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The authors report the development of a A ~ 4.1 pm quantum cascade laser grown by metal-organic chemical vapor
deposition using strain-balanced InGaAs/InAlAs materials. A device with a 7.5 mm cavity length and 6.5 um ridge width,
bonded to an aluminum nitride heatsink, achieves maximum output powers of 3.4 W at 288 K in pulsed mode and 1.6 W at
288 K in continuous-wave (CW) operation, with corresponding maximum wall-plug efficiencies of 14.8% and 9.3%. A kink
is observed in the power—current curve under CW operation, which is absent in pulsed operation. Near-field results show
that in CW operation, the horizontal beam quality factor M? fluctuates with current, indicating mode instability and high-
order lateral mode excitation, while in pulsed mode, the horizontal M? remains stable around 1.3 as the current increases

from 1.4 Ato 1.9 A.

Keywords: mid-infrared, quantum cascade laser, metal-organic chemical vapor deposition, beam quality
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1. Introduction

In 1994, Faist et al.!'l reported the world’s first quan-
tum cascade laser (QCL), thereby significantly extending the
wavelength range of semiconductor lasers. Initially, the pri-
mary growth technique for QCLs was molecular beam epitaxy
(MBE), which facilitated precise control over growth thick-
ness and interface quality through in situ monitoring. !>~
However, MBE technology faces issues such as high costs and
low growth efficiency.!'?) Metal-organic chemical vapor depo-
sition (MOCVD) is a gas-phase reaction under low-pressure
conditions, and its growth switching exhibits a delay effect.
Therefore, the heterojunction interfaces grown by MOCVD
have poorer steepness compared to those grown by MBE.
However, MOCVD equipment is easy to maintain, highly re-
producible, efficient for growth, and suitable for large-scale
production, making it more promising for commercialization.
Roberts et al. 3! first applied MOCVD to QCL material prepa-
ration. Since then, numerous research groups have focused
on MOCVD-grown QCLs,! 4?11 with Watt-level QCL at las-
ing wavelengths near 5 um being reported. Notably, Botez
et al.?? achieved a maximum output power of 2.6 W for a
A ~ 5 pm QCL under continuous room-temperature condi-
tions in 2018. In 2023, Liu et al.?3! reported a A ~ 4.6 um
QCL with a maximum output power of 3 W under similar con-
ditions, marking one of the most outstanding results to date
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for MOCVD-grown QCLs. In contrast, reports concerning
A ~ 4 um QCLs grown by MOCVD are relatively scarce. In
2012, Xie et al.®*! presented a 4 pm emitting QCL grown
by MOCVD, which exhibited a continuous-wave (CW) out-
put power of approximately 0.6 W and a wall-plug efficiency
(WPE) of 5.5% at 288 K. Given that the 4 pum band is sit-
vated for the low-loss atmospheric window and possesses a
broad range of applications, conducting research on A ~ 4 pum
Watt-level QCLs grown by MOCVD holds considerable sig-
nificance.

We report a 4 um emitting mid-infrared QCL grown by
MOCVD, with a cavity length of 7.5 mm and a ridge width
of 6.5 pm. At a temperature of 288 K, it achieves a power of
3.4 W in pulsed mode, with a maximum WPE of 14.8%. In
CW operation, the output power reaches 1.6 W, with a WPE
of 9.3%. Moreover, the research findings indicate that the kink
observed in the power—current (P-/) curve is predominantly
attributed to optical mode instability. This instability is pri-
marily caused by thermal effects and the excitation of high-
order lateral modes.

2. Device fabrication

The epitaxial structure is shown in Fig. 1. The QCLs in-
vestigated in this study are grown by MOCVD in a reactor
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equipped with a close-coupled showerhead injector. Starting
from the substrate, the following epitaxial layers are grown
sequentially: a 0.5 um InP buffer layer, a 3 pm low-doped
InP cladding layer, a 0.1 pm InGaAs waveguide layer, a 30-
period strain-balanced InGaAs/InAlAs active region, a 0.1 pm
InGaAs waveguide layer, a 3.5 pm low-doped InP cladding
layer, and a 1 um heavily doped InP cap layer. The reported
non-resonant extraction active region!”?! has been modified
with the aim of achieving a lasing wavelength of 4.0 um.

