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Mid-infrared spectroscopy (MIR) has been applied for
decades in a wide range of applications, since it is a
nondestructive and versatile analytical technique allowing
for the analysis of chemically and biologically relevant
compounds with high sensitivity and selectivity. Laser
spectroscopy provides the most advanced technolog-
ical approach in IR spectroscopy with several benefits
compared to conventional infrared light sources. This
article highlights the fundamentals of the latest gener-
ation of IR lasers, i.e. so-called cascade lasers. Among
their advantages are their high output power, the narrow
linewidth, operation in continuous or tailorable pulse
mode, reliability during long-term usage, on-chip dimen-
sions, and tunability. Quantum Cascade and Interband
Cascade Lasers (QCLs, ICLs) are nowadays available

across almost the entire infrared range extending into the
terahertz (THz) regime and may either be tuned over
several hundreds of wavenumbers or designed to emit a
specific wavelength. The most important classes of cascade
lasers to date — ICLs and QCLs — will be discussed in
their theoretical and technical fundamentals and working
principles. Complementarily, selected applications will be
highlighted illustrating the utility of these most advanced
IR laser light sources available for modern infrared
spectroscopy and sensing.

1 INTRODUCTION

MIR is known as a well-established nondestructive tech-
nique for highly sensitive and selective determination
and identification of chemical compounds.!’ One of the
more important advantages of this technique, in compar-
ison, e.g., with far and near-infrared spectroscopies, is
the possibility to study the fingerprint region, whereby
each vibration can be specifically assigned and it is unique
for every molecule. MIR region is in a wavenumber
range between 4000 and 400 cm™!, corresponding to 2.5
and 25 pm.”® Fourier transform infrared (FTIR) spec-
troscopy is used for routine applications among stan-
dard laboratory techniques.” This technique is based on
the black body radiation, conventionally provided via
silicon carbide (SiC), and the light beam is modulated
via the Michelson interferometer using the Fourier trans-
formation, allowing extensive qualitative analysis over a
wide spectral bandwidth. However, the energy density
per wavelength is limited.®* Other light sources in the
infrared region are lasers. Lasers can be divided into
gas, chemical, dye, metal-vapor, solid-state, and semicon-
ductor lasers.®) For instance, diode lasers can operate at
NIR and visible range and have been used since the 1980s.
However, they exhibit a low tuneability (less than 2 cm™!)
with an operating temperature in the range of the cryo-
genic temperature.®>® In comparison, modern cascade-
based lasers, such as interband and QCLs, exhibit several
advantages, such as the possibility to be tuned and to
operate in the MIR range at room temperature. It is worth
mentioning that lead salt diode and QCLs have an emis-
sion range between 3 and 25 pm, while ICLs between 2 pm
and 10.?

The aim of this article is to introduce the reader to
the working principles of ICL and QCL. A short general
explanation about laser spectroscopy and the benefits of
the cascade lasers will be presented (Section 2), as well
as a brief description of some of the most common appli-
cations of ICLs and QCLs will be provided (Sections 3
and 4).
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2
2 LASER SPECTROSCOPY

Laser is the abbreviation for light amplification by stimu-
lated emission of radiation.””’ Lasers produce or amplify
a narrow, low-divergence light beam with a well-defined
wavelength within the optical region of the electro-
magnetic spectrum, encompassing the near-infrared
spectroscopy (NIR), MIR, and far-infrared spectroscopy
(FIR) ranges. Lasers have been invented not for a specific
reason, or to solve directly some practical problems;
however, their potential in IR spectroscopy has been
discovered very fast.®) Lasers in general consist in an
amplifying or gain medium, which can be solid, liquid,
or gaseous, which is used to increase the power of a
light wave during the propagation. To perform the beam
amplification, a mirror system is assembled around the
gain medium, to form the so-called optical cavity or
optical resonator, which allows multiple reflections of
the light and the production of stationary waves (or
modes) with unique resonance frequencies. The stim-
ulated emission consists of the first excitation, by an
incident photon, of an electron from the lower to the
upper level, whereby two photons are released. Since
spontaneous emission reduces the electron amount in
the upper level, a population inversion is necessary,
whereby more electrons populate higher energy levels of
the atoms than lower energy levels. In a three-level laser,
the electrons are excited at the upper part, fall then to
the middle one, where the radiation occurs and, finally,
relax back to the ground state. In this system, the spatial
structure does not change in the optical cavity since the
light propagates in the cavity itself. This stationary wave
has a Gaussian shape in the plane perpendicular to the
axis of the propagation, so the resulting beam must be
a Gaussian beam, which can have either longitudinal or
transverse modes. The longitudinal mode is a stationary
wave, which is reinforced by constructive interferences
after the reflectance in the optical cavity, with the conse-
quent suppression of other wavelengths. The nodes are
located axially along the length of the cavity, while, in
contrast, the transverse mode has nodes perpendicular to
the long axis of the cavity. Transverse modes are classified
into three different types: when there is no electric field
in the direction of propagation, transverse electric mode
(TE) is operating; while if there is no magnetic field,
the transverse magnetic modes (TM) takes place and
the transverse-electro mode (TEm) exhibits neither the
electric nor the magnetic field in the propagation direc-
tion. Transverse modes determine the pattern of intensity
distribution over the entire beamwidth. Single transverse
modes are favorable since they provide a single output
peak.7®

The lasing threshold is defined as the lowest excitation
level at which the beam output is not dominated by the
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spontaneous emission, but by the stimulated emission.
Above the lasing threshold, the laser starts to ‘lase’, i.e.
the laser is emitted,”® as shown in Figure 7(a).

The characteristic monochromaticity of the light
depends on several factors, such as (i) the electronic tran-
sition, which is responsible for the light emission, (ii) the
nature of the transitions, which dominates the bandwidth,
and (iii) the intrinsic properties of the resonance cavity.
For instance, due to Heisenberg’s uncertainty principle,
long pulses have a narrow bandwidth and high spectral
resolution but a low time resolution, while short pulses
exhibit broad bandwidth with low spectral resolution
and a high time resolution. Coherence length can be
divided into temporal and special coherence. Temporal
coherence, also called longitudinal coherence, is related
with the spectrum bandwidth of the laser beam which has
a narrow output linewidth. Spatial coherence defines a
fixed-phase relationship transverse to the direction of the
beam propagation.(”

The abovementioned condition of an inverted popula-
tion acts itself as a beam amplifier, since, as a light beam
propagating through the optical amplifier, the number
of photons stimulated will be greater than the absorbed
photons, thus amplification of the beam will be produced,
1.e. a net increase in the number of photons emitted will
take place. To obtain the laser oscillation, the medium
must have a certain length concerning the propagated
wavelength with an inlet and outlet surface. The reflecting
mirrors at the end of the cavity can have different or
same reflection values, whereby they induce an optical
phase shift. It is worth mentioning that, in the beam ampli-
fication process, while the electrons travel between the
mirrors, the gain in the amplification medium must over-
come the different losses in the optical cavity. When elec-
trons are introduced into the system, the pumping rate
is proportional to the inversion density as long as the
system stays below the oscillation threshold. The systems
then start to oscillate and the amplified photon flux into
the cavity increases, whereupon the saturation density
increases, and the gain is reduced as long as the cavity
losses are equal to the gain in the medium. Once the
threshold current is reached, the photon density increases
linearly with optical pumping.’® The threshold condi-
tion is obtained when the optical field can reproduce
itself after one round through the cavity,'" as shown in
Figure 7(a). The output flux of the emitted light depends
on the output mirror, so the lower the value of the trans-
mittance of the mirror, the lower the threshold current
required. If, for instance, the transmittance is zero, no
light can penetrate through the mirror. If the modes start
oscillating inside the optical cavity, the maximum laser
modes are given by the gain bandwidth and the spacing
between modes. In a homogeneous broadening, the line-
shape is monolithic and the shape exhibits a Lorentzian
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CASCADE LASER INFRARED SPECTROSCOPY

function, leading to a single-mode laser operation. In
a nonhomogeneous gain spectrum, the whole system is
divided into several subsystems with a set of modes, so all
modes are individually amplified, and the laser is multi-
mode, as shown in Figure 7(b). To control the laser pulse
time, three different mechanisms can be used. In the
damped oscillation, an additional mirror is implemented,
whereby photons are accumulated from a fully reflec-
tive cavity after the photon energy. Another approach
is the Q-switching, whereby the dumping of the laser
cavity is achieved by modulating the intercavity losses.
Q-switching is obtained, if the quality factor (Q-factor) of
the cavity is modulated, by introducing temporarily large
losses (the mirrors are temporarily not available) and
reducing the reflectivity of the exit mirror. In a first stage, a
population inversion occurs, but in the first cycle it is very
large, so that laser emission cannot take place, and the
energy is then stored inside the optical cavity. As the laser
radiation accumulates, the losses are drastically reduced.
Once the accumulated energy level reaches the saturation
level of the gain medium, the Q-switch devices rapidly
switch to a high-Q-factor, whereby the stored energy in
the occupied states in the cavity is then released and the
optical amplification occurs. The third possible mecha-
nism is the mode-locking, as shown in Figure 7(c), which
is a dynamic response in inhomogeneous laser media and
allows the generation of pulses in the range of pico and
femtoseconds of duration. In this mechanism, the oscil-
lation inside the cavity is not blocked, but the storage
of photons in the optical cavity is avoided, contrary to
the Q-switching mechanism. Thus, light propagation is
carried out by releasing photon packets in a steady-state
equilibrium, i.e. the gain curve remains constant over a
time interval. Therefore, the laser has a train of pulses
with the same intensity. The wider spectrum of the laser
gain, the higher the number of supported modes and,
therefore, the shorter the pulse. By now introducing a
fast response electro-optic shutter in the optical cavity,
light transmission is only possible for a short time and
the overall wave train propagating inside the cavity is that
from the electro-optic shutter.-8

2.1 Principles of Cascade Lasers

Almost one-quarter century ago and approximately
35 years after the first mention of how such lasers should
operate in 1960,'? two different types of cascade lasers
have been almost simultaneously presented and devel-
oped. In 1994, the QCL was mentioned first in an article
by Faist et al.1?, and Yang(!¥ published one year later
the first study introducing the ICL.

Before the development of cascade lasers, conven-
tional diode lasers have been used. In these devices,
electrons and holes are injected from the opposite side of
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a p—n heterojunction, whereby ideally all of the multiple
quantum wells are equally populated.('> In general, the
electrons and holes are injected into the active region
of a semiconductor and when they combine, they emit
photons with wavelength depending on the bandgap of
the semiconductor.® In quantum wells, electrons can
move freely in this plane, which is perpendicular to the
growth direction z. In a one-dimension quantum well,
potential barriers and wells are defined depending on the
distance to the center.®

Diode lasers have a short semiconductor cavity, are
sensitive to temperature changes and injection current,
and they have broad linewidth with poor tuneability.(1®)
Lead salt diode lasers, which are the only diode lasers
available in the MIR range, have also a limited power
of several milliwatts in continuous-wave operation.”
The quantum wells are positioned as neighbors and are
separated by barrier layers, as shown in Figure 1(a).
A disadvantage is that if the electrons and holes fail
to populate uniformly in the opposite direction of the
quantum wells, the gain degrades in the injected current
density.?? The optical gain saturation is achieved, if
the population between levels provides an amplifica-
tion, when both absorption and stimulated emission are
dominant.®» The total threshold current is a product
of the threshold current density per quantum wells
and the number of quantum wells, while the parasitic
voltage drop consists of the total threshold current multi-
plied by the series resistance area product. However,
the voltage drop produced is more significant than the
‘useful’” voltage, since the currents are often higher and
the photon energy is smaller than at shorter wavelengths.
One of the advantages of these devices is their versatility
in fabrication, as the wavelength of the emitted beam
can be controlled by the semiconductive material from
which they are made. However, although they can cover
a huge range of wavelengths, the narrow bandgaps of
these semiconductive materials are not effective in the
MIR range as they have a weak bonding between their
constituent atoms. It is therefore impossible to reach the
MIR range with this class of arsenides and phosphides-
based material systems.1?202% The diode laser is working
primarily in visible and NIR regions, and those which
operate in MIR, as the lead salt diode lasers, have several
inconvenient (further are in Section 2.1.3) such as a
critical operating temperature, which is why they have to
work at cryogenic temperatures, a limited output power,
limited tuneability, thermal conductivity, and mechanical
stability.®» Another inconvenience of the diode lasers is
the nonradiative loss mechanism due, e.g., to the Auger
recombination, the inadequate electrical confinement,
poor efficiency in the use of the bias voltage, a nonuniform
distribution of the injected carriers, and the increased
free-carrier absorption loss.!”) Auger recombination is
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Figure 1 (a) Schematic of diode laser with p—n heterojunction. (Adapted from Vurgaftman et al.'®) (b) Type I, Type 11, and Type 11
broken bandgap quantum well heterostructures. (Adapted from Yang.!'?) (¢) Intersubband photon emission in a cascading structure
by interwell and intrawell optical transition. (Adapted from Yang.(429) (d) Schematic of intersubband transitions; the transition takes
place between states of the same band and exhibits the same dispersion curve. Schematic of interband transitions; the transition
between different states generates a change in the curvature of the dispersion curve. (Adapted from Faist.?D)

resulting from electron—electron interaction, whereby
electrons can recombine with another electron or hole
and the resulting energy gain is transferred in form
of kinetic energy.® To achieve the emission of beams
with wavelengths in the MIR range, cascade lasers have
been developed. Here, the multiple quantum wells are
connected in series and the obtained cascading structure
mitigates the inefficiency of diode lasers. In a cascading
structure, the same current flows through every state,
and each injected carrier (electrons and holes) travels
through all the stages. The energy staircase is formed
under forwarding bias, and undergoing these staircases,
one electron emits several photons. A high quantum
efficiency (larger than one) is achieved, as the electrons
are cascading through these cascades, connected in series.
The required recycling of the carriers from the valence to
the conductions band, in each stage, does not generate
significant additional voltage or current. The electrons
are therefore recycled from period to period down the
structure. The carrier concentration required for the
threshold current is lower than in the conventional diode
lasers, which leads to a decrease in the optical and Auger

losses, as well as in a lower threshold current density.
The parasitic voltage drop is smaller due to the electrical
resistance and the ‘useful’ voltage increases. Parasitic
voltage can be reduced across the series resistance with
the application of a higher voltage. Furthermore, as
in MIR and FIR region, the photon energy is low, the
ohmic loss in these devices is negligible. MIR optical
losses are reduced due to a lower free hole absorp-
tion, which occurs in every stage of a heavily doped
tunnel injection.(1920:2223.2527) QOriginally, the idea of
cascading structures was used earlier with tunnel junc-
tion in 1982.?% The cascading is also producing some
advantages as the size of the region in which the gain
occurs will be increased, the population density which is
required for each active region period will be decreased.
Therefore, the threshold current density will be reduced
and the slope can be increased, as a single electron can
emit several photons.?>)

While the electrons are traveling through the cascade
structure (Figure 1(c)), intersubband photon emissions
are obtained. There are two possible mechanisms of the
intersubband photon emission, either the intrawell or the
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interwell optical transition. Intrawell optical transitions
take place from the lowest energy state of a quantum
well to the second-lowest energy state of the neighbor
quantum well, whereby during this transition a photon is
released. In interwell transitions, the transition takes place
from the lowest energy state to the neighbor quantum well
in the highest state, whereby the electrons are relaxing
into the lowest state and emit photons. In intrawell optical,
the transitions are much larger, but the population inver-
sion is difficult to achieve, as the nonradiative relation
between the two states in the same well is faster. However,
the threshold current is lower compared to the interwell
transitions. Since the electron transport in the quantum
wells is based on the intraband tunneling, two distinct
physical requirements must be fulfilled for (i) the realiza-
tion of an efficient population inversion, (ii) good confine-
ment of the electrons at the upper energy level, and (iii) a
fast electron tunneling rate at the lower level. To obtain
an adequate population inversion for the lasing action, a
high injected current is needed, whereby a considerable
amount of heat is generated. It is demonstrated that the
nonradiative relaxation of optical photons is three times
faster than the optical phonon relaxation, so the nonra-
diative decay has to be suppressed to achieve the inter-
subband lasing.(!¥ Phonons are vibrational waves, which
are involving the atoms in the lattice, too. Optical phonons
are characterized by the opposite motion of two types of
atoms and have therefore a high frequency.® The inter-
band transitions are taking place between electrons and
holes. Both are separated by true bandgaps and the tran-
sitions occur when the exhibited states of the electrons
or holes have an opposite dispersion curve, as shown in
Figure 1(d). The radiation process is mostly like recom-
bination process. On the other hand, intersubband tran-
sitions take place between electrons or holes confined
states, whereby here there is a difference between the
confined states of the electronic states. This electronic
state will go to zero when the well width will be increased.
As the electronic states are belonging to the same state,
they have the same plane dispersion, and the states are not
separated by energy gaps, as shown in Figure 1(d). Any
elastic or inelastic transitions allow scattering from higher
to lower states. The lifetime of the electrons is deter-
mined by nonradiative processes and therefore limits the
upper state lifetime to a very short time. The gain and
absorptions lines are mostly broadened by scattering and
exhibit essentially symmetric lines centered on the tran-
sition energy.?" In other words, intersubband is a tran-
sition between the same band, but electrons are moving
from one to another subband, in interband transition,
the electron from the valence band is excited to the
conduction band and intrasubband are promoted from
different states within the same subband.® The idea to
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use such intersubband transitions for optical gain are orig-
inally from Kasarinov and Suris in the early 1970s, as
shown in Figure 3(a). An optical response is obtained
by applying a strong elastic field to the superlattice,
whereby the ground state of the well will be going up
just below the second excited state of the quantum well
downstream.??

