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Abstract The progress on multi-wavelength quantum cascade
laser arrays in the mid-infrared is reviewed, which are a power-
ful, robust and versatile source for next-generation spectroscopy
and stand-off detection systems. Various approaches for the
array elements are discussed, from conventional distributed-
feedback lasers over master-oscillator power-amplifier devices
to tapered oscillators, and the performances of the different
array types are compared. The challenges associated with
reliably achieving single-mode operation at deterministic wave-
lengths for each laser element in combination with a uniform
distribution of high output power across the array are discussed.
An overview of the range of applications benefiting from the
quantum cascade laser approach is given. The distinct and cru-
cial advantages of arrays over external cavity quantum cascade
lasers as tunable single-mode sources in the mid-infrared are
discussed. Spectroscopy and hyperspectral imaging demon-
strations by quantum cascade laser arrays are reviewed.
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1. Introduction

Since the first demonstration of a unipolar semiconduc-
tor laser based on cascaded intersubband transitions in an
AlInAs/GaInAs heterostructure, quantum cascade lasers
(QCLs) [1, 2] have continuously been attracting research
interest from both applied and basic research communities.
Steady progress has expanded the wavelength range acces-
sible by QCLs, now extending from below 3 μm over the
long-wavelength mid-infrared to the far-infrared and ter-
ahertz (THz) regime. In particular, the short-wavelength
region poses significant challenges due to the large re-
quired confinement energies, which have been addressed
by using material combinations with a high conduction-
band offset such as InGaAs/AlAs(Sb) [3] or InAs/AlSb
[4], or by implementing strain-compensated designs in the
InGaAs/InAlAs-AlAs system [5]. In addition to the expand-
ing range of operation wavelengths, the figures of merit
achieved by QCLs have been continuously improved by
refinement of the active material design and technologi-
cal progress in growth and device processing, and have
been further pushed by the implementation of novel con-
cepts for bandstructure engineering and cavity photonics.
The latter, e.g., include a novel phase-matching scheme
for room-temperature THz-emission from QCLs based on
difference-frequency generation [6], or the realization of
plasmonic collimators achieving beams of high brightness
[7]. The combined efforts from a multitude of groups have
led to impressive figures of merit for QCLs in both the
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mid-infrared [8, 9] and THz regions [10, 11]. In the mid-
infrared, room-temperature peak powers of up to 203 W
have been demonstrated for large-area QCLs in multi-mode
operation [12], while single-mode emission at peak powers
up to 3.3 W and 34 W has been achieved by an angled-
cavity broad-area distributed-feedback (DFB) QCL [13]
and a photonic-crystal broad-area QCL [14], respectively,
for pulsed operation in all three cases. For continuous-wave
(cw) operation, mid-infrared DFB QCLs are reportedly ca-
pable of single-mode operation at 2.4 W of output power
[15]. In the THz regime, broad-area THz QCLs have re-
cently achieved peak output powers of more than 1 W [16],
while for narrow ridges fabricated on wafer-bonded ma-
terial with thick active regions peak powers of more than
500 mW have been reported [17]. The listed output power
records achieved by state-of-the-art QCLs demonstrate im-
pressively that these compact semiconductor laser sources
have become the ideal source of coherent radiation for a
large variety of applications, particularly when consider-
ing the tremendous degree of customization feasible due to
the comprehensive design freedom for both the gain ma-
terial and the device geometry. In this review article, we
give an overview of recent progress in the development of
multi-wavelength QCL arrays as next-generation sources
of tunable, coherent, monochromatic radiation for spec-
troscopy and detection applications in the mid-infrared. In
Section 2, we will illustrate the variety of applications,
for which QCL-based systems can be employed by dis-
cussing a few selected publications on spectroscopy and
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sensing demonstrations. Section 3 briefly discusses the ex-
ternal cavity (EC) systems as a common, commercially
available solution for QCL tuning, and the advantages and
disadvantages of such platforms are highlighted. Moreover,
Section 3 mentions a few alternative concepts for achieving
tunable single-mode emission from QCLs, before introduc-
ing the concept of QCL arrays as a powerful alternative to
EC QCLs. In the main part of this article, comprising Sec-
tions 4 to 9, the progress on multi-wavelength QCL arrays
is reviewed, from DFB QCL arrays discussed in Section
4 over surface-emitting arrays in Section 5 to wavelength
beam combining of the array output in Section 6. Section
7 finally reviews the very recent work on master-oscillator
power-amplifier (MOPA) QCL arrays, which achieve mul-
tiwatt power levels for tunable single-mode emission at
an excellent beam quality. In Section 8, recent studies on
single-mode tapered QCLs as an alternative building block
for moderate-power arrays are discussed. Spectroscopy and
hyperspectral imaging demonstrations by QCL arrays are
reviewed in Section 9 before concluding the review and of-
fering perspectives on future developments in Section 10.

2. Quantum cascade lasers in spectroscopy
and sensing applications

Recent years have seen the integration of QCLs as a source
of mid-infrared or THz radiation in a large number of spec-
troscopy and sensing systems aimed at medical, environ-
mental control, security and threat reduction or process
monitoring applications [18]. In the following, examples of
recent work in these fields will be mentioned to illustrate
the spectrum of applications entered by QCLs. In medical
instrumentation, breath analysis for diagnostic purposes is
a promising field, where laser-based systems are developed
as a low-cost, portable alternative to gas chromatography
mass spectrometry [19]. In reference [20], the authors com-
pare a QCL-based sensor for exhaled nitric oxide (NO),
which is a biomarker for asthma, with electrochemical and
chemiluminescence analyzers, concluding that QCL-based
systems offer both portability and high sensitivities, thus
outperforming the other two alternatives in one aspect or the
other. In reference [21], a QCL is employed as a source cou-
pled into a Ge waveguide integrated in a microfluidic chip
for cocaine detection. The integration of the optical compo-
nents required for sensing systems is taken one step further
in reference [22], where a monolithic lab-on-a-chip for the
mid-infrared has been demonstrated. Both the laser and
detector device are fabricated from the same bifunctional
active region material and couple to a surface plasmon po-
laritons waveguide. The latter allows a strong overlap of the
guided mode with a liquid covering the chip, and detection
capabilities for substances in solution in the parts per mil-
lion (ppm) range have been predicted based on data from a
proof-of-principle demonstration using ethanol in water. In
reference [23], monitoring the concentration of nitric oxide,
which is of high relevance for environmental control, with
parts-per-billion sensitivities has been demonstrated for a

QCL-based Faraday rotation spectroscopy system using an
effective optical path length of only 44 cm.

Laser-based photoacoustic spectroscopy is another
highly sensitive and robust gas detection technique, which
in its most basic configuration requires high output powers
in order to achieve detection levels required for environ-
mental control systems. Using an EC QCL in a photoa-
coustic spectroscopy setup, nitrogen dioxide (NO2), another
routinely monitored pollutant and greenhouse gas, can be
detected with a sensitivity of 0.5 parts per billion (ppb),
as reported in reference [24]. Recently, a compact (12 ×
5 × 5 inch) quartz-enhanced photoacoustic spectroscopy
(QEPS) system based on a high-power cw DFB QCL for
the detection of NO2 and carbon monoxide (CO) has been
demonstrated, achieving minimum detection limits of 23
and 1.5 ppb by volume (ppbv), respectively, with short sen-
sor response times of less than 5 s [25]. QCL-based QEPS
systems have very recently been used for measuring hy-
drogen peroxide (H2O2) [26], CO2 [27] and nitrous acid
(HONO) [28] concentrations with minimum detection lim-
its down to 75 ppb, 300 ppt and 66 ppbv for integration
times below 5 s, respectively. Both H2O2 and HONO are
of environmental relevance and are commonly detected by
disadvantageous wet chemistry methods.

Next to medical diagnostics and atmospheric pollutant
control, the detection of gas traces in air can be employed
in systems for security and threat reduction applications.
Not only sensing of threats by volatile gases, but even the
detection of solid explosives is feasible due to their finite
vapor pressure at room temperature. The potential of QCL-
based photoacoustic spectroscopy systems for the detec-
tion of TNT has been demonstrated in reference [29], with
estimated minimum detection limits of TNT in air sam-
ples from the explosive surface down to 0.1 ppb, which
is expected to enable TNT detection at sample tempera-
tures down to 5 °C. The demonstrated system was based
on a cw EC QCL and used a strong absorption line of
TNT vapor around 7.3 μm wavelength, a spectral region
inaccessible by CO2 lasers, which are commonly used in
photoacoustic spectroscopy systems. In addition to pho-
toacoustic spectroscopy approaches to explosive detection,
stand-off detection techniques based on infrared imaging of
targets illuminated by tunable QCL sources are developed
by several groups [30,31]. For this method, a HgCdTe focal
plane array collects the QCL radiation diffusely backscat-
tered by the target, while the laser wavelength is tuned
in the spectral range containing characteristic absorption
lines of the hazardous substances to detect. This results in
so-called hyperspectral images, which are then analyzed
by an algorithm extracting the scattering background from
the carrier surface, before referencing the spectrum of the
scattered radiation to a spectral databank. As demonstrated
in reference [32], this detection scheme allows the identi-
fication and localization of explosives, where fingerprints
of HMDT, PETN, and N-guanylurea-dinitramide on vari-
ous real-life materials were tested. The clear detection of a
1-cm2 spot of the latter at a stand-off distance of 20 m was
reported, demonstrating the potential of QCL-based stand-
off spectroscopy for field use in situations, where sampling
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of suspicious substances carries high risk. As also pointed
out in reference [32], the low required average powers of
the detection system of less than 3 mW and the spectral re-
gion of the employed QCL device ensure its eye safety. In
addition to stand-off explosive detection, the authors of ref-
erence [32] report on the potential of external-cavity QCLs
in another application, namely the in-line monitoring of
water quality. Mid-infrared transmission spectroscopy of
contaminants in liquids is particularly challenging due to
the high absorption coefficient of water itself in this spectral
region. As demonstrated in reference [32], the clear advan-
tage of the use of QCLs over that of a Fourier-transform
infrared spectrometer (FTIR) is the significantly increased
optical path length in water feasible for the QCL-based
system due to its high spectral power density, resulting in
larger feasible dimensions (100 μm path length) of the flow
cell and in a lower susceptibility to clogging.

QCL-based hyperspectral imaging is not only of interest
for stand-off detection and security applications, but shows
great potential as a basis of next-generation microscopy sys-
tems for digital pathology and cancer diagnosis. Very recent
efforts by several groups have demonstrated that a QCL-
based system for infrared imaging of tissue samples can re-
duce the scanning time of large tissue arrays by up to three
orders of magnitude as compared to a common setup em-
ploying a FTIR. [33–35] All of these demonstrations were
performed using a commercial EC QCL and conclude that
the crucial advantage of the QCL-based microscopy system
is the selective access to specific key wavelength regimes
of interest for sample characterization in contrast to the
comprehensive collection of spectral information intrinsic
to the FTIR approach. The drastic increase in sample scan
rate achieved by QCL microscopes in the mid-infrared has
the potential to enable a wide-spread adoption of infrared
spectral diagnosis in the clinical setting and to revolutionize
digital spectral pathology.

All of the listed publications demonstrate the poten-
tial of QCLs for spectroscopic applications, where these
compact and versatile semiconductor lasers hold distinct
advantages in crucial and customizable aspects over alter-
native sources like incoherent emitters, diode lasers or gas
lasers.

3. Tunable quantum cascade laser sources

3.1. Broadband QCL material

Many of the applications discussed in the previous section
require the tunability of the employed mid-infrared source
over a certain wavelength range. Even for highly specialized
detection schemes relying on a specific absorption line of
only one particular molecule in gas form, data acquisition at
multiple wavelengths increases the reliability of detection
by enabling distinction between gases with similar absorp-
tion fingerprints. The latter becomes absolutely crucial for
simultaneous probing of multiple substances with a low er-
ror rate. The basis of tunable laser systems is broadband

gain, and extensive research efforts by various groups have
been expanding the gain bandwidth available in QCL ac-
tive regions, achieved mainly by engineering the number
of optical transitions reaching population inversion. QCL
material based on a bound-to-continuum design [36], with
a number of different final states for lasing, can feature
broadband gain of a full width at half-maximum (FWHM)
between 200 and 300 cm−1, where a refined design for high-
performance lasers has been presented in reference [37]. A
different approach for reaching ultra-broad gain is based on
growing tens of different cascade sections while maintain-
ing conditions for efficient injection between the sections,
with each section lasing at a slightly different wavelength
[38]. The heterogeneous cascade approach applied in refer-
ence [39] reduces the number of different sections to two,
thus simplifying growth and still achieving a gain FWHM
of 290 cm−1 in a material suited for external cavity systems.
In reference [40], the authors introduce a second upper state
for lasing into a homogeneous bound-to-bound cascade de-
sign, achieving a gain FWHM of about 300 cm−1. The au-
thors in reference [41] expand the gain bandwidth available
in a homogeneous cascade structure by increasing the num-
ber of upper states for lasing in a continuum-to-continuum
design, resulting in a gain FWHM of 430 cm−1.

