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Abstract Whispering gallery mode (WGM) optical microres-
onators have attracted intense interests in the past decades. The
combination of high quality factors (Q) and small mode volumes
of modes in WGM resonators significantly enhances the light-
matter interactions, making them excellent cavities for achieving
low threshold and narrow linewidth lasers. In this Review, the
progress in WGM microcavity lasers is summarized, and the
laser performance considering resonator geometries and ma-
terials as well as lasing mechanisms is discussed. Label-free
detection using WGM resonators has emerged as highly sensi-
tive detection schemes. However, the resolution is mainly limited
by the cavity Q factor which determines the mode linewidth. Mi-
crocavity lasers, due to their narrow laser spectral width, could
greatly improve the detection resolution. Some recent develop-
ments in sensing using microcavity lasers are discussed.
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1. Introduction

Since the realization of the first laser in 1960 using ruby
as the active material [1], many active media, i. e., materi-
als that can generate optical gain such as semiconductors,
quantum dots (QDs), organic dyes, organic polymers, and
rare-earth metal ions, have been studied for their suitability
for lasing. Meanwhile, a large variety of cavity configura-
tions have been developed and implemented to decrease
cavity losses and to improve light amplifications. Lasing
wavelength, spectral width of the lasing line, and lasing
threshold are the fundamental parameters to characterize a
laser. These parameters depend on the quality factor (Q) of
the laser cavity and the volume (V) of the resonant mode.
While the former defines the optical loss experienced by
photons in the laser cavity, the latter determines the level of
light field confinement in the cavity. A large Q/V ensures
strong coupling between the cavity field and the active mate-
rial [2—4], implying the possibility of realizing low threshold
and narrow linewidth lasers [5-7].

Whispering gallery mode (WGM) microresonators have
been demonstrated as excellent candidates for constructing
low threshold and narrow linewidth lasers, thanks to their
low optical losses (i. e., high Q) and miniature sizes (i.e.,
small V). In this paper, we will review the progress of var-
ious WGM microcavity lasers and briefly introduce their
applications for high-performance label-free sensing and
detection. The review is organized as follows. In Sect. 2, we
introduce the basic concept of WGM resonators, including
their characteristics and the advantages compared to other
types of laser cavities. In Sect. 3, we give a brief review on

the progress of WGM microlasers in the past decades. In
Sect. 4, we present some of our experimental and theoretical
results on WGM microtoroidal lasers with erbium (Er3*)
ions as the active material. In Sect. 5, we discuss recent
progress on directional laser emission. Section 6 reviews the
sensing applications of WGM microlasers. Finally, Sect. 7
includes the conclusions and the outlook for future research
in this exciting field.

2. WGM microresonators

Optical resonators play an important role in modern optics.
A conventional optical cavity or resonator consists of two
or more mirrors arranged in such a way that light bounces
back and forth in a closed path for multiple times (Fig. 1).
When the round trip optical path length is equal to an integer
number of the light wavelength, constructive interference of
light takes place inside the cavity. This is known as the reso-
nant condition. In order to achieve a high light intensity in a
cavity, one needs to decrease the cavity size allowing strong
light confinement and to increase the reflectivity of the mir-
rors reducing optical losses. Achieving these requirements
is technically challenging and expensive for mirror-based
cavity constructions. However, they can be easily fulfilled

Figure 1 (online color
. . . . ' at: www.lpr-journal.org)

Schematic representation

of a Fabry-Perot cavity.
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by a particular class of monolithic resonators with circular
shapes, referred to as WGM resonators [8—15]. In these res-
onators, light propagates along the resonator-surrounding
interface via total internal reflection with the guided modes
known as whispering gallery modes. Resonant condition in
WGM resonators is approximated as 27nR = mA, where
n is the effective refractive index of the resonator, R is the
resonator radius, m is an integer giving the number of wave-
lengths in a round trip of the cavity, and A4 is the light
wavelength.

Figure 2 shows the ray-optics picture of light propa-
gation in a microsphere resonator and the electrical field
distributions of a fundamental mode near the surface and
along the equatorial plane of the microsphere. Light field
trapped inside the resonator has an exponentially decaying
evanescent tail extending into the surrounding medium with
the decay length of a few hundred nanometers. Evanescent
coupling of light in and out of WGM resonators has been
realized using various methods such as prism [16], wave-
guide [17], half block [18, 19], angle-polished fiber tip [20],
and tapered fiber [21]. Among these methods, strip wave-
guide and fiber taper coupling schemes have emerged as the
choices in many applications. Fiber tapers have been gen-
erally accepted as ideal coupling schemes, and a coupling
efficiency above 99% has been reported [22,23].

The unique combination of high quality factor and tight
mode confinement in a WGM microcavity significantly en-
hances the light field, leading to an extraordinarily high
light intensity inside the cavity with a modest input power,
which enables strong interactions between the light field
and the objects placed in the cavity mode volume. For a
microlaser configuration, such strong interactions could en-
hance the pumping efficiency, thereby reducing the lasing
threshold. Power enhancement 17 in a WGM resonator can
be expressed as [11]

P. 1 4K
n=,=- : 5 (1)
Pn T 4A®? + (Ko + Kex)

where P, and P, denote the input power and the intracavity
circulating power, respectively, 7, is the photon round trip
time, Aw represents the detuning between the input light
frequency and the resonant mode frequency @, ko = ®./Qp
is the intrinsic cavity loss and kex = @/ Qex represents the
coupling loss with Qp and Qe being the intrinsic and cou-
pling quality factors. When the incident light frequency is
on resonance with a WGM in the cavity (Aw = 0), at crit-
ical coupling point (Ky = Kex), the power enhancement is

Figure 2  (online color at: www.lpr-
journal.org) (a) A ray-optics description
of light propagation in a microsphere
resonator. (b) Cross-sectional mode dis-
tribution of a fundamental WGM along
the radial and polar directions. (c) Mode
distribution in the equatorial plane of the
microsphere resonator.

maximized and yields

P
p= = 2 @)

Pn O

For example, for a silica (SiO,) microsphere of R =
15um, n = 1.45, and Qp = 108, at resonant wavelength
Ae = 1550 nm, the corresponding photon lifetime is 7, =
Qo/ @ = 82 ns and the volume of the fundamental WGM
is 283 um>. An input power of P, = 1 mW coupled into
the cavity will build up a circulating power as high as
P. ~ 180 W corresponding to a power enhancement of
1 ~ 1.8 x 10°. The circulating power is concentrated in an
effective mode area of 3 um? leading to a high light intensity
of 6GW/cm?”. Therefore, WGM resonators are especially
suitable as laser cavities for ultra-low threshold lasing.

3. WGM microlasers

Developments in fabrication technologies have made it pos-
sible to fabricate microscale WGM resonators with a variety
of materials and shapes. Resonators made from different lig-
uid and solid materials such as water droplet, silica, semicon-
ductor, polymer, etc., have been reported. Various geome-
tries, including microspheres, disks, rings, toroids, cylinders,
and bottles, have been demonstrated and used in applica-
tions ranging from sensing to microcavity lasers [12-15].
Lasing in WGM resonators can be achieved by either intro-
ducing active materials to the resonator or using intrinsic
nonlinearities of the resonator material. Combination of
high Q resonators and different gain materials, e. g., organic
dyes, QDs, and rare-earth ions, leads to a variety of laser
configurations covering a wide lasing spectral range from
ultraviolet to infrared. In this section we briefly introduce
some of the pioneering works on microlasers in various
forms of materials and discuss the present status of the field.

3.1. Liquid droplet

The idea of using liquid droplets as optical resonators was
first introduced in 1977 by Ashkin and Dziedzic [24]. Liquid
droplet resonators are formed by strong surface tension in
liquid systems, which results in very smooth boundaries.
Light is confined along the droplet surface and propagates
through total internal reflection at the liquid-air interface.
In liquid carbon disulfide (CS;) microdroplets, Q factors

© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. (2012)

REVIEW
ARTICLE

on the order of 10® were reported, with Rayleigh scattering
losses being the main limiting factor [25]. Quality factors
exceeding 10° in the ultraviolet region were demonstrated
in liquid hydrogen droplets [26].

Laser emission in liquid droplets was first observed
in Rhodamine 6G (R6G) doped ethanol droplets with di-
ameter of 60 um pumped by a continuous-wave (CW) ar-
gon laser [27]. The threshold pump intensity was approx-
imately 35W/cm?. Laser emission was also observed in
ethanol droplets containing Rhodamine 590 and Rhodamine
640 [28]. The lasing spectral behavior of R6G doped water
microdroplets was studied in [29]. Schifer et al. [30] re-
ported lasing from water-glycerine microdoplets containing
CdSe/ZnS nanocrystal QDs (Fig. 3a). Single-mode lasing
was observed for cavity diameters less than 10 um with a
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Figure 3 (online color at: www.lpr-journal.org) Liquid droplet
lasers. (a) Schematic diagram showing the experimental setup
to measure the lasing from a liquid droplet in air. An electrody-
namic endcap trap is used to levitate a microdrop. The droplets
are injected vertically from above the trap and the pump beam is
incident vertically from below. The scattered light is collected on
either side of the trap for imaging and spectral analysis. Inset: Pic-
ture of trapped microdrop. (Reprinted with permission from [30].
Copyright 2008 American Chemical Society.) (b) Schematic dia-
gram (upper) and optical micrograph (lower) of a two-color droplet
laser. It consists of two opposing T-junctions allowing generation
of droplets containing two different dyes: rhodamine 560 (pink)
and oxazine 720 (purple). (Reprinted with permission from [36])

pump threshold of 53 mJ/cm?. Multimode operation was
reported for larger droplets with sizes up to 41 um. The O
factor of the liquid microsphere was measured as 6.5 x 10°.
This low Q factor was attributed to pump pulses induced
shape distortions which increased the losses. In a recent
work, Humar and MuSevic¢ [31] demonstrated lasing in dye
doped nematic liquid-crystal (LC) droplets floating in water.
Low lasing threshold of 0.25 mJ/cm” was observed for a
13.7 um droplet.