Depending on the alignment of the energy bands where
the cascading takes place, the semiconductor interfaces
can be classified into three different heterostructures:
Type I heterostructures which consist of a straddling
gap, type Il-staggered gap, and type II-broken gaps (also
known as Type III).®D Heterojunctions are obtained,
when one semiconductor is grown on top of another.®
Type-1I heterostructures are characterized by the fact
that valence and conduction band offsets have oppo-
site signs, and the electron and hole transfer take place
easily. The main difference between type II-staggered
and type II-broken gap is that, in the first one bandgaps
overlap, while in the second one the bandgaps do not
overlap and the carrier transfer is more significant, as
shown in Figure 1(b). In Type-I heterostructures elec-
trons and holes are separated in space, so their recom-
bination is only possible when they tunnel through the
hetero barrier.®? However, the Type-I alignment has in
the same material the minimum in the conduction band
and the maximum in the valence band. Their transition
energy can be written as a sum of the energy gap of the
well material and the confinement energies of electrons
and holes. As a result, the transition energy is limited
toward lower values by the gap of the quantum well
material. The gain spectrum is broadened by the elec-
tron and hole distribution within the bands.?D That is,
in Type-II structures, the interfaces of two semiconduc-
tors align so that only the valence or conduction band
of one semiconductor fits to the bandgap of the other
band. Therefore there is in the same spatial region, a
quantum well in one band and an energy barrier in the
other band, whereby in Type-I the quantum wells for
carriers are in the same band.®® Type-II heterostructures
laser devices have the advantages that they can operate
in short and mid-infrared wavelengths, and, by doping the
heterostructure, it is possible to transform between both
structures (Type-1 and Type-II) and modify the behav-
iors of the wave functions associated with the charge
carriers.®¥ Doping is obtained, when chemical impuri-
ties are introduced at low level to the semiconductor,
whereby either they can be donors, the so-called n-type
semiconductors, an additional electron is inserted, or they
can be acceptors, the so-called p-type semiconductors,
whereby a hole is inserted.®) The Auger recombination
processes in Type-II semiconductor heterostructures are
different from the bulk processes. In the heterostruc-
tures, the Auger recombination rate is a power function
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of temperature. There are two possible mechanisms that
either the electron tunnels through the heterobarrier and
recombines with an electron in the quantum well of a hole
tunnels through the heterobarrier and recombines with an
electron in the quantum well.?

2.1.1 Interband Cascade Laser

2.1.1.1 Working Principle of Interband Cascade Lasers
IC lasers are assembled from the near lattice structure
InAs/GaSb/AlSb III-V material, generating a semimetal-
like heterostructure.?® This structure is a specific feature
of Type-II broken-gap heterostructures, quantum wells,
and superlattices. Even though IC lasers can be made up
of both heterojunction types (I and II), the broken-gap
alignment makes the interband more efficient, which
is needed for recycling the injected electrons in the
cascade.(1420:26:35) In contrast to conventional diodes and
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QC laser, ICLs are generating holes and electrons at the
interface of the bandgap.(!®

By applying an electric field, the semimetallic overlap
between the conduction subband of the InAs electron
quantum well (acceptor) and valence subband of adjacent
Ga(In)Sb hole quantum well (donor) can be tuned.®®
InAs layers are the active regions and are separated
by n-type multilayers of InAs/Al(In)Sb, which are the
injection regions of electrons. Coupled GaSb/AISb oper-
ates as the hole injector and is separated by AISb barriers
on both sides. Therefore, the active core of the IC lasers
consists of the active quantum wells, which can be either
Type-I or Type-1I band alignments, the hole, and the elec-
tron injectors, as shown in Figure 2(a).?? One of the
advantages of these semimetal heterostructures is that
the quantum confinement needed to overcome the energy
gap is small, as the conduction band minimum of the InAs
bulk is approximately 0.2 eV at room temperature, which
is below the valence band maximum of GaSb,*® building

GalnSb AlSb GaSb
AISb —> Y )(7
Interband

tunneling

hv

Bandgap blocking
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Figure 2 (a) Schematic of energy diagram of active quantum wells, with tunneling window A and the photon emission is taking
place between two states in the conduction band. (Adapted from Yang!¥; Yang and Xu.®?) (b) Further development of the active
region, whereby the Type III quantum well is used, whereby the photon emission is taking place from the conduction to the valence
band with followed interband tunneling. (Adapted from Yang.®?) (c) One period of the band diagram of an IC laser, which can
be repeated several times. Black and blue lines define the probability densities of electrons and holes, respectively. (Adapted from
Meyer et al.??; Vurgaftman et al.?») (d) Type II quantum wells in absence of an applied electric field (right) and with an applied
electric field and an overlap-induced electron and hole populations (left). (Adapted from Vurgaftman et al.?®) (e) Electronic system
in thermal equilibrium (right) and far from a thermodynamic equilibrium (left). (Adapted from Rosencher and Vinter.®)
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up Ga(In)Sb Type-1I quantum wells. The basic unit of
a quantum well laser has therefore at least two coupled
quantum, with valence and conduction band structure,
which have a strong interband coupling between them.®
By applying an external electrical field, the lowest conduc-
tion subband (InAs LUMO) can be lowered concerning
the highest valence subband (GaSb HOMO), whereby
a semimetallic interface is created, separating the hole
injector from the electron injector. Electrons populate the
InAs quantum well and holes migrate to the Ga(In)Sb
quantum well, creating a quasi-thermal equilibrium,?
as shown in Figure 2(e). As both carriers flow away
from the interface, to maintain the quasi-thermal equi-
librium population, electrons and holes must be replaced
by the application of a voltage.*? The resulting voltage-
dependent overlap is typically an operating voltage of
100 meV.?d

The carrier density through the active core is a field-
dependent overlap between the states in the hole injector
and active hole quantum wells, as shown in Figure 2(d).
As a quasi-Fermi level is reached on both sides of the
semimetallic interface (i.e. between the conduction
subband of InAs electron quantum well and valence
subband of adjacent Ga(In)Sb hole quantum well), the
carrier transport via direct, phonon-assisted, or other
tunneling mechanisms can be achieved reasonably fast.
As there is a relatively long carrier lifetime in the active
quantum wells, it is necessary to ensure that the quasi-
Fermi level must be discontinuous across the active
region of each stage: for this purpose, the applied bias
in an ideal design should separate the quasi-Fermi levels
in successive stages, equal to the single-stage voltage
drop.®?2% Fermi energy is the energy of the last occupied
state and the Fermi level is the chemical potential of
the particles in structure and describes the amount of
energy, which is needed to remove the particle into the
vacuum. The Fermi level in a semiconductor is depending
either it is located in forbidden or allowed energy bands.
Quasi-Fermi levels are build up at thermodynamic
equilibrium when the bands are populated by, e.g., elec-
trically injected carriers, whereby the electron and hole
population are described by their own Fermi levels,®
as shown in Figure 2(e). Therefore, the separation of
the quasi-Fermi level should simultaneously produce an
optical gain, which compensates for the phonon loss in
the cavity.(!® To obtain a good separation, a sufficient
optical gain must be produced, which can compensate the
photon loss in the cavity, as well as the internal generation
of a quasi-equilibrium carrier density, which is consistent
with the voltage drop according to extrinsic doping. The
sufficient optical gain is a property of the active quantum
well, whereby the design and the doping of the electron
and holes quantum wells of the semimetallic interface are
responsible for the generation of the quasi-equilibrium
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carrier density.?>2% The carrier densities are exceeded by
doping density. N-doping can be shifted toward the active
region to maximize the electron transfer.!® N-doping
leads to a large reduction and p-doping to a minor reduc-
tion of optical gain.®? If the thickness of the electron
injector in the quantum well, e.g., exceeds the optimal
thickness, there will be an excess of carriers and an
unnecessary free-carrier absorption would be induced.
Moreover, if the injector quantum well would be too thin,
the threshold voltage would exceed, which is needed to
induce the ideal quasi-Fermi level separation. In this case,
only a small amount of the carriers would contribute to
the optical gain, since there would be more injectors than
active quantum wells on both sides of the semimetallic
interface.(?23.20)

The carriers can be created either internally at the
semimetallic interface or introduced by extrinsic doping.
Therefore, the electron and hole injectors must be
designed to (i) maximize the fraction of the injected
carriers that populate the active states and (ii) main-
tain a sufficient carrier transport through the complete
stage in the single quasi-Fermi level.?? The energy
subbands in the two-hole injector should lie substantially
below the upper active hole subband, while the states of
the thicker electron injector should stay in the vicinity
of the semimetallic interface and energetically lower than
the active electron quantum well state. Most of the elec-
tron population is located in the injector states, whereas
nearly all of the holes reside in the active quantum well.
If there is no extrinsic doping introduced to supplement
the carriers generated at the semimetallic interface, the
active hole density will be higher than the active elec-
tron density at the lasing threshold.*>?® If the Auger
process is not dominating the carrier lifetime, the large
hole/electron density ratio will tend to reduce the gain
per unit of the current density and increase the internal
loss unless the cross-section for free hole absorption is
negligible.?® The Auger lifetime is the inverse square
of the carrier density.®® Therefore, the InAs well is
designed to have the ground electron state positioned
within the bandgap of the GalnSb.?®

To promote the inverted tunneling, the valence band
edge of GaSb must be higher than the conductions band
edge of InAs, to favor a strong optical coupling between
both layers. Hence, a tunneling ‘window’ (A) in the injec-
tion AISb layer is obtained,*® allowing the resonant
interband tunneling between the ground state of InAs
layer to the hole energy in GaSb, as shown in Figure 2(b).
Meanwhile, the lifetime of the lowest energy state in InAs
is reduced. A similar effect of the energy state of InAs is
obtained, by lifting the InAs layer into the forbidden gap
of GaSb, which can be achieved by varying the well width
and changing, therefore, the barrier height. There are
different possible ways to collect electrons in the upper
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energy state: by applying a forward bias, for instance,
electrons can be injected into the first well of an emitter
region, e.g. n*-InGaAs, whereby electrons will fall in the
upper energy state of InAs. Another possible way is via
the resonant tunneling into the upper state of InAs. On
the right side of InAs, there is the so-called forbidden gap,
where the electrons are blocked from directly tunneling
out into the collector region. The blocking layer is made
up of GalnSb, AISb, and GaSb layers, which are respon-
sible for suppressing the current leakage from the upper
energy state to the next stage injector. Therefore, the only
way for electrons to reach the collector region is by a relax-
ation via the radiative transition to the lower energy state
of InAs. Accordingly, electrons move out of this well by
tunneling into the next junction region that is the inter-
band transition to the valence state of GalnSb, which is
above the conduction band edge of InAs, then moving
to the valence band of GaSb, and finally reaching the
collector, which is the conduction band of the injection
region in the next cascading stage. Here, electrons can
be promoted again to the upper state for an additional
photon emission, which is an electron transport recycling
process. This Type-1I band alignment between InAs and
GaSb is important for the interband tunneling from one
to another stage and is employed as a semimetal source
toinject electrons and holes.(1420-22.2635 Figure 2(c) shows
one period of the mechanism taking place in the ICL, as
described above.

2.1.1.2  Design of an Interband Cascade Laser By
manipulating the thickness of the InAs and GalnSb
quantum well layer, the energy separation of the conduc-
tion and valence bands can be changed from a few
meV up to 700 meV.?» As mentioned above, two GaSb
quantum wells in the hole injector state are used to
suppress the electron tunneling leakage from the electron
injector. However, it is not helpful to add more quantum
wells in the hole injector state, as the two-holes quantum
wells, aligned at the threshold field of the upper subband,
are strongly coupled to themselves. Consequently, as an
empirical rule, the thickness of the GaSb quantum well
should be chosen to place the two subbands approxi-
mately 80-100 meV®® below the maximum in the active
hole quantum well. Here, it is ensured that there is a
very low occupation in the hole injector states in quasi-
equilibrium. The thickness of the AISb barriers, which
separate the active and hole injector quantum wells, are
typically between 10 and 12 A,® to assure an unen-
cumbered hole transport. Using thicker barriers, the ICL
performance is gradually degraded. The thickness of the
electron injector layer should be that thick, to produce the
required threshold carrier density; this is obtained with
a thickness between 40 and 50 A® in the first electron
injector quantum well. The electric field in the active core

INFRARED SPECTROSCOPY

is then ~70-90 kV cm~! at the lasing threshold. To ensure
the coupling of adjacent quantum wells, the thickness
of each subsequent well is reduced. This characteristic
is also known as chirping, a process, whereby the laser
pulse is shaped in frequency, e.g. the bandwidth can be
narrowed for large laser pulse amplitudes.®® The lower
energy subbands closer to the semimetallic interface are
more heavily doped than the higher energy subbands
adjacent to the active region of the next stage. This
configuration reduces the density of the states at lower
energy, but there is still a sufficient electron transport
from the semimetallic interface to the active electron
quantum wells. AISb barriers in the electron injector
state are between 10 and 14 A@® thin. However, there
are two berries in each state, which must be between 250
and 30 A@ thick. These two barriers either separate the
electrons and hole injectors at the semimetallic interface
(to minimize the parasitic interband absorption across
the interface) or separate the electron injector from the
first active electron quantum well (isolating the active
electron subband from the injector states and preventing
significant hybridization while there are still sufficient
electrons to tunnel).?22329 As the InAs/AlSb superlat-
tice has a low thermal conductivity, thick layers can cause
accumulation of heat and therefore limiting the output
power.“0

The wavelength can be controlled by adjusting the
thickness of the quantum wells, which allows a wide
range of spectral coverage between 3 and 12 pm. One
possible drawback is the reduced wave function overlap
between the two interband transition states in Type-II
quantum wells, leading to a smaller gain compared to
Type-I quantum well lasers. In the Type-I lasers, the
electrons and holes wave functions are localized in
the same layer. Due to the broken-gap alignment, and
the small electron effective mass of InAs, the penetration
of the electron wave functions into the GalnSb layer,
is sufficient to get the laser working. To promote the
overlap of the wave function, a so-called “W’ shape in the
Type-1I quantum wells can be employed.(1420:2235) Effec-
tive masses are resulting from the interaction of electrons
with the periodic potential of the crystal.® The ‘W’ active
region consists of one GalnSb hole well and on both sides
the two InAs electron wells. The typical composition
of the GalnSb alloy is Ga,_ In Sb with,?® which is the
maximum value that can be adjusted to maintain a homo-
geneous layer growth. The ‘W’ configuration in the active
quantum wells enhances the electron—hole wave function
overlap in comparison to the InAs/GalnSb quantum well
with a single Type-II interface (see Figure 2(c)).?>23:20

The waveguide design of ICL is needed to minimize the
active region material and the waveguide’s internal loss,
whereby the electron injector thickness decreases and
the thickness of the hole injector increases. InAs/AlSb
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has a lower refractive index compared to the GaSb/AISb
layer of the hole injector region. Ten stages are needed
for a good waveguide that the light is guided through
the structure unless one high-index structure is incorpo-
rated. The cladding (InAs/AlSb) must be thick enough
to prevent mode interaction to upper or lower GaSb
substrate.?® The electrical mode is here operatingin a TE
mode.®® The lasing mode for a five-stage ICL structure is
shown in Figure 6(j), as well as the refractive index profile.

2.1.2  Quantum Cascade Laser

2.1.2.1 Working Principle of Quantum Cascade Lasers
The unipolar semiconductor QC laser is an intersubband
laser, with a high laser power, narrow bandwidth, wide
tuneability, and low beam divergence.*® Single-pulse and
narrow bandwidth can be specially obtained in contin-
uous wave (CW) operation, as in pulsed operation, the
frequency can be chirped due to thermal heating in the
laser structure during the pulses. QCLs are defined as
unipolar devices, whereby electrons are the only carriers
traveling through the structures,*® in contrast to diode
lasers, where both electrons and holes are used as charge
carriers.!”)

QCLs consist out of two regions, the gain and the
injection/relaxation region, which are repeated several
times, working as the active region. One period of the
whole QCL structure is shown in Figure 3(c). Two char-
acteristics must be taken into account when building it:
(i) the structure should be electrically stable and (ii) the
population inversion must take place. The QC laser was
the first configuration, which could fulfill all the require-
ments for the intersubband lasing.!>?> The simple
superlattice structure, which alternates layers of two bulk
semiconductors®® proposed by Kazarinov and Suris,?”
assumes that the superlattice has, under an applied elec-
tric field, the ground state of the upper well energetically
above the first excited state of the downstream well, as
shown in Figure 3(a). This structure was later modified
and consists of several unit cells, with each of them with a
complex heterostructure potential of wells and barriers,
as shown in Figure 3(b).?>* The gain region creates
the population inversion between the two levels of the
laser transition, which can be designed with different
shapes, structures, etc., which will be explained in the
next section. The active region consists of a ladder with
at least three states, whereby two adjacent active regions
are connected directly. Electrons are injected in the third
state, from the injector stage aligned to the upper one.
The population inversion occurs between states two and
three, where the lasing part takes place if the electrons
will be injected into the third state. The lifetime of state
two is shorter than the scattering time from stage three
to stage two and the electron—phonon scattering between
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state three and two is nonresonant. At each of the steps in
the active region, electrons are emitted. However, from
state three, electrons can also escape into the continuum.
The injection/relaxation region is then followed. Here,
the electrons should be raised compared to the band edge
and enable the injection by resonant tunneling in the next
period. It is assumed that it consists of only one level with
a constant amount of population, which is aligned to the
upper level of the next period. The injector region can
build up a mini band, which blocks electrons to escape
to the continuum. It serves also as regions to recycle
the electrons and inject them again into the system.
By alternating the quantum wells and barriers with a
changing duty cycle, an effective ‘graded gap’ is created,
which compensates the applied electric field.©®17:2530
The typical amount of active-region/injector amount is
between 20 and 50 stages for lasers operating between
4 and 8 ym.(® Doping is necessary to provide the elec-
tron charge needed for the transport and to prevent the
formation of space charge carriers; therefore, the active
region needs to be doped, since electrical neutrality must
be present in each period. To minimize the scattering
induced by the presence of ionized impurities, they
should be as far as possible inserted from the active
region. Doping impurities leading to a broadening effect
of the laser beam, but by removing the dopants from the
active area, there is no direct relationship between the
injector doping density and linewidth observes, which
is in agreement with the linewidth dominated by the
interface roughness effect. The main loss mechanism
in the waveguides is the free carrier absorption, so the
waveguide losses correspond to the doping of the active
region. The lifetimes are not limited by electron—electron
scattering and are independent of electron density. The
operating and threshold currents increase linearly with
doping.(>>39 The average doping level for MIR QCL
is 10’ cm™3 and a background impurity of 10’5 cm=3.49
It is also an ‘electron reservoir’ to insert electrons into
the next period. As there is just a small effective applied
electric field, due to the bandgap grading, a cooling of
the electron distribution toward the lattice temperature
will be promoted. Therefore, the injection/relaxation
region (i) prevents the formation of electrical domains,
(i) reduces the applied electrical field by lengthening the
period, and (iii) the electrons are blocked for the upper
state of the laser transition if it is rightly engineered.®
The main advantage of the intersubband laser is the
cascading of the active regions. The number of periods
appears in the threshold current density and the slope
efficiency, while the number of carriers injected into
the active regions is not dependent on the amount of
the series configuration. Therefore, more periods do
not affect the population inversion in every single state
but increase the applied voltage. In contrast, in the
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Figure 3 (a) Schematic of the original superlattice structure developed by Kazarinov and Suris. (Adapted from Kazarinov and
Suris.?”) (b) Schematic of the band diagram of the QCL with inversion population between state two and three in a QCL device.
(Adapted from Faist.¥) (c) One period of the whole QCL structure, which can be repeated several times. (Adapted from Bai et al.??)