Thus, QCLs based on broadband gain material can
cover a spectral range in the fingerprint region of a target
substance large enough for a thorough referencing to chem-
ical databases and the elimination of detection errors. How-
ever, the spectroscopy and detection schemes discussed
above require single-mode operation of the employed QCL
source, which can be reliably achieved by implementing an
index grating for wavelength selection in DFB configura-
tion [42]. Even though DFB QCLs are capable of pulsed or
cw operation with high beam quality and excellent figures
of merit, their tunability is very limited. As the first-order
grating for wavelength selection of a DFB laser is defined
during fabrication and thus has a fixed periodicity, tuning
can only be achieved by a temperature-induced change in
the refractive index, limiting the tunability to a few cm−1.

3.2. External cavity QCLs

At present, the need for tunable single-mode QCLs for
spectroscopic applications is therefore commonly fulfilled
by EC QCLs [43]. Since the first demonstration of broadly
tunable EC QCL operation [44], EC QCLs have been real-
ized for various wavelength regimes and based on a num-
ber of different active region designs. Tunability over more
than 430 cm−1 and 550 cm−1 has been demonstrated in the
7–11 μm [45] and 3–4 μm [46] windows, respectively. EC
QCLs are capable of several tens of mW cw output power,
have been employed in countless spectroscopy and sensing
demonstrations, and are commercially available. However,
due to their setup, size and mechanical tuning, they face a
number of serious limitations concerning field applications,
as discussed in the following.

EC QCL systems comprise a QCL device, fabri-
cated from material featuring broadband gain, a lens for
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collimating the QCL output into a parallel beam and a grat-
ing providing wavelength-selective feedback. An antire-
flection (AR) coating is applied to one of the QCL facets to
enable the formation of an external cavity without signif-
icant coupled-cavity effects. The configuration commonly
used in EC QCL setups is the so-called Littrow configura-
tion, where the parallel QCL output beam hits a movable
grating. By adjusting the angle of the grating with respect
to the output beam direction, the first-order diffracted beam
of the desired wavelength is coupled back into the AR-
coated QCL facet. Due to this feedback, an external cavity
is formed, and lasing at the wavelength of choice can be
achieved. The zero-order beam of the grating is used as
an output of the system. By rotating the grating, the wave-
length condition for providing feedback is changed, and
the output wavelength of the EC QCL can be tuned, ideally
over the entire gain region. In more advanced system ge-
ometries [43, 47], a movable mirror is added to the setup,
and rotating and translating both the grating and the mirror
prevents walk-off of the output beam during tuning. These
rotation and translation operations can be reduced to ro-
tating one platform, on which both the grating and mirror
are mounted, requiring meticulous alignment of all compo-
nents. In an alternative variation of the Littrow configura-
tion [30], the external grating couples to the back facet of the
QCL, which intrinsically avoids the beam-walk-off issue.
However, this configuration does not allow the application
of a high-reflectivity coating to the QCL facet not facing
the grating, and the intensity in the grating diffraction order
usually employed as the system output is lost. Furthermore,
the mode-hop free tuning of an EC QCL over a wide wave-
length range reported in reference [47] required precise
control of the cavity length in order to fulfill the round-trip
conditions for the wavelength selected by the grating angle.
This manipulation of the EC length is achieved by mount-
ing the rotating grating+mirror-platform on a piezoactuated
translation stage and implementing cavity mode tracking.
Thus, even though EC QCLs are capable of impressive
tunability and figures of merit, their means of mechanical
tuning poses a serious challenge for field applications. The
systems have to be carefully aligned, and the mechanical
components are sensitive to vibrations or harsh movements,
making them too delicate for vehicle-mounted or portable
systems. The considerable challenge in achieving mode-
hop free tuning even in an ideal and vibration-free environ-
ment further limits the use of these systems. For many field
applications in sensing and spectroscopy, ruggedness, com-
pact size and low weight take priority over a large tuning
range or high average power. Ideally, systems for field use
would be based on a compact monolithic source, which can
be electrically tuned, is free of moving parts and requires a
number of external optical components as low as possible.
The latter calls for a high beam quality of the direct output
from the source chip, and would benefit from integration of
the laser with optical components for beam collimation or
beam combining. In this article, we review the progress on
realizing such monolithic, electrically tunable, single-mode
QCL sources in the form of multi-wavelength laser arrays.
Before presenting the work of our group on DFB QCL

arrays, high-power master-oscillator power-amplifier ar-
rays and tapered oscillator/distributed-Bragg-reflector
QCLs, a brief discussion of two single-element alternatives
to EC QCLs for spectroscopy applications is given.

3.3. Alternative single-device solutions for
wavelength tuning

One concept that aims at providing electrical wavelength
tunability of single-mode emission from a monolithic de-
vice is that of sampled grating reflectors integrated with a
QCL gain region [48]. The two grating reflectors, which
were defined by electron beam lithography and subsequent
etching and cladding regrowth, have slightly different peri-
ods, causing an overlap of their reflectivity spectra at only
one wavelength in the gain region. For modes of this over-
lap wavelength, the gratings form a cavity, and lasing is
possible. Tuning of the coincidence wavelength is possible
in a Vernier-like fashion by changing the temperature of
one of the reflectors via current-induced heating. Recently,
discrete wavelength tuning over 236 cm−1 was achieved
for such a device, with output powers of hundreds of mil-
liwatts at most wavelengths and a side-mode suppression
ratio (SMSR) of at least 20 dB [49]. However, the demon-
strated three-section devices are rather complex in opera-
tion, commonly exhibiting deviations of the observed tun-
ing behavior from the theoretically predicted characteristics
due to gain competition and spatial hole burning effects.
Very recently, an improvement in tuning stability of sam-
pled grating QCLs has been demonstrated by thoroughly
choosing the loss margin required for the suppression of
unwanted modes in a device with AR-coated facets. [50]

There are alternative spectroscopy concepts, which cir-
cumvent the need for a broad tunability of single-mode
emission by relying on simultaneous illumination of the test
specimen with a multi-wavelength laser spectrum and a sub-
sequent interference process. This spectroscopy approach
is referred to as multiheterodyne spectroscopy [51, 52] or
time-domain spectroscopy [53], and is based on the inter-
ference of two beams (signal and local oscillator beams) on
a fast detector, where each beam features a mode-locked
series of equally spaced, narrow intensity peaks (a so-
called frequency comb). The two frequency combs have
slightly different frequency spacings, resulting in a hetero-
dyne beat and generating a beat note of the detector signal
in the radiofrequency (RF) domain. A Fourier transform
of the time-domain detector signal gives a RF spectrum,
which reproduces the optical spectrum of the signal beam.
In multiheterodyne spectroscopy, the optical spectrum is
thus “downsampled” into the RF regime, and absorption
spectroscopy of a target substance can be performed by
passing the signal beam through the specimen. Frequency-
comb spectroscopy delivers impressive results in the near-
infrared, with short acquisition times, high signal-to-noise
ratios and excellent resolution. Very recently, there has been
significant progress towards achieving a mode-locked fre-
quency comb and emission of ultrashort pulses from a QCL.
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In references [54, 55], mid-infrared frequency combs gen-
erated by a free-running QCL have been demonstrated,
where the phase-locking between the individual modes is
achieved by four-wave mixing in the active material. Very
recently, broadband frequency comb formation in a THz
QCL has been demonstrated, supported by a chirped corru-
gation etched into the cavity facet for dispersion compen-
sation [56]. The authors in reference [57] propose a method
based on an external ring cavity for achieving robust active
mode locking in a mid-infrared QCL. In reference [58] such
an external ring-cavity QCL has been demonstrated as a first
step towards a mode-locked mid-infrared QCL independent
of cryogenic cooling, and suppression of spatial hole burn-
ing and single-mode emission has been observed. In ref-
erence [59], QCL-based multiheterodyne spectroscopy has
been demonstrated by employing two Fabry–Perot QCLs
with slightly different free spectral ranges instead of a true
frequency comb, achieving a spectral resolution of 15 MHz
during a spectroscopy demonstration on NH3 and N2O.
However, the spectral range available for spectroscopy in
this configuration was very limited, and is for such a sys-
tem intrinsically restricted to the region of overlap between
two given Fabry–Perot spectra of different cavities. Very
recently, the first dual-comb spectroscopy demonstration
based on quantum cascade lasers has been reported, with
an achieved bandwidth of 16 cm−1 and a high spectral res-
olution of 0.0027 cm−1 [60]. While the presented setup
suffers from gaps in the spectral coverage due to peak-to-
peak intensity variations in the frequency combs and from a
relatively narrow bandwidth, the reported results clearly in-
dicate the large potential of multiheterodyne spectroscopy
employing a QCL frequency comb, which could chal-
lenge EC QCLs as a convenient platform for mid-infrared
detection.

3.4. Quantum cascade laser arrays

In this article, we will review the progress on an alterna-
tive approach to QCL-based sources for mid-infrared spec-
troscopy: We will discuss the advances in the field of multi-
wavelength QCL arrays. The basic concept is straightfor-
ward: For realizing a monolithic single-mode source tun-
able over a broad wavelength regime, a number of different
single-mode QCLs is fabricated from a broadband material
on a single chip, all lasing at a different wavelength span-
ning the desired region, and ideally featuring a wavelength
spacing smaller than the feasible range of temperature tun-
ing. Challenges arise from the high levels of control over
mode selection crucial for the realization of such a chip,
as the performance requirements dictated by the specific
target application have to be met by all of its devices.

In addition to the multi-wavelength array approach re-
viewed here, the concept of integrating a number of inter-
playing QCLs on a chip to form an array has been imple-
mented to pursue power-upscaling, and a number of groups
have demonstrated phase-locked arrays of QCLs in the mid-
infrared [61–63] and THz [64] regions. The goal of these

phased QCL arrays is to achieve coherence between the
array elements’ emission, resulting in a narrow and stable
far-field of high brightness, while maintaining the efficient
heat management of narrow small-area devices. The chal-
lenges for these arrays are thus different from those faced
for multi-wavelength arrays, where coupling between in-
dividual devices is of no interest and of minor concern, as
sequential firing of individual devices of different design
is targeted. However, the tree-shaped combining of QCL
ridges demonstrated in reference [62] is of potential in-
terest for multi-wavelength arrays, as future concepts can
include monolithic beam combining of the elements of a
multi-wavelength array, paving the road towards fully inte-
grated, tunable single-mode sources of high beam quality.

4. Distributed feedback quantum cascade
laser arrays

4.1. Wavelength selection

The realization of a multi-wavelength array of single-mode
QCLs requires reliable means of selecting a different wave-
length for each individual element. For QCLs, the most
successful and commonly applied concept for longitudi-
nal mode selection is that of distributed feedback [42, 65].
In the following, the concept is briefly described, as a ba-
sis for more indepth discussions later on. The DFB and
MOPA QCL arrays discussed in the following are based on
predominantly index-coupled gratings, as opposed to loss
coupling. For achieving single-mode lasing at a selected
wavelength within the gain region of the QCL material, an
index grating with a periodicity p equal to half of the de-
sired wavelength in the medium is fabricated into the top of
a QCL ridge, spatially overlapping with the region of mode
confinement in order to provide feedback. This is usually
achieved by removing the top cladding of the QCL ma-
terial, defining a grating by electron beam or interference
lithography, and etching into the exposed material, which is
of higher refractive index than the cladding. The cladding
is then commonly regrown, although DFB QCLs without
regrowth of a cladding are realized as well. Due to the
resulting periodic variation in the refractive index, a pho-
tonic bandgap opens up around the Bragg frequency ω0 =
πc/(p·neff), where c is the speed of light and neff the effective
refractive index of the waveguide. The operation of a DFB
grating formed by the corrugated surface in the QCL mate-
rial is influenced by a number of parameters like its depth,
its duty cycle, its overlap with the waveguide mode and the
index contrast between the etched material and the regrown
material. The combined influence by these parameters de-
fined during fabrication manifests itself in one macroscopic
figure, the difference in (complex) effective refractive in-
dex between the low- and the high-frequency DFB modes,
�(neff + i k). The closely related figure commonly used to
quantify the coupling between the left- and right-travelling
waves in coupled mode theory is the coupling coefficient
κ , defined by κ = π�(neff + i k)/λ0, where λ0 is the Bragg
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wavelength of the grating. Note that for a sinusoidal spatial
modulation of the refractive index in a dominantly index-
coupled grating, κ relates to the modulation amplitude n1
as κ = πn1/λ0 [66]. For gratings with more complicated
grating profiles, the coupling coefficient can be determined
following a decomposition of the squared spatial index vari-
ation into a Fourier series. As the width of the photonic
bandgap �ν (in cm−1) is given by �ν = �neff/(neff λ0),
the real part of the coupling coefficient and the width of the
photonic bandgap are related as Re(κ) = π ·neff ·�ν. Now,
the coupling coefficient of a DFB grating in combination
with its interaction length determines the envelope of the
intensity profile of the DFB modes along the cavity. The
dimensionless parameter κL, often referred to as the cou-
pling strength, is commonly used to distinguish between
different coupling regimes, with different associated inten-
sity distributions inside a laser cavity. The modes at the
two edges of the photonic bandgap, exactly at the points
of vanishing group velocity vg = δω/δk, are equivalent to
standing electromagnetic waves in the waveguide. Both the
low- and the high-frequency mode at the bandgap edges can
be selected for lasing. However, even for a predominantly
index-coupled grating the two DFB modes are subject to
losses of different magnitude, favoring lasing of one mode
over the other. In a DFB QCL, the low-frequency mode
is more localized in the high-index material of the grating
(the GaInAs grating host layer), while the high-frequency
mode has higher field components in the low-index material
(the InP cladding layer). Depending on the losses present
in the individual materials, one of the two bandgap modes
is favored for lasing. Usually, losses due to free-carrier ab-
sorption are higher in the GaInAs grating host layer than
in the InP cladding, resulting in predominant lasing on
the high-frequency mode for most DFB QCLs. However,
the influence of device facets can result in more complex
mode-selection mechanisms in DFB QCLs, as discussed in
Section 4.3.

