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Abstract 
This paper investigates the effectiveness of metamorphic InAlAs buffer layers with linear and  root-like dependence of the 
In mole fraction in the composition for the growth of bulk In0.83Ga(Al)0.17As layers on InP substrates. The analysis of the 
X-ray diffraction reciprocal space maps showed that in both cases In0.83Ga(Al)0.17As layers were partially strain-free. One of 
the mechanisms of strain relaxation during the growth of the linearly graded buffer layer is the rotation of the crystal 
lattice, while the mechanism of strain relaxation during the growth of the convex-graded buffer layer is a 0.82° tilt of the 
crystal lattice without any rotation. According to the images obtained by transmission electron microscopy, the density of 
threading dislocations in the upper InGaAs layers grown on the buffer layer with a linear composition gradient is ~ 5·108 cm–2.
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1. Introduction
The possibility of growing semiconductor 

layers on lattice-mismatched substrates has 
become an important factor contributing 
to the rapid development of  epitaxial 
technologies. This achievement has allowed 
observing new electrophysical and optical 
effects in heterostructures and has considerably 
expanded the range of components for 
heterostructural nano- and optoelectronics. 
One of the traditional epitaxy-based approaches 
to obtaining semiconductor layers on substrates 
with a critically large mismatch in the crystal 
lattice parameters is the metamorphic growth. 
Metamorphic buffer layers (MBL) create a 
transition from the substrate lattice constant to 
the lattice constant required for the growth of 
the functional layers of the heterostructure. One 
way to enable such a transition is to gradually 
change the composition of the buffer layer, 
which means changing material fluxes during 
the MBL epitaxial growth. The change of the 
composition can be either smooth, for example, 
when a linear dependence is involved, or step-
like. Typically, the thickness of the MBLs is a few 
micrometers. The MBL formation must result 
in a planar epitaxial surface for the subsequent 
strain-free growth of the active layers. The MBL 
technology is currently widely used for the 
manufacture of transistors with high mobility of 
electrons, lasers, solar cells, photodiodes, etc. [1–
6]. Various designs, thicknesses, and materials of 
buffer layers are studied and applied depending 
on the active layers of the heterostructure and its 
application in devices.

This paper is devoted to the study of possible 
designs of a metamorphic buffer layer for the 
growth of In0.83Ga0.17As triple solid solutions on 
InP substrates. These two materials are used 
for the manufacture of near-infrared spectral 
photodetectors, in which the peak wavelength 
of the photoresponse depends on the indium 
content in the photo-absorbing layer of InGaAs. 
The most common option is an absorbing layer 
of a In0.53Ga0.47As solid solution, which is lattice-
matched with InP. The high quality of InP 
substrates, as well as the excellent characteristics 
of photodiodes and matrix photodetectors based 
on In0.53Ga0.47As/InP, allowed InGaAs to become 
the leading material for the manufacture of 

photodetectors operating in the wavelength of 
1–1.7 μm. With an increase in the indium content 
to the mole fraction of x = 0.83, the detection 
range shifts to a longer wavelength region of 
2.2–2.6 μm. Thus, by varying the composition of 
the absorbing layer, a wider near-infrared region 
of the spectrum can be covered within the same 
system of materials. However, due to a large 
relative mismatch between the lattice parameters 
of In0.83Ga0.17As and the InP substrate of ~ 2%, the 
critical thickness for the pseudomorphic growth 
of the active layer is 1-2 orders of magnitude 
less than the thickness required for the effective 
absorption of the emission [7]. Therefore, in order 
to avoid the appearance of a large number of misfit 
dislocations in the active region during the growth 
of the In0.83Ga0.17As layer on the surface of InP, it 
is necessary to grow transitional metamorphic 
buffer layers. In this case, MBLs contribute to the 
pseudomorphic growth of the InGaAs absorbing 
layers and, consequently, reduce the density of 
the resulting misfit dislocations, and also stop 
the penetration of threading dislocations into the 
active layers of the photodetectors. Dislocations 
have adverse effects on photodetectors since they 
contribute to some mechanisms of dark current 
formation, which leads to a reduced detectivity 
of devices [8].