conventional diode laser, the increment of the number of
quantum wells in the active region increases the threshold
current due to the larger active region volume which must
reach the transparency.®> The transparency condition in
the general QCL three-level system can be obtained by
the population inversion beyond a certain pump photon
flux threshold.® On the other hand, the slope efficiency
is proportional to the number of stages. The threshold
current density has a weak dependency on the tempera-
ture, as (i) the joint density of the intersubband transition
is atomic-like and the temperature dependence of the
broadening of the gain curve originates only from the
dependence of the in-plane scattering, and (ii) the main
intersubband scattering mechanism is the optical phonon
scattering as the upper-state lifetime decreases very
slowly (factor of two between cryogenic temperature and
400 K). The backfilling is the thermal population of the
lower states, which is produced by the carriers thermally
excited to the lower state from the injection region, and
at the same time, the population must be compensated
from this state to achieve transparency and should be
minimized. To reach the threshold, a power density of
20-50 kW cm™2 is required, otherwise, the device would
be self-heated. The active region cannot be assumed to be
the same as the submount, especially when operating in
continuous mode. The maximum operating temperature
in such CWs is (i) the high value of the 7|, and the low

intrinsic threshold power, leading to the design of the
active region and low-loss waveguides, and (ii) a high
thermal conductance power, leading to the thermals
engineering of the active region.?>

The wavelength of the QCL is not dependent on the
used semiconductor bandgap, as it is based on the inter-
subband transition of the semiconductor heterostructure,
which consists of several layers of two semiconductor
materials and the electron state inside the crystal and
wavelength of emitted laser radiation is dependent on the
thickness of the layer. These layers and the height of the
energy barriers, which are separating the layers, are deter-
mining the energy difference in the levels. Applying a bias
voltage, electrons tunnel between the levels, whereby the
energy difference in the quantum wells corresponds to the
lasing energy.?¥

The wall-plug efficiency is defined as the electrical-to-
optical power conversion efficiency of a laser system.“®
The optical power of a laser can be improved by
increasing the gain medium, however, more electrical
power is necessary to drive the laser. As the waveguide
losses are dominated by the doping of the active region,
the number of periods, the doping level, and the mirror
losses have to be taken into account in order to achieve
the optimal efficiency. The gain cross-section and the free
carrier absorption are proportional to the inverse effec-
tive mass.>> For this reason, the wall-plug efficiency can
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be adjusted by optimizing the band structure design and
on-device fabrication. It is worth mentioning that high
wall-plug efficiencies reduce the waste heat produced
within the laser. For instance, ICLs employing with a
‘W’-configuration have a wall-plug efficiency better than
20% when they operate at temperatures around 90 K.47
QLGs, e.g., have wall-plug efficiencies of more than 20%
operating at room temperature, whereby it is higher in
pulse mode than in CW mode.“*®

2.1.2.2 Design of the ‘Intersubband Toolbox’  As the
main goal is to achieve low threshold and high-efficiency
lasers, several parameters should be taken into account:
(i) there will be a large ratio of the upper to the lower
state in the active region, (ii) a low waveguide loss, (iii) a
narrow transition linewidth and (iv) long upper lifetime.
As these requirements are in conflict with each other, the
‘intersubband toolbox’ is generated to engineer the life-
times and dipoles and then combined to create the active
region architecture via changing the tunneling, the optical
phonon scattering, the phase space, the escape time with
Bragg reflection and the upper-level confinement, as well
as the injection efficiency.®> The performance of the
intersubband laser can be also described by the internal
quantum efficiency and the threshold current density,
which is depending on the nonradiative intersubband
transition rate.1

Intersubband scattering occurs when the electrons in
the excited subband recombine to the lower subband via
different paths, such as (i) spontaneous emission, which
has low radiative efficiency, (ii) inelastic scattering by a
phonon, (iii) elastic scattering through impurity or inter-
face defects and (iv) electron—electron scattering, as seen
in Figure 4(a). The radiative emission, which is domi-
nant in the interband scattering, is also prevalent in the
intersubband scattering, not even in a perfectly pure
material. If two subbands are spaced with the energy
bigger than the optical phonon energy, the optical phonon
emission is the dominant scattering. The other scattering
mechanisms compete with them but can be avoided by
a correct design of the structure. For short-wavelength
lasers, elastic scattering by interface roughness is impor-
tant. Elastic scattering between subbands occurs, due
to collision with ionized impurity or through scattering
at an interface step. The interface roughness is respon-
sible for the broadening of the intersubband transitions
in the MIR range, whereas the linewidth broadening is
mainly due to the intrasubband scattering. The differ-
ence between intersubband and intrasubband is that the
intersubband scattering rate is used to compute the popu-
lation dynamics of the states. The electrons move from
one subband to another. In intrasubband scattering, the
electrons remain in the subband, but they change their
wavevector. The linewidth of an intersubband transition
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in a GaAs quantum well as a function of temperature
shows that at higher temperatures, the binding energy
increases, as does the electron mobility.2>49

The scattering rate increases with the transition energy.
Molecular beam epitaxy (MBE) can be used to change the
interface roughness and therefore the elastic scattering.
If the energy between the subbands is below the optical
phonon energy, elastic scattering of interface roughness
is forbidden depending on the temperature and the elec-
tron density, so the lifetime is controlled by a competi-
tion between optical phonons and the other scattering
processes. At temperatures higher than 60 K, the domi-
nant mechanism is the optical phonon scattering, while
electron—electron scattering or interface scattering are the
stronger mechanisms at a lower temperature, depending
on the structure and electron density. Acoustic phonon
scatterings are relevant for extremely low densities and
very pure systems. Both, optical and acoustic phonon
scattering, are phonon scattering mechanisms. Phonons
are lattice vibrations and disturb the periodicity of the
semiconductor crystal by inducing inter-level transitions
and allowing energy to let flow the lattice and the elec-
tron system. The polar optical phonons scattering is the
most efficient phonon scattering in the III-V structures.
Acoustic phonon emission lifetime is a function of the
quantum well thickness since it increases with the thick-
ness of the quantum well'*? (Figure 4(c)). Besides
the elastic scattering produced by interface roughness,
there are other elastic scatterings, such as (i) the impu-
rity scattering, which is the strongest scattering mecha-
nism, that limits the low-temperature mobility in pure,
not alloyed, semiconductors and that is found at relatively
large doping levels (ii) the alloy scattering, which is the
dominant scattering mechanism, that limits the mobility
of high-pure alloyed semiconductors at low temperatures
and that weakly increases with temperature, character-
istic which is relevant for short-wavelength QCLs, and
(iii) electron—electron scattering, whereby two electrons
exchange the energy and momentum so that the total
energy and momentum are conserved.11450 Therefore,
this process thermalizes a carrier population and does
not cool it down. In these circumstances, six different
processes can occur, (Figure 4(b)). The processes 1212 and
2121 do not influence the population of the subband and
process 2211 or 2221 decreasing the upper-state popula-
tion. In consequence, the processes 1212 and 2121 tend
to balance the temperature of the two subbands and for
large transition energies, the upper start population will
heat up as the lower one heats up due to the electron
energy loss. Processes 2211 or 2221 transfer electrons from
the upper to the lower subband, which is important for
low transitions energies. Finally, processes 2222 and 1111
exhibit scattering within a single subband, which helps to
establish a thermal equilibrium in the single subband. This
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Faist.>49)

process determines whether the electron distribution is
a set of phonon or thermal replicas in lasers with large
transitions energies (200 meV), where electrons must
emit a large number of optical phonons before reaching
the bottom of the band.(11:4)

The first parameter in the ‘intersubband toolbox’ is
tunneling, as shown in Figure 4(d). If the first and the
last state of the laser transmission are placed in different
quantum wells and they are coupled by tunnel barriers,
the scattering rate decreases with the increase of the
tunnel barrier thickness and independently to the scat-
tering mechanism. The states, behaving like destructive
quantum interferences, are induced by impurities far away
from the wells. Other scattering mechanisms, such as
optical phonons or interface defects scattering have, in
comparison, a shorter range and take place in another

phase in the state. As mentioned above, the intersubband
scattering rate and the oscillator strength are dependent
on the barrier thickness, so the gain cross-section, which
is proportional to the ratio of the oscillator strength
and the intersubband scattering rate, does not change
with the barrier thickness. Optical phonon scattering
decreases with the barrier width, which is faster than
the oscillator strength that increases with the barrier
thickness. This is, by applying a fixed transition energy, the
transition increases diagonally through the tunnel barrier
width between the quantum wells. Another advantage of
tunneling is that it is not dependent on the exact nature of
the scattering mechanism.®)

Another parameter, which can be adjusted, is the
optical phonons. The lifetimes of MIR-QCLs are limited
by optical phonon transmission. With an optimized
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design, other parasitic processes, e.g. tunnel escape, can
be neglected. The reduction of the intersubband life-
time by approaching the transition energy to the optical
phonon emission energy leads to a separation of the two
states. The intersubband transition between state two and
three is less common, as the emission of photons with
energy larger than the optical phonon is nonresonant
process.? Price®D showed the easiest way to improve
optical phonon scattering in polar III-I'V semiconductors,
as (i) the phonon scattering is dominated by the interac-
tion between the electron and piezoelectric potential in
the local lattice deformation and (ii) the optical phonons
can be assumed as monoenergetic as they have just a
small dispersion. By increasing the intersubband lifetime
the population inversion is promoted, and the electrons
exhibit large kinetic energy after their first optical phonon
emission. The increment of the temperature leads to a
decrease in a lifetime when the transition energies are
larger than the optical phonon energy. Therefore, the
scattering time is almost not dependent on temperature.
Optical phonon is turned off when the subband spacing
is below the phonon energy and the electrons in the
excited state have enough energy to compensate this
difference.(1-49>1)

Intersubband lifetime is also adjusted by the control
of the phase space, as shown in Figure 4(f). A super-
lattice is periodically formed by alternating wells and
barriers and creates minibands and minigaps, which can
be adjusted by modifying the well and barrier thickness.
Population inversion and optical gain are achieved at
the edges of the minigap when the carriers are injected
in the lower state of the upper miniband. The lifetime
of a superlattice with a minigap has almost the same
time as the intersubband lifetime if both have the same
size. Therefore, the scattering rate between the different
levels of the minigap edges will also decrease with the
total number of wells in the superlattice. The lifetime
of the lower state must be very low, as electrons from
an upper state of the lower miniband can scatter at any
point of the lower state out very efficiently. Superlattice
active areas have the advantage that the optical transition
occurs between the excited states, whereby the oscillator
strength is larger than in that of a single quantum well
with the same transition energy. With the increment of the
number of periods, the upper lifetime increases, whereby
the total upper state lifetime between the edges of the
minibands decreases along with the three-level system.
However, active regions with more than eight periods do
not work. The reason is (i) with the increment of the
number of periods, the adjacent levels decrease until the
states are closer than their intrinsic broadening and there-
fore the injection efficiency decreases, since the popula-
tion of the upper miniband spreads over many states and
(ii) the electrical injection at the edge of the superlattice
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cannot be infinite over a coherence length. The advan-
tages of using an intersubband laser with a superlattice
active region are, among others, the high output power,
the possibility to operate at high temperature and that the
phase space does not depend on the exact nature of the
scattering mechanism.?>

The fourth parameter to be modeled is the escape
time, see Figure 4(e). Under an applied electric field,
the electronic states are resonant in their lifetime, due
to the finite probability of tunneling by autoionization.
Autoionization translates electrons from the upper state
into the continuum, (escape time). This process takes
place especially in the upper state lifetimes of stages
with large confinement energy, and occurs directly or
through coupling with the intermediate state in the lower
epilayer stack, reducing the total upper state lifetime.
To avoid carriers to escape from the quantum wells,
confined states in the active region must be transferred
into real-bound states by artificially bounding the struc-
tures with high barriers. This condition reduces the upper
state lifetime below the limit set by optical phonon scat-
tering. Therefore, by using a minigap facing the upper
state of the laser transition in the injection/relaxation
region the problem can be solved. The attenuation of
the wavefunction in this region is proportional to the
width of the gap, which should be designed concerning
the wavefunction and be centered on the first exciting
step of the laser transition. The increment if the thick-
ness of the escape barrier is not sufficient to decrease
the escape time, since the escape rate of the lower states
would also be automatically reduced. Therefore, to design
the gap in the continuum, the Bragg reflection condition
with application of a Bragg reflector injector instead of a
graded gap injector should be taken into account. Under
these conditions, the optical power is increased and the
electron escape time is reduced. The increased temper-
ature leads to a reduction of the electron coherence
length and electrons can be thermally activated above
the minigap, which again increases the electron escape
rate.>>52)

The last parameter, which can be modeled, is the injec-
tion efficiency, explained in Figure 4(h). The injection-
extraction of the electrons is a nonideal process, since
electrons are not effectively injected into the upper state
and are not immediately extracted to the lowest state. If
a fraction of the current is injected into the upper state
and another fraction into the lower state, the nonreso-
nant injection occurs due to elastic or inelastic scattering
between the injector state and the lower states of the
active region, as shown in Figure 4(g). The designed struc-
ture must exhibit a maximum difference in the lower state
of the upper miniband and the upper state of the lowers
miniband in order to obtain an optimal injection efficiency
and lifetime ratio.®>
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2.1.2.3 Designing the Laser Structure via the Inter-
subband Toolbox By combining the ‘intersubband
toolbox’ the three-quantum-well active region, the
two-phonon extraction, and the bound-to-continuum
extraction can be obtained. Figure 5(a) shows different
mechanisms for the laser transition.

The three-quantum-well active region is used in the
first-mentioned QC laser.!® The diagonal transition
allows a good ratio between the upper and lower state
lifetime and is combined with the optical phonon reso-
nance. The active area is build-up so that the ground
state of the thinner well comes into resonance with
the ground state of the thicker well. The tunnel barrier
of the energy splitting has to coincide with the optical
phonon resonance. For that, a third quantum well is
needed upstream as the excited states gain energy faster
with thicker quantum wells and the excited states are no
longer in resonance. When introducing the third quantum
well, two different mechanisms can be produced, since it
can be either resonant or anticrossed to the well below. If
the transition is diagonal, the lifetime is twice that of the
vertical transition, whereas, if the new state is above the
third state, the transition has a lifetime equal to that of
the vertical. The extension of the wave function into the
injection barrier thus improves the injection efficiency,®
as shown in Figure 5(b) and (c).

A drawback of the three-quantum wells connected via
diagonal transition is the long taking time (2 ps; compared
to fast scattering between state two and one in the active
region), which enables electrons to scatter back into the
second state via multiple scattering events between these
states. The population inversion is not easy to achieve and
degrades the high temperature and high power perfor-
mance of the devices,® as the two-phonon extraction is
more favorable to use.

The two-phonon extraction bypasses the complication
of diagonal transitions, as the extraction is obtained by
separating the states with an optical phonon at each step.
By adding new levels, the population of the lower states
decreases; in this new condition, the lower wavefunction
of the upper state (wavefunction 4 in Figure 5(d)) and
the upper wavefunction of the lower state (wavefunction
3 in Figure 5(d)) become the lasing states. As shown in
Figure 5(d) the four-quantum wells in the active region
have three coupled lower states (and each of the three
coupled lower states are separated by phonon energy.
A short intersubband electron scattering time is obtained
thus via double-phonon.*-% Double phonon conforma-
tion has the advantage that the QCLs exhibit a lower
threshold and higher power. In the active region, the
three energy levels in the four-quantum wells are equally
separated by the energy of the phonons.!” There, the
extraction of the electrons into the injector region has
a better efficiency. The upper lasing state has a longer
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intersubband electron scattering time with emission and
absorption and a vertical lasing transition. The first thin
well reduces the overlap of the injector ground state
and the lower lasing state with the wavefunctions 1, 2, 3
(Figure 5(d)). The injection efficiency is similar to that of
the three-quantum-well design, so that the two-phonon-
extraction combines the advantage of the high injection
efficiency of the three-quantum-well and the short life-
time of the lower lasing state of the superlattice design.?>
Two phonon-resonance designs have a larger population
inversion, as the electrons are efficiently removed from
the lower state of the laser transition and the thermal
backfilling is reduced.(!”