4.2. Distributed feedback quantum cascade
laser arrays: Performance

The first demonstration of a multi-wavelength QCL array
was reported by our group in 2007, when an array of 32
DFB QCLs on a chip was realized [67]. An electron micro-
graph and photograph of the array, which had a footprint
size of 4 × 5 mm2, are shown in the insets of Figs. 1a and b,
respectively. The array was based on a bound-to-continuum
material design with broadband gain around 9 μm first re-
ported in reference [68], which showed a FWHM of the
electroluminescence spectrum of about 300 cm−1. In or-
der to achieve lasing at a series of wavelengths within the
broad gain region of the material, 32 DFB gratings of dif-
ferent periods between 1.365 and 1.484 μm were defined
by optical lithography and subsequent etching. The fabri-
cated QCL elements featured a ridge width of 15 μm, and
were 3.5 mm long with a spacing of 75 μm between the
individual lasers. All of the array elements were capable

of single-mode operation, and the chip allowed switching
between 32 different wavelengths between 8.73 and 9.43
μm, spaced by about 2.75 cm−1. For all of the 32 wave-
lengths, a side-mode suppression of at least 20 dB was
achieved. Figure 1a shows normalized emission spectra for
each of the 32 QCL array elements in reference [67]. All
devices lase at equidistant frequencies, and thus consis-
tently operate on one side of the photonic bandgap, which
was identified as the high-frequency side. The determinis-
tic lasing on the high-frequency DFB mode was achieved
by realizing overcoupled DFB gratings with κL�11 for the
3.5-mm long devices. A thorough study on the dependence
of the mode selection on the coupling strength was pre-
sented in a follow-up publication [69], and is discussed in
Section 4.3.

Discrete wavelength tuning of the single-mode output
of this monolithic QCL source by switching between the
individual array elements was carried out via a custom-
designed microcontroller, which was employed for driving
the array chip in pulsed operation. A photograph of the
microcontroller setup is shown in the inset of Fig. 1c. In ad-
dition to sequential firing of individual elements, each QCL
element could be continuously temperature tuned over sev-
eral cm−1. By employing a combination between switching
and temperature tuning, the demonstrated array was capa-
ble of single-mode output continuously tunable over the
whole spectral range between 8.73 and 9.43 μm (spanning
85 cm−1). The operation of the QCL DFB array demon-
strated in reference [67] was limited by strongly varying
slope efficiencies between the individual elements between
20 and 200 mW/A and a consequential inhomogeneity in
achievable output power over the spectral range accessi-
ble by the chip. This variation in output power between the
individual QCLs is a significant drawback for the array per-
formance, where the cause of this behavior was attributed
to the device facet influence on mode selection in reference
[67] (see next section).

In 2009, a DFB QCL array of greatly extended tun-
ing range was demonstrated [70]. The chip was based on
a heterogeneous cascade including two different bound-to-
continuum designs [39] with a gain FWHM of 350 cm−1.
This array achieved an impressive tunability over 220 cm−1,
with the possibility to electronically switch between single-
mode operation (>20 dB SMSR) at 25 different wave-
lengths ranging from 8 to 9.8 μm. The individual array
elements once again operated in the overcoupled regime,
with κL� 9, achieving lasing on the high-frequency DFB
mode for all of the devices and an equidistant wavenumber
spacing of 9.5 cm−1, as seen from the plot of the respec-
tive spectra in Fig. 1b. However, like the array presented in
reference [67], this broadband array showed a large varia-
tion in slope efficiency between the elements, with acces-
sible peak powers in pulsed operation spreading between
130 mW and 1.2 W.

In addition to the developments on arrays of QCLs with
buried refractive index gratings in our group, efforts on the
realization of arrays based on metal-plated surface gratings
have been recently reported in conference contributions by
Carras et al. [71] The DFB gratings of the laser elements in
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Figure 1 Distributed feedback quantum cascade laser arrays. (a) Normalized emission spectra for each element of the first demon-
strated DFB QCL array. The inset shows an electron micrograph of several laser ridges of the array. (b) Extended spectral coverage
achieved in a broadband DFB QCL array. The insets show a top-view image of a DFB QCL array and a logarithmic plot of a represen-
tative single-mode spectrum. The equidistant wavenumber spacing for the arrays in (a) and (b) was achieved by deterministic lasing
at the high-frequency DFB mode for all array elements due to an overcoupling grating with κL � 11 and κL � 9, respectively. (c) For
arrays with moderately coupled DFB gratings (κL � 4.6), the influence of the device facets on mode selection results in lasing on the
low-frequency DFB mode for several elements. The inset shows the custom-made microcontroller employed for switching between
the individual array elements to achieve purely electronic wavelength tuning of the single-mode array emission. (d) Applying an AR
coating to one device facet of an array with moderate DFB coupling reduces the device-facet influence and the number of elements
lasing on the low-frequency DFB mode. (e) Photograph of a compact commercial DFB QCL array prototype system. Source: EOS
Photonics. (a) Reproduced with permission [80]. Copyright 2009, SPIE. (b) Reproduced with permission [70]. Copyright 2009, IEEE.
(c,d) Reproduced with permission [69]. Copyright 2009, IEEE. (e) Reproduced with permission. Copyright 2014, EOS Photonics.

this approach feature a complex coupling coefficient and do
not require an additional cladding growth step after grating
definition. While cw operation with 20 mW of single-mode
output power was reported for individual QCLs based on
surface gratings by the same group at the III-V Lab [72],

no performance characterization of an array has been pub-
lished up to now.

Very recently, DFB QCL arrays for spectroscopic ap-
plications have become commercially available, where an
image of a prototype system is shown in Fig. 1e.
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To summarize this section, DFB QCL arrays are com-
pact and rugged sources of single-mode emission, tunable
over a wide wavelength range limited only by the gain
profile of the active region. These continuously tunable
sources of coherent mid-infrared radiation are indepen-
dent of moving components, and tuning is achieved in a
purely electronic way by switching between the individ-
ual array elements and by current control of the device
temperature. This nonmechanical tuning mechanism gives
QCL arrays a tremendous advantage over EC systems, and
qualifies them for field applications as well as applica-
tions requiring maintenance-free operation in challenging
conditions.

4.3. Distributed feedback quantum cascade
laser arrays: Device facet influence

As mentioned above, the selection of the lasing wavelength
in the demonstrated DFB QCL arrays relies on a predom-
inantly index-coupled grating, where the grating-induced
spatial variation of the waveguide losses does not contribute
significantly to the coupling coefficient. The discussed DFB
QCL arrays were based on conventional designs for refrac-
tive index gratings without particular efforts on increasing
the loss difference between the two DFB modes. For the
QCL arrays reported in reference [69], a complex value of
κ = (31 + 0.17i) cm−1 was obtained from simulations of the
realized DFB gratings. However, the small but finite imag-
inary component of the coupling coefficient is essential for
the single-mode operation of the QCL array elements, as it
results in favoring of one of the two DFB modes for lasing.
The related loss contrast between the two modes is caused
by a difference in free-carrier absorption strength in the
grating host and cladding layers (see discussion in Section
4.2), where waveguide losses of 8.1 and 7.4 cm−1 were
calculated for the low- and the high-frequency DFB modes
in reference [69], respectively. Without any additional in-
fluences on the mode-selection process, this loss difference
results in deterministic lasing of the high-frequency DFB
mode. However, uncoated device facets significantly in-
fluence the lasing mode selection in case of moderate loss
contrast between the two DFB modes, as discussed in detail
in the following.

In reference [69], our group presented a detailed study
of the facet influence on the selection of the lasing mode
in a DFB QCL as well as on its output power, in depen-
dence on the grating coupling strength κL. The analysis
given in this paper is based on the theoretical treatment of
facet effects for diode lasers published in reference [73].
In an ideal DFB laser without any facet influence (e.g.
for very long cavities or AR-coated facets), electromag-
netic waves travelling through the waveguide experience
continuous feedback due to scattering by the periodic in-
dex variations, which can be described as coupling be-
tween left- and right-travelling waves. Eigenmodes of this
system or stationary solutions of the coupled wave equa-
tions can be interpreted in terms of fulfilling roundtrip

conditions for amplitude and phase for formation of a
standing wave. Now, in the case of non-negligible reflec-
tions from the QCL facets, these roundtrip conditions are
perturbed by the additional left- and right-travelling wave
components of the reflected radiation in a way that strongly
depends of the phase of these components relative to those
of the unperturbed DFB cavity. For a strong influence of
the facet reflections, mode-selection phenomena related to
coupled cavities like those studied experimentally in ref-
erence [74] can occur. The crucial phase relation between
the unperturbed DFB wave components and the additional
facet reflections depend on the precise position of the facet
with respect to the stationary intensity profile of the DFB
cavity, which is of the same periodicity as the grating as il-
lustrated in Fig. 2a. The low- and the high-frequency DFB
modes, separated by the photonic bandgap as indicated in
Fig. 2b, exhibit a shifted intensity profile with respect to
each other, and are thus influenced by the presence of facet
reflections in different ways. A facet mirror positioned ex-
actly at a field node of one of the two DFB modes and thus
suppressing lasing at this mode coincides with a field max-
imum of the other DFB mode resulting in low associated
mirror losses due to constructive interference. As a conse-
quence, facet reflections can favor one mode over the other,
and result in lasing of either or both of the two DFB modes,
depending on the precise facet position within one grating
period.