2. Experimental
The research involved growing experimental 

samples containing MBLs of various designs by 
means of molecular-beam epitaxy using a Riber 
MBE49 unit (Fig. 1). The samples were InAlAs/
InGaAs heterostructures on n+‑InP (100) “epi-
ready” doped substrates. The heterostructures 
included a ~ 0.1 μm thick layer of In0.52Al0.48As 
which was lattice-matched with the substrate, 
InAlAs MBLs of ~ 2 μm of various configurations, 
an active region of In0.83Ga0.17As with a thickness 
of ~ 1.5 μm, and upper contact layers of 
In0.83Al(Ga)0.17As with a thickness of ~ 650 nm 
(Fig. 1). The MBLs were grown at a constant 
temperature of the substrate, which was 70 °C 
lower than the growth temperature of the active 
region (490 °C). The process was concluded with a 
thermal cycling: the peak temperature rose to 530 
°C followed by cooling to 100 °C. The buffer layers 
were doped with silicon to a level of 1·1018 cm–3 
(n+), while the contact layers were doped with 
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beryllium, with an impurity concentration of 
2·1018 cm–3 (p+). The active region of InGaAs was 
also doped with silicon at a low concentration of 
2·1016 cm–3. The type and concentration of the 
dopant in each layer were selected in order to 
obtain a diode heterostructure for the subsequent 
manufacture of PIN photodiode crystals with an 
absorbing layer of In0.83Ga0.17As.	

Sample 1-LG contained InxAl1-xAs MBLs 
with a linear gradient of indium composition 
from x = 0.52 to x = 0.83 and with intermediate 
inserts of three InAs(4 Å)/InAlAs(10 Å) periods 
every 500 nm. Buffer layers of a similar design 
showed an advantage over the stepwise changing 
of the composition and the linear changing 
of the composition without inserts [9]. The 
demonstrated benefit of using this type of MBLs 
was in the lower density of threading dislocations 
in the functional layers and the existence of a 
dislocation-free region dfree in the buffer layer.

The buffer layer of the 2-NLG sample was 
the InxAl1-xAs layer whose composition changed 
following the nonlinear convex gradient which 
approximated the square root-like dependence. 
The fraction of InAs in the composition also varied 
from 0.52 to 0.83. The main difference between 

the 1-LG and 2-NLG samples was that when the 
convex gradient of the composition was applied, 
the MBL crystal lattice parameter grew faster in 
its lower region bordering the substrate, and, 
conversely, more smoothly when approaching the 
active layers. Therefore, it can be assumed that 
dislocations formed more actively in the lower 
part of the MBLs, which was most distant from the 
functional layers of the heterostructure. Previous 
studies used metamorphic InAlAs layers on GaAs 
substrates to demonstrate the advantages of 
such a design as compared to a linear profile in 
terms of more effective elastic strain relaxation 
[10]. Also, using the example of the InAlAs/
GaAs system of materials, it was experimentally 
confirmed that the root-like dependence of the 
indium composition in MBLs resulted in a lower 
density of dislocations and the formation of a 
thicker dfree region [11].

To reduce the conduction band discontinuity 
between InGaAs and InAlAs and the dislocation 
density, the so-called digital-graded superlattices 
(DGSL) were introduced into the structure of 
the heterostructures from above and below the 
absorbing layer, which consisted of 9-period 
In0.83Ga0.17As/In0.83Al0.17As superlattices with a 

Fig. 1. Schematic image representing the layer composition of metamorphic heterostructures #1-LG и #2-NLG

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(1): 86–95

E. I. Vasilkova et al.	 Analysis of the crystalline quality of bulk In0.83Ga(Al)0.17 layers...



89

total thickness of about 90 nm [12]. The well-
to-barrier ratio in the DGSL period ranged from 
1:9 to 9:1 in the case of the lower superlattice 
(MBL-active region heterointerface) and was 
mirrored in the case of the upper superlattice 
(active region-contact layer heterointerface). 
These superlattices created a stepped barrier for 
charge carriers at the point of conduction band 
discontinuity in the heterostructure. What is 
more, the additional heterointerfaces that DGSLs 
created were expected to facilitate a smoother 
transition from the lattice constant of InGaAs to 
InAlAs if there was any residual strain in InGaAs. 
Therefore, DGSL regions were inserted in both 
samples before the growth of the In0.83Ga0.17As 
absorbing layer and after its complete formation.