In the aforementioned work, the liquid droplets were
either arrayed in a falling vertical line, or suspended in
air or water by techniques such as optical levitation and
electrodynamic trap. It is challenging to control the droplet
positions in those schemes. Recent studies showed that this
problem can be solved by placing liquid droplets on a super-
hydrophobic solid substrate surface. This would stabilize
the positions of the droplets without significantly disturbing
their shapes [32]. Lasing from such droplets doped with
Rhodamine B has been demonstrated with a threshold of
750 J/cm? [33].

Recently, liquid droplets have been incorporated into
microfluidic systems for a wide range of applications [34].
Lasing from dye doped droplets in a microchannel was
demonstrated in [35, 36]. In a microfluidic system, a T-
junction can be used to generate droplets. When the carrier
liquid and the dye solution meet at the T-junction, a series
of dye droplets separated by the carrier liquid is formed
due to the shear forces. The sizes of the droplets can be
adjusted by controlling the fluid flow rates, the channel
widths, and the relative viscosity of the two liquids [34].
Tang et al. [36] described a two-color dye laser based on a
train of alternating droplets containing two different dyes
generated by two T-junctions (Fig. 3b). This system was
capable of switching the lasing wavelength between 580 nm
and 680 nm at a frequency up to 3.6 kHz.

Although liquid droplet lasers allow large size tunabil-
ity and doping flexibility, experiments with droplets suffer
from the difficulties in manipulation, short lifetime due to
the evaporation of droplet, mechanical instabilities, and low
light coupling efficiency. Recently, a quasi-droplet ring res-
onator laser based on a fused silica micro-bubble with an
extremely thin wall was reported [37]. It mimics the droplet
resonator in air and is capable for easy manipulation and
light coupling. Laser emission was achieved using R6G in
methanol with a threshold of 300nJ/mm?.

3.2. Glass

The first reported ultra-high QO microscale solid WGM res-
onators were microspheres with diameters of 40-400 pm
fabricated from fused quartz with measured Q factors above
108 [9]. Initial results with glass spheres indicated that Q
values in excess of 10° were possible [10]. Gain materials
can be incorporated into a solid resonator by various ap-
proaches, such as directly fabricating the resonator from
an active medium doped material [38—40], coating the res-
onator with light emitters [41—46], and doping the resonator
with gain materials by ion implantation [47]. In [38], laser
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Figure 4 (online color at: www.lpr-journal.org) Glass microcavity
lasers. (a) Lateral emission distributions of different WGMs in
a fiber taper coupled microsphere. The green rings are upcon-
verted photoluminescence. The inset shows spherical harmonics.
(Reprinted with permission from [41]) (b) Scanning electron mi-
crograph (SEM) of a QDs coated toroidal microcavity (left) and
optical micrograph showing QDs emission from a microtoroid cav-
ity (right). (Reprinted with permission from [56]. Copyright 2006,
American Institute of Physics.) (c) Concept of OFRR dye lasers
(left) and SEM image of an OFRR (right). (Reprinted with permis-
sion from [68]) (d) SEM image of a silica microdisk on a silicon
wafer (left) and simulation of the intensity profile of the fundamen-
tal WGM in a microdisk for three wedge angles: 90°, 45°, and
22°. (Reprinted with permission from [71])

action was obtained from a silica microsphere formed by
heat-fusing the tip of a neodymium (Nd**) doped silica wire.
For a cold-cavity (i. e., active medium is not excited) Q fac-
tor of 2 x 108, the absorbed pump power at lasing threshold
was measured as low as 200 nW for resonant pumping. Yang
and Vahala [41] coated silica microspheres with Er**-doped
silica sol-gel films to obtain single-line laser emission in
1550 nm band (Fig. 4a). They reported a lasing threshold of
28 uW and single-mode laser output powers up to 10 uW.
Sol-gel process is widely used to prepare bulk materials or

thin films based on hydrolysis and condensation reactions of
specific precursors, such as metal alkoxides [48]. It allows
precise control of the dopant concentration which strongly
affects the laser dynamics. Lin et al. [44] demonstrated
single-mode lasing at 1088.2 nm with threshold as low as
65 nW and slope efficiency about 7% in silica microspheres
functionalized by Nd**-doped gadolinium oxide nanocrys-
tals. Shopova et al. [45] reported laser emission in the range
1240-1780 nm from HgTe QDs coated silica microspheres
of diameter 950 pum with threshold pump powers less than
2 uW at 830 nm.

On-chip silica microtoroidal resonators provide high
Q factors (~ 4 x 10%), owing to the minimized scattering
losses from the smooth resonator surface created by surface
tension during a laser reflow process [49]. In the toroidal-
shaped structure, light is confined in both radial and polar
directions, ensuring smaller mode volumes and fewer reso-
nant modes than those in microspheres of the same size [50].
This allows single-mode lasing over a large range of pump
powers. Laser action was reported in rare-earth ion and QD
(Fig.4b) doped silica microtoroids with lasing threshold
varying from a few microwatts to hundreds of microwatts
depending on the cold-cavity Q factor, dopant concentra-
tion, and microtoroid size [51-56]. To reduce the threshold
pump power, resonant pumping is usually used to efficiently
excite the active medium. This requires a laser as the pump-
ing source whose frequency matches the resonant condition
of the laser cavity. To avoid this requirement, Rotschild et
al. [57] demonstrated a microlaser with a direct-illumination,
non-resonant pump. This was done by cascaded energy
transfer in three organic dyes coated on a microcavity. The
emission band of one dye matched the absorption peak of a
different dye material, significantly increasing the efficiency
of broad band pumping.

Light emission from solid-state microlasers in water was
first obtained by Ostby et al. [58] from ytterbium (Yb3)
doped silica microtoroids. The small absorption of water in
Yb3* emission band (i.e., 1040 nm) reduces cavity losses
making it possible to generate laser emission in water. The
demonstrated microlaser in water had threshold of 14 yW
and slope efficiency of 0.5% when the maximum output
laser power was 2uW. Laser emission in aqueous envi-
ronment holds the potential for using microlasers as high-
performance biosensing platforms [59].

Another class of widely used WGM cavities is cylin-
drical microresonators, which employ micro-sized glass
capillaries with wall thickness of tens to hundreds of mi-
crons [60]. In these resonators, light propagates along the
circular cross section of the capillary. Such structures nat-
urally integrate WGM ring resonators with microfluidic
channels, providing a promising platform for applications
in biochemical sensing and lasing. Lasing from dyes and
QDs in various configurations of cylindrical microcavities
has been studied [61-69]. Different lasing wavelengths are
achieved by simply changing the dyes or QDs solution flow-
ing through the capillary.

Knight et al. [61] observed laser emission from R6G
doped quinoline flowing in a silica capillary fiber. Due to
the higher refractive index of the dye solvent (1.626) than
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that of the silica capillary (1.458), WGMs could only exist
around the inner capillary-liquid boundary making it diffi-
cult to couple the laser light out of the cavity. The pump
threshold for laser emission was approximately 0.1 kW/cm?.
The gain medium can also be placed in the evanescent field
region of WGMs to achieve lasing [62—64]. Moon et al. [62]
reported a microcavity laser composed of a cylindrical mi-
crocavity surrounded by R6G dye molecules in an ethanol
solution. Laser emission was observed at about 600 nm with
cavity Q of 3 x 107. In [64], linearly polarized emission of
quantum rods was demonstrated in a cylindrical microcavity
comprising an optical fiber within a glass capillary tube.
In this cavity configuration, the WGMs were confined in
the fiber due to its higher refractive index than that of the
surrounding quantum rods solution. Lasing was generated
due to the gain in the evanescent field of WGMs near the
fiber surface. In addition to WGMs, waveguide mode was
also reported in cylindrical shell resonators for laser emis-
sion [65]. In [67,68], laser oscillation was demonstrated in
an opto-fluidic ring resonator (OFRR) filled with R6G dye
doped solvent (e. g., ethanol, chloroform, and quinoline).
The OFRR was obtained by stretching a fused silica capil-
lary under heat to obtain a wall thickness of a few microns
which was thin enough for the high O WGMs extending
into the core to interact evanescently with the gain medium
in it. The thin wall also enabled outcoupling of the laser
emission through a tapered fiber that was in touch with the
OFRR. The lasing mechanism is shown in Fig. 4c. Due to
the high Q factor of the WGM residing mostly inside the
silica capillary, a low threshold of 25 nJ/mm? was achieved.