The bound-to-continuum approach (Figure 5(e))
is another method to achieve high population and
low threshold current density even at high temper-
atures and it is based on the active regions of the
superlattices.* The bound-to-continuum design is based
on a continuum of the states on the low-energy end of
the optical transition.®® The superlattice has a large
oscillator strength and a favorable minigap edge life-
time ratio. As the active regions of the QCL operate
under a strong applied electric field, the periodicity of
the superlattice breaks down as the miniband splits into
a set of localized states and loses all its benefits in the
extended states. Therefore, the superlattice must be
doped homogeneously inside the active region to screen
the field. However, this approach introduces additional
broadening and losses due to the ionized dopants.*> To
overcome these limitations, Tredicucci et al.®> proposed
to ‘chirp’ the superlattice and thus compensate the
applied electric field. Additionally, below the threshold,
electrons relax their excess energy by electron—phonon
and electron scattering processes in the active region of
the superlattice. If a large current is injected, the electrons
are excited with more power than needed for the energy
relaxation time, and a set of nonequilibrium electrons
with an average energy higher than the thermal reservoir
are created. The miniband edges are kept constant in the
superlattice by changing both the barrier and well-width
in presence of the applied electric field. Throughout
the entire period, the active region is extended and
consists of chirped superlattices. The lower miniband
should be kept tilted, to obtain the maximum width in
the center and thus a decrease to both sides close to
the injection barriers. The upper state is created in the
first minigap by a small well adjacent to the injection
barrier. Their wavefunction has its maximum close to
the injection area and decreases in the active area. In
the first minigap, the upper-state is separated from the
higher-lying states of the superlattice. This structure has
not to be separated into an active and injection/relaxation
region. The large energy separation (60 meV) does not
reduce the electron injection into higher energy states
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Figure 5 (a) Different possibilities for the laser structure. (b) Building up a quantum well step-by-step. (c) Three-quantum well
structure. (d) Two-phonon quantum wells. (¢) Bound-to-continuum active region. (Adapted from Faist.®>)

of the superlattice®-%37 and the injection efficiency is
comparable to the one in the three-quantum well design.
The miniband selection rules are a bit relaxed as a result
of the localization of the upper-state and the oscillator
strength is extended between the upper-state and several
lower states. The advantages of the bound-to-continuum
approach are, among others, (i) low-temperature depen-
dence in the threshold current, (ii) a working range in
long-wavelength regimes, and (iii) high broadband gain.
The latter advantage is due to the fact that the single
upper state shares several lower states, whereby a gain
over a broad wavelength range is obtained.>>

2.1.2.4 Waveguide Design for Quantum Cascade Lasers
Optical waveguides should be designed to minimize the
internal loss and to maximize the gain required to reach
transparency.®® Figure 6(a) shows different configuration
of waveguides. Due to the interaction between the elec-
tronic system and the optical mode, optical absorption
and gain are obtained, as light is propagating through
the waveguide. Optical fields are strong enough to intro-
duce new transitions, but weak enough not to change

the states themselves, and the interaction of light with
matter can introduce a level of perturbation. Considering
a one-band model, only the z-component of the elec-
tric field is coupled with the intersubband transition.*!
The wave can propagate within a waveguide if the optical
confinement is satisfied. If the refractive index of the core,
which is sandwiched of two layers above and below, is
higher, total internal reflection occurs. If the polarization
of the wave is from TE mode nature, the polarization of
the electric field is parallel to the layer planes, and the
wave is reflected with a phase shift relative to the inci-
dent wave. Every reflection at the interface will dephase
the wave causing it to interfere with itself destructively,
as long as the reflected wave will remain in phase with
the other waves, which are produced by the preceding
reflections. Optical confinement is at a maximum when
the TE and TM modes are in zeroth order.®) The scat-
tering rate within the waveguides is following Fermi’s
golden rule, which gives the probability of how the tran-
sition rate changes from one initial state to another
due to some disturbance. The absorption of the elec-
tromagnetic wave is responsible for the decay of the
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quantum system. The lines are broadened due to the
scattering of electrons with lattice vibrations and collision
with the interface roughness. Stimulated absorption can
occur at the same rate as absorption if the upper state
is populated and the lower state is empty, whereby the
optical power is generated instead of absorbed. Using a
waveguide, a good signal-to-noise ratio can be achieved,
as the absorption strength is in prism-like waveguides
enhanced. These waveguides induce a large electric field
component in the growth direction. Brewster-angle geom-
etry, see Figure 6(a), is not favorable for materials with a
high refractive index, as the internal angle is getting small
and a small component of the field in the growth direc-
tion. The atomic-like nature of the joint density and the

tailorable potentials can be used to create multiquantum
wells with engineered levels to provide resonant nonlin-
earities and the electronic states are coupled by strong
dipole matrix elements. If the upper state is located in
the continuum, the absorption is distributed along the
continuum. In this case, the potentials should be trapped
in an artificial box and considered as bound states, as
the wavefunctions, which should be treated together,
are then getting quite complicated.*? The sum rule is
using the envelope approximation, obtaining the oscil-
lator strength, which is relevant to the optical absorp-
tion and only a small amount of superlattice bands are
contributing to the sum,®® see Figure 6(e). The enve-
lope function is used to envelop an oscillating signal
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with smooth curves.®” In the approach of Kane, the
effective mass is obtained from the interaction between
the conduction and valence band and it’s proportional
to the bandgap. Narrowband semiconductor exhibits for
this reason much larger intersubband transition strength
compared to wide bandgap materials. The analysis of
two systems, with almost the same electron density and
experimental condition, evidence that the intersubband
absorption is emitted further between several transitions
within a simple square well in a two or three quantum well
system. As the ‘downward’ transition has a negative sign,
and the sum rule has to be constant, the upward transition
has an oscillator strength. Electron—electron interaction
is expected to add a correction in the transition energy
as the electron density is in order of 107-10'8 cm™3. As
the Hartree potential, which is the electrostatic poten-
tial from the electron charge density, is mostly influencing
or potentials with dipole charge, the depolarization shift
can be seen as a screening of the interaction of one elec-
tron by the rest of the others as the absorption will have
a higher peak at a higher frequency than in bare tran-
sition. This effect is especially strong for high electron
densities and low frequencies. The depolarization shift
causes a single transition a blueshift. If a large collec-
tion of oscillators with different transition energies are
interacting via the depolarization field is investigated, the
transitions will be getting narrower and blueshifted as
the oscillator strength of the transitions of lower ener-
gies is transferred to them to the higher transition energy.
The broadening arises then either from the nonparabol-
icity or from the inhomogeneous broadening. The stark
tuning of intersubband absorption shifts the levels due to
an addition of a static electric field to the potential of the
heterostructure.*! The stark effect is, when the energy
levels are increasingly separated, whereby the resonant
optical transition connection of these two levels is blue-
shifted in energy. This effect is getting important when
the electron wavefunction cannot go outside the quantum
well and the electrons in the ground state can tunnel
through the barrier and leading to an electric filed ioniza-
tion of the quantum well.®

For modeling the beam light shape, the lineshape func-
tion will be used, whereby for a given design, the material,
injection, and oscillator strength will be fixed. The gain
is inverse proportional to the linewidth as the lineshape
function is normalized to unity. The linewidth can be
either broadened homogenous, which is lifetime broad-
ening due to collision and radiative transition, or inhomo-
geneous, which occurs due to velocity distribution caused
by the thermal motion of the atoms. Homogeneous broad-
ening leads to a Lorentzian lineshape, see Figure 6(c).
The scattering time is not only given by the lifetime of
the upper state. The scattering process takes electrons
from one state to another in the same subband, as in
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quantum-wells the upper and lower states are subbands,
whereby the population of both states is not changed,
but a loss in the phase is occurring. This process is called
dephasing and broadens the lifetime.“! The homoge-
neous broadening occurs due to inelastic oscillation and a
finite lifetime population of each level within the quantum
well. Elastic collision leading to temporal coherence.®
In quantum wells, the inhomogeneous broadening arises
from long-range quantum well interface fluctuations and
the nonparabolicity.#! Nonparabolic band structures can
be obtained by using the superlattice approximation,
whereby the fundamental optical absorption can be calcu-
lated of perfectly periodic systems in bulk materials. This
approximation uses the superlattice wave vector K=0
and the modified bulk Kane model.®>6D The heavy-
hole mass results from the inclusion of an antibounded
band and the effective mass can be calculated using the
sum rule.®® In multiquantum wells, the inhomogeneous
broadening arises from fluctuation within the well width
and the homogeneous broadening mechanism is the inter-
face roughness.*) Inhomogeneous broadening, are, e.g.,
the Doppler Effect, whereby the overall lineshape is an
average of individual lineshapes. Inhomogeneous broad-
ening is resulting from fluctuations in the growth parame-
ters of the sample.® The limiting cases for the lineshapes
are (i) the nonparabolicity leads to a step-like density
of the two subbands with different masses, as the high
electron densities and narrow bandgap material have a
square lineshape at low temperature, (ii) the disorder
leads to Gaussian lineshape, as for narrow wells, the
heavy mass is leading to disorder and (iii) Lorentzian line-
shape is observed in clean systems with a short lifetime.
Considering the 1-3 transition in asymmetric quantum
wells at low temperatures, the lineshape is a Lorentzian
shape and the 2-3 transition is a Gaussian lineshape in
the low-density carrier regime. Disorders are achieved
by monolayer fluctuations of quantum well interfaces.
Linewidths are limited by interface roughness scattering,
found Lorentzian lineshape with decreasing the width
with increasing the quantum well width, with little or no
effect on alloy scattering. The linewidth broadening is
increasing with the increasing of the well width.“4D

The light is confined vertically by the epitaxial layers
and horizontally by the ridge structures. As the epitaxial
growth allows tight control of the layer thickness, which is
why the optical confinement is stronger than the vertical
one. The one-dimensional dielectric slab model predicts
the propagation within the waveguide. The optical gain is
only achieved at the cost of large power dissipation in the
material, due to the very short upper state lifetime. The
power dissipation is in a factor of 10-100 higher compared
to IC lasers (current density of 3 kA cm™2 at an applied
electric field of 100 kV cm™! with a power dissipation of
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300 MW cm™3). Therefore, the electrical dissipation has
to be kept at a minimum.“?

Waveguiding can be achieved using metallic, dielectric
confinement, or both, see Figure 6(b). Dielectric confine-
ment is loss-free and metals with the light confinement
can get in a region smaller than the wavelength. Using
different refracting indices, the same semiconductor
materials can be used to achieve quantum confinements
because of the different bandgaps. A longer wavelength
in the MIR range limits the thickness of cladding layers
before getting growth problems. The light is confined
vertically due to the sequence of the epitaxial layers and
horizontal due to the ridge structure, which also confines
the current. As the epitaxial growths allow the tighter
control of the layer thickness compared to the lateral
ridge width, the optical confinement is stronger in a
vertical direction. The simple one-dimensional dielectric
slab model provides a correct propagation and overlap
factor in the waveguide. The easiest dielectric waveguide
is a slab of dielectric materials in the core with a refrac-
tive index bigger than the two semi-infinite lower index
cladding layers around. The thickness of the guiding layer
is in the order of the wavelength.*? If the refractive
index is constant across each layer, plane waves will prop-
agate in the z—y plane in each layer, whereby the phase
factor in the y-direction is assumed to be common in all
layers. There are two polarization directions possible, the
transverse electric (TE) or TM polarization of the wave
orientated along the y-axis,*1*») see Figure 6(d).

Symmetric waveguides have a pair of plane waves to
propagate constant in the x-direction and depending
on the polarization direction of either TE or TM, the
boundary conditions are applied at the interface. It
enables a change at the interface (see Figure 6(f)) if one
material behaves optically as metal, whereby the slope of
the local components of the magnetic field changes at the
interface and a confined mode decay in both materials.
The optical loss is therefore compensated by the gain
of the active region. The InGaAs/AllnAs/InP is favor-
able for dielectric waveguides, as the reference index of
InP is n=3.1, AllnAs has a refractive index of n=3.2
and GalnAs has n=3.5. The upper cladding is AllnAs
grown by MBE and has a lower refractive index with the
active region than the InP substrate. The active region is
separated from the heavily doped InP substrate by the
heavily doped InP by a low doped AllnAs lower cladding
layer,®? as shown in Figure 6(g).

Interface plasmon mode is important in the TM polar-
ization direction.*? With plasmonic structures, the
emitted wavefront can be engineered, whereby a one-
dimensional grating is added to the laser facet. As the
grating is integrated into the laser, no additional align-
ment of mirrors, compared to other resonators, is needed
and the plasmonic collimator design can be scaled and
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designed to fit on lasers with a wide range of emitting
light.® The electrical contracting is done by surface
metallization and an interface plasmon is present in the
confined mode. For wavelengths longer than 15 pm, the
single plasmons have losses and confinement factors
comparable to the dielectric waveguide. In the MIR
range, the interface plasmon is lossier than the dielectric
mode. In dielectric waveguides, the cladding thickness
is linear to the wavelength. The wavelength increases
with the needed doping to enable electrical transport
and creates therefore a growing loss. Therefore, for
lasers operating with wavelength longer than 10 pm, the
single plasmon waveguide is preferred. The waveguide
loss is decreasing with increasing of wavelength. Single
waveguide exhibits a stronger confinement compared to a
dielectric waveguide and a reduced total thickness of the
grown layer.?) Using a large refractive index drop within
the waveguide prevents the mode penetration in other
regions. The doping of the GalnAs layer is important to
suppress the coupling between the fundamental mode
of the waveguide and the high-loss plasmon mode prop-
agating along with the metal-semiconductor interface.
The doping has to be that high that the plasma frequency
approaches but does not exceed the waveguide mode, >
see Figure 6(h).

Free carriers inactive region and in cladding layers,
can be controlled using the Drude-like approximation,
whereby the motion of the classical free electrons of
the effective mass and their belonging damping force
are used. Depending on the doping of the GalnAs, the
refractive index and absorption are depended on the
plasma frequency. For frequencies higher than the plasma
frequency, the refractive index is not changed and the
free carrier introduces an absorption proportional to the
square of the wavelength and electron density. Losses
obtained from cladding layers should be small compared
to the cavity losses of the QCL and therefore the doping
should be in the range of 2 x 10'® cm~3 close to the active
region, where the overlap is large. Higher doping closer
to the contact region can be used, to limit the addi-
tional series resistance, and closer to the contact region,
the optical field is small. Decreasing the light frequency
until it approaches the plasma frequency, the refractive
index of the semiconductor is depressed, whereby low-
index confining layers can be created. Decreasing the
frequency, even more, the semiconductor behaves opti-
cally as a metallic layer with a low electron concentration.
This effect can create plasmon waveguides for the THz
region. Changing the doping and the frequency to obtain
a low index region, leading to a push of the mode into
the core of the waveguide. If the layers are doped too
much, the plasma resonance does not reach the photon
energy, whereby the absorption coefficient is increasing.
If the refractive index is larger than the active region, the
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antiguiding layer is created. The growing of those thick
low-index cladding layers is problematic because of poor
electrical and thermal conductivity,#>64%5 as shown in
Figure 6(g).

Ridges are creating lateral waveguides, which are
broader than vertical waveguides, as the resolution is
defined from the fabrication technique (the ridge is in the
order of 1 pm). As the optical power scales with the width,
broad ridges are favorable for high power devices. The
lateral waveguides from conventional ridge-etched struc-
tures are achieved by etching through the active region
and the sidewalls coated with SisN, or SiO, leading to
trapping the mode completely inside the ridge structure
and the electric field is varnished. Using a layer of InP
after the ridge etching, providing optical and electrical
confinement,? as shown in Figure 6(i).

Ridge and buried heterostructured waveguides have,
due to their large refractive index step between core and
side, more than one transverse mode. The multimode
character of the spatial and spectral is characteristic of the
lasers. The mode selection that in ridge processes higher
optical losses occur from the high-order lateral mode, due
to the intensity of the optical field is larger than the lossy
metal sidewall, is used in Fabry-Perot and distributed
feedback (DFB) lasers. In contrast, in buried heterostruc-
ture waveguides, there is a change in the overlap factor
between the lateral modes. In comparison, in interband
devices, where the lateral mode is achieved by weak
lateral confinement, due to a shallow lateral etch of the
active region, the difference between the effective index
in the center and the side of the active region is small
enough and supports the lateral waveguide only in one
guided mode. Implementing this process to QCL, the
shallow etching of the cladding included weak lateral
confinement. The active region in QCL is in compar-
ison to ICL strongly anisotropic, with a higher lateral
than vertical direction and the threshold current is there-
fore higher. As the optical power in pulsed operation is
limited by the gain saturation of the medium, the mode
cross-sectional area is increased to scale up the power,
whereby the laser stripes are widened up. Power up to
several hundred watts can be obtained with the drawback
of asymmetry in the divergence angle of the beam with
a high multimode character of the lateral mode profile.
Therefore, it is dangerous to increase the mode size in the
growth direction.*#2:69)

As the active area of the QCL dissipates a large amount
of heat, and therefore the active region is increased is
important to take into account when the laser is used
in high duty cycle operation. The temperature change is
nevertheless demanded, when the tuning of the single-
mode DFB lasers, as the refractive index is here tuned
with temperature. In steady-state, the active region
temperature is related linear to the temperature of the
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submount. Therefore, the optical waveguide design is
a compromise between the achievement of low optical
losses with the tightest possible confinement and the
decrement of the thermal resistance. The heat is carried
out mostly by acoustical phonons, as low doping density
is used to prevent efficient heat transport by the electrons.
The II1I-V semiconductors have similar phonon densities
of states, but the phonon means the free path is reduced
by the alloy scattering. As the thermal conductance is
limited by phonon-free mean path, it is anisotropic in the
layered active region, as the heat flowing perpendicular
to the layers is lower than that compared parallel to the
layer. InP has a higher thermal conductance compared
to semiconductors, therefore, it is a preferred material
for waveguide claddings.*? InP interstacks provide addi-
tional lateral heat transport.®” Compared to normally
buried heterostructure waveguide, such large optical
cavity devices have an enhancement of the peak power
by a factor of 10, while the single spatial mode in the
vertical and transverse direction is kept. The thermal
resistance is not only dependent on the waveguide
but also on the mounting and soldering process. Using
junction-down mounting improves the CW devices’
performances. The temperature in the active region is
followed by Fourier’s heat transport equation and the
heat generation outside the active area is neglected due
to Joule heating in cladding and contact.?)

