Source: Adapted
with permission from [60]. ©The Optical Society.
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Figure 7.10 (a) Laser performance with 0.5% of output coupling and a heat sink
temperature of 10 ∘C. The pump power was measured at the entrance of the pumping
optics, and losses in the multi-pass pumping optics were not subtracted.
(b) Power-dependent laser emission spectra of the AlGaInP-VECSEL with intracavity
diamond. For the subsequent nonlinear conversion into the UV, a birefringent filter was
inserted into the resonator to narrow down the laser spectrum. Source: Adapted with
permission from [60]. ©The Optical Society.

300 μm. With larger pump spots, the output power could be further increased, how-
ever with higher order mode operation and unstable output. Thermal rollover was
not observed in any configuration which indicates that the output power was only
limited by the pump power.

7.2.4 Second-Harmonic Generation into the UV-A Spectral Range

Frequency-doubling of directly red-emitting VECSELs is very attractive because it
enables the creation of wavelengths in the UV-A spectral range with decent out-
put power. Continuous research on improving the performance of red VECSELs to
upscale second-harmonic generation into the UV during the last years enabled laser
light emission in the 325–340-nm wavelength range. The latest results exceed the
output power of earlier laser systems (e.g. HeCd gas lasers) by a multitude.

The first results from a frequency-doubled red-emitting VECSEL have
been reported in 2006 [63]. The use of a 𝛽-barium-borate (BBO) crystal as
second-harmonic element inside the laser resonator lead to 120 mW output at
around 338 nm [64]. A 10× 2 QW-VECSEL was used to be frequency-doubled [45]
in a compact V-shaped cavity. The short fundamental emission wavelength lead
to an also very short UV emission at 328 nm. A tuning range in the UV of about
7 nm (328–335 nm) at a heat sink temperature of −25 ∘C was reported. Further
consequent improvements of the GaInP-active region like the application of strain
compensation strategies [11] and a redesign of the active region in total via adapting
the QW distribution to the pump light absorption [57] lead to a slight blue shift
[45] as well as improved output power [65] in the UV. As a direct result of further
power-scaling methods applied to the fundamental laser (QW and multi-pass
pumping, see Section 7.2.3), the emission power in the UV-A spectral region could
be scaled up again and reached up to 820 mW (see Figure 7.11) at a wavelength of
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Figure 7.11 (a) Frequency-doubled UV output power (330 nm) plotted over pump power a
heat sink temperature of 10 ∘C. The pump power was measured at the entrance of the
pumping optics, and losses in the multi-pass pumping optics were not subtracted. (b)
Frequency-doubled UV output power plotted over fundamental intracavity power. Source:
Adapted with permission from [60]. ©The Optical Society.

333 nm. These results imply that future development of improved AlGaInP-based
gain structures will enable the Watt level in the UV-A spectral region to be reached.

7.3 The Membrane External-Cavity Surface-Emitting
Laser (MECSEL)

In this section, a new laser concept is introduced; the MECSEL (see Figure 7.12).
Since the work of Basov et al. in 1966 [66] about the search for strategies to

make semiconductor-based lasers more powerful, the driving idea to reach this
goal was mainly thermal management. Additionally, using thin semiconductor
material vertical to emission direction would lead to a nearly perfect beam quality
due to a by far less beam distortion by the gain medium itself. Despite huge
improvements during the last decades, the main limitation of nowadays high-power
OPS-VECSELs is still heat incorporation into the active region. This leads to a
strongly temperature-dependent performance [67] due to the interplay of gain and
cavity resonance and the limited charge carrier confinement. The latter is especially
a challenge for the AlGaInP material system [68, 69] in which the charge carrier
confinement is rather low compared to, e.g. the AlGaInAs material system. In
addition to that, the laser structure is based on a thick DBR. The thermal conduc-
tivity of this DBR is one order of magnitude inferior compared to well-conducting
metals which are often used as backside heat sink, and two orders of magnitude
worse compared to diamond used as common backside or intracavity heat spreader
[70–72]. The semiconductor structure itself with a thickness of several microns
(active region plus DBR) and the substrate with a typical thickness of 350–500 m
impede the heat flow out of the active region. To overcome this, numerous strategies
for thermal management like heat spreader arrangement [73], substrate removing
[52, 74], flip-chip processes [75], or the insertion of compound mirrors [76, 77]
improved the performance of VECSELs perpetually. Following this path further, the
corollary would be finally abandoning each semiconductor part of a VECSEL not
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Figure 7.12 Photograph of the operating semiconductor membrane external-cavity
surface-emitting laser [24] in an asymmetric linear resonator including a birefringent filter
for wavelength selection. Additionally, the optics for the pump beam as well as the green
pump beam itself can be seen. Source: Adapted with permission from [24]. ©The Optical
Society.

essentially needed to build up the whole laser. Still years before the first optically
pumped VCSEL [78, 79] and the first high-power VECSEL [52] were operating, the
idea of sandwiching thin semiconductor gain elements between transparent heat
spreaders was proposed in a patent by Aram Mooradian in 1992 [80]. This can be
achieved by growing the active region directly onto the substrate without the DBR,
removing the substrate and finally embedding the released active region membrane
in-between diamond heat spreaders (or any other highly transparent material of
good thermal conductivity) to create a compact gain device with superior cooling.
Such a sandwiched active region membrane configuration would additionally allow
the growth of semiconductor structures that are otherwise impossible to grow due
to limitations imposed by the need to lattice-match the DBR to the substrate or the
active region to the DBR.

This concept to improve the cooling in a VECSEL was theoretically studied and
simulated by Iakovlev et al. [81] in 2014. A “DBR-free VECSEL” was realized with
an GaInAs-based and released active region bonded to one side of an intracavity
heat spreader by Yang et al. [82, 83] in 2015. Simulations were performed, which
show the superiority of this system. In this work, it is also mentioned that this
can be significantly improved by placing heat spreaders on both sides of the active
region [83]. Aiming on other applications, membrane processes with, for example,
the AlGaInP material system were already successfully performed [84]. Especially
due to the low confinement energy in AlGaInP, the possibility of double-sided
cooling promises significant improvements. The first realization of this new laser
has been developed during the last years and is presented in this Section [24].

7.3.1 The Semiconductor Active Region Membrane

In the case of the conventional VECSEL, a ∼ 5-μm-thick DBR (for details see [9])
is grown instead of the 200-nm-thick AlAs layer. The whole structure of the MEC-
SEL shown here was designed to depict a 3λ-cavity for a wavelength of 665 nm,
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Figure 7.13 (a) Electric field intensity and index of refraction in the RPG structure of the
MECSEL as it is grown plotted over the distance in the chip. The five QW packages, each
consisting of four QWs, are located at the antinodes of the electric field standing wave and
(b) the corresponding SEM (scanning electron microscope) picture of the whole active
region with the 200 nm thick AlAs process layer. Source: Adapted from [85].

which leads to a designed thickness of 587 nm. The gain region (detailed scheme
shown in Figure 7.13a, the corresponding SEM picture of the whole active region as
grown is shown in Figure 7.13b), is built up very similar to the gain region of a stan-
dard 5× 4 QW-VECSEL [9]. The only differences are lattice-matched 12-nm-thick
AlInP electron or charge carrier diffusion blocking layers followed by a 10-nm thick
Al0.1GaInP capping layer on each side of the active region enclosing the structure.
The Al0.1GaInP capping layer acts as protection layer to prevent oxidation as well
as an etch stop layer for the selective etching of a 200-nm-thick AlAs layer, which
separates the active region from the substrate. Stopping a wet-chemically HF acid
etching process, a non-aluminum-containing material depicts the best choice. This
is represented here by GaInP. Due to the fact that the gain delivering QWs consist of
GaInP, capping layers of the same material act as absorbers for our aimed emission
wavelength. To prevent absorption, Al0.1GaInP with a bandgap of around 640 nm is
chosen as capping and etch stop material. Its aluminum content of 2.59% is still low
enough to be resistive against a short exposure of process acids and to act as oxi-
dation protection layer in regular laboratory atmosphere. A wet chemical process
(more detailed descriptions can be found elsewhere [85, 86]) is applied to remove
the substrate and to finally isolate the semiconductor active region membrane. A
free-standing pice of the gain membrane can be seen in Figure 7.14. A small isolated
piece of the membrane (∼ 0.25 mm2) is then transferred to one of the diamond heat
spreaders. The other diamond heat spreader is placed onto the membrane, which is
sticking already to the first diamond. The whole package is mechanically squeezed in
a membrane holder made of brass shown in Figure 7.15b. This device is also designed
to hold the heat spreader sandwiched active region during laser operation and to act
as the heat sink. The mechanical squeezing leads to enforced good thermal con-
tact between the membrane and the heat spreaders. A close look at the photograph
reveals two important details. No damages aside from some cracks in the upper left
corner and a small damaged area in the center top are visible. Furthermore, the sur-
face of the membrane seems to be totally flat. This represents the most important
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1.0 μm

SEM

Figure 7.14 SEM picture of the gain membrane, taken from a free-standing piece sticking
to a sample carrier. Dirt particles are visible on the sample surface. The QW packages
appearing as lighter stripes are clearly visible. The thickness of the membrane is 590 nm,
measured at an unprocessed cross section (Figure 7.13b) of the sample at several positions.
Source: Adapted with permission from [24]. ©The Optical Society.

(a) (b)

20
0 

μm

Figure 7.15 (a) Microscope picture of the semiconductor gain membrane squeezed
between two diamonds. The gain membrane is around 380 μm× 840 μm in size. Source:
Adapted with permission from [24]. ©The Optical Society. (b) A photograph of the gain
element holder. The membrane, shown in (a), can be seen as dark stripe in the center of the
aperture. The diameter of the aperture is 1.5 mm. In the background, the bluish shimmering
outcoupling mirror is visible. Source: Adapted from [85].

precondition to realize a good bonding. Secondly, the color gradient, induced by the
Fabry-Pérot effect between the two diamond heat spreaders, which surrounds the
whole membrane, allows the estimation that, if always the same color is found very
close to the membrane, it is very homogeneous in flatness.

7.3.2 MECSEL Setup

The laser experiments are performed in a linear concentric resonator (Figure 7.16).
The laser mirrors can be adjusted in all degrees of freedom and the sample holder
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Semiconductor
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Water and peltier cooled
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Diamond
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Resonator mirror

Birefringent filter

Resonator mirror

532-nm pump laser

Laser outputLaser output

Figure 7.16 Schematic drawing of the MECSEL setup: A linear resonator with a
birefringent filter in the long arm of the cavity as it can be seen in the photograph
Figure 7.12 (relative dimensions not to scale). Source: Adapted with permission from [24].
©The Optical Society.

can be shifted in the sample’s plane and also tilted in two axes. A 532-nm laser is
used as pump irradiating the sample under an angle of 15∘ to its normal. The two dia-
mond heat spreaders enclosing the semiconductor gain membrane are anti-reflexion
coated for the laser emission wavelength on the outer facets. Looking a bit more in
detail into the the pump process reveals another major advantage of the MECSEL
versus the conventional VECSEL: usually, the DBR has to be designed in such a way
that the emitted laser light as well as the unabsorbed pump light are reflected. If,
due to epitaxial restrictions (material parameters, strain, etc.), the DBR cannot be
fabricated in such a manner, all residual pump light will be absorbed in the DBR.
Together with the quantum defect, which is roughly 20% in the AlGaInP material
system with a barrier pumping scheme at 532 nm, unwanted heat is produced inside
but also close to the active region. This strongly restricts the performance of con-
ventional VECSELs. In the MECSEL, the pump light which is not directly absorbed
is only transmitted without disturbing the gain system or it is partly reflected back
into the gain membrane on the first diamond–air interface. For characterization pur-
poses, the absorption can be exactly determined by subtracting the transmitted and
the reflected pump power from the irradiated pump power (Figure 7.17). About 6.5%
of the incident pump power is reflected and about 11.5% is transmitted resulting in
an absorption of about 82% of incident pump light in the present example. So, the
absorption efficiency 𝜂abs, which is a part of the differential efficiency 𝜂diff of the laser,
can be set to 1 when absorbed power is used for calculations. Therefore, the internal
parameters of the MECSEL (efficiencies, etc.) can be determined more accurately.
These values are also valid for conventional VECSELs if the different refractive index
transition between the DBR and active region instead of diamond and active region
is taken into account.

7.3.3 MECSEL Characterization

7.3.3.1 Output Power Measurements
For output power measurements, an output coupler with a reflectivity of Rout = 96%
(radius of curvature rc = 50 mm) and a highly reflective mirror (R> 99.9% for
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Figure 7.17 High dynamic
range photograph of the
gain membrane holder, also
shown in Figure 7.15b,
while laser operation. The
visible beams are named
and percentages of the
measured transmitted and
reflected pump powers are
given. Source: Adapted with
permission from [24]. ©The
Optical Society.
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500–760 nm, rc = 100 mm) were chosen. The cavity length was adjusted to roughly
Lcav. = 148.5 mm, which leads to a mode diameter of approximately 76 μm at the
beam waist of the resonator. There, the heat spreader sandwiched gain membrane
was placed. In terms of mode-matching, the pump spot diameter was adjusted by
adapting the distance of the pump lens to 103 mm corresponding to a pump spot
diameter of approximately 80 μm in the short axis. The system was operated at a heat
sink temperature of 10 ∘C. Figure 7.18a shows the output power of the MECSEL as
a function of the irradiated pump power. A linear input-to-output behavior with
a differential efficiency of 𝜂diff = 22.3% can be clearly seen. The maximum output
power of 595 mW was reached at an incident pump power of 3.67 W with the laser
threshold at 1.0 W. A corresponding VECSEL comprising a DBR with an identical
active region was tested under the same conditions with respect to pump spot size,
mode diameter, outcoupling mirror, and heat sink temperature. The measurement
is also plotted in Figure 7.18b. The best differential efficiency achieved here with the
green-pumped VECSEL was 18.8% with a threshold pump power of 0.8 W. While
the threshold of the MECSEL is slightly higher, probably due to additional losses
caused by the additional intracavity heat spreader, 𝜂diff is significantly exceeding any
differential efficiency published before [9, 14, 64] with green-pumped conventional
VECSELs in the AlGaInP material system at the elevated heat sink temperature
of Ths = 10 ∘C. Furthermore, the maximum output power for the VECSEL of
570 mW was achieved at 4.6 W of incident pump power where the thermal rollover
already led to a saturation of the output power. For the MECSEL, a maximum of
595 mW was already reached at 3.7 W incident pump power before an output power
breakdown was visible. The not-prefigured breakdown of the MECSEL indicates
a sudden loss of thermal contact between the diamond heat spreaders and the
semiconductor membrane. This is conceivable because a professional “bonding”
procedure [87–89] was not applied here.



218 7 Optically Pumped Red-Emitting AlGaInP-VECSELs and the MECSEL Concept

Incident pump power (W)Incident pump power (W)

Threshold VECSEL ∼0.8 WThreshold MECSEL ∼1.0 W

Power curve MECSEL
Linear fit MECSEL

Power curve VECSEL
Linear fit VECSEL

∅pumpspot = 80 μm

Ths = 10 °C

∅pumpspot = 80 μm

Ths = 10 °C

η di
ff,

 V
ECSEL

 =
 1

8.
8%

η di
ff,

 M
EC

SE
L

 =
 2

2.
3%

O
ut

pu
t p

ow
er

 (
m

W
)

0
0

100

200

300

400

500

600
O

ut
pu

t p
ow

er
 (

m
W

)

0

100

200

300

400

500

600

1 2 3 4 50 1 2 3 4 5

(a) (b)

Figure 7.18 (a) Output power plotted over incident pump power of the MECSEL and (b) the
corresponding VECSEL. The heat sink temperature was 10 ∘C and the pump spot diameter
was adjusted to approximately 80 μm. Source: Adapted with permission from [24]. ©The
Optical Society.

7.3.3.2 Beam Profile and Beam Quality Factor
Figure 7.19a shows the beam profile, recorded with a CMOS camera at a distance
of 20 cm behind the rc = 100 mm highly reflective mirror. The carefully adjusted
resonator delivers a fundamental Gaussian TEM00 mode and the cross sections
are plotted in Figure 7.19b. The beam quality factor of M2

< 1.06 was measured at
160 mW output power (see Figure 7.20). The measurement device was a Coherent
ModeMasterTM with a given inaccuracy of ±5%.

7.3.3.3 Spectra
Figure 7.21a (upper spectrum) shows a typical spectrum of the free-running (no
birefringent filter or etalon in the cavity) MECSEL recorded during the power mea-
surement. The spectral width of laser emission of the corresponding free-running
VECSEL is below 2 nm and can be seen in Figure 7.21a (lower spectrum). For
the MECSEL, we observed simultaneous laser emission in a range of more than
6.5 nm. This can be explained by the reduction of the subcavity effect (DBR and
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Figure 7.19 (a) A typical beam profile of the MECSEL demonstrating a TEM00 mode
(Source: adapted with permission from [24]. ©The Optical Society.) and (b) a vertical and
horizontal cut through the intensity (a) plotted over to the CMOS camera chip position
corresponding pixels with an overlying Gaussian fit curve.
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Figure 7.20 Beam propagation plot (beam radii versus distance) of the Coherent
ModeMaster for the external beam after collimation with a 300-mm lens. Source: Adapted
with permission from [24]. ©The Optical Society.
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Figure 7.21 (a) A typical spectrum of the free-running MECSEL (upper graph) at around
3.2 W of incident pump power and a typical spectrum of the corresponding and
free-running VECSEL (lower graph) at around 3.2 W of incident pump power. (b) Several
exemplary laser emission spectra plotted versus wavelength using a 1-mm-thick
birefringent filter for tuning. The measurements were performed with two highly reflective
resonator mirrors. The intensities of the laser spectra are normalized to the measured
output powers with a maximum of 2 mW around 660 nm. Source: Adapted with permission
from [24]. ©The Optical Society.
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semiconductor–heat spreader interface) [8], which is indicated by the typical
cavity dip occurring in reflectivity measurements of conventional VECSELs [2].
In a MECSEL, this narrowing and frequency preselective part is missing and
the gain bandwidth, if properly pumped, can show more of its potential. A closer
inspection of the spectrum reveals further details. One is the Fabry-Pérot oscillation,
visible in both MECSEL and VECSEL spectra in Figure 7.21a with a spacing of
ΔλFSR ≈ 0.16 nm, which is impressed onto the whole emission spectrum due to the
two approximately 550-μm-thick intracavity diamond heat spreaders. Although
the diamonds used for the MECSEL are anti-reflexion coated on one side each,
and in contact with the semiconductor membrane on the other, their impact is
still large enough to also show the diamond introduced Fabry-Pérot oscillation.
Another point is the beat note that can be identified in the MECSEL’s spectrum
in Figure 7.21a (upper graph). It originates from slightly different thicknesses
of the two diamond heat spreaders. One is measured to be (540± 1) μm and the
other is (554± 1) μm in thickness. The Fabry-Pérot effect and therefore the beat
note can be avoided by the use of wedged heat spreaders or a tilt of the whole
gain package preventing an overlap of internal reflections. To obtain information
about the spectral range of the gain delivered by the membrane, a wavelength
tuning measurement is of interest. Especially, the reduced active region subcavity
enhancement [8] of the MECSEL (two times diamond/active region interface
instead of the combination of diamond/active region and active region/DBR)
possibly supports a larger spectral width of amplification. Therefore, a set of spectra
was taken at a heat sink temperature of 3 ∘C and at an absorbed pump power of
Pabs = 1.73 W (see Figure 7.21). Broadband highly reflective mirrors (R > 99.95% for
640–700 nm) in a 50–150 mm-cavity (see Figure 7.16) were used. For wavelength
tuning, a 1-mm birefringent filter was adjusted at Brewster’s angle inside the cavity
and rotated around the normal axis of its surface to perform the spectral shift.
The measurements reveal a tuning range of nearly 24 nm (649.9–673.6 nm), which
is the highest value achieved in this spectral range by semiconductor lasers to
date. The conventional VECSEL showed a tuning range of ∼22 nm (656–678 nm)
under the same conditions but at a heat sink temperature of Ths = 10 ∘C. The
tuning measurements revealed that the spectral range of the MECSEL is about 5 nm
blue-shifted compared to the conventional VECSEL, which cannot be completely
explained by the 7 ∘C lower heat sink temperature. The spectral shift with changing
heat sink temperature was measured for the MECSEL to be 0.125 nm/K via measur-
ing the shift of the long wavelength edge of the PL curve at the half maximum. This
is in good accordance to earlier work on VECSELs (0.17 nm/K [44]) as the spectral
shift with temperature is a material intrinsic parameter. From a change in the
heat sink temperature of 7 ∘C, a spectral shift of only ∼0.875 nm can be expected.
According to earlier work [11], there is also the possibility that strain, which sums
up when stacking the QW packages during growth and therefore causing a red shift
of several nanometers, relaxes again when the gain membrane is released from
its substrate. Further investigations are necessary here to fully resolve the effects
connected to strain relaxation after processing and external stress [90] applied by
the transparent diamond heat spreaders.
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7.4 Conclusions

In the first part of this chapter, AlGaInP-based VECSELs are introduced and a
chronological overview of research and development on red-emitting semiconduc-
tor disk lasers is given. AlGaInP-VECSELs have undergone a continuous process of
improvement in recent years. The in overall improvement lead to more than a dou-
bling of continuous-wave output power, namely 2.5 W, mainly driven by research
on optimizing the QW arrangement and the reduction of heat deposition via QW
and multi-pass pumping. The latter is also responsible for a drastic improvement of
intracavity second-harmonic generation.

In the second part of this chapter, a novel laser system is presented – the semi-
conductor MECSEL. In this first approach, the concept shows its potential such
as nearly room temperature operation of an AlGaInP-based gain membrane with
improved slope efficiency at the same time. High output power of nearly 600 mW
was achieved at a heat sink temperature of Ths = 10 ∘C. The MECSEL concept of
sandwiching a semiconductor gain membrane between two transparent heat spread-
ers, while maintaining excellent beam properties, complements the achievements
described in the first part of this chapter by a further aspect – the improvement of
heat dissipation. To fully exploit the indubitable huge potential of this new semicon-
ductor laser concept and to push its limits, further development must be pursued.
Independent of the applied material system, this is the case as latest results show.
Other heat spreader materials such as sapphire and SiC [91–93] are also under inves-
tigation, and a low thermal resistance [94] confirms the potential for power scaling
of such systems. The possibility of applying pump light from both sides of the gain
membrane element [95] leads to further potential for power scaling and brings the
MECSEL system technically very close to classical solid-state lasers.
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Recent Advances in Mode-Locked Vertical-External-Cavity
Surface-Emitting Lasers
Anne C. Tropper

Physics and Astronomy, Quantum, Light and Matter Group, University of Southampton, Southampton, UK

8.1 Introduction

The flourishing young field of ultrafast semiconductor disk lasers was compre-
hensively reviewed in 2010 by Thomas Südmeyer and his colleagues [1]. They
noted that “tremendous progress” had already been made and defined the essential
research task for this field; to push the performance of these lasers toward the
high levels of peak power needed for applications such as frequency metrology and
biomedical microscopy. Seven years on, significant new milestones on the road to
application have indeed been passed by the mode-locked vertical-external-cavity
semiconductor laser, or ML-VECSEL, and its compact cousin the mode-locked
integrated external-cavity surface-emitting laser, or MIXSEL. At the time of the
2010 review, there were just two reports of sub-300-fs pulse generation from an
ML-VECSEL in the literature [2, 3]; with peak pulse powers limited to a few 100 W.
Since then we have seen pulse durations reach the 100-fs mark [4, 5]; average power
scale up to the few-watt regime [6–8] (although not yet with the shortest pulse
durations); and peak power attain levels of several kW [6, 7, 9]. It is now, indeed,
possible to purchase a commercial ultrafast VECSEL system [10].

In this review, I shall outline the advances of the past seven years. For a descrip-
tion of the early development of the field, the first demonstration of passive
mode-locking of a VECSEL [11] and the first report of sub-500-fs pulse generation
[12], the reader is referred to previous review articles [1, 13–15]. Important new
fields that have emerged over these years include the demonstration of red fem-
tosecond VECSELs [16]; the observation of self-mode-locking in VECSELs [17]; and
the introduction of colliding pulse mode-locking [18]; and these will be described
in depth elsewhere in this volume. In particular, the effort to generate shorter and
more intense optical pulses from semiconductor lasers is profoundly informed by
new insights gained from rigorous microscopic modeling of semiconductor gain
and absorber dynamics, also described in this book. Advances in the computational
techniques used to apply these models to ML-VECSELs are helping to identify
ultimate performance levels for these lasers [19].

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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8.1.1 Ultrafast Lasers

The ultrashort pulsed laser has become an indispensable tool of contemporary
science and engineering, and there exist mature commercial technologies based
on bulk and fiber gain media that can reliably deliver sub-picosecond light pulses
for materials processing, medical and biomedical imaging, precision time and fre-
quency measurement, and much else [20]. One invention in particular made these
lasers stable and useable: the semiconductor saturable absorber mirror (SESAM)
has been used to establish self-starting passive mode-locking in an immense range
of diverse laser systems [21].

Passive mode-locking is the name given to the state of a spectrally broadband
continuous-wave laser that spontaneously generates a repetitive train of precisely
equidistant ultrashort pulses. Nonlinear coupling drives the oscillating longitudinal
modes of the laser cavity into fixed-phase relationships, localizing the intracavity
light within a time window of reduced loss: a single optical pulse circulates in the
cavity and couples to the externally emitted pulse train on each reflection off the
output coupler mirror. The bleachable loss that localizes the pulse is very often
the saturable absorption of a SESAM; it may also be attenuation at a hard or soft
aperture of low-intensity background intracavity light, too weak to induce a Kerr
lens. Other interactions that shape the emerging pulse include gain saturation,
dispersion, and nonlinear phase modulation. The speed of response of these
nonlinearities greatly exceeds what can be achieved by, for example, acousto-optic
intracavity loss modulation: thus the very shortest pulses invariably result from
passive rather than active mode-locking.

The optical pulse train emitted by a mode-locked laser has a comb-shaped
frequency-domain structure defined by two degrees of freedom; the repetition
rate, frep, which is the inverse of the cavity round-trip group delay time TR; and
the carrier-envelope offset frequency, f0. Figure 8.1 shows schematically how these
physical quantities are related to the time variation of the E-field for an idealized
noise-free pulse train. A development of immense historic significance has been
the invention and proof of schemes for stabilizing all the degrees of freedom of such
a frequency comb [22], recognized with the award of the Nobel Prize for Physics
in 2005. The need for immensely complex frequency chains with which to relate
near-infrared and visible frequencies to microwave standards was superseded: for
the first time it was possible to count optical frequencies with a precision approach-
ing 1 part in 1018. We shall return to the topic of frequency combs later in this chapter;
for now we note that a particularly lucid and intuitive description of mode-locked
pulse trains is found in [23]. It is a tricky measurement challenge, especially for
new researchers, to characterize the shortest optical pulses with confidence: the
tutorial by Monmayrant et al. may be found particularly helpful [24].

Commercial femtosecond lasers have become robust instruments that offer
turn-key operation for nonspecialist users, who can access reliable pulse trains
attaining many kilowatts of peak power. They are also large, power-hungry,
non-portable, expensive, and suited primarily to the laboratory environment. They
address quite specific combinations of operating parameters, with pulse repetition
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Figure 8.1 Coherent optical pulse train. Left: time-varying E-field. The carrier wave is
harmonic with optical period tc; the pulse envelope (dotted line) is periodic with the
round-trip time, TR. The black dot is a phase marker for a peak in the carrier wave, which
shifts relative to the pulse envelope by time t0 per round trip. The E-field of the pulse train
(solid line) repeats after a time tcTR∕t0. Right: frequency power spectrum of the pulse train,
showing a comb of modes, spaced at the pulse repetition rate, frep, and extrapolating back
to the carrier-envelope-offset frequency, f0, which represents the overall periodicity of the
E-field.

rate typically around 100 MHz. For operating wavelengths outside the gain regions
of the usual fiber or titanium-doped sapphire systems, nonlinear conversion
schemes such as second harmonic generation or optical parametric oscillation are
needed, increasing complexity with a cost in overall power conversion efficiency.
These limitations have motivated a search for alternative ultrafast systems, with
potential for better portability and energy efficiency, as well as wider choice of
wavelength and repetition rate. Semiconductor quantum well (QW) and quantum
dot (QD) gain media attracted particular interest, as artificial nanofabricated mate-
rials, where band-gap engineering techniques might be recruited to enhance gain
bandwidth or access desirable wavelengths, perhaps even with current-injection
pumping. In the next section, we describe the ML-VECSELs and MIXSELs that
exploit these capabilities.

8.1.2 Ultrafast Semiconductor Lasers; Diodes, VECSELs, and MIXSELs

The edge-emitting diode laser has such obvious advantages of tiny size, excellent
electrical-to-optical power conversion efficiency, and cheapness of manufacture,
that this must be the first direction in which to seek compact alternatives to
ultrafast solid-state lasers. A passively mode-locked laser diode is constructed with
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Figure 8.2 Schematic comparison of (a) ML-VECSEL and (b) MIXSEL.

an edge-emitting waveguide fabricated in two sections; a forward-biased section
to provide gain, and a reverse-biased saturable absorber section. Devices of this
type have been shown to emit pulses of duration ranging from many-picosecond
to sub-picosecond, at repetition rates of tens or hundreds of GHz; very promising
for application to high-bandwidth optical communications and ultrafast data
processing [25]. Their power output, however, is typically tens of mW, with pulse
energies limited to the pJ range. Even when fabricated with an integrated amplifier,
the peak pulse power of such a device is at most a few W. Mode-locked diodes are
therefore unlikely to be suitable for applications such as multiphoton fluorescence
spectroscopy, or self-referenced frequency comb generation, where the pulse must
be sufficiently intense to drive a nonlinear process. It is passively mode-locked
optically pumped semiconductor disk lasers – VECSELs – with the architecture
introduced in 1999 by Kuznetsov et al. [26], which offer the most promising route
for an all-semiconductor laser system to generate intense pulses. The external cavity
of these lasers readily allows the inclusion of a SESAM with which to induce passive
mode-locking.

Figure 8.2a shows the layout of a simple SESAM mode-locked VECSEL. The
folding mirror of the V-shaped cavity is a gain chip, with light amplification in
optically pumped QW or QD layers embedded in a barrier medium just under
the surface of the chip, in front of a highly reflecting distributed Bragg reflector
(DBR) semiconductor multilayer mirror. The incident pump radiation is absorbed
in barrier regions that confer quantum confinement – and correspondingly high
intrinsic gain – on the delocalized band-edge states involved in the laser transition.
The resulting free carriers must be trapped into the confined states of the QW or QD
regions before a population inversion can be established. Both trapping efficiency
and gain per carrier are thermally sensitive: the gain is rapidly lost to rising active
region temperature, leading to the well-known phenomenon of thermal rollover
of the output power characteristic. The creation of a successful gain chip thus
draws on three areas of deep expertise; (i) bandgap engineering, and the design
of high-gain nanostructures at desired operating wavelengths; (ii) epilayer growth
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(MBE or MOCVD), with layer thickness, composition, and crystallinity controlled
sufficiently well to realize designed performance; and (iii) post-growth fabrication
of the chip, potentially including substrate removal for thermal management, and
the application of optical coatings. Much of this is not specific at all to mode-locked
VECSELs and has been extensively reviewed [27, 28]. Some aspects of gain chip
design specific to ultrafast performance will be discussed in the next section.

For a practical VECSEL source, it is immensely attractive to dispense with the
external pump diode and inject carriers electrically into the active region of the
gain chip; however, the technical difficulties involved in confining a uniform
pump current distribution over the emitting aperture, and combining low electrical
impedance with low optical loss, are considerable. For a mode-locked laser in
particular, additional cavity loss in the form of free-carrier absorption exacerbates
the pulse-lengthening effect of gain filtering and limits the efficiency of the laser.
Progress with these electrically pumped EP-VECSELs will be reviewed in depth else-
where in this book. Work on SESAM mode-locking of these lasers has seen steady
improvement of pulse quality [29, 30]. The latest generation of ML-EP-VECSELs
has reached pulse durations as short as 2.5 ps, with average output power of more
than 50 mW [31].

An important breakthrough for ultrafast semiconductor lasers is represented by
the MIXSEL [32], depicted schematically in Figure 8.2b. The functions of gain and
saturable absorber are united in one chip, allowing construction of a mode-locked
laser with a two-mirror cavity, winning ease of alignment and reduction in cavity
size. This must be a promising candidate for a mass-produced ultrafast laser; nev-
ertheless the integrated chip poses formidable design and fabrication challenges. To
shape short pulses, the saturable absorber region must be shielded from the light that
pumps the gain region by a blocking multilayer; however, this multilayer is inside the
mode-locked laser cavity and has the potential to disrupt the pulse formation. Fur-
thermore, the integrated chip must function with the same laser mode area on the
gain and on the absorber mirror surfaces. The mode area ratio is an important degree
of freedom, used by ML-VECSEL designers to adjust the relative degree of saturation
of gain and absorber. In a MIXSEL the mode area ratio is constrained to be unity:
relative saturation is controlled by careful distribution of the standing-wave ampli-
tude through precise multilayer design and growth. Perhaps most challenging of all,
absorber layer may require a lower growth temperature than the rest of the structure.

This chapter will briefly describe the the physics of pulse formation in VECSELs
and MIXSELs and review the most recent advances in power, pulse duration, and
repetition rate, as well as some applications of these lasers.

8.2 Ultrafast Pulse Formation in a Surface-Emitting
Semiconductor Laser

8.2.1 Surface-Emitting Gain Chip Design

The fundamental task for the designer of an ultrafast semiconductor disk laser chip
is to provide a gain bandwidth that is spectrally broad enough to sustain pulses
of the desired short duration. The gold standard for ultrafast lasers is set by the
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green-pumped titanium-doped sapphire crystal, with a gain bandwidth extending
over more than 100 THz, able to support few-cycle optical pulse generation. The
intrinsic gain bandwidth of a semiconductor quantum well, on the other hand, is
closer to 10 THz: the effective gain bandwidth of a surface-emitting chip may be
significantly less than that, reduced by optical interference effects that control the
amplitude of the standing wave in the chip at the position of each quantum well.
A chip with a microcavity resonance at the operating wavelength will exhibit sharply
peaked gain and strong dispersion of second or higher order, incompatible with
ultrashort pulse generation [15].

Recent progress in the generation of sub-200-fs pulses from these lasers has mostly
been achieved with the help of dielectric antireflection coatings applied to the gain
chip surface, suppressing the microcavity resonance and reducing the dispersion.
A simple configuration is shown schematically in Figure 8.3. The active region of
the gain chip is a 5𝜆∕2-thick layer of pump-laser-absorbing GaAs, which forms the
barrier region for four embedded pairs of InGaAs quantum wells. The laser mode
is incident from the left, through a 𝜆∕4 dielectric layer. The squared modulus of the
standing-wave E-field inside the chip is plotted in Figure 8.3 for the 1040-nm design
wavelength. Fine details of the active region, such as the window and capping layers,
and the P-doped strain-balancing layers, have been omitted for clarity.

The spectral variation of reflectivity, group delay dispersion (GDD), reflectivity,
and mode overlap may be calculated numerically for a specific multilayer design
using matrix methods to represent the multiple boundary constraints: the principles
of one possible method for a calculation of this type are described by Tropper and
Hoogland [33]. The results for the structure of Figure 8.3 are displayed in Figure 8.4.
GDD is plotted as a function of wavelength in Figure 8.4a; over a large part of the
stop band of the DBR, it has a near-linear variation passing through zero close to the
design wavelength. An expanded view of the curve near to the design wavelength is
shown in Figure 8.4b, to which a band of values corresponding to growth thickness
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1 2
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Figure 8.3 Layer design of a broadband gain chip with plot of |E|2 as a function of depth
for a standing wave at the design wavelength.
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Figure 8.4 Dispersion and reflectivity calculations for the structure of Figure 8.3. (a) GDD
as a function of wavelength for a 180-nm region centered on the 1040-nm design
wavelength; (b) expanded view of GDD variation near 1040 nm with tolerance
corresponding to ±1% growth error; (c) spectrum of reflectivity (dotted) and longitudinal
confinement factor (solid).

variations of ±1% have been added, representative of typical minimum machine
tolerances. Even exactly on the design wavelength, natural growth variations can
evidently introduce GDD ranging from 0 to −1000 fs2 per round trip (double pass
on gain chip): elsewhere within the stop band the effect is likely to be even bigger.
Figure 8.4c shows the reflectivity spectrum of the multilayer, omitting absorption or
gain due to the quantum wells. Comparison with Figure 8.4a shows that the outer
edges of the stop band are likely to be unsuitable for ultrashort pulse generation
due to the high dispersion present there.

In Figure 8.4c the spectral variation of the quantity known as the field enhance-
ment or the longitudinal confinement factor [33] is also shown: this is the average
value of |E|2 at the positions of the QW in the active region. It is normalized to a
peak value of 4 in air, corresponding to the standing wave set up by a 100% reflecting
mirror. A traditional resonant periodic gain design, with one well per antinode of an
active region many 𝜆∕2 in length, will be restricted in bandwidth by a peak around
the design wavelength. The design of Figure 8.3 mitigates this effect by using QW
pairs, slightly displaced either side of an antinode, in a shorter active region. For
this design, there is a band some 60 nm (17 THz) in width over which the longitu-
dinal confinement factor is essentially flat: for QW emitting within this region, the
effective gain profile will be near-intrinsic in shape.

Under operating conditions, the performance of a gain chip may deviate sub-
stantially from design values. Pumping heats the active region: the temperature
rise is determined by the absorbed pump power, the optical-to-optical conversion
efficiency, and the thermal impedance of the chip. Rising active region temperature
depresses the gain per carrier of the chip, causing a compensating rise in carrier
concentration that changes the gain profile. Optical layer thicknesses in the active
region and the DBR change with temperature and carrier concentration, affecting
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all the optical properties of the chip. Much effort has therefore been devoted to
precise measurement of gain chip characteristics under operating conditions. In
2011, Borgentun et al. described a direct measurement of the spectral reflectance
of a broadband VECSEL gain chip under pumped and unpumped conditions [34],
with an absolute precision of 0.13%. Their chip, which contained six QW pairs
in a 13𝜆∕2 active region, finished with a broadband semiconductor multilayer
antireflection coating, exhibited a small-signal gain close to 3% over a wavelength
range of nearly 35 nm (8 THz).