InP cap (2X10'° cm~2)

InP cladding (2X10'® cm~3)

InGaAs waveguide

InGaAs waveguide

InP cladding (2X10'° cm=3)
InP substrate

Fig. 1. Schematic diagram of the epitaxial structure of the QCL.

Following the growth process, a high-resolution double-
crystal x-ray diffractometer (XRD) was employed to assess the
quality of the epitaxial layers, and the x-ray diffraction spec-
trum is shown in Fig. 2(a). Upon examining the magnified
image, the sample displays distinct and sharp peaks. Notably,
the full width at half maximum (FWHM) of the diffraction
satellite peak is remarkably low, measuring only 21 arcsec-
onds (Fig. 2(b)). This observation signifies that the active re-
gion material possesses a sharply defined heterojunction inter-
face. Furthermore, it indicates minimal interface roughness
and attests to the superior growth quality of the sample.

A buried hetero-structure configuration is subsequently
fabricated from the epitaxial wafer, characterized by a ridge
width of 6.5 um. Initially, the epitaxial wafer is subjected
to wet etching through the active region to achieve a double-
channel geometry, employing a 300 nm SiO; mask as the etch-
ing template. Thereafter, the channels are planarized through
selective-area regrowth of Fe-doped semi-insulating InP by
using MOCVD. A 300 nm Si3zNy layer is subsequently de-
posited as an insulating layer via plasma-enhanced chemical
vapor deposition. Following this, a Ti/Pt/Au layer is sputtered
onto the surface and annealed to form an ohmic contact. In
order to enhance heat dissipation, a 4 um thick gold layer is
electroplated onto the structure. Subsequent to substrate thin-
ning and polishing, a Ge/Au/Ni/Au layer is deposited to serve
as the back electrode. Scanning electron microscope (SEM)
measurements reveal a ridge width of 6.5 um, as depicted in
Fig. 3.
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Fig. 2. (a) X-ray double-crystal diffraction of @ ~ (20) test result. (b) En-
larged image of the x-ray double-crystal diffraction test results (red box).

The wafer is subsequently processed into individual de-
vices, each featuring distinct cavity lengths, namely, 3 mm,
4 mm, 5 mm, and 7.5 mm. Chips with shorter cavity lengths
(3 mm, 4 mm, and 5 mm) are left uncoated and are intended
for the characterization of the wafer’s intrinsic physical param-
eters, such as waveguide loss and internal quantum efficiency.
In contrast, chips with a 7.5 mm cavity length are coated;
specifically, the front facet is coated with an anti-reflection
film, while the back facet is coated with a high-reflection film.
For packaging purposes, the chips are soldered epi-down onto
aluminum nitride heatsinks, a configuration designed to en-
hance the efficiency of heat removal.

Fig. 3. SEM of the ridge width of the sample.
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3. Device performance and result analysis

After packaging, the device is characterized for perfor-
mance. Power collection is performed using a Gentec power
meter, voltage data is collected using a Keysight voltage os-
cilloscope, spectral testing is conducted with a Thermo Sci-
entific Nicolet iS50R Fourier transform infrared spectrometer
with a resolution set to 0.125 cm™!, and near-field beam im-
ages are captured using a DataRay WinCamD-IR-BB infrared
beam profiler. Chips with shorter cavity lengths (3 mm, 4 mm,
and 5 mm) are obtained through cleaving. The two facets are
uncoated, and only the naturally cleaved atomic surfaces are
present. At 288 K, the internal loss ¢; and internal quantum
efficiency 7 of the samples are tested. A linear fitting is per-
formed based on the inverse relationship between cavity length
and external quantum efficiency, with the fitting formula given
by

I 204L n 1
M MiIn(l/(RiR2)) i

where R; and R, are the reflectivities of the two facets, and

)

Text 18 the external quantum efficiency.
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Fig. 4. (a) The relationship between external quantum efficiency and mir-
ror loss. (b) Threshold current density and slope efficiency at different
temperatures in pulse conditions at 200 ns, 2% duty cycle.

