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Broad area quantum cascade lasers (BA QCLs) have significant applications in many areas, but suffer from demanding
pulse operating conditions and poor beam quality due to heat accumulation and generation of high order modes. A structure
of mini-array is adopted to improve the heat dissipation capacity and beam quality of BA QCLs. The active region is etched
to form a multi-emitter and the channels are filled with InP:Fe, which acts as a lateral heat dissipation channel to improve the
lateral heat dissipation efficiency. A device with λ ∼ 4.8 µm, a peak output power of 122 W at 1.2% duty cycle with a pulse
of 1.5 µs is obtained in room temperature, with far-field single-lobed distribution. This result allows BA QCLs to obtain
high peak power at wider pump pulse widths and higher duty cycle conditions, promotes the application of the mid-infrared
laser operating in pulsed mode in the field of standoff photoacoustic chemical detection, space optical communication, and
so on.
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1. Introduction
High power quantum cascade lasers have important appli-

cations in infrared countermeasures, gas detection, and other
fields.[1] Quantum cascade lasers were first demonstrated by
Faist et al. in 1994[2] and have developed rapidly in recent
years. In 2020, Northwestern University produced a device
with output power of 5.6 W in continuous wave mode at room
temperature, and the wall plug efficiency reached 22%.[3]

Diode lasers operating in pulse mode have attracted a lot of
attention; it has applications in a variety of industries, includ-
ing material processing,[4] lidar,[5] surgery,[6] and more. High
peak power can be produced in pulse mode, and the material’s
exposure to thermal effects can be reduced.[7] Laser bars are
typically used to obtain high peak power in the near infrared
spectrum. The efficiency exceeds 70% and a peak power pro-
duction of up to kilowatts has been reached.[8] For QCLs, due
to its application requirements, including chemical detection
and optical communication, peak power and high beam qual-
ity are the focus of research in recent years. To obtain higher
peak power, increasing the volume of the active region is a
simple method, namely broad area quantum cascade lasers. In

2009, Bai et al. produced BA QCLs with a ridge width of
400 µm and a cavity length of 4 mm.[9] At room temperature,
the peak power reached 120 W with 200-ns pulse width and
0.2% duty cycle. In 2017, Zhao et al. obtained a device with a
peak power of 62 W by optimizing the material growth in the
active region, its ridge width was 400 µm and cavity length
was 4 mm.[10] As the ridge width increases, the waste heat
generated during operation increases, and the efficiency of the
device decreases. At the same time, the high order mode is
difficult to suppress, and the far field will display a double-
lobed distribution.[9] In 2015, Heydari and Bai et al. used
an inclined cavity structure to optimize the beam quality.[11]

The device’s ridge width was 400 µm and cavity length was
4 mm. The peak power reached 203 W at room temperature,
with a pulse width of 200 ns and a duty cycle of 0.02%. It
had a single beam with a divergence angle of 3◦. However,
the process of the inclined cavity method is complicated and
difficult to produce. In BA QCLs, due to the significant expan-
sion of the width of the active area, the lateral heat dissipation
efficiency decreases. Heat is mainly dissipated from the lon-
gitudinal waveguide layer, and the central temperature of the
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active area further increases. Heat dissipation efficiency lim-
its further improvements in BA QCLs power, and pulse mode
output can usually only be achieved with a narrow pump pulse
width and low duty cycle. Multi-emitter laser array is one of
the viable solutions to solve the heat dissipation problem.[12,13]

Different from conventional semiconductor lasers, QCLs can
achieve high peak power in a small ridge width, the multi-
emitter arrays can be integrated into one chip, greatly reducing
the size of the device. In 2012, Naurois et al. produced a laser
array with 32 emitters, with a peak output power of 230 mW,
and evanescent coupling between beams was achieved.[14] In
2012, Chen et al. produced an array with five emitters, with a
peak power of 4 W at 500 ns and 10 kHz.[15] In 2015, Kirch et
al. produced a resonant leakage-wave coupling phase-locked
array with a peak power of 5.5 W.[16] The peak power is low
since the distance between adjacent transmitting electrodes is
relatively close, the heat dissipation is inadequate, and the
number of emitters is limited.

