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a b s t r a c t   

In this study, the metastability of In0.68Ga0.32As layers on InP substrates was investigated at various growth 
temperatures. The thickness of each metastable In0.68Ga0.32As layer was 40 nm, which is four times the 
critical thickness of the stable lattice with a stress of approximately 1%. The surface morphologies and 
roughness of the metastable In0.68Ga0.32As layers were highly sensitive to the growth conditions. Cross- 
hatches were observed on their surfaces when they were grown at various growth temperatures, and over 
this range, the surface roughness varied from 0.11 nm to 0.16 nm. The lowest surface roughness of 0.11 nm 
was achieved at 770 °C, and the metastable In0.68Ga0.32As layer showed a flat surface morphology with 
terraces parallel to the step edges. These results corresponded to those of the strain relaxation analysis of 
the metastable In0.68Ga0.32As layers using X-ray diffraction spectra. The In0.68Ga0.32As layer grown at 770 °C 
was almost fully strained, whereas those grown at other growth temperatures were relieved by approxi-
mately 10%. The flat surface morphologies and almost fully strained lattices suggested that the growth 
conditions were suitable for preparing high-quality superlattices with well-defined interfaces. The intuitive 
results of the metastable In0.68Ga0.32As single layers were utilized to grow high-quality In0.67Ga0.33As/ 
Al0.64In0.36As superlattices with a reduction in the misfit dislocation by 41.8%. The results obtained herein 
suggest that the growth conditions for superlattices can be easily and efficiently optimized using the me-
tastability of the materials. 

© 2022 Published by Elsevier B.V.    

1. Introduction 

The recent advancements in novel materials, devices, and control 
systems have resulted in an increase in their potential because they 
are beneficial to human life through both the inherent properties of 
the materials and particularly designed device structures [1–9]. 
Quantum wells (QWs) have been extensively used in lasers [10], 
photodetectors [11], modulators [12], and solar cells [13], among 
other electronic devices [14]; in addition, their applications in 
quantum computers [2,15] and terahertz emitters [6] have attracted 
significant attention. QWs require a well-defined thickness and 
abrupt heterointerfaces without the intermixing of atoms; the latter 
causes a real heterointerface to deviate from an ideal flat atomic 
plane in two directions, i.e., along the growth (axial) direction and 

in-plane of their axial positions [16]. Recently, the heterointerfaces 
of compound semiconductor heterostructures have shown graded 
composition profiles along the growth direction, which are due to 
the intermixing [17], segregation [18], or exchange of anions and 
cations, depending on the growth techniques and conditions [19]. 
Heterointerfaces play important roles in QWs or superlattice struc-
tures because their band structures depend largely on the hetero-
interfaces. Therefore, the energy levels, wavefunction of the 
quantum state, and carrier transport of quantum structure devices 
are severely affected [17,18,20]. Moreover, for QWs or superlattices, 
the mismatch strain frequently results in metal surface segregation, 
dislocations, and their associated defects [21–24]. Therefore, it is 
necessary to develop a new approach for minimizing and quanti-
fying defects for enhancing the performance of devices. 

Recent studies on heterostructures have mainly reported the 
methods for growing superlattices that focus on controlling both the 
layer thickness and composition to achieve strain compensation in 
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the superlattices [19,22], as well as quantifying the composition 
modulation along the heterointerfaces at the atomic scale [17,18,25]. 
In the research on superlattice growth techniques, the thickness and 
composition of a superlattice are precisely controlled by molecular 
beam epitaxy [26] compared with metal–organic chemical vapor 
deposition (MOCVD). However, MOCVD is being increasingly used 
for growing superlattices [25,27] because it provides both acceptable 
performance of devices and high capacity for production. In addi-
tion, studies on superlattices grown by MOCVD have mainly focused 
on group III atoms [21,22,28,29] to quantify the atomic-scale com-
position modulation at their heterointerfaces. These investigations 
are based on the additional surface energy that can lead to a strain- 
induced composition modulation [21]. This type of composition 
modulation at heterointerfaces affects the device performance 
owing to the interface scattering [28,29]; therefore, the optimization 
of growth parameters, such as the growth temperature, growth rate, 
V/III ratio, and growth interruptions, has been studied [22]. How-
ever, the behavior and extent of the composition modulation asso-
ciated with heterointerfaces are ambiguous, and therefore, interface 
roughness [29] and intermixing [17] have been investigated. Al-
though these investigations utilized near-atomic resolution mea-
surement techniques, such as secondary-ion mass spectrometry, 
transmission electron microscopy (TEM), and atom probe tomo-
graphy (APT) [16,22,27], the results mainly showed some group III 
atom segregation, such as indium segregation [17,18]. In contrast, it 
was recently shown that group V atoms at heterointerfaces play an 
important role in modulating the composition, instead of group III 
atoms [30]. Moreover, the results obtained from near-atomic re-
solution mapping of composition through APT suggest that indium 
segregation is unobserved at interfaces, minimizing their artificial 
broadening due to surface steps or other local morphological fea-
tures [31]. These conflicting findings and the artificial measurement 
error of a heterointerface suggest that studies on superlattices re-
quire new approaches to improve the quality of superlattices. 