The experimental conditions include a pulse width of
200 ns and 2% duty cycle. The relationship between internal

quantum efficiency and internal loss, as shown in Fig. 4(a),
is derived from the experimental results of multiple devices,
and the external quantum efficiency is linearly related to mir-
ror loss. The internal quantum efficiency of the 6.5 um ridge
width device is 51.2%, and the internal loss is 0.9 cm~!. Low
internal loss can reduce the absorption and scattering of pho-
tons within the cavity, thereby increasing the output power and
overall efficiency of the device. Figure 4(b) shows the relation-
ship between the threshold current density and slope efficiency
at different temperatures under a pulse width of 200 ns and a
duty cycle of 2%. The experimental relationship is

Jn=Jo eXp(T/T()), )
ns = Noexp(=T/T1), 3

where T is the heat sink temperature. The characteristic tem-
peratures of threshold current density (7p) and slope efficiency
(T7) in pulsed mode are calculated through exponential fitting,
yielding values of 133 K and 208 K, respectively. Smaller
Ty indicates that the laser is more sensitive to temperature
changes, with a greater variation in threshold current with
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Fig. 5. The P-I-V experimental results at different temperatures, with
the chip mounted epilayer-down on an AIN heatsink. (a) Pulsed mode
(200 ns, 100 kHz); (b) CW operation.
The device with a 7.5 mm cavity length is subjected to
P-I-V testing from 288 K to 328 K. Figure 5(a) displays the
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pulsed mode results, using 200 ns pulse width at a 2% duty
cycle. At 288 K, the device exhibits a peak power of 3.4 W,
a threshold current of 0.5 A, a slope efficiency of 3.6 W/A,
and a maximum WPE of 14.8%. With increasing temperature,
the threshold current rose, and both slope and WPE declined.
At 328 K, the threshold current is 0.64 A, the slope efficiency
is 3.0 W/A, the maximum power is 2.4 W, and the maximum
WPE is 9.9%.

The P-I-V characteristics for CW operation are shown in
Fig. 5(b). At 288 K, the chip achieved a maximum power of
1.6 W, with a threshold current of 0.57 A, a maximum slope
efficiency of 2.6 W/A, and a maximum WPE of 9.3%. As
the temperature increased to 328 K, the threshold current in-
creased to 0.78 A, the slope efficiency decreased to 1.4 W/A,
and the WPE fell to 4%. Compared to pulsed mode, the chip
in CW operation shows a higher threshold current and lower
slope efficiency. This is mainly due to the difficulty in dissi-
pating heat generated in CW operation, which raises the active
region temperature, increasing carrier leakage and limiting op-
tical output power. From 288 K to 328 K, a noticeable kink
appears in the P—I curve under CW operation as the driver
current reaches 1.45 A, as shown in Fig. 5(b), the kink current
decreases with increasing temperature. In contrast, the pulsed
mode P-/ curve in Fig. 5(a) shows no kink.

To further examine the cause of the kink appearing in
the CW P-I curve, spectral and far-field distribution measure-
ments are conducted at different currents to observe spectral
changes and beam divergence angles under high current con-
ditions. Figure 6 shows the CW spectrum of the device at
different currents at 288 K. The device emits in multiple lon-
gitudinal modes, with a broad spectral range and a centroid
wavelength of 4.08 um. At 1.45 A (where the kink appears
in the P—I curve), the spectrum undergoes significant changes,
broadening and splitting into two spectral sub-groups, while
the centroid wavelength blue-shifts to 4.04 um. The sub-
groups observed in the spectrum at 1.45 A may result from the
coexistence of multiple lateral modes that are not yet phase-
synchronized.*®! Each lateral mode forms its own longitudi-
nal comb with slightly different spacing due to variations in
refractive index. The partial overlap of these unsynchronized
combs produces clustered spectral features, seen as mode sub-
groups.