In contrast, the ICL waveguide is build up from the
active core, the n-doped optical cladding, followed by the
InAs/AlSb short-period superlattice, whereby AlGaAsSb
is an alternative for lattice-matched bulk alloy, followed
by the lightly n-doped GaSb and various transition super-
lattices separates the three regions from each other and
also from the GaSb substrate/buffer and the n+-InAs(Sb)
top contact. The transition superlattices reduce the para-
sitic voltage drop with is associated with abrupt heteroin-
terfaces between the adjacent regions with the different
conduction band offsets.*3

2.1.3 Difference Between Interband Cascade Lasers,
Quantum Cascade Lasers, and Other Light
Sources

IC and QC lasers reuse the electrons to generate multiple
photons with high quantum efficiencies.?” The character-
istics of ICLs include (i) a population inversion, which
occurs naturally through the physical property of the
material and its energy gap, (ii) a minimum of current
that has to be injected to reach the material transparency,
and (iii) the maximum current carried by the device which
is limited by either heating or catastrophic damage on
the facet. The intersubband, i.e. QCLs, has the proper-
ties that (i) the population inversion has to be established
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by a suitable design of the active region, (ii) there is
no transparency current, and (iii) the maximum current
is achieved by the doping of the device and alignment
of the band structures. However, the active region is
different, depending on the laser. By reducing the active
volume of the ICLs, the transparency current can be
reduced and the electron-hole pairs can be confined
in quantum wells. The transparency current in InGaAs
lasers, e.g., is less than 100 A cm~2. In QCLs, the minimum
threshold current is obtained over a large active region
of 25-50 periods without the need to increase the thick-
ness of the active region or minimize the optical loss
from the waveguide and the active region to obtain the
highest performance.*> QCLs have output powers up
to 5 W at room temperature, with modest temperature
sensitivity, and an efficient heat dissipation. The disad-
vantage is the high threshold current with fast photon-
assisted depopulation of the upper lasing subband and
the interface roughness scattering, leading to a bias of
at least 10 V due to the 30-50 stages for the sufficient
gain.®?

The most significant difference between these lasers is,
that in QCL, the intersubband transition is dominated
by fast phonon scattering, and in contrast, in ICL, the
photons are generated in optical transitions between the
conduction and valence band, with Auger recombina-
tion. The threshold current is lower in ICL compared
to QCL. The polarized output beams of both lasers are
also different, as in QCL it is TM, and in ICL it is
TE,20 je. ICL operates mainly in TM polarization
mode, whereas QCL is suitable with TE polarization
mode.“? ICLs generate higher gain per injected current
density, compared to QCLs, even if the differential gains
per unit carrier density are the same. QCLs are optimal
to operate in multiwatt MIR output powers, while ICLs
have a more modest output power.?”

In comparison with conventional and NIR lasers, with
implement of QCLs, the direct access of rational vibra-
tional bands is available, while in NIR laser, the over-
tones of this band are available with less sensitivity. Lead
salt diode lasers must work close to cryogenic conditions,
with a multimode source, and are quite bulky, a condition
that limits the access for in-field measurement. Optical
parametric oscillator lasers, exhibit bulky and expensive
frequency generation with implemented optical config-
urations, so they are also limited to in-field measure-
ments. QCLs are compact devices that operate at room
temperature, and have a narrow bandwidth with long
operating lifetimes and low output powers as well as
are tuneable over several hundred wavelengths.?* DFB-
ICLs provide several hundred milliwatts at room temper-
ature and thermal tuning of about 10-20 cm~! with slow
and fast injection current tuning of 2-3 cm~!.%

INFRARED SPECTROSCOPY

2.2 Resonators

Tuneable single mode operations can be obtained using
the DFB or external cavity (EC) configuration.®® The
threshold power density is more fundamental than the
threshold current, which depends on the dimensions of
the cavity. The cavity could be changed by using a high-
reflection coating on the output facet.*”

The simplest optical cavity, which consists of two facing
mirrors, is the Fabry—Perot cavity. This optical cavity is
formed when the active region is placed in the center
of the MIR waveguide building a long ridge by cleaving
the long ridge at a length of 1-3 mm. Fabry—Perot modes
appear below the threshold and the contrast increases
with the injected current. For the common Fabry-Perot
cavity length, the mode spacing is much narrower than the
gain width of 100-200 cm™, so the laser operates above
the threshold and the exact location of the single-mode is
almost not possible to predict with sufficient accuracy.1?
The tuning is performed through temperature, which is
responsible for a change in the refractive index and the
band parameters. Fabry—Perot cavities are build up with a
vacuum-metal-dielectric-metal-vacuum configuration®
and have an anti-reflection at the end facets of the laser
ridge. The cavity length has to be so long that several
longitudinal modes must fit into the cavity.©®¥

DFB is another resonator configuration which exhibits
a major stability in comparison with the conventional
Fabry-Perot cavity. The application of the DFB configu-
ration inside the active regions results in a small periodic
modulation of the effective waveguide index.'” DFB
CL has an integrated grating, so the laser is tunable
at and above room temperature and the modulation
of the absorption is determined by the Bragg reflec-
tion (first-order grating).®” Single modes are obtained
by selecting one mode out of the cavity.®® The Bragg
condition consists of in-plane wavevectors with gratings
providing several numbers of wavevectors. By increasing
the order of gratings, the number of scattering directions
increases. First-order gratings allow only backscattering,
while the second-order gratings allow frequency selec-
tion and surface emission. Bragg reflections create a gap
for which propagation is not possible.!” Bragg waveg-
uides have a grating that acts as a Bragg reflector and
has a periodic modulation in the relative permittivity. This
condition is satisfied, when the wavevector of the grating
is equal to the guided wave. Bragg mirrors are obtained,
when the transmittance of one medium approaches that of
another in an alternating layer of two media,® as shown
in Figure 7(d, top). DFB tunings are based on lateral
metallic Bragg gratings, incorporated into the laser struc-
ture, resulting in a monomode-emitting semiconductor
laser with a wide accessible wavelength range between
760 nm and 3 pm. This metallic grating structures do
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Figure 7 (a) Schematic of the threshold current. (Adapted from Rosencher et al.”) (b) Homogeneous and inhomogeneous
broadening with the resulting laser linewidth. (Adapted from Rosencher et al.”) (c) Q-Switching and mode locking. (Adapted from
Rosencher et al.’) (d) Schematics of the Bragg waveguide geometry and examples of Bragg reflections. (Adapted from Faist and
Faist.19) (e) Littrow and Littman configurations. (Adapted from Faist and Faist.(!?)

not require any overgrowth steps, making the process
‘easier’ and reducing the source defects. Since only the
evanescent part of the mode interacts with the grating,
the spatial overlap is by two orders of magnitude less
than that of the overgrown grating incorporated into the
waveguide. The additional losses introduced by the grat-
ings lead, however, to a slight penalty in the threshold
current and the output efficiency. The nodes of the DFB
modes are in phase with the absorption grating, so only
small damping of the DFB modes can be obtained,”” as
shown in Figure 7(d, down).

DFB-QCL has the advantage that they are mode hop
free during tuning, they can work in pulsed or CW mode,
have an higher output power of several hundred milli-
watts, and can work under room temperature condition;
however, they cannot be tuned over such a long wave-
length region, normally of 7 cm~!, so EC-QCL is used
for longer tuning, and can be employed in pulsed or CW
mode and tuned over 100 cm~1.?% Mode hop comes
from the competition of the different optical modes,
which are available in the laser, and distinctive energy
gaps will be obtained even if the gains spectrum itself is
homogeneous.®¥ DFBs have a limited tuning range, so
they are designed to work around a particular absorption
feature and as the tuning takes place through temper-
ature, the output power of the laser can decrease with

increasing temperature.?® The limiting tuning parameter
in DFB-QCL is the amount by which the effective mode
index can be tuned by temperature. To tune the laser, a
tunable wavelength filter is used outside the laser cavity,
with an antireflection coating at the active gain medium,
lenses, and gratings.!? As there is a temperature change
during short pulses, a chirp of the output frequency is
induced with time and the linewidth grows linear to
the pulse length.!9 DFB lasers have been initially used
in pulsed mode, as the active layer can be heated up
and thus change the wavelength.’? The tuning range of
DFB lasers is, however, limited by the current-induced
tuning range, a limitation from several nanometers. One
approach to obtain broader tuneability is to use multiple
individual DFB lasers at a selected wavelength, which is
expensive and is constrained by increasing complexity.(’?

The application of binary superimposed gratings
(BSGs) increases the coupling strength in a monolithic
solution with high tuning speeds. Conventional DFB
gratings select a single wavelength due to the constant
period within the grating structure, whereas BSGs have a
specially designed grating that combines several grating
periods into an aperiodic structure and support the
Bragg wavelength simultaneously in a comb-like spec-
trum. With this configuration, a tuning up to 60 nm
can be achieved. The great advantage of the BSG is its
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simplicity and versatility, as the positions of the grating
reflection peaks can be easily adjusted. Devices with
single BSG emit comb-like structures, combined with
a Vernier tuning, and thus a single-mode emission is
obtained, whereby two sequences with BSG in different
spaces with constituent grating are combined in one IC
laser device.">7®

Plasmon-enhanced waveguides, which are designed to
reduce losses associated with interface plasmon mode
and the free-carrier absorption,’® are used to achieve
an optimal coupling with the grating at the surface and a
lower loss. The grating is etched by wet chemical etching
and in the grating grooves the thickness of the heavily
doped plasmon layers is reduced, so the guided mode
interacts more with the metal.®® Therefore, the interac-
tion between the surface plasmon and the propagating
mode allows a modification of the refractive index as
well as the loss.1 The cavity length should be close to
unity for optimal slope efficiency and threshold current.
DFB lasers exhibit less slope efficiency compared to
Fabry—Perot lasers due to additional scattering losses
within the waveguide.®”

The optical gain profile of a QCL is typically broad
and can be employed in the EC configuration to obtain
an even broader wavelength tuning range with narrower
linewidth. The antireflection coating is placed on one
or both facets of the semiconductor chip end, whereby
the diffraction grating, which acts as wavelength filter
element, is used to feed the first order backside of the
laser. Tuning is accomplished by rotating the grating, and
the grating is mounted so that, as the grating isrotated, the
frequency shift is fed back into the laser and matches the
resonance supported by the change in the cavity length.(1?

Generally, the Littrow cavity, a first-order direct feed-
back configuration, is used as the first-order diffraction
from the grating is directed back into the laser, as shown
in Figure 7(e). A zero-order of the output beam is then
obtained. The beam splitter is responsible for a decrease
in the cavity mode-loss discrimination, due to the grating
relative to the facet. The Littman-Metcalf, as shown in
Figure 7(e), which is the first-order diffraction, directs
the beam to a mirror, whereby the beam is reflected
off the grating, diffracted back and the first-order beam
from the second pass is fed back to the laser. The output
beam resulting from the first pass is zero-order. Due
to the shallow angle of the diffracted grating, which is
passed two times by the beam, a narrow linewidth can
be obtained. However, the output beam power is weaker
compared to those of the first-order direct grating feed-
back configuration. To obtain a single-mode tuning with
a continuous mode-hop-free tuning, a piezo-activated
cavity mode is used, so in this mode tracking system, the
grating is implemented on a moving platform, with an
independent control of the grating angle and the chip (EC
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length). Mode-hop-free tuning is theoretical possible by
controlling only the grating angle, so the EC length and
temperature modulation should be no longer necessary.
Another possible method to tune the Littrow cavity-based
laser, obtaining a mode-hop-free laser, is by controlling
the tuning with an algorithm.(19

The benefit of the external cavity is the gain saturation
in the active area, whereby the optical parameters can
be controlled. By insertion of a dispersive element in the
system, the wavelength can be controlled and by changing
the reflectivity of the mirror, the mode power can be
changed. Longitudinal modes are then obtained.”
Single-mode emission, for instance, EC-QCL is achieved
by changing the angle of the external diffraction grating
via frequency-selective feedback.”® In EC-QCL, the
laser light is coupled back into the active laser cavity
by reflective and wavelength selective optical elements,
as the gratings. The laser facet and the grating compete
with the laser cavity, whereby the EC dominates the laser
mode if the semiconductor facet is coated with a sufficient
transparent anti-reflection coating. They can be tuned in
a range of 80-100 cm™! around the center wavelength.
The tuning range is determined by the gain curve of the
QCL."D Tuning can happen on the EC mode near the on-
chip Fabry—Perot mode. Mode-hop occurs only in the EC
mode but can be suppressed by varying the cavity length
with the grating angle. QCLs are more adapted to lase in
multiwavelength compared to ICL, as the active regions
are arranged in series, which ensures the same injection
efficiency in all active wells, independently of the number
of wells. Additionally, compared to ICL, the gain is always
accompanied by the absorption at higher frequencies and
no reabsorption occurs between the active regions of
different wavelength. For this reason, the active region
can be tuned to a specific transition frequency over a wide
range around one frequency. EC-QCL can be tuned over
a large wavelength region with narrow linewidth. They
are not monolithic devices and therefore bulkier and
more fragile than DFB. The wavelength stability depends
on the mechanical stability of the device. The gain chip is
easier to fabricate than DFB lasers, but they need a finely
tuned anti-reflection coating for a reflectivity below 1073,
To solve the inconvenience of the back facet phase in the
DFB, this must be fold and a DFB ring laser is produced.
The light then either comes out directly from the surface
or through the substrate of a second-order grating. The
optical-loss component is different in the two modes
on either side of the stop-band and the bending losses
provide a mode-selection mechanism.!? By changing
the QCL cavity length, the tuning for the gain spectrum
can be controlled, making the laser emission frequency
more tailorable.”® Pulsed DFB QCLs lead to so self-
heating processes within the active region, which is the
key function for spectral tuning.”’”
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The buried grating is the etching of the grating in the
InGaAs layer above the active region and afterward
a regrown of InP, whereby the highest performance
levels with low dissipation and CW operation, espe-
cially when it is combined to buried heterostructure
waveguides.!® Littrow and Littman-Metcalf are the
most common configurations.”® In both configurations,
the laser resonator is set between the antireflection coated
facet of the laser and the diffraction coating, in the case
of Littrow, or the diffraction grating plus tuning mirror, in
Littman-Metcalf configuration.””The Littman configu-
ration exhibits a strong wavelength selection by a double
pass through the grating, while the Littrow arrangement
maximizes the back-coupling into the active region chip.
The tuning of the EC-QCL with Littrow configuration
can be obtained via the wavelength-dependent amplitude
reflection coefficient of the EC.(10)

2.3 Manufacturing of Interband Cascade Lasers
and Quantum Cascade Lasers

QC lasers are made out of epitaxial heterostructures.
Spatial coherence of the crystal over well-defined and
long-lived electronic states as well as high crystalline
qualities of the materials is important to ensure the
devices can work under thermal and electrical stress. To
obtain such structures with almost no defects, the MBE or
the metalorganic chemical vapour deposition (MOCVD)
is used. MBE is a thin-film deposition, and it allows the
fabrication of films of exceptional crystalline quality in
ultra-high vacuum. The MBE operates under low pressure
(approx. 10~'! mbar). In the deposition chamber, there is
the Knudsen cell or simply cell, a thermal source, which
carries the source material. The substrate manipulator
carries the bare substrate, on which the fabricated layer
will be grown. Pyrometers and thermocouples are needed
for the heating up. In situ measurements of the grown
layers can be obtained by using reflection high-energy
electron diffraction (RHEED). Using a shutter, different
materials can be introduced. The epitaxial growth is
0.5 pm~! pm h~! and the layer thickness between 3 and
10 pm needs accuracy of about 1 A for quantum wells and
barriers. This accuracy can be obtained with a transition
time and temporal accuracy of the mechanical shutters
with open time below 100 ms and the gas flux accuracy
better than 1%. The other possible method for growing
the laser layers is via MOCVD. The epitaxial growth
is achieved by using thermal decomposition, on the
single crystalline substrate, of precursors and dopants.
In the case of QCLs, organometallics from group III
and hydrides from group V are flown into the reactor
using carrier gases as H, or N,. On the susceptor, there is
the substrate positioned, which is heated up by halogen
lamps. The layers are grown epitaxial, by decomposition
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of the hydrides and organometallics on the substrate-free
group III and V elements. The remaining gases are
pumped out and neutralized. The layer sequence and the
composition of each layer can be controlled by the gas
fluxes and gas source switching. Using MOCVD, there are
fewer options for in situ controlling the growth compared
to MBE. The working temperature in MOCVD processes
is higher than in MBE, so the QCLS have slightly smaller
photon energies and interfaces. The downtime of MBE is
faster than that of MOCVD and the fluxes, adjusted via
mass flow controllers are not susceptible to source deple-
tion. It is also possible to obtain a selective growth of InP
on SiO, or SisN, masked surfaces by the usage of MBE.
As the growth of phosphide materials is easier using
MOCVD, a combination with MBE growth for the active
areas followed by MOCVD for the top InP cladding is
often used. The grown layer can be then characterized. In
high-resolution X-ray diffraction (HRXRD), the X-ray
spectra with broadened peaks are correlated to QCL
performance, whereby the collimated beam is incident on
the crystal surface, diffracted by the parallel atomic planes
of the epitaxial layers and substrates and the intensity is
measured by the detector. Another possible method is
using transmission electron microscopy (TEM), whereby
information of the image with resolution down to atomic
dimensions can be obtained. With a scanning tunneling
microscope (STM), a sharp tip is brought close to a
surface, and tunnel current is monitored.*>