Mangold et al. [35] describe a comparison of the small-signal gain profile of
two similar gain chips, both designed with a 15𝜆∕4 active region containing seven
nanostructures and a composite semiconductor/dielectric antireflection multilayer;
however, where one contains self-assembled InAs/GaAs QDs, and the other
InGaAs/GaAS QW, with intrinsic gain bandwidths likely to be in the region of 90
and 20 nm respectively. They report FWHM gain bandwidth values of 26 nm for
the QD chip, and 30 nm for the QW chip. In mode-locked operation, these chips
generated pulses of duration 784 and 625 fs respectively.

8.2.2 Gain Filtering

The excited state of a Ti3+ ion in a sapphire crystal decays radiatively to the ground
state by a first-order-forbidden electric dipole transition, with a lifetime in the
region of 2 μs. Electrons and holes in a quantum well recombine radiatively by
a dipole-allowed transition, with a lifetime in the range 300 ps–1 ns, depending
on temperature, carrier density, and well quality. The dynamical behavior of
semiconductor lasers is thus fundamentally different from that of most solid-state
(i.e. impurity-doped dielectric) lasers, in which dipole transitions are only weakly
allowed between electronic states of the same parity, through small admixtures of
electronic configurations of the opposite parity.

The implication for a VECSEL, with a low-loss external cavity, characterized by a
photon lifetime that may be of order 100 ns, is that the carrier number in the active
region will adjust fast enough to follow the photon number adiabatically. This has
been described by the laser dynamics community as a “class A” regime, in which car-
rier number can be adiabatically eliminated from the dynamical equations. At the
onset of lasing, the photon number in the cavity builds up smoothly to its steady-state
value without relaxation oscillations. A distinctive feature of the initial transient
is the long timescale over which the laser spectrum narrows or “condenses” to its
final value. A simple analysis of mode coupling by gain saturation shows that the
inverse of the spectral bandwidth of the laser as it settles to a steady state should
increase in proportion to the time elapsed since the onset of lasing [36]. A value
for the gain bandwidth of the laser can therefore be inferred from spectrotempo-
ral measurements of the laser output during the settling period. This measurement
is complementary to the precise reflectance measurements of [34], since it tracks
the laser dynamics into a strongly saturated regime. It is also different because it
measures the spectral curvature (second derivative) of the gain, g∕∕(𝜔), around the
operating frequency 𝜔 = 2𝜋c

𝜆
of the laser, rather than mapping out the full spectral
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profile. In a parabolic approximation, the dependence of gain on angular frequency
may be written g(𝜔) = g0 +

g∕∕

2
(𝜔 − 𝜔0)2, for a gain spectrum that assumes a maxi-

mum value of g0 at frequency𝜔0. The quantity−g0∕(g∕∕)2 features in the Haus theory
of mode-locking as the gain dispersion, Dg: the quantity that controls the amount by
which the duration of the intracavity pulse in a mode-locked laser is extended, each
time it is filtered by amplification in the gain medium. The Haus theory assumes
that the circulating pulse suffers only a small perturbation to its envelope and its
phase profile over a single cavity roundtrip. ML-VECSELs are low-gain lasers that
fulfill this condition well. In this approximation, the fractional increase in duration
of a pulse, initial duration 𝜏, caused by a single pass of the gain medium, is given by
Δ𝜏∕𝜏 = 𝜅Dg∕𝜏2, where 𝜅 is a constant of proportionality of order unity that depends
on the pulse shape and on the measure used for pulse duration.

Barnes et al. [36] used an acousto-optic modulator to sample the output of a
cw VECSEL as a function of time delay after an intracavity chopper uncovered
the lasing mode, and the VECSEL started to turn on. They verified an inverse
relationship between output bandwidth and elapsed time for their laser and
inferred an effective gain bandwidth of up to 50 nm for their antiresonant gain chip,
based on Findlay–Clay determination of the cavity loss. The time resolution of their
acousto-optic modulator did not allow them to define the time window of each
spectrum better than about 50 μs. A refinement of their experiment with improved
time resolution was reported by Head et al. [37], who used a fast photodiode at
the output of a 1-m grating spectrometer, improving the time resolution of the
measurement. Head et al. reported a value for (g∕∕)−2 of −36 ± 6 fs2, corresponding
to a wavelength bandwidth of about 18 nm, and showed that there was little change
in the curvature of the gain spectrum as it saturated toward a steady-state value. A
200-fs pulse might therefore be stretched by about 200 attoseconds per pass over
this gain structure. In steady-state mode-locking, it will be the task of the SESAM,
or other bleachable loss agent, to counteract this change.

8.2.3 Gain Saturation and Recovery

The energy of an intracavity pulse is multiplied by exp gp in one reflection off the
pumped gain chip, where the gain exponent gp depends on the fluence (energy per
unit area), F, of the incident pulse. A key dynamical parameter governing the stabil-
ity of mode-locked operation is the gain saturation fluence, Fsat; defined as value of
F at which the gain drops to (1 − e−1), or about 63%, of its initial unsaturated value.
We describe the performance of the gain chip using the gain saturation parameter,
Sg = F∕Fsat, and write gp(S) ≈ g0(1 − e−S)∕S, where g0 is the initial value of the
gain exponent. The relationship describes incoherent extraction of energy from a
two-level system, with no gain recovery during the passage of the pulse: it assumes
that the gain is small enough to justify a first-order expansion of the exponential.
As the pulse leaves the gain chip, the gain exponent dips to its smallest value of
g0e−S: it is then repumped to the starting value before the pulse returns. Gain
saturation can contribute to the formation of a short pulse by attenuating its trailing
edge.
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Stable mode-locking requires the correct degree of gain saturation; too much, and
the laser will be unstable against multipulsing, with an uncontrolled number of
intracavity pulses that will not necessarily be equidistant from each other. Too lit-
tle gain saturation creates a tendency to the Q-switching instability that imposes an
upper limit on the repetition rate of a mode-locked laser [38].

The respect in which ultrafast semiconductor lasers least resemble their dielectric
counterparts is in the complexity of the underlying physics that governs the
interaction between quantum-confined carriers and light. Electron-hole pairs are
generated in the barriers; the carriers diffuse through the active region and are
captured into QW or QDs on a nanosecond timescale. The k-space distribution
of the quantum-confined carriers relaxes through a number of scattering and
recombination processes, occurring on a hierarchy of timescales from 10 fs to 10 ns
[39]. The heat released in the active region gets transported away by diffusion,
on a timescale in the range 100 ns–1 μs. An intracavity light pulse may couple to
carriers strongly enough to cause kinetic holeburning; a large transient deviation
from the equilibrium Fermi–Dirac distribution [40]. Although experimentally
the gain dynamics may superficially resemble those of an ultrafast solid-state
gain medium, in practice there are major differences. The effective saturation
fluence will get smaller for pulses that are shorter than the timescale for carrier
thermalization, promoting complex behavior, including multiple pulsing, and poor
optical conversion efficiency [41].

Mangold et al. present experimentally determined values for the gain satura-
tion fluence of 7-QW gain structures of <100 μJ cm−2 [35]. They used a pulsed
nonlinear reflectivity technique based on the theoretical and experimental frame-
work developed for SESAM characterization [42]. The values were shown to be
temperature-dependent, with overlapping ranges for QD and QW samples, and
for ps and fs probe pulse durations. For comparison, the gain saturation fluence
of a Ti3+-doped sapphire crystal is about 1 J cm−2 [43]: the 104-fold difference in
magnitude reflects the forbidden nature of the Ti:sapphire laser transition, as does
the contrast between its 3-μs upper level lifetime and the 300-ps recombination
time typical of a QW laser. Note, however, that the size of Fsat in a VECSEL gain
chip can be usefully increased by designing for a small longitudinal confinement
factor, as occurs in an antiresonant structure.

Baker et al. characterized non-exponential gain recovery in situ in a working
ML-VECSEL, interrogating the active region with resonant asynchronous 20-fs
probe pulses [44]. Depletion of the gain over the passage of the ML-VECSEL pulse
was observed, followed by 80% recovery within 5 ps. Thereafter, the recovery slowed
down, dominated by the rate of carrier capture from the QW barriers. These authors
describe measurements from an 800-fs and a 300-fs ML-VECSEL; it is notable that
the shorter pulse laser exhibited significantly faster gain dynamics.

Alfieri et al. used stretched titanium–sapphire laser pulses to measure the satura-
tion gain fluence of an ultrafast VECSEL chip as a function of probe pulse duration
[41]. Their pumped chip exhibited a small-signal gain of about 5% for durations from
1890 to 170 fs; however, the saturation fluence dropped from 70 to 25 μJ cm−2 over
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this range. Time-resolved pump probe measurements revealed time constants for the
fast and slow temporal recovery processes of 300–400 fs and 130–140 ps respectively.

The sub-100-fs pulses described by Quarterman et al., in a ML-VECSEL with
exceptionally low dispersion and broad gain, could not be formed in fundamental
mode-locking, but circulated within the cavity in groups of up to 70, equally spaced
in time at a separation around 800 fs [45]. The pulse duration could be tuned
by adjusting the SESAM temperature: it was observed that as the pulse duration
dropped from 135 to 75 fs, the energy of a single pulse in the intracavity group fell
from 0.35 to 0.12 nJ. It seems likely that the number of pulses in the cavity was
controlled primarily by gain dynamics, adjusting spontaneously to keep a constant
level of gain saturation. If this assumption is correct, a twofold reduction in pulse
duration over this range corresponded to a threefold reduction in saturation fluence.
The shortest pulses generated by this laser (60 fs) hit the gain with a fluence of
about 1 μJ cm−2.

8.2.4 Saturable Absorbers for ML-VECSELs and MIXSELs

The precise experimental characterization of SESAMs described by Haiml et al. [42]
has advanced the performance of many kinds of passively mode-locked laser and
established a quantitative foundation for pulse formation simulation. The observed
dependence of SESAM reflectivity on pulse fluence follows a curve that can typically
be represented using four parameters; the modulation depth ΔR; the non-saturable
loss ΔRns; the saturation fluence Fsat; and the F2 parameter that represents induced
loss at high pulse fluence, for example, by a two-photon absorption mechanism.
The modulation depth of the SESAM controls the strength of the pulse shaping
and also determines the size of the gain that will be required. The non-saturable
loss makes no contribution to pulse shortening and increases the pulse stretching
effect of gain dispersion by raising the overall cavity loss. The two F-parameters are
pulse-duration-dependent. Fsat may be smaller for the shortest pulses, of duration
less than the recovery time constant of the absorber. F2 effects are likely to be deter-
mined by the instantaneous intensity of the optical field, rather than the integrated
power delivered to the SESAM. Pump-probe spectroscopy is used to determine the
rate at which the absorption recovers to its unsaturated value.

The first sub-500-fs ML-VECSEL used a specially designed SESAM, with a single
QW absorber embedded in a quarter-wave window layer, a few nm from the air sur-
face [46]. Carriers generated in the well tunneled through to the air surface, where
the high density of defect states led to rapid recombination. A streak camera mea-
surement of photoluminescence from this structure showed a signal decaying on a
timescale of about 20 ps. The reason for developing the surface recombination design
was to avoid low temperature growth as a route to fast recovery, since any associated
non-saturable loss would lengthen the pulses via added gain dispersion. Small mod-
ulation depth tends to be an inherent problem with this design, because the QW sits
under a field node at the air surface of the 𝜆∕4 window layer.

Wilcox et al. were able to demonstrate 260-fs pulses using a surface recombination
SESAM with a thinner window layer: they moved the node far enough away from
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the QW to double the modulation depth compared with the earlier designs that had
generated pulses of >400 fs duration. The excess GDD incurred by this change had
to be carefully offset against GDD of opposite sign in the gain structure at the oper-
ating wavelength [47]. The cavity mode in this laser was focused to a 28-μm radius
spot on the SESAM, corresponding to a pulse fluence of >300 μJ cm−2, about 18×
that on the gain structure. With the SESAM so strongly saturated, experiencing peak
pulse intensity in the region of 1 GW cm−2, power broadening of the absorbing res-
onance also contributed to bleaching of the SESAM loss. The fast response of this
optical Stark effect broadening mechanism helped to explain how this laser could
form pulses of duration 100× shorter than the carrier recombination time [48].

The surface recombination design was adapted by Klopp et al. with the addition
of a dielectric AR coating to suppress dispersion, leading to the demonstration of
107-fs pulses [4]. Pump-probe spectroscopy of their structures showed a fast initial
response on a 1-ps timescale followed by a few-ps tail that became slightly slower at
higher pump fluences [49].

A surface recombination SESAM was used in an ML-VECSEL that generated
pulses with >4 kW peak power [50]. Head et al. present a characterization of
the nonlinear reflectivity of the surface recombination SESAM with which they
were able to reach >1 kW of peak power in a 193-fs pulse train [9]. In this device,
the single InGaAs QW was separated from the last (low index) DBR layer by a
13.5-nm-thick window layer and protected from the air surface by a 2-nm-thick
capping layer of GaAs. From the dependence of reflectivity on fluence, measured
with 200-fs pulses, the authors were able to extract a saturation fluence value of
1.22 ± 0.08 μJ cm−2. The modulation depth and non-saturable loss were about 2.3
and 0.2% respectively.

Fast absorption recovery can also be ensured using low-temperature MBE growth
of the absorbing QW. In a recent demonstration of sub-100-fs pulse generation, the
SESAM incorporated a single InGaAs QW grown at 260 ∘C between AlAs barriers
[5]. The authors measured a saturation fluence value of 4.3 μJ cm−2 for this structure,
and a recovery characteristic with a fast component of 560 fs and a slow component
of 5.5 ps. This type of design, incorporating a dielectric coating, allows great free-
dom of parameter selection [51]. With the addition of a highly reflecting top coating,
the structure can withstand mJ pulse energies at kW average power levels without
damage [52], allowing the development of high-energy disk laser oscillators.

The integration of gain and saturable absorber into a single chip, in the MIXSEL, is
achieved with a multilayer designed in six main sections. The surface antireflection
structure and the active region containing multiple QW spaced by barrier regions
broadly resemble those found in ML-VECSEL gain chips. The third section is a
short DBR that reflects unabsorbed pump radiation back through the active region
and protects the absorber from saturation, while transmitting the laser light. The
fourth section is an intermediate DBR designed for strong field enhancement on
the absorber layer, which forms the fifth section: the sixth and final section is the
bottom DBR, which completes the laser cavity [1]. The original MIXSEL concept
made use of a single self-assembled InAs QD absorber layer, with saturation fluence
inherently lower than that of a QW in the active region. The whole structure could
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be grown in a single run, at a growth temperature of 600 ∘C for all the sections except
the QD absorber layer, for which it was reduced to 430 ∘C. An average output power
of 6.4 W was recorded from a flip chip MIXSEL of this type; a record for any ultrafast
semiconductor laser [8]. The 28-ps pulse duration of this laser is typical of MIXSELs
with QD absorber layers, which become partly annealed during the growth of
the bottom DBR, slowing down their recovery time. The first demonstration of a
sub-picosecond MIXSEL, emitting 620-fs pulses, used as the absorber structure a
single low-temperature-grown InGaAs QW embedded between AlAs spacers [53].
The fast characteristics of this absorber survived annealing well; a pump probe
measurement revealed a bitemporal response, with a fast component of 380 fs and
a slow component of 4.13 ps, contrasted with the 188-ps time constant previously
reported for the annealed QD structure [54]. More recently, the generation of pulses
shorter than 300 fs has been reported from a QW absorber MIXSEL, designed with
an exceptionally low and flat dispersion spectrum [55].

The unique nonlinear-optical properties of carbon nanostructures have recently
attracted much interest as saturable absorbers for ultrafast lasers [56, 57]. Carbon
nanotubes have been proposed as a generic laser mode-locking technology for the
whole of the near-infrared region; highly nonlinear, and with a fast response [58].
Solutions of single-walled carbon nanotubes (SWCNTs) can readily be deposited
on a wide range of substrates by spray or spin coating, offering an inexpensive
and versatile saturable absorber technology, which lends itself to use in reflection
or transmission, unlike its semiconductor counterpart. High non-saturable loss
levels, however, are introduced by residual populations of multiple-walled tubes
that persist even after purification; and this potentially makes these saturable
absorbers unsuitable for use in low gain VECSELs. Seger et al. were nevertheless
able to generate 1.23-ps pulses at 1074 nm from an InGaAs/GaAs VECSEL using a
transmission-type SWCNT absorber spin-coated onto an intracavity Brewster-angle
quartz etalon placed at a beam waist [59]. Their absorber had a modulation depth
of 0.25% and a saturation fluence of 11.4 μJ cm−2: its single-pass non-saturable
loss was 0.74%. The authors report bitemporal recovery time constants of 150 fs
and 1.1 ps. Single-layer graphene (SLG) is an even broader and faster material: the
challenge that it presents for VECSEL mode-locking is an optical absorption of
2.3% per pass, more than can be tolerated within a VECSEL cavity. Zaugg et al.
describe a design strategy for controlling the modulation depth of an SLG saturable
absorber: they transferred CVD-grown SLG films to silica-coated GaAs/AlAs DBRs.
By adjusting the strength of the E-field on the SLG, they were able to tailor the
modulation depth of their “GSAMs” from 0.2 to 2%; an intermediate device had
modulation depth of 5% and non-saturable loss of 5.1%, with a saturation fluence of
100 μJ cm−2. The GSAMs were observed to damage for incident pulse fluences in the
100, or few-100 μJ cm−2 range. The shortest pulses that these authors report from a
GSAM-ML-VECSEL were 466 fs in duration, with average power of 12.5 mW; the
GSAM would mode-lock VECSELs over a 46-nm wavelength range [60]. Husaini
and Bedford also reported evidence of GSAM mode-locking in a high-power
1045-nm VECSEL, emitting an average of 10 W [61].
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An interesting recent development has been the publication of reports of
SESAM-free mode-locking, or self-mode-locking, in VECSELs [17, 62–65], prompt-
ing some controversy [66, 67], as well as several experimental investigations of
nonlinear lensing in VECSEL gain chips [68–70], aimed at quantifying a physical
mechanism that could establish mode-locking of the Kerr lens type. This intriguing
story will be expounded in detail elsewhere in this book. If generally applicable
principles for the design of self-mode-locked lasers can be established, it will greatly
enhance the prospects for commercializing this technology.

8.3 Performance of Passively Mode-Locked
Semiconductor Lasers

8.3.1 Pulse Duration

The testbed for ultrashort pulse generation in an optically-pumped VECSEL has
been the InGaAs/GaAsP/AlAs/GaAs laser, grown on a GaAs substrate, and oper-
ating at a wavelength near 1 μm. The lasers whose properties are summarized in
Table 8.1, presented roughly in chronological order, use gain and absorber structures
incorporating compressively strained InGaAs/GaAs quantum wells, with or without
GaAsP strain-balancing layers; or alternatively multiple self-assembled InAs quan-
tum dot layers. The wide range of nanostructure designs used underpins the large
wavelength range spanned by the mode-locking results, from about 960 to 1040 nm.
Table 8.1 is kept to a manageable length by recording only sub-picosecond lasers:
many notable picosecond results, however, will feature elsewhere in this chapter.

The earliest demonstrations of sub-300 fs mode-locking of VECSELs used
SESAMs of the surface-recombination design introduced by Garnache et al. [12].
Following their 290-fs result [3], Klopp et al. were able to report the generation
of first 190-fs pulses [49] and then 105-fs pulses [4]. Although they made use of a
thermally managed gain structure, the average power of their device was limited to
3 mW; with increasing pump power, the laser adopted a harmonically mode-locked
state, up to a pulse repetition frequency of 90 GHz, with 30 pulses circulating in the
cavity. The gain chip used for this laser was of the resonant type with a dielectric
antireflection coating, extremely well controlled as to dispersion, but allowing full
penetration of the laser mode into the active region, which therefore saturated at
low output power levels.

With no thermal management of the gain chip, the average power in mode-locked
operation is typically limited to about 100 mW. Wilcox et al. described a laser of this
type that reached a peak power of 315 W in 335-fs pulses at a repetition frequency of
1 GHz [72]. Further advances in peak power were realized using thermally managed
gain chips that could be operated with average output powers of a few W. In 2012
Scheller et al. described mode-locking of a thermally managed gain chip with 5.1-W
average power, setting a new record for a femtosecond VECSEL [7]. With a pulse
duration of 685 fs at a repetition frequency of 1.7 GHz, the peak power of these output
pulses reached 3.7 kW. The following year, Wilcox et al. combined a similar gain
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Table 8.1 Overview of femtosecond mode-locking results in InGaAs-based VECSELs and
MIXSELs.

Gain
structure

Laser
wavelength (𝝀0)

Pulse
duration (𝝉p)

Average output
power (Pav)

Repetition rate
(frep) Reference

6 QW 1035 nm 260 fs 25 mW 1.008 GHz [2]
4 QW 1036 nm 290 fs 10 mW 3.013 GHz [3]
6 QW 1028 nm 870 fs 45 mW 0.895 GHz [71]
4 QW 1044 nm 190 fs 5 mW 2.998 GHz [49]
6 QW 1025 nm 60 fs 35 mWa) 1 GHz [45]
6 QW 999 nm 335 fs 120 mW 1.005 GHz [72]
3 QW 1030 nm 107 fs 3 mW 5.136 GHz [4]
7× 9 QD 960 nm 784 fs 1 W 5.435 GHz [73]
7× 9 QD 961 nm 416 fs 143 mW 4.471 GHz [73]
6 QW 995 nm 450 fs 56 mW 1.042–1.126 GHz [74]
6 QW 991 nm 290–2500 fs 40 mW 2.78–7.87 GHz [75]
7 QW 964 nm 625 fs 169 mW 6.5–11.3 GHz [76]
6 QW 1030 nm 400 fs 300 mW 175 GHz [77]
10 QW 1030 nm 682 fs 5.1 W 1.71 GHz [7]
2× 9 QD 950 nm 466 fs 5 mW 2.5 GHz [60]
10 QW 1013 nm 400 fs 3.3 W 1.67 GHz [6]
12 QW 1026 nm 482 fs 900 mW 1 GHz [78]
MIXSEL 968 nm 620 fs 101 mW 4.8 GHz [53]
10 QW 1014 nm 860 fs 460 mW 504 MHz [65]
5× 7 QD 1040 nm 830 fs 500 mW 1.545 GHz [17]
MIXSEL 964 nm 790 fs 201 mW 60 GHz [79]
MIXSEL 964 nm 570 fs 127 mW 101.2 GHz [79]
10 QW 1038 nm 231 fs 100 mW 1.75 GHz [80]
7 QW 1050 nm 830 fs 900 mW 193 GHz [81]
MIXSEL 1045 nm 253 fs 235 mW 3.350 GHz [82]
MIXSEL 1043 nm 279 fs 310 mW 10.02 GHz [82]
MIXSEL 1045 nm <400 fs >225 mW 2.9–3.4 GHz [82]
10 QW 1034 nm 128 fs 80 mW 1.81 GHz [5]
10 QW 1034 nm 107/96 fsb) 100 mW 1.63 GHz [5]
8 QW 1040 nm 193 fs 400 mW 1.6 GHz [83]
10 QW 1035 nm 230–388 fs 18 mW 0.88–1.88 GHz [84]
8 QW 992 nm 250 fs 300 mW 2.2 GHz [18]
8 QW 992 nm 195 fs 225 mW 2.2 GHz [18]
QW 990 nm 130 fsb) 850 mW 200 MHz [10]
MIXSEL 1048 nm 184 fs 115 mW 4.33 GHz [41]

a) 70 intracavity pulses.
b) With external pulse compression.
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chip with a surface-recombination-type SESAM to yield a 3.1-W average power train
of 400-fs pulses [50]. The peak power of these pulses was 4.1 kW, which at time of
writing appears still to represent a record for semiconductor lasers.

In 2016, Waldburger et al. reported an ML-VECSEL that revisited the 100-fs pulse
duration of the 2011 result of Klopp et al., but with a 30-fold improvement in aver-
age power [5]. These authors were able to generate a 128-fs pulse train at a prf of
1.81 GHz, average power 80 mW. Reduction of the prf to 1.63 GHz, with an increase
of average power to 100 mW generated pulses that could be externally compressed
to a duration of 96 fs, corresponding to a peak power of 560 W. These results were
achieved using an incident 808-nm pump power of 21 W. A better overall optical effi-
ciency was reported by Head et al., although with the relatively long pulse duration of
193 fs [9]. With an incident pump power of 30 W the laser emitted an average power
of 400 mW at a repetition rate of 1.6 GHz, corresponding to a peak power of >1 kW.

In 2010, Rudin et al. reported the first thermally managed flip-chip MIXSEL
structure and set a new record of 6.4 W for the greatest average power emitted by
any mode-locked semiconductor laser [8]. The integrated chip combined a QW gain
region with a QD saturable absorber and emitted the long pulses (15 ps) typical
of these structures. More recently, Mangold et al. introduced a novel MIXSEL
structure in which the absorbing region contained a single low-temperature-grown
quantum well, with fast recovery characteristics [53]. This was the first femtosecond
MIXEL, emitting 620-fs pulses at a 4.8 GHz prf at 101 mW average power. Further
refinements in the growth settings led to the demonstration of a new short pulse
record from a MIXSEL at 253 fs, this time at a 1030-nm wavelength compatible with
Yb-doped fiber amplifiers [82]. Most recently, Alfieri et al. were able to generate
184-fs pulses from this same MIXSEL chip, using precise control of the thickness of
the PECVD-deposited fused silica coating, adapted to partially compensate small
growth-error deviations from design of the MIXSEL multilayer [41]. The sub-200-fs
MIXSEL operated at a repetition rate of 4.33 GHz with average power of 115 mW.

8.3.2 Pulse Repetition Rate

A physical property of the ML-VECSEL that is strongly contrasted with that of exist-
ing commercial solid-state ultrafast lasers is the potential for stable mode-locked
operation at pulse repetition rates in the GHz regime, owing to the intrinsically small
gain saturation fluence discussed earlier. This property is potentially interesting to
speed up data acquisition rates or to generate frequency combs with large tooth
spacing and high power per mode. Given current limits to the average power that
ML-VECSELs can reach, however, and the fundamental physical constraints that
limit optical conversion efficiency for the shortest pulses, it becomes increasingly
difficult to hit peak powers in the kW regime as the repetition rate increases.

The highest repetition rates attained by VECSELs have involved harmonically
mode-locked lasers. Saarinen et al. [85] describe a 1040-nm VECSEL in which
up to 4 pulses, of 10–20 ps duration, could circulate in the cavity, with a linear
correlation between pump power and number of pulses. With multiple pulses
in the cavity, the fundamental 350 MHz repetition rate was suppressed by 50 dB
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in the rf spectrum, implying that the intracavity pulses adjusted themselves to
be precisely equidistant, with identical pulse envelopes. Griebner et al., as noted
earlier, observed 18th-order mode-locking at 92 GHz; with no intracavity element to
stabilize the interval between pulses, the number of pulses in the cavity was liable
to fluctuate, although modulation of the optical spectrum confirmed a degree of
mutual coherence between adjacent pulses [4]. Quarterman et al. used an intracav-
ity etalon to stabilize operation at 147 GHz [86]. Wilcox et al. took advantage of an
intracavity heatspreader in contact with the gain chip to demonstrate a 175-GHz
prf train of 400-fs pulses [77]: Saarinen et al. also used an intracavity heatspreader
and generated a 193-GHz train of 930-fs pulses [87].

The short gain lifetime of the mode-locked VECSEL sets a lower limit on the pulse
repetition rate at which it will be practical to operate these lasers: with too long an
interval between pulse transits of the gain, pump energy will be wasted, and the pulse
risks being destabilized by amplified spontaneous emission. This is challenging for
applications such as biomedical imaging, where a repetition rate of about 200 MHz is
preferred, allowing fluorescence decay to be tracked between pulses. It also prevents
scaling up of the pulse energy by extending cavity round trip time at a given average
power, as has been used to raise the pulse energy of mode-locked thin disk solid-state
lasers to 10 μJ and beyond. A way round this limitation has been described by Zaugg
et al. [88], who constructed a 60-cm long cavity with four gain passes per round
trip. Their laser emitted a train of 11-ps pulses at a 253-MHz repetition frequency,
with nanosecond intervals between transits of the gain chip. The alignment of such
a cavity is, however, nontrivial. Butkus et al. investigated the mode-locking of an
85.7-MHz VECSEL, with two passes of the gain chip per round trip [89].

Since the ML-VECSEL, unlike the KLM mode-locked Ti:sapphire laser, does
not rely on a cavity poised near the stability limit, it can readily be configured as
a tunable-repetition-rate device, in which the interval between adjacent pulses
in the train can be continuously varied by mechanical translation of one cavity
mirror, typically the output coupler. This unusual functionality has potential for
applications; the Optical Sampling by Cavity Tuning (OSCAT) technique described
by Wilk et al. [90] offers a compact alternative to conventional time-resolved pump
and probe measurements. Figure 8.5 summarizes the repetition rate tuning ranges
that have been reported to date, with the corresponding pulse durations indicated.
The dark gray ranges on the left correspond to experiments using ML-VECSELs.
The first report of a prf-tunable laser described a 1-GHz device that could be tuned
over 8% of its center repetition rate [91]. Sieber et al. described a VECSEL tuned
continuously from 6.3 to 11.3 GHz with no replacement of cavity optics [76]: the
pulse duration and center operating wavelength remained constant to within 2%
over the entire range, representing a 1.8-fold change in cavity length. An even more
extreme range was reported by Wilcox et al., with a 2.8-fold length change from
2.78 to 7.87 GHz [75]; these researchers, however, noted a rapid switch in operating
pulse characteristics from the femtosecond to the picosecond regime toward the
high-prf end of the range. Chen Sverre et al. described a laser with a 2.1-fold
tuning range ratio, in which the pulse duration was <400 fs over the entire tuning
range, and <300 fs for the longer cavities [84]. Tunable ML-VECSELs use specially
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designed four-mirror Z-cavities, in which the laser mode is highly collimated in
the region of the output coupler, which can therefore be translated with minimal
change to the focusing of the cavity, and the spot sizes on gain and SESAM chips.
The pulse may nevertheless have a tendency to get longer as the cavity length is
reduced because the pulse energy varies inversely with the repetition rate, and
the SESAM is driven less strongly. The light gray ranges on the right of Figure 8.5
correspond to an experiment reported by Mangold et al. [79] using an MIXSEL. A
single integrated gain/absorber structure was used in a two-mirror cavity. The four
tuning range curves in the figure were measured using output couplers with four
different curvature values. Interestingly, the pulse durations of these lasers were
found to decrease with decreasing pulse energy.

8.3.3 Mode-Locked VECSELs: Visible to Mid-Infrared

Although by far the greatest body of research on ML-VECSELs makes use of
InGaAs/GaAs quantum well gain structures emitting in the region of 1 μm, there
are a number of instances where the design principles emerging from this research
have been successfully translated into other semiconductor systems. The first
femtosecond VECSEL to emit more than 1 W of average power used a gain chip
with 63 layers of self-assembled InAs quantum dots, positioned in the active region
to achieve optimal flattening of the gain profile [73]. The laser also used a QD
SESAM, emitting 785-fs pulses at a wavelength of 960 nm and prf of 5.4 GHz.

The chart in Figure 8.6 indicates the wavelength ranges explored to date. The first
mode-locked VECSEL in the visible part of the system was reported by Ranta et al.
[92], who used GaInP/AlGaInP/GaAs gain and SESAM chips to realize a train of
5-ps pulses with 45 mW at 973 MHz repetition rate. The design of AlGaInP/GaInP
mode-locked VECSELs for operation is in the red, and the demonstration of a
sub-250-fs pulse train at 664 nm from such a laser is described in detail elsewhere in
this book [16]. The same group subsequently reported an all-quantum dot VECSEL
at 655 nm [93].

The mode-locked red InP QD VECSEL has been made to emit ultrashort pulses
in the ultraviolet part of the spectrum, at 325 nm, by intracavity second harmonic
generation in a nonlinear beta barium borate crystal [94]. The intracavity nonlinear
conversion techniques that have been applied to narrow-band VECSELs to offer cus-
tom wavelengths in the visible and UV are not easily adapted for broadband lasers:
nevertheless these authors measured a pulse duration of only 1.22 ps for the funda-
mental radiation. An earlier paper by Casel et al. [95] reported blue-green 489-nm



8.3 Performance of Passively Mode-Locked Semiconductor Lasers 249

Figure 8.6 Pulse durations of selected mode-locked semiconductor disk lasers of different
material systems, as a function of operating wavelength.

pulses from intracavity doubling of the fundamental radiation in a mode-locked
InGaAs/GaAs VECSEL using a lithium triborate crystal; in this case the pulses were
5.8 ps long.

The shortest near-infrared wavelength addressed to date has been 830 nm, using
a GaAs/AlGaAs quantum well structure, optimized for narrow-band operation, and
emitting correspondingly long 15-ps pulses [96].

The dilute nitride system, GaInNAs, has allowed several reports of VECSEL
mode-locking in the 1200–1300 nm wavelength band [97–99]. Rautiainen et al.
demonstrated a 1.2-μm VECSEL emitting a train of 5-ps pulses at a repetition rate
of 840 Hz with 275 mW of output power [98].

ML-VECSELs based on lattice-matched InGaAs/InP quantum wells in the tele-
coms C-band have also been reported [100, 101]: a challenge for this material system
is to compensate for the low index contrast of available DBR materials. Zhao et al.
were able to demonstrate sub-ps pulses at 1560 nm [102] using a SESAM in which an
absorbing InGaAsNSb QW was sandwiched between layers of GaAsN; fast recombi-
nation of carriers that tunneled out of the absorber into these layers gave this SESAM
a recovery time of about 13 ps.

A GaSb-based material system in the mid-infrared has allowed the demonstration
of 384-fs pulses at 1960 nm from a VECSEL with a fast SESAM [103].

8.3.4 Simulation and Modeling

An immensely important development has been the application of fully microscopic
many-body modeling to semiconductor lasers; for VECSELs this has aided, for
example, the accurate design of gain structures for “difficult” wavelengths. Most
recently, this approach has been developed to study mode-locking dynamics, show-
ing how competition between different regimes of mode-locking may be related to
k-space holeburning and holefilling processes [39, 40, 104–107]. A detailed account
of these theoretical developments, and the insights that they yield into VECSEL
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performance, can be found elsewhere in this volume. My aim here is to review the
much simpler models that have, nevertheless, provided useful “back of envelope”
insights into the performance of mode-locked VECSELs and needed only relatively
modest computer power (and operator expertise).

An early example of a simulation that included the effect of coherent material
polarization was published by Wilcox et al., who used a two-level-atom model to
simulate the operation of a SESAM in a ML-VECSEL emitting 260-fs pulses; the
peak intensity of the focused laser mode on the surface of the SESAM approached
1 GW cm−2 [2]. They showed that, even in the absence of any pulse shaping by carrier
bleaching, power broadening of the two-level absorber resonance could act like a fast
saturable absorber, strong enough to form pulses of the observed duration [108, 109].

The numerical pulse propagation models that have been most extensively used in
ML-VECSEL research do not involve either many-body calculations or the solution
of Maxwell–Bloch equations; they are based on two-level rate equtions and assume
that the net gain can be described by a parabolic spectrum. Coherence of the material
polarization induced in the gain medium is assumed to decay in a time much less
than the pulse duration. The dominant interactions that modify the pulse envelope
and phase structure as it propagates from one round trip to the next are charac-
terized by a small number of empirical parameters. Effective values for some of
these parameters can be determined rather precisely by experimental measurement,
notably those that govern small signal reflectivity and nonlinear reflectivity. Others
are more problematic; theoretical calculations of the linewidth enhancement factor
that relates refractive index to carrier number show that this quantity varies strongly
with wavelength in the vicinity of the band edge. The overall GDD of the cavity, dom-
inated by the semiconductor multilayers, can readily be calculated; however, the
tolerance on this number, when standard growth thickness errors and temperature
excursions of the active regions are taken into account, may be large.

Paschotta et al. presented the earliest model of this type [110] and argued that
the shortest pulses should occur when a small amount of net positive GDD in the
cavity was present to offset the nonlinear phase shifts created by carrier number
excursions in the wake of the pulse, through the linewidth enhancement factor. A
beautiful study by Hoffmann et al., using a range of Gires–Tournois mirrors to intro-
duce controlled amounts of GDD into the cavity, validated this model, at least for
pulse durations from 1 ps upward [73]. More recently, Sieber et al. showed that a
model of this type could replicate the near transform-limited sub-440-fs pulses exper-
imentally observed in a ML-VECSEL [111]. Their numerical simulation included
absorber recovery with two time constants, as observed in a pump-probe charac-
terization of their SESAM. They were able to set their simulation off from a 10 nW
noise floor and observe the emergence of a pulse that settled into a stable state after
about 104 round trips. Not all combinations of laser parameters resulted in stable
pulse formation; however, they were able to show that in a two-dimensional phase
space defined by the linewidth enhancement factors of SESAM and gain respec-
tively (being the least precisely known of the simulation parameters), there was an
extended region where pulse duration and energy were fairly constant. Alfieri et al.
extended the rate equation model to represent the pulse-duration-dependent gain
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saturation effect described earlier [41]. Three coupled carrier populations are con-
sidered; a reservoir in the barriers; a reservoir in higher-lying quantum-confined
states, at recombination energies outside the laser bandwidth; and a population in
quantum-confined band-edge states resonant with the laser field. While this scheme
is immensely simplified compared with a rigorous microscopic model, it can repre-
sent the observed gain recovery dynamics, with distinct fast and slow components, in
a physically plausible way. These authors were able to account for the spectroscopic
and laser properties of their gain chips in an internally consistent way.

8.3.5 Noise

The pulse train emerging from a real mode-locked laser differs from that depicted in
Figure 8.1 by the admixture of noise. In a ML-VECSEL the round-trip group and
phase delay times of the external cavity are modulated by mechanical vibration.
Intensity fluctuations of the pump laser modulate carrier population and temper-
ature in the active region, adding noise via gain and optical path length. Quan-
tum noise is injected by spontaneous emission and by vacuum noise that enters the
cavity through the output coupler mirror and other lossy elements. The impact of
these noise processes on the emitted pulse train can be quantified by measuring
RMS values for fractional power fluctuation, and for timing jitter, or fluctuations
in the pulse arrival time. These RMS measurements only have meaning in con-
junction with specified lower and upper limits for the frequency band over which
the fluctuation spectrum is integrated. In addition, the carrier-envelope offset fre-
quency has noise characteristics that will critically influence the ease with which
this degree of freedom can be stabilized. Overall, the laser output will have a char-
acteristic coherence length, lc, which imparts a finite frequency width c∕lc to the
longitudinal modes. Paschotta et al. present a rigorous framework for the description
and numerical simulation of noise in mode-locked lasers, including optical phase
noise, and carrier-envelope offset frequency noise [112].