Microdisks have been used to achieve lasing in WGM
microcavities made of glass. Liu et al. [70] fabricated ul-
traviolet silica microdisk lasers on a silicon substrate. A
thin layer of zinc oxide (ZnO) serving as the gain medium
was deposited on the top of a silica microdisk. The hybrid
Zn0/Si0O, microdisk was optically pumped at wavelength
355 nm, while the laser emission was at ~390 nm. The las-
ing threshold pump energy was 0.85nJ/pulse at a pump
pulse duration of 20 ps and repetition rate of 10 Hz. Kip-
penberg et al. [71] doped silica microdisks with Er** ions
through ion implantation which could precisely control the
ion distribution in the disk yielding overlap of the Er** ions
with the WGMs (Fig. 4d). The Q factor of the doped mi-
crodisk was observed as 1.5 x 10° at 1428 nm and gradually
reduced to 2 x 10° at 1470 nm due to light absorption by
Er’* ions. Laser emission was obtained in 1550 nm band at
a pump threshold of 43 uW.

3.3. Semiconductor

Semiconductor WGM resonators support strongly confined
modes due to the large refractive index contrast between
the resonator material and its surrounding. The resonator
diameter could be shrunk down to a few microns. Lasing
from semiconductor microdisk cavities with a variety of
active materials has been reported [72-80].

McCall et al. [72] reported a microlaser based on an
InP/InGaAsP microdisk with optically pumped InGaAs

quantum wells on top of the disk. When cooled with liquid
nitrogen, single-mode lasing at 1.3 um and 1.5 um was ob-
served with pump threshold below 100 uW. Cao et al. [74]
achieved lasing in InAs QDs embedded GaAs microdisks.
For a 3 um microdisk at 77 K, lasing in the range of 945—
1005 nm with threshold around 20 yW was observed when
the QDs were pumped with a CW HeNe laser at 633 nm.
Baba and Sano [76] reported CW lasing at 1.55um in a
photopumped GalnAsP microdisk laser at room tempera-
ture. The minimum threshold pump power was 19 yW for a
1.4-um diameter disk.

Low temperature (10K) lasing in a GaN/InGaN mi-
crodisk was previously observed under pulsed optical pump-
ing [78]. The Q factor of the microdisk was on the order
of 4600 and the lasing threshold was 12.1 W/cm?. The first
CW lasing in a GaN microdisk at room temperature was
reported in [79]. A threshold of 300 W/cm? for lasing at
428 nm was observed from a 1.2-pm microdisk.

In [80], electrically pumped CW lasing in a 7.5-um
diameter InP microdisk on a silicon platform was described.
In the laser structure, the microdisk was etched in a thin
InP-based layer bonded on top of a silicon-on-insulator
(SOI) waveguide wafer, as shown in Fig. 5a. The threshold
current was 0.5 mA, and the unidirectional slope efficiency
was 30 yW/mA, with a maximum CW output power of
10 uW. Fujita et al. reported CW lasing at 1.563 pm from a
GalnAsP-InP microdisk injection laser with a low threshold
current of 40 pA [81, 82].

Semiconductor micropillars [83, 84] were demonstrated
to support high O WGMs with small mode volumes. Lasing
from GaAs/AlAs micropillars with embedded QDs under
both electrical pumping [85] and optical pumping [86] has
been reported. In [85], a threshold current as low as 8 A at
10K was observed for a 1.5-um micropillar with Q factors
exceeding 10000 (Fig.5b). In [86], lasing was observed
for pillar diameters in 3—4 pm range at temperature range
5-100 K. Threshold pump power was 7mW. Efficient heat
sink provided by the pillar geometry led to a stable emission
wavelength and a spectral narrowing above lasing threshold.

A GalnAsP/InP microgear, composed of a microdisk
and a rotationally symmetric Bragg grating, was realized
to generate room-temperature CW laser emission in the
wavelength range of 1.60—1.67 um with a low threshold of
17 uW [87]. The internal disk diameter was in the range of
2.2-3.2 um, and the grating depth was 50-270 nm (Fig. 5c).
The authors demonstrated that the microgear showed a
higher Q factor than its counterpart microdisk due to min-
imization of the radiation field by the Bragg grating, and
thus exhibited a lower lasing threshold.

To avoid high optical bending losses, most microdisk
lasers have diameters over 1 um. However, submicron lasers
enable large scale integration and have important applica-
tions in nanophotonic circuits and highly localized chemical
and biological sensing. Visible [88] and near infrared [89]
single-mode lasing in semiconductor submicron disk lasers
has been demonstrated for disk diameters of approximately
600 nm (Fig. 5d). Submicron disks can be fabricated either
by electron-beam lithography and dry etching [88], or by
photolithography and wet etching [89]. Small cavity mode
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Figure 5 (online color at: www.lpr-journal.org) Semiconductor
microcavity lasers. (a) Schematic drawing of a heterogeneous
microdisk laser structure, showing the disk cavity, SOI wire wave-
guide, bottom contact layer, tunnel junction, and metal contacts.
(Reprinted with permission from [80]) (b) Schematic view of an
electrically pumped micropillar laser structure (left) and SEM
image of a 2-um diameter micropillar laser. (Reprinted with per-
mission from [85]. Copyright 2008, American Institute of Physics.)
(c) SEM image of a microgear laser. Microroughness of the disk
surface and sidewall is less than 5nm. (Reprinted with permis-
sion from [87]. Copyright 2002, American Institute of Physics.)
(d) SEM image of a submicron disk laser with diameter of 645 nm.
(Reprinted with permission from [88]. Copyright 2007, American
Institute of Physics.)

volumes of 0.03 um?® and low lasing thresholds at around
50uW were reported. Recently, Chen et al. [90] demon-
strated the growth of single-crystal GaAs hexagonal nanopil-
lars on silicon at 400 °C. The nanopillars consisted of In-
GaAs active core and GaAs shell, and had tiny footprints
of ~ 0.34 um?. The tapered nanopillars supported WG-like
helically propagating cavity modes with measured Q factors
of 319. Laser oscillation at room temperature was achieved
at a threshold of ~93 pJ/cm?. The lasing wavelength could
be controlled by varying the indium composition during
nanopillar growth.

Quantum cascade (QC) lasers are another type of power-
ful semiconductor laser sources that fill the increasing need
for high performance mid-infrared lasers. They are promis-

ing light sources for molecular detection with applications
in environmental sensing and medical diagnostics [91,92].
QC lasers rely on modification of the electronic energy band
in semiconductor materials due to quantum confinement in
thin film structures. Laser emission is generated via intersub-
band transitions in a superlattice formed by multiple closely
stacked thin film structures. The fundamental difference of
QC lasers from conventional lasers is that their wavelengths
can be flexibly tailored over a wide range by modifying the
thickness of the materials in the active region.

The first QC laser was demonstrated in 1994 at cryo-
genic temperatures [93]. Following this pioneering work,
lasing from QC lasers based on WGM microcavities has
been reported covering mid-infrared to far-infrared wave-
length range [94-99]. Faist et al. [94] reported QC microdisk
lasers at wavelength of 5 um. The Q factor of the microdisk
was around 3500. Threshold currents of 2.85 mA were ob-
served for disks of 17 um in diameter at 15 K. Long wave-
length lasing at 9.5 um and 11.5 um from microdisk QC
lasers was reported in [95]. Microcavities for QC lasers
emitting at terahertz frequencies have also been investi-
gated [97,98]. Audet et al. [99] fabricated mid-infrared QC
lasers with spiral-shaped microresonators to obtain high
power emission and single-mode operation. The lasers can
operate either in pulsed mode at room temperature with
peak optical power greater than 20 mW, or in CW mode at
temperatures up to 125 K.

3.4. Crystalline

Optical crystals as resonator materials provide a few ad-
vantages over fused silica [100—102]. The near ideal lattice
structures of crystals provide a less lossy platform than
fused silica. In addition, these materials are transparent to
a broad wavelength range from ultraviolet to mid-infrared.
Moreover, crystals may suffer less, or not at all, absorption
loss caused by chemosorption of OH™ ions and water which
is a limiting factor for Q of silica resonators. Another ad-
vantage of crystalline cavities is that they enable studies of
high nonlinearities in optical materials. Fabrication of crys-
talline WGM resonators was done by mechanical polishing
techniques. Savchenkov et al. [100] demonstrated high O
resonators made of calcium fluoride (CaF,, Q > 2 x 1010y,
sapphire (Al,O3, Q > 10”), lithium niobate and lithium tan-
talate (LiNbO3 and LiTaO3, Q > 2 x 10%). Lasing from crys-
talline resonators mainly exploits optical nonlinear effects
such as stimulated Raman scattering (SRS) [103], stimu-
lated Brillouin scattering (SBS) [104], parametric oscilla-
tion [105, 106], four-wave mixing [107, 108], and harmonic
generation [109, 110].

3.5. Polymer

Due to easy processing, structural flexibility, and low cost,
polymer resonators are becoming increasingly competitive
to devices made of other materials. They have attracted great
interest in the past two decades. A variety of techniques have
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been reported to fabricate polymer WGM microresonators,
including molding from a master structure [111,112], direct
laser writing using two-photon absorption induced poly-
merization [113], direct lithographic patterning [114, 115],
mechanical turning and polishing [116], and surface-tension
based approach [117] (Fig. 6).

