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Equilibrium distributions of misfit dislocation density along the growth direction of metamorphic buffer layers

InyAl;_xAs/GaAs with maximum In content Xmax > 0.77 and different non-linear graded composition profiles
x o< z'/" are calculated. The effect of the initial In composition (n = 2) of InxAl, _xAs buffer layer with convex-
graded (Xmin) composition profile on misfit dislocation density as well as amount of residual stresses at its top part is
considered. Using computational approach, it was shown that a dislocation-free region is formed under thin tensile-
strained GaAs layer (1—10nm) inserted into InAlAs metamorphic buffer layer, which agrees with experimental data
obtained early by transmission electron microscopy. Novel non-linear graded composition profile of metamorphic
buffer layer has been proposed, which results in twice reduction of misfit dislocation density as compared to the
convex-graded one. In addition, equilibrium distributions of misfit dislocation density in the HEMT heterostructures
with two-dimensional electron channel InyAl;_xAs, which are based on Ing 75Gag 25As/Ing 75Alp.25As metamorphic
buffer layer of various designs, are calculated. The values of inverse steps (A), representing the difference between
the maximum In content of InyAl;_xAs (Xmax) and In content of Ing 75Alg 25As virtual substrate, at which relaxation
of the elastic strains in 2D channel Ing75Gag25As/Ing75Alp25sAs doesn’t occur, are calculated for metamorphic

buffer layers InxAl;_xAs with convex-graded and optimized non-linear graded composition profiles.

Keywords:
In(Ga,Al)As/GaAs.

DOI: 10.21883/5C.2023.03.56230.4915

1. Introduction

Significant interest in the development of semiconductor
devices of modern electronics based on Ink(Ga,Al);_xAs
solid solutions with a high content of In (x > 0.7), including
high electron mobility transistors (HEMT) [1], heterojunc-
tion bipolar transistors [2], as well as semiconductor LEDs
and lasers emitting in the mid-infrared range (2—5um) [3],
has recently become stronger due to the opportunities of
implementing such heterostructures on GaAs substrates,
which are characterized by high manufacturability and
low cost compared to traditionally used InAs, InSb and
GaSb substrates. Meanwhile, the high density of misfit
dislocations (MD) and the so-called threading dislocations
(TD) that arise in heterostructures, due to a strong mismatch
between the crystal lattice parameters of the GaAs substrate
(as) and the active area (a) Aa/a > 5%, has a negative
effect on output parameters of device structures, and also
leads to their degradation.

Over the past few years, various methods have been
developed to obtain semiconductor heterostructures with
an acceptable defect density on substrates that are strongly
mismatched in the lattice parameter. In particular, such
methods include substrate gluing (wafer bonding) [4],
epitaxy on structured substrates (patterned substrates) [5],
as well as metamorphic technology [3]. All approaches,
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except for the last one, include pretreatment of substrates
using mechanical, chemical, and other methods before the
start of epitaxial growth, which significantly complicates the
implementation of heterostructures based on them; there-
fore, from a technological point of view, the metamorphic
approach is more preferable.

The key element of the metamorphic technology is the
metamorphic buffer layer (MBL). Since the 60s MBL with
a composition gradient along the growth axis are widely
used [6]. It was found that MBL with a monotonically
varying composition contain in the upper part a region
practically free from dislocations, with a thickness of e,
in which residual elastic mechanical stresses accumulate [7].
Meanwhile, in the rest of the MBL, due to a strong
mismatch between the lattice parameters of the substrate
and the growing layer, the relaxation of elastic stresses
occurs through the formation of a MD network. Residual
stresses accumulated in the upper part of the MBL are
usually compensated by the inverse step (A), which is the
difference between the final composition of the MBL and
the composition of the virtual substrate (VS) — layer grown
on top of the MBL.

It should be noted that the distribution of the dislocation
density over its thickness strongly depends on the choice
of the MBL composition gradient. Nowadays metamorphic
heterostructures traditionally use MBL with a linear [8,9]
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or stepped [10,11] profile of composition change due
to their relatively simple technological implementation.
Nevertheless, according to several theoretical [12-14] and
experimental papers [15,16], MBL with a nonlinear profile
allow to obtain a dislocation-free area of greater thickness,
as well as a lower dislocation density than MBL with
a linear or stepped gradient. In particular, we have
previously experimentally shown that the use of InAlAs
MBLs with a root profile of composition change in
In(As,Sb)/In(Ga,Al)As/GaAs metamorphic heterostructures
allows to reduce the dislocation density by almost an order
of magnitude compared to MBL with linear composition
gradient [16]. However, the search for the optimal profile
of changes in the composition of MBL in order to obtain
metamorphic heterostructures based on it with the lowest
potential density of defects remains an urgent task even
today day.