Where ultrafast pulse trains are used for their temporal precision, as in optical
sampling, frequency metrology, or high-bandwidth communication, pulse timing jit-
ter is liable to limit the performance that can be achieved. Wilcox et al. demonstrated
a nearly threefold reduction in the timing jitter of a 2.3-ps, 897-MHz ML-VECSEL
pulse train when the repetition rate was locked to an electronic oscillator. The sta-
bilized laser exhibited a timing jitter of 160 fs over the bandwidth between 1 kHz
and 15 MHz [113]. Quarterman et al. locked the 1-GHz repetition rate of a 470-fs
ML-VECSEL to a 10-MHz oscillator using a programmable phase-locked loop fre-
quency synthesizer. This is a low-cost route to the stabilization of GHz lasers, useful
because, although frequency division by a factor N makes the low frequency oscil-
lator equivalent to a high-frequency oscillator with 20 log(N)-fold greater noise, the
low-frequency oscillator is considerably cheaper and has better noise characteris-
tics. The jitter of the stabilized laser was 190 fs between 300 and 1.5 MHz [114]. Baili
et al. were able to demonstrate a 16-fold reduction in the timing jitter of a passively
mode-locked VECSEL when the reflectivity of their SESAM was modulated by an
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external optical beam at a frequency close to the pulse repetition rate: they report a
value of 423 fs between 100 Hz and 10 MHz [115].

State-of-the-art values for the timing jitter of a free-running ML-VECSEL were
reported by Wittwer et al., who constructed a low-vibration housing for their 4.6-ps,
2-GHz laser, which reached an average output power of 40 mW using only passive
air-cooling. Over the bandwidth from 100 Hz to 10 MHz, they measured a timing
jitter of 212 fs for this laser [116]. With the repetition rate locked to the 2-GHz out-
put from a synthesized signal generator, the timing jitter over the same frequency
band was reduced to 43 fs [117]. When a 14-ps, 2 GHz MIXSEL was operated in this
type of stable housing, jitter values of 129 fs in free-running operation, and 31 fs with
repetition rate stabilization were measured over the 100 Hz to 10 MHz band [118].
This MIXSEL operated, moreover, with an average power of 700 mW, and used a
water-cooled Peltier to stabilize the gain chip.

The first experimental investigation of carrier-envelope offset frequency noise
in an ML-VECSEL was reported by Brochard et al., who used a frequency het-
erodyning scheme mediated by an auxiliary narrow-band laser [119]. They
estimated a linewidth of 1.5 MHz over a 1-s observation time for the free-running
carrier-envelope offset beat and measured a 3-dB bandwidth of 300 kHz for mod-
ulation transfer from the pump current to the carrier-envelope offset frequency,
consistent with the demands of a self-referenced stabilization scheme. An earlier
demonstration used optical amplification of ML-VECSEL seed pulses in order to
generate the octave-spanning continuum required for f-to-2f interferometry, and
the observed beat note presumably acquired some noise characteristics from the
fiber power amplifier [80].

8.4 Applications

8.4.1 Biological Imaging

A powerful suite of imaging tools for biological and biomedical scientists is based on
femtosecond laser pulse trains. The 3-D imaging capability of a confocal microscope
can be enhanced using an infrared ultrafast laser to excite fluorescence via multipho-
ton absorption. Nonlinear excitation confers better spatial resolution, while sensitive
tissue tolerates infrared light better than visible light. As a crude rule of thumb, a
desirable source for this application might emit a train of 200-fs pulses with average
power of 200 mW at a repetition rate of 200 MHz.

The first demonstration of multiphoton-excited fluorescence microscopy using an
ultrafast VECSEL was reported by Aviles-Espinosa et al. [120], who presented in
vivo images of neuronal processes and cell bodies of the Caenorhabditis elegans
organism. Their VECSEL was mode-locked at a repetition rate of 500 MHz using
a quantum dot SESAM and emitted 1.5-ps pulses at an average power of 287 mW.
These researchers estimated that at the microscope focus the sample was exposed to
only 34 mW average power and 40 W peak power, so that, even at this relatively high
pulse repetition rate, sample viability was preserved well. An advantageous feature
of the VECSEL source was its 965-nm operating wavelength, which aligned with
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the maximum in the two-photon action cross section spectrum of the fluorescent
marker that was used (GFP). It is of interest to consider other key wavelengths where
an ML-VECSEL might constitute a simple and cheap alternative to an OPO-based
source for biomedical imaging. For example, a recent article showed images of spon-
taneous activity of neurons deep in the hippocampus of an intact mouse brain, with
single-cell resolution. The measurements were made possible by three-photon exci-
tation with 1.3- and 1.7-μm light.

8.4.2 Quantum Optics

Intense current interest in quantum-enhanced photonic technologies [121] is stim-
ulating much work on the development of robust and simple photon pair sources,
aiming to combine a high rate of successful single pair generation with turn-key
operation. A particularly promising approach involves launching ultrashort optical
pulses into the core of a photonic crystal fiber (PCF), where strong optical confine-
ment of the light favors photon pair generation by four-wave mixing. A suitable
pump laser must emit transform limited pulses with peak power around 100 W in
a near-diffraction-limited beam that can be coupled efficiently into PCF with tiny
mode size. The brightness of the resulting photon pair source cannot be scaled with
pump power, which must typically be set at a level where the pair generation prob-
ability is <0.01 per pulse, so that the output is not contaminated with two-pair gen-
eration events.

The GHz-repetition rate typical of a ML-VECSEL offers an attractive way of rais-
ing the pair generation rate without degrading the quality of the source. Morris et al.
describe photon-pair generation in PCF driven by a 1030-nm VECSEL that emitted
4.5-ps pulses at a 1.5-GHz repetition rate [122]. The thermally managed chip was
able to emit up to 1 W in the mode-locked output beam. Avalanche photodiodes
monitoring the signal and idler photons emerging from the fiber recorded coinci-
dence count rates up to 80 times the rate of accidental background events, confirm-
ing the good quality of the pair source. It was possible to tune the laser wavelength
through a range of ±4.5 nm by adjustment of an intracavity etalon, a very practical
feature for this application, since small fiber fabrication errors are liable to shift the
phasematching wavelength by offsets of this order.

8.4.3 Supercontinuum Generation and Frequency Combs

Since the gain bandwidth of double-clad ytterbium-doped power amplifiers
(YDFAs) is well matched to the 1-μm emission wavelength of InGaAs/GaAS QW
ML-VECSELs, a number of groups have created high repetition rate pulse sources
with high average power, using an ML-VECSEL as a source of seed pulses for an
YDFA. Some key results appear in Table 8.2.

The 4.5-W result from Kerttula et al. [125] actually used not an YDFA, but an
erbium-doped fiber amplifier, together with a 1500-nm ML-VECSEL. The ampli-
fied pulses were launched into germania-silica fiber to generate a supercontinuum
extending from 1320 to 2000 nm (20 dB level). Head et al. used PCF to generate a
supercontinuum with components between 750 and 1300 nm [126]: for pulses of
this length (>100 fs) the supercontinuum was undoubtedly incoherent. Zaugg et al.,
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Table 8.2 Overview of fiber-amplified ML-VECSEL results.

Average power Repetition rate Pulse duration Reference

200 W 1 GHz 5.8 ps [123]
53 W 1 GHz 110 fsa) [123]
1.5 W 6 GHz 545 fs [124]
4.5 W 1.6 GHz 15.5 ps [125]
40 W 3 GHz 400 fsa) [126]
5.5 W 1.75 GHz 85 fsa) [127]
53 W 193 GHz 930 fs [128]

a) With external pulse compression.

on the other hand, were able to recompress their amplified pulses to 85 fs [127], with
which they were able to generate a coherent octave-spanning continuum from PCF.
They detected a beatnote at the CEO frequency in an f -to-2f interferometer, the first
time that this has been achieved for an ML-VECSEL. At 17 dB above noise floor, the
signal-to-noise ratio of the beat note was not strong enough to stabilize the laser.

A key objective for ML-VECSELs is to generate a stabilized self-referenced
frequency comb directly from the laser without a power amplifier; however, these
sources do not yet reach high enough energy in a short enough pulse to develop
the broad coherent supercontinuum needed for standard self-referencing schemes
[22]. A different kind of frequency comb metrology, however, has recently been
shown to lie fully within the existing capability of the MIXSEL, even with pulse
durations in the few-picosecond regime. Dual-comb spectroscopy can achieve
excellent frequency resolution, accuracy, sensitivity, and speed of data acquisition
without the need for a spectrometer and with the potential for a compact system,
since its performance is not fundamentally determined by optical path length
[129]. A drawback can be the requirement for two stabilized frequency combs with
slightly different tooth spacings. Recently, Link et al. have demonstrated dual-comb
spectroscopy of water vapor with a single free-running MIXSEL [130]. They use
the technique of De et al., who measured and modeled intensity noise correlation
between the two orthogonally polarized modes of a cw VECSEL with an intracavity
birefringent crystal [131]. The dual-comb MIXSEL emits colinear, cross-polarized
GHz mode-locked pulse trains, with pulse repetition rates mutually offset by 5 MHz,
corresponding to the polarization-dependent path length in the crystal [132, 133].
This approach promises an exceptionally compact and rugged implementation of a
high-performance measurement.

8.4.4 Terahertz Imaging and Spectroscopy

Quantum cascade lasers are the dominant sources of narrow-band continuous
THz radiation; but single-cycle electromagnetic pulses of ps duration for THz
spectroscopy are generated by rectification of ultrafast optical pulses, using either
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photoconductive antennas or difference frequency generation in nonlinear crystals.
For these applications, it is desirable to have an optical source that is compact, with a
high repetition rate pulse train to reduce the (typically rather long) data acquisition
time. A number of publications explore the possibility of using ML-VECSELs for
this application.

The earliest report of THz technology involving an ultrafast VECSEL source
concerned an imaging experiment, in which a train of 450-fs pulses from a 1.04-μm
VECSEL was used to drive a photoconductive antenna, and a bolometer was used
to detect transmitted radiation [134]. Mihoubi et al. subsequently described an
all-semiconductor time domain THz spectrometer, in which both the transmitting
and the receiving antennas were ML-VECSEL-driven [135].

Chen Sverre et al. pursued the possibility of adapting an ML-VECSEL for intra-
cavity generation of THz pulses, in order to shrink the footprint of a time-domain
THz spectrometer operating at high repetition rate. They were able to pattern a
gold strip-line antenna onto the face of a surface recombination SESAM without
impairing its ability to generate 300-fs pulses, even with bias voltage applied [136].
The antenna was shown to emit coherently detectable levels of THz radiation when
irradiated with optical pulses of wavelength and energy fluence comparable with
those incident on the SESAM-antenna during ML-VECSEL operation. The repeti-
tion rate tunability of this laser will allow the delay-line-free pump-probe technique
of OSCAT (optical sampling by cavity tuning) [90] to be adopted. An alternative
approach to intracavity generation of THz pulses from a ML-VECSEL is reported by
Scheller et al. [137], who use an intracavity etalon to enforce two-color oscillation
of their SESAM-mode-locked VECSEL, at wavelengths about 4 nm (1 THz) apart.

8.5 Summary and Outlook

Over the past seven years, the field of ultrafast semiconductor disk lasers has
undoubtedly matured; however, it does not seem as if the rate of advance is slowing.
This period has seen the introduction of ML-VECSELs that generate 100-fs pulse
trains in fundamental mode-locking. It has been proved for the first time that a
semiconductor QW gain medium can sustain laser pulses with several kW of peak
optical power. Rigorous microscopic modeling suggests that there may be further
performance gains to extract from these lasers. Femtosecond mode-locking has
now been demonstrated in other material systems, including the red-emitting
GaInP/GaAs composition, in a wavelength region where no simple compact pulse
sources are available yet, despite the existence of important potential applications.

The MIXSELs described by Sudmeyer in 2010 emitted trains of 30-ps pulses with
almost 200 mW of average power. Since then, improvements in layer design and the
control of dispersion and intensity enhancement, as well as improvements in fabri-
cation enhancing the speed of saturable absorbers, have yielded a 160-fold reduction
in pulse duration and a 30-fold increase in power output. The MIXSEL offers ultra-
fast pulses from a small and simple device and accesses multi-GHz pulse repetition
rates that are not otherwise available.
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Quite new concepts have emerged; notably self-mode-locked operation, with the
potential for exceptionally simple device designs. It will be of great interest to see
whether VECSEL equivalents of Kerr lens mode-locked solid-state lasers are able to
push performance into new regimes.

A very recent and surprising development is the introduction of semiconductor
gain media in membrane form, with a surface-emitting active region that has been
lifted off its parent wafer and bonded to a dielectric supporting and heat-spreading
structure, apparently with minimal crystallographic damage, retaining excellent
power conversion efficiency in optically pumped operation [138, 139]. The technique
is described in detail elsewhere in this volume: the implications for mode-locking
and ultrashort pulse generation will be profound. The membrane external cavity
surface-emitting laser, or MECSEL, dispenses with the semiconductor DBR and uses
a cavity formed only by dielectric multilayer mirrors, with wide stop bands and low
dispersion. The membrane can be used in either reflection or transmission: many
of the traditional ML-VECSEL constraints are removed, and it will be exceptionally
interesting to see how this technology advances both the mode-locked performance
of semiconductor lasers and the wavelength regions in which they can be realized.

A major question for this field is whether it will eventually be possible to generate
100-fs pulses with sufficient pulse energy to drive a coherent GHz-repetition-rate
octave-spanning continuum. At present the best experimental pulse energy reported
for a sub-200-fs pulse is 250 pJ [83]: for a 100-fs pulse the value is 60 pJ [5]. Kilen et al.
use microscopic modeling to identify an optimized ML-VECSEL design, for which
they simulate sub-20-fs pulse generation, with a peak intensity above 1 mW cm−2

[107], potentially consistent with an intracavity pulse energy of 10 pJ. For reference,
we note that it has been possible to stabilize a GHz frequency comb generated in
a silicon nitride waveguide, using 64-fs pulses at 1055 nm with coupled (incident)
pulse energy of 36 (230) pJ [140]. If it is possible to build a portable GHz frequency
comb around a ML-VECSEL, it will be transformative; not least for the practical
application of quantum metrology and sensing. Meanwhile, progress in two-photon
microscopy and dual-comb spectroscopy indicates the growing range of application
areas now addressed by ultrafast semiconductor disk lasers.
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9.1 Introduction

Vertical external-cavity surface-emitting lasers (VECSELs) as seen in Figure 9.1,
operating in continuous-wave (CW) mode or as mode-locked pulse sources, have
emerged as an active area of research into novel low-noise, wavelength-versatile
sources covering a broad swath of potential applications [1–16] (S. Husaini and R.A.
Bedford (2013). Antiresonant graphene saturable absorber mirror for mode-locking
VECSELs, personal communication). Record CW performance so far includes
23 W single frequency operation [13] and 106 W multimode operation [6, 7]. Stable
mode-locked pulses have been generated using diverse cavity components such
as: semiconductor external saturable absorber mirrors (SESAMs) [1, 2, 4, 8, 9],
graphene, and carbon nanotube saturable absorbers (GSAM) [10, 11] (S. Husaini
and R.A. Bedford (2013). Antiresonant graphene saturable absorber mirror for
mode-locking VECSELs, personal communication), as well as integrated quantum
well (QW) and quantum dot saturable absorbers [10]. Currently, stable mode-locked
pulses have reached pulse widths around 100 fs [3, 12, 15]. These include a train
of 60 fs pulses inside a picosecond pulse molecule envelope [3], and a single 107 fs
mode-locked pulse that was then externally compressed down to 96 fs [15].

The seminal work by H. Haus describes master equations for mode locking with a
saturable absorber [17]. These equations relate the pulse shape to the saturable gain
and absorption in a simple resonator cavity. By analyzing the differential equations
and their solutions, he provided access to a deeper understanding for the dynamics

This material is based upon work supported by the Air Force Office of Scientific Research under
award numbers FA9550-14-1-0062 and FA9550-17-1-0246.

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
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PumpQWsDBRHeat sink

~5 μm gain chip ~10 cm external cavity

Figure 9.1 A schematic of a linear VECSEL cavity with a reflecting mirror on the right.
From the left: A copper heat sink, a distributed Bragg reflector (DBR), a region with optically
active quantum wells (QWs), an optical pump, and the propagating cavity field.

of mode locking. Sieber et al. would later build on similar ideas of the saturable gain
and absorption dynamics in order to model mode locking in VECSELs [18]. Here
each part of the round trip propagation is treated by applying the appropriate oper-
ator to the pulse, resulting in a circuit diagram description of the VECSEL. These
models can generally be referred to as a lumped model, which are simple to under-
stand and have seen use in many diverse fields including, but not limited to climate
science, biology, electrical engineering, and heat transfer [19–21]. In the model of
Sieber et al., the microscopic QW polarization has been adiabatically eliminated,
producing differential equations that describe the gain dynamics. When these rate
models are applied to mode locking of VECSELs, there are dozens of parameters that
must be fitted to a given experiment. These parameters are integrated quantities that
are meant to describe the microscopic QW dynamics, e.g. the gain shape is assumed
to be a parabola, which is then fitted to an experimentally measured equilibrium
gain. The gain shape is close to a parabola only near the peak gain, and the gain
shape is nearly stationary only for weak interactions with the field. This approach
leads to fast numerical simulations, but these approximations are harder to justify
for mode-locked pulses, which tend to be fairly strong.

This chapter addresses the question of how ultrafast microscopic dynamics of
the carriers within their respective bands (valence and conduction) influences
mode-locking stability, stability, and robustness of the final pulse that emerges,
controls the buildup of a pulse from noise, induces a transient nonlinear refractive
index, allows for a mode locked pulse spectrum that is wider than the net gain
region, and sets limits on the shortest possible achievable pulses.

In order to produce a quantitative theory for mode-locking VECSELs with
a saturable absorber, we will model the microscopic dynamics using the
Maxwell-semiconductor Bloch equations [22]. Here the electric field is propa-
gated inside the cavity using Maxwell’s equations, and the light matter interaction
is examined by simulating the QW carrier dynamics using the semiconductor Bloch
equations. These equations are computationally demanding to solve in the context
of mode locking, where the microscopic dynamics has to be simulated for thousands
of round trips in the cavity. Higher-order correlation effects such as polarization
dephasing, carrier scattering, and carrier relaxation are critically important and
need to be computed at the level of the second Born–Markov approximation. Fortu-
nately, for pulses on the order of a few hundred femtoseconds and shorter, effective
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scattering rates for carrier–carrier and carrier–phonon relaxation can be extracted
from a one-off solution of this model. This is possible because the mode-locked
pulse does not depend too strongly on these rates as long as they are consistently
calculated using the microscopic theory. Ironically, such microscopic many-body
effects prove to be relevant for longer duration pulses and even CW operation
[23, 24]. This is because the mechanism of kinetic hole filling leads to a significant
boost of the gain and a shift of the gain peak relative to the simple gain model.

In this chapter, we give an overview of the theoretical modeling of mode lock-
ing in VECSELs with a SESAM, as well as microscopic modeling of a GSAM. The
authors published these results over the course of several years, and they are sum-
marized here along with some additional background [25–34]. First an overview of
the pulse propagation and microscopic theory is given with additional background
information in Section 9.2; then the domain modeling, gain region modeling, and
some additional background are given in Section 9.3; next the numerical results for
mode-locking VECSELs, with an analysis of SESAM and GSAM properties, are pre-
sented in Section 9.4; and finally an outlook can be found in Section 9.5.

9.2 Background Theory

9.2.1 Pulse Propagation

In a VECSEL, the electromagnetic field propagates through all materials, including
the air cavity, and interacts with the optically active QWs in the gain chip and
SESAM. The type of nonequilibrium solution depends on the cavity setup: In a
mode-locked VECSEL with a SESAM, the cavity field will form a pulse, and without
the SESAM the cavity field will be CW with one or more modes. In order to system-
atically study the behavior of a VECSEL cavity, we need a model for the propagating
field and the optically active QWs. The propagation of the electromagnetic field
is naturally modeled by Maxwell’s equations, and the QWs will be modeled by
using the semiconductor Bloch equations. In order to simplify the problem, first we
reduce the 3D Maxwell’s equations for the full cavity down to a one-dimensional
wave equation for field propagation perpendicular to the QW planes, this will make
the model numerically tractable while at the same time also capture the essential
aspects of mode locking. The cavity field, E(z, t), is thus modeled by[

𝜕
2

𝜕z2 − n2

c2
0

𝜕
2

𝜕t2

]
E(z, t) = 𝜇0

𝜕
2

𝜕t2 P(z, t), (9.1)

where c0 is the speed of light in vacuum, n is the background index of refraction in
a material, and 𝜇0 is the vacuum permeability. The macroscopic polarization P(z, t)
couples the equations to the microscopic dynamics of the QWs. This describes the
propagation inside a homogeneous material, and a VECSEL cavity naturally con-
sists of many material layers. At any interface of two layers with different refractive
indices, there will be reflection and transmission of the cavity field. In order to cou-
ple the solution in two different materials, we use the natural boundary conditions
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from Maxwell’s equations. Numerically Maxwell’s equations are solved in the time
domain with the optically active QW. The spacial simulation domain consists of
material layers that represent designs in real experimental devices.

Mode locking occurs in a laser cavity when the output pulse reaches a stage where
the output pulse shape after each round trip is constant. However, the internal
dynamics in the cavity exhibit strong pulse shape changes undergoing recurring
amplification and absorption as it undergoes nonlinear interactions with the active
VECSEL and passive SESAM and deforms through linearly dispersive components.

As a pulse propagates through a medium, the pulse shape will be influenced by
any material losses or amplification, as well as any effects that change the phase,
i.e. the dispersive effects [5, 15, 18, 35–37] A VECSEL consists of many material
layers where every interface will add to the pulse dispersion, and this becomes a
problem when one realizes that all orders of dispersion above the first will alter the
shape of a given pulse. Figure 9.2 shows an example of how a 100 fs pulse shape
can be changed under the influence of different orders of dispersion. The amount of
dispersion added is frequency-independent and added to the spectral phase of the
original pulse while leaving the pulse energy constant. When we add an even order
of dispersion, (𝜔 − 𝜔0)2n for n ≥ 1, to the spectral pulse phase, the time domain pulse
becomes wider and a small symmetric tail appears in both directions. When adding
odd orders, (𝜔 − 𝜔0)2n+1 for n ≥ 1, the pulse also becomes longer and a tail is created
in only one direction. Changing the sign of the odd-order dispersion will change the
direction of the pulse tail. In all cases the presence of nonzero dispersion of any order
above the first serves to elongate the pulse and should be offset if the goal is to pro-
duce short pulses. The amount of dispersion is important in a real cavity, and one
should strive to offset the most detrimental dispersion first.
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Figure 9.2 A figure showing the effect of adding constant dispersion of (a) even and (b)
odd orders to a 100 fs sech2 pulse.
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The optical path length of the pulse will change when the electric field propagates
into a material layer at an angle (angle of incidence), i.e. the path that the field takes
through the material layer is now longer than it would be at a right angle to the
surface. The added propagation length results in a change of the dispersion experi-
enced by the field, and this change is well studied in the literature [38]. The details
of the change in dispersion are in general complicated, but for small angles the most
noticeable effect is a translation of the dispersion to higher wavelengths. This is
something that is taken into account when designing devices for a VECSEL cavity.
It allows the user to design a device for a predetermined angle and then fine-tune
the dispersion when setting up the cavity.

A distributed Bragg reflector (DBR) is a stack of dielectric materials with an
arrangement that causes incident light in a specific wavelength range around a
central wavelength to be reflected. This range is referred to as the stopband. The
DBR is built up as a stack of base units, where each unit of the DBR is a pair of
material layers with a high and a low refractive index, and their individual lengths
are a quarter of the central wavelength in that material. The stopband reflectivity
will grow closer to 100% when the number of stacked base units increases. The
theoretical width of the stopband, when the number of base units goes to infinity,
can be determined from the refractive indices and the central wavelength [38].
Figure 9.3 shows the DBR stopband and calculated dispersion for a typical gain
chip consisting of AlAs/AlGaAs DBR centered at 980 nm.

This model allows us numerically simulate a VECSEL in the time domain, which
consists of an arbitrary combination of material layers. A few different domain
models are summarized in Section 9.3 where we talk about the cavity devices and

Wavelength (nm)

920

–0.4

0

0.4

0.8

0

20

40

60

80

100

950 980 1010 1040

Wavelength (nm)

G
D

D
D

 (
10

5  
fs

3 )
G

D
D

 (
10

5  
fs

2 )

G
D

 (
10

3  
fs

)
R

 (
%

)

920

0

2

4

6

8

–1

–0.5

0.5
960

–500

500

0

980 1000

1

0

950 980 1010 1040

(a)

(b)

(c)

(d)

Figure 9.3 A comparison of the reflection (a), and three orders of dispersion (b–d) of the
passive material in a gain chip computed with constant refractive indices (dashed) and
frequency-dependent refractive indices (solid). The structure does not have dispersion
compensating coating in order to highlight curves in the dispersion.
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their impact on mode locking. The goal of this project is to model the dynamics of
mode-locked pulses and how to make them shorter. In order to do this, we need the
model to give a realistic representation of the pulse propagation. The limitations
of the above propagation model are in what types of materials can be modeled.
The LHS of Eq. (9.1) is linear, and thus one cannot readily model nonlinear field
interactions with materials, i.e. the index of refraction is independent of the electric
field. The obvious exception comes from the nonlinear interaction with the optically
active QWs, which has been separated from the background and appears on the
RHS. In real materials the index of refraction is in general frequency-dependent
n(𝜔). For our wavelength range the refractive indices are nearly constant, and thus
this influence is minimal. For example, in Figure 9.3 we see a comparison of the
simulated reflection, and the first-, second-, and third orders of dispersion from
a typical resonant periodic gain (RPG) structure without the optically active QWs
or dispersion compensating layers. The dashed lines represent the gain structure
computed with constant refractive indices, while the solid lines are the same layer
thicknesses computed with n(𝜔). Above we computed a few orders of dispersion for
comparison, but in general the model includes all dispersive effects that result from
the propagation through material layers. The influence of n(𝜔) introduces a change
in the material dispersion that, if left uncompensated for, would elongate a pulse.
We can estimate how much a single pass over this structure would change the phase
by applying the dispersion to a sech2 pulse of full width half maximum (FWHM)
50 fs and 100 fs. The dispersion from n(𝜔) will elongate the pulses by 0.3 fs and 0.06
fs respectively more than with the dispersion from the constant refractive index.
Including these effects could improve the accuracy of the predicted mode-locked
pulses; however, they would also increase the simulation time considerably. Another
limitation would be that in a one dimensional model, one cannot directly compute
transverse effects that come from more transverse dimensions or effects that come
from using a different cavity mode. Finally, if one wants to make the domain even
closer to real experiments, then one should also include transition regions in the
material interfaces. These regions will alter the reflection and dispersion from a
structure, but we will simply assume perfect transitions in the following.

The cavity in a VECSEL experiment is usually configured in such a way as to facil-
itate the efficient study of some desired property. In Figure 9.4 we illustrate a few
cavity configurations that are all capable of producing mode-locked pulses in order
to illustrate the diversity of published work. Figure 9.4a) illustrates the V-cavity con-
figurations where the pulse propagates into one of the elements twice in a round
trip [9, 39]. If the gain chip is at the center of the cavity, the pulse will enter into
the chip at an angle. This will change the optical path length through the device and
thus the dispersion that the pulse will experience. The round trip pulse amplification
will increase with the number of times the pulse is folded over the gain chip. How-
ever, this also increases the accumulated dispersion, and thus it makes balancing the
round trip GDD more challenging. In addition, the pulse will interact with two dif-
ferent states of the gain chip when the two arm lengths are unequal, i.e. the inverted
QW carriers, which recover at a constant rate, will recover to two different levels each
time the pulse arrives. These carrier dynamics have been observed in experiments
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Figure 9.4 A schematic representation of four cavities: (a) V-cavity, (b) Z-cavity, (c) ring
cavity, and (d) F-cavity. The solid black lines represent the pulse propagating through the
cavity, and the dashed lines are the output. In the F-cavity the first pass over the gain chip
is highlighted in gray.

and simulations [32, 40]. Figure 9.4b) illustrates the Z-cavity, which is a perturbation
of the V-cavity where there is an additional mirror to reflect the beam [1]. This design
allows for good control of the focusing on the SESAM and VECSEL. In Figure 9.4c)
we can see the colliding pulse ring cavity where there are two counter-propagating
pulses in the cavity. The two pulses are synchronized to simultaneously interact with
the SESAM. This cavity has been found to be favorable for stable mode locking of
pulses, where the stability might be due to spacial interference effects on the chips
[41]. In Figure 9.4d) we can see the folding cavity (F-cavity) where the propagating
pulse will take another pass over the gain chip during a round trip [42]. These are
just a few example cavities, and it is also possible to join the absorbing QW with
the gain chip into a mode-locked integrated external-cavity surface-emitting lasers
(MIXEL) structure [28, 43, 44]. The cavity becomes linear when the MIXSEL is used
with an output coupling mirror; however, one can use the MIXEL structure in any
of the above cavities.

9.2.2 Microscopic Theory

The microscopic dynamics of the QWs will be modeled by the multiband semicon-
ductor Bloch equations (SBE). In this framework the electric field is treated clas-
sically using Maxwell’s equations and the dynamical equations for the quantum
well carriers are derived from the Hamiltonian [22]. The microscopic polarization,
pλ,𝜈,k, couples back into Maxwell’s equations through the macroscopic polarization
P(z, t) =

∑
λ,𝜈,kdλ,𝜈

k pλ,𝜈,k. The SBE describes the time dynamics of the microscopic
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polarizations and the carrier occupation numbers, ne(h)
λ(𝜈),k, through

𝜕

𝜕t
pλ,𝜈,k = − i

ℏ

∑
λ1,𝜈1

(
ee
λ,λ1 ,k

𝛿
𝜈,𝜈1

+ eh
𝜈,𝜈1 ,k

𝛿λ,λ1

)
pλ1 ,𝜈1,k

−i
(

ne
λ,k + nh

𝜈,k − 1
)
Ωλ,𝜈,k + Γλ,𝜈,deph + Λp

λ,𝜈,spont, (9.2)

𝜕

𝜕t
ne(h)
λ(𝜈),k = −2 Im

(
Ωλ,𝜈,k(pλ,𝜈,k)∗

)
+ Γe(h)

λ(𝜈),scatt + Γe(h)
λ(𝜈),fill + Λn

λ,𝜈,spont.

Where k is the crystal momentum in the QW plane, and λ (𝜈) indicates the electrons
(holes) in the conduction (valence) band. For the Coulomb potential, Vλ1 ,λ2 ,𝜈1,𝜈2|k−q| , we
get that renormalization of the electric field and carrier energy at the Hartree–Fock
level gives

ee
λ,λ1 ,k

= 𝜖
e
λ,k𝛿λ,λ1

−
∑
λ2,q

Vλ,λ2,λ1 ,λ2|k−q| ne
λ2,q

,

eh
𝜈,𝜈1,k

= 𝜖
h
𝜈,k𝛿𝜈,𝜈1

−
∑
𝜈2,q

V 𝜈,𝜈2,𝜈1,𝜈2|k−q| nh
𝜈2 ,q, (9.3)

and the effective Rabi frequency is given by

ℏΩλ,𝜈,k = dλ,𝜈
k E(z, t) +

∑
λ1 ,𝜈1,q≠k

Vλ,𝜈1 ,𝜈,λ1|k−q| pλ1 ,𝜈1,q . (9.4)

Where dλ,𝜈
k is the dipole matrix element. A simplification of the microscopic model

happens when one assumes strong confinement of the electrons and holes. In this
case the band structure is approximated using parabolic bands with effective electron
(hole) masses me(h), which will give the transition energy ℏ𝜔k = Eg +

ℏ
2k2

2me
+ ℏ

2k2

2mh
where Eg is the band gap. The higher-order correlation contributions in Eq. (9.2),
which can be approximated with effective rates, are: the Coulomb screening, the
dephasing of the polarization (Γλ,𝜈,deph), the carrier scattering (Γe(h)

λ(𝜈),scatt), and the
kinetic hole-filling (Γe(h)

λ(𝜈),fill). The spontaneous emissions are modeled with Λp∕n
λ,𝜈,spont.

The higher-order correlation contributions are calculated when trying to
solve the fully microscopic many-body problem on the level of second-order
Born–Markov approximation [45]. This procedure requires one to evaluate the very
time-consuming multiple dimensional scattering integrals at every time step, and
in a simulation of mode locking a VECSEL, these equations have to be integrated
on the timescale of thousands of cavity roundtrips. However, under experimental
conditions the gain chip QWs are inverted at high carrier densities, which do not
change much during mode locking. In this situation one can make an effective
relaxation approximation of the correlation contributions. This is accomplished by
extracting the effective rates from full microscopic calculations before attempting
any mode locking simulations. With this method the simulation time used to
attain mode locking is reduced from months to days. The mode-locked pulse that
results from using effective rates is similar to the one that would come from the
full microscopic dynamics as seen later for carrier scattering in Figure 9.6. There
are some visible deviations in the pulse that arrises from the complex many body
dynamics, and it is worth emphasizing that many-body effects would have a greater
influence on pulses that are longer than the scattering timescale.
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We are ready to write the approximations of the higher-order correlation terms
once the appropriate characteristic times have been determined. In this framework
the injection pumping is approximated by Γe(h)

λ(𝜈),scatt = −(ne(h)
λ(𝜈),k − f e(h)

λ(𝜈),k)∕𝜏scatt, where
𝜏scatt is the relaxation time and f e(h)

λ(𝜈),k is a Fermi distribution at the lattice tempera-
ture with the appropriate background carrier density. The polarization dephasing is
approximated by Γλ,𝜈,deph = −(1∕𝜏deph)pλ,𝜈,k, where 𝜏deph is the characteristic dephas-
ing time. The kinetic hole filling is modeled using Γe(h)

λ(𝜈),fill = −(ne(h)
λ(𝜈),k − Fe(h)

λ(𝜈),k)∕𝜏fill,
where 𝜏fill is the kinetic hole filling time and Fe(h)

λ(𝜈),k is a dynamic quasi-Fermi equilib-
rium distribution with the same temperature and density as the carrier distributions
ne(h)
λ(𝜈),k. The term Γe(h)

λ(𝜈),fill approximates the behavior of the carrier scattering while in
the presence of the pulse. When the carriers are distorted from their equilibrium
distribution by an incoming pulse, this term will cause the carriers to relax back to a
quasi-Fermi distribution of the same density and temperature. This process is much
faster then the pump injection, and thus the general behavior of the carriers is to
first relax toward Fe(h)

λ(𝜈),k, and then relax back toward f e(h)
λ(𝜈),k on a slower timescale.

The inversion, ne
k + nh

k − 1, of a QW has been found to be an important quantity
when determining mode-locked pulse properties. This allows one to relate the cavity
pulse to the microscopic carrier dynamics and study the inverted carriers, which are
found where the inversion is positive. If the QWs are in an equilibrium state, then one
can use the gain spectrum to study the influence of the carriers on a low energy pulse.
However, the gain is not enough to explain most features of the microscopic dynam-
ics during mode locking. In order to compute the gain (or absorption) spectrum,
one has to integrate Eq. (9.2) under the influence of a probe field. The gain spectrum
can then be found as the ratio of the macroscopic polarization to the electric field
[22]. Unlike the usual textbook linear gain spectrum, this includes the influence of
many-body Coulomb interactions. Figure 9.5 shows the gain spectra computed from
a gain chip where the QW carriers are either in an equilibrium distribution (dashed),
or perturbed (solid). The carriers in equilibrium have a density 1.9 ⋅ 1016 m−2 and
both of the perturbed carriers have a density of about 2.0 ⋅ 1016 m−2. As seen above,
very similar gain curves can come from very different carrier distributions. Thus it is
hard to infer anything about the carrier dynamics from the gain unless one assumes
the carriers are in equilibrium, and, even then, the gain shape and magnitude can
be different – even for CW gain. In order to model mode locking of VECSELs, we
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Figure 9.5 The solid (dashed) line in (a) shows an example where the gain is very similar
when computed with the solid (dashed) inversion seen in (b) with the corresponding color.
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will solve Eq. (9.1) coupled to Eq. (9.2) where the gain can be computed if the need
arises.

In the buildup phase of mode locking, the growing cavity pulse will extract more
and more inverted carriers from the gain chip QWs. The inversion is bleached once
the pulse takes out enough carriers to reduce the inversion to zero at some momen-
tum value(s), and at this point the QW does not provide any amplification from the
bleached momentum values. If the pulse extracts even more carriers after the inver-
sion is bleached, the negative inversion will make the QW absorbing.

The shape of the kinetic hole in the carrier distributions will be similar to the
spectrum of the interacting pulse. A wider pulse spectrum will make a wider kinetic
hole, while a narrow pulse spectrum will make a correspondingly narrow kinetic
hole. Simultaneously as the pulse extracts carriers, the carrier scattering will start to
equilibrate carriers into a quasi-Fermi Dirac distribution. The carriers surrounding
the kinetic hole will begin to scatter down into the hole, and higher momentum
carrier will scatter down into the available lower momentums states. This process is
referred to as kinetic hole filling [28, 30, 34].

The source of photons in the cavity is the spontaneous emission from the
inverted carriers in the gain chip. In this model the cavity field is treated classically,
giving rise to both gain and absorption, but this also means that we need to add
spontaneous emissions into our model. Much work has gone into modeling of
this effect and several results are very similar, where the final expression can
differ by only a prefactor [46–48]. In the following we use the same model as
Baumner et al. where Λn

λ,𝜈,spont = −Λspont
k ne

λ,knh
𝜈,k and Λp

λ,𝜈,spont = 𝛽Λspont
k ne

λ,knh
𝜈,k.