-

(a) Fb_]‘.._" s

Figure 6 Polymer microcavities. (a) SEM image showing a
polymeric microdisk with a diameter of 47 um and a thickness
of 4um fabricated via direct laser writing. (Reprinted with per-
mission from [113]) (b) SEM image of a conical polymeric res-
onator obtained by electron-beam lithography and thermal heating.
(Reprinted with permission from [115]. Copyright 2010, American
Institute of Physics.)

Active materials can be easily doped into or coated on
polymer resonators. For example, organic dyes and QDs
are usually dissolved in polymer host matrix or coated on
polymer resonators as gain media. Laser emission has been
demonstrated in polymer microspheres [46, 118, 119], mi-
crodisks [113, 120], microrings [120], and conical micro-
cavities [121, 122]. The microring resonator in [120] was
prepared by dipping a small-diameter cylindrical silica fiber
into a dye-doped polymer solution and allowing a layer of
polymer to cure around the glass core by surface tension and
adhesion. For a 17-um diameter microring, the lasing thresh-
old was near 6 mW. In [121], R6G molecules in ethanol
were mixed into PMMA, from which conical cavities were
fabricated by photolithography and thermal heating. Quality
factors above 2 x 10° were reported for the undoped cavities.
Lasing emission at around 600 nm for different dye concen-
trations was studied. For a pump pulse duration of 15 ns and
repetition rate of 5 Hz, lasing thresholds as low as 3 nJ/pulse
and narrow laser linewidths of 50 pm were observed.

Semiconducting polymer is an interesting class of poly-
mers because of its light emission property. Examples of
polymers within this class include poly(para-phenylene
vinylene) (PPV) and poly(para-phenylene) (PPP). The large
optical gain makes such polymers promising candidates as
active materials. They can be pumped optically or electri-
cally [123-126]. Lasing from polystyrene films containing
semiconducting polymer and titanium dioxide nanocrys-
tals in solid state was first demonstrated by Hide et al.
in 1996 [127]. Conjugated polymer can either be used to
fabricate WGM microcavities directly [128-130], or be
coated on microcavity structures as the active medium [130—
134]. In [129], laser emission from 7-conjugated polymer
poly(dioctyloxy) phenyl vinylene (DOO-PPV) microdisks
was demonstrated. The polymer powder was dissolved in
toluene and spun onto a glass substrate to form a uniform

film with thickness of ~2 um. Microdisk lasers were then
fabricated from the polymer film. Tulek et al. [133] re-
ported laser emission from a toroidal microcavity coated
with DOO-PPV. Laser emission at 635 nm with a threshold
of 200 pJ/pulse was obtained when the cavity was pumped
by femtosecond pulses of 130 fs and repetition rate of 1 kHz
at 521.6 nm.

3.6. Lasing based on nonlinear effects in WGM
resonators

In addition to laser emission from active materials doped in
a microresonator or coated on the resonator surface, some
nonlinear effects such as SRS, SBS, and harmonic gener-
ation can generate laser emission in a wide spectral range.
One advantage of nonlinear effect based lasing is its broad
gain bandwidth, which widely extends the light emission
band. Due to the enormous circulating light intensity build-
up within a high O WGM resonator, threshold of nonlinear
processes is greatly reduced. Thus, nonlinear effect based
lasing can be obtained even in resonators made of materials
with small nonlinearities.

In 1985, Snow et al. [135] reported the first observation
of SRS from individual droplets made of water, heavy water,
and ethanol in the radius size range 20—40 um with an input
intensity threshold < 10° W/cm?. Raman lasing was also
reported in CCly [136] and CS, [25] droplets. Raman lasing
near 630 nm and 650 nm from glycerol-water [137] and pure
water [138] microdroplets on a superhydrophobic surface
was described. In [138], the Q factors of WGMs exhibiting
Raman lasing were ~ 5 x 10°. Zhang and Chang [139]
observed SBS generation from water and methanol mi-
crodroplets. Raman laser in silica microspheres was re-
ported in [140] with threshold pump power of 86 uW. Silica
microtoroid Raman laser was demonstrated with thresh-
old less than 100 uW and conversion efficiency greater
than 45% [141, 142]. In [142], fundamental Raman laser
linewidth as low as 3 Hz with a maximum unidirectional
output power of 223 uW was obtained. Lasing based on SRS
and SBS has been observed in CaF, microcavities with las-
ing thresholds of 15 uW and 3 uW, respectively [103, 104].
Raman lasing in silicon was first demonstrated in a rib
waveguide with specially designed coatings to form a Fabry-
Perot resonator [143,144]. Two-photon absorption in silicon,
which induced nonlinear optical loss, was reduced by intro-
ducing a reverse biased p-i-n diode embedded in the silicon
waveguide. Later in [145], Rong et al. reported a silicon
Raman laser based on a ring cavity structure with lasing
threshold of 20 mW and slope efficiency of 28% (Fig. 7a).
The laser spectral linewidth was less than 100 kHz.

Third harmonic (TH) generation in WGM resonators
was first observed in a CCly droplet when pumped with
a pulse laser at intensity ~ 0.5 GW/cm? [146]. Carmon
and Vahala [147] demonstrated visible continuous emis-
sion from a silica microtoroid via TH generation with pump
powers less than 300 uW. The emission was verified to scale
cubically with the pump power. In [102, 109, 110], genera-
tions of second, third, and forth harmonic modes were ob-
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Figure 7 (online color at: www.Ipr-journal.org) Microcavity lasers
based on nonlinear effects. (a) Schematic layout of a silicon ring
laser cavity with a p-i-n structure along the waveguides. (Reprinted
with permission from [145]) (b) Top view visible CCD camera
images of a microring resonator generating SH (upper) and TH
(lower) light from an infrared pump. (Reprinted with permission
from [150])

served in periodically poled LiNbO3 disk resonators, thanks
to the high Q factors and the quasi-phase matching. Fiirst et
al. [148] presented the first natural phase matching for 1064
to 532 nm optical frequency doubling in a high Q (> 107)
WGM resonator made of MgO-doped LiNbO3. Phase match-
ing was achieved relying on the fact that the pump and signal
modes in the crystal resonator exhibited different responses
to the resonator temperature or to the bias voltage applied
to the resonator. This allowed continuous tuning of the rel-
ative frequency between the pump and signal modes until
phase matching was satisfied [149]. Recent work in [150]
reported second harmonic (SH) and TH generation in silicon
nitride ring resonators. When the ring resonator was pumped
at a resonance near 1554 nm for an input pump power of
3mW, SH was generated at 777.1 nm. The TH generation
at 520.1 nm was observed by pumping at a resonance near
1560 nm (Fig. 7b).

Cascaded nonlinear process can extend the wavelength
range of existing laser sources and broaden the adopted
pump wavelengths. In such a process, one lasing output
acts as the pump for the second gain mechanism. Efficient
cascaded operation is made possible by the ultra-high Q fac-
tors of WGM resonators. Cascaded Raman laser has been

demonstrated in different resonators. For example, in a CCly
droplet of radius 35 um, cascaded Raman generation as high
as the fourteenth order was observed [28]. The first observa-
tion of cascaded Raman lasing in silica microspheres was
reported in [151]. With pump power less than 900 uW near
980 nm, the fifth-order Raman lasing was achieved. Gru-
dinin and Maleki [103] reported Stokes components up to
the eighth order in a CaF, resonator at a pump power of
1 mW. Second-order, CW Raman lasing at 1848 nm was
achieved in a silicon ring resonator using a 1550 nm pump
source at a threshold power of 120 mW [152]. The maxi-
mum output power exceeded 5 mW. Figure 8 presents our
measurement results of second-order Raman lasing from
a siliga microtoroid with diameter of 40 um and Q factor
of 10°.

4. Lasing from Er¥*-doped WGM resonators

Among different gain materials, rare-earth ions (e. g., Er**,
Yb**, Nd**, etc) are popular dopants for solid-state lasers
due to their high efficiency, long upper-level lifetime, ability
to generate short pulses, and wide emission spectrum spans
from 0.3 to 3 um [155]. In this section, we will take the Er3*-
doped microtoroidal resonator as an example to investigate
the performance of WGM lasers.

Lasing in Er** was first demonstrated in 1965 in pulsed
regime [156]. It has attracted much interest since then due
to the emission at telecommunication band. Figure 9 rep-
resents the simplified energy levels of Er** ions in silica
glass [157, 158]. To obtain lasing in 1550 nm wavelength
band, Er** ions can be pumped in either 980 nm or 1480 nm
band. When a 980 nm pump laser is used, ions are excited
from ground level 41,52 to excited level 1}/, where they ex-
perience non-radiative decay to “I;3/, metastable level, and
then transit back to *I;5, generating photons near 1530 nm.
When pumped in 1480 nm band, ions are excited from *I;5/»
to “I;3» where they experience non-radiative intersubband
transitions, and finally transit radiatively to 1,55 level re-
leasing photons in 1530 nm band. Population inversion be-
tween the first excited state *I;3/, and the ground state *I;s/
can be achieved at a relatively low pump power, since the
lifetime of state *I;3/, is long, usually on the order of mil-
lisecond.

4.1. Sol-gel fabrication of silica microtoroids

As discussed in Sect. 3, various methods have been used to
introduce active media into resonators. Among them, sol-gel
synthesis provides a convenient way to tailor the dopants. In
this section, we will describe the preparation of Er**-doped
toroidal resonators from sol-gel silica films, characterize the
lasing performance, investigate the dependence of lasing
threshold on various resonator parameters, and introduce
the upconversion transition.