The influence of the device facet on the properties of
a DFB QCL strongly depends on the coupling strength
of the grating. As mentioned in Section 4.1., κL deter-
mines the longitudinal field distribution inside the laser.
For a strong coupling κL�1, the lasing modes are con-
fined to the center of the cavity, and the intensity at the
device facets is weak. Consequentially, such overcoupled
DFB lasers suffer from small slope efficiencies due to the
weak outcoupling of radiation. For weakly coupled DFB
lasers with κL�1, on the other hand, the mode intensity
is concentrated close to the device facets, showing a mini-
mum at the center of the cavity [66,69]. As predicted by the
simulations in reference [69], the positions of the two facet
mirrors strongly influence the DFB device operation in case
of weakly and moderately coupled gratings with κL � 1,
assuming uncoated facets with reflectivity of 30%. Lasing
at the high-frequency mode, which would be dominant in
an unperturbed DFB QCL, can be suppressed in favor of the
low-frequency mode due to the facet influence. Figure 2c
shows a plot of the simulated total loss difference between
the low- and high-frequency DFB mode as a function of
the mirror facet positions (or phases) for κL � 4.6. As seen
from the plot, the modelled device is expected to lase on
the low-frequency DFB mode in 43% of all cases (positive
loss difference values), while the high-frequency mode is
selected with a probability of 66% (negative loss differ-
ence). The facet position with respect to the DFB grating
is not controlled for the array devices presented in ref-
erence [69], and the submicrometer precision required for
feedback control is in principal difficult to achieve. Further-
more, as the facets of all array elements are defined during
one fabrication step by cleaving, and the grating period
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Figure 2 Influence of the device-facet mirrors on the performance of DFB QCLs in an array. (a) Illustration of the dependence of
the facet influence on their position relative to the DFB grating. The figure shows a side-view sketch of the DFB waveguide, with
overgrown grating and two facet mirrors in red. The radiation reflected by the facet mirrors interferes with the standing waves of the
two unperturbed DFB modes (electric-field amplitudes sketched in green and blue), and influences the mode losses depending on
the relative phase between the reflection and the unperturbed DFB mode. (b) Electroluminescence spectrum recorded for one of the
array elements in reference [69] at a current below threshold, showing the two DFB modes separated by the photonic bandgap. (c)
Simulated difference in losses between the low- and high-frequency DFB modes as a function of the two facet positions relative to
the DFB grating (expressed in relative phases of the reflected radiation) for moderate coupling (κL � 4.6). For positive values of the
loss difference, lasing on the low-frequency DFB mode is favored, for negative values the high-frequency mode is expected to lase. In
the case of moderate coupling, lasing on the low-frequency DFB mode is expected to occur for 43% of the devices in an array with
uncontrolled facet positions and no coatings. (d) By increasing the coupling strength to κL � 11 in overcoupled DFB QCL arrays, the
facet influence can be suppressed, achieving negative values of the loss difference for all mirror positions and resulting in deterministic
lasing on the high-frequency DFB mode for all of the array elements (see Figs. 1a and b). (e) Simulated influence of the facet-mirror
position on the output power ratio between the front and back facet emission for κL � 4.6. The power ratio is shown as a contour plot
in dependence of the two facet positions/phases. (f) Large variation of the slope efficiency resulting from the facet influence on lasing
of a moderately coupled DFB QCL array with uncontrolled facet positions and no coatings, where the slope efficiency of the elements
spreads over one order of magnitude. (b)–(f) Reproduced with permission [69]. Copyright 2009, IEEE.

varies from element to element, the facet mirror reflections
influence each array element differently. For a given device
with a moderately coupled DFB grating, the selection of
either the low- or high-frequency mode for lasing is thus
determined by an uncontrolled facet positioning and there-
fore completely random. For a single QCL device this is

not crucial, as a series of devices can be fabricated, tested
and then distributed across different applications according
to their specific lasing wavelength. However, for a DFB
QCL array, lasing at equidistant wavenumbers is desired,
not only for reasons of clean and continuous tunability,
but also to enable efficient beam combining as discussed
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in the next section. The width of the photonic bandgap
and thus the uncertainty in the precise lasing wavelength
amounts to about 3 cm−1 in case of κ � 30 cm−1, and the
wavenumber spacing across the DFB QCL array can thus
vary by up to 6 cm−1 for the moderately coupled devices
discussed in reference [69]. An experimental observation
of this random selection of the DFB mode for lasing and
the consequential variation in wavenumber spacing in a
moderately coupled DFB QCL array designed for equidis-
tant emission wavenumbers was presented in reference [69]
alongside the theoretical considerations: Figure 1c shows
emission spectra for a DFB QCL array with 32 devices (κL
= 4.6 + 0.025i) and with two uncoated facets, demonstrat-
ing lasing of 18 devices on the high-frequency and 14 on
the low-frequency DFB mode. As the photonic bandgap of
the presented array has a width of 3.1 cm−1 (Fig. 2b), the
wavenumber spacing between subsequent array elements
deviates from the targeted 2.7 cm−1, amounting 5.8 cm−1

in some cases and even changing sign to –0.4 cm−1 for
others.

Alongside a detailed analysis of the facet-mirror influ-
ence on the mode selection in DFB QCLs, two strategies
for overcoming these challenges regarding homogeneous
performance of index-coupled DFB laser elements in an
array are presented in reference [69]. The first method is
based on confining the lasing mode intensity distribution to
the center of the QCL cavity by realizing overcoupled DFB
gratings. The latter is achieved by fabricating long devices,
reaching κL � 11, as already demonstrated in reference
[67] and discussed in Section 4.2. Figure 2d shows the sim-
ulated loss difference between the two DFB modes for an
overcoupled DFB device with κL = 11 + 0.025i, where
negative values are predicted for the vast majority of facet
mirror positions/phases. Thus, as concluded from these sim-
ulations, the facet influence on mode selection is negligible
for such overcoupled DFB QCL arrays, and all 32 devices
of the demonstrated chip lase on the high-frequency mode
selected by the charge-carrier-induced losses, as seen in
Figs. 1a and b. It should be mentioned that too strong over-
coupling has to be avoided, as it reduces the facet-mirror
losses compared to the waveguide losses and therefore the
slope efficiency and maximum output power of a device.
Extreme overcoupling further leads to a pronounced inho-
mogeneity in the longitudinal field distribution of the laser
mode with a strong peak at the center of the device [66], in-
creasing the influence of gain-saturation effects. A thorough
choice of the coupling coefficient is therefore crucial for
combining high output power with reliable and determin-
istic single-mode operation. The second, rather straightfor-
ward strategy for achieving the latter is to cover the device
facets with an AR coating to effectively eliminate the facet-
mirror influence. Figure 1d shows emission spectra for each
element of a moderately coupled array (κL = 4.6 + 0.025i)
with an AR coating applied to the front facet [69]. 25 of the
devices are lasing on the high-frequency mode, and 6 on
the low-frequency side, which is a strong improvement to
the 18:14 ratio for the uncoated device of equal cou-
pling. The ratio of 25:6 agrees well with the theoretic

prediction. One of the devices showed simultaneous las-
ing on both sides of the bandgap, a case that can occur
at certain positions of the facet mirror. Application of AR
coatings on both device facets is predicted to achieve de-
terministic lasing on the high-frequency DFB mode, but
would significantly reduce the output power achieved by the
array.

All DFB QCL arrays demonstrated in references
[67, 69, 70] suffered from a pronounced inhomogeneity of
the accessible output power across the array, caused by a
large variation in the slope efficiencies from element to
element. The latter was attributed to the influence of the
device facets on the intensity distribution inside the cavity,
where an asymmetric distribution can result in preferential
outcoupling of the radiation from one device facet, while
the output power from the other facet is weak. A detailed
study of this effect was again given in reference [69], and
simulation results for the output-power ratio between the
front and back facets in dependence on the facet positions
are shown in Fig. 2e. Highly asymmetric positioning of
the two facets, with one facet positioned in the peak and
one in the valley of the etched corrugation, leads to strong
asymmetries in the mode intensity distribution along the
ridge. As a result, the outcoupled power can be distributed
between the two facets as unevenly as 95:5. For single DFB
QCL devices, this uneven distribution is an inconvenience
rather than a real issue, as the output direction of a device
in a system can be freely chosen after testing the power
emitted from both facets. However, for an array of QCLs,
it is required that all devices emit with comparable inten-
sity in one direction, and the influence of uncoated device
facets can result in an inhomogeneous power distribution
across the array spectrum. Figure 2f illustrates the experi-
mental observation of this issue for an array of moderately
coupled DFB QCLs demonstrated in reference [69], where
the light–current characteristics of a few selected devices
are shown, exhibiting a strong variation in slope efficiency
by one order of magnitude. This slope efficiency variation
persisted across all the demonstrated DFB QCL arrays, and
crucially limits the output power range achieved by these
arrays. However, as shown in Section 7, the addition of in-
tegrated power amplifiers in MOPA QCL arrays not only
tremendously increases the average output power achieved
by the elements, but also strongly reduces the power varia-
tion across the array.

To summarize this section, for realizing DFB QCL ar-
rays with deterministic, equidistant wavelength spacing be-
tween the elements and a homogeneous achievable out-
put power across the array, a thorough choice of the cou-
pling coefficient and device length and/or the application
of AR coatings to one or both laser facets are crucial.
As shown in Section 7 discussing the progress on high-
power multi-wavelength arrays of single-mode QCLs, the
suppression of the influence of device facets on the mode
selection becomes even more crucial utilizing power am-
plification sections in the array, while the facet influence on
the output power variation is significantly reduced in such a
configuration.
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Figure 3 Surface-emitting ring-cavity QCL arrays. (a) Electron micrograph of a two-dimensional array of surface emitting ring-
cavity QCLs. The inset shows an image of the employed second-order surface grating. (b) Performance of the ring-cavity QCL
elements. Threshold currents, achieved peak power and emission wavenumber are given for each individual device, along with an
electroluminescence spectrum of the gain material (green dotted line). (a), (b) Reproduced with permission [75]. Copyright 2011, AIP
Publishing LLC.

5. Surface-emitting quantum cascade laser
arrays

In contrast to the edge-emitting QCL arrays demonstrated
by our group, the group of Gottfried Strasser has reported
on a two-dimensional multi-wavelength array of surface
emitting ring-cavity QCLs in reference [75]. As shown in
Fig. 3a, this array comprises 16 elements arranged in a 4-
by-4 grid, fabricated from material based on a continuum-
to-bound design [76] with a gain centered around 8.13 μm
and featuring a FWHM of 200 cm−1. Wavelength selection
and surface emission are achieved by radial second-order
Bragg gratings etched 1.9 μm deep into the top cladding,
where the grating period was varied from device to de-
vice. Each of the ring-cavity DFB QCLs forming the array
showed single-mode operation at equidistant wavenumbers
over a range of 180 cm−1. An inherent advantage of the
ring-cavity configuration is the absence of facets, eliminat-
ing the need for strategies to suppress their influence on
mode selection and output power. The lack of any facet in-
fluence results in a consistent lasing on the antisymmetric
mode of the second-order grating for the array elements in
reference [75] as well as in a low output power variation
between the individual lasers dominated by the fluctuation
in the gain spectrum. The latter is evident from a compar-
ison of the fluctuation of the achieved output power of the
array elements (red circles in Fig. 3b) with the shape of
the gain spectrum (dotted green line). However, ring-cavity
QCLs also face a series of disadvantages. Their relatively
large footprint (diameter of 400 μm) as well as the two-
dimensional structure of the array makes beam combining
challenging. And even though they can feature impressively
narrow far-field intensity distributions with FWHM values
of 3° in both axes [77], their far-field exhibits an intensity
minimum in the center, and targeting a center-lobed emis-
sion requires the introduction of phase-shift sections. Fur-

thermore, the polarization state of the ring-cavity emission
is rather complex, resulting from the azimuthal polariza-
tion in the near-field imposed by the grating. Only recently,
linearly polarized emission from such a ring-cavity QCL
has been demonstrated by utilizing transmission through a
wire-grid polarizer fabricated on the bottom surface of the
chip substrate [78]. Last but not least, the peak output pow-
ers demonstrated for ring cavity DFB QCLs in an array so
far have been very limited, with values between 20 and 60
mW achieved in pulsed operation by the array in reference
[75], where the low output power was attributed to the losses
introduced by the deeply etched grating. Thus, while these
two-dimensional arrays show potential for specific appli-
cations due to their unique properties, their output power
at present limits their application in fields targeted by the
high-power arrays on which this review article is focused.

An alternative approach to realizing surface emitting
QCL arrays has been very recently demonstrated by the
group of Faist in reference [79]. In this work, a multi-
wavelength array comprising ten devices with integrated
distributed Bragg reflectors for wavelength selection has
been realized. Outcoupling of the laser emission is achieved
via a dielectric second-order grating in the central section
of each array element, fabricated simultaneously with the
Bragg gratings for wavelength selection. The demonstrated
array features longitudinal single-mode operation at ten
different wavelengths between 8.3 μm and 9.7 μm, span-
ning a wavenumber regime over 175 cm−1. The employed
wavelength-selection mechanism enabled reliable lasing at
a defect mode in the center of the photonic bandgap of
the Bragg reflectors for nine out of ten devices. However,
despite a buried heterostructure approach that in principle
supports cw operation, the performance of the array was
rather modest. Output power values of the individual array
elements between 0.7 and 2 mW were reported in pulsed
operation and at –20 °C, and the devices suffered from
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high threshold current densities around 5 kA/cm2. The per-
formance issues were attributed to leakage currents and a
low outcoupling efficiency, and the demonstrated surface-
emitting array concept requires optimization before com-
petitive figures of merit can be achieved.

6. Wavelength beam combining of the
quantum cascade laser array output

For stand-off detection schemes employing EC QCLs, a
beam with a diameter of more than a centimeter is aimed at
the suspicious substances to analyze, and the backscattered
radiation is imaged by a camera. As briefly mentioned in
Section 3, commonly employed EC configurations com-
pensate tuning-induced changes in the beam direction and
beam walk-off issues, and the illuminated spot maintains
its position on the test substance during the tuning process
even at distances of several tens of meters. As discussed in
the following, means of beam-steering error compensation
are also required for multi-wavelength QCL arrays, even
though no movable components are involved in contrast to
EC QCLs.