2.3.1 Manufacturing of Interband Cascade Lasers

An advantage of using quantum wells is the option to
tune the wavelength depending on the intersubband tran-
sition energy by changing the barrier thickness and height
as well as the well width and depth.®> ICLs are fabri-
cated via MBE chamber to let the matched heterostruc-
tures of InAs, GaSb, and AISb, whereby the emission
wavelength can be between 2.5 and 12 pm. The MBE
chamber is equipped with a conventional effusion cell for
the Al, Ga, and In as well as the Ti and Si dopants, and
with a valved cracker for the As and Sb elements, which
reduce the cross incorporation into the neighboring layers
and adequate flux within the layers grown at different
growth rates. Oxides are reduced in the Sb-rich atmo-
sphere to achieve a smooth surface for the subsequent
layers. First, the GaSb layer is grown, followed by the low-
refractive-index cladding layer of InAs/AsSb superlat-
tices, with growing temperatures between 400 and 450 °C.
Changing the anion and cation amount within the inter-
face of InAs/AlISb superlattice, the electrical and optical
properties can be changed. Using a so-called soak time,
AISb and InSb interfaces can be forced, whereby InSb
interfaces have more superior properties compared to
that one with AlAs. Soak times can be avoided using the
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more reactive As, dimers, whereby strain-compensated
superlattice with mixed interfaces can be grown. The
interface composition in the superlattice by changing the
flux ratio. The InAs laser is usually doped with Si, whereby
the concentration is increased toward the active core to
reduce the internal loss. GaSb layers are then followed
to grow as a lower cladding layer with growing temper-
atures between 430 and 480 °C, which produces smooth
surfaces for the subsequent cascaded active region. The
As flux is a critical parameter, as too much As in the
background lets the InAs/GalnSb interface get too rough
and decrease the oscillator strength. Afterward, a GaSb
separate-confinement layer, to reduce the waveguide loss,
is grown, followed by an upper InAs/AlSb superlattice
cladding. To avoid parasitic voltage drop, graded transi-
tion superlattices are inserted at the boundary between
the various regions in the ICL structure. The ridges of
the ICLs are produced, using the reactive ion etching
(RIE) based on Cl- and Ar-plasma. After the dry etches,
a cleaning with phosphoric wet etch step is done, which
smooths the sidewalls and removes the contaminates. The
etching has taken place below the active region to avoid
current spreading, as the transport in the cladding and
active region is anisotropic. The threshold current and
efficiency are varying strongly with etching depth, ridge
width, and stage multiplicity. If the etch is shallow, no
sidewall passivation is necessary, even if the threshold
current density is overestimated and the slope efficiency
is underestimated due to current spreading. To prevent
leakage or oxidation at the sidewall of the ICL, which
is etched through the active region, passivation, as SizN,
and SiO,, is used to suppress excessive short-circuiting
current. Another important part is the thermal manage-
ment, as the thermal conductivities of the active core and
the short-period InAs/AISb superlattice cladding regions
are low and highly anisotropic. To remove the heat from
the active region, and increases the maximum operating
temperature and output power, gold is electroplated on
top of the ICL narrow ridges. Some lanes are unplated to
make sure that there is still a high facet quality after the
cleavage. The insulating passivation layer is opened on top
of the ridge for contacting. Mounting ICL ridges epitaxial
side down, thermal dissipation is enhanced, whereby the
heat is directly transferred from the ridge to the heat sink,
without passing through the substrate.>3

2.3.2  Manufacturing of Quantum Cascade Lasers

MBE and MOCVD are used to process the QCL. The
gain medium has to be inserted into an optical resonator
cavity. The optical gain is achieved at the cost of thermal
dissipation of 20-100 kW ¢m~2, which is about 10-100
times larger than for a semiconductor interband laser
(and 102-103 times larger than a solid-state laser). The
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optical cavity is directly formed by the epitaxial layers
themselves. As already mentioned, the optical confine-
ment in growth direction is obtained by total internal
reflection between the high refractive index of the gain
region and the low refractive index of substrate and
cladding layer. One-dimensional waveguides allow long
interaction length with minimizing the total volume and
are favorable for thermal extraction. The waveguides can
be produced either usage of the ridging process or the
buried heterostructure process. The conventional process
in semiconductor lasers is to etch only a fraction of the top
of the cladding, whereby the effective index of the mode
is slightly reduced on the side of the ridge. It supports a
single transverse mode in even relatively long stripes in
the rib waveguide and the low index step also reduces the
optical scattering on the sidewalls. This etch yields in high
peak power devices, but these QCLs have a large opera-
tion voltage. The anisotropic conduction properties of the
active region result in a large current spreading.(*>80
Ridge and buried heterostructure processes start the
same. The active region structure is grown via MBE and
then the samples are transferred in the MOCVD, whereby
a planar regrowth of the cladding is conducted. Plasma
enhanced vapor deposition (PECVD) is used to grow a
layer of SiO, as a hard masking layer. Afterward, the
patterning of the laser wavelength is defined and the
pattern is transferred on the SiO, layer by RIE, using
Ar/CHF;. Due to the hard mask, InP cladding is then
etched based on an HCl etching solution, whereby vertical
sidewalls are obtained and the undercutting is reduced.
By usage of an isotropic solution, the active region is
etched, whereby a smooth surface in InP, AllnAs, and
InGaAs is obtained after this etching step. Due to the
isotropic behavior of the solution, the etched structure
has an undercut, which is larger than the vertical etching
depth. After this step, it can be now decided to do the
ridging process or the buried heterostructures process.
The ridge process is preferred to the conventional ones,
as the active region is etched completely. Using this etch,
it creates depletion layers and not nonradiative recom-
bination sites. After the etching of the active stack, the
hard mask is removed via HF etching, and an insulating
layer is deposited on the etched structure. This step is
crucial as the overlap of the optical mode with this dielec-
tric layer is the most important source of optical losses
in the waveguide configuration. To minimize the loss,
SiO, or Si3N, is used as insulating material. Via lithog-
raphy or RIE, the insulating layer is opened on the ridge
head and an ohmic contact is afterward deposited via
e-beam evaporation. As of the last step, electroplated
gold pads are deposited and the substrate is thinned to
reduce thermal resistance and a back ohmic contact is
deposited on the wafer bottom side. The advantages of the
ridge laser process are (i) the simple process, (ii) standard
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clean-room processes (iii) good electrical and mechanical
stability. Using narrow ridges long-wavelength devices,
a large additional waveguide loss is observed, as SizN,
and SiO, have large absorption coefficients at high wave-
lengths. After the active region wet etching, the buried
heterostructure process is using a SiO, mask, whereby an
insulating InP layer, which is iron-doped, is deposited, via
MOCYVD selectively on the sides of the ridges. Via HF
etching the masking layer is removed, and an additional
Si;N, insulating layer is deposited via PECVD to prevent
parasitic injection through defects. This layer is used, as
it has a slightly higher thermal conductance compared
to SiO,. After finishing the device, the structure is then
metalized like in the ridge process.>

InP is highly transparent and has a lower index step
with the active region. It reduces the lateral roughness
to the optical loss. InP has a large thermal conductivity
and enables thermal extraction through the sidewalls. As
InP is not an insulator, the leakage through the lateral
confining layer occurs for buried heterostructures. The
current will leak from the n-doped InP inside the semi-
insulating InP to the substrate and is dependent on the
nature of the blocking layer and the characteristics of the
junction between the latter and top and bottom cladding.
Current density through multibarrier AllnAs/InP struc-
tures still allows voltage build-up, but in samples with
an iron-doped InP barrier the leakage current remains
smallest; Fe:InP layers block current flow.)

Initial mounting for QCLs was the junction-up
mounting with the usage of indium solder on copper
submounts. The indium soldering accommodates the
large thermal expansion mismatch of InP substrate and
the submount. The disadvantage is that any residual dislo-
cation has to cross the whole substrate before the active
region is reached. Episode-down on AIN submounts are
using high temperature, fluxless AuSn solder in a hermet-
ically sealed, organic-free package, and it has kind of the
same thermal expansion at room temperature compared
to InP. Long-term chemical reactions are minimized in
the device.)

3 SELECTED EXAMPLES FOR CASCADE
LASERS

The first QCL presented by Faist et al.!3 had a three
InGaAs/InAlAs coupled quantum well with three
defined. Discrete electron levels in the active region
and the superlattice, which are the injectors, are bridging
the active regions in the 25 cascading structure. The
emission is 8.5 pm at a wavelength of 4.16 pm and a
maximum operating temperature of 88 K.() The first
working GaAs/AlGaAs based QCL was published in

25

1998,8D with a peak output of 70 mW per facet and a
threshold current density of 7.3 kA cm=2.8D

ICLs operate at room temperature compared to QCLs
with lower threshold current density and reduced power
consumption at a wide wavelength range.®? As ICLs
do not need a big power supply, conventional batteries
can be employed and they can be cooled via thermo-
electric coolers.®? ICLs can be also combined with
detectors made from the same material and used then
as monolithic and on chip-scale dual-comb frequency
devices, which can operate at room temperature with
low power consumption.®® ICLs can be operated as
dual-comb between 3 and 4 pm, build up as an on-chip
source, needing less than 1 W of electrical power.®¥ ICL
with dual-beam (3.1 and 3.7 pm) can operate at 20 °C
with a threshold current density of 215 and 158 A cm™
in pulsed mode. This laser has two spatially separated
active regions designed for short-wavelength (3.1 pm)
and long-wavelength (3.7 pm), whereby the wavelength
was adjusted via the thickness of the InAs layer in the
‘W’-quantum well.”® Other ICLs, e.g., are developed
to work in CW between 2.8 and 5.7 pm,7” as e.g. using
BSG structures, stable single-mode emission could be
achieved, which can be tuned independently in the six
distinct channels in several single-mode wavelengths
around 160 nm? or doping the injector regions heavily,
whereby threshold currents of approx. 1 kW cm™ at a
temperature of 25 °C could be reached and at a wave-
length of 6 pm, the ICL has in CW mode power densities
reaching threshold with one magnitude lower than
compared to comparable QCL.®> Using two segments
of BSG structures in one device, tuning through both
segments lead to a small shift in the spectra. This configu-
ration can emit at three different wavelength channels.’®
IC lasers can be operated up to 38 °C in CW mode,
whereby the ring cavity ICL is mounted epi-side down
to obtain an efficient heat extraction from the device.
This ICL configuration uses a metalized second-order
distributed feedback grating. The optical output is more
than 6 mW operating at 20 °C. It has a single optical mode
using epitaxial growth Bragg mirrors above and below the
gain material. The ring device is based on second-order
DFB, whereby wavelength selection is achieved and the
outcoupling from the ring cavity through the substrate.
The epi-side up mounting with a hole in the heat sink
provides ICLs working in CW mode.®® ICLs build-up
from GaSb, can operate in CW mode up to 5.6 pm, but
up to 7 pm in pulsed mode at room temperature, needs
thicker claddings at longer wavelength, which makes
the heat dissipation more difficult and waveguides via
plasmon-enhanced structures with highly doped InAs
layers.®”) By using mode-locked operation, ICLs generate
picosecond pulses. At small modulation power, the ICL
has a linear chirped frequency comb, characterized by
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a strong frequency modulation. Increasing the modula-
tion amplitude, the chirp decrease until a broad pulse is
buildup.®®

QCLs can be used in the FIR range. The photon
energy is lower than the optical phonon energy, so the
optical phonon emission is not that dominant in the inter-
subband nonradiative channel.®” THz lasers are still
quite bulky and need cryogenic cooling.®” Frequency
combs were firstly developed with NIR and visible (VIS)
range, whereas the MIR range could be fulfilled after
the development of QCL, and then they could attend
the THz range, too. In the QCL combs, frequency waves
are modulated via a linearly chirped frequency ramp.®D
Dual combs spectroscopy have a complicated system
that both combs are frequency stabilized, whereby the
two beams have slightly different repetition rate. The
wavelength can be changed by switching and locking
it from the main broadband vertical transition in the
active region to a narrowband diagonal transition from
the injector to the lower level. By tuning the laser via
injection current and temperature, depending on the
diagonal transition energy on the bias field, a blue-chirp
over the bandwidth can be obtained.“%’” Frequency
combs combine broad wavelength with a high spectral
resolution, so stable frequencies over a large and contin-
uous portion of the dynamic range of the laser can be
obtained.®” Comb generation can be conducted via
down-conversion of NIR, mode-locked, ultrafast lasers
with nonlinear crystals, or by pumping an ultra-high Q-
factor micro-resonator with a CW laser, which depends
on the optical components. The straighter forward
method uses electrical injection, whereby a broadband,
semiconductor frequency comb generator is used. The
modes of a CW, free-running, broadband QCL which
is phase-locked. The periodicity of the waveform at the
round-trip frequency is important and not the generation
of the high-intensity pulses, as the intensity of a perfectly
frequency-modulated laser is constant, the power enve-
lope would not be perturbed by the fast gain recovery
as well as the spectrum is build up by equally spaced,
discrete space lines.®® Frequency combs can have, e.g., an
output power of 300 mW at 50 °C by employing plasmonic
waveguides.®¥ Waveguide losses are different depending
on their type, e.g. double metal waveguides have lower
losses compared to surface plasmonic guiding.®>

4 SELECTED APPLICATIONS OF CASCADE
LASERS

In this section, different selected applications of cascade
lasers and their optical designs will be described to
provide a general overview of how versatile (cascade)
laser spectroscopy is. Hence, different research fields,

INFRARED SPECTROSCOPY

as environment, classical research in research facilities,
and medicine will be shortly mentioned. Several compar-
isons with classical used FTIR devices will be pointed
out, whereby the lasers have the same or even better
performance. For instance, since environmental anal-
ysis often has to be conducted as real-time and infield
measurements, the benefits of small and compact sensor
devices, whose development has been made possible by
the employment of cascade lasers, are here pointed out.
Analytical values will be provided in Table 1, indicating
the type of laser used, the wavelength regime, and the
key figures of the used laser, as well as the analyte used
and its limit of detection (LOD). If provided, the LOD of
the FTIR device as a comparison will be provided too. In
Figures 8-11 the schematic corresponding setups will be
shown.

EC-QCLs are a broadband light source, covering a
spectral range of several hundred wavelengths, using
the Littman—Metcalf tuning, and first or direct feedback
configuration. These lasers can work in liquid, gas, and
solid phase.®® Indeed, water interferences were tested
and compared with FTTR, proving that lasers can operate
in an aqueous medium.?® Another benefit, of using
cascade lasers, is the less power consumption compared
to commercial FTIR devices. In contrast, FTIR devices
have a significant advantage that they are broadband
emitters, which enables the measurement of multiple
analytes. Broadband laser radiation has reduced this
advantage and the emitted radiation of a QCL can be
analyzed with commercial FTTR. The radiated laser beam
has been implemented into the FTIR device equipped
with an L,MCT detector, which leads to the laser emis-
sion spectra in a specific wavelength or wavelength
regime.®® The advantage of this configuration is that
the laser spectra emission can be recorded, as well as
using the FTIR broadband source in the optical setup,
the direct comparison with the broadband source in the
optical setup can be obtained.

4.1 Environmental Applications

Examples of analysis in the environmental field are often
first carried out in research facilities and afterward, the
same setup can be brought into the real world for in-
field measurements. Therefore, the setups are validated
in laboratories, with elaborated measurement procedures
under strictly controlled conditions. For this purpose, e.g.
reference gases are first employed and then different
mixtures are measured. The last step is then measuring
in real-world scenarios, where different factors can affect
the measurements.

Trace gas detection is one example. The detection of
these gases, generally, starts with preliminary analysis
in the laboratory, and then the validated method can
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Figure 8 Setup developed for (a) CH;CH,Cl, CH,Cl, and CHCl,. (Adapted from Young et al.®®) (b) C;H,, C,Hs, C,H,, and
CH,OH. (Adapted from Strand et al.®”) (c) (Adapted from Jagerska et al.®®) (d) Laser setup. (Adapted from Jagerska et al.*?)
(e) C;Hg, C,H, . (Adapted from Jagerska et al.??) (f) CO, NO, NO,, N,0, and SO,. (Adapted from Genner et al.??) (g) CO, N, O,
and H,0. (Adapted from Li et al.1D) (h) The legend shows the schematic of the different optical parts, which are used in Section 4.

be used in the real-world scenario. Therefore, sensitive
and selective trace gas detection of, e.g., ethyl chlorides,
dichloromethane, and trichloromethane, is investigated.
The optical setup consists of focusing the EC-QCL beam
on a custom-made hollow waveguide, with an internally
coated Ag/Agl layer. This serves as the transducer,
waveguide, and miniaturized gas cell, and is then focused
on the detector, as shown in Figure 8(a). Although
lasers have their emission spectra, the absorbance of
molecules affects the characteristic laser emission feature.
Absorption lines of gases have narrow bandwidth and
therefore demand a maximized sensitivity and selectivity
for the lasers. The gas samples are exponentially diluted
with different concentrations and gaseous IR spectra are
measured, which is a commonly accepted method for
preparing trace-level sample dilutions. The resulted IR

spectra are then correlated with the laser emission. As
each of the gases has its unique fingerprint, simultaneous
measurement of the three analytes is feasible. Each
sample was measured over more than 80 min, and the
LOD was calculated from the smallest detectable analyte
concentration using the exponential dilution theory. It
is possible that more relevant gaseous samples can be
determined in the compact gas sensing system.®

High temperature and high-pressure gaseous measure-
ments are another relevant subjects of interest, as
gases in high-enthalpy thermodynamic states are
present in several environmental scenarios, including
astrophysics, environmental science, chemical engi-
neering, plasma physics, combustion science, as
well as aerospace, chemical, and energy systems
engineering. The combination of a shock tube equipment

Encyclopedia of Analytical Chemistry, Online © 2006—-2021 John Wiley & Sons, Ltd.