Sol-gel method is a low-cost, fast, and flexible wet-
chemical synthesis technique for preparation of glasses
and ceramics. The sol-gel process is based on hydrolysis
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Figure 8 (online color at: www.lpr-journal.org) Cascaded Raman
lasing from a silica microtoroidal resonator. (a) Laser emission
spectrum obtained from an optical spectrum analyzer (OSA) show-
ing pumping at 965.6 nm, and the first and second order Raman
lasing at 1004 nm and 1046 nm, respectively. (b) Transmission of
pump (blue curve) and laser (green curve) light as the pump wave-
length is finely scanned in the vicinity of the resonant mode at
965.6 nm. The pump and laser beams coupled out of the resonator
are separated by a 980/1040 nm wavelength division multiplexer
(WDM) and detected by two photodetectors (PDs). When the
pump light is on resonance, light is coupled into and circulating in
the resonator forming a resonant dip in the transmission spectrum.
The high pump light intensity inside the resonator gives rise to
a large gain in the Raman emission band. As the Raman gain
exceeds the cavity losses, Raman laser is generated. The broad
pump mode is attributed to the resonant wavelength shift caused
by thermal effect due to light absorption in silica [153, 154]. The
green curve in (b) characterizes the increase in the power of the
lasing light, shown as two peaks above 1000 nm in (a), with the
increasing pump power coupled into the resonator. Specifically,
changes in the slopes of the pump and laser spectra are due to
the excitation of multiple orders of Raman lasing as pump power
coupling into the resonator increases to a certain level indicated
by the reducing pump transmission [151].

4‘11&T

1530 nm
1480 nm
1530 nm

‘1 1612

Figure 9 Simplified energy levels of Er** in silica glass for optical
pumping in 980 nm and 1480 nm wavelength bands.

and condensation reactions of metal-alkoxide precursors in
aqueous solution, alcohol, or other medium [48, 159]. The
reaction is performed under either acid or base catalyzed
condition to obtain dense films. We use sol-gel process un-
der acid catalyzed condition to prepare silica thin films on
silicon substrates from which silica toroidal resonators are
fabricated. The process for synthesis of silica films can be
divided into three steps: 1) Hydrolysis, Si-alkoxide is hy-
drolyzed by water molecules to produce a colloidal suspen-
sion (sol); 2) Condensation, hydrolyzed molecules produce
Si-O-Si linkages or networks (gel); 3) Annealing, the silica-
gel film is treated at high temperature to form dense glass.
Dopants can be introduced into sol-gel materials by mix-
ing relevant soluble chemicals in the precursor solutions.
For example, in our experiments erbium nitrate (Er(NO3)3)
is used to introduce Er’* ions. The advantages of doping
active medium via sol-gel technique include controllable
dopant concentration, wide choice of material matrices, and
flexibility and ease of adding multiple dopants.

Figure 10 is a flow chart showing the preparation of
silica sol-gel film and the subsequent fabrication process
of silica microtoroids. First, the sol-gel precursor solution
is prepared in a Teflon beaker by mixing tetracthoxysilane
(TEOS) in isopropanol alcohol (IPA) and water (H,O) with
hydrochloric acid (HCI) as catalyst. The weight ratio of
IPA, H,O, TEOS, and HCI is 6.5:0.7:0.6:6.1. Rare-earth
compound (e. g., Er(NOs3)3) of specific amount is mixed to
the solution for desired dopant concentration. Subsequently,
the solution is stirred with a magnetic bar at 500 rpm for
3 hours at 70 °C. Hydrolysis and condensation take place
during this process. Afterwards, the solution is aged at room
temperature for 24 hours. The aged solution is then spin-
coated on a silicon wafer at 3000 rpm for 30 seconds to
form a uniform layer. The coated film is heat treated in a
tube furnace at 1000 °C for 3 hours to remove the residual
solvent, transferring porous silica to dense glass. Then the
wafer is cooled down to room temperature naturally. Finally,
a uniform and smooth silica film is obtained on the silicon
substrate. The film thickness after annealing depends on the

Silica
Precursor mixing _, Er-doped =l
(70°C, 3h) silica film V\- Silicon
hgmg Photo-
(Room T, 24h) lithography :
Spin coating XeF: etching
(3000rpm, 30s) (2-3h) v
!’ i |
Annealing | Reflow
{1000°C, 3h) (CO:z Laser) J

Figure 10 (online color at: www.lpr-journal.org) Fabrication flow of
Er3+-doped microtoroids through sol-gel process and photolithog-
raphy technique. The two columns on the right show the illustra-
tions and optical micrographs of a microdisk, under-cut microdisk,
and microtoroid.
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dopant concentration and the spin-coating condition. In our
experiments, the thickness of one coating layer varies in the
range 350-500 nm. Desired film thickness can be achieved
by applying multiple coating layers. The concentration of
Er’* ions in the silica film is tailored by controlling the
amount of Er(NO3)3 in the sol-gel precursor solution [52].

Active microtoroids are fabricated from Er**-doped sil-
ica films through a standard process of photolithography,
XeF, etching, and CO; laser reflow [49, 52]. The result-
ing patterns after each step are shown in Fig. 10. We tested
the Q factors of the microtoroids with Er>* concentrations
in the range of 10'8-2 x 10! cm™ in 1460 nm wavelength
band. At each Er?* concentration, multiple measurements
were performed on a few microtoroids and the highest mea-
sured Q factor is plotted in Fig. 11. As Er** concentration
increases, the total cavity losses increase due to light absorp-
tion by Er** ions, leading to a reduced Q factor.
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Figure 11 (online color at: www.Ipr-journal.org) Measured Q fac-
tors of Er®*-doped microtoroids for different dopant concentrations.
Inset: SEM image of an Er®*-doped microtoroid.

4.2. Characteristics of Er**-laser in 1550 nm
band

The experimental setup used to characterize the microlasers
is shown in Fig. 12. A CW light source in 1460 nm or 980 nm
band is used to pump the cavity. A tapered fiber is used to
couple light into and out of the resonator, with the coupling
efficiency tuned by adjusting the gap between the taper and
the resonator. A polarization controller (PC) is used to ad-
just the polarization state of the pump beam to optimize
the coupling efficiency. The light coupled out of the res-
onator is sent to a WDM to separate the laser emission in
1550 nm band from the unabsorbed pump light. The out-
puts of the WDM are sent to an oscilloscope to observe
the temporal dynamics of the lasing operation. The signals
from the oscilloscope are continuously acquired by a com-
puter. An OSA is used to record the lasing spectrum. Within
the resonator, laser emission takes place and propagates
along both forward and backward directions (i.e., a WGM
resonator supports two counter-propagating modes at the

same frequency. Here, forward denotes the clockwise and
backward denotes the counter-clockwise propagating light).
Laser emission is coupled out from both ends of the ta-
pered fiber. For simplicity, we measure the lasing output
transmitted in the forward direction.
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Figure 12 (online color at: www.lpr-journal.org) Schematic di-
agram of the experimental setup for characterizing Er**-doped
microtoroids. PC: polarization controller.

In the experiments, the wavelength of the pump laser is
tuned on resonance with a high Q cavity mode to achieve
resonant pumping. Near the resonant wavelength, small
input pump power is significantly enhanced inside the cavity
to efficiently excite the Er’* ions. Resonant pumping is an
efficient way to greatly reduce the threshold pump power,
however, it requires a tunable laser source. Alternatively,
lasing can be obtained with non-resonant pumping using
a high power light source, the spectrum of which overlaps
with the absorption band of Er** ions. This eliminates the
need for tunable pump lasers. Figure 13 shows the lasing
spectrum and the laser power output as a function of the
pump for an Er**-doped microtoroid. The lasing spectrum
recorded with the OSA reveals lasing at 1560 nm. Spectral
width of the laser line is narrower than the resolution of
our OSA (0.1 nm) and could not be resolved. From the
linear relation between the pump and the laser output, the
threshold pump power is estimated as 12 pW [160].

4.3. Temporal laser operations

Research on Er**-doped fiber lasers revealed that laser op-
eration under continuous pump condition can be CW or
self-pulsing (SP) depending on the concentration of Er’*
ions in the host matrix [161, 162]. Here SP operation refers
to spontaneous self-pulsation in which the lasing signal
appears as an infinite pulse train. It was demonstrated in
fiber lasers that, for low (high) Er’* concentrations, the
laser output intensity was CW (SP) for any pumping rate.
For concentrations in between, the output intensity varied
from SP to CW when increasing the pump power. We ob-
served and reported similar behaviors in Er**-doped micro-
toroidal lasers [160, 163]. With input pump powers less than
2 mW, the microlaser operates in CW regime (Fig. 14a) for
Er** concentrations below 7 x 10'® cm™ and in SP regime
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Figure 13 (online color at: www.lpr-journal.org) Lasing charac-
terization. (a) Lasing spectrum showing pump at 1445 nm and
lasing at 1560 nm. (b) Measurement of the laser output versus
input pump power.

(Fig. 14b) for Er** concentrations above 10'°cm™. In be-
tween, both CW and SP laser operations can be obtained
by adjusting the intracavity pump power, e. g., varying the
input pump power, adjusting the taper-resonator coupling,
or exciting the pump modes of different Q factors.

