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Abstract: High-power quantum cascade lasers (QCLs) have a wide application prospect. In this
paper, a high-power high-beam-quality device with a large ridge width is demonstrated. The effect of
different ridge widths on mode loss was studied, and the results showed that the mode loss decreased
as the ridge width increased. Furthermore, as the width of the ridge increased, the temperature of
the active region rose. In the experiment, the wafers were grown by metal-organic chemical vapor
deposition (MOCVD), and the ridge width of the device was controlled by wet etching. A laser with
a ridge width of 15 um and a length of 5 mm achieved an output of 2.2 W under 288 K continuous
wave (CW) operation, with a maximum slow-axis divergence angle of 27.2° and a device wavelength
of 5 um. The research results of this article promote the industrial production of base transverse
mode QCL.
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1. Introduction

The quantum cascade laser (QCL) is based on intersubband transitions [1]. Through
the design of the energy band, the lasing wavelength range can cover the mid-infrared to
the terahertz [2—4]. The increasing demands of infrared countermeasures and the rapid
development of free space communication have served as major drivers to improve device
performance [5,6]. With the advancement of epitaxial growth technology and structure
optimization, performance has been continuously improved [7-12]. In the early days, QCL
was mainly grown by molecular beam epitaxy (MBE), since this technology can precisely
control layer thickness and the sharp interface [13,14]. In 1994, Faist et al. used MBE to
develop the first QCL device with a wavelength of 4.2 pm [1]. In 2009, Lyakh et al. utilized
MBE to develop a 4.6 pum QCL with an output power of 3 W [15]. In 2020, Razeghi et al.
grew high-strain materials through gas-source MBE and designed the shallow well and
the high-barrier active region. Its continuous output at 298 K reached 5.6 W, and the lasing
wavelength was 4.9 um with a divergence angle of 26° (the ridge width is about 8 um) [16],
which may be the highest output power of QCL so far.

MBE’s high cost and poor growth efficiency might prevent it from becoming commer-
cially successful [17]. Due to the high growth efficiency and mass production capability of
MOCVD, it can support the industrialization of QCL even if it provides challenges to the
quality of material growth. Thus, some research groups have paid attention to the growth of
QCL by MOCVD [18-21]. In ref. [22], Roberts et al. used MOCVD for growing the QCL for
the first time; the device wavelength was 9 pm and could only work at low temperatures.
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With the improvement of technology and the energy band design, Dan Botez et al. used
the MOCVD to design an 8 um wide step-taper active region, realizing a wavelength of
5 um emission with a power of 2.6 W and a divergence angle of 35° at 288 K [23]. In 2023,
Liu et al. further achieved a wavelength of a 4.6 um output with a power of 3 W and a
divergence angle of 40° under a 7.51 pm active region at 285 K [24]. As demand for QCL
grows, development is focusing on achieving higher power and improving beam quality.

Most of the above reports adopt the buried heterogeneous (BH) structures, since the
BH structure can improve the lateral heat dissipation capacity to achieve higher output
power. However, BH structures are not always able to achieve large ridge widths for
high beam quality output, which usually requires control within 7-8 um [25]. And the
preparation process of the BH structure is complex, with low yield, making large-scale
production challenging [26]. To overcome these limitations, adopting a double channel
ridge structure can achieve a wider ridge width while maintaining single spatial mode
output, reducing process difficulty. Furthermore, the manufacturing process of the double
channel structure makes the surface of the device smoother and easier to process surface
gratings. Therefore, the development and preparation of high-power double-channel
structure quantum cascade lasers (QCLs) possess substantial value for research. In 2010,
Q.Y. Lu et al. grew high-strain materials through gas-source MBE and, processed into
surface-grating distributed feedback QCL with a DC structure, its continuous output
reached 1.1 W at 298 K, the laser wavelength was 4.9 pm, and it was emitted in a TMy,
mode. The simulation shows that optimizing the InP cap layer can achieve TMy, mode
emission [27]. In 2011, Q.Y. Lu et al. achieved TMyy mode emission, the maximum output
power was 2.4 W, and the lasing wavelength was 4.8 um, while the slow axis divergence
angle was about 31° [28]. The above results are all DC structures.