Figure 7 shows the far-field distribution of the device with
a 7.5 mm cavity length at different currents under CW opera-
tion. It is observed that as the current increases, the FWHM of
the slow axis increases from 24.5° to 27.8°, and the FWHM of
the fast axis increases from 31.7° to 39°. The increase in the
divergence angle is attributed to the enhanced thermal effects
caused by the increase in current, with the influence of higher-

.[2728] However,

order lateral modes continuously increasin
it seems that the proportion of higher-order lateral modes is
relatively small, there is no significant change in the far-field

distribution.
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The presence of high-order lateral modes typically de-
grades laser beam quality. To assess this, a collimating lens is
placed before the device to collimate the beam, and the near-
field distribution and beam quality factor M? are measured and
calculated at different currents and 288 K. The calculation for-
mula is as follows:

_ mwo
==

where 6 and o are the far-field divergence angle and the min-

M? )

imum beam waist radius of the beam, respectively.
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1.343 M? 1.327, 21.388

M? 1.496

Fig. 8. Near-field of the device and M? at different currents in CW oper-
ation. The test currents for (a) to (f) are from 1.3 A to 1.55 A, with a step
of 50 mA.

M? 1.308

M? 1.253

Fig. 9. Near-field of the device and M? at different currents in pulse mode
(200 ns, 100 kHz). The test currents for (a) to (f) are from 1.4 Ato 1.9 A,
with a step of 100 mA.
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Fig. 10. Beam quality factor M of device with a 7.5 mm cavity length at
different currents; (a) CW operation; (b) pulsed mode.

The near-field distribution of the 7.5 mm cavity length
device in CW operation is depicted in Fig. 8. As the current
increases from 1.3 A to 1.55 A, the M? in the vertical direction
(epitaxial growth direction) remains constant at approximately

1.35, and the horizontal M? stays around 1.3, until at 1.45 A
where it rises to 1.5 (Fig. 10(a)), indicating the emergence of
high-order lateral modes, the decrease in horizontal M? ob-
served as the current increases from 1.5 A to 1.55 A can be
attributed to the onset of nonlinear phase locking among lat-
As these modes begin to synchronize in phase
and frequency, they constructively interfere to produce a more

eral modes.

coherent and collimated output beam. This process, known
as beam steering, leads to a noticeable enhancement in the
beam quality and a reduction in divergence.[?! In contrast, as
shown in Fig. 9, in pulsed mode, the M? value remains stable
at around 1.3 across the entire current range (Fig. 10(b)), indi-
cating the absence of high-order lateral modes. It is concluded
that the kink observed in the CW P-/ curve can be attributed to
mode instability and the excitation of high-order lateral modes,
which are predominantly induced by thermal effects.

4. Conclusion and perspectives

In summary, this paper presents a 4 pm emitting mid-
infrared QCL fabricated via MOCVD. The device utilizes
strain-balanced InGaAs/InAlAs materials, with a 7.5 mm cav-
ity length and a 6.5 um ridge width. It operates at a lasing
wavelength of 4.08 pm and supports CW operation at room
temperature. At 288 K, the device achieves 3.4 W output
power in pulsed mode with a WPE of 14.8%, and 1.6 W in
CW operation with a WPE of 9.3%. At 328 K, the CW output
power remains above 0.7 W. The kink in the CW P-[ curve
is attributed to optical mode instability and high-order lat-
eral mode excitation due to thermal effects. Spectral and far-
field measurements indicate that higher-order lateral modes
cause spectral broadening, peak splitting, and increased diver-
gence angles, degrading beam quality. Near-field tests further
demonstrate that in CW operation, the horizontal M? stays
around 1.3, until at 1.45 A where it rises to 1.5, indicating
the emergence of high-order lateral modes. This research is
of significant importance for the achievement of Watt-level
A ~ 4 um QCL grown by MOCVD.
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