This article is © 2021 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2021 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.a9751



30

— by

Multipass
cell

(a)

iHWG

(©

(e)
82 cm single pass cell

4

—
1

(9)

INFRARED SPECTROSCOPY

4

Multipass
cell

Reference
cell

Optical  Polarizing
isolator beam splitter

L s I

Gas cavity

(b)

(d)

()
QCL Mirror
- / (dichroic)

- ICL \ Beam splitter

[ Detector T Saphire window

i "

[ Alignment Mesh
OAPM L

Lens @ Data processing
(h)

Figure 9 Setup developed for (a) CH, and C,H;. (Adapted from Dong et al.'9) (b) C,Hg. (Adapted from Li et al.'9) (¢) CH,.
(Adapted from Tiitiincii et al. ') (d) H,CO. (Adapted from Ixin et al.1%) (e) H,CO. (Adapted from Lundqvist et al.%) (f) H,CO.
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parts, which are used in Section 4.

with a broadband QCL provides high-pressure and
high-temperature absorption spectra of several gases.
Different infrared databases are focused more on the
near room temperature and atmospheric pressures,
or there are high-temperature spectral databases for
selected analytes, but no databases are available for high
pressure and high temperature. Gaseous IR measure-
ments in ‘hot’ environments lead to an increased number
of vibrational modes in the spectra. High-temperature
measurements also demand time ranges between 100 ms
up to several minutes with a stable composition, temper-
ature uniformity, and thermodynamic equilibrium.
High pressure and high-temperature measurements, in
contrast, are performed in a very short time range of
1-10 ms. Commercial FTIRs have, however, a too slow
acquisition rate to obtain broad spectra and require a

laboratory approach, which does not fit the thermody-
namic accuracy and range. QCLs in contrast provide
the fast measurements and data acquisition that are
needed for these measurements. For example, the used
EC-QCL, tuned with less than 10 ms and a tuning
rate of 30000 cm~! s~!. In this article, they achieved a
spectral range between 8.5 and 11.7 pm with a temper-
ature between 811 and 1622 K and a pressure range of
1-5 atm. The configuration is depicted in Figure 8(b). In
this setup, two laser modules are used, concerning the
rapid ultra-broad wavelength tuning laser within the test
time of the shock tube. The laser was focused on the
shock tube and an MCT detector was employed. With
the beam splitters, the laser light was guided to both
the wavelength reference and the intensity reference
detectors, to correct laser intensity variation during the
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et al.119) (¢) Benzaldehyde. (Adapted from Sieger et al.'!D) (d) Acetone, DMF, and Protein. (Adapted from Wang et al.''?; Haas
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experiment and to see the absorption features at room
temperature. For this purpose, the gas cell was filled
with a mixture of components and provided an absolute
wavelength reference to correct the variations in the
wavelength tuning performance. Ethylene (C,H,) is an
interesting analytical analyte for high-temperature and
high-pressure measurements, due to the lack of experi-
mental absorption spectroscopy. From the environmental
point of view, ethylene is a key intermediate species
in fuel pyrolysis, being a pyrolysis product in modern
ablative thermal protection systems for atmospheric
entry vehicles and thus influences both boundary layer
flow fields, kinetics, and radiation, as well as it is found
in many substellar objects, as e.g. the brown dwarf.
Measuring with the condition of high temperature and
high pressure, new absorption peaks could be found,
which were not predicted by different databases. The
setup above described is not limited to the detection of
ethylene, since other gases such as propene, 1-butene,
2-butene, 1,3-butadiene, and methanol can be measured
too. Therefore, this setup is prone to measure any sample
in a wavelength regime between 4 and 12 pm with a
temperature of 10000 K and pressure of 1000 atm.®”
The detection of propane and butane is also an important

issue, as these analytes are the most relevant hazardous
gases when referring to gas leakage in aerosol cans.
Leakage tests are important for the packaging industry,
where it is necessary to nondestructively investigate both
the tightness of filled aerosol cans and the purity of their
contents. It is well known that leaks of these gases can
pose fire and explosion hazards. Commercial tests, known
as hot water bath test, typically consist of immersing
the aerosol cans in a hot water bath to detect gas leaks
from the cans. This test can detect leak rates of 1.2 x 107*
standard liters per minute (slpm), however, this approach
is quite bulky, energy consuming, and costly. Laser spec-
troscopy offers the benefits of a compact, simple, and
reliable alternative method. For instance, a Fabry—Perot
QCL (FP-QCL), which emits at 3 pm, provides sufficient
sensitivity and speed to compete with industrial water
bath testers, where the leakage is detected by the occur-
rence of gas bubbles in a water bath. Since propane has
broad and quasi-structure absorption spectra, which do
not require a high spectra resolution, FQ-QCL is a perfect
candidate for fast leak-detection, without the need for
detailed spectral analysis. Despite some disadvantages
due to their broad emission, FP lasers have several
advantages, as they have high sensitivity due to the long
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(g) CO. (Adapted from Ghorbani and Schmidt.??) (h) CO,. (Adapted from Tiitiincii et al.129)

optical path of the cell and allow work to be performed
in isolation from the surrounding environment, which is
important in industry, where residual hydrocarbon gases
and water vapor can interfere with the measurement.
Using a pinhole after the laser radiation, a collimated
beam can be obtained and reduces the laser peak power
to avoid saturation effects on the detector as well as
reduces the numerical aperture of the laser beam and
improves the optical signal, as shown in Figure 8(c). This
setup can be applied in the different nondestructive anal-
yses such as sealed pharmaceutical and petrochemical
products.®®

Other gases, such as NO, NO,, and NO,, which are
often measured simultaneously, can be analyzed using a
dual-beam laser, with two single laser beams emitting at
1600 and 1900 cm~!'. DFB-CLs have an extremely narrow

spectral emission with tailorable frequency between 3
and 25 pm, and a small coverage of 10 cm™!, leading
to a one compound one laser measurement strategy.
EC lasers have a tuning range of 100 cm~!, and at the
same time, they have a less measurement rate. Alterna-
tively, as mentioned before, QCLs can combine the broad
tuning range with a large measurement time. Two single
waveguide beams can be generated within one single
waveguide, and, as shown in Figure 8(d), the emission
directions are strictly identical, so no additional laser
modules or optics are needed. The wavelengths are spec-
trally separated, with almost the same threshold current of
both emitting frequencies and a limited operation temper-
ature region to 30 °C. The linewidth of both laser beams
is determined by thermal chirp and is used in short pulses
of about 5 ns. Nevertheless, the output power of the front
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and back section differs due to the poor light extraction
from the strongly over-coupled back DFB resonator. In
addition, the nonreciprocal geometry of the laser affects
the emission from the back section, as the light passes then
through the unbiased laser front section and gets atten-
uated and scattered. Simultaneous threshold driving of
the inactive section can compensate for this effect and
increase the emitted power from the back laser part. In
the optical setup, a sapphire window acts as an optical
short-pass filter, cutting off at 6 pm wavelength and
reducing the optical power, as shown in Figure 8(e). In
the multipass gas cell, the gaseous analytes are inserted,
and afterward, the beam is detected. There is a delay due
to the 36 m pathway inside the gas cell, so it is possible
to temporarily resolve and normalize the reference and
the pulsed signal using a single detector, thus reducing
the signal noise. After the system was validated, field
applications could be conducted. Therefore, exhaust gas
was sampled directly after the treatment system in an
engine test bench for 30 min in a certification test for on-
road heavy-duty engines. The same setup was also used
to measure ambient NO and NO, at outdoor ambient
air, revealing promising results for the fast detection of
these gases after an exhaust treatment system of a heavy-
duty diesel engine.®” Gases such as NO, NO,, CO, N,O,
and SO, are also arising from diesel. These gases are
toxic and affect significantly the air quality in indus-
trial cities. By combining several QC lasers and coupling
them into a commercial multipass gas cell, these gases,
arising from diesel, gasoline, or the resulting flue gas,
can be simultaneously measured, since their absorption
lines of are well separated. Thus, four individual lasers
are employed and combined with several beam splitters
and the laser beam is then guided into the multipass
gas cell, as shown in Figure 8(f). Combining all optical
parts in a server rack, with dimensions of 48 X 65 x 18 cm,
this setup is possible to be used in mobile applications.
A 2f-wavelength modulation is used, whereby the laser
is tuned over an absorption line and is attenuated by the
presence of the analyte. Before using as infield measure-
ment, the system was validated in the laboratory and
then measurements were performed in the external envi-
ronment. Correlating the spectra obtained under defined
conditions in the lab with field measurements, showed
that this mobile sensor concept is a promising tool for real-
time real-world measurements.(100

Carbon dioxide and methane are among other primary
greenhouse gases and contribute to global warming
and climate change indirect or direct. Water vapor is
also a greenhouse gas, which regulates the planetary
temperature through absorption and emission of
radiation, and carbon dioxide is a key reactant in the
oxidative chemistry of the Earth’s atmosphere. The
whole sensor, used to monitor these gases, is mounted

33

on a 50 x 50 x 3 cm? optical breadboard, which makes it
capable of infield measurements. The laser can simulta-
neously detect CO, H,0O, and N,O, by filling them into
the multipass gas cell. An alignment laser is implemented
to facilitate the alignment, as shown in Figure 8(g). The
whole prototype can be placed on a moveable rack. For
optimizing the parameters, an optical gas flow is used,
as the pressure changes the spectra. The WMS-2f signal
amplitude depends on the laser modulation index, which
is defined as the ratio of the wavelength modulation
amplitude and the half-width at half maximum of the
absorption profile. The 2f signal amplitude is maximized
to obtain the highest SNR. By increasing the signal
averaging time, a three to fivefold improvement could be
achieved.(19D

Besides the QCL, ICL is also used in environmental
fields. For the trace gas detection, which includes envi-
ronmental monitoring, industrial process control, and
monitoring of gas concentrations at industrial loca-
tions or breath gas analysis, fast, accurate, and precise
measurement of small concentrations of the trace gases
are required. Tuneable diode laser absorption spec-
troscopy (TDLAS) is a versatile technique for real-time
analysis of gases, by which parts per trillion (ppt)-level
concentrations of these gases can be measured. TDLAS
offers narrow spectral resolution, and it is dependent
on the laser sources, as a single-mode DFB laser is
needed. Reducing the conventional dimension of the
Herriott multipass gas cell, a smaller footprint, as well as
a reduced amount of gas, is required. This design consists
of two concave spherical mirrors with a more complex
dense spot pattern that minimizes the laser beam spot
overlap with a 54.6 m path length and a 220 mL sampling
volume, reaching a total size of 17x6.5%x5.5 cm. Two
sensor concepts are here developed. Both are portable.
The first one has a two-floor structure and the second
one is located on one floor, as depicted in Figure 9(a).
The two-stage setup consists of a CW-DFB-ICL located
on the first floor and the laser beam is guided via mirrors
into the second floor, where it is focused on the MPGC
and then into the detector. Two floors are used to obtain a
compact sensor system. The same sensor concept can be
realized in a one-floor setup. Both setups have identical
control units. The two-floor setup is equipped with an ICL
(3.2 pm) for methane measurement and the one-floor
setup with an ICL (3.3 pm) for ethane measurement.
Both setups use identical control units and equipment.
Infield measurements are carried out with the two-floor
setup, as this sensor is located in a driving car and the
power is provided via a laptop battery. Measurement was
carried out while the car was driving.!9? Using almost
the same one-floor setup, as seen in Figure 9(b), ethane
can be measured. Ethane is the second-largest compound
in natural gas and influences the atmospheric chemistry
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and climate. The gas is a trace gas with a concentration of
levels of several parts per billion by volume (ppb,) and
is important in human breath analysis as a noninvasive
method to monitor and identify diseases. The laser was
modulated with a 2f-wavelength and 2f/1f wavelength
modulation spectroscopy. The sensor system has a size
of 17.0x6.5x5.5 cm® and can measure in ppb, levels of
ethane, as the sensor can be optimized using the 2f/1f
wavelength modulation spectroscopy.(1%3)

Methane is a relevant target molecule in various
medical and environmental processes. It is continuously
released resulting from anaerobic oxidation of leakage
from, e.g., methane hydrate deposits, domestic animals,
etc. Methane is therefore an important greenhouse gas.
Despite the Herriot gas cell, the substrate integrated
hollow waveguides (iHWGs) can be used to measure gas
samples, as shown in Figure 9(c). These iHWGs have
an extended optical path and a small sample volume is
adequate. In this setup, an AI-IHWG is used, which serves
simultaneously as a miniaturized gas cell and waveguide.
Calibration curves with methane concentrations of 50 to
400 ppm, were achieved.(%

Formaldehyde (H,CO) is a colorless, toxic,
combustible, carcinogenic gas and is used in house-
hold products. The daily permissible H,CO exposure
is 750 ppb averaged for an 8-h workday and a short-
term exposure limit of 2 ppm over 15 min in maximum.
A cavity of 2 cm with an optical path length of 20 m was
used to measure formaldehyde. The principle in this setup
is the cavity-enhanced absorption spectroscopy (CEAS),
in which the optical cavities are used to enhance light
interaction with a gas species inside the cavity. Tuning is
conducted via temperature change in steps of 0.012 °C.
The selected wavelength assures the interference-free
measurement of H,CO, targeted at around 3.6 pm. The
sensor is built up with an optical isolator, to prevent
the reflected light from the cavity from returning to the
ICL and being guided into the cavity-enhanced sensor, as
shown in Figure 9(d). The LOD of 25 ppb is obtained after
ameasurement time of 1-s average time. By increasing the
average time to 200 s, the LOD could be even decreased
to 2.8 ppb.1% Formaldehyde is also used in the manufac-
turing and composition of industrial products, e.g. resins
for extremely strong and permanent adhesives of wood-
based panels. It is classified since 2004 as carcinogenic
to humans by the International Agency for Research on
Cancer (IRAC). The current workspace exposure for
formaldehyde in Europe is 2 ppm with a time average of
8 h. Online monitoring is needed to gain tighter control
of emission levels, as well as real-time measurements with
a highly sensitive formaldehyde emissions monitoring
of the exposure of the workspace. Hence, a 3.6 pm ICL
and a 36 m long multipass gas cell was used, as shown
in Figure 9(e). DFB-ICL can be used to measure this
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gas, even if it is mixed with methanol and formic acid,
to stabilize formaldehyde. Comparison with theoretical
FTIR spectra obtained from a database shows the same
behavior in the spectra. DFB-ICLs are therefore able to
monitor formaldehyde in the workspace.®® Formalde-
hyde is one of the most common indoor air pollutants,
which can cause eye, nose, and respiratory irritation
and allergies. Another approach is to use metal-organic
framed (MOF) based filters, which can be used to control
air pollution control due to their large surface area and
rich functionalities. Therefore, an ICL sensor concept for
sensitive and fast quantification of formaldehyde during
the filtration process of the MOF filter can be used. This
sensor is built up from an ICL, whereby the laser beam
is guided to the multipass gas cell, with a volume of
0.3 L and a total length of 36 m, as shown in Figure 9(f).
The sensor was calibrated by a custom-designed perme-
ation H,CO generator that produces H, CO/N, mixtures,
consisting of a semi-permeable membrane in the tube
wall, so the gas flows through the membrane. For real-
time monitoring, the formaldehyde sensor was applied to
investigate the filtration efficiency of H,CO membranes
(the MOFs). These membranes consist out of a hybrid
porous crystalline material, which can be used for gas
storage and separation. The MOFs were treated with
different gases and the filtration performance was in
real-time controlled. Continuous monitoring over a time
of 240 min, confirmed that the formaldehyde filtration of
the membranes can be measured with a time resolution
of 1519

Carbon monoxide has an indirect effect on global
warming. Gas analyzers are calibrated with static
gas standards, whereby errors in real-world scenario
measurements can occur. Therefore, there is an increasing
demand for the improvement of lab calibration for the
real-world samples. CO analysis can be performed using
a sensor built up with an ICL at 4.6 pm and two gas
cells. One cell is used for the CO amount fraction in
the pmol mol~! range and the other, the Harriot cell, to
measure the amount fractions in the nmol mol~! range,
as shown in Figure 9(g). Air-broadening, collisional
broadening, and line strength must be considered. The
sensor device was calibrated using a mixture fraction
of CO, N,, and air. The sample flow was 1 L min~! and
the 76 m long path length provided a detection limit
of 0.5 nmol mol™!, with a total measurement time of
14 s. Measurements of the CO amount-of-substance
fraction had a LOD of 0.06 and 0.01 nmol mol~! with
a measuring time of 10 min. As a result of this LOD,
the sensor device allows the detection of CO below the
2 nmol mol~! target specification required from the
WMO application. The measurement range is then
between 0.1 and 1000 pmol mol~! and can be used also
for industrial applications. However, despite showing a
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good comparison with a commercial cavity ring-down
spectroscopy-based CO analyzer, this sensor concept is
not able to use in-field measurement.1%®

4.2 Applications using Waveguides

Single-mode waveguides can be coupled with QCLs.
Waveguides are active transducers, which ensures a
reproducible interaction between photons and molecules
and can enhance the signal.1?® Only fewer groups are
using the ridge or slab waveguides, which are fabricated
on top of a thick substrate medium, which can be
increased and allows a single-mode propagating through
the waveguide. The coupling of the light into the end facet
of the waveguide is sensitive to the laser vibrations, and
the thin waveguide makes it difficult to focus the light on
the facet. For this reason, grating couplers could afford an
efficient coupling at beam diameters above the diffraction
limit. To achieve broadband coupling, different coupling
angles are needed. Coupling in the waveguide with a
diffractive element is a resonance phenomenon, so the
beams can simply overlap with the different coupling
angles and can be realized by focusing a wide beam on
a small spot. Therefore, the laser beam is focused on the
grating. In the setup, shown in Figure 10(a), the laser
beam is focused on mirrors, guiding the light into the
waveguide and reaching the detector. Solid polystyrene
was, for instance, measured.1?” Waveguides, built up
from GaAs, are designed to facilitate the propagation
of a single-mode at a wavelength of 10.3 pm, which can
be used to measure acetic anhydride. These single-mode
waveguides are designed to improve the sensitivity of the
evanescent field and are built up as a miniaturized plat-
form for a liquid-phase sensing system. The waveguide
consists of a 6 pm Alj,Ga,gAs cladding layer, which is
followed by a 6 pum GaAs core layer. The waveguides
were coupled into an FTIR device to obtain a transmis-
sion spectrum. Acetic anhydride was measured with a
droplet volume of 0.5 pL. The laser beam was guided
via lenses into the facet of the waveguide and then to
the detector, as shown in Figure 10(b). This waveguide
provides a well-defined evanescent field at the waveguide
surface with a sharp decrease in the surrounding mate-
rial. GaAs thin-film waveguides are ideal for sensitive
and quantitative measurement of molecular mono-
layers, which are deposited on the waveguide surface.11?
Instead of using a slab waveguide, strip waveguides,
with a dimension of 200 pm, can be also fabricated.
Acetic acid with a volume of 2 nL can be measured via
DFB-QCL, emitting at 10.3 pm. In a comparison of the
planar waveguide, the LOD is here 0.8 pL (based on the
volume) and the strip waveguide is 0.05 pL (based on
the volume). Using narrow strip waveguides can improve
the achievable LOD due to the enhancement of the
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local electric field.(!'® The waveguide core enhances the
fraction of the energy within the evanescent field and
it affects the obtainable SNR and the overall sensitivity
of the absorption measurement. The intensity of the
evanescent field depends on the dielectric constant at
the waveguide-sample interface and the dimension of
the waveguide. A 6 pm thick waveguide, e.g., provides
higher sensitivity in comparison to a 10 pm thick waveg-
uide, which is about 10 ties lower. The light is focused
on the side facet and benzaldehyde can be measured.
The obtained spectra were compared with FTIR. While
the laser reached a LOD of 35.1 mM, FTIR devised
achieved a LOD of 46 mM. The setup using a GaAs
thin-film waveguide is a build-up that uses two lenses,
which focus the light on the facet of the waveguide and a
third lens that focuses the light on the detector, as shown
in Figure 10(c).1D