This paper is devoted to optimizing the design of the
InkAly_xAs/GaAs (Xmax > 0.77) MBL, including the profile
and boundaries of composition change, by numerically
simulating the MD density distribution as part of the energy
model [17] along the direction of epitaxial growth of the
MBL in order to achieve the minimum potential MD density
in the upper part of the MBL and in the layers grown on
top of it, as well as comparison of the calculation results
with previously obtained experimental data. In addition,
calculations were made of the equilibrium density distri-
bution of MDs over the thickness of metamorphic HEMT
heterostructures with a two-dimensional electron channel
Ing 75Gag 25As/Ing 75Alp 25As containing MBL InyAlj_xAs
of various designs.

2. Method of calculating the density
distribution of misfit dislocations
in MBL

The numerical method of calculation as part of the
energy model is based on the iterative search for the
minimum value of the system total energy [17]. MBL or a
heterostructure based on it with a thickness of L are divided
intoN sublayers. The total energy of the system, including
the elastic energy (E.) and the MD energy (E4) — the
first and second terms in the formula (1), respectively, was
calculated as follows:

where h — grid step, Y — Young’s modulus, p — MD
density, € — elastic stresses, K — ratio expressed in terms
of shear modulus, Poisson’s ratio and Burgers vector in
accordance with paper [17].

The essential parameters for the calculation, such as the
lattice parameter, the length of the Burgers vector, elastic
moduli, etc., were taken from [14]. The angle between the
Burgers vector and the dislocation line (a) was assumed to
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be 60°, taking into account the fact that in heterostructures
with a crystal lattice of the zinc blende type, the most
characteristic MD are 60° dislocations. In all calculations
of this paper, in contrast to the papers [14,17], the grid
step (h=L/N) was 1 nm, which allowed to eliminate the
occurrence of artifacts when performing calculations of
MBL with nanometer-thick GaAs inserts and multilayer
HEMT heterostructures, as well as to improve the accuracy
of the calculations. The iterative process of calculation was
stopped when the accuracy of determining the MD density
was 50 cm 2,

3. Results and discussion

Previously, we theoretically [14] and experimen-
tally [18,19] studied the nature and features of the dis-
tribution of MD and elastic stresses in MBL InyAli_xAs
with a root profile of composition change depending on the
final content of In (Xmax). Meanwhile, the question of the
influence of the initial composition of MBL (Xuin) on its
properties has not yet been studied in detail, and the values
of Xmin used in various papers [20,21] vary in a wide range,
0.05-0.15.

In the present work, the effect of the value of Xp, in
MBL InxAl;_xAs with a root profile on the density of the
MD and the thickness of the dislocation-free region (Gfee)
in its upper part was studied on the theoretical basis. To
do this, using the numerical method presented in Section 2,
the calculations of the equilibrium distribution of the MD
density along the growth axis were carried out for two series
of MBL InyAl;_xAs with different initial contents of In
(Xmin = 0.05—0.25) and differing in the type of root profile
of composition change (Fig. 1).

The profiles of changes in the MBL composition
of the first series were dependences of theX(z) = Xmin
+ (Xmax — Xmin)(2/L)Y/? form, where the final composi-
tion (Xmax) and thickness (L) of the MBL remained
unchanged and equal to 0.79 and 950nm, respectively.
The profiles of changes in the MBL composition of
the second series were obtained from the dependence
X(2) = Xmin + (Xmax — Xmin) (Z/L)"/2,  where Xpin = 0.05,
Xmax = 0.79, L =950nm, by cutting off the lower part
(reducing the thickness) of the MBL to the required
minimum composition of Xnn. The results of calculations
for the MBL of the first and second series are shown in
Fig. 1,a and b, respectively. The inserts show to the figures
the dependences of the MD density in the upper part of the
MBL (pend) and the thickness of the dislocation-free area
(diee) of the value of Xpin. It can be seen that in MBL
of the first series, as Xnyi, is increased from 0.05 to 0.25,
Pend decreases by a factor of 1.4, while dge. increases
insignificantly from 100 to 120nm. In MBL of the second
series, with an increase in Xy, the value of dg.. increases
twice and p.nq increases in contrast to the first series, which,
apparently, is explained by a decrease in the thickness of the
MBL. Meanwhile, the increase in the thickness of dge. With
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Figure 1. Equilibrium MD density distribution along