Here Λspont
k =

n3
bgr

𝜋2𝜖0ℏ
4c3

0
|dλ,𝜈

k |2(Eg +
ℏ

2k2

2mr

)3
, and 𝛽 is a complex number with a random

phase factor whose modulus determines the coupling of noise into the cavity.
In order to speed up calculations, one can use a rate approximation for

the kinetic hole filling. A characteristic timescale can be found by tracking the
momentum-dependent carrier occupation numbers as they relax back to the
equilibrium distribution through carrier scattering. The carriers are first distorted
by a pulse of a given amplitude and width centered at some momentum value
corresponding to the central pulse frequency. Then one can track the recovery of
the carriers as they scatter back toward a quasi-Fermi distribution. The timescale
of this process can be found by fitting a decaying exponential to each momentum
value. Finally the momentum-dependent characteristic timescale is found by
averaging over multiple different distortions of the occupation numbers. The
calculated characteristic timescale is a function of the crystal momentum and can
be seen in Figure 9.6a. Figure 9.6b shows an example of a mode-locked pulse that
is found when using either the rate approximation, the full carrier scattering, or
no carrier relaxation at all [26]. In the calculations using the rate approximation,
the simulations were completed using a constant timescale of 100 fs for both the
electrons and holes. The rate approximation to the kinetic hole filling appears
to be good near the peak of the pulse, but deviations appear in the surrounding
region. When compared with simulations with no hole filling, one can see that the
mode-locked pulses have more energy. This is expected as carrier scattering results
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Figure 9.6 (a) The calculated characteristic carrier scattering rate from a QW with
background carrier density 1.9 ⋅ 1016 m−2. (b) The mode-locked pulse that results from
either using the full second Born, a constant kinetic hole filling rate of 100 fs or without
carrier scattering. Source: Reprinted with permission from Ref. [26], (OSA).

in a transport of carriers into the spectral region where the pulse is located. The rate
approximation approach leads to faster simulations, but one would have to run the
full carrier scattering in order to verify the validity of the approximation.

9.3 Domain Setup/Modeling

9.3.1 The VECSEL Cavity

In order to gain insight into the role of the microscopic dynamics in mode lock-
ing, we will pick the simplest cavity that includes all the important components.
A minimal VECSEL cavity should contain at least the gain chip, the SESAM, and
an output coupling. The linear cavity includes all the important components while
also reducing the computational time and complexity of the problem to a manage-
able amount. Here, the gain chip is placed directly across from the SESAM with
an output coupler, and the pulse propagates between the elements. A limitation of
a one-dimensional model is that it will be unable to model spatial effects such as
the interference patterns from multiple colliding pulses; however, because the pulse
propagates essentially along a 1D path through the cavity, it is possible to extend a
one-dimensional model to cover more than the linear cavity [32].

The gain chip shown in Figure 9.7a consists of GaAs/AlGaAs distributed Bragg
reflector (DBR), a gain region with optically active QWs arranged as RPG, a cap layer,
and a dispersion-compensating coating. All these components are centered on the
peak gain frequency. This design resembles the design used in real gain chips [6, 7].
The role of the gain chip is to provide spectral amplification to the cavity field, where
the amount of amplification depends on the density of carriers in the inverted QWs.
As we will show below, the specific QW arrangement can result in widely different
mode locking dynamics, and if the goal is to provide ultrashort pulses, there are
preferred design strategies.

The dispersion-compensating layers found at the top of the gain chip are used to
improve performance of pulsed lasers. These layers are also sometimes referred to as
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Figure 9.7 A schematic of the material layers in a linear VECSEL cavity with devices: (a) An
RPG structure with 10 QWs placed at the antinodes of a standing wave at 980 nm shown in
blue. The red lines represent the location of the QWs. (b) A SESAM with a single QW on top
of an output coupling mirror on the right. Source: Adapted with permission from Ref. [26],
(OSA).

antireflection coating (AR), since they can be used to reduce surface reflection. For
the purpose of producing stable mode-locked pulses, the specific configuration, i.e.
the number of layers, the specific materials used, and the layer thicknesses become
an essential part of the cavity. The coating reduces the amount of dispersion seen
by the pulse as it transitions from air into the gain chip and thus helps keep the
pulse shape stable. The cavity pulse will accumulate dispersion from all surfaces
it propagates through. Thus, when the desire is to achieve ultrashort mode-locked
pulses, one has to control the total cavity dispersion. In practice, constructing these
devices with coatings can be difficult, as simulations show that a deviation of as little
as 1% in the layer thickness can sometimes result in doubling of the pulse length [15].

The role of the SESAM is to provide a saturable loss in order to facilitate pulse gen-
eration in the VECSEL cavity. One design of a SESAM is shown in Figure 9.7b) where
the absorbing QW is placed on top of an output coupling mirror. It is more practi-
cal for the other cavity configurations, to place the absorbing QW on top of a DBR
mirror. The main difference between these two SESAM designs is that the DBR will
have a limited stopband with dispersion on the edges, whereas the output-coupling
mirror has no stopband and zero dispersion. The DBR of the SESAM can only be a
limiting factor for short pulse generation and will complicate the total cavity disper-
sion. In this paper we will only consider the simple SESAM with an AR coating on
top of an output-coupling mirror in order to keep the model simple and transparent.

In an experiment the intensity of the cavity field is usually focused onto the
SESAM. This increases the cavity field intensity on the SESAM compared with
other components, and this will make the SESAM saturate at lower cavity field
intensities. A higher level of focus will in general help produce shorter pulses.

9.3.2 The Gain Region

The gain region contains all the optically active QWs. It is responsible for the pulse
amplification as well as the pump absorption. For the purpose of attaining high
modal gain in a structure, one would want to arrange the QWs in an RPG pattern.
When a short pulse is desired, one can vary the QW placement and get a multiple
quantum well (MQW) arrangement.
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A subcavity can be constructed inside the gain region in order to amplify the
available gain, where a gain region can be either resonant or antiresonant as
characterized by Tropper et al. [5]. In a resonant cavity the standing wave at a
frequency has an antinode on the edge of the gain region. This results in amplifi-
cation of the cavity field and the gain, but also leads to additional dispersion. In an
antiresonant cavity, such as seen in Figure 9.7, one tries to reduce any subcavity
effects by ensuring that the standing wave has a node on the edge of the gain
region. The resonant cavity has more gain and dispersion, while the antiresonant
cavity will have reduced gain and dispersion [9]. In order to generate ultrashort
pulses, one needs to reduce the dispersion in the cavity, and thus an antiresonant
design is preferred. However, using a multilayer dispersion-compensating coating
to “remove” the interface between air and the gain chip will remove the subcavity
from both designs. In that case the gain will be comparable for both designs and the
dispersion will be removed. Thus for short pulse generation, one will include one
or more layers of dispersion compensation.

In a gain chip design that emphasizes high modal gain, or single mode CW out-
put, one should place the QWs on the antinodes of the standing wave corresponding
to the frequency of the peak gain i.e. a RPG design. In this design the arrangement
of the QWs ensures that the total modal gain from all the QWs preferentially ampli-
fies a single frequency and the design has been used to produce longer pulses with
high power or high-power CW output [6, 9]. However, this design does not offer any
advantage for producing ultra short mode-locked pulses. The amplification of a sin-
gle frequency above all others allows the pulse to easily bleach the inversion at this
frequency. Thus it is difficult for the pulse spectrum to widen without causing the
central frequency to start absorbing. This structure is easy to use as a test bed for
studying mode locking dynamics and determining general behavior.

The MQW arrangement of the optically active QWs in the gain region refers to
any arrangement that is not an RPG. In recent experimental works MQW structures
have been found to be the most successful at producing short mode-locked pulses
[12, 15]. A broader range of frequencies will be amplified as the QWs are moved
away from the antinodes of the standing wave at the frequency of peak gain. As an
example considers the 10 QW MQW structure shown in Figure 9.8a, where the QWs
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have all been placed inside a single antinode [25]. The gain from the MQW structure
is reduced when compared with an RPG structure, because the QWs are no longer
placed on the antinodes. In order to compare the gain from the two structures, one
can increase the QW carrier density in the MQW structure such as to attain the
same peak gain. As is seen in Figure 9.8b, the gain of the MQW structure becomes
inhomogeneously broadened, when compared with the gain from an RPG structure.
The background carrier density in the QWs of the MQW structure is 3.25 ⋅ 1016 m−2

while it is 2.22 ⋅ 1016 m−2 for the RPG. Another effect of moving the QWs away
from the antinodes of the standing wave is that the resulting dispersion from these
QWs is reduced. This reduction will help in the characterization and short pulse
generation of the device. In Figure 9.8c) one can see the dispersion from the MQW
structure compared with the RPG structure at the densities used to compare the
gain in the previous figure. The dispersion is reduced because the QWs are now no
longer resonant with the standing wave at the peak gain frequency. Indeed, as is
seen from Figure 9.8a), the QWs that are placed off resonance are now in resonance
with standing waves at different frequencies from the peak gain. This means that
frequencies outside of peak gain will now be amplified at a higher rate than in an
RPG structure. The MQW structure above is chosen as an example, because it is a
big contrast to the RPG, and it is capable of producing very short pulses. However,
if one wanted to build such a structure, the barrier pumping of the QWs and the
material strain would be problematic. Therefore spreading the MQW structure over
one or two more antinodes can achieve short pulses while also increasing the pump
absorption in the barriers and the material.

9.3.3 The Relaxation Rates and the Round Trip Time

The length of the cavity determines the repetition rate of the laser. In terms of com-
paring the dynamics of the QWs, one is more interested in comparing the round
trip time of the intracavity pulse to the relaxation times of the SESAM and inverted
QWs. First for stable mode locking, the SESAM should relax fast enough such that
the pulse will always see the same SESAM state each round trip. This is not an abso-
lute requirement, but anything else will interfere with a stable mode-locked pulse.
Second, if the propagating pulse were to see the same QW gain each round trip, then
the pulse will amplify ad infinitum. Thus once the pulse becomes strong enough to
bleach the QW inversion, the single strong pulse will start to break up into multi-
ple pulses in order to better take advantage of all the available inversion left over in
the QWs. Thus the round trip time of the pulse cannot be too long when compared
with the inverted QW relaxation time. In the lower limit, in order to be physical the
inverted QW relaxation times cannot be on the same scale as the carrier scattering.
For a given chip: the relaxation time of the inverted carriers and the SESAM relax-
ation time can be determined experimentally [28]. However, as long as the above
conditions are met, one will be in an ideal situation to produce mode-locked pulses.
Thus, in order to expedite simulation times for mode locking, one can use a shorter
cavity with a round trip time on the order of tens of picoseconds and comparably
short carrier relaxation times.
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Figure 9.9 An example that shows the emergence of a pulse train in the cavity due to a
slow SESAM. (a) A stable mode-locked pulse with two spectral peaks. (b) A third spectral
peak appears once the relaxation time of the SESAM is decreased. Source: Adapted with
permission from Ref. [27], (OSA).

Another problem could be that the SESAM is not recovered during each round
trip, which could happen if the relaxation time of the SESAM is too long compared
with the round trip time. This compromises the ability of the SESAM to absorb and
can lead to the development of secondary pulses in the cavity. Figure 9.9b shows
an example where the slow SESAM relaxation time has led to a third spectral peak
developing between the two spectral peaks of a previously mode-locked pulse [27].
The original pulse had two spectral peaks as seen in Figure 9.9a. As the above figure
shows, the SESAM was unable to clean up the excess carriers in the system once the
relaxation time was made considerably slower. This leads to a third spectral peak
appearing, and in the time domain this spectral peak appears as a second pulse in
the cavity, which then leads to destabilization of mode locking.

9.3.4 Noise Buildup to Pulse

The spontaneous emission of photons into the VECSEL cavity will start once the
gain chip QWs are pumped. Figure 9.10 shows how the cavity field goes from noise
to a mode-locked pulse. The uncorrelated low-amplitude noise that is propagating
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∣E(t)∣

Figure 9.10 A diagram showing the development from noise to a mode-locked pulse.
Source: Pulse data from Ref. [28, 32].
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in the cavity has a wide range of frequencies. As the noise makes its way through a
full round trip of the cavity, the only frequencies that will be amplified are the ones
located inside the net gain region, i.e. the spectral range where there is more ampli-
fication than loss. Eventually the noise will become correlated and have enough
energy to start stimulated emissions in the inverted QWs of the gain chip. The energy
will keep growing until the inversion in the gain chip is bleached. It is the transient
bleaching of the QW inversion that leads to the final mode-locked pulse. As soon as
the inversion is bleached, the field that follows will be absorbed. The resulting pulse
shaping leads to the formation of a peak in the cavity field. Over some round trips this
process will naturally widen the spectrum of the cavity field, leading to the forma-
tion of a pulse. The final mode-locked pulse in a VECSEL strikes a balance between
extracting carriers from the gain chip and loss in the SESAM and output coupler.

9.4 Numerical Results

9.4.1 Single-Pass Investigation of QWs and SAMs on the Order of
Second Born–Markov Approximation

Before investigating actual mode locking, we examine the response of single quan-
tum wells in the active region and that of saturable absorber mirrors to a single pass
of optical pulses. This reduces the observation time from many nanoseconds to just a
few picoseconds and allows one to test the full theoretical model. It also enables us to
test the viability of potential simplifications like the reduction to only one parabolic
electron and hole band and the replacement of detailed carrier scattering processes
by effective rates.

Here we solve the full microscopic many-body equations, where an eight-band
k ⋅ p model is used and all subbands in the relevant spectral range are included. The
electron–electron and electron–phonon scatterings that lead to the dephasing of the
polarization and the equilibration of the carrier system are calculated explicitly in
the second Born–Markov approximation. For more details of the fully microscopic
model, see [28, 49, 50].

First, the model is used to study the response of quantum wells that have carrier
occupations typical for lasing operation when hit by pulses with lengths and
intensities similar to ultrashort mode-locked pulses. Here we examine the creation
of kinetic (spectral) holes in the carrier distributions and the influence of hole filling
during pulse amplification. Then we use the model to examine the response of
saturable absorber mirrors to similar pulses. We examine semiconductor saturable
absorbers (SESAMs) made from a single unpumped quantum well as well as
graphene saturable absorber mirrors (GSAMs) made of a single layer of Graphene
on a dielectric substrate. For both systems, the absorption bleaching due to carrier
buildup is studied to extract recovery times and saturation fluencies and their
dependence on pulse widths and spectral positions.

9.4.1.1 Inverted Quantum Well
For weak light pulses the absorption or gain is a good measure for the
wavelength-dependent weakening or amplification of the pulse. In this so-called
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Figure 9.11 Inversion of the lowest electron and hole subband (left) and linear absorption
(right) at various times before and after an intense 100 fs pulse passes through the inverted
quantum well [28]. The pulse maximum is centered in the well at 0 ps.

linear field regime, the inversion, ne
k + nh

k − 1, does not change significantly
during the presence of the pulse. In the two-band case and apart from Coulomb
effects, absorption/gain will mirror the inversion. The occupations remain in
thermal equilibrium where they can be described by Fermi distributions. While
electron–electron and electron–hole scatterings do take place, they do not change
the distributions.

On the other hand, intense pulses, as they are typical for mode locking, change
the carrier occupations significantly while passing through the quantum well. Scat-
terings further modify the nonequilibrium distributions on timescales similar to
typical mode-locked pulses of 100 fs or more. Here, the (linear) absorption/gain no
longer sreflect the actual response of the system. This is demonstrated in Figure 9.11
for the example of an inverted GaAs/InGaAs well that is hit by a Gaussian pulse,
E(t) = E0 exp(−t2∕(2Δ2) ⋅ exp(−i𝜔0t), centered at the frequency 𝜔0 of the gain max-
imum and with a width Δ = 100 fs. The pulse intensity, E0 = 15 V μm−1 is strong
enough to bleach the inversion completely to transparency (zero inversion) at the
time when the pulse maximum hits the well (0 ps). Here, the second half of the pulse
will slightly further reduce the occupations and lead to slightly negative inversion at
the central frequency of the pulse. This so-called Rabi-flopping beyond transparency
is possible since the pulse length is comparable to the dephasing time of the micro-
scopic polarizations. Here, the system remains in a partly coherent state rather then
instantly creating free carriers.

While the inversion is completely bleached by the pulse, the absorption spectrum
still shows gain at the central lasing frequency. Here, the absorption was calculated
by testing the instantaneous system and occupations using a weak and ultrashort,
few femtoseconds test pulse.

The spectrally sharp kinetic hole is quickly filled by intraband scattering on a
one-hundred femtosecond timescale. After that, the occupations are refilled by the
relaxation of pump-injected carriers from higher subbands and the barriers. This is
mediated by interband scatterings that take place on a multi-picosecond timescale.
Relaxation from high momentum states toward the bandgap is slowed down due to
the fact that the initial states, ni, for these processes have small occupations while the
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Figure 9.12 (a, b) Time evolution of the inversion in a QW that is excited with a 100 fs
[19]. (a) For a pulse with E0 = 15 V μm−1. (b) For a pulse with E0 = 30 V μm−1. The pulse
maximum is centered in the well at 0 ps. (c, d) Time evolution of the total carrier density in
a quantum well that is excited with a 15 fs/100 fs/600 fs pulse (blue/red/black) [19]. Solid
(dashed) lines in (c): for a pulse with amplitude E0 (2 E0). Solid/dashed lines in (d): when
including/neglecting kinetic hole filling. The timescales for different pulse lengths have
been adjusted by Δ/100 fs.

final states, nf are occupied to a high degree. Thus, the terms ni(1 − nf ) in the scatter-
ing equations are reduced by phase-space filling. This leads to a hotter distribution
than the initial one before the pulse that persists on a ten picosecond scale.

Figure 9.12a and b shows the time-resolved inversion for the same well as in
Figure 9.11 for excitations with 100 fs pulses of two different intensities. The case of
the lower intensity is the same as in Figure 9.11. For the lower intensity pulse the
Rabi-flopping only leads to a single overshoot beyond transparency and is barely
visible on this scale. For a pulse with twice the field strength strong Rabi-flopping is
visible. Here, already the leading edge of the pulse is strong enough to completely
bleach the gain, and oscillations remain until the pulse has completely passed.

The influence of Rabi-flopping and kinetic hole filling on the pulse amplification
is demonstrated in Figure 9.12c and d for pulses of various lengths and two different
strengths. The pulse amplitudes have been scaled to result in the same pulse energy
for all pulse widths. For very short pulses, the Rabi-flopping becomes more and more
important and limits the amount of carriers the pulse can extract and, thus, the pulse
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can be amplified. Clearly, this is undesired for lasing operation. For pulses on the
timescale of the polarization dephasing (50-100 fs) or longer, the flopping becomes
less significant. The kinetic hole filling re-replenishes carriers at the lasing frequency
while the pulse is present. This allows the pulse to extract more carriers. Pulses that
are shorter than the intraband scattering times cannot take advantage of this effect.

To test the theoretical model, we compare in Figure 9.13 calculated refractive index
changes for two mode-locked VECSELs to experimentally measured data. Details of
the experimental procedure can be found in Ref. [28]. The two VECSELs shown here
produce rather long pulses of several hundred femtoseconds. Thus, the kinetic hole
is not very pronounced in these cases and the initial fast recovery of it is not visible.
However, the data shows two different timescales in the recovery of the system. The
initial faster recovery is due to the return of the system to distributions that resemble
hot Fermi distributions. The following slower recovery is due to the cooling of the
system and subsequent refilling of the wells with pump-injected carriers.

In both cases we find very good agreement between theory and experiment
demonstrating the high quantitative accuracy of the model and its potential for
device design and optimization.

9.4.1.2 Saturable Absorber
Figure 9.14 shows the buildup of carriers due to absorption in two saturable absorber
mirrors. One is a SESAM for wavelengths around 1000 nm. It consists of a single
InGaAs/GaAs quantum well on a GaAs/AlAs DBR. The quantum well is capped by
a 4 nm thin GaAs cap-layer to allow for fast carrier recombination on the surface.
The other absorber is a GSAM consisting of a single layer of graphene on a SiO2
substrate. The fundamental model for the GSAM closely follows that of the semi-
conductors outlined above. The main changes are the different (gapless) dispersion
and wavefunctions. Details about the model for Graphene can be found in Ref. [28]
and Refs. therein.
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Figure 9.14 Time evolution of the sum of electron and hole occupations in a SESAM for
995 nm (left) and a GSAM (right) after excitation with a 100 fs, 0.1 mJ cm−2 pulse centered
at 1.32 eV [28].

Both SAMs are excited with a 100 fs pulse with an energy density of 0.1 mJ cm−2

and a central frequency of 940 nm. This wavelength is chosen somewhat further
above the bandgap than in typical uses of the SESAM in mode locking. This was
done in order to make the internal dynamics more visible.

The main difference between the SESAM and GSAM is that in the SESAM the car-
riers can only relax to the bandgap that is energetically rather close to the excitation.
On the other hand, due to vanishing gap in graphene, the carriers can relax much
further away from the excitation energy. Thus in the SESAM, carriers will remain
near the energy of the excitation after the initial relaxation. This leads to a slower
recovery time at the excitation energy than in the GSAM.

Due to the strong phonon coupling in Graphene, carriers relax via phonon scat-
tering on a sub-100 fs timescale. Several LO-phonon replicas can be seen in the time
trace. The density of states in graphene scales linearly with the energy. This leads to
higher occupation probabilities at lower energies than at the excitation energy.

In the SESAM, the initial pile-up of carriers near the central frequency of the pulse
is quickly smoothed out through intraband scattering. This happens on a 100 fs
timescale similar to the kinetic hole filling in the inverted quantum well case studied
above. It is followed by a slower recovery due to interband scatterings and nonradia-
tive carrier recombination.

The featureless dispersion and density of states in graphene lead to saturation
characteristics that vary very little with the excitation wavelength. On the other
hand, the density of states in the SESAM shows an abrupt step at the bandgap of the
well. This, as well as steps at higher subbands lead to a high wavelength sensitivity,
which will require careful optimization in the experiment. In Figure 9.15 the
wavelength dependence of the saturation fluence was studied for the SESAM and
GSAM from Figure 9.14 in Ref. [50]. In the SESAM, the minimal saturation fluence
is found for excitation right at the lowest subband exciton. It quickly increases
by almost an order of magnitude with a detuning of a few ten nanometers. For
some applications it might be desirable to have a fairly wavelength-independent
saturation fluence. Then, the excitation should be centered higher within the first



9.4 Numerical Results 287

Wavelength (nm)
F

lu
en

ce
 (

m
J 

cm
–2

)

900

0.01

0.10

1.00

1000
Wavelength (nm)

F
lu

en
ce

 (
m

J 
cm

–2
)

900

100 fs
15 fs

Ex(e2-hh2) Ex(e1-hh1)

100 fs
15 fs

0.01

0.10

1.00

1000

Figure 9.15 Saturation fluence as function of the excitation wavelength for the SESAM
(left) and GSAM (right) from Figure 9.14 [50]. Black: using 100 fs pulses. Red: using 15 fs
pulses. Ex marks the position of the first and second subband excitonic bandedge. The
dashed lines for the GSAM are fits according to 1∕λ2.

Time (ps)

Δ
R

 (
ar

b.
 u

ni
ts

)

0.0
0

1

2

3

4

0.2

Experiment
Theory
90 fs
500 fs

Experiment
Theory
140 fs

0.4

Time (ps)
0.0 1.0 2.0

Figure 9.16 Time evolution of the index change in a SESAM (left) and GSAM (right) for the
excitation conditions as in Figure 9.14 [28, 50]. Dots: experiment. Solid line: theory. Dashed
lines: exponential fits.

subband. The saturation fluence in the GSAM is fairly wavelength-independent
with a scaling of about 1∕λ2 due to the linear increase of the density of states.

In Ref. [50] also the dependence of the SESAM recovery time on the wavelength
was studied. The fastest recovery times were found for excitation either directly at the
lowest subband exciton or just below the onset of the second subband. The recovery
time decreases for excitations further away from the bandgap since this allows the
carriers to relax away from the excitation energy.

The index change after excitation with pulses was studied experimentally for a
SESAM and GSAM using time resolved pump-probe measurements [28]. The results
are compared with those of the modeling in Figure 9.16. Here, a SESAM for oper-
ation near 1040 nm was examined and the system was excited with a 100 fs pulse
at 1040 nm with an energy density of 25 μJ cm−2. The same pulses were used to
examine the GSAM.
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As for the results for the inverted quantum wells, we find very good quantitative
agreement between theory and experiment. Using the theory–experiment compar-
isons, we deduce recovery times for the SESAM and GSAM of 500 fs and 600 fs,
respectively. These times were used for the final data shown in Figure 9.16.

The initial decrease of the reflectivity change in the SESAM is due to an adiabatic
following of the pulse envelop (i.e. Rabi-flopping). No clear signature associated with
the smearing-out of the carrier pileup near the center frequency can be found here
since the excitation is too close to the bandgap. The long-time recovery is due to the
nonradiative extraction of the carriers.

In the GSAM a strong initial recovery on a 140 fs timescale can be seen. Since
the carriers in the GSAM can relax far away from the excitation energy, the index
change quickly recovers to a large degree despite the carriers still being in the sys-
tem. It should be noted that for some GSAMs a change in sign of the change of the
transmission after the initial recovery has been observed [51]. This signature and its
dynamics can be reproduced very well by the theory if it is assumed that the graphene
is doped [28]. The occurrence of negative differential transmission means that the
system is less absorbent than before the excitation. The excitation leads to a heat-
ing of the dopant-related carriers that remain after the pulse-created carriers have
recombined. The higher carrier temperature leads to higher occupation probabilities
near the probe energy, which reduces the absorption there.

9.4.2 Mode-Locked VECSELs

In the following we will examine the dynamics of a mode locked VECSEL cavity
as described before. The numerical simulations are run on an SGI UV2000-shared
memory machine. Great care has been taken to make sure the simulations run
quickly, including parallelizing the numerics when appropriate. Simulating
equation Eq. (9.1) coupled to Eq. (9.2) until mode locking is attained still takes
between 12 and 48 hours. This might seem to be long, but if the carrier scattering
is calculated at the level of the second-order Born–Markov approximation, a
simulation can take around 30 days to attain mode locking.

First we go over a few ways that one can use the model to characterize the cavity
by measuring the gain, absorption, and dispersion. By measuring this in the same
framework as the mode locking, one will get an impression of what the pulse actually
experiences during a full simulation. Next the cavity is initialized for longer mode
locking simulations where one starts from noise or from a seed pulse. Finally, we
discuss how to find even shorter pulses.

9.4.2.1 Gain, Absorption, and Dispersion
The mode locking behavior depends on the energy balance in the cavity, thus it is
important to be able to characterize the spectral absorption or amplification from
a given gain chip or SESAM in order to control the final mode-locked pulse out
of a VECSEL cavity. These variables don’t enter into the given model, but can be
computed at a given background carrier density. We can find the gain spectrum
by computing the spectral change of a weak test pulse that propagates though the
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Figure 9.17 The initial loss and gain in the cavity (a) and the GDD in the gain chip (b) [31].

gain chip with inverted QWs. The pulse is propagated through the device and the
spectra of the pulse before, E0(𝜔), and after, E1(𝜔), are compared using: G(𝜔) =
Log(E1(𝜔)∕E0(𝜔)). Where G(𝜔) gives the amplification experienced by the pulse in
the device. Figure 9.17a shows the gain from an RPG device with inverted QW den-
sity 1.9 ⋅ 1016 m−2 (solid line) and the total loss from the SESAM and output coupler
computed in a similar way (dashed line). This picture only gives an idea of the mode
locking dynamics by indicating if there is enough amplification from the gain chip
to initialize a cavity. When comparing the gain spectrum to the total loss in this way,
it is possible to see that if the inverted background carrier density is too low, there
will be no net round trip amplification, and thus no pulse will build up in the cavity.
On the other hand, multiple pulses will appear in the cavity if the gain is too high.

The total dispersion in the VECSEL cavity will influence how the pulse is reshaped
during a round trip. The pulse will accumulate dispersion from the SESAM and the
gain chip as well as any other devices present in the cavity. A pulse with a wider
spectrum, i.e. a shorter duration pulse, will require the dispersion to be controlled
over a wider wavelength range. In order to study the influence of the dispersion on
the mode-locked pulse, one also has to be able to measure the dispersion in a given
structure. This can be accomplished by using the same procedure as described above,
in order to characterize the device, but instead of comparing the amplitude change
of the pulses we will now compare the change in spectral phase. It is possible to find
each order of dispersion by calculating the appropriate Taylor Series expansion of
the phase change.

Figure 9.17b shows the second-order dispersion that is found in a gain chip with
an RPG gain structure on top of a DBR and dispersion-compensating coating. In
order to generate very short pulses in a mode-locked VECSEL, one has to include
dispersion-compensating elements into the cavity, and it is common to first reduce
the dispersion from each cavity device independently and then reduce the total dis-
persion wherever possible. Unfortunately, dispersion-compensating coatings cannot
remove all dispersion, e.g. it is impossible to remove the dispersion from the DBR
stopband edges as seen in Figure 9.3. The simplest configurations utilize a single
material layer on the air interface that will reduce the GDD; however, it is possible
to use optimization algorithms in order to create combinations of material layers
that reduce multiple orders of dispersion [44].
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Figure 9.18 Here we see the pulse formation process from spontaneous emission noise
(dashed line) as well as from a seed pulse (solid line). (a) The cavity field amplitude. (b) The
cavity field pulse FWHM. (c) Snapshots of the cavity pulse at the cusp of evolving into a
mode-locked pulse [31, 32].

9.4.2.2 Pulse Buildup and Initial Conditions
Figure 9.18 shows the time-resolved evolution of the pulse amplitude and width
from noise [31, 32]. The gain region used in this simulation was an RPG struc-
ture, where the QWs had a density of 1.9 ⋅ 1016 m−2 resulting in the initial gain
seen in Figure 9.17. The simulation was started from noise and eventually reaches
the mode-locked pulse around 400 ns. In general, the time that the cavity takes to
develop a pulse depends on the round trip time and the net gain in the cavity. The
amplitude of the field quickly grows until it bleaches the inversion, at this point the
pulse spectrum widens and a mode-locked pulse is formed. Note that the central fre-
quency of the field shifts slightly after the pulse is formed, this is such that the pulse
can better take advantage of the available inversion. The formation of a pulse from
noise and this behavior has been observed in experiments by Turnbull et al. [52].

Multiple realizations of the same cavity with different random noise initial con-
ditions all give the same mode locked pulse, and another way to start the mode
locking of a VECSEL cavity is to inject a seed pulse. This method is used in order
to speed up the convergence to a mode-locked pulse, and it does not change the
final mode-locked pulse. Note that the FWHM is only defined for a pulse, and thus
there are some missing points in the FWHM graph before 400 ns.

9.4.2.3 Self-Phase Modulation from QWs
It is possible to measure the change in refractive index during pulse propagation
using the Kramers–Kronig transformation [31]. The procedure is as follows: First a
sech2 pulse with energy and width similar to the mode-locked pulse in Figure 9.18
is used to distort the carriers of the gain chip and SESAM. Then one can probe
the distorted carriers with a low-energy short pulse during the interaction of the
high-energy pulse with the device. The spectra of each probe are compared, similar
to the characterization procedure described earlier, to produce the gain or absorption
spectra for the device at the given time. The snapshots of the absorption spectrum
are then compared with the absorption spectrum before the pulse distorts the car-
riers. The Kramers–Kronig transformation finally converts the change in spectrum
into a change in the refractive index.

Figure 9.19 shows the change in refractive index as computed with the
Kramers–Kronig transformation for the RPG gain chip and SESAM. The pulse used
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Figure 9.19 The refractive index change as computed with the Kramers–Kronig
transformation during interaction with a pulse in the inverted gain chip (a) and the
absorbing SESAM (b). Note the different color scales used [31].

for distorting the carriers is a 220 fs FWHM pulse located at 1.265 eV with energy
comparable to the mode-locked pulse that came from this cavity. Note that the
change in refractive index in the gain chip is much smaller than the change in the
SESAM. This is because the high carrier density in the QWs of the gain chip sees
less of a change than the low -density QW in the absorbing SESAM. As the pulse
enters the SESAM, the change in refractive index becomes abruptly positive and
then goes back to zero at the central wavelength once the pulse has bleached the
SESAM. The positive refractive index that is seen in the SESAM will make the speed
of the front part of the propagating pulse slightly slower, thus compressing the front
of the pulse while it is propagating through the SESAM.

9.4.2.4 Mode-Locked Pulse Family
The final mode-locked pulse is a nonequilibrium balance between the energy input
in the gain chip and the energy loss through the SESAM and output coupler. Addi-
tional constraints on the pulse can be found in the cavity dispersion, which will
force the pulse shape to take up certain properties, which might correspond to a sta-
ble pulse solution. The pulse is modified nonlinearly in the inverted and absorbing
QWs according to the microscopic many-body dynamics. A wide variety of stable
mode-locked pulses can be found by varying the pump (inverted QW background
density) continuously.

Through systematic numerical studies we have been able to identify the possi-
ble mode-locked pulses in a VECSEL. These are divided into the following types: a
single stable mode-locked pulse, a single unstable mode-locked pulse, and a “pulse
molecule.” In addition there can be multiple pulses in a cavity; however, these are
usually undesirable solutions that are unstable and consist of samples from the above
pulses. The pulse molecule should also be considered as semistable, as it is usually
oscillating slowly in FWHM and amplitude. Figure 9.20 show samples from all three
families, with their respective spectra, autocorrelation traces, and the gain that they
result from [26]. These calculations were generated using an RPG gain structure at
three different loss/gain settings. Searching through many different QW arrange-
ments has not resulted in any other pulses. The single pulse has a single spectral
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Figure 9.20 An overview of the three families of mode-locked pulses: the single stable
pulse (column 1), the single semistable pulse (column 2), and the pulse molecule (column
3). Row 1 shows the initial gain, absorption, and output coupling that produced the pulse,
as well as the net gain region shaded in gray. Row 2 shows the normalized spectrum of the
pulse. Row 3 shows the pulse amplitude. Row 4 shows the autocorrelation trace of the
pulse. Source: Reprinted with permission from Ref. [26], (OSA).

peak that is almost entirely contained inside the net gain region, which is shown
in gray. The unstable single pulse has some substructure, and the spectrum of the
pulse has a pedestal and is located partially outside the net gain region. Note that the
autocorrelation trace of the two single pulses appears very similar for two very dif-
ferent pulse shapes, this emphasizes how difficult it is to recover information about
the pulse shape from an autocorrelation trace alone. For the pulse molecule there
are two spectral peaks that create the observed beating pattern in the envelope. The
second spectral peak is located partially outside the region of net linear gain and
is dominantly supported by the carrier scattering that is transporting energy into
this spectral range. These pulses are selected examples that appear as a result of the
chosen gain structure, pumping level, loss, and cavity dispersion. Choosing a differ-
ent configuration will result in pulses with different properties; however, the final
mode-locked pulse will be some variation of these pulses.
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Figure 9.21 An overview of the dynamics for a single stable pulse (a, c, e) and a pulse
molecule (b, d, f). Column 1 shows the initial equilibrium gain (blue) and absorption (black)
with the nonequilibrium gain (red) calculated during interaction with the pulse. Column 2
shows snapshots of the inversion before (blue), at the peak (black), and after (red) the pulse
has passed. Coulumn 3 shows the spectrum of the mode-locked pulses. Note: In these
pictures the kinetic hole filling is not included in Eq. (9.2). Source: Adapted with permission
from Ref. [27], (OSA).

In order to understand how the different pulse families appear, we will study the
dynamics of the inversion. There are three different cases that stem from the differ-
ent levels of inversion: A low level of inversion that leads to a single pulse, a medium
level of inversion that leads to a “pulse molecule,” and finally a high level of inver-
sion that leads to multiple pulses in the cavity. At first, it is instructive to observe how
these pulses appear in a simpler case where there is no carrier scattering included
in the SBE [27].

Figure 9.21 shows, for the cases of a single pulse and pulse molecule: the calcu-
lated nonequilibrium gain, snapshots of the inversion during mode locking, and
the mode-locked pulse spectra with the net gain region highlighted in gray. The
mode-locked pulses are generated using an RPG gain structure and initial back-
ground carrier density of 1.75 ⋅ 1016 m−2 for the first row, and 2.4 ⋅ 1016 m−2 for the
second row. In the figure the inversion is shown before the pulse appears, at the
peak of the pulse, and after the pulse has passed. In the case of low inversion, the
mode-locked pulse will not grow strong enough to bleach the carriers.

From Figure 9.21a and b we can see the nonequilibrium gain that was calculated
from the inversion during mode locking. The mode-locked pulse has deformed the
QW carriers, which in turn have reshaped the computed gain in such a way that it
no longer resembles the initial equilibrium gain. This deformation happens during
interaction of the pulse, and the specific gain shape will naturally affect the final
mode-locked pulse.

Figure 9.22 shows snapshots of the inversion during the buildup of the pulse
molecule at a medium level of inversion. In this case the pulse energy will become
high enough to bleach the carriers during the buildup of the pulse. The time
dependent inversion is eventually bleached at the central frequency. At this point
the pulse cannot extract more carriers at this frequency, and in order to take
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Figure 9.22 Here we see snapshots of the inversion during the buildup of the pulse
molecule. Note: In this figure the kinetic hole filling is not included in Eq. (9.2). Source:
Adapted with permission from Ref. [27], (OSA).

advantage of the carriers in the surrounding spectral region, the pulse spectrum
will split into two separate peaks. The two spectral peaks of the final mode-locked
pulse both fit into the net gain region and are shown in Figure 9.21f. Contrasting
the inversion dynamics from the single mode-locked pulse with the dynamics from
the pulse molecule, we can see that the pulse molecule has adapted in order to take
out more of the available carriers. If the level of inversion is even higher, there will
be too many carriers for a single mode-locked pulse to extract. In this case multiple
pulses will appear in the cavity. Note that carrier scattering will result in a transport
of carriers from the higher-momentum states into the available lower-momentum
states. This causes the carriers to equilibrate into a quasi Fermi distribution between
pulse interactions, which increases the available inversion in the lower momentum
range. The increased pulse amplification can then lead to inversion bleaching. In
this case it is unlikely that the net gain region can be both wide enough to support
a pulse molecule and still not bleach the inversion. However, the carrier transport
enables the pulse molecule to exist at a lower density. The second spectral peak can
be supported outside the net gain region, as is the case in Figure 9.20j. In this case
the pulse molecule is semistable with an oscillating FWHM and amplitude.

9.4.2.5 Influence of Loss on the Mode-Locked Pulse
The nonlinear interplay between dispersion, loss, and amplification complicates the
search for the shortest FWHM and/or strongest possible pulse in a mode-locked cav-
ity. Experimental studies by Klopp et al. have found that the mode-locked pulse
properties depend on the cavity loss [39]. If the goal were a high-energy output,
then one would seek to have a higher-output coupler combined with a high net gain
in order to get the most amount of output energy. On the other hand, the amount
of saturable absorption both influences the energy loss in the cavity and the pulse
shortening capabilities of the absorbing QW. Thus the goal is to see if it is possible
to optimize both the energy and the width of the mode-locked pulse, i.e. can we
produce a high-energy pulse that is also very short?
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Figure 9.23 Overview of the mode-locked pulse FWHM (a) and output fluence (b) that
results from varying R

𝛼
and the total absorption. The colored region is an interpolation of

the raw data (black dots) with single stable mode-locked pulses. The pulses in the
uncolored region are only semistable. Source: Reprinted with permission from Ref. [26],
(OSA).