Interestingly, in Fig. 14a, the laser power shows a sinu-
soidal oscillation at frequency 6.7 MHz. Such oscillation
is not observed for the unabsorbed pump light. We have
demonstrated that the oscillations are due to the intracav-
ity Rayleigh back-scattering induced frequency splitting in
the microlaser cavity [163,164]. This can be intuitively ex-
plained as follows. Eigenmodes of a circular resonator are
two-fold degenerate traveling wave modes (TWMs) propa-
gating in opposite directions with identical polarization and
resonant frequency. Coupling of the counter-propagating
modes via back-scattering or reflection can lift the degener-
acy leading to two standing wave modes (SWMs) whose res-
onant frequencies are spectrally separated from each other,
i.e., frequency splitting [165-168]. In a microlaser, the las-
ing frequency corresponding to a cavity mode splits into
two. The two lasing frequencies are photomixed in a PD
with a bandwidth larger than the frequency splitting, lead-
ing to a beat note signal. The frequency of this beat note
corresponds to the amount of the frequency splitting. This
explains the oscillation of the laser power output in Fig. 14a.
In the Er**-doped microtoroid, frequency splitting may be
induced by ion clusters or inhomogeneities of the cavity
structure, both of which act as the scattering centers.
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Figure 14 (online color at: www.Ipr-journal.org) Laser emission in
time domain from Er3*-doped microtoroids. (a) CW operation mea-
sured from a microlaser with Er®* concentration ~ 5 x 108 cm=3.
The modulation of the laser power at frequency 6.7 MHz is at-
tributed to the splitting of the laser mode. (b) SP operation with
pulse width ~ 130 ns and pulse repetition rate 680 kHz measured

from a microtoroid laser with Er®* concentration of 2 x 10"® cm=2.

Figure 14b depicts the SP laser operation from a mi-
crolaser with Er* concentration of 2 x 10'°cm™. Gener-
ation of the pulse train is attributed to the ion-ion interac-
tions [161, 162,169, 170]. As ion concentration increases,
average distance between the ions decreases. This enhances
the ion-ion interactions and leads to so called ion pairs,
in which cooperative energy transfer between ions occurs.
For example, when two adjacent ions are excited to state
41132, one transfers its energy to the other one and decays
to the ground state *I;s5/, non-radiatively, while the other
ion is upconverted to 4Ig/> where it mostly relaxes to i3
non-radiatively. The net effect is the loss of one excited
ion, i.e., loss of one potential stimulated photon. In other
words, the paired ions inside the resonator act as saturable
absorbers or as an additional loss mechanism, giving rise
to self-pulsation. We observed that in the presence of fre-
quency splitting, CW laser intensity was modulated by a
beat note signal as shown in Fig. 14a. However, in Fig. 14b
we did not see similar oscillation in the pulse train because
the period of the beat note is longer than the pulse width.
For a larger frequency splitting, when the beat note period
is smaller than the pulse width, the effect of splitting shows
up, as seen in Fig. 15.

For Er’* concentrations in the range of 7 x 10'8—
10" cm3, both CW and SP lasing operations were observed
by controlling the coupling condition, the pump power, and
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Figure 15 (online color at: www.lpr-journal.org) SP lasing oper-
ation in the presence of frequency splitting in a laser cavity. The
plot in (b) is a close-up of (a) for a single pulse. The pulse is
modulated by a frequency of 62 MHz.

the Q factor of the pump mode. For example, we observed
in experiments that, in the same microlaser, when the pump
wavelength was tuned on resonance with a low Q cavity
mode, SP operation occurred, whereas CW operation took
place when the pump was on resonance with a high Q cavity
mode. This is because the pumping rate in the resonator
system depends on the intracavity pump power which is a
function of the Q factor of the pump mode, the input pump
power, and the taper-cavity coupling. They, in return, can
be used to control the laser operations. Figure 16 shows the
laser operation changing from CW to SP when the distance
between the taper and the cavity is reduced.

4.4. Self-pulsing laser emission

Here, we discuss in detail the formation of SP operations in
heavily Er**-doped microtoroidal lasers and investigate the
dependence of the pulse repetition time and pulse width on
the pump power and the taper-cavity coupling condition.
In heavily doped cavities, clusters of Er** ions cause a
large excited state absorption due to energy transfer among
paired ions which is responsible for the SP laser opera-
tion [160, 169, 170]. In the pumping process, as more ions
are excited to the higher energy level, energy transfer be-
tween paired ions increases, leading to an increase in the
total loss of the cavity system (i. e., cavity loss and excited
state absorption loss). As a result, a large population in-
version is built up and more energy is stored in the gain

Figure 16 (online color at: www.lpr-journal.org) Laser power
output at different taper-cavity coupling conditions with the same
input pump power. The concentration of Er®* ions is 10'®cm™3.
(a) For a large taper-cavity gap (under-coupling regime), CW
operation is obtained (red curves). When reducing the gap to deep
over-coupling regime, SP laser emission occurs (blue curves).
(b) Close-up of the laser emission in (a).

medium. As soon as the gain exceeds the total loss, las-
ing starts and laser intensity rapidly builds up in the cavity
because of the large amount of energy stored in the gain
medium. Subsequently, the number of ions in the excited
state decreases. This decreases the total loss of the cavity
due to the reduced excited state absorption. As the pump
continuously replenishes the population inversion, lasing
output keeps increasing as shown in the rising side of the
pulse until the saturation of the gain. Subsequently, lasing
output reaches its peak and starts to decrease, which slows
down the reduction of ions in the excited state and conse-
quently increases the chances of excited state absorption.
As aresult, the lasing output decreases further as the excited
state absorption loss increases. The reduction of laser inten-
sity continues until the lasing photons are consumed. With
the pump continuously exciting the system, another cycle
starts. This process repeats to generate an infinite laser pulse
train. The property of the pulse depends on the pumping
rate in the cavity which affects the population inversion and
the laser oscillation process.

Figure 17 shows the effect of input pump power on the
pulse repetition time (7"), pulse width (Az, full-width at
half maximum), and pulse repetition rate when the taper-
cavity coupling is fixed [160]. Both 7" and At decrease with
increasing pump. This can be explained as follows. At a
higher pump power, the recovery of population inversion
is achieved faster due to the higher pumping rate. Thus the
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Figure 17 (online color at: www.lpr-journal.org) Study of SP laser operation in a microtoroid laser. Dependence of pulse repetition
time (a) and pulse width (b) on input pump power. Pump ratio r denotes the input pump power normalized by the threshold pump
power. Data points and error bars represent the mean and standard deviation of multiple measurements. (c) Pulse repetition rate
versus square root of the pump ratio. Red line shows a linear fitting. (Reprinted with permission from [160])
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Figure 18 (online color at: www.lpr-journal.org) Dependence of pulse repetition time (a) and pulse width (b) on the taper-cavity gap.
Blue triangles are the cavity loading curve for the pump mode, i. e., pump transmission versus gap. Red dots represent the pulse
repetition time (a) and pulse width (b). Data points and error bars denote the mean and standard deviation of multiple measurements.
The arrows direct the data points to the corresponding y axis. (Reprinted with permission from [160])

time interval between the end of a pulse and the start of
the consecutive pulse, which is the time needed to create
population inversion for lasing, is shorter. During the pulse
generation, a higher pumping rate leads to a faster growth
of net gain and thus a faster buildup of the pulse. The mea-
sured laser pulse in our experiments is almost symmetric,
indicating that the fall time is close to the rise time. This
is because similar mechanisms, such as coupling condition,
pumping rate and cavity loss, affect both the growth and
decay rate of the net gain, which determine the rise time
and fall time of the pulse. Therefore, for a fixed taper-cavity
coupling, increasing pump power leads to decrease in the
pulse period and pulse width. It is shown in Fig. 17c that the
pulse repetition rate increases linearly with the square root
of the pumping level.

Figure 18 shows the effect of taper-cavity coupling on
the pulse train [160]. As the gap increases, coupling be-
tween the fiber taper and the cavity decreases. At the critical
coupling point of the pump light (i. e., minimum pump trans-
mission), the intracavity pump power achieves its maximum,
leading to minimized pulse repetition time and pulse width.
In the under-coupling regime, as gap decreases, both 7 and
A7 decrease monotonously until the critical coupling point.
Further decrease of the gap to the over-coupling regime

leads to increasing 7" and At. In Fig. 18b, At is longer in
the over-coupling regime than that in the under-coupling
regime for identical pump transmission. This is because
in the over-coupling regime, laser photons generated from
stimulated emission are extracted from the cavity at a higher
rate due to the stronger taper-cavity coupling. This leads to
a slower buildup rate of the laser pulse within the cavity and
thus a longer At.