The main experiments aimed at studying 
the crystalline properties of the samples of 
metamorphic heterostructures were preceded by 
their electrochemical capacitance–voltage (ECV) 
measurements. A comparison of the profiles of the 
distribution of the charge carriers concentration 
in the 1-LG and 2-NLG samples along the depth of 
the structure is shown in Fig. 2. The profile of the 
1-LG sample was smoother and more comparable 
to the structure of the heterostructure in terms 
of layer thickness. It also did not have spikes 
and abrupt changes in concentration, unlike the 
2-NLG sample. This may be evidence of a higher 
defectiveness of the 2-NLG sample with the root 
profile of the buffer layer composition. Based on 
the obtained results of the ECV measurements, 

the 1-LG sample with a linear MBL was selected 
as a reference for the study by the destructive 
transmission electron microscopy (TEM). In 
addition, X-ray reflection spectra were measured 
for both samples, and reciprocal space maps of 
X-ray diffraction intensity were constructed and 
analyzed.

3. Results and discussion

3.1. Transmission electron microscopy
The 1-LG sample was examined by SEM in 

the cross-section geometry (110) on a JEM2100F 
(Jeol) electron microscope at an accelerating 
voltage of 200 kV. A standard method was used 
to prepare the sample, which involved thinning 
by precision grinding and spraying with argon 
ions during the final stage prior to perforation.

The obtained TEM image (Fig. 3) allowed 
identifying the regions of the MBLs, the InGaAs 
absorbing layer, and the InAl(Ga)As contact 
layers. In the image, the InP substrate is at the 
bottom and is separated from the metamorphic 
heterostructure by a bright white band. In 
the MBL, there was a large number of misfit 
dislocations in the form of horizontal dark 
bands and threading dislocations in the form of 
inclined dark lines. The dislocations were evenly 
distributed over the thickness of the MBL, and 
a rough estimate of the density of the extended 
defects in the buffer layer was ~ 1·1011 cm–2. Fig. 3 

Fig. 2. Main carrier concentration profiles, obtained 
by electrochemical capacitance-voltage profiling Fig. 3. STEM image of sample #1-LG
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shows that some dislocations were directly under 
the heterointerfaces of the InAs/InAlAs inserts, 
especially during the initial stages of the MBL 
growth. Also, threading dislocations were bending 
on various heterointerfaces, including in the 
DGSL region, however, their complete bending 
and annihilation occurred less often.

Earlier studies of test MBL heterostructures 
with a linear composition gradient revealed the 
existence of a dislocation-free region dfree [9]. 
Based on current images, it was impossible to 
judge whether the dfree region was present. What 
is more, the density of defects in the sample was 
much higher than the density of defects in the 
test MBL structure. Thus, according to the TEM 
images in the cross-sectional geometry, the 
density of the threading dislocations revealed 
in the functional layers of the In0.83Al0.17As and 
In0.83Ga0.17As heterostructures was ~ 5·108  cm–2, 
while in the test structure, the density of 
dislocations in the In0.83Ga0.17As layer with a 
thickness of 500 nm was below the detection 
limit of the method, i.e. < 1·106 cm–2 [9]. Perhaps 
this was due to the absence of the inverse step 
in the InAlAs composition gradient, which was 
introduced into the MBL design of the test 
structure. The absence of the inverse step could 
also affect the density of threading dislocations 
in the InGaAs absorbing layer.