In most studies, high-quality superlattices were grown under 
various growth conditions, such as V/III ratio and growth tempera-
tures, and subsequently characterized by different measurements, 
such as TEM, X-ray diffraction (XRD), atomic force microscopy 
(AFM), Raman spectroscopy, and photoluminescence (PL)  
[20,32–35]. However, the analysis of superlattices with various ex-
perimental results is complex, and an additional process, such as 
focus ion beam milling, is required. For example, from the XRD 
patterns of superlattices, it is difficult to identify the structural 
properties due to the Kissing fringe from their inhomogeneous 
layers. PL spectrum depends on various factors, such as the barrier 
height and the barrier/well thickness. In contrast to the super-
lattices, the growth and characterization of a single layer are con-
venient and intuitive owing to their simple structure. 

However, a lattice mismatched single layer cannot be grown due 
to its critical thickness, which is expressed as follows: 
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where hc and are the critical thickness and the dislocation Burgers 
vector, respectively. The theoretically expected critical thickness of a 
strained In0.68Ga0.32As single layer with a lattice mismatch of ap-
proximately 1% grown on InP is approximately 10 nm. When the 
critical thickness is exceeded, a misfit dislocation is generated to 
relax the stress induced by the lattice mismatch between the single 
layer and substrate. Therefore, the relaxed layer does not possess 
structural properties similar to those of the strained layer. Below the 
critical thickness of 10 nm, the film is dislocation-free and is ther-
modynamically stable. However, analyzing the properties of a single 
layer is difficult because it is very thin. For example, their thinness 
causes the 2θ–ω signal in common XRD to be weak or unclear. In 

addition, an InGaAs layer is inevitably oxidized under atmosphere 
conditions, and the thickness of the native oxide is approxi-
mately 2–3 nm. 

Previous studies have ignored the effect of partial plastic re-
laxation on the crystal quality of superlattices, in which plastic re-
laxation [36–38] generally occurs when the critical thickness of a 
strained layer is exceeded. Relaxation is mediated by dislocation 
mechanisms [39], and changes in the dislocation density are related 
to the surface roughness [40]. The surface morphology evolution 
during epitaxial growth is known to significantly affect the efficiency 
of epitaxially grown quantum devices [41]. The pattern and rough-
ness of their surfaces are related to the dislocation density of the 
layers grown over a rough surface [40]. Here, it should be noted that 
both the surface roughness and morphology can be suitable in-
dicators for optimizing the growth conditions of metastable single 
layers. In addition to these indicators, because a metastable layer is 
unstable, it will be sensitive to the growth conditions [42,43]; 
therefore, its surface morphology and roughness vary significantly. 
However, thus far, the metastability of III–V semiconductors has not 
been investigated in detail. 

In this study, we establish a method for the optimization of the 
growth conditions of a strain-balanced In0.67Ga0.33As/Al0.64In0.36As 
superlattice utilizing the metastability of a 40-nm-thick 
In0.67Ga0.33As single layer. Because a metastable layer is sensitive to 
the growth conditions [42,43], intuitive and helpful experimental 
results for the optimization of the superlattice growth were ob-
tained. The optimized growth conditions were identified based on 
the experimental results, such as flat surface morphology and almost 
fully strained lattice of the metastable single layer. Subsequently, the 
misfit dislocation density of the strain-balanced In0.67Ga0.33As/ 
Al0.64In0.36As superlattice grown under the optimum growth condi-
tions was significantly reduced. 