In this work, to improve BA QCLs’ ability for dissipating
heat and beam quality, mini-array quantum cascade laser (MA
QCL) was designed. The optimal ridge and channel width
were simulated to obtain better heat dissipation performance.
Then the experimental verification was conducted. The active
region is etched to the depth of the bottom InP waveguide layer
to generate a mini-array and InP:Fe is used for secondary epi-
taxial regrowth. This structure improves lateral heat dissipa-
tion efficiency, allowing BA QCLs to obtain high peak power
at wider pump pulse widths and higher duty cycle conditions.
The beams of different emitters overlap together and form a
single-lobed far-field profile. QCLs operate in pulse mode
has an extensive application prospect due to its wide range of
working conditions and high beam quality.

2. Simulation and manufacturing
Figure 1 shows the structure of MA QCLs. The structure

is grown on an InP substrate using metal–organic chemical va-
por deposition (MOCVD) system technology. The active re-
gion is composed by alternate growth of InGaAs/InAlAs with
a designed wavelength of 4.8 µm.[17] The growth sequence is:
lower layer (InP, Si, 2×1016 cm−3, 3 µm), forty stages of ac-
tive region, upper waveguide layer (InP, Si, 1∼ 3×1017 cm−3,
4 µm), contact layer (InP, Si, 1×1019 cm−3, 0.65 µm). After
that, the wafer is etched at equal intervals to form channels
with the width of D, leads to separated active regions with
the width of d. Then a secondary epitaxy is performed and
the channel is filled with InP:Fe. A 4-µm-thick layer of gold
is electroplated on the SiN insulation layer to help dissipate
heat. Chips were bonded P-side down on the SiC substrate
with AuSn solder.

InP substrate

Au

AuSn

Core

SiN

InGaAs

Fe-InP
D d

AlN heat sink

Fig. 1. Simplified structure of MA QCLs. Partial ridges are shown in the
figure. D is the width of channel, which is filled with InP:Fe. d is the width
of ridge.

To study the impact of the mini-array structure on heat
dissipation efficiency, finite element method was used to con-
duct thermal simulations of the device. The bottom of the SiC
substrate was set to 288 K, simulating the temperature of plat-
form in actual testing. Since the small size of the device, it
is assumed that the thermal convection and thermal radiation
can be ignored. Each micro ridge acts as a 1.5-µs, 8-kHz pulse
mode output independent heat source with a heat source den-
sity of 2.88×1014 W/m3. The transient heat transfer equation
is given by

ρCp
∂T
∂ t

= ∇ · (k∇T )+Q, (1)

where ρ is the material density, Cp is the specific heat of the
material, k is the thermal conductivity of the material, and Q
is the heat source density in the active region. Considering the
superlattice structure of the active region, its thermal conduc-
tivity is set to be anisotropic, and k⊥ is approximately 20% of
k‖.[18] Figure 2 shows the effects of ridge width d and InP:Fe
regrowth width on peak temperature. The volume of the ac-
tive region is the same and the effective width is 300 µm. As
figure 2(a) shows, the change in temperature of the active area
region when ridge width increases from 3 µm to 10 µm was
calculated while D = 8 µm. As d increases, the peak tem-
perature gradually increases and the growth rate gradually de-
creases. After d > 8 µm, the peak temperature changes rela-
tively slowly. As figure 2(b) shows, the change of center tem-
perature in the active region as regrowth width grows from
1 µm to 10 µm was calculated for d = 5 µm. As regrowth
width grows, the peak temperature steadily falls, and the tem-
perature becomes constant when regrowth width approaches
10 µm. This indicates that at this regrowth width, there is
minimal thermal interaction between adjacent ridges. Based
on the simulation results, MA QCLs’ heat dissipation perfor-
mance improves when the InP:Fe regeneration width increases
and the ridge width decreases. Figure 3 shows the heat flux
distribution of BA QCLs with a ridge width of 300 µm and
MA QCLs with d = 5 µm and D = 10 µm. The active region
volume of the two constructions is the same. Heat is primarily
dissipated from the longitudinal in BA QCLs due to the wider
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active region width and high transverse to longitudinal ratio.
The transverse heat dissipation efficiency is just 0.12%. For
MA QCLs, the filling of InP:Fe permits part of the heat to dis-
sipate from the sides and prevents heat accumulate in active
region. The lateral heat dissipation accounts for 45.92%. The
peak temperature of MA QCLs with d = 5 µm and D = 10 µm
is 34 K lower than that of BA QCLs under the same conditions.
The mini-array structure improves BA QCLs’ heat dissipation
capacity closer to typical QCLs.[19]
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Fig. 2. Effects of ridge width d and InP:Fe regrowth width D on the peak
temperature of MA QCLs. (a) Effect of ridge width on device peak temper-
ature when D = 10 µm, (b) effect of InP:Fe regrowth width on device peak
temperature when d = 5 µm.

