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Quantum cascade lasers (QCLs) have been widely used in mid-infrared applications due to their high power, 
efficiency, and design flexibility. The InP-based quantum cascade lasers, particularly those utilizing In 
In₀.₅₃Ga₀.₄₇As/In₀.₅₂Al₀.₄₈As superlattices, have been preferred for their lattice compatibility and well-
established fabrication processes. However, the superlattice growth has required optimization, as relaxation 
mechanisms have affected structural quality beyond the critical thickness. In this study, InP-based quantum 
cascade lasers structures have been grown and characterized using Metal-Organic Vapor Phase Epitaxy 
(MOVPE). The impact of AsH₃ (arsine) flow rate on superlattice quality has been investigated by growing samples 
with flow rates of 47 sccm, 60 sccm, and 75 sccm. Structural analysis has been conducted using high-resolution 
X-ray diffraction (HRXRD), while atomic force microscopy (AFM) has been used to examine surface morphology. 
The results obtained revealed the critical role of superlattice growth parameters on the performance of quantum 
cascade laser devices and provided important findings for determining the optimal AsH₃ flow rate. This study 
contributes to the improvement of growth processes of InP-based quantum cascade laser structures, leading to 
improved semiconductor laser performance. 
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Introduction 
 

Even though semiconductor laser technology has been 
around for a while, it wasn't until the introduction of 
Quantum Cascade Laser (QCL) technology that compact 
semiconductor lasers with comparatively high power 
density in the mid-wave infrared (MWIR), long-wave 
infrared (LWIR), and far-infrared (FIR) spectral regions 
could be developed [1-3]. In 1994, QCL was invented, and 
in 1997, it was first shown to function as a single mode [4, 
5]. QCLs have garnered considerable interest in recent 
years for mid-wave infrared (MWIR) and long-wave 
infrared (LWIR) applications due to their wavelength 
tunability, compact dimensions, continuous-wave 
functionality at ambient temperature, elevated optical 
power output, and minimal cooling demands [6, 7]. QCLs 
are utilized in several applications including explosive 
detection, infrared countermeasures, food safety, 
greenhouse gas monitoring, breath analysis, blood urea 
measurement, and free-space optical communication [8-
10]. Given these remarkable applications, QCLs are 
important both for the present and the future. 

The architecture of a QCL has numerous repeated 
quantum wells and barriers, enabling intersubband 
emission. The key advantage of this feature is that the 
emitted radiation wavelength of QCL is not limited to the 
bandgap of the material. In superlattice (SL) material 
systems, energy levels and sub-band transitions can be 
controlled depending on the material composition and 

thickness of the layers, and thus light emission at the 
targeted wavelength can be achieved by adjusting only 
the quantum well and barrier thicknesses [3, 11]. QCLs 
have a relatively thick active core obtained by growing 
hundreds of layers on top of each other. The most 
important requirement is very precise control of the 
growth process. Small variations in both alloy ratios and 
the thickness of the wells and barriers can degrade laser 
performance. For this reason, Molecular Beam Epitaxy 
(MBE) and Metalorganic Vapor Phase Epitaxy (MOVPE) 
growth methods are commonly employed for QCL 
fabrication. Samples grown with MOVPE have lower 
background doping levels due to the use of high-purity 
precursors and highly controlled flows, and are preferred 
because they are suitable for mass production [12]. InP 
based QCL active cores are generally designed using 
InGaAs wells and InAlAs barrier layers in the literature due 
to their lattice compatible growth capabilities [13, 14]. 
Optimization of quantum wells and barriers is of great 
importance to provide precise control. There are many 
parameters affecting wells and barriers. These are growth 
temperature, growth pressure, growth ratio, flow rates of 
group V and group III gases are important parameters for 
QCL optimization. The conditions required for high quality 
growth of InGaAs and InAlAs are different from each 
other, making optimization of SL structured active core 
even more difficult [15-18]. In order to obtain these layers 
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with desired concentrations and thicknesses, initially, 
single-layer growth is performed. However, since layers 
much thicker than SL structures are grown during single 
layer optimization, critical thickness is exceeded and 
relaxation mechanism comes into play. Therefore, 
optimization of devices with SL structures should be 
verified with SL optimizations. In this study, AsH₃ flow 
investigations were conducted on SL structures intended 
for use in QCL structure. SL structures were grown using 
MOVPE. Alloy concentration and thickness of the 
structure were obtained by high resolution X-ray 
diffraction method. Also, the change in surface 
morphology was investigated by atomic force microscopy. 