This research reports a mid-infrared QCL based on the active area structure of the step
taper. The MOCVD growth is optimized to yield a high epitaxial interface quality. Two
device structures are developed for comparative analysis, each with a different ridge width
obtained by adjusting the wet etching procedure. The findings indicate that at greater ridge
widths, output with high beam quality is easier to accomplish with the double-channel
ridge structure. The device’s ability to dissipate heat laterally deteriorates as the ridge
width increases, despite the broader ridge width having a lower mode loss. Therefore, the
ridge width cannot be increased without a limit in the continuous operation mode. By
optimizing the ridge width, a wavelength of 5 um QCL is achieved, the maximum output
power is 2.2 W at 288 K and a maximum slow-axis divergence angle of 27.2°. The threshold
current density is only 0.93 kA/cm?, and the slope efficiency is 2.47 W/A. High power
and high beam quality output is achieved in 15 um QCL devices. The maximum wall
plug efficiency is 8.0%, which has certain significance for promoting the development of
mid-infrared lasers.

2. Structure Analysis and Device Fabrication
2.1. Structure Analysis

The adopted step taper active region structure (STA) is observed in ref. [23]; some
optimized designs have also been carried out, mainly to optimize the composition of
the material. The highly doped N-type InP substrate is used, and the active region is a
strain-compensated InGaAs/InAlAs superlattice grown alternately by multiple compo-
nents. Starting from the substrate, the epitaxial layers are sequentially grown as follows:
a 3.5 um InP lower cladding layer, a 0.1 um InGaAs confinement layer, 40 periods of the
InGaAs/InAlAs active region, the thickness of the active region is about 2 um, a 0.1 um
InGaAs confinement layer, a 3 um low-doped InP waveguide layer, and a 1 um thick
highly doped InP waveguide layer, as shown in Figure 1. After that, SisN4 (300 nm) is
grown by plasma-enhanced chemical vapor deposition (PECVD) as an electrical insulation
layer. The surface is sputtered with a Ti/Pt/Au layer and annealed for ohmic contact. A
thick gold layer of 4um is electroplated to increase heat dissipation. The Ge/Au/Ni/Au
(40 nm /250 nm/10 nm/250 nm) layer is steamed as the back electrode.
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Figure 1. Layers sequence and doping.

The step taper active region can not only suppress the leakage of high-energy car-
riers but also satisfy the rapid extraction of low-energy carriers so that the efficiency of
population inversion is improved [29]. The calculated energy difference Es4 can reach
about 98 meV, which is much higher than the 50 meV of the traditional QCL. Therefore, the
adopted STA can achieve higher internal quantum efficiency. On the other hand, the flow
rate of the MOCVD source is linearly adjusted with a flow meter, making it easy to grow
multiple components and combine them to form a more flexible active region structure, so
the STA is suitable for MOCVD growth [30].

It is a challenge to achieve high outout power in QCL. One of the most direct ways is
to increase the volume of the active region. There are primarily three methods to achieve
this: increasing the number of active regions, increasing cavity length, and increasing ridge
width. These methods aim to increase the optical confinement factor. In this study, the
focus is to optimize and modify ridge width to improve its performance. For comparison,
two different device structures are prepared in Figure 2: the double-channel ridge structure
(DC) and the buried heterogeneous structure (BH). The mode loss of the two structures
with different ridge widths are simulated, as shown in Figure 2a,b. The simulation result of
BH structural mode loss is similar to ref. [31]. As shown in Figure 2a,b, the mode loss of
the DC structure is higher than that of the BH structure. At the same time, the increase in
the ridge width of the DC structure leads to the decrease in mode loss, and the loss of a
high-order mode is much higher than that of a fundamental mode, whereas the situation for
the BH structure is opposite. This is because additional waveguide losses are provided by
the metal and insulation layers that cover the etched channels, better confining high-order
modes. As a result, the double-channel structure may provide output with a wide ridge
and good beam quality [25]. In summary, the DC structure is more effective at achieving
high beam quility with broader emitter width compared to the BH structure.