2. Experimental 

Superlattice structures for 4-µm-wavelength range quantum 
cascade lasers (QCLs) and single layers were grown on InP substrates 
(004) with off-cut angle of 0.075° using a low-pressure MOCVD 
system. The metal–organic sources used in the growth process were 
trimethylgallium, trimethylallium (TMAl), and trimethylindium 
(TMIn). The reactor pressure for the growth was set as 100 mbar, and 
the growth rate was set as under 0.3 nm/s to accurately control the 
thicknesses of both the single layers and superlattices. An initial 
target composition of InGaAs (AlInAs) was grown with near lattice 
matching with InP, following which two more higher indium (alu-
minum) compositions were grown by increasing the TMIn (TMAl) 
flow while maintaining the AsH3 flow. Subsequently, 2θ–ω mea-
surements were performed, and routine simulations of the compo-
sitions using the LEPTOS program were conducted. Trend lines were 
obtained for the InGaAs (AlInAs) composition as a function of the 
TMIn (TMAl) flow using the standard linear regression technique. 
The above procedure was repetitively performed to accurately cal-
culate the target composition of InGaAs (AlInAs) and more im-
portantly examine its reproducibility. The metastable single-layer 
indium (aluminum) composition of InGaAs (AlInAs) was chosen as 
68% (63%), which presented negligible composition difference 
compared to that presented by the target superlattice composition  
[32]. The input AsH3 flow (V/III ratio: 132–220) and growth tem-
perature (Tg: 750–800 °C) were modulated to study their effects on 
the growth. The surface morphologies and roughness were mea-
sured via AFM (XE-100, Park Systems). The crystallographic struc-
tures were characterized by TEM (JEOL 2010 F) and XRD (d8 
Discover, Bruker). First, 40-nm-thick In0.68Ga0.32As layers are grown 
on InP substrates at various growth temperatures (750, 770, and 
790 °C), as shown Fig. 1(a). Subsequently, superlattices, as shown in  
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Fig. 1(b), are grown at various growth temperatures (750 and 770 °C) 
for comparison. 

Fig. 2 shows the behavior of strained layers through theoretical 
or semiempirical laws for critical thickness obtained by Gendry et al.  
[42] and previous studies with the variation in the thickness of In-
GaAs. The Matthews–Blakeslee model [44] is a well-known ap-
proach for estimating the critical thickness under thermodynamic 
equilibrium. However, previous studies on highly strained InGaAs 
layers determine their compositions by the XRD measurements and 
simulation of InGaAs layers with thicknesses near or below their 
critical thicknesses [37] and over the critical thicknesses [45], re-
spectively. It is still ambiguous which thicknesses are important for 

determining the InGaAs compositions and the extents of relaxation, 
because the possibility of partial relaxation, particularly two-di-
mensional relaxation, has been generally ignored and is difficult to 
measure using microscopic (e.g., TEM) or macroscopic (e.g., XRD) 
measurement methods. It has been shown that nonequilibrium 
leads to experimental critical thicknesses that are highly dependent 
on the growth conditions, particularly the growth temperature  
[42,45]. Consequently, metastable InGaAs layers, which are much 
thicker than the equilibrium critical thickness, can be obtained, and 
the actual thickness, at which the strain begins to be relieved, should 
be defined experimentally [42]. However, to the best of our knowl-
edge, previous literature does not report the effect of the potential 
partial relaxation, which could mainly occur in two dimensions and 
over a micrometer order scale, on the crystal quality of InGaAs/ 
AlInAs superlattices. Thus, we designed metastable 40-nm-thick 
In0.68Ga0.32As layers, with average thickness of 40 nm, that lies in the 
middle of the metastable region in Fig. 2. Following this, the layers 
were grown at various growth conditions, such as growth tem-
perature (Tg: 750–800 °C) and V/III ratio (132–220); in addition, 
2θ–ω measurements were performed and routine simulations of the 
compositions were conducted using the LEPTOS program. Subse-
quently, the optimum growth conditions for a metastable 40-nm- 
thick In0.68Ga0.32As layer were determined by extensively measuring 
and analyzing the surface morphology by AFM. Finally, the disloca-
tion densities of highly strained In0.67Ga0.33As/Al0.64In0.36As super-
lattices grown at 770 and 750 °C were compared, and a significantly 
reduced dislocation density was observed for the superlattice grown 
at the growth conditions for the optimum InGaAs surface mor-
phology. 

3. Results and discussion 

Surface morphology with area of 5 × 5 µm, roughness (Rq), and 
peak to valley (Rpv) of epitaxial In0.68Ga0.32As layers on InP sub-
strates are shown in Fig. 3. The surface morphology of an epitaxial 
In0.68Ga0.32As layer grown at 750 °C is shown in Fig. 3(a). The ter-
races are bended, and hillocks, valleys, cusps, and cross-hatches are 
developed owing to the relaxation of the stress induced by the lat-
tice mismatch between In0.68Ga0.32As and InP. In addition, bright and 
dark groove belts are periodically observed, which are due to the 
distortion of the surface by relaxation, and the belts are formed 
vertically across on the surface. A cross-hatch pattern typically ori-
ginates from the plastic relaxation of the stress induced by the lat-
tice mismatch between a substrate and a film by misfit dislocations  
[36,46,47]. 