3.2. X-ray diffractometry and reciprocal 
space mapping of X-ray diffraction intensity

Information about the presence of elastic 
strain, misfit dislocations, and crystal lattice 
disorientation can be obtained from the X-ray 
diffraction reciprocal space mapping [13]. The 
X-ray diffraction reciprocal space map is a 
projection of the three-dimensional intensity 
distribution of the X-ray reflection intensity 
from the sample on the orthogonal axes of the 
reciprocal space qX <110> and qZ [001] which are 
parallel to the surfaces of the heterostructure and 
orthogonal to the surface of the heterostructure, 
respectively. The reciprocal space map is a set 
of contours of equal intensity, the greatest 
contribution to which is made by diffraction 
reflections from the selected family of crystalline 
planes. The X-ray scattering was recorded in 
the angular coordinates ω-2θ, which were then 
converted into the reduced coordinates of the 

reciprocal space qX and qZ. X-ray diffraction 
spectra were recorded on a DRON-8 X-ray 
diffractometer (Burevestnik, Russia) with a 
Bartels monochromator and the radiation at the 
X-ray tube of CuKα1 = 0.15406 nm. The maps were 
converted and processed with the accompanying 
software package Reciprocal Space Mapping by 
Burevestnik.

Reciprocal space maps of X-ray diffraction 
intensity for reflections (224) for the samples were 
constructed and analyzed (Fig. 4). The reciprocal 
space mapping of X-ray diffraction intensity in the 
case of asymmetric reflection, for example, from 
a set of planes (224), allowed making judgements 
about the residual strain in the epitaxial layers. In 
Figures 4a and 4b, broad maxima of high intensity 
characterize diffraction on the functional layers 
of In0.83Al0.17As/In0.83Ga0.17As of the 1-LG and 
2-NLG samples, respectively. Lines drawn in the 
images in Fig. 4 characterize an entirely strain-
free (solid line) and entirely pseudomorphic 
(dashed line) state of the crystal in relation to 
the substrate [14]. The line of the entire stain 
relaxation for reflection (224) always passes 
through the peak of the substrate, therefore, the 
position of the InGaAlAs maximum relative to 
this line can be used to conclude about the degree 
of strain relaxation in this layer. In both studied 
samples, the lines of strain relaxation passed near 
the reflection from the InGaAlAs layers, however, 
they did not cross its maximum. Thus, the active 
layers in both 1-LG sample and 2-NLG sample 
were partially strain-free.

The measurements of symmetric (004) 
reflections of the samples allowed making 
conclusions about the imperfection of the crystal 
lattice of the grown layers since the broadening 
of the intensity contours along the qX direction 
indicated dislocations or a mosaic structure, while 
the broadening along the qZ direction meant 
there was a fluctuation of the perpendicular 
component of the lattice parameter [15]. Let us 
assume that direction [110] of the X-ray beam 
incidence along the base cut of the substrate 
is an azimuthal angle of 0°, while direction 
[110], which is perpendicular to the base cut 
is an azimuth of 90°. X-ray scattering patterns 
from a set of reflecting planes (004) of the 1-LG 
and 2-NLG samples in the reciprocal space are 
shown in Fig. 5. The narrower and more intense 
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maximum at the top of all images corresponds to 
the InP substrate and is comparable to the angular 
coordinate 2θ = 63.34°.

Let us consider Fig. 5a for a symmetrical 
reflection of the 1-LG sample with an azimuthal 
angle of 0° corresponding to the qX direction [110]. 
A continuous green region of medium intensity, 
elongated along the qZ axis, is characteristic of 
MBLs with a smooth composition gradient. The 
experimental maximum of the functional layers 
of In0.83Al0.17As/In0.83Ga0.17As (individual maxima 
of each layer are difficult to distinguish due to 
very close values of the lattice constant), located 
lower along the qZ axis, is shifted along the qX 
axis relative to the maximum of the substrate, 
and, as compared to it, has a more pronounced 
ellipticity. The coordinate of the In0.83Ga(Al)0.17As 
peak along the qZ axis corresponds to an angle 
of 2θ = 61.79°. This peak, as compared to the 
peak of the substrate, is much more stretched 
along both axes and its width in the qX direction 
exceeds many times the spread along qZ. Thus, 
we can assume that active layers of this sample 
have more local strain-free regions than regions 
with an elastically deformed lattice [15].