By regrowing Fe:InD, the buried heterogeneous structure improves the device’s lateral
heat dissipation capability, but the complex preparation procedure for this structure leads
to a limited yield. The double-channel ridge structure does not require further growth,
the preparation process is relatively simple, the yield is high, and industrial production
is easier to achieve. However, due to the low thermal conductivity of the insulating layer
material covered by the double channel ridge structure sidewalls, the device’s longitudinal
heat dissipation capability has to be enhanced. The DC device structure is shown in
Figure 3a; the injected power density of the device is 2 x 10'* W/m3. Figure 3b shows that
as the ridge width increases, the core temperature of the AIN heat sink device increases
from 436 K to 467 K. Therefore, the wider ridge device reaches the thermal rollover point
first. Two different high-thermal-conductivity heat sinks, AIN and diamond, are used to
enhance the longitudinal heat dissipation capability of the device, with thermal conductivity
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coefficients of approximately 230 W-m~1.K~! and 1800 W-m~1.K~!, respectively [32].
Figure 3b shows the impacts of the two packages on the double-channel ridge structure’s
temperature performance. It is found that the active region temperature reduces by 6-10 K
when utilizing a diamond heat sink compared to an AIN heat sink. Despite the fact that
the device’s heat accumulation worsens as ridge width increases, high power output is
still achievable because the device’s mode loss is gradually reduced and a heat sink with
a higher thermal conductivity is employed to enhance the longitudinal heat dissipation
capability of the double channel structure.
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Figure 2. (a) Double channel mode loss with different ridge widths; (b) Buried heterogeneous
structure mode loss with different ridge widths.
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Figure 3. (a) Device structure diagram; (b) Working temperature for different ridge widths and
different heat sinks.

2.2. Device Fabrication

In the growth experiment, the entire epitaxial structure is grown by MOCVD (AIX-
TRON), and the reaction chamber adopts a close-coupled spray structure. After growth,
the growth quality is characterized by the XRD. In Figure 4, it is observed from XRD
images that the sample has a clear and sharp peak. The FWHM of the peaks of the sample
is 14”~18", indicating that the sample interface has a small roughness and good growth
quality. The wafer is then processed into devices of different ridge widths. The ridge widths
measured by SEM are 9.27 um, 11.67 pm, 13.77 pum and 15.52 pm, respectively, as shown in
Figure 5. The back cavity of the chips is coated with a high-reflectivity film. The chips are

packed on AIN and make use of epilayer-down technology, which can improve the heat
dissipation efficiency of active area.
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Figure 4. (a) X-ray double crystal diffraction of sample w~(26) test result; (b) X-ray double crystal
diffraction of sample w~(20). Enlarged view of test results (red box).

Figure 5. The ridge width of the samples. (a) 9 pm device; (b) 11 um device; (c) 13 um device;
(d) 15 pm device.

3. Device Performance and Testing

After packing, the tests are carried out at a temperature of 288 K under CW operation.
The temperature is monitored by a thermistor and controlled by a thermoelectric cooler
(TEC). Figure 6a,b are the L-I-V curve at different ridge widths and wall plug efficiency
curves. The threshold current of the 9 pm device is 0.58 A. The slope efficiency is 2.29 W/A,
the maximum output power is 1.23 W, and the maximum wall plug efficiency is 6.4%.
The threshold current of the 11 um device is 0.56 A. The slope efficiency is 2.53 W/ A, the
maximum output power is 1.52 W, and the maximum wall plug efficiency is 7.5%. The
threshold current of the 13 pm device is 0.63 A. The slope efficiency is 2.60 W/A, the
maximum output power is 1.80 W, and the maximum wall plug efficiency is 8.0%. The
threshold current of the 15 um device is 0.73 A. The slope efficiency is 2.70 W/A, the
maximum output power is 2.00 W, and the maximum wall plug efficiency is 8.0%. In
conclusion, the maximum output power and the maximum wall plug efficiency of the
devices are both gradually increasing as the ridge width increases. This is caused by the
increase in the volume of the active region. At the same time, the threshold current of the
device gradually increases; this is due to the increase in the volume of the active region of
the device that requires a higher level of current injection.

Figure 7 is the Power—Voltage-Current density curve. The threshold current densities
of 9,11, 13 and 15 pm devices are, respectively, 1.29 kA/cm?,1.01 kA/cm?, 0.97 kA /cm?
and 0.97 KA/cm?. In Figure 8b, the rollover current density becomes smaller with a wider
ridge width, because as the ridge width of the device increases, the heat accumulation of
the device becomes more severe, so the thermal rollover point is be reached earlier.
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Figure 6. (a) Power—Voltage-Current curve under different ridge widths; (b) the WPE curve under
different ridge widths.
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Figure 8. (a) Far—field of devices with different ridge widths at the same current density; (b) Far-field
of devices with different currents at the 15 um ridge width.