4.5. Maximum laser power output

Laser power coupling out of a microlaser cavity is deter-
mined by the output coupling coefficient and the circulating
laser power within the cavity [171]. In our experiments, the
same fiber taper is used to couple light in and out of the
microlaser. Thus, the coupling condition which is optimized
for the pump light may not be the optimal condition for
extracting the laser light from the cavity and vice versa.
In general, the coupling condition will affect (i) the pump-
cavity coupling efficiency and hence the intracavity pump
power, and (ii) the coupling loss experienced by the lasing
mode which in turn determines the lasing threshold and the
extraction rate of laser power from the cavity. Therefore,
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the maximum laser power output does not necessarily co-
incide with the critical coupling point of the pump light.
The optimum laser output and the corresponding coupling
condition depend on the taper size, the field distributions
of the pump and the laser modes, and the intrinsic cavity
loss. The situation should be considered case-by-case for
each individual microlaser [172]. Our measurement results
in Fig. 19 show the pump transmission and the laser power
output as a function of the taper-cavity coupling strength for
CW and SP operations. In these measurements, the maxi-
mum laser power output occurs in the over-coupling regime
of the pump light.
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Figure 19 (online color at: www.lpr-journal.org) Laser power out-
put versus taper-cavity gap for CW (a) and SP (b) laser operations.
The circles denote the laser power output, and the triangles rep-
resent the normalized transmission of the pump light. The arrows
direct the data points to the corresponding y axis. The laser power
in (b) is the peak power of the pulses.

4.6. Lasing threshold

Laser threshold is achieved when the small-signal gain gen-
erated from the excited active medium equals the total loss
of the resonator system. Below the threshold, optical gain in-
creases linearly with the intracavity pumping power which
depends on the input pump power, cavity Q factor, and
taper-cavity coupling strength. The value of the gain is also
closely related to the size of the resonator and the dopant
concentration. In the following discussion, the dependence
of the threshold input pump power on those parameters
is considered.

4.6.1. Cavity Q factor

In the microlaser cavity, pumping rate Rpyump is proportional
to the ratio of the intracavity pump power P, to the mode
area A, i.e., Rpump < P./A. From Egq. (2), it is seen that for
a fixed input power P,,, the intracavity power P. is propor-
tional to the Q factor. A higher cavity Q factor results in a
longer photon lifetime in the resonator and hence more light
energy stored in the cavity. Therefore, the higher the cavity
0, the higher the pumping rate and thus the lower the lasing
threshold [172].

4.6.2. Taper-cavity coupling

The taper-cavity coupling strength has a two-fold effect
on the lasing threshold, since it affects both the pump and
laser modes. On one hand, the coupling strength affects
the intracavity pump power (i. e., in Eq. (1), 1 is directly
related to k) and thus the pumping rate. On the other
hand, the coupling strength has impact on the total loss
experienced by the laser mode. The threshold increases in
the over-coupling regime due to the increased coupling loss,
and in the under-coupling regime due to inefficient pump
coupling from the fiber taper to the cavity [53, 172]. This is
demonstrated in Fig. 20 which shows the lasing threshold
as a function of the taper-cavity gap measured for an Er**-
doped microtoroid [53].
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Figure 20 Lasing threshold as a function of the relative dis-
tance between a fiber taper and an Er®*-implanted microtoroid.
The inset shows a single-mode lasing spectrum measured under
1465 nm pumping. (Reprinted with permission from [53]. Copy-
right 2004, American Institute of Physics.)

4.6.3. Cavity size

The pumping rate is inversely proportional to the mode area.
An efficient way to decrease the mode area is to work with
resonators of smaller sizes. As the cavity size shrinks, the
mode is more confined within the resonator giving rise to a
smaller mode area [9, 50, 173]. This leads to an increased
intracavity light intensity and thus a reduced threshold pump
power. As shown in Fig. 21, the mode area decreases as the
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Figure 21 (online color at: www.lpr-
journal.org) Simulation results of a
microtoroidal resonator showing the
mode area (a) and the radiation loss-
induced Q factor (b) versus major
diameters of microtoroids with minor
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microtoroid major and minor diameters decrease. When
the diameter of a microtoroid is larger than 22 um, ultra-
high cavity Q (> 10%) can be maintained as shown Fig. 21b;
below 22 um, the Q factor decreases substantially due to
the increased radiation loss. This puts a practical limit on
the size of microlasers. To shrink the cavity size as well as
the mode volume, one can fabricate the laser cavity with
host materials of larger refractive index [88, 89], integrate
a photonic crystal (PC) structure with the cavity to use the
PC forbidden band for light confinement [174], or introduce
metallic coating on the cavity to support surface mode at the
metal-dielectric interface [175—179]. Plasmonic effect at the
metal-dielectric interface can be used to overcome optical
diffraction limit and confine electromagnetic fields in much
smaller volumes than pure dielectric materials.

4.6.4. Er3* concentration

The concentration of Er** ions directly influences the optical
gain obtained in the laser cavity and thus affects the lasing
threshold. For a fixed cavity Q, there exists a minimum Er>*
concentration to produce enough gain to compensate for
the round trip loss experienced by photons to achieve laser
oscillation. The minimum concentration to obtain lasing
increases with decreasing cavity Q [172].

For a laser cavity with a given Q factor, there exists an
optimal Er** concentration which gives the lowest threshold
input pump power. In lower concentration limit, a higher
pump power is needed to excite Er’* ions in order to pro-
vide sufficient gain overcoming the total loss. This leads
to a higher threshold power. For higher ion concentrations,
excited state absorption and cooperative upconversion take
place, quenching the excited ions and reducing the level of
population inversion. The quenching effect lowers the frac-
tion of excited ions, and thus reduces the pumping efficiency
and increases the lasing threshold. Figure 22 shows the ef-
fect of Er** concentration on the threshold pump power for
silica microtoroids [172].

4.7. Upconversion

Upconversion lasing in rare-earth doped materials occurs
when active ions are excited to higher energy levels through
either multi-photon absorption or energy transfer between

25 30 35  diameters of 6, 5, and 4 um.

Major diameter (um)

1“1-1

-k
[=]
T
-

Threshold power (uW)

% b ® Experiments
01} : Tl Theory (@ =1x10") |3
T = = Theory (Q,=2x10")
— Thl-llrlrlﬂ_'h‘lﬂtl
0.01 Lu In : Ih
10 10 10 10

Erbium concentration (cm™)

Figure 22 Minimum threshold pump power as a function of
Er3* concentration in microtoroids with major diameter of 50 pm
for three different intrinsic Q factors. (Reprinted with permission
from [172])

excited ions. Upconversion process produces laser emis-
sion at a wavelength significantly shorter than the pump
wavelength. Using different rare-earth ions, upconversion
lasing with a wide wavelength range from ultraviolet to in-
frared has been demonstrated [180—-183]. The energy levels
of different rare-earth ions can be found in [183, 184].

For Er** ions pumped in 980 nm or 1480 nm band, green
light emission due to upconversion is the most common ob-
servation, which is the result of direct transition of excited
ions from #S3, and 2H; )2 levels to ground state *I15/2. The
simplified energy level diagrams and pumping schemes are
shown in Fig. 23 [185, 186]. Different mechanisms are re-
sponsible for pumping the ions to higher energy levels. Their
contribution varies at different Er>* concentrations [187].

The first demonstration of room-temperature CW upcon-
version lasing in an Er**-doped fluorozirconate fiber was re-
ported in [181]. Laser dynamics at 540 nm and 1550 nm was
studied in [185]. Upconversion efficiency of rare-earth ions
is related to the intermediate level lifetime of the ions which
depends on the phonon frequency of the host material and
the concentration of active ions [188]. Host matrix with low
phonon energy will reduce the non-radiative loss induced
by multiphonon relaxation and thus realize strong upconver-
sion. With increasing Er>* concentration, photon absorption
enhances, resulting in stronger upconversion emission. How-
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Figure 23 (online color at: www.lpr-journal.org) Energy level dia-
grams of Er®* in silica glass and the associated electron transition
processes for generating green upconversion emission under
excitation at 980 nm and 1480 nm.

ever, at a very high doping level, interactions between ions
take place and increase the non-radiative loss which reduces
the upconversion efficiency.

Green emission has been reported in different host ma-
terials with low phonon energy, such as LiLuF4 [189] and
ZBLAN (ZrF4-BaF,-LaF;-AlF;-NaF) [190, 191]. Green
upconversion lasing from Er** -doped ZBNA (ZrF;-BaF,-
NaF-AlF3) microspheres was reported with the threshold
power as low as 3 uW [192]. In Er3+-doped silica glass, life-
time of state *S3» is around 0.7 ps which is much shorter
than that in ZBLAN. However, by increasing the Q factor of
the WGM resonator, low-threshold green upconversion laser
is possible. In [193], green lasers were demonstrated in Er**-
doped silica microtoroids with lasing threshold of 690 uyW
when pumping at 1458 nm. We have observed upconver-
sion emission from Er**-microtoroids as shown in Fig. 24.
Green light emission is clearly seen along the periphery of
the microtoroid.

5. Directional coupling of laser emission

The WGM microresonators provide good cavities for low-
threshold lasing. However, due to the rotational symmetry
of the resonator structure, the evanescent wave exists at
every reflecting point. This leads to a uniform laser out-
put in all directions and therefore inefficient power output

with pump

coupling. To overcome these drawbacks and achieve direc-
tional light emission, structural symmetry of the resonator
should be broken either by a waveguide for light coupling
or by forming the so-called asymmetric or deformed res-
onators [194,195].