Concurrently, the surface morphology of the In0.68Ga0.32As layer 
grown at 770 °C is shown in Fig. 3(b). Although the terrace interval is 
wider than that in Fig. 3(a), it is constant, and the terraces are par-
allel to each other. Lines, similar to those observed in a cross-hatch, 
are sporadically observed; however, the number of the lines is re-
markably lesser than those noted in the other cases. This suggests 
that the other In0.68GaAs layers are more deformed by relaxation 
than the In0.68Ga0.32As layer grown at 770 °C. The regular terraces 
suggest that the growth mode of this In0.68Ga0.32As layer is a step- 
flow growth and that the relaxation of the crystal structure is 
minimized. 

The above morphology is similar to that of the In0.68Ga0.32As 
layer grown at 790 °C, as shown Fig. 3(c). The surface morphology of 
the latter is rougher than that of the In0.68Ga0.32As layer grown at 
750 °C. The hillocks in Fig. 3(c) are higher and the valleys are deeper 
than those in Fig. 3(a). In addition, a cross-hatch pattern, which is 
related to misfit dislocation, is shown. The abovementioned char-
acteristics are caused by the strain of the In0.68Ga0.32As layer induced 
by the lattice mismatch between the In0.68Ga0.32As layer and InP 
substrate. The wider terrace compared to those of the other layers is 
caused by the desorption of As atoms on the surface at a higher 

Fig. 1. (a) Schematics of metastable In0.68Ga0.32As layers on InP substrate (001) grown 
at 750, 770, and 790 °C. (b) Schematic of quantum cascade laser (QCL) structure de-
signed with InGaAs/AlInAs superlattices. It is similar to structure in reference [32]. 
Inverse fast Fourier transform images in Fig. 5 are obtained from dotted squares in 
top, mid, and bottom areas of core in QCL. 

Fig. 2. Critical thickness calculated using mechanical equilibrium theory 
(Matthews–Blakeslee model) and thickness to relaxation of InGaAs layers with var-
ious compositions. Critical thickness is denoted by black square scatter. Blue, dark 
cyan, and magenta lines denote thickness for relaxation with misfit dislocation, 3D 
island dislocation, and 3D growth, respectively. Region between thicknesses is me-
tastable region. Star scatter is thickness of In0.68Ga0.32As layers in this study. Circle 
scatter are thicknesses of InxGa1−xAs layer in previous studies. 
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growth temperature. The wider terraces suggest that the growth 
mode at 790 °C is a nearly step bunching growth mode [41]. 

The surface roughness values of the In0.68Ga0.32As layers grown 
at 750, 770, and 790 °C, as shown in Fig. 3(d), are 0.146, 0.107, and 
0.162 nm, respectively. Their corresponding peak to valley values are 
1.28, 0.88, and 1.54 nm. The roughness and peak to valley values of 
the In0.68Ga0.32As layer grown at 770 °C are the lowest among those 
of the three samples, and its surface is flatter than those of the other 
layers. This suggests that the In0.68Ga0.32As layer grown at 770 °C is 
less deformed and its critical thickness for relaxation is thicker than 
those of the others [42]. 

The structural properties of the In0.68GaAs layers grown at the 
various growth temperatures are shown in Fig. 4. The XRD 2θ–ω 
scans were measured and plotted. The scatter plots were fitted by 
the LEPTOS software. The peak 2θ angles of the In0.68Ga0.32As layers 
grown at 750, 770, and 790 °C are 61.949°, 61.885°, and 69.962°, 
respectively. Remarkably, the 2θ angles are smaller than the 2θ angle 
for a fully relaxed In0.68Ga0.32As layer (62.625°). This suggests that 
the cubic lattices of the In0.68Ga0.32As layers are partially strained 
and that the cubic structures are metastable. Although the three 
In0.68Ga0.32As layers are partially strained, the peak angles of the 
layers grown at 750 and 790 °C are higher than that of the 
In0.68Ga0.32As layer grown at 770 °C. This difference in the peak an-
gles is attributed to relaxation in the layers. The abovementioned 
XRD results are consistent with the AFM results, as shown in Fig. 3. 
The two In0.68Ga0.32As layers grown at 750 and 790 °C are relieved 
owing to the plastic deformation of the crystal structures, as shown 
in Fig. 3. The relaxation of the both layers along out of plane is 10% 

higher than that of the In0.68Ga0.32As layer grown at 770 °C, and it is 
calculated using an XRD simulation software. Based on the results of 
reciprocal space mapping with direction [224] (not shown here), the 
In0.68Ga0.32As layers grown at 750, 770, and 790 °C are relaxed along 
the azimuthal direction by 0.87%, 0.1%, and 0.67%, respectively. 