In semiconductor (GaAs/AlGaAs), thin-film waveg-
uides developed by Mizaikoff and collaborators, 11
with a spectral window of 13 pm, diamond serves as an
excellent thin-film waveguide. Diamond strip waveguides
(DSWGs) are prepared via chemical vapor deposi-
tion and inductively coupled plasma. The thickness of
the diamond is 14 pm grown on a 200 nm Si;N, and
2 pm thick SiO, layer and the bottom builds a 600 pm
thick Si wafer substrate. The Si;N, layer is used, as it
provides a better adhesion on the diamond, and SiO, is
needed due to the mismatch of the refractive index of
the diamond and Si wafer. The different stripes have a
width of 100, 250, and 500 pm. In this setup, collimated
lenses are focused on the diamond facet, as shown in
Figure 10(d). The transmission spectrum is done via
an FTIR device, resulting in a broadband transducer.
As the 100 pm thick waveguide has the highest trans-
mittance, the measurements were conducted with this
strip waveguide. Droplets of different concentrations
of acetone in deuterated water were measured and
compared with the already mentioned GaAs strip.(11?
Reducing the thickness of the waveguides leads to an
increased number of internal reflections until a uniform
evanescent field surrounding the internal reflection
element (IRE) is established, i.e. when the geometrical
dimensions are closed to the supported wavelength
with the IRE serving as a waveguide. Diamond has
its limitation in the spectral region between 2200 and
1800 cm™!, which refers to the two-phonon crystal lattice
absorption feature. Diamond in comparison to GaAs has
a lower refractive index and the IR radiation is more
weakly confined within the diamond structure and has a
triangular spreading along the propagation axis. Propa-
gation losses are pronounced as the decoupling via side
facets is more complex. To circumvent this condition,
horizontal structuring increases the radiation efficiency.
Using a free-standing waveguide, e.g., DMF could be
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measured. ¥ Different diamond stripes with different
thicknesses were grown on a silicon frame, providing
the IRE. Here acetone and dimethylformamide (DMF)
were measured on 14 and 500 pm thick waveguides.
Interestingly, the different thicknesses of the diamond
stripes showed that some of them broke, when the solu-
tion was added.!!” Freestanding diamonds, which are
supported with a Si frame, are a tradeoff between stable
growth and refracting matching. These diamonds remain
brittle and they are mechanically sensitive, as already
mentioned. In contrast, for bulk diamond IRE, this is not
a concern. Diamond waveguides were used to measure
saliva. Samples with a volume of 20 pL saliva from a
healthy person were collected, and the saliva with and
without the drunk sugary content drink was measured.
The amide I band at 1650 cm~! and the amide II band
at 1550 cm~! as well as the asymmetric stretching mode
bands of carboxylate at 1400 cm~! are investigated. The
glucose vibration occurs at 1030 cm~'. Comparison with
glucose solution shows that a LOD of 0.02 mg mL™!
(0.12 mmol L) can be obtained, which fits to biological
relevant concentrations in saliva, containing concen-
tration between 0.008 and 0.0105 mg mL~! and saliva
glucose levels in diabetic patients ranging from 0.04 to
0.14 mg mL~1.(1® Glucose can be also measured using
a microstructured Si IRE, which can be compared with
commercial FTIR device. In both measurements, the
same concentration ranges were measured. Hollow-core
fibers were used to guide the laser beam to the Si crystal
and to the detector, as shown in Figure 10(e). The overall
absorbance of the OCL setup was approx. 4.5 times
higher compared to FTIR. FTIR has in this specific range
a lower absorbance signal and therefore higher LOQ.
It could be also shown that due to the alignment, some
small differences between the FTIR and QCL peaks are
obtained.(>

Proteins are also analyzed with diamond stripe waveg-
uides. Nearly the same setup as mentioned above is used,
in which lenses focus the laser beam onto the facets
and then onto a detector, as shown in Figure 10(d).
A 5 pL solution for the waveguides was used to measure
three different proteins. For comparison, the same
analytes were analyzed with a conventional FTIR device
equipped with diamond IRE. Both measuring principles
provided the same behavior in IR spectra. The obtained
absorbance in the laser-based setup was higher compared
to the conventional FTIR, whereby the concentration in
the laser-based system was in total higher. A sensitivity
improvement of about fourfold is observed compared to
the FTIR measurements. The amine bands in the laser
setup are slightly different compared to the FTIR. This
slight difference might occur due to the laser and the
different transducers.(11%
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4.3 Medical Applications

Broadband QCLs, with a spectral coverage of 400 cm™!,
and a high signal-to-noise ratio (SNR), provide ideal
fast, compact, real-time measurement and a rugged laser
source for the protein I and II region. FTIR analysis is
well-established and is the most widespread instrumen-
tation in this spectra regime, equipped with a broadband
light source, with less power radiation. The less power
radiation, however, can lead to limitations of the analytes
in presence of a highly absorbing matrix as water. For
example, the amide I band, located at 1643 cm~!, overlaps
with the water HOH bending. FTIR spectroscopy is
considered the gold standard, as it has a broad spectral
range, covering the whole MIR range, excellent SNR, and
absolute wavenumber accuracy. FTIR spectra have noto-
riously low noise and the final noise is determined by the
detector. The optical path is restricted to <10 pm to avoid
total IR absorption in FTIR transmission measurements.
The short path length, however, leads to less sensitivity
due to the lower band absorbance and the limited robust-
ness due to the higher probability of cell clogging. High
protein concentrations, above 10 mg mL~!, are required,
as the low path length limits the IR band intensity and the
SNR at a given concentration.

The spectral density of QCL is, in contrast, to a factor
of 10* higher compared to FITR devices. As QCLs
have higher output power, and a longer path length
in transmission measurement, they achieve a factor of
4-5 longer for both glucose and proteins compared to
FTIR.(11%126 With the broadband spectral tuning of
several hundred wavenumbers, the QCLs are used for
studies in aqueous media. They also have a four to five
times larger optical path compared to FTIR devices,
which must be flushed with dry air and reach a spectral
resolution of 2 cm~!. The mesh in the laser setup was used
to attenuate the laser intensity and the wedge sapphire
window to reduce the laser intensity at the amide II
band.(11? In the laser-based IR measurements, 91 scans
were recorded and averaged with a measurement time
of 45 s. Reference spectra were recorded and afterward
sample spectra for 20 min, with a time interval of 20 s,
lead to a total number of 60 scans. The samples were
injected into two CaF, windows and an 8 pm thick spacer,
as shown in Figure 11(a). The spectra were then treated
with Savitzky—Golay (2nd order, window =15 points)
and if necessary, the water vapor in the atmosphere
was corrected. In contrast, FITR measurements were
conducted with a commercial device, where 341 spectra
were averaged. Both devices have a spectral resolution of
3.6 cm~!. The comparison between both measurements
shows an excellent agreement between both. Even if
the noise of the high-end FTIR device is a factor of 2
better compared to the laser, the SNR is by a factor

Encyclopedia of Analytical Chemistry, Online © 2006—-2021 John Wiley & Sons, Ltd.

This article is © 2021 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2021 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.a9751



CASCADE LASER INFRARED SPECTROSCOPY

of 1.5 better due to the longer path length (factor of 3
longer). A LOD by a factor of 15 compared to FTIR
can be obtained with an optical path with a less noise of
factor of 5.029 With the same optical setup, but enlarging
the optical path to 38 pm thick spacer between the two
CaF, windows, the LOD was improved.!?” The data
processing for the laser spectra was done, treated by
Savitzky—Golay smoothing to reduce the instrumental
noise. Afterward, a similarity index of each scan was
conducted to sort out scans, which are shifted more than
0.1 cm™!, and then, a low-pass Fourier Transform filter
based on 4-term Blackman-Harris apodization (Fast
Fourier Transformation, FFT) with a cutoff frequency
of 150-200, was applied. To evaluate the compara-
bility of the protein IR spectra, the degree between
the spectral overlap of FITIR and QCL spectra was
employed.('” Data were also treated with correlation
optimized warping (COW), whereby the scans of one
measurement were aligned before they were averaged
and the background and the sample single beam spectra
were also aligned. COW is widely used to correct spec-
tral or chromatographic shifts.139 A schematics of the
data treatment is depicted in Figure 11(b). Using an
optical path length of 26 pm with the same EC-QCL
as mentioned above, with a double-beam optical setup,
robust sample handling was achieved. Therefore, the
laser beam was divided into two beams, and guided into
a custom-built two-path CaF, transmission flow cell, as
shown in Figure 11(c). The spectra were treated with
the same data processing above mentioned. Comparison
to FTIR shows an approximately 8 times higher LOD
compared to QCL.(129

Another research field in medicine includes the breath
gas diagnosis. Exhaled gas analysis is a noninvasive tech-
nique and allows a point-of-care disease, whereby the
metabolic status can be recorded in (almost) real-time.
Acetone in exhaled breath, for instance, is present in type
I diabetes patients. Diabetes is an increasing disease in
modern society. Blood-based diagnosis and monitoring
are robust and reliable, but they are uncomfortable and
invasive.1?D To obtain a cheap, fast, reliable, and accu-
rate diagnosis, laser-based sensors can be the solution
for breath gas analysis. For most of the biomarkers, the
concentration range is between ppb, and ppt,. Acetone
is an easy molecule to be detected in the breath. To
compare the breath gas analysis, blood glucose levels can
be measured. To obtain the exact values of acetone and
glucose, overnight fasting was done with all the patients.
Acetone was measured with the laser-based setup shown
in Figure 11(d). The obtained LOD of 0.05 ppt, was lower
than the measured values of 0.39 until 1.09 ppt, of the
healthy people, which is sufficient, to measure acetone
in breath gas. This sensor can be used for the routine
test in medical examinations to detect ketosis.'?! For
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comparison of measured gaseous acetone, FTIR can also
be used. For the laser-based setup, the laser is focused
onto the gas cell and a reference gas cell is used, as shown
in Figure 11(e). Gaseous acetone, in HPLC quality, was
measured with both QCL and FTIR, for comparison.
Afterward, breath gas analysis with the laser-based sensor
was conducted.??)

Carbon monoxide is another marker that originates
in the human body from the heme degradation. Two
different setups were tested: the off-axis integrated cavity
output spectroscopy (OA-ICOS) and the wavelength
modulation 2f/1f spectroscopy (WMS). The used
wavelength did not interfere with H,O and CO,, which
is in a concentration of 2% and 5% present in exhaled
gas.’» The two different setups used are shown in
Figure 11(f). In the first one, the laser beam was split for
the WMS, whereby the laser beam was guided into an
absorption gas cell with two ZnSe windows at Brewster
angle to minimize the optical interferences and to maxi-
mize the transmission of the laser light. The other beam
was focused on the reference cell. The second setup is
the OA-ICQOS, in which the laser beam was polarized
and guided into the gas cell, where two optical mirrors
built up the optical resonator. The LOD achieved with
the WMS was 7.1 ppb,, and could be even improved until
2.1 ppb, averaging the signal over 300 s. In contrast,
the LOD reached with the OA-ICOS was 7 ppb, and
could be reduced to 0.89 ppb, with an integration time
of 128 s. Holding the breath for 10 s, the exhaled CO
concentration increases by 20%, while the breath is
collected in a bag.1?¥ CO can be also measured with IC
lasers.

CO can be also a marker for being a smoker or no
smoker. Exhaled breath CO (eCO) is a systematic heme
metabolism, which is catalyzed by heme oxygenase
enzymes in response to oxidative stress.!?” A typical
mouth-eCo has a concentration of 1-3 ppm, in healthy
persons. The concentration of eCO is different with
smokers. The TDLAS setup consists of a laser, which is
guided with a lens into a multipass cell with an effective
absorption path length of almost 4 m and 51 reflec-
tions. Subsequently, the beam can be guided directly
to the detector or through the FP interferometer and
then to the detector, as shown in Figure 11(g). After
the sensor was validated,’ CO in alveolar breath of
healthy nonsmokers showed no interference with water,
via 2f-WMS modulation. After smoking, the CO concen-
tration showed elevated levels, which could be measured
real-time. (129

12C0O, and ¥CO, are known to be target isotopes for
the detection of the Heliobacter pyroli infections.(12>
The change in the isotopic ratio is observed by the
administration of 13 C-enriched sugar and is related to the
metabolization process. This sensor system is a portable
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sensor, whereby the ICL is focused on a dual-channel
iHWG, serving as a sample chamber and reference cell.
The implemented oxygen sensor detects oxygen in the
gas through fluorescent oxygen quenching, as shown
in Figure 11(h). After the sensor system was validated,
real-time and in situ measurements of mouse breath gas
were performed. To compare the obtained results from
the laser-based system, the commercial measurement
procedure of the GC/MS was used, whereby excellent
agreement could be achieved. This sensor system is a
compact portable device. 12>

S SUMMARY

Infrared spectroscopy and sensing comprise well-
established, nondestructive analytical techniques for
the sensitive and selective determination and identifi-
cation of chemical and biological compounds. Several
light sources are available, whereby the family of cascade
lasers provides distinct advantages including high output
power and narrow bandwidth. In 1994, the QCL was
experimentally demonstrated for the first time, while
one year later the ICL has been introduced. Interband
transitions characteristic of ICLs occur between electrons
and holes in separated bands, whereas intersubband
transitions are characteristic of QCLs, and occur between
electrons and holes in confined states. Depending on
the alignment of the energy bands, heterostructures of
type I, type 11, or type III/type II broken bandgap may be
generated.

ICLs are generally based on a lattice structure of
InAs/GaSb/AlISb III-V material, which is a typical
type II broken bandgap design. By applying an elec-
tric field, the electric overlap between the conduction
subband of an InAs electron quantum well (acceptor)
and a valence subband of Ga(In)Sb hole quantum well
(donor) can be tuned. The electron and hole injectors
have to be designed to ensure population inversion,
as well as a sufficient carrier transport through the
structure. The GaSb valence band lies below the InAs
conduction band, which ensures resonant tunneling into
the InAs upper state. The blocking layer of GalnSb,
AISb, and GaSb suppresses current leakage such that
a radiative transition into the lower state of InAs is
needed followed by tunneling into the next junction
region.

QCLs are designed as a unipolar semiconductor
laser, which can operate either in pulsed or CW mode
like ICLs. In contrast to ICLs, only electrons travel
through the structure. QCL comprises a gain and an
Injection/relaxation region, which constitute the active
region. As in the ICL, population inversion has to be
ensured, and the structure must be electrically stable.
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The active area consists of a cascade structure with at
least three states, and electrons are injected into the
third state from the upper injector stage. Population
inversion is achieved between state two and three, which
is the lasing transition. The injector region can build up
minibands, which prevents electrons from escaping. The
injector/relaxation region in turn prevents the formation
of electrical domains, i.e. the electrons are blocked from
escaping and the applied electrical field is reduced. For a
low threshold and high-efficiency QCL, the active region
has to be optimized with possibly low waveguide losses, a
narrow transition linewidth, and long upper state lifetime.
Hence, the tunneling, the optical phonon scattering, the
phase space, the escape time, and the injection efficiency
must be optimized via the three-quantum-well active
region, the two-phonon extraction, and the bound-to-
continuum extraction. The optical waveguides should be
designed to minimize internal losses and to maximize the
required gain.

The main difference between both cascade laser
concepts is that ICLs achieve population inversion due to
the energy gaps of the employed material, a low current
for reaching the transparency condition, and a maximum
current limited by the device. QCLs achieve population
inversion by the design of the active region, without trans-
parency current, and the maximum current is obtained
by doping the structure. Within ICLs, the photons are
generated via optical transitions with Auger recombi-
nation, whereas in QCLs the intersubband transition
is dominated by fast phonon scattering. QCLs exhibit
TE polarized modes, whereas ICLs are characterized by
TM polarized radiation output. To control the laser pulse
time, the damped oscillator, Q-switching or mode-locking
can be used in both cases. In QCLs, the emission wave-
length may be chirped due to thermal heating within the
laser structure during pulsed operation.

Wavelength tuning in a narrow spectral window may
be achieved by either changing the temperature or
the current. The cavity of the cascade lasers is usually
designed as a Fabry—Perot cavity, a DFB resonator, or
using an EC.

Last but not least, several examples of cascade lasers
have been discussed, and a range of selected application
examples are highlighted underlining the potential and
utility of cascade laser-based analytical IR spectroscopic
techniques.

ABBREVIATIONS AND ACRONYMS

CEAS Cavity-enhanced Absorption
Spectroscopy

COW Correlation Optimized Warping

CW Continuous Wave
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DFB Distributed Feedback

DMF Dimethylformamide

DSWG Diamond Strip Waveguide

EC External Cavity

eCO exhaled Breath Co

FFT Fast Fourier Transformation

FP-QCL Fabry—Perot Qcl

FTIR Fourier Transform Infrared

HRXRD High-Resolution X-Ray Diffraction

iHWGs Integrated Hollow Waveguides

IRAC International Agency For Research On
Cancer

IRE Internal Reflection Element

LOD Limit of Detection

MBE Molecular Beam Epitaxy

MIR Mid-Infrared Spectroscopy

MOF Metal-Organic Framed

OA-ICOS Off-Axis Integrated Cavity Output
Spectroscopy

PECVD Plasma Enhanced Vapor Deposition

ppb, Parts Per Billion By Volume

ppt Parts Per Trillion

Q-factor Quality Factor
QCLs, ICLs  Quantum Cascade And Interband
Cascade Lasers

RIE Reactive Ion Etching

SiC Silicon Carbide

slpm Standard Liters Per Minute

SNR Signal-to-Noise Ratio

STM Scanning Tunneling Microscope

TDLAS Tuneable Diode Laser Absorption
Spectroscopy

THz Terahertz

™ Transverse Magnetic

WMS Wavelength Modulation 2F/1F
Spectroscopy
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