In the scattering pattern of the 2-NLG sample 
with similar conditions depicted in Fig. 5c, the 
maxima of diffraction intensity on the substrate 
and on the active layer are at the same positions 
along the qZ axis. However, in the case of the 

2-NLG sample, the reciprocal space mapping did 
not reveal any significant reflection continuously 
stretched from the gradient buffer layer along the 
qZ axis. In addition, unlike the 1-LG sample, the 
maximum of the InGaAs layer was on the qX = 0 
line. What is more, it was elongated mainly along 
the qZ axis and was characterized by a much less 
expressed diffusion scattering along the qX axis 
than in Fig. 5a. As we noted above, the broadening 
of the peak along qZ may be due to a fluctuation of 
the lattice constant in a direction perpendicular to 
the scanning planes. Thus, a significant blurring 
of the maximum along the vertical axis may 
indicate the existence of local deformed regions 
of the crystal lattice and an inhomogeneous strain 
distribution over the crystal.

The half-width peaks of the intensity of the 
reflected X-ray emission along the ω axis in 
the angular coordinates of direct space ω-2θ 
characterizes the defectiveness of the structure, 
which in the metamorphic heterostructure is 
mainly contributed by misfit dislocations of the 
screw type. The assessment of the dependence of 
the half-width intensity peaks relative to the ω 
axis on the normal lattice parameter c = 2λ/sin(θ) 
[16] and the TEM images allowed characterizing 
the distribution of defects in the 1-LG sample. 
The results showed that the defectiveness of 
the linear MBL first increased with a thickness, 
was maximum in the middle and upper parts 

Fig. 4. Reciprocal space maps of asymmetric (224) reflection: а) sample #1-LG, б) sample #2-NLG. Labels S and 
L stand for reflection peaks from InP substrate and In0.83Ga(Al)0.17As active layers. Orange lines represent fully 
relaxed (solid) and pseudomorphic (dashed) states

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2025;27(1): 86–95

E. I. Vasilkova et al.	 Analysis of the crystalline quality of bulk In0.83Ga(Al)0.17 layers...



92

of the buffer layer, and then decreased slightly 
just before the formation of the DGSL and the 
absorbing layer.

It should be noted that when rotating the 1-LG 
sample by an azimuthal angle of 90° (Fig. 5b), the 
maximum lateral coordinate of In0.83Ga(Al)0.17As 
changed its sign relative to the qX = 0 axis, 
while the position of the peak along the qZ axis 
remained unchanged. However, similar to the 
case shown in Fig. 5a, the intensity spot from the 
linear MBL shifted uniformly towards the positive 
or negative qX, respectively. Fig. 5d shows images 
for the 2-NLG sample with an azimuthal angle of 

90°. When rotating the sample with the root MBL 
by 90°, there was also a discrepancy between the 
maximum coordinates of the absorbing layer, 
however, in this case there was an abrupt change 
in the coordinate relative to qX = 0.

The mismatch between the maximum 
coordinates of the active layers and the 
substrate in the qX direction for the studied 
case of symmetrical reflection indicated the 
disorientation of the crystal lattice of the active 
layers relative to plane (001) [15]. The angle 
of the epitaxial layer disorientation relative to 
the substrate was characterized by inclination, 

Fig. 5. Reciprocal space maps of symmetric (004) reflection of sample #1-LG (top) for azimuthal angles 0° (a) 
и 90° (b) and sample #2-NLG (bottom) for 0° (c) and 90° (d). Labels S, L and MBL stand for reflection peaks 
from InP substrate, In0.83Ga(Al)0.17As active layers and InxAl1-xAs metamorphic buffer layer
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rotation, or torsion. In lattice-mismatched 
heterostructures on substrates with orientation 
(001), disorientation could occur due to uneven 
distribution of dislocations over the surface 
relative to directions [110] and [110] [17]. This 
resulted in anisotropy of residual strain along 
these directions and could affect the angle of 
disorientation.