The total loss in the cavity consists of the saturable loss from the absorbing SESAM
QW and the nonsaturable loss from the output coupler. In order to study their rela-
tionship to the pulse, we define, R

𝛼
, the ratio of saturable loss to the total loss at

the central frequency. A high R
𝛼

means that most of the cavity loss is saturable,
and a low R

𝛼
means that most of the cavity loss comes from the output coupler.

In order to collect this data, we perform a scan over multiple values of R
𝛼

and the
net gain for a fixed RPG gain chip [26]. For each data point we want to find the
FWHM and energy of a mode-locked pulse, thus we iterate the simulation until we
are sure that a mode-locked pulse is established. Figure 9.23 shows a collection of
the output pulse FWHM and energy for multiple values of R

𝛼
and the net gain at the

central frequency. The numerical simulations are the black dots, the colored region
is an interpolation between the simulation data for the stable mode-locked pulses,
and in the region with no color one can find semistable pulses such as the pulse
molecule and the single unstable pulse from Figure 9.20. Not shown is that for even
higher levels of net gain, one ends up with multiple pulses in the cavity. The output
pulse energy is highest at high net gain and low R

𝛼
, i.e. a high-output coupling com-

pared with the saturable absorption. However, the FWHM of the pulse appears to
be the shortest when the net gain is low. These two requirements intersect around
R
𝛼
= 50% and at a low net gain, where the output pulse energy is high, and the pulse

FWHM is at the lowest point of 140 fs. There is another comparably short pulse at a
high R

𝛼
, but this solution has a lower energy. These pulses are both located near the

region where pulses are no longer clearly mode locked.
The data in Figure 9.23 is for a specific gain chip, and a different setup will pro-

duce a different figure. However, it is clear that the influence of the loss on pulse
FWHM and energy is not trivial. This analysis is very time-consuming and might
be completely unpractical to perform on an experimental setup. Thus we find that,
by looking at multiple gain structures, a rule of thumb is that a high R

𝛼
is good for

producing shorter pulses.
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9.4.2.6 Limits on the Shortest Possible Pulse and the Hysteresis Effect
What limits the shortest possible pulse that can be generated in a VECSEL cavity?
There are two types of limitations that one encounters when trying to produce a
short pulse, the first is that for a given cavity the short pulses are not easy to find in
terms of tunable parameters such as the cavity loss, and the pump level of the gain
chip. However, the most limiting features for short pulse generation are a result of
chip design including: dispersion, the DBR stopband, and the QW arrangement.

In order to find the shortest possible pulse for a given gain chip, one has to scan
over the tunable parameters, i.e. the cavity loss and the gain chip background carrier
densities (the pump level). First we fix the gain chip design by settling on a specific
gain region, DBR, and dispersion compensating coating that will reduce the GDD as
far as possible. Next we perform a series of simulations where we try to find a short
mode-locked pulse by first reducing the background carrier density in the inverted
QWs for a fixed output coupling loss. Then we adjust R

𝛼
in order to check if it is

possible to further reduce the pulse FWHM. These steps are repeated until one is
satisfied with the final mode-locked pulse properties.

The dispersion limitations to short pulse generation are overcome by constructing
decent dispersion compensation, which is much harder in an experimental setup
than in a simulation. In these numerical simulations a single layer coating is used
at a refractive index that makes the GDD as flat as possible. The next limitation on
short pulse mode locking is the DBR stopband. A typical AlAs/AlGaAs DBR stop-
band, with respective refractive indices 2.946 and 3.435, has a theoretical width of
about 96 nm for operation at 980 nm [38]. The short pulse cannot fill the entire stop-
band, because the dispersion from the stopband edges becomes too strong, and it
is not possible to remove the dispersion from the edges using dispersion compen-
sation coatings. At most the coating can reduce the dispersion around the center
of the stopband. In order to observe the next limit on short pulse generation, one
can use a different DBR such as a dielectric DBR composed of Nb2O5∕SiO2, with
respective refractive indices of 2.26 and 1.45, which has a theoretical width of 280
nm for operation at 980 nm. In the following we are only interested in a wider DBR
so for simplicity, the AlAs index of refraction is artificially changed to 1.9 resulting
in a DBR with a theoretical stopband width of about 377 nm. The new DBR will
also have a different dispersion from the previous structure. Thus, in order to make
the GDD of the two structures as similar as possibly, we change the AR coating on
the narrow DBR stopband structure. Once the limiting effect of the dispersion and
the DBR stopband is reduced, one can observe the influence of the QW arrangement.

Figure 9.24 shows the mode-locked pulse from an MQW10 structure on a wide and
narrow DBR stopband and the inversion of the gain chip QWs during mode lock-
ing [25]. The dispersion-compensating coating on the narrow DBR structure was
changed, in order to reduce the GDD and to provide a fair comparison. This also
leads to an amplification of the gain, and thus the background carrier density is also
slightly reduced from 3.25 ⋅ 1016 m−2 to 2.9 ⋅ 1016 m−2 in order for the two simula-
tions to have similar peak gain. The mode-locked pulse from the wide DBR structure
has a FWHM of 19 fs and a peak intensity of 5.7 MW∕cm2, while the narrow DBR
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Figure 9.24 (a) A snapshot of the time-dependent inversion in the QWs that results from
interaction with the pulse (solid lines) and the initial inversion (dashed). The mode-locked
pulse is shown in (b) for the wide (solid) and narrow (dashed) stopband DBR. Source:
Reprinted with permission from Ref. [25], (OSA).

produces a 46 fs pulse with peak intensity 1.7 MW∕cm2. Figure 9.24a shows a snap-
shot of the inversion in the gain chip QWs during mode locking of the 19 fs pulse.
The inversion is sampled right after the peak of the pulse, at the time when the total
number of carriers in the QWs is the lowest. Notice that the inversion in each QW
is slightly different based on their relative placement around the antinode, this is
because some of the QWs are in more resonance with the central wavelength of 980
nm while others are deliberately placed off resonance as can be seen in Figure 9.8a).
The QW placement in the MQW structure helps with the amplification of a wider
range of frequencies than the RPG structure, which in turn allows the pulse to take
advantage of more inversion.

The tunable parameters, such as the background carrier density in the gain chip
QWs, reveal a surprising effect that complicates the search for the shortest pulse.
A memory effect can be observed if one tracks the mode-locked pulse shape while
increasing and then gradually decreasing the gain chip background carrier den-
sity [25]. In Figure 9.25 one sees the mode-locked pulse intensity and FWHM with
increasing (solid black) and decreasing (dashed red) carrier densities, as well as
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Figure 9.25 Here we see the mode-locked pulse peak intensity (a) and FWHM (b) for
various levels of the inverted QW background carrier density. The red curve corresponds to
mode-locked pulse shapes found when incrementally decreasing the density from the
highest value. In (c) we can see the initial gain and absorption for select inverted QW
background carrier densities. Source: Adapted with permission from Ref. [25], (OSA).



298 9 Ultrafast Nonequilibrium Carrier Dynamics in Semiconductor Laser Mode-Locking

select densities of the linear gain and absorption that was used to initialize the sim-
ulations. The measurements start with a density that is below the threshold of the
MQW structure. In this density range no mode-locked pulse will appear from noise
because there is no net round trip amplification as can be seen in Figure 9.25c. Then,
once the density is above the threshold, a mode-locked pulse will appear in the cavity.
As the density is increased beyond 4.0 ⋅ 1016 m−2 multiple pulses appear in the cav-
ity. At this point one can start to decrease the density, such that a single mode-locked
pulse is recovered. The single mode-locked pulses along at the same density of the
two branches are nearly the same; however, once the density is decreased below
the threshold, the mode-locked pulse unexpectedly persists. If the simulation was
started from noise, there would be no pulse, let alone a mode-locked pulse. At the
density 3.25 ⋅ 1016 m−2 the mode-locked pulse FWHM is 18 fs, slightly shorter than
the previous result. Thus the final mode-locked pulse shape has some nonequilib-
rium memory effects when changing the background carrier density, i.e. the pump
of the gain chip. This has been observed experimentally by Waldburger et al. [53].

In order to see how one can use the placement of the QWs in front of a mirror to
one’s advantage, consider a simpler case where the DBR is replaced by a reflecting
surface located at z0 = 0. We place N QWs at locations zn > 0 and consider an electric
field E(t)with envelope E0(t) centered at𝜔0, which is propagating into the QWs from
the right. The total electric field at the nth QW, En(t), is the superposition of the
outgoing and incoming field

En(t) = Ein(t) + Eout(t),

which we can relate back to the field incident on the Nth QW with a phase change

En(t) = E(t − ΔtN→n) e−i𝜔0ΔzN→n∕c

+E(t − Δt0→n − ΔtN→0) e−i𝜔0(Δz0→n+ΔzN→0)∕c
.

Here Δtx→y is the time taken to propagate from zx to zy and is related to the length
using Δz = cΔt where c = c0∕n. The Fourier transform of this gives

En(𝜔) = E0(𝜔 − 𝜔0) e−i𝜔ΔtN→n

+E0(𝜔 − 𝜔0) e−i𝜔(Δt0→n+ΔtN→0)

=
(
1 + e−2i𝜔Δt0→n

)
E0(𝜔 − 𝜔0) e−i𝜔ΔtN→n

One can see that the spectrum of the electric field, as seen by the nth QW, is modu-
lated by the factor

Γn(𝜔) =
(
1 + e−2i𝜔Δt0→n

)
e−i𝜔ΔtN→n . (9.5)

We will consider two situations for N QWs ordered by n = 1, 2,…N: The QWs are
arranged as an RPG with zRPG

n = nλ∕2 or as an MQW with zMQW
n = λ∕2 + 𝛿(n − (N +

1)∕2) where 𝛿 is the spacing between the QWs. In both cases the wavelength is λ =
2𝜋c∕𝜔0.

Figure 9.26a and b shows the spectral modulation factor for the 10 QWs of a RPG
and MQW structure and how the QW carriers will experience a pulse in momen-
tum space. One can see that the spectrum of a given pulse is modulated by the QW
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Figure 9.26 (a) The spectral modulation in Eq. (9.5) that comes from placing the QWs in
patterns near a mirror for the RPG placement (black) and the MQW placement (blue) with
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location relative to the reflecting surface. The field is strongest in the QWs that are
resonant, i.e. the QW is placed near the antinode of the standing wave at the cen-
tral wavelength. For the off-resonant QWs, one can see that the peak of the pulse
is shifted to higher or lower momentum values. This has at least two advantages: a
single pulse can extract carriers from a wider spectral range than its own spectrum
would otherwise allow, and the amplitude modulation lets the pulse extract carriers
at different levels from different QWs. The latter could allow for a situation where a
few of the resonant QWs are absorbing, while the others are still inverted and thus
the pulse could experience net amplification even if the pulse bleaches the carriers
in some QWs. This compensation would allow for an ultrashort strong pulse to be
more stable with respect to bleaching the inversion. Notice how this pattern is sim-
ilar to the pattern seen in the inversions of Figure 9.24 during mode locking of the
MQW10 on top of a DBR.

For completeness, let us now take a step back and consider the polarizations that
are generated by the propagating electric field. If one assumes that the electric field is
weak enough such that it does not change the QWs, then at each QW the polarization
response is P(𝜔) = 𝛼(𝜔)E(𝜔). Since the polarization from each QW will propagate
with the electric field, it will also generate a polarization response from the next QW
that it interacts with. If one neglects any backward propagating fields, one can track
the successive polarization responses as above and finally get that the full expression
for the amplification is

Γn(𝜔) =
(

1 +
(
1 + 𝜖0𝛼

)2n−1e−2i𝜔Δt0→n

) (
1 + 𝜖0𝛼

)N−ne−i𝜔ΔtN→n .

Thus we see that the QW feedback will also modulate the above effect; however, the
general behavior remains the same.

9.5 Outlook

VECSELs have been widely used for high power, continuous-wave, and short
mode-locked pulse generation. They are relatively cheap to build and can be
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designed for a wide range of frequencies. Currently the challenge for ultrashort
pulse generation is overcoming the cavity dispersion and pushing pulse durations
well below 100 fs. After this, one would have to build a DBR with even wider stop-
band and a good dispersion-compensating coating to support even shorter pulses.
At the same time, designing the gain structure in such a way as to be advantageous
for shorter pulses could make ultrashort mode-locked pulses in VECSELs a reality.
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10.1 Introduction

Ultrashort laser pulses in the red spectral range are of special interest not only for
quantum optics research but also for many different applications in the fields of
medicine and biology. The high peak power can be used for the fabrication of com-
plicated three-dimensional microstructures by two-photon polymerization [1], for
multi-photon fluorescence microscopy [2] and for time-resolved fluorescence life-
time imaging microscopy [3]. In photodynamic therapy, where photosensitizers are
activated by light of a specific wavelength, red-emitting laser sources - preferably
fiber-coupled - are needed for sensitizers with strong absorbance at 630 nm, but also
at wavelengths above 650 nm [4]. With pulsed lasers a higher penetration depth into
the tissue and different effects on tumor cells are achieved when compared with CW
laser light [5, 6]. For spectroscopy of indium phosphide quantum dots (QDs) with
typical charge carrier life times of around 500 ps [7], an excitation source with a rep-
etition rate in the order of 1 GHz is desirable to achieve a high single photon flux [8].
Additionally, by tuning the wavelength, resonant excitation can lead to improved
quantum optical properties of the single-photon emission such as higher indistin-
guishability [9].

A variety of further applications is enabled by second harmonic generation of
the laser pulses into the ultraviolet spectral range. Especially time-resolved inves-
tigations of gallium nitride and zinc oxide-based materials would benefit from the
availability of compact and cost-effective ultrafast laser systems emitting in the UV.

Among the most important requirements for all these applications are short
pulse durations with high peak powers, a tunable emission wavelength and a
near-diffraction-limited beam profile. State-of-the-art laser sources emitting ultra-
short pulses in the red spectral range are complex and expensive optical parametric
oscillators and bulky dye lasers. Praseodymium solid-state lasers mode-locked
by semiconductor saturable absorber mirrors (SESAMs) represent an alternative,
however, with a fixed wavelength of 639.5 nm [10]. Pulses in the ultraviolet range

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
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are typically produced with nitrogen lasers and excimer lasers emitting nanosecond
pulses at fixed wavelengths. The latter can be used in complex setups together
with cerium-doped oscillators to achieve ultrashort pulses at wavelengths around
330 nm [11]. Femtosecond pulses with tunable emission across 250–355 nm are
only available from frequency-doubled optical parametric amplifiers in the visible
spectrum [12].

With repetition rates around 1 GHz and pulse durations in the picosecond and
femtosecond regime, mode-locked vertical external-cavity surface-emitting lasers
(VECSELs) based on the aluminum gallium indium phosphide (AlGaInP) material
system are perfectly suited to meet the abovementioned requirements. Due to the
semiconductor material in a compact setup, a large range of wavelengths can be
accessed, including the UV spectral range by intracavity frequency doubling.

10.2 Epitaxial Layer Design of AlGaInP-SESAM
Structures

For passive mode locking of red-emitting VECSELs, semiconductor saturable
absorber mirrors have been fabricated both by metal-organic vapor-phase epitaxy
(MOVPE) and molecular beam epitaxy (MBE). The SESAM structures are similar to
the gain structures, with GaAs substrates and AlGaInP-based active regions grown
on top of high-reflective AlAs/Al0.45GaAs distributed Bragg reflectors (DBRs).
Saturable absorption is provided by one or two compressively strained GaInP
quantum wells (QWs) or a layer of InP QDs, embedded in AlGaInP barriers and
cladding layers. Different approaches were followed to reduce the recovery time
of the absorber and to optimize parameters such as the saturation fluence and the
modulation depth. However, due to limited access to suitable ultrafast laser systems
in this wavelength range, only few SESAM characterization measurements are
available and most design considerations are derived from results obtained in the
infrared spectral range.

10.2.1 Quantum Well SESAMs

The first mode-locked operation of an AlGaInP-based VECSEL was reported with an
antiresonant SESAM design containing one GaInP QW with 5 nm thickness embed-
ded in Al0.6GaInP on top of 40 DBR pairs [13]. The maximum nonlinear reflec-
tivity change deduced from reflectivity measurements of this absorber structure is
between 1 and 2%. To enhance the recovery dynamics, the MBE grown absorber
structure is treated with ion irradiation. The same technique has already been used
for samples operating in the IR with the effect of sub-10 ps recovery times [14].

A different approach was chosen for the design of an MOVPE-grown
near-resonant absorber structure with two QWs and 55 DBR pairs [15]. The
compressively strained QWs, separated by a 4 nm thick Al0.33GaInP barrier, are
placed close to the semiconductor surface, as shown in Figure 10.1a. This allows
fast surface recombination of the charge carriers by tunneling through the 2 nm
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Figure 10.1 (a) Near-resonant SESAM design with two GaInP QWs near the semiconductor
surface and an additional fused silica layer. (b) Simulated GDD of the SESAM. Source:
Reproduced with permission from [16].

Al0.33GaInP cap. The recovery dynamics of this absorber design shows three decay
times and is discussed in Section 10.3. On top of the near-resonant semiconductor
sample, an additional fused silica layer is deposited. This overall antiresonant
design leads to a small negative value for the group delay dispersion (GDD) at the
laser wavelength around 664 nm (see Figure 10.1b).

10.2.2 Quantum Dot SESAMs

With indium phosphide (InP) QDs, a large wavelength region from the green to the
near infrared spectral range can be covered [7, 17]. Furthermore, QDs as absorber
material enable independent control of saturation fluence and modulation depth,
since the latter can be adjusted by the quantum dot density [18]. For an emission
wavelength of around 650 nm, InP QDs are typically embedded in strain compen-
sating Al0.1GaInP barriers and Al0.55GaInP cladding layers. For a red-emitting all
quantum dot mode-locked laser [19], a near-antiresonant SESAM design was used,
similar to the applied antiresonant gain structure [20]. As shown in Figure 10.2a,
a fused silica layer can be added, increasing the field enhancement of the absorber
by a factor of about 1.8. This reduces the group delay dispersion (see Figure 10.2b)
and leads to a higher modulation depth and a lower saturation fluence. With this
overall near-resonant design, stable mode-locked operation can be maintained
with increased transmission of the outcoupling mirror and therefore higher output
power [21].

10.3 Temporal Response of AlGaInP SESAMs

Characterizing the nonlinear reflectivity or the temporal response of a SESAM
requires an ultrafast laser source with suitable parameters at the wavelength of
interest. Due to the limited availability of these lasers in the red spectral range, there
has only been one report about such measurements so far [16]. The dynamics of an
absorber structure with two surface-near QWs (see Section 10.2.1) without a fused
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Figure 10.2 (a) Near-antiresonant SESAM design with one InP QD layer. The field
enhancement is modified by an additional fused silica layer. (b) Simulated GDD of the
SESAM with and without the fused silica layer. Source: Reproduced with permission from
[21].

silica layer is investigated and compared to an identically grown structure with only
one QW. A conventional degenerate reflective pump-probe setup with balanced
lock-in detection and a pulsed laser source tunable from 655 to 668 nm is used. The
200 fs pulses are obtained via second-harmonic generation of an optical parametric
oscillator at around 1320 nm, synchronously pumped by a titanium-sapphire laser.

The SESAM with only one QW shows a biexponential temporal response as
described for absorber structures in the IR spectral range in several publications
[18, 22, 23]. However, the dynamics of the 2 QW SESAM (exemplary curve is
plotted in Figure 10.3a) is fitted well with an exponential decay including three
characteristic times: The fast time constant of less than 300 fs is dominant with a
prefactor of almost 0.5 and can be attributed to intra-band thermalization of charge
carriers. The intermediate and slow time constants result from the recombination
of charge carriers in two QWs, which are separated by a 4 nm barrier and capped by
a layer with only 2 nm thickness. Due to this design, the propability of fast surface
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Figure 10.3 (a) Pump-probe result for a SESAM with two QWs close to the surface. In
contrast to the typical bi-exponential decay, three time constants are observed. Source:
Reproduced with permission from [16]. (b) Maximum reflectivity change fitted after [24] for
different pulse fluences of the two QW absorber and an identically grown sample with only
one QW.
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recombination differs for the charge carriers in the two QWs, leading to similar
prefactors, but time constants in the order of a few ps for the QW closer to the
surface and about 70 ps for the second QW.

Figure 10.3b shows the maximum reflectivity changes of the absorber structures
for varying pulse fluences obtained from the decay curves and corresponding fit
curves after [24]. It reveals a rollover for the last third of the measurement range,
indicating two-photon absorption. Despite a large uncertainty of the values for the
single QW SESAM, a higher modulation depth can clearly be observed for the dou-
ble QW SESAM and the saturation fluence of the two QW absorber can be estimated
to ∼ 90 μJ cm−2.

10.4 Cavity Designs

Cavity configurations of SESAM mode-locked VECSELs are usually V- or Z-shaped
with the SESAM as one of the end mirrors. In both cases, the gain structure can
either be used as the second end mirror or as a folding mirror. So far, SESAM
mode-locked AlGaInP VECSELs have been realized in two cavity configurations,
which are shown in Figure 10.4. In the Z-shaped cavity, the gain chip is pumped
under normal incidence and serves as folding mirror and a high-reflective folding
mirror as well as an outcoupling mirror complete the resonator. In the V-shaped
cavity, the gain chip is positioned as end mirror, and the resonator is folded by the
curved outcoupling mirror.

For efficient heat removal from the active region, a heat spreader is placed on
top of the gain chip with a good thermal contact obtained either by liquid capil-
lary bonding [25] or simply by mechanically induced pressure. This heat spreader
(usually a single-crystal diamond) has different effects on the laser, depending on
the cavity geometry and the shape of the heat spreader. If the cavity is folded by the
gain chip, an antireflection coating is needed to avoid multiple reflections inside the
heat spreader leading to an unstable mode-locked operation (e.g. by higher trans-
verse modes). With the gain chip as end mirror, a plane-parallel heat spreader acts
as an etalon introducing Fabry-Pérot fringes in the laser spectrum which leads to
side pulses in the time domain (see Section 10.6.1.2). This can be avoided by using
a wedged heat spreader, which again needs to be antireflection-coated to minimize
the losses due to reflections at the surface.

If the gain and the absorber structure contain the same active material (e.g. the
same QWs) and exhibit a similar field enhancement, a smaller spot size on the
SESAM is a prerequisite for mode-locked operation, since it leads to saturation of
the absorber at lower pulse fluences than needed to saturate the gain. Indepen-
dently from the cavity design, a large ratio between the mode sizes of about 25
to 30 has shown to be suitable for SESAM mode locking of AlGaInP VECSELs.
With the mirror’s radii of curvature of 50 mm in the V-shaped and 30 mm (folding
mirror) and 50 mm (outcoupling mirror) in the Z-shaped design, the resonator
arms are adjusted to give mode diameters of about 100 μm (V-shaped cavity) and
115 μm (Z-shaped cavity) on the gain chip and 20 μm on the SESAM for both cavity
configurations.
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Figure 10.4 Cavity configurations used for mode locking of AlGaInP VECSELs with the
absorber structure positioned as end mirror. The gain structure can be used as end mirror in
a V-shaped cavity (a) or as folding mirror in a Z-shaped cavity (b). If a plane heat spreader is
used on top of the gain chip, it will lead to side pulses due to the etalon effect in the case
of a V-shaped cavity.

Assuming the same overall cavity length, a double pass through the gain medium
can provide more gain and enable lower repetition rates than with the simpler
V-shaped design if these are limited by the charge carrier lifetime in the gain
structure. Furthermore, with a high-reflective folding mirror in the Z-shaped cavity,
only one beam is emitted through the outcoupling mirror. In the V-shaped cavity,
where the folding mirror also serves as outcoupling mirror, two beams are emitted.
This reduces the output power per single beam, but it can also be convenient for the
simultaneous characterization by two different measurement methods.

10.5 Characterization Methods

In addition to standard measurements performed on laser systems - such as charac-
terizing the output power, the emission wavelength, the beam profile, and the beam
propagation - the pulse trains emitted by mode-locked lasers need to be investigated
carefully using further methods. The basic characterization typically requires four
different measurements yielding the pulse duration, the optical and the radio fre-
quency (RF) spectrum as well as the temporal signal of the pulse train.

Picosecond and femtosecond pulse durations in the red spectral range can be mea-
sured by second-harmonic autocorrelation (AC), usually in a noncollinear config-
uration to obtain background-free intensity AC traces. The optical spectrum can
be accessed with standard spectrometers, and RF spectrum analyzers are available
with bandwidths of tens of GHz, covering a sufficiently large number of higher har-
monics in the RF spectrum for the standard repetition frequencies of around 1 GHz.
However, the measurement range is often limited by the photodetector, since for the
visible range only few devices are available with the desired multi-gigahertz band-
width. The same holds for the temporal measurement with photodiode and oscillo-
scope, where the limited bandwidths of the devices can lead to traces without a clear
zero signal between the pulses or produce measurement artefacts such as overshoots
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Table 10.1 Overview of reported mode-locked AlGaInP VECSELs

Active material Laser Pulse duration Repetition Max. average Ref.
(gain and absorber) wavelength (FWHM) frequency output power

GaInP QWs 675 nm 5.1 ps 973 MHz 45 mW [13]
GaInP QWs 664 nm 220–250 fs 836 MHz 0.5 mW [15, 16]
InP QDs 665–655 nm 0.7–2.0 ps 836–852 MHz 10 mW [19, 21, 31]

and ringing. Nowadays, real-time oscilloscopes are available with sufficiently large
bandwidths, which can be used to measure the temporal signal over hundreds of μs.
These traces contain the same information as RF spectra recorded with the same
bandwidth, since time and frequency domain are linked to each other by means of
the Fourier transform.

Devices using more comprehensive methods accounting for the phase of the
signal, such as frequency-resolved optical gating (FROG), are not commercially
available for the red spectral range with picosecond pulse durations and the corre-
sponding narrow spectra. Therefore, the proper characterization of mode-locked
VECSELs in the visible spectrum remains rather challenging compared to systems
operating in the near-infrared range.

10.6 Mode-Locking Results

Mode-locked semiconductor disk lasers with emission in the red spectral range have
been reported since 2013 [13], 11 years after the first demonstration of an AlGaInP
VECSEL, while in the IR range, the first SESAM mode-locked VECSEL [26] was
realized only 3 years after the first VECSEL in CW operation [27]. One reason is
the advanced state of SESAMs in the infrared range at that time, since the develop-
ment of these absorber structures had been driven by their applications in pulsed
solid-state lasers already since 1992 [28–30]. The field of research on SESAMs for
mode-locked red-emitting VECSELs, however, is rather new with only few publi-
cations to date, covering the wavelength range from 650 to 675 nm. With standard
V- or Z-shaped cavities using either QWs or QDs in the gain and absorber struc-
tures, picosecond as well as femtosecond pulses can be achieved. An overview of the
reported results from SESAM mode-locked VECSELs emitting in the red spectral
range is given in Table 10.1.

10.6.1 Quantum Well Mode-Locked AlGaInP VECSELs

10.6.1.1 High Output Power
The highest average output power of 45 mW at 675 nm [13] was achieved with a gain
structure containing 20 GaInP QWs used in a Z-shaped cavity with 1% outcoupling
as shown in Figure 10.4b. The antiresonant gain chip with an antireflection-coated,
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Figure 10.5 High output power results from a QW mode-locked AlGaInP VECSEL.
(a) Output power over incident pump power at a heat sink temperature of 10 ∘C. Gray
squares: Mode-locked operation with SESAM. Black dots: CW operation with high-reflective
end mirror. (b) Oscilloscope trace of the pulse train. Source: Reprinted with permission from
[13]. © The Optical Society.

wedged diamond heat spreader on top is pumped under normal incidence and serves
as folding mirror, while the MBE-grown, antiresonant SESAM (see Section 10.2.1)
is placed as end mirror.

The average output power of the SESAM mode-locked VECSEL at maxi-
mum pump power (∼ 5 W) is roughly one-third of the CW output power with
a high-reflective end mirror and the slope is reduced from 4.5% to 3.2% (see
Figure 10.5a). The typical characterization methods described in Section 10.5
demonstrate stable mode-locked operation when the SESAM is inserted in the
cavity and no indication of mode locking with the high-reflective mirror instead.

The autocorrelation trace reveals a 10 ps peak with extended wings, which indi-
cates a pulse form different to the commonly observed sech2 or Gaussian. By applying
the PICASO method [32], an asymmetric pulse shape is retrieved with a FWHM of
5.1 ps. With a spectral width of 0.14 nm this results in a time bandwidth product
(TBWP) 3.75 times above the Fourier limit.

10.6.1.2 Femtosecond Operation
Pulse durations below 250 fs [15] can be achieved with an absorber structure con-
taining QWs close to the semiconductor surface (see Section 10.2.1). As shown in
Figure 10.4a, the SESAM and a gain structure with 20 QWs are used as end mir-
rors in a V-shaped cavity with similar mode sizes and repetition frequency as in the
Z-shaped cavity above. With nearly the same pump power as used for the picosecond
pulses with 45 mW of output power, only 0.5 mW per beam are achieved in this con-
figuration due to the high-reflective outcoupling mirror. However, the pulse duration
measured by autocorrelation (see Figure 10.6a) is between 200 and 250 fs, depending
on the position of the spot on the SESAM.

A plane diamond heat spreader on top of a gain chip introduces a Fabry-Pérot
effect and leads to fringes in the spectrum. In the time domain, this results in
side pulses around the main pulse with temporal distances corresponding to the
roundtrip time in the subcavity formed by the heat spreader. To calculate the energy
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Figure 10.6 Results from a QW mode-locked AlGaInP VECSEL with femtosecond pulses.
(a) Intensity autocorrelation fitted by a squared hyperbolic secant (sech2) with a FWHM
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larger scan ranges. (b) Corresponding spectrum indicating a CW contribution. The
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Figure 10.7 Autocorrelation histogram
recorded with a HBT type setup using APDs.
The constant background supports the
“continuum” indicated by the spectrum.
Source: Reproduced with permission from
[16].

–6
0

20

40

60

80

100

–4 –2 0

Delay (ns)

C
oi

nc
id

en
ce

 c
ou

nt
s

2 4 6

and the peak power of a single pulse, the power distribution among this group
of pulses needs to be considered. In principle, this can be obtained by a Fourier
transform of the spectrum with sufficiently high resolution. The side pulses also
appear in the autocorrelation trace for a sufficiently large scan range or a shifted
zero delay of the autocorrelator (see inset of Figure 10.6).

As observed for other mode-locked VECSELs with similar pulse durations [33, 34],
the optical spectrum of the femtosecond pulsed laser (see Figure 10.6b) consists if a
“soliton-like” part at 664 nm and a “continuum” at 665 nm. The former results in a
time bandwidth product close to the Fourier limit, while the latter indicates a CW
component in the signal. Autocorrelation measurements with a Hanbury-Brown
and Twiss (HBT) type setup [35] using avalanche photodiodes (APD) with 40 ps of
temporal resolution support the findings. As shown in Figure 10.7, pulsed operation
with a repetition frequency corresponding to the cavity length is observed on top of a
background. This background is not measured if laser operation is prevented by tilt-
ing the SESAM, demonstrating that it does not origin from dark counts of the APDs
or from spontaneous emission, i.e. photoluminescence, in the gain structure.

The characteristic times of this mode-locked laser can be linked to the time
constants of the utilized SESAM (see Section 10.3). The dominant fast decay time
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Figure 10.8 (a) Power transfer curve of the QD VECSEL with QD absorber structure. Only
for pump powers above ∼4 W, stable mode locking is achieved (black dots). For lower pump
powers, instabilities are observed (dark gray dots) or the indications of mode-locked
operation completely vanish (light gray dots). (b) RF spectrum for mode-locked operation
revealing a repetition frequency of 852 MHz. Source: Reproduced from [19], with the
permission of AIP Publishing.

observed in the pump-probe measurements is very close to the pulse duration, while
the intermediate time constant of a few picoseconds further leads to a roughly 70%
recovery of the absorber in the 9 ps delay between two consecutive (side) pulses.

10.6.2 Quantum Dot Mode-Locked AlGaInP VECSELs

InP QDs are not only an alternative to GaInP QWs for emission in the red spectral
range. They are the perfect choice as active material in VECSELs in order to
reach high output powers and extend the wavelength range. With seven InP QD
layers, a CW output power of nearly 1.4 W at around 650 nm could be reached
[20], outperforming VECSELs with 20 GaInP QWs. In a V-shaped cavity, as
shown in Figure 10.4a, an antiresonant QD gain structure is combined with a
near-antiresonant SESAM containing one InP QD layer (see Section 10.2.2) and
a high-reflective mirror [19]. Different regimes of operation can be observed,
depending on the pump power (see Figure 10.8a). For high pump powers of more
than ∼4 W, mode locking is indicated by a stable pulse train in the oscilloscope
trace, a sech2-shaped pulse in the autocorrelation trace and peaks at the repeti-
tion frequency of 852 MHz and its harmonics in the RF spectrum. As plotted in
Figure 10.8b, they have nearly equal intensities with a high signal-to-noise ratio.
The AC trace shows a FWHM pulse duration of 1 ps and side pulses due to the
etalon effect of the diamond heat spreader. The FWHM of the optical spectrum at
655 nm is close to the resolution of the spectrometer, and therefore gives an upper
limit for the TBWP of 0.6, which is 1.9 times the Fourier limit.

Instabilities - such as an intensity variation in the time signal, a background
appearing in the autocorrelation trace and a decreasing intensity of the higher
harmonics in the RF spectrum - are observed in the intermediate regime and
no sign of mode locking is visible in any of these measurements for even lower
pump powers. For a pump power of 5.4 W, the average output power of 1 mW
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per beam increases to 6.2 mW in CW operation when the SESAM is replaced by a
high-reflective mirror.

As mentioned in Section 10.2.2, the above described near-antiresonant SESAM
can be modified by an additional fused silica layer. Depending on the thickness of
this layer, the field enhancement is increased by a factor of up to 1.8 for the over-
all resonant case (see Figure 10.2). This leads to an increased modulation depth,
which, according to theory [36], is expected to reduce the pulse duration. In con-
trast, with an increasing thickness of the fused silica layer, larger pulse durations and
narrower spectra are obtained [21]. Besides, the overall resonant design enables sta-
ble mode-locking also for an increased outcoupling of the laser. With an outcoupler
transmission of 0.3% instead of the high-reflective mirror, the maximum average out-
put power is increased from 1 mW to more than 10 mW per beam. With this cavity
configuration, pulsed UV emission can be obtained by inserting a frequency dou-
bling crystal in front of the SESAM as described in the following section.

10.7 Second Harmonic Generation into the UV Spectral
Range

As described in Chapter 7.2.4, the open cavity configuration of VECSELs allows for
efficient intracavity second harmonic generation (SHG) by including frequency dou-
bling crystals such as beta barium borate (BBO). In CW operation, high UV powers
of more than 800 mW can be achieved from VECSELs with fundamental emission
in the red spectral range [37].

In a mode-locked laser, the nonlinear effect of frequency doubling counteracts
the pulse shaping effect of the SESAM. While the saturable absorber favors short
pulses with high intensities over a continuous signal, the second harmonic genera-
tion preferably converts these high power signals due to the quadratic dependence
on the fundamental power and therefore impedes the pulsed operation. However,
this presupposes a degradation of the fundamental wave, which is only the case in
the strong conversion regime. For weak conversion, the effect on the fundamental
wave is insignificant, and a stable mode-locked laser will remain in mode-locked
operation also with intra-cavity second harmonic generation.

The most obvious configurations for such an experiment are the two cavities
shown in Figure 10.4 with the frequency doubling crystal placed in front of the
SESAM, where the beam is tightly focused. Both cavities have already been used to
demonstrate stable mode locking and the rather small beam size leads to efficient
SHG. In fact, an intracavity frequency-doubled mode-locked AlGaInP-VECSEL
was demonstrated [31] with the same V-shaped cavity which had been used to
achieve picosecond pulses with 10 mW of average output power as described at
the end of the previous section. Figure 10.9 shows the 3 mm BBO crystal which
is placed directly in front of the SESAM. This leads to UV emission in one of the
two beams, which becomes visible by the blue fluorescence on a sheet of paper
after passing a filter to suppress the fundamental red emission. The mode-locked
operation with 1.22 ps pulses is characterized at the fundamental wavelength and
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Figure 10.9 Close-up view of the V-shaped mode locking setup with intracavity SHG.
Frequency doubling is achieved by a BBO crystal in front of the SESAM and the emitted UV
light becomes visible by the blue fluorescence on a sheet of paper. Source: Reprinted with
permission from [31]. © The Optical Society.

no change is observed when the frequency doubling crystal is inserted in the cavity.
The fundamental average output power at 650 nm still exceeds 10 mW per beam,
while 0.5 mW of average output power is detected at 325 nm.

Since the direct measurement of ultrashort pulse durations with low output pow-
ers in the UV is rather challenging, the pulse duration is estimated by considering
the temporal walk-off between the fundamental and the second harmonic pulse.
This can be done by comparing the spectral width of the fundamental wave with
the phase-matching bandwith of the frequency doubling crystal or, equivalently, by
calculating the group velocity mismatch (GVM) with respect to the crystal length.

For the aforementioned results, the deconvolution of the optical spectrum at
the fundamental wavelength with the response function of the spectrometer (see
Figure 10.10) gives a value for the spectral FWHM which is close to the calculated
[38] phase-matching bandwidth of 0.62 nm. This is in agreement with the estima-
tion from the group velocity mismatch. The pulse-broadening effect due to GVM
only becomes significant for a crystal length in the order of a characteristic length,
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Figure 10.10 Optical spectrum of the pulsed laser showing the fundamental and the
second harmonic emission (intensities are not to scale). Inset: The spectrum of a
narrow-band helium-neon laser is measured, revealing the response function of the
spectrometer with a FWHM of ∼0.8 nm. Source: Reprinted with permission from [31].
© The Optical Society.
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which is given by the ratio of the fundamental pulse duration and the GVM [39]. The
BBO length of 3 mm is below this characteristic length, indicating that the UV pulse
duration is only slightly higher than the fundamental pulse duration of 1.22 ps.