The first demonstration of directional emission from a
deformed microdisk laser was reported in 1993 [196]. A
linear grating around the circumference of a semiconduc-
tor microdisk was produced by electron-beam lithography.
The patterned asymmetries provided control of direction
and intensity of light output without dramatically increas-
ing the laser threshold. Afterwards, deformed resonators
such as stadium-shaped microdisks [197, 198], spiral-
shaped microcavities [99, 129, 199-201], triangle-shaped
resonators [202,203], limagon-shaped cavities [204-206],
peanut-shaped resonators [207,208], and deformed micro-
spheres [209,210] have been reported to achieve directional
or even unidirectional lasing with enhanced laser power out-
put. Coupled cavities were demonstrated for unidirectional
light emission with high O modes maintained [211-213].
The coupled cavity system usually consists of a circular
cavity that provides high Q WGMs and a deformed cavity
which plays the role as a coupler to guide laser light out of
the cavity system for directional emission.

Another alternative approach towards directional emis-
sion is to introduce defects, e. g., scatterer or notch, on the
microlaser to break the symmetry [214-216]. Due to the
small defect size, the cavity Q factor is still high to main-
tain the low lasing threshold. At the same time, directional
coupling increases the laser output coupling efficiency. Fig-
ure 25 presents the SEM images of several asymmetric
microcavity lasers.

6. Sensing applications

Microlasers are of great interest as ultra-sensitive sensors
due to their narrow linewidths capable of reporting slight
changes in resonance that would not be resolved by passive
resonators [59, 163]. In this section, we focus on the label-
free sensing applications employing microlasers.

Passive WGM resonators have been extensively investi-
gated for their potential impact on chemical and bio-sensing.
Their high Q factors and small mode volumes lead to strong
light-matter interactions which help achieve ultra-sensitive
and label-free detection. The basic principle is to track the
spectral changes of a resonant mode in response to changes

Figure 24 (online color at:
www.lpr-journal.org) Green
upconversion from an Er3+-
doped silica microtoroid
with Er®*  concentration
of 2x10"%cm™=. The
diameter of the microtoroid
is around 100 pm.
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Figure 25 (online color at: www.lpr-journal.org) Asymmetric mi-
crocavity lasers. (a) SEM images of side and top view of a flat-
tened quadrupolar-shaped cylinder laser. (Reprinted with per-
mission from [197]) (b) SEM images of side and top view of a
GaAs microdisk on top of AlgggGag.32As pedestal. (Reprinted
with permission from [205]) (c) SEM image of a spiral-shaped mi-
crodisk laser diode with a disk radius of 50 um. The p-contact ring
electrode defines the areas through which carriers are injected
into the microdisk and where stimulated emission can take place.
(Reprinted with permission from [200]. Copyright 2004, American
Institute of Physics.) (d) SEM image of a notched-elliptical res-
onator (upper) and zoom-in view of the device showing the smooth
sidewall of the laser cavity (lower). (Reprinted with permission
from [216])

in the environment near the resonator surface, e. g., refrac-
tive index shift due to changes in the surrounding, or bind-
ing of nanoscale targets such as biomolecules, viruses, or
nanoparticles onto the resonator surface [217-226]. As a
result of those changes, the resonant cavity mode will expe-
rience spectral shift [220,221] and/or splitting [222-224]
which can be tracked for sensing. Illustration in Fig.26
shows the two detection mechanisms for the measurement
of nanoscale objects. A tunable laser is generally used to ob-
tain the spectral properties of the resonant mode of interest
by repeatedly scanning the wavelength across the mode.
The resonance shift in a passive resonator is easily per-
turbed by fluctuations in the frequency of the tunable laser
and by environmental noises (e. g., temperature, humidity).
Such interfering perturbations will reduce the sensing reso-
lution. However, they are minimized in the mode splitting
based detection scheme. Since, in general, the split modes
are affected in a similar way by the external common noises,
the splitting between them, i.e., relative frequency sepa-

Resonance shift Mode splitting

!

(a) Frequency (b) Frequency

Figure 26 (online color at: www.Ipr-journal.org) Sensing mech-
anisms using WGM resonators: resonance shift (a) and mode
splitting (b) in response to nanoparticles falling into the cavity
mode volume. Inset in (a) is an illustration showing a particle
attached on a microtoroid surface.

ration, remains unperturbed [227]. Changes in the mode
splitting carry the information of particles and can be used
to measure those particles. Mode splitting in a microtoroidal
resonator has been used to detect and size single nanoparti-
cles and viruses by measuring the frequency and linewidth
differences between the split modes [222,228].

The ultimate detection resolution for passive resonator
based sensing schemes is limited by the resonator Q factor
which determines the spectral linewidth. In a microcavity
laser, the laser operation narrows down the linewidth due to
stimulated emission. As a result, Q factor of the lasing mode
is much higher than that of the passive cavity. Therefore,
sensing resolution is greatly enhanced if a microcavity laser
is used as the sensing element [59]. Sensing with micro-
lasers has been demonstrated in previous work [229-231].
In [229], ultraviolet microdisk lasers were used to sense
organic compounds. The adsorption of chemical molecules
to the disk surface shifts the lasing frequency. Simulation
results in [230] show that linewidth of a microsphere laser
is 10*-fold narrower than the linewidth of the corresponding
passive cavity, and thus is suggested to detect low concentra-
tions of chemicals or biomolecules. In [231], Nile red doped
polystyrene microspheres were used to study the adsorption
kinetics of bovine serum albumin (BSA), showing an eight-
fold improvement of the signal-to-noise ratio and a threefold
increase in the Q factor when operated above threshold.

For cold-cavity Q of 108, the laser linewidth can be as
narrow as a few Hertz [142,232], allowing ultra-sensitive
detection. One major challenge of the sensing is to trace
such narrow laser lines. Heterodyne detection is usually em-
ployed for this purpose [142,233]. We have demonstrated
that for nanoparticle detection, mode splitting based sensing
using a microlaser greatly simplified the detection scheme
while still keeping the high detection resolution [59]. When
a WGM microlaser is used as the sensing element, scatterer-
induced split laser frequencies are photomixed in a pho-
todetector resulting in a beat note signal, as explained in
Sect. 4.3. The beat note signal corresponds to the frequency
splitting and can be tracked to detect the targets. This self-
heterodyne detection scheme simplifies the measurement of
changes in the laser frequency. Figure 27 shows the real-time
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Figure 27 (online color at: www.lpr-journal.org) Real-time beat
frequency as gold particles of radius 25 nm are continuously de-
posited onto the surface of an Er3*-doped microtoroidal laser. Red
circles indicate the particle binding events.

beat frequency as gold nanoparticles are continuously de-
posited onto a microlaser surface. Discrete jumps in the beat
frequency are clearly seen above the noise level. Each indi-
vidual jump indicates one particle binding event [59, 163].
Using mode splitting in a microlaser, we have successfully
detected gold nanoparticles as small as 10 nm in radius
and polystyrene nanoparticles of 15 nm. Detection of sin-
gle virus was also demonstrated indicating its feasibility
for bio-sensing. The minimum detectable particle size was
limited by fluctuations of the beat frequency, which was
much larger than the spectral width of the laser line itself
and could be reduced by conducting the measurements in a
more controlled environment [221].

7. Conclusions and outlook

This review introduced a variety of microlasers using mi-
croscale WGM cavities fabricated with different materials,
such as liquid droplet, glass, semiconductor, crystalline, and
polymer. By choosing the cavity structure and gain ma-
terial, lasing wavelength from ultraviolet to infrared has
been demonstrated. The performance of laser emission, in
terms of temporal operation, maximum laser power out-
put, and lasing threshold, was studied in Er**-doped mi-
crotoroidal lasers. In general, high Q factors, small cavity
sizes, and proper dopant concentrations are responsible for
low-threshold and narrow-linewidth lasing.

In addition to serving as light sources, microlasers have
been used for high-performance label-free sensing. In this
scheme, the laser source itself acts as the sensing device,
greatly simplifying the sensor configuration. Moreover, the
ultra-narrow spectral width of the laser line allows higher
detection sensitivity than passive cavities, opening a new
direction in highly sensitive biochemical detection. Local-
ized plasmon effect in WGM cavities can further improve
the detection resolution by local enhancement of light field
which will enhance the interaction between the sensing field
and the environment. This has been demonstrated in pas-
sive resonators [234-236]. Shopova et al. observed that by
functionalizing a microsphere surface with metal nanoparti-
cles (e. g., gold, silver), resonance shift induced by a single

particle binding at the plasmonic hot spot was significantly
enhanced [234]. Such effect can be applied to microlasers.
The developments of WGM-plasmon hybrid resonators pave
the way for label-free detection at the single molecule and
protein level.

For dense on-chip integration, there is an increasing in-
terest toward nanoscale lasers as light sources. For many
years it has been thought that laser size is ultimately limited
by optical diffraction which limits the cavity size around the
order of light wavelength. Recently, it has been reported that
such limit could be overcome by plasmonic effects. With the
help of surface-plasmons at the metal-dielectric interface,
the optical energy can be confined in a very small dimen-
sion, making cavity sizes below light wavelength within
reach. In previous work, some encouraging results have
been reported [175, 176,237]. More work needs to be done
regarding the high optical losses of plasmonic materials.

Another challenging issue for microlasers could be the
implementation of broad-band pumping. This will avoid the
need for resonantly matched laser sources to pump laser cav-
ities, and may have an immediate and considerable impact
on solar-pumped lasers. Cascaded energy transfer among
different gain media has been demonstrated providing effi-
cient broad-band pumping [57]. Gain materials with broad
absorption bands and large absorption coefficients are de-
sired for broad-band excitation.
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