The wafer was processed into a double-channel ridge
waveguide laser with an average core width of 300 µm. De-
vices with three different parameters were fabricated. The
channel width D was 10 µm, the ridge width d was 8 µm,
6 µm, and 5 µm, while the effective width of the active re-
gion was all 300 µm. BA QCLs with an active area width
of 300 µm were produced for comparisons. InP:Fe was then
used for re-growth. SiN of 350 nm was deposited on the up-
per surface. 4-µm Au was deposited for better heat dissipation

performance. After cleaving with a 5-mm cavity length, coat-
ing was applied on the front and rear cavity facets, while the
high-reflectivity (HR) coating consists of Y2O3/Ti/Au/Y2O3.
Chips were bonded on the SiC substrate with AuSn solder epi-
side down. Figure 4 shows the cross-section SEM image of
the MA QCLs.
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Fig. 3. Temperature and heat flux distribution of BA QCLs and MA QCLs.
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Fig. 4. SEM images of the cross-section of the device.

3. Results

All tests were conducted under pulsed current conditions

with a pulse width of 1.5 µs and a frequency of 8 kHz. The

chip was secured using a mechanical clamp, and the bottom

of the sink was contact with a temperature-controlled platform

maintained at 15 ◦C. The average power was measured using a

thermopile power detector (Gentec), and the actual peak power

was calculated from the duty cycle. Spectrum was collected

using a Fourier transform infrared spectrometer (FTIR) using

a resolution of 1 cm−1. Figure 5 shows the L–I–V and WPE
characteristics of devices with different ridge widths. The de-
vice with d = 5 µm obtained a peak power of 122 W at 82 A.
The threshold current is 22 A, the slope efficiency is 2.92 W/A,
the maximum WPE reaches 10.6%, and the threshold current
density is 1.47 kA/cm2. As the ridge width decreases, rollover
of current occurs later, leading to higher peak power. This is
consistent with the conclusion obtained from previous simula-
tions that greater ridge width is associated with worse heat dis-
sipation efficiency at the same InP:Fe regrowth width. How-
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ever, as the effective width of the active region is constant, the
number of emitters grows while the ridge width decreases. As
a result, the waveguide loss of device increases, which raises
the threshold current. Results for BA QCLs are also shown in
the picture. Due to the influence of heat, the slope efficiency
decreases, and the chip is prone to failure with the rear cav-
ity surface damaged. Figure 6 shows the far-field measured at
30 A for MA QCLs with different ridge widths. The far-field
divergence angles of ridge widths of 8 µm, 6 µm, and 5 µm
are 35.2◦, 28.1◦, and 26.3◦, respectively. Compared with the
distinct dual-lobed far-field of BA QCLs, the far-field profile
of MA QCLs presents a single-lobed distribution.[12,20,21] The
beams overlap to form a single-lobe far field. A decrease in the
ridge width leads to an increase in the total active region width,
the far-field divergence angle of lateral direction decreases ac-
cordingly.
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Fig. 5. The L–I–V and WPE characteristics of different ridge widths.
The cavity length of the device is 5 mm, the effective width of the active
region is 300 µm, and D = 10 µm.

-40 -20 0 20 40
0

0.2

0.4

0.6

0.8

1.0 d=8.0 mm
 d=6.0 mm
 d=5.0 mm

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Angle (O)

 Fitting of d= 8.0 mm
 Fitting of d= 6.0 mm
 Fitting of d= 5.0 mm

Fig. 6. Far-field of lateral direction with different ridge widths.

4. Conclusion and perspectives

A mini-array structure is employed to improve the heat
dissipation capability of wide-ridge quantum cascade lasers.
Through two-dimensional finite element thermal simulation,
it is found that the peak temperature of MA QCLs is reduced
by 34 K compared with BA QCLs. Based on the simulation
results, devices with different ridge widths were fabricated.
Under the operating conditions of T = 288 K, a pulse width of
1.5 µs, and a frequency of 8 kHz, a device with a ridge width
of 5 µm achieved a peak power of 122 W at 82 A, and the
maximum WPE reached 10.6%. Its far-field profile presents a
Gaussian-like distribution, the divergence angle is 26.3◦. This
structure allows BA QCLs reach high peak power under wider
pump pulse widths and higher duty cycles conditions, and the
beam quality is promoted at the same time.
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