The employment of QCLs in spectroscopy systems
commonly requires the use of optical components for beam
collimation due to the highly divergent output of these de-
vices, with a FWHM angle of typically 60° in the slow
axis. The latter is due to the narrow confinement of the op-
tical mode in surface normal direction required to ensure
a good overlap with the active material, which is typically
only a few micrometers thick. In the simplest configura-
tion, beam collimation is achieved by a lens of small focal
length placed in front of the output facet, which gener-
ates a parallel beam with roughly the same diameter as the
lens. When placing a lens in front of a QCL array, with
the central device exactly in the focal point of the lens, the
direction of the generated parallel beam varies from array
element to element, following tan(	) = xn/f, where 	 is
the pointing angle relative to the emission direction of the
center element, f the focal length of the lens, and xn is the
distance of the element from the focal point [80]. For a
pitch between the individual lasers of �x = 75 μm and
f = 2.5 cm, this pointing error prevents an overlap between
the emission of all array elements already at a distance of
one meter from the chip, even though the emission-angle
difference between neighboring elements only amounts to
a few milliradians (mrad). For beam combining of diode
lasers in an array, several methods have been demonstrated
[81], among them so-called wavelength beam combining,
which is suitable for multi-wavelength arrays such as those
discussed in this review.

The first demonstration of wavelength beam combining
of a QCL array was reported in reference [80], where a
reflection grating was used to correct for the steering error
caused by the varying distances of the array elements from
the focal point of the collimating lens. The setup for wave-
length beam combining is shown in the inset of Fig. 4a and
in the photograph of Fig. 4b. The output of the laser array

is collimated by a ZnSe lens of 2.5 cm focal length, where
the central element of the array is placed at the focal point.
The resulting parallel beams hit an aluminum-coated reflec-
tion grating with 750 lines/cm and a blaze of 12 μm. Due
to the varying beam direction of the individual QCLs, the
beam of each element hits the grating at a different angle to
its surface normal. According to the grating equation, the
output angle 	out from the grating and the incident angle
	n have to fulfill d·(sin	n + sin	out) = m·λn, where λn

is the wavelength of the respective array element, and m is
the used order of diffraction [80]. In order to achieve suc-
cessful wavelength beam combining, the equation has to be
fulfilled for a fixed output angle by all array elements. 	n

is given by 	n = arctan(xn/f) + 	g, with a freely chosen
but fixed grating angle 	g. For an array with equidistantly
spaced emission wavenumbers and a homogeneous spatial
distance between the elements, this equation can only be
fulfilled in linear approximation, leaving a residual point-
ing error in the real system. Nevertheless, a reduction in the
pointing error from about 80 mrad without a grating down
to a maximal error of 2 mrad was achieved for the QCL
array demonstrated in reference [82] by using one grating
for wavelength beam combining. A plot of the residual er-
rors is given in Fig. 4a. One way to avoid the systematic
residual pointing error is to adjust either the wavelength
spacing or the pitch between the array elements in order to
exactly fulfill the nonlinear grating equation. However, this
requires an accurate knowledge of the effective refractive
index. Furthermore, temperature tuning of the QCL array
would again introduce a residual pointing error, as the grat-
ing equation can be fulfilled at only one set of wavenumbers
for a fixed spacing of the QCL elements. As an alternative
to engineering the wavenumber/pitch configuration of each
array element, the authors in reference [82] present a wave-
length beam combining scheme employing two gratings,
were an excellent reduction of the residual pointing error
down to 0.2 mrad was achieved for an array with equal
spatial and wavenumber spacing between the elements.
In the setup shown in Fig. 4c, the first grating overcom-
pensates the pointing error of the collimated QCL beams,
while the second grating simultaneously corrects for this
overcompensation and for the residual pointing error intro-
duced by the nonlinearity of the grating equation. In the
particular configuration demonstrated in reference [82], the
QCL output was collimated by a combination of an array
of integrated Ge microlenses (75 μm focal length) and a
ZnSe lens of 20 mm focal length, and then combined by
two gratings of 1000 and 500 lines/cm, respectively. Fig-
ure 4d shows the residual pointing error between the QCL
array elements, demonstrating an excellent collinearity be-
tween the individual beams. As discussed in reference [82],
the drawback of the dual-grating-based wavelength beam
combining scheme is its relatively low beam combining ef-
ficiency of 30%, defined as the ratio between the power of
the system output beam and the QCL emission power mea-
sured directly after the microlens. The reason for the low
efficiency is the mismatch between the QCL polarization
and the orientation of the grating lines, and an enhance-
ment of the combining efficiency to 90% can be expected
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Figure 4 Wavelength beam combining. (a) The relative pointing error between the individual collimated beams of a DFB QCL array
after wavelength beam combining with a single grating. The residual pointing error is due to the equidistant spatial and wavenumber
spacing between the 32 array elements and the nonlinear nature of the grating equation. The setup for single-grating beam combining
is shown in the inset and in the photograph of (b). (c) The schematics show a two-grating beam-combining setup for further reducing
the residual pointing error. The first grating overcompensates the initial pointing error, while the second grating corrects both this
overcompensation and the error caused the linear approximation of the grating equation. (d) Relative pointing errors below 0.2 mrad
between the DFB QCL array elements were achieved in the two-grating configuration. The squares indicate the relative pointing
direction of the far-field intensity maximum, while the vertical bars illustrate the 1/e2 width of the individual beams, indicating an
excellent overlap between the collimated beams. (a), (b) Reproduced with permission [80]. Copyright 2009, SPIE. (c), (d) Reproduced
with permission [82]. Copyright 2011, Optical Society of America.

for an optimized system using a half-wave-plate to rotate
the polarization of the QCL output. It should be pointed out
that even though wavelength beam combining requires ex-
ternal optical components as a means of eliminating beam
steering of the collimated array output during wavelength
tuning, the combined system is still free of any moving
elements, robust and of low maintenance requirements.

7. Master-oscillator power-amplifier QCL
arrays

7.1. MOPA QCLs

As discussed in Section 4, while DFB QCLs as building
blocks of multi-wavelength arrays are suitable for spec-
troscopy systems with relaxed power requirements, their
choice as array elements has so far limited the peak out-
put power by such an array. In order to target applications
like stand-off detection, a single-mode QCL device reli-
ably delivering high output powers at a good beam quality
is needed as a basis element. Even a stable multi-lobed
far-field intensity distribution is unacceptable for stand-
off applications, as the pointing directions of the intensity

peaks would vary from device to device, and wavelength
beam combining would be impossible to achieve. Thus, a
single lobed far-field intensity distribution in facet normal
direction of all array elements is a crucial requirement for a
number of spectroscopy and sensing applications, in combi-
nation with stringent power requirements for sensitive and
reliable detection. Both can be addressed by employing
MOPA QCLs as array elements.

QCLs are generally prone to lasing at higher-order
transverse modes due to spatial hole burning, which in turn
results in multi-lobed and often strongly current-dependent
far-field intensity distributions. Achieving a clean, single-
lobed far-field distribution due to exclusive lasing at the
fundamental TM00 mode requires the introduction of losses
for higher-order transverse modes. The latter is commonly
achieved by keeping the ridge width of QCLs narrow and
thus weakening the confinement of higher-order transverse
modes, which also limits the output power available from
conventional single-mode DFBs. Several schemes have
been pursued in order to overcome this trade-off between
output power and beam quality. Photonic crystal QCLs em-
ploy distributed feedback for both longitudinal and trans-
verse mode control. However, their design and fabrication
is complex and they are susceptible to longitudinal multi-
mode operation at high currents [14]. The broad-area angled
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cavity QCLs in so-called β-DFB configuration demon-
strated in reference [13] require relatively high currents
beyond 40 A for achieving single-mode peak powers of
around 3 W, and would require a large pitch when forming
an array due to their large facet width of more than 200 μm.
One concept, which meets the requirements for providing
high output powers at a good beam quality and single-mode
operation in an array is that of master-oscillator power-
amplifiers. The principle is based on generating a single
longitudinal and transverse mode in a low-power laser de-
vice, and coupling this mode into a single-pass amplifier,
where it is amplified while maintaining its spectral purity
as well as its mode profile. MOPAs have been success-
fully realized in a variety of systems and geometries, and
a monolithic MOPA diode laser was demonstrated in 1990
[83]. Two years later, the first monolithic MOPA semicon-
ductor laser with a tapered (flared) amplifier was realized
[84], a geometry that enabled achieving 10 W of cw power
in a single-lobed diffraction-limited beam from a semicon-
ductor laser in 2007 [85]. The first monolithic QCL device
in MOPA configuration was reported in reference [86], ca-
pable of 0.5 W of output power at 80 K. In 2010, our
group finally reported on the first high-power operation of
a monolithic MOPA QCL device, reaching peak powers of
1.5 W in both longitudinal and transverse single-mode op-
eration and at room temperature [87]. As the device layout
forms the basis of the high-power multi-wavelength MOPA
QCL arrays reviewed in this section, the operation of the
device reported in reference [87] is briefly discussed in the
following.

MOPAs are two-section devices, comprising a single-
mode seed section (master oscillator, MO), and a power-
amplifier (PA). The MO section is required to lase at a single
longitudinal and transverse mode, where moderate powers
are sufficient. Narrow DFB ridges are an obvious choice
for the seed section and have been employed for all of the
MOPA QCLs demonstrated up to now. In a monolithic de-
vice, both the seed and amplifier sections are fabricated
from the same material. Under ideal operation, the latter
acts as a single-pass PA in travelling-wave configuration,
meaning that radiation fed into the PA section from the in-
put side is gaining in power while propagating along this
segment, maintaining its original modal composition and
spectral properties. The layout of the MOPA QCL demon-
strated in reference [87] is illustrated in Fig. 5a, including
a narrow MO DFB ridge that is on one side connected to
a tapered PA section. Though it seems to be an intuitive
choice, the reason for the tapered geometry of the PA will
be discussed in the following.

Proper operation of the PA section has two crucial
requirements: First, in order to guarantee spectral purity,
the activity of this segment has to be strictly limited to
amplification of the seeded mode, and self-lasing of the
PA inevitably leading to a multi-wavelength output has to
be suppressed. To prevent the PA section from forming a
cavity for self-lasing, feedback from the PA output facet
has to be eliminated. While different concepts for the lat-
ter have been demonstrated [86], the preferred means is
achieving a high outcoupling efficiency by the application

of a high-quality AR coating [87]. As the second crucial
requirement, the seeded TM00 mode has to traverse the
PA without scattering into higher-order transverse modes,
which guarantees a single-lobed far-field intensity distri-
bution of the MOPA output beam. This requirement puts
restrictions on the geometry of the PA. A rapid change of
the cross section of the travelling-wave amplifier along the
propagation axis would be accompanied by a rapid change
in the profile of its eigenmodes, and scattering into higher-
order modes during propagation would occur. Only a slow,
gradual change of the waveguide cross section allows a
continuous propagation of the electromagnetic wave with-
out scattering into higher-order modes and, in the tapered
geometry shown in Fig. 5a, a so-called adiabatic expan-
sion of the seeded TM00 mode. The taper half-angle of the
PA in reference [87] is 1°, and the adiabatic spreading of
the TM00 mode in the amplifier section is illustrated by a
contour plot of the simulated intensity distribution in the
PA, as shown in Fig. 5a, resulting from finite-difference
time-domain (FDTD) calculations. As seen from the plot,
the mode continuously gains in intensity and expands in
cross section, but its intensity distribution stays perfectly
single-lobed.