 

Materials and Methods 
 
The samples to be examined in this paper were grown 

in an AIXTRON 200-4 RF/S horizontal reactor using the 
Metalorganic Chemical Vapor Deposition Method 
(MOCVD). The InGaAs/InAlAs SL structure was grown on 
InP substrate with (100) orientation. The SL was grown for 
30 periods with the InGaAs layer of 5 nm and InAlAs layer 
of 5 nm in a lattice matched manner. TMIn, TMGa and 
TMAl metalorganic sources were used to grow the 
samples. A PH3 hybrid source was used to prevent the P 
atoms escaping from the surface while heating the 
substrate and an AsH3 hybrid source was used to grow the 
SL layers. During the growth of the three samples, TMIn, 
TMGa and TMAl flows were kept constant and the AsH3 
flow was varied. Table 1 shows the AsH3 flows of the 

samples. To analyze the effect of AsH₃ flow on the 
properties of the lattice-matched SL, its structural 
properties were characterized using Rigaku High 
Resolution XRD at room temperature. The surface 
morphology was analyzed using Atomic Force Microscopy. 

 

Results and Discussion 
 
XRD is an important method for structural 

characterization of SL. In semiconductor devices such as 
QCL, where thin and multi-repeat structures such as SL 
structure are used, the thickness and concentration are 
determined by XRD method with SL optimization. The out-
of-plane θ-2θ scans obtained by HR-XRD were modeled 
using GlobalFit software [19] and the thicknesses of the SL 
layers and In concentrations were determined. Table 2 
shows the results of the SL structures of Sample C, Sample 
N and Sample M. The As atom on the surface during 
growth affects the In and Ga placement. This effect is 
more effective in strain-balanced structures and less 
effective in lattice-compatible structures [20]. When the 
results are analyzed, no serious effect on the In 
concentration is observed for this reason. It is seen that 
sample C slightly increases the In concentration, but it is 
not a significant increase. Even if As did not significantly 
affect the In concentration in lattice-matched structures, 
it is thought to cause alloy disordering. Alloy disorder 
increases the interface roughness and decreases the 
device performance [21]. 

 

Table 1. Growth parameters of the samples 

Sample Name AsH3 Flow (sccm) 

C 47 

N 60 

M 75 

Table 2. XRD results obtained using the GlobalFit program a) Sample C, b) Sample N and c) Sample M 

a) Sample C 

 
Layer Name In Cons. Thickness (nm) 

InGaAs 0.535 5.11 

InAlAs 0.524 5.05 
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b) Sample N 

 
 

Layer Name In Cons. Thickness (nm) 

InGaAs 0.531 4.87 

InAlAs 0.521 4.88 

 

c) Sample M 

 
Layer Name In Cons. Thickness (nm) 