Fig. 3. Surface morphologies in (a), (b), and (c) of 40-nm-thick In0.68Ga0.32As layers grown at 750, 770, and 790 °C, respectively. Scale bar is 2 µm. (d) Surface roughness (Rq) and 
peak to valley (Rpv) values of In0.68GaAs layers grown at 750, 770, and 790 °C. 

Fig. 4. Measured and fitted XRD 2θ–ω scan spectra of In0.68Ga0.32As layers grown at 
various growth temperatures. Line plot shows measured data, and scatter plot shows 
simulated data. 
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The misfit dislocations can be easily identified from the inverse 
fast Fourier transform (FFT) images shown in Fig. 5. The inverse FFT 
images of the QCLs grown at 750 and 770 °C are shown in Fig. 5(a), 
(c), (e) and (b), (d), (f), respectively. Fig. 5(a) and (b) show the inverse 
FFT images of the top layers in the cores grown at 750 and 770 °C, 
respectively. The misfit dislocations are indicated by red marker 
shown in a yellow circle in Fig. 5(a). A total of 7 and 13 misfit dis-
locations are counted in the top layers grown at 750 and 770 °C, 
respectively. The inverse FFT images of the mid layers of the core 
grown at 750 and 770 °C are shown in Fig. 5(c) and (d), respectively. 
A total of 39 misfit dislocations are identified in the mid layers 
grown at 750 °C, whereas no misfit dislocation exists in those grown 
at 770 °C. A total of 40 and 37 misfit dislocations are generated in the 
bottom of the cores grown at 750 and 770 °C, respectively. The 
bottom of a core is exposed to heating during the growth of the QCL 
layers. Thus, the generation of many misfit dislocations in the 

bottom area is attributed to the annealing effect of the growth 
temperature. A total of 86 and 50 misfit dislocations are counted in 
the QCLs grown at 750 and 770 °C, respectively. Misfit dislocations 
are reduced by 41.8% in the core of the QCL grown at 770 °C com-
pared to those in the former. This relaxation by the generation of 
misfit dislocations is in agreement with the results of AFM, as shown 
in Fig. 3. 

Most of the literature on the growth of superlattices reported 
experimental and theoretical results of superlattices grown under 
various growth condition and followed by the explanation of the 
optimization of a growth condition. However, it is difficult to analyze 
the results obtained from superlattices owing to their complexity. In 
contrast to previous research, in this study, the growth conditions 
for superlattices are optimized with a metastable InGaAs single 
layer. The analysis of a single layer provides a rapid and intuitive 
method to determine the properties of superlattices. 

Fig. 5. (a), (c), and (e) are inverse fast Fourier transform (FFT) images of top, mid, and bottom areas in core layer grown at 750 °C, respectively. (b), (d), and (f) are inverse FFT 
images of top, mid, and bottom areas in core layer grown at 770 °C, respectively. Misfit dislocations are indicated by red ┬ and ┴ markers in inverse FFT images. 
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4. Conclusions 

In this study, the metastability of strained In0.68Ga0.32As single 
layers grown at the various growth temperature was investigated. 
Although the thickness of each In0.68Ga0.32As layer was 40 nm, which 
is four times the critical thickness (10 nm), the optimized 
In0.68Ga0.32As layer is almost fully strained and shows a flat surface 
with regular terraces. Using the optimized growth condition of the 
40-nm-thick metastable In0.68Ga0.32As layers, the misfit dislocation 
density of the corresponding highly strained In0.67Ga0.33As/ 
Al0.64In0.36As superlattice for a 4-µm-wavelength range QCL was 
reduced by 41.8% compared to that of the unoptimized growth 
condition superlattice. Therefore, optimizing the growth conditions 
of metastable single layers could be an effective method to optimize 
the growth conditions of strain-balanced superlattices. This because 
the experimental results obtained from the metastable samples are 
more intuitive and helpful than those obtained from superlattices or 
a single layer of thickness under the critical thickness. The experi-
mental results from a superlattice are complex to analyze and those 
from a single layer of thickness over or under the critical thickness 
frequently mislead the critical material information, such as com-
position. We believe that the growth conditions for strained or 
strain-balanced superlattices consisting can be conveniently opti-
mized using the metastability of the materials. In future, we will 
investigate the metastability of InGaAs and AlInAs layers with var-
ious compositions and thicknesses. 
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