The tapered geometry for the amplifier section aims
at mitigating gain-saturation effects in the QCL material.
Gain saturation is intensity dependent and sets in as soon
as stimulated emission contributes significantly to the de-
population of the excited state of the optical transition. In
case of lasing, the gain is clamped at the threshold gain
value as soon as lasing sets in, and gain clamping is a direct
manifestation of gain saturation. In a QCL-based amplifier
in a single-pass configuration, lasing does not occur due to
the lack of feedback, and the amount of gain saturation de-
pends on the highly inhomogeneous intensity distribution
along the amplifier (see Fig. 5a). The tapered PA geometry
allows spreading of the mode over a larger cross-sectional
area and thus reduces the mode intensity and gain satu-
ration, supporting high output powers. For MOPA QCL
devices with a straight and narrow PA section, the high-
est peak-power values reported up to now for single-mode
operation are just below 1 W [88]. In contrast, the tapered
amplifier geometry of the arrays reviewed in Section 7.2.
enables achieving peak powers of several Watts up to 10
W. The detailed choice of the PA length and taper angle
depends on a series of parameters from material properties
to the specific requirements of the targeted application in
terms of, e.g., accessible driving current range, footprint
area and array pitch, and the optimization of the MOPA
layout requires a detailed device simulation due to the in-
homogeneous current-density distribution and heating ef-
fects. With increasing amplifier length, lateral temperature
and refractive-index gradients gain an influence on the beam
quality, and have been reported to lead to filament formation
and beam instabilities in tapered semiconductor amplifiers
[89]. It should be mentioned that tapering of an amplifier
further introduces a significant astigmatism in the output
beam of the device. However, the latter can be corrected by
using a cylindrical lens in the external collimating or beam
combining setup (see Sections 6 and 9.2.).
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Figure 5 MOPA QCL layout and array packaging. (a) Basic layout of a monolithic MOPA QCL, comprising a DFB QCL as single-mode
master oscillator and a tapered amplifier with AR-coated output facet. The contour plot shows the adiabatic spreading of the TM00

mode seeded by the DFB section. While traversing the single-pass amplifier, the mode grows in power and maintains its spectral purity
and beam quality. The taper half-angle of 1° reduces gain-saturation effects. (b) Top-view image of an element of the MOPA QCL
array. Note the separated top metallization of the two sections, allowing independent driving at different current densities to prevent
self-lasing of the PA section. (c) Photograph of the packaged MOPA QCL array, mounted on a thermoelectrically cooled copper heat
sink. (a) Reproduced with permission [87]. Copyright 2011, Optical Society of America.

7.2. High-power MOPA QCL arrays: Design
and performance

The high-power multi-wavelength MOPA QCL arrays pre-
sented in reference [90] and [91] were based on a broad-
band bound-to-continuum design [37], where the material
was grown on a conducting InP substrate by organometal-
lic vapor phase epitaxy (OMVPE). The layout of the arrays
was similar to that in reference [87], with a taper half-angle
slightly increased to 1.3° and a 2-mm long PA section. A
top-view image of the layout of an array element is shown
in Fig. 5b. The first report on a MOPA QCL array in ref-
erence [90] presented a MO section with a more complex
DFB grating approach for reducing the influence of the
device back facets. However, as this first-generation array
was outperformed by an array of a more simplified grating
design [91], this article will first review the straightforward
approach of a simple DFB QCL as seed section in a MOPA
array, and then discuss an alternative design aiming at im-
proved mode control and its shortcomings.

The MOPA QCL array demonstrated in reference [91]
comprises 16 elements, each featuring a 13-μm wide and
2-mm long DFB MO section with a 250-nm deep first-order
grating etched into the GaInAs host layer and overgrown
by InP. The DFB gratings of the MO sections showed
a moderate coupling strength of κL � 3. Varying the
grating period from device to device between 1.44 and
1.55 μm allowed single-mode seeding at a different wave-
length for each array element. The output facet of the in-
dividual MOPA QCLs was 110 μm wide, and the arrays
featured a large pitch of roughly 500 μm. It should be
pointed out, however, that the large pitch size was merely
chosen to facilitate convenient bonding of the individual
MOPAs, and that close packing of the elements is feasible.

As discussed above, one of the key requirements for
proper MOPA operation is the suppression of self-lasing in
the PA section. As a means of reducing the feedback from
the front facet of the devices, an AR coating was applied

to the MOPA QCL arrays. The coating was composed of
842 nm of ZnS (refractive index of 2.2) and 1280 nm of
YF3 (refractive index of 1.415), where the coating quality
is crucial for achieving single-mode emission of the MOPA
devices up to high currents and output powers. However,
even though the self-lasing threshold of the PA was drasti-
cally increased by applying an AR coating, self-lasing still
occurred in the devices presented in reference [91] at high
amplifier currents. Thus, in order to keep the PA current
density below its self-lasing threshold and simultaneously
drive the MO section close to its rollover point, the MO and
PA sections of MOPA QCLs were electronically separated
and can be driven independently. The latter was achieved
by introducing a 100-μm wide gap in the top metalliza-
tion (see Fig. 5b), and separate bonding of the sections.
The packaging of the MOPA QCL arrays reported by our
group is shown in Fig. 5c. Due to the fact that MOPAs
are two-section, three-terminal devices, MOPA arrays re-
quire more complex driving solutions involving two sepa-
rate pulse generators for independent driving. However, the
more sophisticated device layout and driving configuration
also increases the number of parameters for customizing
and tuning of the device performance and thus the flexibil-
ity of the array, and, e.g., local temperature tuning of the
DFB section by a dc current in combination with a purely
pulsed driving of the PA section can be envisioned.

The high-power MOPA QCL array reported in refer-
ence [91] is capable of delivering impressive peak output
powers between 2.7 W and 10 W in single-mode operation
at 14 different wavelengths (two array elements were inop-
erable). The devices were driven at a heat sink temperature
of 18°C and at duty cycles between 0.025 and 0.1%. Fig-
ure 6 presents a logarithmic plot of the normalized emission
spectra at the respective maximum achievable peak power
for single-mode operation for the elements of the MOPA
array in reference [91], showing that all of the devices fea-
ture a SMSR of at least 20 dB. Remarkably, the variation
of the available single-mode peak power across the array
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Figure 6 MOPA QCL array perfor-
mance. The top image shows the lay-
out of the 16-element array, while the
achieved single-mode peak power of
each element is listed directly below.
The MOPA QCL array is capable of
single-mode operation (SMSR � 20 dB)
with peak-power values between 2.7 and
10 W at 14 different wavelengths, as
demonstrated by the normalized spec-
tra shown in the logarithmic plot for each
element. All data was acquired at room
temperature and pulsed operation.

between 2.7 and 10 W is far less pronounced than for the
DFB QCL arrays reported in references [67,69,70], where
the power values varied by a factor of nearly 10. As the cou-
pling strength of the DFB gratings of the presented MOPA
arrays is comparable to that of the moderately coupled DFB
arrays in reference [69], a significant variation of the slope
efficiency of the seeded power from the DFB section has to
be expected due to the influence of the MO back facet (see
Section 4.3. and [69]). The significantly more homogeneous
output power range for MOPA QCL arrays as compared to
DFB QCL arrays can be attributed to a homogenizing effect
of the gain saturation in the PA section, as discussed in the
following.

The onset of significant gain saturation in the PA was
observed despite the finite tapering angle of the amplifier for
the arrays in reference [91]. For conventional QCL devices,
the output power typically increases linearly with the ap-
plied current above threshold due to the strong influence of
gain saturation in the cavity. On the other hand, in an optical
amplifier with negligible gain saturation, the output power
increases exponentially with the driving current, following
Pout = Pin · exp[−αw+ g·�·(j−jtrans)·d], where Pin is the
input power from the DFB section, αw are the waveguide
losses, d is the amplifier length, j the PA current density,
jtrans the transparency current density of the PA and g·� the
(unsaturated) modal gain coefficient [91]. Gain saturation
in an optical amplifier is negligible for a small input power
Pin and short amplifiers. Figure 7a presents a logarithmic
plot of the output-power/PA-current characteristics for one
of the elements of the array in reference [91] at a series

of different MO currents, clearly showing an exponential
dependence for low PA and MO currents (the latter equiva-
lent to low input powers), as highlighted by the dotted lines.
In this exponential regime, the seeded mode traverses the
PA section without inducing significant gain saturation. As
the PA current is increased, the intensity gained by ampli-
fication of the seeded mode grows strong enough to induce
significant gain saturation, increasing towards the end of
the amplifier. As the currents are further increased, the on-
set position of significant gain saturation shifts closer to the
MO section, resulting in the subexponential characteristics
observed in Fig. 7a for high PA and MO currents. While
gain saturation reduces the amplification factor achieved
in the PA, it also exerts a homogenizing effect on the out-
put power. This becomes evident, when considering the
range of output power variation for a series of different
input powers in Fig. 7a. At a PA current of 1 A (low gain
saturation), the output power spreads across one order of
magnitude, from about 60 mW at an MO current of 1 A to
500 mW at 2.3 A. In contrast, at high PA currents above
6 A (strong gain saturation), the output power spread (from
3.5 to 7 W) is reduced to a factor of two for the same range
of input powers. The reason for this reduction in output-
power variation with rising PA current is that the overall
amplification factor of the PA section reduces with increas-
ing input power due to gain saturation at high PA currents.
A gain-saturated amplifier thus compensates input-power
variations and exerts a homogenizing effect on the output
power. As a consequence, the MO slope efficiencies at a
fixed, high PA current vary only slightly across the MOPA
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Figure 7 MOPA QCL array light–current and
far-field characteristics. (a) Dependence of
the output power on the PA current for a se-
ries of MO currents in a logarithmic plot for
one of the MOPA elements, exhibiting char-
acteristic amplifier behavior. The dotted lines
indicate the regime of minor gain-saturation
effects, where an exponential dependence is
observed. At high PA and MO currents, sig-
nificant gain saturation is indicated by the flat-
tening of the characteristics. (b) Dependence
of the output power on the MO current for a
fixed PA current of 3.8 A. The blue and the red
curves show the characteristics for the array
element with the lowest and highest (ampli-
fied) slope efficiency, respectively. (c) Angu-
lar far-field intensity distribution of the MOPA
QCL array elements in the chip plane at max-
imum peak power for single-mode operation,
demonstrating the excellent beam quality of
the array. The individual angular distributions
have been offset horizontally for a clear dis-
play. (c) Reproduced with permission [91].
Copyright 2013, Optical Society of America.

QCL array demonstrated in reference [91], with values be-
tween 2 and 3 W/A (including the fixed PA amplification
factor) at a PA current of 3.8 A, as seen in Fig. 7b. Thus,
MOPA arrays can be expected to generally show a more
homogeneous performance in terms of output power and
(amplified) MO slope efficiencies than DFB QCL arrays
suffering from the facet influence on the performance.

In addition to tremendously outperforming the DFB
QCL arrays in reference [67, 70] both in achieved power
levels and homogeneity of the output power across the el-
ements, the MOPA QCL arrays demonstrated in reference
[91] feature a significantly reduced inplane divergence of
the device emission and excellent beam quality of its el-
ements. The reduction in inplane divergence is due to the
large width of the PA output facets of 110 μm in combi-
nation with a conservation of the mode profile during am-
plification. The far-field intensity distributions in the chip
plane are presented in Fig. 7c illustrating the beam qual-
ity of all array elements at their maximum peak power. A
single-lobed intensity distribution with a narrow average
inplane FWHM angle of 7.8° indicates adiabatic spreading
of the seeded TM00 mode during amplification. Only minor
side lobes are observed for some of the elements, with no
expected significance for collimation, beam combining and
performance in stand-off systems. In contrast to the inplane
intensity distribution, the divergence of the MOPA output
beams in the slow axis is high with FWHM angles around
60°, which is typical of QCLs due to the narrow mode con-
finement in surface normal direction. Conventionally, the
strong resulting divergence in this direction is addressed
by external collimation optics. However, the integration
of plasmonic collimators into the facet of QCL devices has
been demonstrated [7], paving the way to highly collimated
emission from a monolithic QCL source. Very recently, this
concept has been applied to high-power, broad-area QCLs

[92], and the integration of plasmonic collimators into the
front facet of future MOPA QCL arrays can be envisioned.

7.3. High-power MOPA QCL array: Device-facet
influence

As discussed in the previous section, the MO slope effi-
ciencies at a fixed PA current vary by less than a factor
of two across the MOPA array. In contrast, the maximum
power values for single-mode operation given in Fig. 6
spread by a factor of 3.7. This is due to the fact that these
peak-power values are not limited by the slope efficiencies,
threshold currents and rollover points of the respective DFB
sections, but by the onset of multi-mode operation at high
driving currents. The array reported in reference [91] was
characterized by gradually increasing both the MO and PA
currents up to a point, where single-mode operation was
compromised due to lasing at additional modes, determin-
ing a maximum power level for single-mode operation.
Thus, the power values given in Fig. 7 have been acquired
for different MO/PA current combinations.

In reference [91], two different scenarios for the onset
of multi-mode operation were distinguished for the MOPA
array elements. For all but one of the elements, an increase
of the PA current beyond a certain value resulted in self-
lasing of the amplifier due to the finite residual reflectiv-
ity of the AR coated front facet. The second scenario for
the onset of multi-mode operation is relevant at high MO
currents. While several MO sections are capable of single-
mode seeding for currents close to their rollover point (cur-
rent for maximum power), for some DFB elements the ac-
cessible current range for single-mode operation is limited
due to the onset of multi-mode seeding. The multi-mode
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operation of some MOs for currents approaching the
rollover point relates to the influence of feedback from the
device facets on mode selection, in analogy to the facet-
mirror influence on the operation of conventional DFB
QCLs as studied in reference [69] and reviewed in Sec-
tion 4.3. For several devices of the array in reference [91],
multi-mode operation was clearly identified as lasing on
both sides of the photonic bandgap. The DFB sections of
the MOPA array experience amplified feedback from the
front facet, and a stronger influence can be expected for
a given residual front mirror reflectivity as compared to
the DFB arrays with an AR-coated front facet studied in
reference [69].