However, the V-shaped setup with the frequency doubling crystal in front of the
SESAM is not the best choice for intracavity SHG of a mode-locked VECSEL. Only
half of the UV light generated in the crystal hits the outcoupling mirror, while
the other half hits the absorber structure where most of it is absorbed. Besides the
lowered efficiency, this can also lead to a faster degradation of the SESAM. These
issues can be overcome with cavity configurations such as a Z-shaped cavity with
two curved folding mirrors and the semiconductor samples as end mirrors. In this
setup, the frequency doubling crystal can be included in the beam waist between
the folding mirrors. By changing the arm lengths, the size of the beam waist can
be adjusted for a desired conversion efficiency. With an increased efficiency, the
same conversion is achieved with thinner crystals and pulse broadening by GVM is
avoided also for shorter pulse durations in the femtosecond regime.

10.8 Summary and Outlook

SESAM mode-locked semiconductor disk lasers emitting in the red spectral range
are compact laser sources providing ultrashort pulses with excellent beam profiles
and repetition rates in the GHz regime. They are promising candidates for a vari-
ety of applications - not only, but also due to the limited availability of alternative
lasers with equal emission properties. On the other hand, this makes the charac-
terization of AlGaInP-SESAMs a challenging task, and most design considerations
so far have been related to results from InGaAs-based SESAMs. Nevertheless, both
GaInP-QWs and InP-QDs have been successfully used as active material in gain and
absorber structures, achieving pulse durations ranging from several picoseconds to
less than 250 fs. Furthermore, intracavity second harmonic generation of a SESAM
mode-locked AlGaInP-VECSEL has been realized, showing the potential of these
lasers for the generation of ultrashort UV-pulses.

A rather new and still not well understood method of mode locking dispenses with
a semiconductor saturable absorber. The so-called “self-mode locking” described in
Chapter 12 has been applied to a gain structure with GaInP-QWs in a simple lin-
ear cavity. The measurement results demonstrate pulsed operation with a repetition
rate of 3.5 GHz and 22 ps-pulses with a complex substructure, which has not been
reported for any mode-locked VECSELs before.

Further progress of the mode-locked systems such as increased output powers
in a wide wavelength range is expected in the course of new developements
of AlGaInP-based gain structures for vertical-emitting lasers. As described in
Chapter 7.2.1, the poor charge carrier confinement compared to InGaAs-based gain
structures requires a particularly effective thermal management as well as pumping
schemes with a reduced amount of heat introduction. Whereas the latter can be
realized with high efficiency by using an in-well pump with several passes through
the active region, the heat extraction is optimized by a novel membrane approach.
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The membrane external-cavity surface-emitting laser (MECSEL) presented in
Chapter 7.3 enables the growth of structures emitting at wavelengths which cannot
be accessed by the conventional disk laser approach using an active region on top
of a DBR. The same holds for absorber membranes, which can then be used either
bonded to dielectric mirrors or – just like the MECSEL – sandwiched between the
heat spreaders. Together with the possibility of intracavity frequency conversion,
these new concepts will open doors for compact pulsed semiconductor lasers at
various new wavelengths.
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11.1 Introduction

Mode-locked VECSELs are emerging as the technology of choice for the generation
of high brightness femtosecond pulses with multi-GHz repetition rates. The flexi-
bility of the external cavity, combined with the advantages of a semiconductor gain
medium, provides an excellent platform for stable mode locking with low intrinsic
noise. The passive mode locking of VECSELs has been successfully demonstrated
with various techniques and materials. The most commonly employed method is to
incorporate a semiconductor saturable absorber mirror (SESAM) in one arm of the
external cavity, in a V-shaped geometry, for example, [1, 2]. The SESAM typically
consists of a single quantum well (QW) absorbing at the central wavelength of the
desired pulse. It is grown on a semiconductor distributed Bragg reflector (DBR) to
provide high reflectivity when the QW absorption is saturated at high intracavity
field intensities. SESAMs need to be designed to have as fast a carrier recombina-
tion rate as possible to ensure short pulses. This can be achieved by low temperature
growth of the QW creating defects, which cause rapid defect recombination [3], or
by growing the single QW in close vicinity to the semiconductor surface (few nm) in
order to facilitate fast recombination with surface states [4]. The saturable absorber
can also be directly integrated into the gain structure, like the MIXSEL structure
developed by the group of Ursula Keller [5]. This approach is ideally suited for very
high repetition rate as the cavity can be extremely compact. However, it appears that
this approach is less flexible and leaves less room for growth error, which has limited
performance to lower power and longer pulses (>250 fs) than the external SESAM
approach. The saturable absorber element is frequently a single QW, but it can also
be replaced by a layer of quantum dots, or a more exotic material such as graphene [6]
or carbon nanotubes [7] depending on the properties desired. Another mode locking
technique that exploits the ultrafast-negative kerr effect has also been employed to
generate a pulsed operation [8]; however, the mode locking performance and stabil-
ity were not as good as with a SESAM. An alternative mode-locking technique called
colliding pulse mode locking (CPM) was recently demonstrated with a VECSEL
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[9, 10], exhibiting very interesting properties in terms of stability and pulse char-
acteristics. In this chapter, we will focus on this last technique. First, we present in
detail the principle of operation of CPM and we discuss the design requirements
to obtain CPM operation with a VECSEL. We will then present a typical design of
a CPM VECSEL capable of producing ultrashort pulses. The experimental results
obtained with such a device will be presented and analyzed, which will give us the
opportunity to investigate the pulse interactions in the absorber. We will present
a comprehensive model for the calculation of saturable losses in a CPM VECSEL,
and we will show how the pulse interactions in the absorber lead to a reduction of
the saturation fluence and a power balance between the counterpropagating beams,
resulting in a more robust mode-locking regime. Finally, we will give an outlook of
the potential applications of a CPM VECSEL.

11.2 Principle of Colliding Pulse Modelocking

The term CPM was first introduced in 1981 by Fork et al. [11]. It denotes the impor-
tant role played by the interaction or “collision” between two oppositely directed
pulses in a thin saturable absorber for the passive mode locking of a laser. Generally,
a laser cavity without direction selective elements can support lasing for two coun-
terpropagating beams, which may interact with each other at some locations along
their pathway, provided that they cross in a medium with a nonzero susceptibil-
ity. When the cavity contains a saturable absorber, a pulse shaping mechanism may
occur and provide a mode-locked state where the two counterpropagating pulses
automatically synchronize their flight in the cavity to cross in the absorber. The
absorber will indeed be saturated more effectively when the two counterpropagating
pulses are colliding in the absorber, as it is saturated by two pulses instead of one,
thus minimizing the losses seen by each pulse. Moreover, the coherent interaction
of the pulses builds up a transient standing wave which locally increases the opti-
cal field intensity, further reducing the effective saturation fluence of the absorber.
CPM can be obtained with numerous gain/absorber media and with various cavity
geometries. A few examples of cavity geometries are shown in Figure 11.1.

When the absorber is used in transmission, the counterpropagating beams are
collinear and the process of saturating the absorber by two colliding pulses bears
some resemblance to the case of a standing-wave saturation by a single pulse when
the absorber is attached to an end mirror. In this case, the field interference pattern
is along the propagation axis (longitudinal) and creates a transient carrier grating
in the population of the absorber, which will significantly reduce the saturation flu-
ence, at the condition that the optical path in the saturable absorber is thinner than
the desired pulse width. That means that for a pulse duration of 100 fs the optical
path in the absorber needs to be less than 30𝜇m.

The first experimental demonstration of CPM was obtained in a ring cavity [11],
with both the gain and the absorber used in transmission, a geometry similar to
Figure 11.1a. They reported a passive mode locking of a Rhodamine 6-G dye laser
with pulses as short as 90 fs and an average output power of 50 mW per output
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Figure 11.1 Cavity geometries and circulation of the pulses in a colliding pulse
mode-locking laser. (a) Ring cavity geometry with the absorber used in transmission. The
saturable absorber is placed at a distance equal to a quarter of the total length of the cavity
from the gain medium, ensuring symmetrical amplification of the two pulses (b) Ring cavity
with absorber and gain used in reflection. (c) Linear cavity supporting two intracavity
pulses, absorber is placed at the center of the cavity. (d) Linear cavity supporting three
intracavity pulses, the absorber is placed at one third of the cavity length from the end
mirror. (e) Linear cavity supporting four intracavity pulses, the absorber is placed at one
fourth of the cavity length from the end mirror.

beam. Interestingly, they also observed an increased mode-locking stability and
an insensitivity of pulse width to a variation of pump power when compared to a
more conventional mode-locking technique (linear cavity). We will see later that
the improved stability is also observed when the technique is used for mode locking
a VECSEL (see Section 11.5.1). The CPM technique was later used with an Nd:YAG
laser [12] and a few years later with semiconductor lasers [13, 14], where the
semiconductor absorber was placed in the middle of a linear cavity and surrounded
by two gain regions, similar to the geometry of Figure 11.1c.

An alternative cavity configuration, where the absorber is used in reflection, is
very interesting for a thin absorber like a SESAM. This time the counterpropagating
beams are not collinear in the absorber, they collide at an angle 𝜃 which produces
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an interference pattern in the transverse direction instead. The field intensity is thus
locally increased and has a maximum 4 times higher than the intensity of one beam
alone. These interferences cause a transient transverse carrier grating in the absorber
which will significantly reduce the effective saturation fluence of the absorber (see
Section 11.6). This geometry is particularly well suited for a VECSEL and a SESAM
and will be discussed in more details in the following sections.

11.3 Requirements for Stable Colliding Pulse
Modelocking

To obtain stable CPM operation, we need to make sure that the counterpropagat-
ing pulses can actually overlap in time and space in the absorber and that the laser
dynamic favors a CPM operation over a CW operation or unstable mode locking.
The laser gain and absorber design for CPM is similar to what would be required
for a standard mode-locking operation; however, the cavity design has a few specific
requirements that are discussed below.

11.3.1 Pulse Timing

Evidently, for CPM to occur the counterpropagating pulses must be able to collide
in the absorber periodically, without time delay over numerous round trips.

In the case of a linear cavity, this means that if n pulses oscillate in the cavity, then
the absorber must be placed precisely at the submultiple n of the cavity length from
one end mirror. The absorber placement for a linear cavity containing two, three,
and four pulses is shown in Figure 11.1c–e. The precision on the placement of the
absorber can be critical since the difference in arrival time of the two interfering
pulses must be small compared to the pulse duration (< 10μm). This geometry is
primarily used with monolithic semiconductor edge emitter lasers, where the gain
and absorber sections can be precisely defined along the waveguide with standard
lithography and chemical etching techniques [14].

On the other hand, in the case of a ring cavity geometry, the counterpropagating
pulses will travel the same distance before they return to the absorber, regardless
of the location of the absorber in the cavity. In most cases, the counterpropagating
pulses will automatically synchronize their flight time to collide in the SESAM, pro-
vided that the gain dynamic allows them to coexist. It is generally the geometry of
choice for laser technologies with an external cavity, such as a VECSEL.

11.3.2 Gain Recovery and Pumping Rate

When two or more counterpropagating pulses oscillate in the laser cavity, sharing the
same gain medium, we must mitigate the competition for gain between them. If the
gain seen by a particular pulse is higher than for the other pulses, it might “win”
the competition for gain and CPM will cease. Indeed, if the difference of amplifi-
cation between the pulses is greater than the reduction of absorption losses from
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Figure 11.2 Illustration of
the gain recovery dynamic
after the passage of two
successive
counterpropagating pulses.
(a) The absorber is placed
at a quarter of the cavity
length from the gain
medium; amplification is
symmetric. (b) The absorber
is not optimally placed and
the gain recovers slowly;
the gain g1 seen by pulse 1
has recovered over a time
Δt1 > Δt2, leading to a
stronger amplification. (c)
The absorber is not
optimally placed, but the
gain recovers quickly;
amplification is symmetric.
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CPM operation, then the mode-locking will become unstable and possibly become
unidirectional. This aspect is particularly important with a thin semiconductor gain
media generating short pulses, where the gain will be strongly saturated by the pas-
sage of an intense pulse, thus reducing the available gain for the next pulse to hit
the gain medium. To reduce the competition, the gain needs to recover to its unsat-
urated value or at least to a value similar to the one seen by the previous pulse. In a
ring cavity, a gain symmetry can be achieved if the absorber is placed at one-fourth
of the cavity length from the gain medium. But in this case, the precision of this
placement is not dictated by the pulse duration like in a linear cavity, but by the gain
recovery time and pumping rate. The influence of the absorber placement on the
gain dynamic is illustrated in Figure 11.2.

Let us assume, for example, a total cavity length of 10 cm containing only two
pulses (3 GHz repetition rate). If the absorber is placed 1 mm too close to the gain
medium, one pulse will be amplified by a gain medium that has recovered for about
163 ps whereas the other pulse will see a gain that recovered for 170 ps. In the case of
a semiconductor gain medium, this difference is negligible because a large fraction
of the gain recovers on a shorter time scale. It has been shown that the kinetic hole
burned in the carrier distribution by the passage of a short pulse will quickly recover
due to kinetic hole filling from intraband scattering. A recent in situ measurement
of the gain recovery dynamic revealed that the population inversion in a VECSEL
gain structure can recover to more than 80% of its initial value in a time as short
as 5 ps [15]. Therefore, for a semiconductor gain medium, the placement of the
absorber in the ring cavity is not very stringent (Figure 11.2c). We should note,
however, that for very short cavities, the absorber placement becomes increasingly
important.
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11.3.3 Polarization

The main advantage of CPM lies in the interference pattern created by the super-
position of two pulses in the absorber. Evidently, the respective polarization of the
two pulses will strongly affect the way they interact with each other. If the pulses are
collinear (absorber used in transmission), the intensity will be fully modulated when
the pulses have the same polarization. The contrast of the interference fringes will be
maximal and the saturation of the absorber will be more effective. On the contrary,
if the pulses’ polarizations are orthogonal the interference pattern vanishes and the
saturation of the absorber is less effective. The laser dynamic will thus tend to favor
two pulses sharing the same polarization, minimizing the optical losses.

In the case of noncollinear pulses (absorber used in reflection), the situation is
slightly different as the s- and p-polarization will also be discriminated. Similar to the
collinear case, orthogonal polarizations will not produce any interference, but the
s-polarization will be favored over the p-polarization for any non-null angle. Indeed,
the amplitude of the transverse interference pattern from two s-polarized beams will
be maximum regardless of the angle of incidence, whereas with two p-polarized
beams the amplitude is maximum at 𝜃 = 0∘, decreases with the angle of incidence,
and eventually vanishes for 𝜃 = 45∘, where the beams’ polarizations become orthog-
onal [16]. The different polarization situations are illustrated in Figure 11.3. We
should note that with a VECSEL, a very small absorption difference is generally suf-
ficient to discriminate one polarization state over the other one. Consequently, the
s-polarization state will be naturally selected by the nonlinear dynamics of the high
finesse VECSEL cavity. It is thus best to optimize the gain element and the mirrors of
the cavity for s-polarization, in particular the group delay dispersion (GDD) which
will be different for each polarization state. In the following sections, we will assume
that both beams are s-polarized (along the y axis).

11.3.4 Mode Waist and Saturation Fluence

It is well known that in order to obtain a stable mode-locking state, the absorber
must saturate more strongly than the gain [17]. With a VECSEL cavity containing a
gain medium and SESAM based on the same material system, the saturation energy
of both the absorber and gain material will be similar. This usually imposes a design
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Figure 11.3 Example of polarization arrangements for two noncollinear beams colliding
at z = 0. (a) s-Polarization, maximum interference contrast. (b) p-Polarization, partial
interference contrast. (c) s+ p Polarization, no interferences.
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restriction for the mode area ratio between the VECSEL gain and the SESAM, which
typically needs to be >10 to provide stable mode locking [18].

However, in a CPM VECSEL, the saturation fluence of the absorber will be reduced
by about a factor of 3 due to the pulse interference (see Section 11.6.5). Therefore,
the mode area ratio constraint is largely relaxed, without affecting the modulation
depth of the absorber. This means that the cavity can be designed with a mode size
on the absorber similar to the mode size on the gain, allowing for low-divergence
beams. A larger mode size on the absorber also reduces the thermal impedance of
the SESAM and increases the damage threshold, allowing a higher average and peak
power. Another advantage is the possibility to operate far away from the stability
limit of the cavity (see Section 11.4.1), providing a more stable and rugged oscillator,
since a small cavity length fluctuation will hardly affect the cavity mode size.

11.4 Design of an Ultrafast CPM VECSEL

A common approach for the development of an ultrafast VECSEL is to start with
the design and fabrication of a gain structure at the desired lasing wavelength, then
design and fabricate a saturable absorber at this wavelength. These components are
then tested and characterized individually before being assembled in a given cavity
geometry to hopefully produce short pulses. However, if the required pulse char-
acteristics are very demanding, like if the device has to generate sub-200 fs or even
sub-100 fs pulses, it is better to consider the entire laser device when designing a
specific element. For example, in a CPM VECSEL, the cavity geometry and the num-
ber of passes of a pulse on each element per round trip will be different than in a
V-shaped cavity, and it is likely to affect the performances. In other words, a gain
structure or SESAM that is designed and optimized for a standard cavity geometry
might not be optimum when used in a ring cavity. It is thus better to first design
the cavity where the gain and SESAM structure will be used and then design these
elements according to this geometry.

11.4.1 The Optical Cavity

We already established that a ring cavity geometry, with the absorber placed at a
quarter of the cavity length L from the gain is best suited for a CPM VECSEL. The
choice of the total cavity length obviously depends on the repetition rate of the cavity
that is desired, which for a ring cavity is it given by: FSR = c∕L. We should note
that the depletion of the carrier inversion will occur at twice this rate, which helps
to avoid harmonic mode locking that might occur at high pump levels or at low
repetition rate, if the time interval between consecutive pulses on the gain is much
longer than the gain recovery time characteristics.

In order to keep the astigmatism and ellipticity of the laser beam to a minimum,
the angle of incidence on the focusing mirror must be minimized. The more com-
pact and simple way to accomplish this is to use a “folded ring cavity” geometry, as
illustrated in Figure 11.4. To ensure that the beam waist is located on the SESAM,
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Figure 11.4 Schematic layout of a colliding pulse mode-locked VECSEL in a folded ring
cavity configuration.

the focusing mirror must be placed at L∕2 from the SESAM. This is, however, not
strictly required, and the mode size on the SESAM can be increased by changing the
relative distance of the concave mirror to avoid laser induced damage, for example.
Another flat dielectric mirror is used to complete the cavity and is placed as close
as possible to the gain structure to minimize the angle on the concave mirror. The
distance to the flat mirror from the SESAM and from the concave mirror should total
L∕2. This cavity geometry will give two beams which can be chosen to output either
from the concave mirror or from the flat mirror.

To ensure single transverse mode operation, the actual cavity length and the radius
of curvature of the dielectric mirror must be selected such that the lasing mode waist
matches the size of the pump beam. Or alternatively, the pump spot size and mir-
ror can be adjusted to a given cavity length if a specific repetition rate is required.
Figure 11.5 shows some cavity stability curves for four common values of radius of
curvature of the focusing mirror with the SESAM set at L∕2 from the curved mir-
ror and the VECSEL set at L∕4 from the SESAM. It is worth noting that the cavity
mode size is evidently the same for both counterpropagating beams, and the radius
of curvature of their wavefront is also equal but with opposite sign.

The mode propagation along each direction of the cavity for two counterpropagat-
ing beams synchronized on the SESAM is illustrated in Figure 11.6. It is clear from
this graph that the gain recovery will be symmetric for the two counterpropagating
beams and that the relative location of the flat mirror M1 has no importance.

11.4.2 The Gain Structure

One of the most important aspects to consider when designing an ultrafast
mode-locked VECSEL is to design a semiconductor gain structure that can support
ultrashort pulses (<100 fs). The main strategy is to optimize a structure to provide
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a very broad and spectrally flat gain, to ensure that the wide spectrum required
for ultrashort pulses is not physically limited by the gain bandwidth. The type of
gain material or system used in the structure, whether it is QWs or quantum dots,
will provide a gain spectrum that is intrinsically curved, generally approximated
to a parabolic function. This gain curvature is usually even more pronounced due
to the field enhancement factor of the gain structure. Indeed, if the QWs or QDs
are placed at the antinodes of the field, the gain will evidently be maximum, but it
will also produce a sharp spectral resonance that further increases the curvature
of the gain, which is not ideal for a short pulse generation. However, it is possible
to mitigate this effect by a judicial placement of the QWs or QDs according to the
standing wave in the structure. By distributing the QWs nonuniformly around the
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Figure 11.7 Left: Schematic layout of a VECSEL structure with nonuniform QW distribution
around the antinodes. Right: simulated gain spectrum of an InGaAs QW used in the VECSEL
structure for an emission wavelength of 1030 nm with a carrier sheet density of
5 × 1012 cm−2 and a temperature of 375 K, together with the calculated confinement factor
of the VECSEL structure.

antinodes of the field, it is possible to flatten out the gain spectrum seen by a pulse
which is more favorable for the generation of short pulses. The QWs position can be
numerically optimized with a microscopic simulation of the pulse formation [19].
An example of a VECSEL structure optimized with such simulation is presented in
Figure 11.7 with the corresponding enhancement factor.

The length of the microcavity (the active region between the DBR and the semi-
conductor top layer) is also an important factor since it directly affects the micro-
cavity Q-factor, hence the spectral selectivity. To broaden this spectral filter, it is
advantageous to keep the length of the microcavity to a minimum, but that also
means that the pump-absorbing and strain-compensating barriers will be shortened.
It is thus important to manage the reduced pump absorption by recycling whatever
pump is not absorbed, for example, with a signal DBR transparent at the pump wave-
length followed by an additional reflector like a metal (hybrid metal-semiconductor
mirror) or a pump DBR (dual bandwidth DBR). By using a metallic mirror like gold
or silver, which both have a very broad reflectivity spectrum, it is possible to enhance
both the signal and the pump reflectivity, allowing one to reduce the number of
DBR pairs significantly while keeping the same reflectivity level at the signal wave-
length [20]. This has the advantage of reducing the thermal impedance of the device
and providing a slightly wider bandwidth (∼10%). The DBR interference fringes
outside the stopband will also be broadened, giving more flexibility for the pump
wavelength and incidence angle acceptance. Figure 11.8 shows a reflectivity mea-
surement of an hybrid DBR VECSEL structure designed at 980 nm with the same
layout as Figure 11.7, realized with 12 DBR pairs and a pure gold reflector. A com-
parison with the same structure but with the gold reflector replaced by a titanium
metalization is also given.

The strain management will also become more critical since, to keep an accept-
able gain level (>2%), we have to stack more QWs in a limited space. If the local
strain of the structure crosses the critical limit of the material grown, an array of
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Figure 11.8 Reflectivity spectra of the VECSEL structure with and without the gold
reflector measured at room temperature, together with the simulated spectra (dotted lines).

dislocations may form along the crystal axis and propagate vertically through the
structure. These dislocation lines are to be avoided since they are centers of nonra-
diative recombination and drastically reduce the carriers’ lifetime and the efficiency
of the device. Since most QWs are not lattice matched to the host substrate, this limits
the minimum spacing between them and the maximum number that can be stacked
around an antinode and is increasingly challenging with heavily strained wells, i.e.
at longer wavelengths for InGaAs QWs.

Another equally important design strategy is to manage the group delay disper-
sion (GDD) of the structure, to provide a broad and spectrally flat GDD with a value
approaching 0 fs2. When optimizing the GDD of the structure, it is important to con-
sider the dispersion of the other elements that will be present in the cavity (SESAM,
mirrors), and the respective number of passes per round trip on each of these ele-
ments, to ensure that the total cavity dispersion is optimized, not just the gain struc-
ture itself. One clear advantage of a CPM VECSEL in a ring cavity configuration is
that the GDD contribution of the gain structure toward the total cavity GDD is min-
imized, since the pulses hit the structure only once per round trip instead of twice
when it is placed as a folding mirror in a V-shaped cavity. Since the gain structure
is usually the main contributor to the nonlinear GDD of the cavity, it is a notable
advantage for the generation of ultrashort pulses.

The respective angle of incidence of the lasing field on each element should also
be considered, as it significantly affects the GDD spectrum. A structure optimized
for normal incidence will not necessarily be optimum for a non zero degree angle, as
the reflectivity and GDD spectrum will blue shift with the angle and the third-order
dispersion will also change. The simulation presented in Figure 11.9 shows the influ-
ence of the incidence angle on the GDD spectrum of a typical structure optimized
for a flat GDD at 20∘ angle.
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Figure 11.9 Influence of the incidence angle on the GDD spectrum of a typical gain
structure optimized for a 20∘ angle at a central wavelength of 1030 nm.

The first step to optimize the GDD spectrum is to center the DBR stopband on the
central pulse wavelength at the operating temperature and incidence angle. Second,
the length of the active region is designed such that the field intensity has a node at
the semiconductor surface, also at the operating angle and temperature. This kind
of design is often referred as antiresonant, because it minimizes the field intensity
in the structure. This approach will reduce the available gain, but will give a flat-
ter gain and GDD spectrum, and will increase the gain saturation fluence. Finally,
the structure should be completed by a precise antireflection coating. The simplest
antireflection coating consists of one layer of a dielectric material transparent at the
pump and signal wavelength, and having an index of refraction around nc =

√
ns,

where ns is the refractive index of the semiconductor [21]. Even though this provides
a tremendous improvement of the GDD and is a satisfactory solution for the gener-
ation of sub-ps pulses, it is not sufficient for sub-100 fs pulses which require a broad
spectrum with minimal third order dispersion. To further improve the GDD, it is
possible to use a structure with a section made of several semiconductor layers and
completed by a single layer of dielectric coating, generally SiO2 [2]. This multilayer
coating is usually engineered numerically to provide a flat GDD and to minimize the
pump reflection. Another solution is to use a bilayer dielectric coating to gradually
decrease the refractive index of the structure. In this case, the refractive index of the
first material deposited must be significantly higher than the index of the second
material. For example, this can be accomplished by a combination of Si3N4 or Ta2O5
with SiO2. The thickness of each layer can be numerically optimized to obtain the
GDD spectrum that will best compensate the other dispersive elements of the cav-
ity and the self-phase modulation of the pulses. The influence of the type of coating
on the gain and GDD is summarized in Figure 11.10. It shows that the third-order
dispersion and gain curvature of a single-layer coating of Si3N4 is clearly higher and
that even if one could find a material with an ideal refractive index nc, a realistic
bilayer coating would still be a better choice and should support shorter pulses.
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Figure 11.10 Influence of the type of coating on the gain and GDD spectrum. We simulate
a structure designed for an emission wavelength of 1030 nm and assume a carrier sheet
density of 5 × 1012 cm−2 and a temperature of 375 K.

Finally, for optimal thermal management the gain structure is usually grown as
a bottom emitter and subsequently bonded to a diamond heatspreader. Another
thermal management technique is to use a top emitter structure with an intracavity
diamond heatspreader, but the spectral selectivity and dispersion caused by such
element would drastically reduce the mode-locking performance and is usually
reserved for CW operation or for substrate materials that cannot be easily removed
by chemical etching.

11.4.3 The SESAM

The saturation fluence, the modulation depth, the GDD, and the recovery time of the
absorber are the main parameters to consider when designing a SESAM. The satura-
tion fluence and modulation depth will be mainly determined by the type of mate-
rial system chosen for the absorber and by the field intensity enhancement of the
structure. The recovery time is mainly affected by the density and proximity of non-
radiative carrier recombination centers, whereas the GDD will be governed by the
overall structural layout and dielectric coating. An example of a QW-based SESAM
grown on a molecular beam epitaxy machine (MBE) is shown in Figure 11.11.

The different parts or “sections” of this SESAM can be divided as follow, in their
growth order:

● A highly reflective DBR consisting of 24 quarter-wave layer pairs of AlAs/GaAs.
The stop band center is aligned to the central wavelength of the pulse at operation
temperature and angle of incidence.

● A 22 nm thick GaAs spacer layer separating the QW from the DBR, which tailors
the field enhancement factor and thus the saturation fluence.

● An 8 nm thick InGaAs QW. The wavelength of the absorption peak is blue shifted
by 10 nm from the lasing wavelength to provide minimal absorption at room tem-
perature, facilitating alignment. The modulation depth can be adjusted while it is
lasing by increasing the heat-sink temperature.
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Figure 11.11 Schematic layout of a SESAM structure incorporating an InGaAs QW for an
operating wavelength of 990 nm. On the left side is a magnification of the structure around
the QW, whereas the right side shows the full structure.

● A 5 nm thick GaAs cap layer. This thin separation layer provides a high carrier
recombination rate from the QW via tunneling to surface states, while protecting
the QW from oxidation.

● A Si3N4 coating. Its thickness is not necessarily a quarter-wave like a regular AR
coating but is engineered to minimize the total GDD of the cavity.

The GDD of the SESAM and gain structure, measured at room temperature and
normal incidence, are shown in Figure 11.12. It shows that when the pulse hits the
SESAM and gain structure only once per round trip like in a CPM VECSEL cavity,
the total GDD is near zero and relatively flat at the designed wavelength of 990 nm.
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Figure 11.12 Measured group delay dispersion spectrum of the SESAM and VECSEL gain
structure. The dotted line represents the sum of the VECSEL and SESAM GDD, and the
vertical bars indicate the standard deviation over 20 measures.
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11.5 Modelocking Results

The first experimental demonstrations of a CPM VECSEL were reported very
recently [9, 10]; therefore, the amount of experimental data available to date
is rather limited. Nevertheless, these first results, which we summarize in the
following sections, have shown some very interesting pulse characteristics and
performance in term of power, pulse duration, and stability of the mode-locking
regime.

11.5.1 Robustness of the Modelocking Regime

Maybe the most remarkable feature observed with a CPM VECSEL was the robust-
ness of the mode-locking regime with a variation of the pump power or with a change
of the modulation depth of the absorber. For this demonstration, the VECSEL struc-
ture used consisted of two consecutive semiconductor Bragg mirrors containing,
respectively, 23 and 13 pairs of AlAs/Al0.12Ga0.88As to reflect the lasing and pump
wavelength, followed by the active region, an InGaP cap layer and a single layer
Si3N4 coating. The antiresonant active region contains eight InGaAs QWs placed
in pairs on four antinodes of the field and is pumped in the GaAsP barriers with a
790 nm fiber-coupled pump diode. This gain structure and the SESAM were placed
in a ring cavity according to the geometry shown in Figure 11.13, with a total cav-
ity length of 136 mm giving a repetition rate of 2.2 GHz. The SESAM was placed
34 mm away from the gain ensuring an equal pumping duration and gain recovery
for both pulses. The cavity was completed with a highly reflective concave mirror
with a radius of curvature of 75 mm and a flat output coupler with a reflectivity of
99.2%. The angle of incidence on the SESAM and VECSEL was 7∘. This geometry
provides a mode radius of 152μm on the gain and 85μm on the SESAM.

Figure 11.14 shows the output power and pulse duration of one output beam mea-
sured at different pump powers and SESAM temperatures while the heat-sink tem-
perature of the gain element was kept at 5 ∘C.

The highest average power was obtained with a low modulation depth of the
absorber, at a SESAM temperature of 35 ∘C. An output power of 300 mW and a
pulse duration of 250 fs were obtained at a central wavelength of 992 nm, giving
a peak power of 480 W. At higher pump power, the higher gain and faster gain

Figure 11.13 Schematic
layout of the experimental
CPM VECSEL device.
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Figure 11.14 Output power from one output beam versus incident pump power at
different SESAM temperatures. The corresponding pulse durations are also plotted (right
axis). The empty, full, and half full squares represent, respectively, an unstable, a stable
single pulse, and a stable but multipulsed mode-locking regime.

recovery enable a stable, but smaller, secondary pulse, lowering the main pulse
peak power. When the SESAM temperature is increased to 45 ∘C, the maximum
power in a single pulse regime drops to 225 mW and the pulse duration gets as
short as 195 fs, giving a peak power of 460 W. The power, the spectrum, and the
pulse duration of the two output beams have been measured simultaneously and
are identical. Figure 11.14 shows the remarkable robustness of the mode-locking
regime, which can be obtained over almost the entire range of pump power and for
various modulation depths of the SESAM. As a comparison, when the same gain
element was used as a folding mirror in a V-shaped cavity, with the same SESAM
and a mode area ratio of 11, a similar pulse duration of 220 fs was obtained, but
with only 50 mW of output power. Moreover, the mode-locking regime was only
observed with a limited range of pump power, between 4.5 and 6 W and between 11
and 13 W, and only with a SESAM temperature restricted to the [45–53] ∘C range.

11.5.2 Cross Correlation of the Output Beams

The synchronization of the counterpropagating pulses on the SESAM, which is an
explicit evidence of CPM operation, can be verified by a measurement of the cross
correlation of the output beams. The concept of this measurement is illustrated in
Figure 11.15. The output beams are focused and spatially overlapped in a thin non-
linear crystal, such as a beta barium borate (BBO) crystal, to generate a sum fre-
quency signal (SFG). Since the incident beams are noncollinear, the signal can be
spatially and spectrally filtered from the incident beams and measured with a simple
photodiode. This signal will be maximum when the incoming pulses also coincide
in time. By adjusting the delay of one of the beams to the maximum signal and
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Figure 11.16 Measure of the noncollinear cross correlation of the two output beams in a
single (top) and multipulse regime (bottom).

measuring the distance of each path, it is possible to determine where the pulses
are synchronized in the cavity.

Figure 11.16 shows the cross-correlation traces obtained by scanning the time
delay. It is calibrated such that the time zero corresponds to an equal path length
from the crystal to the SESAM. The nonlinear crystal must be oriented to maximize
the interaction of the two incoming s-polarized beams. We can see that the pulses
are indeed synchronized on the SESAM (at t = 0), which confirms CPM operation.

A clean single pulse operation is verified by scanning the delay line by an entire
cavity length. However, as mentioned before, at high pump power a smaller side
pulse appears. In this case, the time delay between the main pulse and the side
pulse is exactly a quarter of the cavity flight time (Δt = 113 ps). This corresponds
to a symmetric gain recovery between successive pulses. From the gain dynamic
point of view, it is equivalent to harmonic mode locking, however, the repetition
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Figure 11.17 Measure of the microwave spectrum. In single pulse operation (top), all the
harmonics are present and have the same amplitude whereas in double pulse operation
(bottom) the harmonics amplitude are modulated at a frequency period of 4×FSR.

rate of the laser is not a multiple of the fundamental frequency. Instead, the
microwave frequency spectrum has a “missing” harmonic at every frequency
f = FSR × (4k + 2), where k is a positive integer. This peculiar behavior can be
easily demonstrated mathematically by calculating the Fourier transform of the
pulse train having a coherent side pulse delayed by 1/(4FSR). The experimental
spectra shown in Figure 11.17 were recorded with a high speed photodiode and a
high bandwidth heterodyne spectrum analyzer.

We should note that in multipulse operation, it is possible to determine the relative
amplitude of the main and secondary pulse from the cross correlation measurement.
Let us label the counterpropagating beams with the index letter “r” and “l” for the
right and left-handed direction. If the beams consist of a main pulse of intensity I1
and a secondary pulse of intensity I2, the cross-correlation trace will have an ampli-
tude proportional to I1rI1l + I2rI2l when all pulses are synchronized on the crystal
(maximum peak). Two smaller signal of amplitude ∝ I1rI2l and ∝ I2rI1l will appear
when only two of the pulses are synchronized (side peaks). So if all pulses have the
same intensity, the cross-correlation trace should consist of a main peak and two lat-
eral peaks having half the amplitude of the main peak. In the measurement reported
here, the secondary pulses have a smaller intensity than the main pulses by a factor
∼4 which indicates that the gain dynamic favors the “initial” pulse.

11.5.3 Pulse Duration Optimization

It is pretty clear from Figure 11.14 that the pulse duration decreases when the pump
power is increased. This is likely due to the pump-induced temperature rise that
on one part increases the threshold carrier density (and thus broadens the gain
bandwidth), and on another part shifts the optical spectrum to a wavelength more
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Figure 11.18 Measured noncollinear SHG autocorrelation of the single pulse operation
output and simulated autocorrelation of a sech2 pulse with a FWHM of 128 fs.

favorable for the GDD. It is, however, limited by the emergence of a “harmonic”
mode-locking regime at high excitation. To avoid this regime, it is favorable to
reduce the cavity length to limit the gain recovery time between successive pulses.
And to further reduce the pulse duration, the gain structure can be optimized
following the design guidelines given in Section 11.4.2.

These optimization steps were performed and presented in [10]. The VECSEL cav-
ity was shortened from 136 to 92 mm, giving a repetition rate of 3.27 GHz. The double
DBR of the gain structure was replaced by a short hybrid metal-semiconductor DBR
consisting of 12 pairs of AlAs/AlGaAs quarter-wave layers completed by a pure
gold reflector. The active region was shortened and contains 13 strain-compensated
InGaAs QWs, placed nonuniformly around the antinodes of the field inten-
sity. Finally, the single-layer coating was replaced by a bilayer dielectric coating of
Ta2O5∕SiO2 providing a broader and flatter GDD that should support shorter pulses.

With this improved cavity and gain structure, the pulse duration was reduced to
128 fs. The gain element was kept at 25 ∘C and the SESAM at 55 ∘C, with an output
power of 90 mW per output beam for a pump power of 22 W. The noncollinear SHG
autocorrelation trace of the output shows an excellent agreement with a 128 fs sech2

pulse shape (Figure 11.18). An autocorrelation scan over 20 ps was also performed
to confirm the absence of side pulses.

The optical spectrum of the output beam is shown in Figure 11.19, together with
the simulated spectrum of an ideal 128 fs sech2 pulse. The spectrum is centered at
994 nm with a FWHM of 9.05 nm, about 1.12 times the bandwidth of an unchirped
128 fs pulse. The shape of the spectrum is relatively smooth and close to the ideal
spectrum, without any spikes which would suggest a CW contribution.

The microwave spectrum of the output was also recorded using an ultrafast photo-
diode and a high bandwidth electrical spectrum analyzer. Figure 11.20 shows a scan
from DC to 40 GHz with a resolution bandwidth (RBW) of 100 kHz and a zoom into
the first harmonic with a span of 2 MHz and a RBW of 1 kHz. The repetition rate
of the pulse is 3.724 GHz and the higher harmonics, up to the 12th, are clearly visi-
ble with a constant amplitude. The zoom into the first harmonic shows a resolution
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Figure 11.19 Measured optical spectrum of the output beam consisting of a single 128 fs
pulse per round trip and simulated spectrum of an unchirped 128 fs sech2 pulse.
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limited linewidth with a signal to noise ratio of 68 dB. With this high dynamic range,
a pulse train instability or strong timing jitter would typically result in side peaks
or pedestal around the microwave signal, which is not observed here. These pulse
characterizations indicate a clean and stable mode-locking regime.