InGaAs 0.532 4.9 

InAlAs 0.519 5.08 

 
In Figure 1, the XRD patterns are plotted on top of each 

other to facilitate comparison between the samples. 
When the graph is examined, slight shifts in the positions 
of the SL peaks are observed between the samples. As can 
be seen from the layer thicknesses presented in Table 2, 
differences in the amount of As flow affected the layer 
thicknesses to a certain extent. Firstly, when the -1st SL 
peaks marked in red are examined, slight distortions are 
observed in the peak shapes of Sample C and Sample M, 
although there is no significant difference. When the ±2nd 
SL peaks, marked in pink and green, were analyzed, it was 
found that the peaks of Sample C were significantly 

broadened. In addition, the 2nd SL peak of Sample M 
(green marking) has a lower intensity and a relatively 
more irregular peak shape compared to Sample N. In 
Sample C, the relatively low AsH₃ flow likely caused 
incomplete group-V coverage during layer transitions, 
promoting interface grading and compositional 
fluctuations. It is considered that the AsH₃ flow rate may 
have been insufficient to prevent the desorption of As 
atoms from the growing surface [22]. As a result, the lack 
of AsH₃ leads to a group-III-rich surface environment, 
which in turn deteriorates the crystal quality. These 
effects result in broader and asymmetric satellite peaks in 
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HRXRD. Conversely, in Sample M, excessive AsH₃ flow is 
thought to suppress atomic mobility, thereby limiting the 
formation of sharp transitions between quantum wells 
and barriers. This leads to weaker and irregular higher-
order satellite peaks. The symmetric and well-resolved SL 
peaks observed in Sample N indicate sharp interfaces and 

a well-preserved superlattice periodicity, reflecting 
optimal AsH₃ flow conditions during growth. Based on the 
structural analysis, Sample N is considered to have 
optimal growth conditions. 

 

 

Figure 1. Comparative representation of XRD graphs of Sample C, Sample N and Sample M. The XRD data was shifted 
up for clarity. 

Figure 2 shows the AFM images and Figure 3 shows the 
RMS plot obtained from these images. The AFM images 
show distinct linear step-flow-like structures in Sample N 
where optimal surface mobility is achieved. In cases 
where atoms are bound in the right place and have 
sufficient time and kinetic energy, efficient surface 
migration of group III atoms allows growth to occur in a 
step-flow mode [23]. When optimal epitaxial growth 
conditions are met, the step-flow mode dominates. The 
surface morphology of Sample C and Sample M shows a 
less ordered appearance. The low flow of AsH3 in Sample 
C caused a lack of As atoms on the surface, resulting in an 

inhomogeneous distribution. Unsuitable conditions lead 
to surface defects and problems in the proper bonding of 
elements to the surface [19]. As the AsH₃ flow increases, 
the movement of group III atoms on the surface 
decreases, reducing surface migration. Atoms that cannot 
move sufficiently on the surface cause disordered 
structures and increase the RMS. The AsH₃ flow should be 
high enough to find a place on the surface to hold In, Ga 
and Al atoms and low enough for group III atoms to move 
on the surface [21]. Sample N has both a low RMS value 
and a step-flow mode surface morphology. 

 

Figure 2. AFM images of samples (5um x 5um) 
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Figure 3. RMS values of the  samples 

 
Conclusion 

In this study, the effects of AsH₃ flow amount on the 
structural and surface morphology within the scope of SL 
optimization of QCL structures were investigated. As a 
result of characterization studies using HR-XRD 
measurements and AFM analyses, it was observed that 
the AsH₃ flow amount had a significant effect on the 
crystal quality and surface smoothness of SL structures. 

HRXRD measurements showed that AsH₃ flow directly 
affects the SL peak shapes. In addition, AFM analysis 
confirmed the changes in surface morphology and 
showed that the step-flow growth mechanism becomes 
dominant under optimal AsH₃ flow conditions. The results 
show that the AsH₃ flow rate must be carefully controlled 
to achieve optimal crystal quality and surface smoothness 
in SL structures. In the absence of optimal growth 
conditions, insufficient or excessive AsH₃ flow rates can 
lead to surface and alloy disordered and consequent 
structural distortions that can adversely affect laser 
performance. In conclusion, the AsH₃ flow parameter 
plays a critical role in SL optimization in InP-based QCL 
growth, and determining the appropriate growth 
conditions is an important step in improving the 
performance of SL structures 
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