The influence of the device facets on the mode selec-
tion in the DFB section is also evident from the single-
mode emission spectra shown in Fig. 6. While operation of
the array at 16 equidistant wavenumbers was targeted, the
observed wavenumber spacing between neighboring ele-
ments varies and is either around 4.6 cm−1, 3.1 cm−1 or 6.1
cm−1. These numbers are equivalent to the targeted Bragg
wavenumber spacing and the target spacing reduced or in-
creased by the width of the photonic bandgap, respectively.
Figure 6 shows that nine of the MO sections operate on the
high-frequency DFB mode, and five on the low-frequency
mode, a ratio slightly lower than the 75:25 reported in ref-
erence [69] for a DFB QCL array with higher coupling
strength.

For future arrays, a reduction in facet influence can tar-
get both the stability of single-mode operation to further
push the power range accessible across the array and an
equidistant wavenumber spacing for efficient beam com-
bining. This can be addressed either by improving the front
facet AR coating, by realizing overcoupled DFB MO sec-
tions, or by applying an AR coating to the back facet of
future MOPA QCL arrays. An alternative approach for
achieving equidistant wavenumber spacing due to deter-
ministic lasing on one particular cavity mode was studied
in reference [90], as discussed in the following.

7.4. MOPA QCL array with quarter-wave-shifted
DFB sections

In an attempt to achieve more deterministic mode selection
in a MOPA array without significantly changing the fabrica-
tion, size and driving conditions of the chip, a quarter-wave
shift (QWS) was introduced into the DFB gratings of the
MOPA array presented in reference [90]. The layout of this
array, which was fabricated from the same material as the
array in reference [91], is shown in the inset of Fig. 8.
While the principal geometry of the MOPA elements in
references [90,91] are equivalent, the latter features an un-
pumped segment in the MO section in addition to the QWS
DFB grating. Both design variations introduced in refer-
ence [90] aim at reducing the influence of the device facets
on mode selection: The unpumped segment next to the de-
vice back facet, realized by a gap in the top metallization,
is expected to reduce the feedback from the back facet mir-

Figure 8 MOPA QCL array with quarter-wave-shifted DFB grat-
ings. For each operative array element, the emission spectrum
at maximum single-mode peak power is shown together with the
achieved peak-power value. The diagonal green line indicates the
Bragg wavenumber of each DFB section, showing that seven ar-
ray elements lase on the central defect mode associated with the
QWS (green spectra), while three operate on the low-frequency
(red spectra) and five on the high-frequency DFB modes (blue
spectra). The inset shows a top view of one of the 16 array ele-
ments, where the position of the quarter-wave shift introduced in
the MO section is indicated by an arrow.

ror by absorbing the reflected radiation. The QWS in the
DFB grating creates a defect state in the photonic bandgap,
and the associated mode is spatially localized around the
position of the QWS. Due to the stronger localization at
the center of the DFB section, the outcoupling efficiency of
the defect mode is lower, and the associated lower losses
are expected to result in preferential lasing. The problem of
device-facet influence on DFB operation has been known
to the semiconductor laser community for a very long time,
and the concept of QWSs for achieving deterministic lasing
at the defect mode in the center of the photonic bandgap
has been studied theoretically and experimentally for diode
lasers [93–95].

Figure 8 presents emission spectra for the MOPA QCL
array with QWS demonstrated in reference [90]. In the
plot, the spectrum for each array element at its maximum
single-mode power is presented, with a diagonal line in-
dicating the spectral position of the defect state mode for
each DFB section. Lasing on the latter was observed for
seven of 15 array elements, while five MOPAs lase on the
high- and three on the low-frequency DFB modes. Thus,
while lasing in the center of the photonic bandgap was facil-
itated for half of the array elements, deterministic lasing at
a specific design wavenumber could not be achieved for the
QWS MOPA elements. Furthermore, the QWS introduced
into the DFB section increased the facet influence on the
MOPA performance, and the accessible power values for
single-mode operation were far below those of the MOPA
QCL array based on conventional DFB sections. The QWS
array achieved single-mode peak powers between 0.8 W

www.lpr-journal.org C© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



LASER
&PHOTONICS
REVIEWS

470 P. Rauter and F. Capasso: Multi-wavelength quantum cascade laser arrays

and 3.9 W, where the reduced power values as compared to
the array with a straightforward DFB design were caused by
multi-mode operation at high PA currents due to simultane-
ous lasing on the defect mode and one of the DFB modes.
As probable cause for the instability of single-mode opera-
tion the authors again named the influence of the amplified
feedback from the MOPA front facet.

To conclude this section, MOPA QCL arrays achieve
impressive performance characteristics, with single-mode
peak-power values of several watts across the entire array
spectrum, and an excellent beam quality with a narrow,
single-lobed intensity distribution in the chip plane. They
offer an increased design freedom over common DFB QCL
arrays due to the interplay of two components addressing
different performance parameters, with a MO selecting the
wavelength of emission and a PA scaling the available out-
put power. Due to gain-saturation effects, the output power
achieved by the individual elements is more homogeneous
across the array than for DFB QCL arrays. With their high
peak powers up to 10 W, their superior beam quality, their
electrical means of wavelength tuning and independence
of mechanical components and their compact dimensions,
MOPA QCL arrays are highly suited as a robust, power-
ful and tunable mid-infrared source for spectroscopy and
stand-off detection systems.

8. Single-mode tapered QCLs

MOPA QCL arrays are based on two-section devices re-
quiring three terminals for operation. The more advanced
driving solutions for MOPA operation might unnecessarily
increase the costs and complexity of spectroscopy systems
with moderate power requirements. For applications requir-
ing higher power than delivered by DFB QCL arrays, but
preferring two-terminal devices for convenient operation,
broad-area devices of a tapered geometry are a promising
alternative as elements in a multi-wavelength array. The
tapered ridge geometry is a means of improving the beam
quality of broad-area devices, which in the case of a conven-
tional rectangular layout suffer from lasing at higher-order
transverse modes and a consequential multi-lobed far-field
intensity distribution. A tapered ridge design for ensur-
ing exclusive lasing on the fundamental TM00 mode has
been successfully applied to diode lasers for some time,
and a review of tapered diode lasers and amplifiers can be
found in reference [89]. The basic layout of a tapered semi-
conductor laser, whether in gain-guided or index-guided
configuration, is illustrated in Fig. 9a. The device geome-
try comprises two segments, a broad-area tapered section
and a narrow rectangular ridge. Both facets of the device
can be left uncoated, as they are required to form a cavity.
For a properly designed tapered laser, the TM00 mode is
compressed and expands adiabatically during its roundtrip
in the cavity, while a dominant fraction of the roundtrip
gain is provided in the broad tapered segment due to the
spreading of the mode over a larger cross-sectional area.
Higher-order transverse modes experience strong losses in

Figure 9 DBR/tapered-oscillator QCLs. (a) Basic layout of a con-
ventional multi-mode tapered semiconductor laser, comprising a
narrow ridge section for transverse mode filtering and a tapered
broad-area section. (b) Layout of a single-mode tapered QCL,
with integrated DBR for longitudinal mode filtering in the ridge
section and a tapered cavity. (c) Logarithmic plot of the normal-
ized spectra for 14 DBR/TO QCLs on a chip, each emitting at a
different wavelength, together with the corresponding peak-power
values and driving currents. For nine of the devices, single-mode
operation at peak powers between 0.3 and 1.6 W was achieved at
room temperature and pulsed operation. (d) Light–current char-
acteristics for the DBR/TO QCLs with highest and lowest slope
efficiency on the chip. (c), (d) Reproduced with permission [99].
Copyright 2013, AIP Publishing LLC.

the narrow, straight ridge section, and lasing on these modes
is consequentially suppressed. The narrow segment thus
acts as transverse mode filter, and a high beam quality due
to exclusive lasing on the TM00 mode can be achieved.

The first demonstration of a tapered QCL was reported
in reference [96], and recently our group has realized a
high-power, high-brightness tapered QCL achieving peak
powers of up to 2.4 W in pulsed operation [97]. 6 W of
peak power were reported for next-generation devices fab-
ricated from a different material and with an optimized low-
reflectivity coating on the output facet in reference [92]. All
of these tapered QCLs were based on a Fabry–Perot cavity
and showed lasing at multiple longitudinal modes. In ref-
erence [98] the realization of a single-mode tapered diode
laser with integrated distributed Bragg reflector (DBR) for
wavelength selection was reported, demonstrating the fea-
sibility of both transverse and longitudinal mode filtering
by the narrow ridge section of a tapered laser.

In 2013, our group realized the first single-mode tapered
QCL based on the integration of a DBR into the narrow
ridge section employed for transverse mode filtering [99].
The layout of the demonstrated devices is shown in Fig. 9b.
As the design requirements of adiabatic mode expansion in
the tapered section and the introduction of high losses for
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higher-order transverse modes in the straight section are
basically identical to those for a MOPA device of compara-
ble dimensions, the layout of the so-called DBR/tapered os-
cillator (DBR/TO) QCLs is equivalent to that of the MOPA
QCLs in reference [91]. One essential difference between
MOPA and DBR/TO QCLs is that the latter do not require
the application of an AR coating, as the tapered section
has to form a cavity. While for tapered lasers in the Fabry–
Perot configuration the tapered and the straight section are
pumped at equal current densities, this is not feasible for
DBR/TO devices, as in this case both sections would lase
at different longitudinal modes: The DBR section would
operate as a DFB cavity and lase on one of the DFB modes,
and the tapered segment would additionally lase within the
photonic bandgap, resulting in multi-mode operation of the
device. Driving of the two sections at different current den-
sities is possible, but would again require three terminals
for operation. In reference [99], the authors demonstrated
that an unpumped straight DBR section provides sufficient
feedback for high-power operation of a DBR/TO QCL, en-
abling the realization of a single-mode broad-area QCL
while preserving the advantage of two-terminal driving.

The DBR/TO QCLs presented in reference [99] were
based on the same material as the MOPA arrays in reference
[91], with 16 devices on a chip, each featuring a buried first-
order grating of varying period as a DBR back mirror. The
latter was integrated in a 2-mm long and 13-μm wide ridge.
As shown in Fig. 9c, lasing at 14 different wavelengths was
demonstrated (two devices were inoperable), where 9 of
these 14 devices were capable of single-mode operation
(SMSR > 20 dB) up to the current and peak-power values
listed above the respective spectrum. The peak-power val-
ues accessible for single-mode operation ranged from 0.3
to 1.6 W in pulsed operation. In multi-mode operation, all
of the 14 devices on the chip reached power values between
1.4 and 2 W, as illustrated by the light–current character-
istics in Fig. 9d, shown for the devices with the lowest
and the highest slope efficiencies on the chip. In addition
to the selection of the longitudinal mode for lasing due to
the wavelength-dependent feedback from the DBR, the ef-
ficient operation of the narrow ridge section as a transverse
mode filter was demonstrated: All of the DBR/TO devices
on the realized chip exhibited an excellent beam quality,
with a narrow, single-lobed far-field intensity distributions
in the chip plane and a FWHM angle around 7°, indicating
pure TM00 operation and effective suppression of lasing on
higher-order transverse modes.

While the chip presented in reference [99] might not
fully qualify as a tunable single-mode source due to the
fact that five of the devices did not achieve a SMSR of
20 dB, it clearly demonstrates the potential of DBR/TO
QCLs as building blocks for arrays aimed at spectroscopy
applications of moderate power requirements (see Section
9.2.). The broad-area devices are capable of peak-power
values in excess of those provided by narrow-ridge DFB
QCLs and feature a significantly narrower inplane far-field
intensity distribution. The reason for the multi-mode las-
ing compromising proper array operation for five devices
was attributed to the large width of the photonic bandgap

(1.5 cm−1) of the gratings, which were not optimized for
functioning as a DBR mirror with a narrow stopband. By
matching the width of the stopband to the free spectral range
of the cavity formed by the device front facet and the DBR
back mirror in future DBR/TO arrays, reliable single-mode
operation of each element can be achieved. In combination
with their excellent beam quality and their independence of
a third terminal and AR coatings, DBR/TO QCLs are highly
suited as elements for single-mode multi-wavelength arrays
as convenient sources for spectroscopy and detection sys-
tems of moderate power requirements. This conclusion is
supported by the recently reported stand-off system demon-
stration reviewed in the following section.