The reciprocal space mapping in the geometry 
of symmetrical reflections allowed estimating 
the inclination and rotation angles of the crystal 
lattice in the active layer relative to the plane of 
the substrate (001). For calculations, we used the 
relations given in [18, 19]:

tg( )
/ �,

,

,

a0 90

004

0 90

004

0 90
4∞ ∞

∞ ∞

∞ ∞

=
-

D

D

qX

a qZsub

 

tg( )� /j a a= ∞ ∞0 90 ,

where asub = 5.8687 Å is the lattice constant of the 
substrate, qX004 is the difference in qX coordinates 
of the maxima of the layer and the substrate 
during symmetrical scanning (004), qZ004 is the 
difference in qZ coordinates of the maxima of the 
layer and the substrate during symmetrical scan-
ning (004), a0° and a90° are the inclination angles 
of the crystal lattice at azimuthal angles of 0° and 
90°, and j is the azimuth of the zero inclination 
of the layer.

From Figures 5a and 5b, according to the 
given formulas, we obtained the inclination 
angles: a0° = 0.19°, a90°  = 0.12°, and j = 57.7°. By 
performing similar calculations and by using the 
data presented in Fig. 5c and 5d for the 2-NLG 
sample, we obtained a0° = 0°, a90° = 0.82°, and 
j = 0°. Therefore, in the case of root-like MBLs, the 
disorientation of the crystal lattice of the InGaAs 
layer was mainly affected by the inclination of the 
layer relative to plane (001). What is more, there 
was no torsion of the lattice, which can also be 
indirectly confirmed by scanning at coordinates 
ω–j. According to [17], large values of angles 
a correlate with low efficiency of elastic strain 
relaxation in the structure through the formation 
of dislocations. Therefore, the disorientation 
of the crystal lattice is a secondary mechanism 
for relieving residual strain. In the case of the 
2-NLG sample, this may mean that during the 
early stages of the buffer layer growth, the strain 

relaxation mechanism was mainly due to the 
formation of dislocations, while further it was 
a tilt of the lattice that was responsible for the 
release of excessive strain.

4. Conclusions
In our study, for the growth of active layers of 

In0.83Ga(Al)0.17As on InP substrates, we proposed 
two alternative designs of the metamorphic 
buffer layer: one following a linear law of the 
composition variation and the other following 
a nonlinear law, which in the studied case had a 
square root-like dependence. To determine the 
effectiveness of these metamorphic buffer layers, 
we used transmission electron microscopy and 
the reciprocal space mapping of X-ray diffraction 
intensity to study the crystalline quality of the bulk 
In0.83Ga(Al)0.17As layers grown on the buffer layers. 
The reciprocal space mapping for asymmetric 
reflections from a set of planes (224) showed 
that the active layers were partially strain-free in 
heterostructures with both linear and nonlinear 
buffer layer. They also revealed the formation of 
misfit dislocations. The reciprocal space mapping 
in the geometry of symmetrical reflections (004) 
allowed establishing that in both samples elastic 
strain was relieved through the disorientation 
of the crystal lattice relative to the plane of the 
substrate. The density of threading dislocations 
in the active layers of In0.83Ga(Al)0.17As in the 
heterostructure with a linear metamorphic buffer 
layer calculated from the images of transmission 
electron microscopy was ~ 5·108 cm–2. Presumably, 
in order to reduce it and to obtain a dislocation-
free region in the heterostructure, the growth 
of the linear metamorphic buffer layer must be 
completed with an inverse step with an increase 
in the mole fraction of indium in the composition 
of the buffer layer relative to the composition of 
the active layers.
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