11.5.4 Multipulse Regime

Once again, if the pump power is increased up to a certain threshold (35 W here), a
secondary pulse is enabled. However, since the cavity was shortened, the secondary
pulse is not delayed by a quarter of the cavity flight time but is generated shortly
after the main pulse, benefiting from the residual absorber saturation of the main
pulse and the relatively fast gain recovery. In this particular regime, an output power
of 152 mW per output beam was observed. The autocorrelation trace reveals a side
pulse containing 36% of the total energy. Figure 11.21 shows a perfect agreement
between the measured autocorrelation and a simulated autocorrelation of a sech2

pulse with a FWHM of 130 fs followed by a second 130 fs pulse delayed by 430 fs and
a relative intensity of 56%.



11.6 Pulse Interactions in the Saturable Absorber 341

–600 –400 –200 0 200 400 600

Time delay (fs)

A
ut

oc
or

re
la

tio
n 

in
te

ns
ity

 (
a.

u.
)

0

0.2

0.4

0.6

0.8

1 Measurement
Simulation

Wavelength (nm)

980 990 1000 1010

O
pt

ic
al

 p
ow

er
 s

pe
ct

ra
l d

en
si

ty
 (a

.u
.)

0

0.2

0.4

0.6

0.8

1 Measurement
Simulation

Figure 11.21 Left: Measurement of the noncollinear autocorrelation in multipulse
operation and simulation of a sech2 pulse with a FWHM of 130 fs followed by a 130 fs side
pulse delayed by 430 fs with a relative intensity of 56%. Right: corresponding optical
spectrum of the measured output beam and simulated pulses.

The optical spectrum of this regime is shown in Figure 11.21. The spectrum
exhibits a strong intensity modulation, resulting from the interference of the main
pulse with the side pulse. The simulated spectrum of a 130 fs sech2 pulse followed
by a second 130 fs pulse delayed by 430 fs, both centered at 994 nm, is also shown
for reference. We should note that the interference pattern depends strongly on the
phase and wavelength difference between the two pulses.

The peak power of 238 W reached by the main pulse in this regime is higher than
the peak power of 189 W reached in the single pulse regime, which can be useful
for applications based on nonlinear processes. However, for metrology applications
[22, 23], a clean single pulse regime is usually desired. It is thus important to better
understand the physical processes leading to the formation of side pulses. In the
following sections, we investigate the pulse interactions in the absorber. This will
allow us to calculate the optical losses seen by various pulses, the energy exchanged
in the absorber, and the saturation fluence in a colliding pulse scheme.

11.6 Pulse Interactions in the Saturable Absorber

To investigate the pulse interactions in the absorber, it is necessary to evaluate the
spatial distribution of the carrier density during the passage of the pulses. First, we
need to express the evolution of the field intensity of colliding pulses, then we need to
evaluate the absorption of this field to simulate the temporal evolution of the carrier
density. Finally, the optical losses and energy transfer can be directly calculated from
the carrier density dynamic.

11.6.1 Field Intensity Distribution

For this study, we consider the optical field in the slowly varying envelope approx-
imation. We assume two counterpropagating beams with a sech2 pulse envelope
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having the same central wavelength 𝜆 and duration 𝜏fwhm = 1.76𝜏, and a gaussian
TEM00 transverse distribution. They propagate at a small angle 𝜃 to the z axis in the
x, z plane and intersect within the saturable absorber located in the x, y plane at z = 0.
We assume that both beams are linearly polarized along the y axis (s-polarization).
They are focused at z = 0 with the same beam waist w0. In the paraxial approxima-
tion, the “right handed” field Er and the “left handed” field El may be written as [24]:

Er(x, y, z, t) = Er0

q0

q
e−j π

𝜆

(
(x−𝜃z)2+y2

q
+2𝜃x−𝜃2z

)
sech

( t
𝜏

)
(11.1)

El(x, y, z, t) = El0

q0

q
e−j π

𝜆

(
(x+𝜃z)2+y2

q
−2𝜃x−𝜃2z

)
sech

( t − td

𝜏

)
(11.2)

where Er0
and El0

are the field amplitudes, td is the time delay between the pulses,

q0 = j πw2
0

𝜆
and q = q0 + z. The field intensity resulting from the collision of the two

beams is given by:

I(x, y, z, t) = [El + Er] × [El + Er] (11.3)

The field intensity distribution of two synchronized beams colliding with an exter-
nal incident angle of 7∘ is represented in Figure 11.22. Given the high refractive
index of the SESAM material, this corresponds to an incidence angle of ∼ 2∘ in the
absorber.

In the case of a thin absorber like a SESAM, i.e. where the interaction length with
the absorber is negligible compared to the Rayleigh length, we can assume q ≃ q0
and Eq. (11.3) can be simplified to:

I(x, y, t) = e
−2 x2+y2

w2
0

[
E2

r0
sech2

( t
𝜏

)
+ E2

l0
sech2

( t − td

𝜏

)
+ · · ·

2Er0
El0

sech
( t − td

𝜏

)
sech

( t
𝜏

)
cos

(π𝜃x
𝜆

)]
(11.4)
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Figure 11.22 Field intensity distribution of two coherent Gaussian beams colliding at
z = 0.
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It is clear that the interference fringes created by the collision of the two beams will
be maximum when they are synchronized (i.e. td = 0), giving a maximum intensity
4 times higher than the intensity of a beam alone. The absorption of such a field
distribution in the absorber will create a carrier grating, which is analyzed in the
following sections.

11.6.2 Saturable Absorption Model

A very common way to model the saturation effects of the absorber is to introduce
an empiric parameter referred as the saturation fluence, which is defined as the
pulse energy per unit area necessary to reduce the absorption by 1/e (≈37%) of its
initial value. This factor is usually determined experimentally via nonlinear reflec-
tivity measurements [25]. This macroscopic parameter can be sufficient to describe
the dynamic behavior of the absorber in the case of a clean single pulse operation
[26]; however, it is not adequate for the simulation of multiple pulses or for colliding
pulses. It also fails to describe the dependance of the saturation fluence on the pulse
duration. In order to describe the interaction of the pulses in the absorber, we need
to account for the carriers generated by the previous pulses, which might not have
fully recombined and will certainly affect the absorption seen by the delayed or side
pulses. For synchronized colliding pulses, one would have to evaluate the satura-
tion fluence with the same field distribution as in the laser cavity to account for the
interference effects, which would be extremely challenging to measure.

For our simulations, we evaluate the SESAM absorption 𝛼 as a function of the
carrier density N, instead of the pulse intensity I. First, the QW absorption spec-
tra are computed using a microscopic approach based on the semiconductor Bloch
equations, which are described in Ref. [27] and the references therein. Figure 11.23a
shows the computed linear absorption of an InGaAs QW at a temperature of 350 K
for various carrier densities.

To account for the field enhancement of the structure, the full reflectivity spectra
of the SESAM are also simulated using conventional transfer-matrix methods, giving
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Figure 11.23 (a) Microscopically calculated QW absorption and corresponding SESAM
reflectivity spectra for various carrier density N. (b) Simulated absorption losses as a
function of the carrier density N of the SESAM.
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a realistic absorption evaluation (Figure 11.23a). It has been shown recently that for
a better recovery time and less pulse distortion, an excitation energy higher than the
excitonic bandgap of the QW is preferable [28]. Therefore, it is best to evaluate the
absorption below the excitonic peak, where the central pulse wavelength is supposed
to be optimum. Figure 11.23b shows the simulated absorption at 990 nm, 4 nm below
the excitonic peak, as a function of the carrier density. We can see that the simulation
data can be fitted accurately with a decreasing exponential function, which in this
case is given by:

𝛼(N) = 2.244 × exp
(
− N

1.585 × 1012

)
− 0.3 (11.5)

where N is expressed in cm−2. This equation is only valid for the specific SESAM
structure used here, as the type of absorber or the distance between the DBR and
the QW will change the field strength and absorption. However, the pulse interaction
effects and the conclusions drawn in the following sections could be generalized for
other types of absorbers with a scaling of the fluence.

We should note that with a finite spectral bandwidth around 990 nm, the spec-
tral component of the pulse that is closer to the excitonic peak will saturate the
absorption with a lower carrier density than the spectral component away from the
excitonic peak. This is due to the higher density of energy states that needs to be filled
at higher photon energy. The evaluation of the absorption at the central wavelength
will average these effects with good accuracy as long as the absorption dispersion can
be linearly approximated. However, for pulses with a very wide spectrum (>10 nm),
or when the SESAM is operated near its band gap edge, a spectral integration of the
absorption will become necessary.

In order to model the pulse interaction in the SESAM, it is necessary to deter-
mine the carrier recovery dynamics of the absorber. This is usually accomplished
by measuring the transient reflectivity change of the SESAM in a pump and probe
setup. In the following example, the pump pulses are focused onto the sample with
a fluence of about 25μJ cm−2 under a 5∘ incidence angle and the probe pulses are
focused onto the same spot with a fluence below 100 nJ cm−2 and under a different
angle for spatial separation of the beams. Figure 11.24 shows the measured transient
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reflectivity of the SESAM used in the experimental setup. The recovery dynamic can
usually be fitted by a double exponential function with a slow and fast time constant
as followed:

R(t) = R0 + ΔR ×
(

A ⋅ e−t∕𝜏slow + (1 − A) ⋅ e−t∕𝜏fast
)

(11.6)

where R0 = 97.9% is the linear reflectivity, ΔR = 1.04% is the reflectivity change at
t = 0, and A = 0.085 is the amplitude of the slow component. The fast decay rate
𝜏fast = 400 fs is governed by intraband electron-electron and electron-phonon scat-
terings of the spectrally localized carrier distribution created by the pulse and sub-
sequently through phonon emission [28]. The second relaxation process has a decay
rate 𝜏slow = 20 ps and is governed by the tunneling of carriers into surface states.
In the following, we will assume that the relaxation time constants and ratio A are
independent of the carrier density.

11.6.3 Dynamics of the Carrier Density Distribution

To compute the carrier density evolution, we have to solve the carrier rate equations,
taking into account the field distribution and the absorption properties described
previously. For this simulation, we assume that the optical power remains constant,
which is a reasonable assumption considering the low level of losses in the SESAM
(<2%). We will also neglect the carrier diffusion, as transverse diffusion will remain
negligible while the pulses are present. Diffusion will also show a strong saturation
behavior and is much suppressed for high local intensities [29], which is the case in
this study. In this simplified analysis, the governing rate equations are

N(x, y, t) = Ngen(x, y, t) + ANslow(x, y, t) + (1 − A)Nfast(x, y, t) (11.7)
𝜕Ngen

𝜕t
= 𝜂

h𝜈
× 𝛼(N) × I(x, y, t) (11.8)

𝜕Nslow

𝜕t
= −

Ngen(x, y, t) + Nslow(x, y, t)
𝜏slow

(11.9)

𝜕Nfast

𝜕t
= −

Ngen(x, y, t) + Nfast(x, y, t)
𝜏fast

(11.10)

Where Ngen is the carrier density generated from the absorption of the pulses, h𝜈 is
the photon energy and 𝜂 is the photon conversion efficiency. Nslow and Nfast repre-
sent, respectively, the carriers relaxing with a slow and fast time constant. Here, we
ignore ambipolar diffusion effects due to the high local intensities [29], and we will
assume that every photon absorbed excites a carrier, i.e. 𝜂 = 1.

We are now left with a system of coupled equations that can be solved numerically,
using a Runge-Kutta method for example. Figure 11.25 shows a snapshot at t = 0 of
the spatial distribution of carrier density in the case of the synchronous collision of
two pulses having an equal energy of 50 nJ cm−2 and 50μJ cm−2. To obtain a realistic
simulation result, we used the experimental pulse duration (128 fs), incident angle
(7∘), and beam waist radius (67μm).

In the case of weak pulses, the carrier density distribution follows the interfer-
ence pattern of the field intensity, but with strong pulses the carrier density at the
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Figure 11.25 Carrier density in the SESAM QW generated by the colliding of two pulses of
50 nJ cm−2 (a), and 50 μJ cm−2 (b). The incident beams are centered at (x = 0, y = 0) and are
axially symmetric.
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Figure 11.26 Normalized carrier density distribution in the SESAM QW along the x axis at
y = 0 generated by the colliding of two pulses of 50 nJ cm−2 and two pulses of 50 μJ cm−2.

field maximum becomes saturated, increasing the relative amplitude of the carrier
density near the nodes and the tails of the field intensity distribution. This effect is
clearly visible on the 2D images of Figure 11.25 and on the normalized cross-section
plots of Figure 11.26.

The evolution over time of the spatial distribution of carrier density is then cal-
culated, starting at a time prior to the pulses’ arrival in the SESAM until they are
completely gone. The carrier density dynamic at the center of the beam (x = y = 0)
is plotted in Figure 11.27. For this simulation, we assumed a single 128 fs pulse with
an energy of 51.8μJ cm−2, corresponding to the experimental output power of 90 mW
presented previously. We also plotted the experimental case of a side pulse operation,
with two 130 fs pulses delayed by 430 fs and an average output power of 152 mW.

This result clearly shows the effect of the fast relaxation of carriers during the
presence of the pulse, which makes the saturation fluence strongly dependent on
the pulse duration. In the situation of a delayed pulse, it is also clear that it will
benefit from the carriers generated by the earlier pulse, resulting in absorption losses
decreasing with a short delay.
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Figure 11.27 Simulated carrier density in the SESAM at the center of the beam
(x = y = 0), from a single 128 fs pulse of 51.8 μJ cm−2 (90 mW average output power) and a
double 130 fs pulse of 87.4 μJ cm−2 (152 mW output power) separated by 430 fs. Ngen
represents the generated carrier density, not accounting for the carriers relaxation.

We should note that if the side pulse has a different central wavelength than the
first pulse, it will only partially benefit from the saturation created by the earlier
pulse. Indeed, if the pulses have a different spectral content, the first pulse will burn
a kinetic hole in the carrier distribution that will partly overlap with the second
pulse’s spectrum. However, after a delay of 430 fs, the initial kinetic holes will be
significantly filled and smoothed out via intra-subband scattering [30, 31], which
will reduce the spectral dependence of the side pulse interaction. This model does
not account for such phenomena as it would require a spatially resolved microscopic
analysis of nonequilibrium dynamics in the semiconductor and would be numeri-
cally too expensive.

11.6.4 Absorption Losses and Pulse Shaping

The optical power lost in the absorber, Plost, during the passage of the pulses is
directly related to the amount of carriers generated by the absorption of these
pulses, Ngen. It is given by the spatial integration of the carrier density generated as
followed:

Plost(t) =
h𝜈
𝜂

× 𝜕

𝜕t

⎛⎜⎜⎝∫∫xy

Ngen(x, y, t) dx dy
⎞⎟⎟⎠ (11.11)

We should note that this expression does not account for other kind of losses
such as two-photon absorption (TPA), free-carrier absorption (FCA), scattering from
rough surfaces, and transmission losses. Scattering and transmission losses can usu-
ally be kept relatively small and remain constant regardless of the pulse duration
and intensity. However, TPA will become increasingly important at high fluence and
short pulse duration as its probability of occurrence increases with the square of the
photon number and can thus dominate over linear absorption at high field intensi-
ties [32]. In the scope of this book, we want to investigate the effect of CPM on the
linear absorption only and will thus neglect these additional loss mechanisms.
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Figure 11.28 Simulated absorption losses from a single pulse of 90 mW and a dual pulse
of 152 mW separated by 430 fs.
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Figure 11.29 Simulated pulse intensity before and after reflection on the SESAM for CPM
without side pulse (a) and for CPM with a side pulse (b). The SESAM losses are artificially
increased by a factor 30 for illustration purposes.

Figure 11.28 shows the power lost in the SESAM for the two experimental cases
presented previously. We can see that the power lost reaches a maximum located
25 fs before the main pulse maximum, which is centered at t = 0 s. The more intense
the pulse, the more this maximum is shifted toward the leading edge of the pulse,
as the saturation will occur earlier. This effect is obviously responsible for the pulse
shortening occurring in the absorber, with a leading edge significantly more attenu-
ated, as it can be seen in Figure 11.29. For a better visualization of the pulse shaping,
we plotted a pulse before and after reflection on the SESAM, with the losses artifi-
cially scaled by a factor of 30.

The total energy lost by the pulses is given by the temporal integration of the power
lost as:

lost =
∫

Plost(t) dt (11.12)

In the experimental case with a side pulse operation, the main pulse loses 0.89%
of its energy, whereas the side pulse only loses 0.49%. The main pulse has thus
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Figure 11.30 Absorption losses from the SESAM as a function of the intracavity fluence
for different delays of the two counter-propagating pulses.

indirectly “transferred” some of its energy to the side pulse through the interaction
in the absorber. This energy transfer will obviously be balanced by the lower gain
seen by the side pulse, since a similar gain recovery dynamic will occur in the gain
medium.

11.6.5 Saturation Fluence of the Absorber

To evaluate the saturation fluence of the absorber, we must calculate the total absorp-
tion losses lost as a function of the fluence of the pulses. For this study, we assume
a collision of two identical single pulses, with a pulse duration of 128 fs and the
geometrical parameters described in the experimental section. We varied the delay
between the pulses to assess the effect of the synchronization on the saturation flu-
ence. Figure 11.30 shows a clear reduction of the saturation fluence when the pulses
are delayed by less than 1 ps.

For perfectly synchronized pulses, the saturation fluence is reduced by a factor
of 2.9, from Fsat1 = 50μJ cm−2 to Fsat2 = 17.2μJ cm−2. With a pulse fluence of
51.8μJ cm−2, corresponding to the 90 mW output power result, the absorption losses
are reduced from 1.23 to 0.85% when the pulses are synchronized. The mode locking
with synchronized colliding pulses is thus clearly favored. We should note that
the interference pattern is also present in a CW regime, which helps to transition
from the CW to the mode-locked regime since the absorber is saturated more easily.
This could explain the robustness of the mode-locking regime observed in the
experimental setting, when compared to a standard V-shaped cavity.

In the case of the side pulse regime investigated, the saturation fluence is ini-
tially higher at Fsat1 = 65.1μJ cm−2 with a single beam. This is due to the longer time
allowed for carrier relaxation while the pulse and side pulse are present. The satu-
ration fluence is however reduced by a factor of 2.8 to Fsat2 = 23.2μJ cm−2 when two



350 11 Colliding Pulse Mode-locked VECSEL

10 100

Intracavity pulse fluence (μJ cm–2)

0.1 1 1000 10 000

S
E

S
A

M
 a

bs
or

pt
io

n 
lo

ss
es

 (
%

)

0

0.5

1

1.5

2

= 100 fs
= 200 fs
= 500 fs
= 1 ps
= 5 ps

Pulse duration:

Figure 11.31 Absorption losses from the SESAM as a function of the intracavity fluence
for different pulses durations.

beams are colliding. With the experimental pulse energy of 87.4μJ cm−2, the losses
are reduced from 1.12 to 0.75% when the pulses are synchronized.

A possible strategy to avoid the emergence of side pulses at high pump power
is to decrease the fast carrier recombination time constant of the absorber. It
could be realized either by exciting the SESAM at a higher energy, where intra-
band electron-electron and electron-phonon scattering are faster, or by using a
graphene-based absorber which has a very fast carrier relaxation time due to the
strong Coulomb and phonon interaction [28]. Another strategy would be to increase
the recovery time of the gain medium. However, that would be very challenging
with an intense short pulse since it would cause a deep spectral hole burning in the
carrier distribution, which will recover quickly via intraband scattering [33].

We should note that for longer pulses, in the 400 fs to 5 ps range, the saturation
fluence will be significantly higher due to the extensive carrier relaxation occur-
ring while the pulses are present, enabling much higher output powers without side
pulses [34, 35]. To illustrate this effect, we simulated the loss saturation for different
pulse durations of two synchronized pulses (Figure 11.31). This graph shows that
the saturation fluence is about a factor of 5 higher for a pulse duration of 5 ps than
for a duration of 100 fs. This factor obviously depends on the recovery dynamic of the
SESAM and will decrease with longer time characteristics. This result also illustrates
the shortcomings of a model based solely on the energy of the pulse for the calcu-
lation of the absorption (Esat parameter), especially if one wants to model the pulse
formation dynamic [31] where the pulse duration will change significantly from the
initial conditions to the final steady state.

11.6.6 Power Balance in CPM Operation

The interaction of the pulses in the absorber not only leads to a lower satu-
ration fluence but it can also reduce the power imbalance between the two
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Figure 11.32 Recorded intensities of the two counter-propagating output beams: (a) Short
time scale in CW regime, (b) Short time scale in CPM regime, (c) Long time scale in CW
regime, (d) Long time scale in CPM regime, (e) Long time scale with low pass filter in CW
regime, (f) Long time scale with low pass filter in CPM regime.

counter-propagating beams. Indeed, if one beam has more power than the other
one, it will saturate the absorber faster, resulting in more absorption losses. Over
the numerous round trips in the high-Q VECSEL cavity, the average power of each
beam will naturally balance and the mode competition frequently observed in a
ring cavity [36] will be strongly reduced.

Figure 11.32 shows an example of the mode competition and power imbal-
ance observed in a ring cavity while in the CW regime, with a comparison to a
mode-locked regime with the same cavity. The two output beams of a ring cavity
VECSEL were recorded simultaneously at the same distance from the SESAM
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with two identical fast photodiodes and a 6 GHz bandwith oscilloscope. To obtain
the CW operation regime, the SESAM is simply cooled to 20∘C to blue-shift the
absorption spectrum.

Figure 11.32a and b shows a time trace on a short time scale, revealing a rela-
tively “noisy” CW regime where the fluctuations are not synchronized, while in the
mode-locked regime the outputs are nearly identical and perfectly synchronized.
The small intensity variation from pulse to pulse is likely due to an aliasing with
the oscilloscope. Figure 11.32c and d represents the same outputs but over a longer
time window, confirming a “noisy” CW operation and perfectly stable and synchro-
nized pulse trains when mode locked. In Figure 11.32e and f, we applied a digital low
pass filter to the signals. It reveals a CW operation with a clear competition between
the two beam directions while the total average power remains constant, whereas
the mode-locked outputs reveal a very stable output power for each direction. The
zoom in the inset of Figure 11.32f shows the two beams fluctuating together rather
than competing. This is clear evidence of the energy exchange occurring in a col-
liding pulse mode-locked regime. This energy exchange could also compensate for
a small difference of gain between the pulses, due to an imperfect position of the
absorber in the cavity, for example (see Section 11.3.2), and is key for the stability of
the mode-locking regime.

11.7 Summary and Outlook

The constant improvement of VECSEL technology and better understanding of the
pulse formation mechanisms in a passive mode-locking regime have enabled
the generation of ultrashort pulse at high repetition rates, showing tremendous
potential for numerous applications. These sources have become not only a viable
alternative to other laser technologies due to their flexibility, compactness, and
performance, but they are emerging as the technology of choice for the generation
of ultrashort pulse in the 1-20 GHz repetition rate regime, where other ultrafast
systems such as Ti:Sa lasers, microresonators, or fiber lasers are more challenging to
operate. Recent progress has led to the demonstration of average powers >100 mW
with pulse durations close to 100 fs, which is shorter than any other semiconductor
laser without external pulse compression. To further improve the pulse duration
and output power, it is important to identify and analyze the physical limitations,
either numerically or experimentally, and find new ways to overcome them. It has
been recently shown that the maximum peak power achievable with sub-200 fs
pulse durations is mostly limited by the stability of the fundamental mode-locking
regime as side pulses or harmonic mode locking emerge at high pump power,
leading to a trade-off between the pulse duration and the average power achievable.
A key parameter for high-power mode-locked VECSELs is the saturation fluence
of the absorber, which must be kept low to start and stabilize passive mode locking
and minimize the losses. The CPM of a VECSEL takes advantage of the pulse
interference to artificially decrease the saturation fluence of the absorber. The
numerical calculation of the absorber losses presented here shows a reduction of
the saturation fluence by about a factor of three. This new technique has been
employed to demonstrate state-of-the-art performance in term of power and pulse
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duration combination and, more importantly, has shown great potential in terms of
stability and robustness of the mode-locking regime. These qualities are paramount
for real-world applications where the laser might be submitted to temperature and
pump fluctuations or mechanical vibrations. The more stable and rugged oscillators
of CPM VECSELs minimize the sensitivity to mechanical vibration, while the
saturation dynamics of the absorber strongly favor a mode-locking regime for a
wide range of pump powers and temperatures, increasing the reliability of the
device. The ring cavity geometry of CPM VECSEL could also be adapted to realize
an optical gyroscope using the Sagnac effect.

These ultrafast sources could potentially replace conventional ion-doped
solid-state lasers used in numerous applications such as multiphoton and biomed-
ical imaging, optical coherence tomography, high-resolution time domain terahertz
spectroscopy with asynchronous optical sampling, etc. The excellent noise per-
formance exhibited by VECSEL sources [37, 38] is particularly promising for the
generation of ultrastable frequency combs. The most widespread method to stabilize
a frequency comb relies on the generation of a coherent, octave spanning super-
continuum that is launched into an f-to-2f interferometer to detect and stabilize the
carrier envelope offset frequency. The power level and pulse duration reached by
these VECSELs could enable a direct generation of such a supercontinuum in a pho-
tonic crystal fiber or nonlinear waveguide without preamplification, which would
be a major step to simplify and reduce the cost of existing technologies. Frequency
combs are extremely precise instruments that can be used in an ever growing field
of applications such as optical frequency metrology, chemical analysis, molec-
ular spectroscopy, astronomical spectrograph calibration, optical atomic clocks,
environmental monitoring, dielectric laser accelerator, medical diagnostics, etc.
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12.1 Introduction

Mode-locked (ML) semiconductor disk lasers (SDLs), also known as ML VECSELs,
have attracted considerable attention from science and industry beyond the VEC-
SEL community owing to their remarkable and promising features [1–3]. As is evi-
denced in previous chapters of this book dealing with mode-locking (also abbrevi-
ated ML), ultrafast optical pulse generation is still one of the hot topics of the laser
community and has opened the door for a wide range of different applications in
biology, medicine, manufacturing, and metrology, where ML SDLs can be employed
[4–8]. Particularly, the shortening of pulse durations with advanced ML lasers have
enabled various measurement techniques with high resolution in the time-domain
[9, 10] – some even used to characterize VECSELs [11, 12] – and have given rise
to remarkable spatial precision in the field of material processing [7] as well as high
peak powers which are required for multiphoton-absorption-based technologies [6].

Yet, saturable-absorber-mirror-based ML VECSELs have a dominant share in the
development of efficient and versatile high-power, ultrashort-pulse SDL devices
[13–16], but a new generation of saturable-absorber-free ML VECSELs is already on
the verge of catching up with its established counterpart [17–20]. With comparable
features such as sub-ps pulse durations, high peak powers, and high beam quality,
they are promising candidates for the realization and spread of cost-effective, robust,
and compact ML SDLs. Given the independence from an additional intracavity
element for pulse formation, saturable-absorber-free ML VECSELs are also referred
to as self-mode-locked (SML) VECSELs/SDLs [21], in analogy to the terminology
used in the case of Kerr lens ML solid-state lasers [22].

Owing to the noticeable interest in the achievements and the developments
in the field of SML VECSELs, this chapter is dedicated to such devices, their
history, and the obtained highlights. In order to understand the differences between
different device concepts, a brief summary on the existing ML techniques used
for optically pumped SDLs is provided in the following. Then, light is shed on
the rise of SML optically pumped VECSELs, and the performance similarities to
semiconductor-saturable-absorber-mirror (SESAM)-operated ML VECSELs are

Vertical External Cavity Surface Emitting Lasers: VECSEL Technology and Applications, First Edition.
Edited by Michael Jetter and Peter Michler.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 12.1 (a) Overview on the annual publication output concerning ML VECSELs and
(b) on the achieved peak powers with respect to pulse durations. Results for SML VECSELs
are highlighted in this direct comparison to their (SE)SAM-ML counterparts. The data are
extracted from the literature to the best of the author’s knowledge at the time of surveying.
The shortest unambiguous pulse from a ML VECSEL has been demonstrated to be as short
as 100 fs. Given the comparison of peak powers, similar ultrashort pulsing results in the
domain of SML can be expected for correspondingly optimized devices. For (a), all studies
related to SML operation have been included as “SML.”

emphasized in an overview on SESAM-free ML achievements (Figure 12.1). Hereby,
also other SESAM-free concepts for mode-locking of SDLs will be highlighted.
Although SML VECSELs are believed to be an equal match to their SESAM ML
counterparts, they are far less understood when it comes to the mechanisms that
allow pulse formation and a stable ML regime. This is briefly addressed at the end
of this chapter and an outlook on applications as well as development directions is
provided.

12.2 Mode-Locking Techniques for Optically Pumped
SDLs at a Glance

A variety of passively mode-locked VECSELs has been demonstrated to date,
having been triggered by the pioneering work of Hoogland et al. published in
the year 2000 [23]. The very first ML VECSEL delivered pulses in the ps range
and was operated with the help of a quantum well (QW) SESAM. In fact, QW
SESAMs had been the essential intracavity element in a VECSEL resonator which
enabled stable pulsing, before additional saturable absorber structures were intro-
duced to the VECSEL world. These structures include quantum dot (QD)-based
SESAMs [23–29], graphene saturable absorber mirrors (GSAMs) [30, 31], and
carbon nanotubes (CNTs) intracavity saturable absorbers [32]. This allowed the
demonstration of mode-locking for various resonator geometries, as shown in
Figure 12.2, and led to a wide range of pulsing results with some highlights sum-
marized in Table 12.1. Undoubtedly, saturable absorbers served well with regard
to mode-locking of SDLs, with pulsing achieved for different gain/absorber combi-
nations i.e. QW-gain/QW-absorber, QW-gain/QD-absorber, QD-gain/QW-absorber,
and QD-gain/QD-absorber [3].
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Table 12.1 Highlights of SESAM mode-locking with QW-SDLs

Record value No. QWs
Wavelength
(nm) Year Ref.

Peak power 4.35 kW 10 1013 2013 [5]
Average power 5.1 W 10 1030 2012 [33]
Pulse duration 107 fs 4 1030 2011 [13]

107 fs (compressed to 97 fs) 10 1033 2016 [14]
95 fs (colliding-pulse ML) 10 1033 2016 [15]
253 fs (MIXSEL) 10 1030 2015 [16]

Repetition rate Highest: 50 GHz 7 958 2006 [24]
Lowest: 85.7 MHz 16 989 2013 [25]

One simple resonator configuration for SESAM-ML VECSELs is depicted
schematically in Figure 12.2a, with the VECSEL acting as the folding mirror, and
the SESAM as one of the cavity’s end mirrors. In this example, both VECSEL and
SESAM can contain one or more QW or QD layers as optically active/absorptive
medium, respectively. Usually, these layers are grown by means of epitaxy, for
instance using vapor-phase or molecular beam epitaxy, on top of a highly reflective
distributed Bragg reflector (DBR) to form either the gain chip or the SESAM,
often capped by some additional layer to suppress surface recombination of charge
carriers and to control dispersion and the absorption behavior [1]. However, it is the
SESAM’s absorbance which adds further optical losses to a VECSEL and implies
that additional heat dissipation has to be coped with.

Yet, the employment of SESAMs in VECSELs sets some limitations to the design
and the compactness of the resonator, in which they have to be integrated as
additional optical element (thus referred to as resonator-integrated SESAMs, cf.
Figure 12.2a–c). The desire to make the resonator more compact and production
of devices more cost-efficient has triggered the conception of chip-integrated
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SESAMs. Very comparable mode-locking results have been achieved with this
approach, referred to as mode-locked integrated external cavity surface-emitting
laser (MIXSEL) configuration [34], which also promises repetition rate scaling
due to its design principles [2]. Introduced in 2007 [34], MIXSELs even feature
ultrashort pulses in the 200-fs range, as has been recently demonstrated [16]. A
schematic of the simple linear cavity achievable with MIXSELs, which can make
use of both QW and QD gain or absorber regions, is shown in Figure 12.2d.

Although SESAMs are widely established in the field of ML SDLs, they not only
impose resonator design limitations but also restrict wavelength flexibility and
cost-effectiveness. Interestingly, GSAMs and CNT-based absorbers introduced to
the community try to tackle this issue. With a series of different gain chips in
combination with a single-layer GSAM, ML was demonstrated over a wavelength
range of 46 nm from 935 to 981 nm with sub-500-fs pulses and power levels in the
mW range [30]. In contrast, another experiment showed 10 W of output power
of a 353-fs-pulsed GSAM-ML VECSEL [31]. Similarly, single-walled CNTs were
successfully employed on a transparent carrier for insertion into a VECSEL’s open
cavity for mode-locking [32]. Both, GSAM and CNT schemes are sketched in
Figure 12.2b and c, respectively.

Recently, the family of ML VECSELs has been expanded by the introduction of the
SML VECSEL scheme, which complements the pool of previously widely used active
and passive mode-locking techniques. With their already comparable performance
with respect to their SESAM counterparts, SML VECSELs promise efficient, com-
pact, and cost-effective pulsed light sources based on SDL technology [20]. Further-
more, SML VECSELs can circumvent limitations naturally imposed on the device’s
performance by SESAMs. Similar to the achievements made with solid-state lasers
more than two decades ago by the introduction of Kerr lens mode-locking [22, 35],
this scheme simply relies on the insertion of an aperture into the resonator in order
to give preference to the ML regime by modulating losses for the cavity mode. While
the aperture can be either a soft or hard one – depending on the VECSEL configu-
ration – the presumed effect behind SML operation is considered to be primarily an
intensity-dependent Kerr lensing effect in the SDL. Based on the first assumptions
regarding the working principles [17, 18, 36], different examples of SML VECSELs
have been demonstrated up to date [19, 21, 37–39] and preliminary studies regard-
ing the mechanism behind SML kicked off [40–43]. A schematic representation of
an SML VECSEL in its simplest configuration is shown in Figure 12.2e, employing
a hard aperture in a straight cavity in front of the resonator out-coupling mirror.

12.3 History of Saturable-Absorber-Free Pulsed
VECSELs

12.3.1 Self-Mode-Locked Optically Pumped VECSELs

In the following, an overview on the history of SML VECSELs is presented and
the developments are summarized which have been undergone toward a broader
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acceptance and availability of SML results. Based on these results, record-high
peak powers of up to 6.8 kW [18] and sub-500-fs pulses [37] were reported indi-
vidually. Furthermore, recent activities regarding SML operation involving both
quantum-well [19, 21] and quantum-dot-based [38] gain media are highlighted.
In fact, it took some time until unambiguous SML results were presented to the
VECSEL community: the clean demonstration and thorough characterization of
stable SML operation in a VECSEL can be attributed to the works published in 2014
[19, 21].

12.3.1.1 Once Upon a Time – Beyond Magic
The first SESAM-free mode-locked VECSEL was reported by Chen et al. in 2011 [17]
at a time when SESAM-ML was very well established and no reason was actually
given to change the status quo in terms of how pulse formation in VECSELs should
be achieved. Rather an anomaly, which magically took place in the classical straight
cavity configuration that Chen et al. used [17], triggered a burst of unforeseen SML
reports in the VECSEL domain. In their work, the authors experienced pulsing of
their VECSEL spontaneously formed and intuitively suggested that mode-locking
in their SESAM-free device results from saturable absorption in some of the QWs
of the gain chip which are not fully pumped to inversion, similar to the behavior
obtained due to extra layers incorporated in a MIXSEL for chip-integrated saturable
absorbance. Remarkably, pulses as short as 654 fs had been presented by Chen et al.
with an average output power of 0.45 W at a repetition rate of 2.17 GHz. The authors
claimed to have almost no CW background and that the pump-to-mode size ratio
should be between approximately 0.7 and 1.3 in their linear cavity in order to reach
stable spontaneous mode-locking. A common characterization approach for such a
VECSEL is displayed in Figure 12.3.

In the following year, an alternative version of SML operation of a VECSEL
was shortly after also demonstrated by Kornaszewski et al. [18]. In contrast to

Pulse train

RF spectrum RF spectrum

1 ns div–1

Autocorrelation trace

400 ps span

800 MHz div–1

10
 d

B
 d

iv
–1

(a) (b)

(c) (d)

5 MHz div–1

2.17 GHz

Figure 12.3 Pulse characterization as shown for the first spontaneously mode-locked
VECSEL. (a) Pulse train measurement, (b) Long time span intensity autocorrelation trace,
and (c) and (d) RF spectra with different frequency window, respectively. Source: Adapted
with permission. [17] Copyright 2011, Optical Society of America.
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the previous report, a folded six-mirror VECSEL cavity configuration was used.
Moreover, the origin of mode-locking was attributed to an intensity-dependent Kerr
lens experienced by the circulating intracavity light field in the semiconductor gain
medium. This effect was expected to lead to an intensity-dependent modulation
of the beam waist in front of the cavity outcoupling mirror, where a slit would act
as an aperture to the intracavity beam waist and expose the CW mode to losses.
As commonly used in mode-locked titanium-sapphire (Ti:Sa) lasers, the slit would
give preference to the pulsed regime, which would experience stronger lensing
owing to its high peak intensities compared to CW intensities and, thus, less losses
by the well-placed slit than any low-intensity light field. An explanation of this
principle is for instance given in [44] (also see Figure 12.4), which shed light on
the phenomenon referred to in its early days as magic mode-locking – since it was
hardly imaginable to achieve mode-locking without a saturable absorber inside the
cavity until SML operation of a Ti:Sa oscillator was demonstrated [22, 35]. According
to Eqs. (12.1) and (12.2), the intensity-dependent refractive index is comprised of
the common intensity-independent refractive index n0 and the nonlinear refractive
index term n2I which scales with the square of the electrical field I = |E|2:

n(I) = n0 + n2I (12.1)

n2 = (2𝜋∕n0)2
𝜒
(3) (12.2)

with n2 related to the third-order nonlinear susceptibility 𝜒
(3).
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Figure 12.4 Schematic representation of the Kerr lensing effect for high-intensity light,
which experiences less losses than low-intensity light when an aperture behind the
nonlinear medium is closed. (a) Sketch of the transmitted low-intensity light without Kerr
lensing and beam waist truncation, compared to the case (b) with intensity-dependent
lensing and closed aperture. The survival of high-intensity light components in a resonator
with a Kerr medium and slit in the optical path gives rise to the formation of pulses due to
the naturally higher transmitted intensities for pulse peaks than for continuous-wave signal.
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In the aforementioned work by Kornaszewski et al., two different configurations
were reported to give rise to mode-locked operation. A scheme of the used folded cav-
ity configuration is depicted in Figure 12.5. On the one hand, stable mode-locking
was obtained when the cavity operated near its stability limit without the influence
of any intracavity aperture. In that case, single pulses with pulse duration of about
1.5 ps were achieved at an average output power level of 700 mW at a repetition rate
of 200 MHz, and pulse formation was attributed to soft-aperture-assisted Kerr lens-
ing. On the other hand, operating the cavity in its stability region and inserting a hard
aperture near the outcoupling mirror enabled mode-locked operation with pulses of
930 fs duration (cf. Figure 12.5) at a repetition rate of 210 MHz and an average output
power level of 1.5 W at 985 nm. From these parameters, a record-high 6.8 kW peak
power was deduced and reported [18].