9. Spectroscopy demonstrations by QCL
array systems

9.1. Spectroscopy on liquids employing a DFB
QCL array

A first demonstration of broadband spectroscopy employ-
ing a purely electrically tuned QCL array was presented in
reference [69], using the overcoupled QCL array (3.5 mm
length) discussed in Section 4, for which the spectra are
shown in Fig. 1a. In order to illustrate the potential of QCL
array sources in the mid-infrared, spectroscopy on liquids
was demonstrated, which requires a wide spectral coverage
of the spectroscopy system due to the broadening of fin-
gerprint features as compared to gas absorption lines. The
spectroscopy demonstration was performed in the setup
configuration illustrated in the inset of Fig. 10a, where the
test liquids are contained in a fluid cell with an optical path
length of 23.6 μm, and are characterized in transmission by
sequentially firing the QCL array elements while recording
the transmitted power by a HgCdTe detector. In Fig. 10a, the
obtained spectra of isopropanol, methanol and acetone are
shown as squares, triangles and circles, respectively. The
solid lines represent the respective transmission spectra as
recorded with a FTIR, showing good agreement between
the two spectroscopic methods. The acquisition time for the
spectra recorded by switching between the array elements
was less than 10 s. However, it has to be noted that this
first spectroscopy demonstration was far from optimized in
terms of sampling rate, and an increase in both the data
transfer rate and QCL repetition frequency is predicted to
reduce the acquisition time for spectra to the millisecond
regime.

While the number of spectral data points are limited
to the number of array elements in the case of purely
switching-based tuning (Fig. 10a), the demonstrated contin-
uous tunability of QCL arrays in principle allows achieving
resolutions down to the QCL linewidth, only further limited
by the acquisition time and by the accuracy of QCL tem-
perature control. The isopropanol spectrum presented in
Fig. 10b demonstrates an increase of the number of spec-
tral points over the number of array elements by a factor
of four, achieved by acquiring sequential-firing spectra at
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Figure 10 Spectroscopy demonstrations by DFB QCL systems. (a) Absorbance spectra acquired via transmission spectroscopy of
methanol (triangles), acetone (circles) and isopropanol (squares) employing a DFB QCL array source. Purely electronic tuning of the
array was performed by switching between the individual QCL elements. A fluid cell containing the liquid specimen was placed in the
beam path, as illustrated in the setup schematics shown in the inset. For comparison, the solid lines show the respective absorbance
spectra as measured with an FTIR. (b) Temperature tuning of the individual array elements allows a continuous spectral coverage
by the QCL array, as demonstrated by the shown absorbance spectrum of isopropanol. Reproduced with permission [69]. Copyright
2009, IEEE.

different QCL temperatures. While the temperature tuning
in reference [69] was performed via varying the heat-sink
temperature by a thermoelectric cooler, a direct control of
the QCL temperature by application of a dc current is fea-
sible in pulsed operation, allowing wavelength sweeps over
5 cm−1 on the time scale of milliseconds (see Section 9.2.).

The implementation of wavelength beam combining
schemes as reviewed in Section 6 allows an increase in the
optical path length of a spectroscopic setup based on a QCL
array, ultimately enabling the realization of stand-off detec-
tion systems. As demonstrated in reference [80], utilizing a
single-grating beam-combining scheme makes an increase
in the distance between the QCL array and the detector to
6 m feasible, while still maintaining the capability of per-
forming spectroscopy. In reference [82], an extension of the
free-space optical path between the array and the detector
in a spectroscopy setup up to a length of 70 m was achieved
by expanding the beam-combining setup into a dual-grating
configuration. As a remote spectroscopy demonstration, the
transmission spectrum of a polymer sample was recorded
in this configuration, clearly showing the potential of beam-
combined QCL arrays for stand-off detection systems.

9.2. Hyperspectral imaging employing
a DBR/TO QCL array

Recently, a first hyperspectral imaging demonstration by a
QCL array system has been reported based on an array of
DBR/TO devices equivalent to those reviewed in Section
8 [100]. The array comprised 14 lasers operating at differ-
ent wavelengths between 9.2 and 9.8 μm, where the emis-
sion was collimated by a cylindrical microlens. Wavelength
beam combining of the array output in a single-grating setup
(see Section 6) reduced the peak-to-peak pointing error

between the devices to 0.53, supporting stand-off distances
of up to 6.8 m for a beam diameter of 19 mm. In order to
increase the number of wavelengths accessible by the array,
the individual laser elements were tuned via changing the
temperature and therefore the refractive index of the DBR
sections. The DBR temperature was controlled by a long
current pulse with a density below the threshold for lasing
on the band-edge modes of the DBR section. Figure 11a
shows that continuous thermal tuning of the array elements
over 2.8 cm−1 can be achieved by heating with 4-μs long
current pulses. In a stand-off detection setup comprising the
beam-combined DBR/TO QCL source and a digital-pixel
focal plane array of HgCdTe detectors, hyperspectral im-
age cubes of a gold surface covered with diethyl phthalate
(DEP) were recorded. Figure 11b shows reflectance images
obtained at a stand-off distance of 5 m for illumination
at two different wavenumbers (by two different array ele-
ments), one on and one off resonance with an absorption
peak of the DEP. While the gold surface is clearly visible
as a bright area at an illumination wavenumber of 1049
cm−1, a dark blue spot appears at 1072 cm−1 coinciden-
tal with the DEP-covered area. The reported data therefore
clearly demonstrate the successful imaging of DEP on dif-
fusely reflecting gold at a stand-off distance of 5 m. In
Fig. 11c, a reflectance spectrum of DEP recorded in the
same setup is presented, demonstrating the increase of the
number of spectral data points over the number of array el-
ements by thermal tuning of the devices. Supported by the
onchip data-processing architecture of the employed focal
plane array, the stand-off detection system demonstrated
in reference [100] was capable of high-speed differential
imaging. This allowed the recording of images showing the
difference in reflectance between two different illumina-
tion wavelengths at 4.1 μs per frame, where an example
is presented in Fig. 11d. The image shows the difference
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Figure 11 Hyperspectral imaging and
stand-off spectroscopy demonstration
by a DBR/TO QCL array system. (a)
Temperature tuning of the emission
wavenumber of individual array elements
is achieved by current-induced heating
of the DBR section. (b) Reflectance im-
ages of a gold surface covered with DEP
recorded for two different illumination
wavenumbers (firing of two different ar-
ray elements). At a wavenumber of 1072
cm−1 in resonance with DEP absorption,
the DEP covered area is clearly visible as
a dark blue spot. (c) Reflectance spec-
trum of DEP on a gold surface recorded
at a stand-off distance of 5 m in excellent
agreement with the calculated charac-
teristics. (d) Differential reflectance im-
ages of a target moving at 10 m/s, show-
ing the spatially resolved difference in
reflectance between two characteristic
wavenumbers. The red spots indicate
areas containing KClO3, whereas the
blue spots coincide with sand-covered
regions. A short image acquisition time
of 4.1 μs allows the sharp spatial reso-
lution of the moving target. Reproduced
with permission [100]. Copyright 2014,
Optical Society of America.

in reflectance between the two wavelengths of 9.8 and 9.3
μm of a target moving at a speed of 10 m/s, recorded at
a distance of 10 cm. The red and blue spots in the image
correspond to areas on the sample covered with potassium
chlorate (KClO3) and sand particles, respectively, which are
both clearly spatially resolved and spectrally distinguished
even at these high speeds.

The results reported in reference [100] therefore demon-
strate that by combining a multi-wavelength QCL array of
moderate output power (only 300 mW of peak power were
used) with a focal plane array allowing onchip spectral clas-
sification, spectral image acquisition times in the microsec-
ond regime can be achieved. This tremendous potential of
hyperspectral imaging systems based on QCL arrays re-
garding high data acquisition rates cannot be matched by
EC QCL or FTIR-based systems, which can approach sub-
millisecond data acquisition times only in very optimistic
scenarios. The crucial advantage of QCL arrays is their
rapid access to individual wavelengths, where switching
times in the 100-kHz regime can be achieved, independent
of the wavelength spacing between the individual spectral
points of interest. The latter is in strong contrast to EC
QCLs, where the stepping time between two wavelengths
increases with their spectral spacing and stepping over
100 cm−1 requires up to 2 ms in state-of-the-art commer-

cial systems. FTIR-based systems are in turn limited by the
collection of large amount of data and long mirror scanning
ranges required for achieving high resolutions, where inde-
pendent probing of spectral points of interest is not possible
due to the interferometer principle.

Therefore, in addition to being a compact, robust,
maintenance-free, electrically tunable platform, QCL array
systems have the potential to vastly outperform both EC
QCLs and FTIRs in spectroscopy as well as stand-off and
hyperspectral imaging systems, the former in acquisition
speed and the latter in both speed and spectral resolution.

10. Conclusions

In the past few years, our group has reported on a series
of multi-wavelength QCL arrays, each based on a different
concept for the array elements. The first of these arrays were
based on DFB QCLs, and single-mode emission at 32 differ-
ent wavenumbers by compact chips of an equal number of
elements was achieved by realizing overcoupled DFB grat-
ings with a periodicity varying across the array. Successful
wavelength beam combining as well as spectroscopy on liq-
uids was demonstrated, where continuous tunability free of
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mechanical components was achieved by microcontrolled
switching between the array elements and temperature tun-
ing of their emission. While arrays comprising conventional
single-mode DFB devices demonstrated the high suitability
of QCL arrays as tunable sources for spectroscopy appli-
cations in the mid-infrared, their peak output power was
rather limited and inhomogeneous across the array due to a
large variation in the slope efficiencies.

By implementing the MOPA concept as a more pow-
erful alternative to DFB devices, the peak output powers
achieved by QCL arrays were tremendously increased while
preserving the spectral purity and high beam quality of nar-
row DFB ridges. The devices of the demonstrated sixteen-
element MOPA QCL array feature peak powers between 2.7
W and 10 W for single-mode emission (SMSR � 20 dB), an
order of magnitude higher than the power range accessible
by the DFB QCL arrays, and superior far-field properties
with narrow single-lobed intensity distributions in the chip
plane exhibiting FWHM angles around 7.7°. In addition
to the increase in array output power, MOPA QCL arrays
exhibit far more homogeneous slope efficiencies across the
chip due to the homogenizing effect of gain saturation in
the amplifier section. The residual output power variation
across the MOPA QCL array is not dominated by the dif-
fering slope efficiencies of the array elements, but by the
onset of multi-mode operation at high MO or PA currents
for several devices. The latter can be attributed to the in-
fluence of the device facets, and a suppression of the facet-
mirror influence on the MOPA operation can be targeted
in future arrays by either applying an AR coating to the
back facet or by increasing the coupling strength of the
DFB grating. Maximum peak output powers of several tens
of Watts can be expected for future MOPA QCL arrays
of optimized geometry, in particular with higher PA taper
angles. The high output powers achieved by MOPA QCLs
come at the price of a more complex device layout requir-
ing the application of an AR coating and three terminals
for driving. While this is a minor issue for most appli-
cations, the increased effort in fabrication and driving is
unnecessary for spectroscopy systems with more moderate
power requirements. For the latter, QCL arrays based on
the DBR/TO geometry show large potential, where single-
mode operation at peak output powers between 0.4 and 1.6
W have been demonstrated for a series of two-terminal de-
vices on a chip. By further optimizing the DBR section de-
sign and geometry of these devices, proper array operation
with multi-Watt single-mode emission at a series of differ-
ent wavelengths can be targeted for future DBR/TO QCL
chips.

In addition to their excellent figures of merit, QCL ar-
rays are monolithic chips of small size, can be tuned by
purely electronic means free of mechanical components and
are highly customizable due to a large design freedom in
both bandstructure and photonic engineering. The covered
wavelength range and accessible peak power can be tailored
by broadband material design and device geometry, respec-
tively. The spectral resolution required by the application
can be addressed by an appropriate choice of the number
of array elements in combination with temperature tuning

over a small wavelength range, where in principle hundreds
of devices on a chip are feasible. In the case of applications
requiring probing of only a few selected fingerprint wave-
lengths, accurately designed DFB sections can specifically
target these spectral hotspots, reducing the number of array
elements and increasing the detection speed. Custom-driven
solutions can address high-frequency sequential firing of
the array elements, allowing for short spectrum acquisition
times in the microsecond regime. Furthermore, monolithic
integration with additional optical components like collima-
tors and beam combiners can be envisioned for future de-
vices. Spectroscopy and detection systems based on multi-
wavelength QCL arrays as tunable mid-infrared sources
therefore have tremendous potential to outperform conven-
tional systems like EC QCL-based platforms or FTIRs in a
variety of fields and to open up new applications calling for
fast, compact and mechanically robust solutions with high
customizability.
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