Figure 8a shows the slow-axis far-field pictures of four devices measured at the same
current density. The full width at half maxima (FWHMs) of the slow axes are 26.9°, 25.8°,
22.1°, and 18.7°, respectively. The beam quality of the four groups is kept great. Figure 6b
shows the slow-axis far-field images measured by the 15 pm device at different currents.
The FWHMSs of the slow axis are 19.8°, 22.8°, 26.7°, and 27.2°, respectively. At the current
of 2A, the slow-axis far-field divergence angle is only 27.2°, and the beam quality of the
device remains good. It is found that as the current increases, the far field of the device
gradually expands. This is attributed to the increase in the thermal effect caused by the
increase in the current, the result of phase locking between the fundamental mode and the
high-order mode, that is, the beam steering [33,34]. In summary, the simulation results are
consistent with the experimental results.

Figure 9 shows the slow-axis far-field images measured by the 9 pm device at different
currents. The FWHMs of the slow axis are 28.3°, 27.9°, 28.9° and 28.2°, respectively. The
slow-axis divergence angle of the 9 um device does not change significantly with different
drive currents, which indicates that the mode of the 9 um device is relatively stable and
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the beam steering is hardly observed. At this time, the mode loss of a high-order mode is
much higher than that of the fundamental mode in the case of narrow ridge width, so the
lasing of the high-order mode is relatively difficult.
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Figure 9. Far—field of devices with different currents at the 9 pm ridge width.

The slow-axis far-field of BH structures at the same current density is measured. As
the ridge width increases, the beam quality gradually deteriorates, leading to a significant
high-order mode phenomenon, which is consistent with simulation. As a result, in order to
ensure higher beam quality, thinner ridge widths for buried heterogeneous are required.

Figure 10a shows the relationship between the external quantum efficiency and the
cavity length through the following calculation equations:
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Figure 10. Relationship between external quantum efficiency and cavity length. (a) Internal quantum

efficiency fitting; (b) Characteristic temperature fitting.

It can be seen that the external quantum efficiency has a linear relationship with the
cavity length, and the internal quantum efficiency and internal loss can be calculated by
fitting the test results of the chips. The reflectance R; of the uncoated cavity surface is 0.27,
and the reflectance R, of the highly reflective film is 0.99. The lasing wavelength of the
device is 5 um. The test conditions are a pulse width of 200 ns and a duty cycle of 2%. By
testing and fitting data from multiple devices, internal quantum efficiency and internal loss
data can be obtained. The internal quantum efficiency of the 11 um ridge width device
is 0.56, internal loss is 1.82 cm !, and the internal quantum efficiency of the 15 um ridge
width device is 0.59 while internal loss is 1.64 cm~!. It is found that with the increase in
the ridge width, the internal quantum efficiency of the device increases, and the internal
loss decreases, so the performance of the device improves, which is consistent with the
simulation. Figure 10b shows threshold current density and slope efficiency at different
temperatures in pulse conditions at 200 ns, a 2% duty cycle. As the temperature increases,
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threshold current density increases and slope efficiency decreases. The experimental
relationship is established according to the following equations:

Jin = Joexp(T/Tp) 2)

s = noexp(—T/Ty) 3)

where T is the heat sink temperature. The characteristic temperatures, Ty and T, in
the pulsed operation are identified to be 246 K and 274 K, respectively. The higher T,
indicates that the leakage problem of carriers is significantly improved. The relatively low
Ty is improved by reducing the overlap between the upper state E4 and the excited state
Es [35,36].

In addition, to achieve better performance, the chips are packaged on the diamond
to improve its vertical heat dissipation capability. Figure 11 is a comparison between a
diamond heat sink and an AIN heat sink device, and the insert figure shows the spectra
of both. From the figure, it is found that the maximum output power of the device of
the diamond heat sink is about 0.2 W higher than that of the device of the AIN heat sink,
and the wavelength is around 5 um. The subtle differences in spectra may be caused by
uneven growth.
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Figure 11. (a) I-V of AIN heat sink devices and diamond heat sink device. The insert figure shows the
spectra of both. (b) L-I of AIN heat sink devices and diamond heat sink device.

4. Conclusions

In summary, to achieve a larger ridge width QCL output with high beam quality, a
double-channel ridge structure device is adopted and the packaging process is optimized.
In the meantime, the relationship between the ridge width of different structures and the
modes is studied. At the same time, the relationship between ridge width and device
performance is discussed. Through simulation, it is found that as the ridge width increases,
the active region temperature of the device increases and the waveguide loss decreases. In
the experiment, the device achieves optimal performance under the ridge width of 15 pm;
a room temperature CW power up to 2.2 W with a maximum WPE of 6.1% is obtained, and
the device maintains good beam quality until the saturation current. This paper achieves
larger ridge width QCL output with high beam quality. In addition, the device shows that
the threshold current is insensitive to temperature changes.
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