12.3.1.2 Mode Competition – A Struggle for Acceptance
As previously stated in the reviews by Gaafar et al. [3] and Rahimi-Iman [45], the
early achievements were not only met by enthusiasm and belief, but also by crit-
ical remarks and strong skepticism. Obviously, the first reports on SML operation
in SDLs gave rise to some controversy, otherwise there would be little reason for
the correspondence between different actors of the ML VECSEL community on this
issue and the following desire to put things straight: most prominently, the discus-
sion on the validity of SML results presented in Refs. [36, 46] is remembered by many
involved groups, which was triggered by the second report on SML VECSELs [18],
although the criticism was also partly directed to the previous publication [17]. Yet,
the impact on later work has not been unnoticed. Furthermore, it also shows how
constructive criticism can be turned into positive outcomes.

One simple reason for this struggle for acceptance of SML achievements was given
by the lack of complete or unambiguous characterization of the laser; another one
was given by the fact that the mechanism responsible for SML operation had not
been clear, so far. While the latter is still subject of ongoing investigations and not
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well understood even today, the former problem has been tackled by work performed
in the years after the first publications on SML VECSELs.

The authors of Ref. [46] frankly argued that additional experiments need to
be performed in order to have clear evidence for stable and true mode-locked
operation. Such experimental proof would require clean (long time span) intensity
autocorrelation as well as pulse train measurements, a high signal-to-noise ratio in
radio frequency (RF) signal measurements, and no side bands and no considerable
intensity drop off between the harmonics in the RF signal up to the point where
the measurement equipment chokes the signal off – to cut a long story short.
While the optical spectrum and autocorrelation trace cannot be used reliably
to claim ML operation of a laser, care has to be taken when relying on RF and
oscilloscope signal as well. Moreover, evidence for the high peak powers typical
for pulsed light was appreciated, for instance by the demonstration of nonlinear
effects such as supercontinuum generation or second-harmonic generation outside
the VECSEL resonator. In fact, these demands were carefully taken into account in
later reports on SML VECSEL, such as in the work of Gaafar et al. [19] that provides
a thorough characterization in order to support the authors’ claim of a stable SML
regime.

However, no clear attribution of the cause for SML to one (or more) of the expected
effects responsible for a stable mode-locked operation regime has been made so far.
While SESAM-free mode-locking might rely on different principles based on the
VECSEL design, for instance involving other types of saturable absorber structures
[30–32] or extra Kerr media [47], particularly the SML case with no additional intra-
cavity element remains somehow “magic” (in analogy to the term used in the early
days of Kerr lens mode-locking): although many ML-VECSEL groups suspect a Kerr
lensing effect to be involved and design their cavities in assumption of negative or
positive nonlinear lensing, other reasons for mode-locking are still imaginable. This
will be briefly discussed in the last section of this chapter.

12.3.1.3 More Than a Flash in the Pan – Triggered Wave of Results
After the first reports of SML, other groups carried out similar experiments and
observed the SML phenomenon as well. Both soft and hard apertures inside the
optical cavity were used to achieve Kerr lens mode-locking as well, such as in the
work reported in 2013 by Albrecht et al. [37]. In their work, the authors analyzed
the possibility of Kerr lensing in a typical VECSEL cavity – in this case a V-shaped
one. They further verified their predictions that Kerr lens action can give rise to SML
operation in such cavity configuration by the demonstration of pulsing at a repetition
rate of 1 GHz and with pulse durations between 2 ps and 500 fs. However, a residual
background or pedestal was observed in their pump-power-dependent investiga-
tions which can be attributed to a CW background. Furthermore, their RF spectrum
indicated instable operation similar to previous SML reports, while the pulse train
fluctuated over a timescale of some microseconds.

The study by Albrecht et al. showed that at low pump powers, the achieved pulses
were longer than 1 ps, which had been reduced to sub-ps levels at high powers [37].
In addition, by insertion of an intracavity-fused silica glass Brewster plate at a fixed
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Figure 12.6 Schematic representation of (a) hard- and (b) soft-aperture Kerr lens ML.

pump power, the pulse length was controllable to a certain extent. This means of
compensation (i.e. using a glass plate) of, both, negative group velocity dispersion
(GVD) and negative self-phase-modulation (SPM) in the gain crystal (n2 < 0)
showed that for increasing positive GVD the pulse length could be minimized.
However, this variation of pulse length had only been effective at pump power
ranges, for which the authors assumed some balance between GVD and SPM.

In a two-mirror plane-concave resonator configuration, commonly referred to as
linear cavity VECSEL, Albrecht et al. also achieved similar SML operation with-
out any hard aperture. According to their modeling work for negative Kerr lensing,
this configuration could only enable soft-aperture SML operation. In contrast to the
hard-aperture case (see Figure 12.6a), in soft-aperture configuration, the pump area
on the chip can determine a soft aperture for the resonator mode, which can add
some losses to the CW cavity beam by truncating the beam waist of low-intensity
light in the VECSEL at the position of the gain medium. This is schematically shown
in Figure 12.6b.

On the other hand, the observation of self-starting pulses in a SESAM-free cav-
ity was seen in connection with the occurrence of high-order transverse modes by
Liang et al. [39]. Experiments concerning pump-to-mode-size ratios were performed
and the conclusion drawn from experiments and numerical analysis, that the critical
pump power, at which the transition to SML operation takes place, coincides with
the pump threshold for exciting the TEM10 mode. Hence, it was believed that SML
is assisted by high-order transverse modes. Interestingly, in the first paper on Kerr
lens mode-locking, a similar explanation was given [22]. However, the work of Keller
et al. in 1991 and 1992 showed that higher-order transverse modes are not required
in order to start and sustain mode-locking, as it is unclear how higher-order modes
should give rise to self-amplitude modulation, which is understood to stabilize the
mode-locked operation [35, 48].
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The observation of an excellent beam quality in the SML operation regime with
fundamental transverse mode profile by Gaafar et al. in their work on harmonic SML
of VECSELs [21] had already ruled out a dependence of SML on higher-order trans-
verse modes, as was emphasized in their follow-up publication [19]. Beam quality
(M2) measurements confirmed fundamental transverse mode operation in the SML
regime with M2 values of less than 1.1 for both axes (see Figure 12.7). Triggered by
the discussion on the validity of ML claims in 2013 [36, 46], Gaafar et al. also focused
on a detailed characterization with the aim to verify mode-locked operation in their
SML-VECSEL configuration [19]. This included a measurement with an external
nonlinear crystal – here, beta barium borate (BBO) – for second harmonic generation
(SHG). Frequency doubling outside the VECSEL resonator was only achievable due
to high peak powers of the SML-VECSEL pulses, converting the infrared pulsed laser
light (1014 nm) into green pulses (507 nm). In contrast, no SHG signal was obtained
for the CW emission mode of the same VECSEL.

12.3.2 Harmonic Self-Mode-Locking

Due to the early results on SML, the teams exploring this operation regime quickly
gained confidence and more publications on this topic appeared. With it, also the
acceptance of SML-VECSEL results increased more and more in the ML-VECSEL
community and beyond.

In 2014, Gaafar et al. contributed to another important SML result be successfully
demonstrating harmonic SML with a QW-based VECSEL up to the third harmonic
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[21] (cf. Figure 12.8). The authors achieved SML operation in a Z-shaped cavity with
300-mm resonator length and observed stable pulsing for each harmonic only for
nearly discrete pump power levels in repeated investigations. This feature is seen in
Figure 12.9. Here, the number of pulses, which were circulating in the cavity, for
each harmonic at the respective pump power level is displayed together with the
corresponding average output power. For slightly lower or higher powers around
the proper pump power for each harmonic, instable mode-locking was evidenced.
Thereby, horizontal error bars were derived in order to indicate islands of stability
for SML operation.

Fundamental mode-locking with a repetition rate of 500 MHz was accomplished
with sub-ps pulses of about 860 fs at the lowest pump level. Yet, the pulse lengths for
the higher harmonics are of the same order. The authors attributed the obtained and
almost equivalent time bandwidth products of 0.69 (first), 0.73 (second), and 0.72
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(third harmonic), which were not transform-limited, to the remaining group-delay
dispersion (GDD) caused by the VECSEL chip.

The resonator with intracavity hard-aperture (slit) was designed upon the assump-
tion that negative Kerr lensing would reduce the beam waist in front of the plane
high-reflectivity end mirror of the device, while light was coupled out at the oppo-
site end mirror with about 1 % transmission rate. For increased pump levels, a stable
SML regime was only achieved for a doubled and tripled repetition rate, correspond-
ing to two and three pulses circulating in the cavity, respectively [21]. In this device,
SML was initiated by moving the slit or by narrowing its gap. Remarkably, for all rep-
etition rates, i.e. 500 MHz, 1.0 and 1.5 GHz, peak powers almost reached the 1 kW
level, with about 950 W for the first, 750 W for the second, and 750 W for the third
harmonic, respectively. According to the authors, the nearly constant peak power
for the different power levels indicates that a certain intracavity power is needed for
the underlying ML mechanism.

Shortly after, Gaafar et al. also presented a detailed characterization of the VEC-
SEL emission from the very same device, which was shown to be free from double
pulses and a CW component [19]. Furthermore, they highlighted the excellent beam
quality and further bolstered their claim of stable SML operation with additional
checks. This included long time span autocorrelation trace as well as pulse train
measurements and RF signal analysis.

12.3.3 Self-Mode-Locking Quantum-Dot VECSEL

In order to demonstrate that the SML phenomenon is not restricted to a certain
chip or gain medium type, Gaafar et al. demonstrated the first passively SML QD
VECSEL, which was built in a classical linear cavity configuration and pumped opti-
cally from the side [38]. Such a device is schematically depicted in Figure 12.10.
The QD-based SML VECSEL employed a chip with 35 layers of Stranski–Krastanov
grown InGaAs QDs, which are organized in five stacks of seven QD layers in the
active region, and a GaAs/AlGaAs-based DBR (see Figure 12.10a).

QD-based VECSELs have long been attractive candidates for ML operation owing
to their shorter carrier lifetimes than QW structures (also valid for SESAMs) and
promise, both, higher repetition rates that are beneficial for optical transmission
schemes and shorter pulses – a feature desired for a plethora of applications. Particu-
larly, their inhomogeneously broadened emission spectrum serves well with respect
to wavelength tunability and the generation of shorter pulses in correspondence to
the time-bandwidth principle. In addition, a stronger temperature dependence of
the emission can be used for a better variation of pulse durations for an operational
ML device. For more details on the benefits of QD structures and their use in lasers,
the interested reader is referred to Refs. [6, 49, 50].

In the presented SML QD VECSEL, temperature controllable sub-picosecond
pulse durations with average output powers between 300 and 750 mW have been
demonstrated. Due to the short linear cavity configuration, pulses were delivered
at a repetition rate of 1.5 GHz. The measured autocorrelation trace revealed pulse
lengths between 830 and 950 fs for heat sink temperatures between 38 and 5 ∘C,
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Figure 12.10 (a) Schematic drawing of the optically pumped SML QD-VECSEL setup with
structure of the QD-VECSEL chip. (b) Autocorrelation trace of the SML QD VECSEL. Black
dotted: experimental data. Red line: fit curve assuming a sech2 pulse. Insets: Optical
spectrum (top) and RF spectrum measured over a span of 6.5 GHz and a resolution
bandwidth of 100 kHz, showing the first four harmonics (bottom).

respectively. Figure 12.10b summarizes these results. For this device, the optical
spectrum was centered at 1038 nm and the RF spectrum indicated the quality of
ML operation.

12.3.4 SML Cavity Configurations

As is evident from multiple reports on SML VECSELs, obtaining (stable) sponta-
neously formed pulsing is not restricted to a certain cavity geometry, provided that
the correct assumptions were made in the design of the resonator. Both QW and
QD VECSELs have shown SML operation in a straight cavity [17, 20, 37–39]. For
QW VECSELs, various resonator shapes have led to the desired effect based on the
assumption of nonlinear lensing in the chip [18, 19, 21, 37]. The early results in the
SML domain by Kornaszewski et al. also show that even long cavities with multiple
folding elements can be employed to obtain SML (see Figure 12.5).

Interestingly, a linear cavity fulfills its job with regard to SML operation, although
it is still not clear what exactly gives rise to the observation of the desired behav-
ior. The assumption of soft-aperture SML based on negative Kerr lensing in a linear
cavity is a reasonable one, given the fact that most SML cavities were successfully
operated under the assumption of a negative n2 of the chip structure and prelim-
inary Z-scan investigations supporting this assumption (see Section 12.5.1). In the
work by Albrecht et al. in 2013, the authors had already modeled the influence of a
negative intracavity lens on the beam waist modulation. Alternatively, according to
resonator beam waist considerations as a function of a lensing effect at the position
of the chip, a linear resonator also supports the use of a hard aperture in front of the
out-coupling mirror, provided that n2 is positive [20]. Such hard-aperture configura-
tion was used to achieve SML operation for a QD VECSEL [38]. This is schematically
presented in Figure 12.11a.
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As summarized in [20], the assumed Kerr lens’ focal length can be described by

fKerr = 𝜋𝜔
4∕n2LP, (12.3)

whereas 𝜔 is the beam radius at the lens position, L is the thickness of the Kerr
medium, and P is the power of the laser beam. The only variable in this equation
that can be negative is the nonlinear refractive index n2. In contrast to hard-aperture
SML in a linear cavity, hard-aperture SML in a V-shaped or Z-shaped cavity relies
on a negative n2. These folded cavity geometries are commonly used in VECSEL
studies and have their specific advantages as they give, for instance, access to slower
repetition rates. Here, the calculated beam radius as a function of a Kerr lens at the
chip position is shown in Figure 12.11b. Thereby, it is shown that a reduction of the
beam radius in front of the end mirror can occur as a consequence of a negative
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Table 12.2 Developments concerning SML VECSELs; reported results (extrema in bold)

Year

Emission
wavelength
(nm)

Gain region
(layer no.)

Pulse
duration
(fs)

Peak
power
(W)

Average
power (W)

Repetition
rate (GHz) Ref.

2011 1064 QW (multi) 778 — 2.35 2.17 [17]
654 — 0.45
1170 — 5.1

2012 985 QW (10×) 930 6800 1.5 0.21 [18]
2013 1026 QW (multi) 1320 — — 1 [37]

1010 — —
758 — —
482 — —

2014 1038 QD (35×) >830 <460 <0.75 1.5 [38]
1014 QW (10×) 860 948 — 0.504 [21]

1120 752 — 1.008
950 754 — 1.512

2015 1059 QW (multi) 2350 — — 1.567 [40]
2016 1014 QW (10×) 3500 55 0.32 1.56 [20]
2017 666 QW (20×) 22 000 0.3 0.03 3.52 [51]

Kerr lensing effect. In fact, these considerations are not perfect and detailed, but
they can give a reasonable hint at the expected behavior in the respective resonator
geometry, until more sophisticated modeling work and experimental confirmation
of the obtained effects are available.

12.3.5 SML VECSEL at Other Wavelengths

So far, all SML VECSELs described in this chapter are based on the InGaAs
material system with an emission wavelength around 1 μ m. Only recently, the first
SESAM-free ML VECSEL emitting in the visible range was realized [51]. With an
AlGaInP-based gain chip including 20 GaInP QWs and a wedged diamond heat
spreader on top, an average output power of 30 mW was achieved in a linear cavity
with a 0.3% outcoupling mirror (see Figure 12.12). The rather short cavity length
of ∼42 mm results in a repetition rate of 3.5 GHz, which is the highest value for an
SML VECSEL reported to date (see Table 12.2). In this experiment, mode-locking is
obtained by carefully adjusting the spot of the 532 nm pump laser on the gain chip
to a size slightly larger than the laser mode. For a certain adjustment, stable fun-
damental mode-locking at a wavelength of 666 nm is indicated by the oscilloscope
trace and the RF spectrum (see Figure 12.13, left).

A typical autocorrelation (AC) trace measured in a non-collinear setup is shown
in the right part of Figure 12.13. In contrast to previously reported ML VECSELs,
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Figure 12.12 Photo of the SML AlGaInP VECSEL with characterization of the pulse train. In
a linear cavity, the gain chip is pumped by a green laser and the red emission is focused
onto a photodiode (bright red spot on the left). The temporal signal measured by an
oscilloscope is displayed as a blue curve in the background of the picture. Source: Courtesy
of Marius Grossmann, Institut für Halbleiter und Funktionelle Grenzfläche, Universität
Stuttgart.
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Figure 12.13 Red SML VECSEL results. Source: Adapted with permission. [51] Copyright
2017, AIP Publishing. (a) RF spectrum with peaks of equal intensities within the photodiode
bandwidth of 12.5 GHz. (b) Autocorrelation (AC) trace showing a 22 ps sech2 pulse with an
additional coherence peak on top due to a complex pulse structure. The 813 fs FWHM of the
shortest feature is obtained from a high-resolution AC measurements with 5 ps scan range.
Inset: Optical spectrum with a FWHM of 0.6 nm.
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a coherence peak appears on top of a 22 ps sech2 pulse. The authors assume that
it results from a complex pulse structure and represents the shortest temporal
feature of this substructure. High-resolution AC traces of the coherence peak reveal
a FWHM of 813 fs for this short feature. Together with the spectral bandwidth of
0.6 nm shown in the inset of Figure 12.13, it gives a time-bandwidth product of 0.33
which is close to the Fourier limit. The complex pulse structure revealed by the
coherence peak is an indication for partial mode-locking as described theoretically
[52] and is often observed for ML fiber lasers with “noise-like” or “double-scale”
pulses [53, 54].

A Gaussian beam profile and measured M2 values below 1.1 demonstrate the
absence of higher order modes and confirm the results of Ref. [19]. Kerr lensing
with soft aperture – as supposed in several reports on SML VECSELs before – could
be the mechanism responsible for the mode-locked operation if a negative nonlinear
refractive index is assumed in the active region. However, without reliable n2 values
for the AlGaInP gain region and with a positive n2 contribution from the diamond,
these findings cannot be explained by the Kerr lens effect without any further
investigations.

12.4 Overview on SESAM-Free Mode-Locking
Achievements

In this section, a brief overview on SML highlights is given and put in relation with
general achievements of ML VECSEL development. Furthermore, some alternative
SESAM-free ML techniques other than SML operation are summarized.

12.4.1 Spotlight on SML VECSELs

An important feature of ultrashort pulse lasers is that they can combine high peak
powers, very short pulse durations, and high repetition rates. Most of the time, appli-
cations demand these features from a device simultaneously, but often, it is sufficient
to tailor one’s device to be at least optimal with respect to two of these characteris-
tics. In addition, many applications require an excellent beam quality and robust
operation, not to mention cost-efficiency. The results highlighted in Table 12.2 are
a good indicator that SML VECSELs can be regarded as promising candidates for a
wide range of applications and demonstrate that they show similar characteristics as
their SESAM counterparts, which had experienced a decade of optimization efforts
before the appearance of SML devices. Naturally, there are synergy effects arising
from the optimization work on any ML VECSEL, and yet one can expect even better
performance values for SML VECSELs once they have become more mature devices.
In the following, the aforementioned important features are briefly reviewed.

12.4.1.1 Pulse Duration
Shortening pulse durations generally enables the achievement of higher peak pow-
ers at a given output rate, but the pulse length itself is also of great importance to
applications such as spectroscopy and material processing, as mentioned earlier. The
pulse length determines, for instance, the shortest events that can be resolved in a
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pump-probe experiment. On the other hand, it reduces the impact of thermal effects
in laser cutting applications. Additionally, due to high peak powers obtained from
ultrashort pulses, nonlinear experiments such as two-photon absorption, supercon-
tinuum generation, and frequency conversion become more efficient.

The pulse durations of VECSELs have been consecutively reduced to below
the few-100-fs regime [13–15] at sub-Watt-level output powers over the years (see
Figure 12.14), demonstrating the great potential of ML VECSELs. Herein, SML
VECSELs show a similar performance with respect to pulse lengths obtainable;
however, the record values are not as good as for optimized SESAM-based ML
VECSELs. Currently, reported pulse durations range from 500 fs [37] to 22 ps [51].
Harmonic SML operation of a QW VECSEL and fundamental SML of a QD VECSEL
were achieved with about 800–900 fs at repetition rates between 500 and 1500 MHz
[21, 38], while other SML results reported so far are not far off in either direction.

12.4.1.2 Peak Power
The general trend of ML-VECSELs’ peak powers can be well learned from recent
reviews, such as Ref. [3] (see figure 5 therein). In Section 12.1, a chart has linked
pulse durations and peak powers in order to show the span of accessible peak powers
(see Figure 12.1), while the chart does not cover the whole range but only the main
window of achieved pulse durations. Peak powers in the kW range have been demon-
strated in recent years for both SESAM-based as well as SESAM-free ML-VECSELs:
The assumed 6.8 kW peak power of the SML VECSEL demonstrated in 2012 by Kor-
naszewski et al. [18] compares well with a similar peak power obtained for a SESAM
ML device presented in 2013 by Wilcox et al., who demonstrated incoherent super-
continuum generation with their 400-fs pulses [5]. The peak powers obtained from
harmonic SML operation nearly reached the 1 kW level for each harmonic [21],
while the SML QD VECSEL featured peak powers up to about 0.5 kW [38]. Based
on these achievements, it is reasonable to assume that optimized SML devices will
be capable of delivering multi-kW-level peak powers in the near future.
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12.4.1.3 Repetition Rate
As the repetition rate of pulsed lasers matters for various applications, it is worth
taking a look at the current situation for SML VECSELs. For instance, biomedical
applications on the one hand need low repetition rates when it comes to long
fluorescence lifetimes of their employed or investigated molecules [55]; on the
other hand, multiphoton fluorescence imaging microscopy also benefits from
high repetition rates when it comes to scanning applications. Beyond classical
telecom applications of high-repetition-rate lasers, quantum communication is
also a candidate for the employment of ultrafast ML VECSELs in order to achieve
record-high-speed single-photon-based transmission schemes [56]. In the lower
limit of repetition rates, one clearly finds the SML VECSEL of Kornaszewski et al.,
who presented their long-cavity device with 200 MHz repetition rate [18], followed
by the 500-MHz VECSEL by Gaafar et al. [21]. On the other side, short linear
cavities enable SML operation at repetition rates of a few GHz [17, 38, 51].

12.4.2 SESAM-Free Alternatives to SML VECSEL

12.4.2.1 Graphene or Carbon Nanotube Saturable Absorber Mode-Locked
VECSELs
An alternative to SESAM ML VECSELs is not only given by SML VECSELs but also
by devices which employ graphene or CNT saturable absorbers [3]: For instance,
the wide bandwidth of GSAM can be advantageous when it comes to wavelength
flexibility, whereas the ultrafast charge-carrier dynamics of graphene can help
to achieve very short pulses [30]. While the output power of the first GSAM
ML VECSEL was limited due to the GSAM’s high non-saturable losses and low
damage threshold, an antiresonant GSAM with low non-saturable losses and high
saturation fluence showed high-power operation of a GSAM ML VECSEL with
up to 10 W average-output power [31]. Both GSAM ML devices delivered pulses
of a few-hundred femtoseconds around 1 μ m emission wavelength, although at
different power levels. In addition to GSAMs, single-walled carbon nanotubes
(SWCNTs) were successfully employed as ultrafast intracavity saturable absorber
(SA) element for the demonstration of SWCNT-SA ML VECSELs [32]. The low loss
element with broadband absorption is a promising alternative for widely tunable
SESAM-free ML VECSELs as well, having brought up ps pulses at a repetition rate
of around 600 MHz.

12.4.2.2 SESAM-Free VECSEL Design with Intracavity Kerr Medium
In fact, many SML VECSEL results were attributed to Kerr lens ML of SESAM-free
VECSELs, with the assumed Kerr medium being the chip itself. Nonetheless, an
example of a VECSEL design with an intracavity Kerr medium employed for ML
operation was presented by Moloney et al. in 2014 [47] (see Figure 12.15). The
authors claimed that an extra Kerr medium – in that case an yttrium orthovanadate
(YVO4) crystal – inside the cavity enhanced the Kerr lensing effect in such a system,
which was meant to facilitate the observation of a stable Kerr-lens-assisted ML
regime. As YVO4 exhibits a nonlinear refractive index three times higher than that
of titanium–sapphire, it was expected that a strong effect is seen. However, first
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Figure 12.15 (a) Schematics of the laser cavity used for SESAM-free mode-locking, in
which the Kerr medium (KM) was placed close to the end mirror. (b) The YVO4 crystal
provides polarization control: the ordinary laser beam passes the crystal directly, while the
orthogonal polarization is displaced and is blocked by the aperture (A). Source: Reproduced
with permission. [47] Copyright 2014, Optical Society of America.

results with this scheme only yielded instable pulsing with measured autocorrela-
tion traces, from which a pulse duration of 850 fs was derived, showing a peak that
sits on a high background pedestal – an indicator for a strong quasi-CW component
in the emission.

12.5 Investigations into the Mechanisms and Outlook

12.5.1 First Studies Concerning the Mechanisms Behind SML

While Chen et al. supposed the gain region itself to act as a saturable absorber
[17], both Kornaszewski et al. and Albrech et al. took Kerr lensing as their working
hypothesis [18, 37]. The first investigation into nonlinear lensing in a VECSEL was
directly performed by Albrecht et al. in their first publication on SML VECSELs,
which modeled the Kerr-lens-induced beam radius change inside a linear (can be
folded in a V-shape) cavity for different conditions. Thereby, a variation of the Kerr
lens position with respect to one of the end mirrors was taken into account. It was
shown that a negative n2 value (negative nonlinear lens) will enable soft-aperture
mode-locking and also hard-aperture mode-locking if the chip acts as a folding
mirror in a V-shaped cavity. However, in a linear cavity, hard-aperture mode-locking
is not possible for negative n2 as no beam narrowing will occur anywhere between
the Kerr medium and the end mirror. Yet, a positive nonlinear lens shall enable
SML operation with a slit inside the resonator, as the signs in the modeled results
would reverse. For more details, the interested reader is referred to the Ref. [37]. So
far, the assumption is made that Kerr lensing in the chip structure is the mechanism
which gives rise to SML operation in VECSELs. In fact, this has become the primary
working hypothesis behind many of the following cavity configurations [20, 51].
Although preliminary studies with a direct aim to reveal the nonlinear refractive
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index of the gain mirror have concluded that the effect can be the cause for a
sufficiently high perturbation in the cavity for SML operation to set in [41], a direct
attribution to Kerr lensing is overdue. In fact, thorough investigations will be essen-
tial for the improvement of SML VECSELs and there is still a lack in this regard.
To ramp up the performance and to tailor the pulse durations of SML devices, it is
important to understand which effects cause pulse formation and to which extent
they are involved and determine the characteristics of the achieved ML operation.

12.5.2 Z-Scan Measurements of the Nonlinear Refractive Index in a
VECSEL Chip

The nonlinear refractive index n2 of a medium is defined by (see Eq. (12.1)

n(I0) = n0 + n2I0. (12.4)

Here, n(I0) is the total refractive index as a function of incident radiation inten-
sity (irradiance) and n0 is the intensity-independent refractive index. For ultrashort
pulses with Gaussian beam profile, the strength of the nonlinearity is set in relation
to the on-axis peak power density of the pulse, represented by the intensity value I0.
This equation is only exact for an instantaneous Kerr medium. For processes with
a finite response time with respect to the optical pulse length (e.g. carrier effects),
this is an approximation which must be validated afterward through a linear depen-
dency of the nonlinear index change on the irradiance. In this case, the nonlinear
refractive index has to be understood as an effective one. This means that the tem-
porally integrated response function of the refractive index over the pulse depends
linearly on the peak intensity I0.

Z-scan measurements allow one to directly measure the nonlinear refractive index
changes in a material. Thus, the Z-scan technique has become an effective and sensi-
tive tool to probe intensity-dependent nonlinear lensing, as well as nonlinear absorp-
tion, in a medium [57].

The Z-scan technique, measuring the above-defined figure n2, cannot discriminate
between noninstantaneous contributions and instantaneous contributions, i.e. those
induced by free-carrier-related nonlinearities (FCN) [58] and bound electronic Kerr
effect (BEKE) [59], respectively. However, the relative contributions from FCN and
BEKE to the total nonlinear refractive index could be unraveled with the help of
time-resolved investigations, as the timescales of these contributing effects differ.
It can be anticipated that a precise knowledge of the different timescales involved
in the effective third-order refractive nonlinearity n2 will ultimately facilitate the
explanation and modeling of the mechanisms behind nonlinear-lens-induced SML,
with important implications for future chip designs [60].

Analogous to nonlinear refraction, nonlinear absorption can be defined by an
intensity-dependent absorption term. The nonlinear absorption coefficient 𝛽 is
defined by

𝛼(I0) = 𝛼0 + 𝛽I0, (12.5)

whereas 𝛼0 is the linear absorption coefficient and thereby 𝛼(I0) the total
intensity-dependent absorption coefficient. Z-scan measurements readily deliver
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information about the nonlinear absorption coefficient 𝛽 and reveal to which
extent intensity-dependent absorption can act as possible loss mechanism. While
contributions to the effective nonlinear refractive index n2 of a VECSEL chip can
take place on different timescales, 𝛽 only comprises ultrafast 𝜒 (3) effects. Regarding
the design of SML-optimized VECSELs, the Z-scan technique can provide a compar-
ative measure about how strongly nonlinear refraction dominates over nonlinear
absorption which is commonly expressed in the figure of merit (FOM), 2kn2

𝛽
, with k

being the wave number. The FOM of the investigations in Ref. [60] exceeded 2 for a
chip structure not specifically optimized for SML.

While several preliminary investigations of the nonlinear refractive index in
VECSEL gain structures [41–43] reported first refractive index data, they are not
providing a definite proof that SML operation is indeed caused by Kerr lensing.
Nonetheless, the demonstrated results have already indicated the possibility of
nonlinear lensing being a factor in SML operation and have motivated a more
detailed understanding of the nonlinear lensing properties in VECSELs. The
introductory studies mentioned above were exclusively performed at arbitrarily
selected single wavelengths.

Consequently, experiments prior to those of Kriso et al. [60] were not taking into
account the microcavity resonance as well as the strong dispersion of the nonlin-
ear refractive index around the excitation band edge. This edge is characteristic for
contributions to the nonlinear refractive index, both, from the FCN existing above
that edge [58] and from the BEKE existing for optical frequencies below the band
gap [59]. While the effect of the microcavity resonance is discussed in Ref. [60], the
underlying origin of the nonlinear lensing (BEKE and/or FCN) is still unclear and
must be investigated in time-resolved experiments.

With the wavelength-dependent Z-scan measurements of Ref. [60], it has been
indeed reassured that nonlinear lensing could be the effect behind SML owing to
the sufficiently high negative n2 that can provide a considerable intensity-dependent
defocusing effect. Particularly for wavelengths resonant to the microcavity structure,
the wavelength-dependent n2 can lead to a strong perturbation of the intracavity
beam profile [60]. Furthermore, it has been unambiguously and uniquely demon-
strated that nonlinear refraction and nonlinear absorption are strongly shaped by the
microcavity resonance and, thus, are angle-tunable, according to wavelength- as well
as incidence-angle-dependent Z-scan characterization (see Figure 12.16). However,
it needs to be considered that VECSEL chips optimized for ultrashort pulse gener-
ation are usually designed in an antiresonant manner to reduce dispersion and to
minimize its impact on the pulses. This might also reduce the strength of the non-
linear refractive index and needs to be taken into account when designing a VECSEL
optimized for mode-locking by nonlinear lensing.

Although self-mode-locking behavior in VECSELs has been attributed to Kerr lens
mode-locking, the role of a nonlinear refractive index in the VECSEL chip has not
been clearly unraveled from all other possible contributions to an overall pulse form-
ing mechanism, such as for example the gain dynamics. This remains more challeng-
ing than simply performing measurements of a nonlinear refractive index change
in the cavity for relevant intensities. Nevertheless, an important step toward the
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Figure 12.16 Wavelength and
angle-dependent nonlinear
absorption (a) and nonlinear
refraction (b): the behavior of 𝛽 and
n2 measured for the incidence
angles of 10∘, 20∘, and 30∘ are
plotted as a function of the
wavelength (left axes), with guides
to the eyes. The photoluminescence
(PL) from the quantum-well gain
medium and the different
angle-dependent longitudinal
confinement factor (LCF) peaks are
indicated by arrows on top of the
diagram. Here, the trends are
directly compared to the
corresponding surface PL at given
angle of incidence (shaded plots) as
well as reflectivity spectra (line
plots), both normalized to 1 and
with respect to the right axes. A
schematic inset displays the probe
geometry with respect to the
VECSEL chip. For further details and
explanations see Ref. [60]. Source:
Reproduced with permission. [60]
Copyright 2019, Optical Society of
America.
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characterization of SML behavior is given by the wavelength-dependent study of
nonlinear lensing in the gain mirror structure. Further studies with the same struc-
ture of Ref. [60] showed that optical pumping has only little influence on both non-
linear absorption and refraction, as only a small change of nonlinear optical prop-
erties with optical pump density up to the rollover point were obtained. However,
as Kerr mode-locking is known to be quite sensitive to changes in intracavity power
and resulting changes of the nonlinear lens, this might have to be considered in the
cavity design of a nonlinear lens mode-locked VECSEL.

Recent findings may ultimately lead to novel chip concepts with regard to tai-
lored SML behavior achievable by peculiar Kerr lens chip designs for cost-effective,
robust, and compact fs-pulsed semiconductor lasers. In fact, beyond Z-scan mea-
surements, the direct observation of a lensing behavior for the intracavity beam or
for a synchronized probe beam incident on the chip being defocused from the mode’s
spot as a consequence of a spatial nonlinearity remains a desirable goal. In addition,
pulse characterization will further help to identify whether Kerr lens mode-locking
or quasi-soliton mode-locking is the dominating mechanism in SML VECSELs due
to their different characteristic phase profiles. Similarly, these studies can be fur-
ther supported by experiments for investigations of self-phase-modulation and gain
dynamics. Eventually, one cannot rule out that one effect initiates pulse formation,
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while the other maintains mode-locking, particularly in connection with an intra-
cavity aperture for the introduction of mode-locking.

12.5.3 Applications and Expected Advances

ML VECSELs are attractive sources of pulsed light for both scientific and indus-
trial applications which promise to provide high peak powers, high repetition rates,
and an excellent beam quality. Thus, it is natural to predict that SML VECSELs will
address similar applications as their SESAM ML counterparts. Although SML opera-
tion of VECSELs is a quite young technique, their performance compares well with
that of other ML VECSELs. Key to improvements in their performance is a better
understanding of the mechanisms that give rise to ML in such a device and the corre-
sponding optimization of the chip structure. If operated under optimum conditions,
high peak powers for ultrashort pulses and high operation stability can be expected
for SML devices, which can be designed for various applications. While a number of
interesting applications and examples for the use of ML VECSELs can be found in
recent reviews [2, 3, 45], this section shall briefly emphasize few of these.

Typical applications for fs-pulsed lasers are micromachining [7] and nonlinear
optical microscopy [6], such as of biological organisms [55]. Here, (S)ML-VECSELs
are promising devices due to their cost-effectiveness, compactness, and wavelength
versatility. Other possible biophotonics applications were highlighted in the litera-
ture as well, such as optical coherence tomography [6]. Particularly, QD-based SML
VECSELs [38] could be beneficial due to the broader tunability of QD devices [50].
In addition to micromachining, surface texturing with ultrafast VECSELs can serve
as a means of preparation of microfluidic devices and lab-on-a-chip settings [61].

An exotic use of SML VECSELs can be found as an ultrafast optical pump
for high-repetition-rate single-photon sources, similar to the example using a
SESAM-ML device in Ref. [56]. Currently, Ti:sapphire lasers are commonly
employed as a source of ultrashort laser pulses to drive various nonclassical light
sources for quantum optical experiments which could be replaced by (S)ML
VECSELs specially designed for these applications in the future. Typically, not peak
power values are in the focus for pump lasers of quantum light sources, but repe-
tition rate optimization and wavelength flexibility for ideal excitation conditions.
Furthermore, if the spectral bandwidth of the pulsed light matters, for instance in
resonant excitation schemes, even the adjustment of pulse durations may become
necessary. Overall, pulsed light from SDLs shows promise in these directions.

Next, it shall be noted that the construction of optical frequency combs, which may
require supercontinuum generation for self-referencing, has been a major motiva-
tion in the peak power and pulse length scaling efforts of VECSELs. Supercontinuum
generation usually requires high optical intensities contained in ultrashort pulses
and a highly nonlinear medium. Since high-power sub-ps-pulsed VECSELs with
high peak powers up to 4.4 kW have been successfully employed to demonstrate
direct supercontinuum generation [5] in photonic crystal fibers, the use of SML VEC-
SELs for the same purpose is naturally implied. Supercontinuum light generation
by SML devices would represent a key proof of their capabilities. If initially the
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peak power of SML VECSELs is not sufficient for direct supercontinuum genera-
tion, one could use a master-oscillator power-amplifier setting to post-amplify the
SML-VECSEL output to desired power levels – something desirable also for laser
cutting applications.

Ultimately, SML technology allows one to think wavelength-independent,
since SESAM technology is not well developed for every wavelength range and
generally adds up an additional design as well as cost factor in the production
chain for SESAM-ML VECSELs. Additionally, SML operation helps overcoming
degradation-related lifetime problems of SESAMs which have been recently dis-
cussed for ultrashort-pulsed VECSELs with intense intracavity light [62]. Such
degradation phenomenon is not completely understood yet and can considerably
affect long-term operation of ultrafast SESAM-ML VECSELs. Yet, the challenge
remains to spread SML operation further in the VECSEL community and to make
the outcomes of SML endeavors highly predictable which naturally is linked to a
continuously improved understanding of the whole subject.
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