the growth axis for two series of MBL InxAli_xAs/GaAs
with different initial content of InXy;, = 0.05—0.25and dif-
fering in the form of the root profile of the composi-
tion change: @ — X(Z)=Xmin+ (Xmax —Xmin)(Z/L)"/%, where
Xmax =0.79, L =950nm — the final composition and thick-
ness of the MBL, respectively; b — obtained from the
profile X(2) = Xmin + (Xmax — Xmin)(2/L)"2, where Xpmin = 0.05,
Xmax = 0.79, L = 950 nm, by cutting off the lower part of the MBL
to the required value Xmin. The calculated dependencies are shifted
relative to each other by 15nm for ease of perception. The inserts
show — dependences of the MD density in the upper part of the
MBL (pend) and the thickness of the dislocation-free area (Ggec)
on the initial composition of Xmin-

an increase in Xn,i, in MBL of the second series occurs non-
linearly and, at values of Xy, > 0.15, is much faster than in
the first series.

Thus, the minimum calculated MD  density
(Pend ~ 9.9 -10°cm~2), preceding the dislocation-free
area, is achieved in the MBL of the first series when
using the maximum initial content In Xy, = 0.25. This is
explained by the fact that in the first series, at a constant
MBS thickness, the use of large values of Xmin allows to

make the transition to the final Xp,x = 0.79 composition
smoother. It should be noted that the values of Xin > 0.25
were not considered, since the growth of such MBL sharply
increases the probability of the transition of the epitaxial
growth mode from layer-by-layer (two-dimensional) to
three-dimensional.

An important task in the creation of metamorphic
heterostructures is also the reduction of the TD density,
which correlates with the MD density [22]. One of the
approaches leading to a decrease in the density of TD
in metamorphic structures is the use of single elastically
stressed layers in MBL, which allow to change the direction
of TD propagation up to their bending in the growth plane.
The effectiveness of this approach was first demonstrated
using the GaN/AIN [23] system as an example, and was also
experimentally confirmed for the (In,Ga,Al)(As,Sb) [24]
system. However, due to the lack of a complete theory
of relaxation of elastic stresses for MBL with an arbitrary
composition change profile, the problem of optimizing the
thicknesses of elastically stressed layers and their positions
in MBL remains relevant today.

In this work, the nature of the distribution of MD along
the growth axis of the InxAl;_xAs MBL with a root profile
of the change in the composition was studied depending
on the thickness and position of elastically stretched GaAs
layers in the MBL. Fig. 2, a shows the results of calculations
of the equilibrium distribution of the MD density along
the growth axis for MBL InyAl;_xAs containing a GaAs
insert of various thicknesses of 1—10nm upon reaching the
composition of X ~ 0.39 (z = 200 nm). From Fig. 2, @ it can
be seen that, regardless of the thickness of the GaAs insert, a
dislocation-free area is formed under it, characterized by the
thickness dJ% and similar to that formed in the upper part
of the MBL. Meanwhile, with an increase in the thickness
of the insert from 1 to 10nm, the value of d$*sincreases
from 43 to 97nm, and the MD density in the MBL
area immediately after the insert (0gaas) increases from
1.5-10"? to 3.6 - 102 cm™2 (see Table 1). Let us note that
the formation of a dislocation-free area in the ,,root“ MBL
InyAl;_xAs was found earlier experimentally in the study
of such structures using the method of transmission electron
microscopy in the geometry of the cross section [24], and
the calculated value d$AS = 74nm in the case of a GaAs
insert with a thickness of 5nm correlates well with the
corresponding experimental one (75—97 nm).

Table 1. Values of pgaas and dS*A° at different thicknesses of the

GaAs insert located in the MBL InxAl;_xAs with the root profile
of composition change at X ~ 0.39 (z = 200 nm)

Thickness o Gars

of the insert GaAs, nm PGars, €M iee > nm
1 1.5-10% 43
2.6-10" 74
10 3.6 - 10" 97

Semiconductors, 2023, Vol. 57, No. 3
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Figure 2. a — equilibrium density distributions of MD along the
growth axis of MBL InyAl;_xAs with a root profile of composition
change containing a single elastically stressed GaAs insert of
various thicknesses 1—10nm upon reaching the composition
X ~ 0.39 (z =200nm). The calculated dependencies are shifted
relative to each other by 10nm for ease of perception; b —
dependences of the thickness of the dislocation-free area (d$A*)
located under the GaAs insert, as well as the MD density in
the MBL area immediately after the GaAs insert (0gaas) on its
position.

Fig. 2,b shows the dependences of pgaas and d$AS on

the position of a 5 and 10nm thick GaAs insert in the
InyAl; _xAs MBL with a root profile of composition change.
The influence of the position of the GaAs insert with a
thickness of 1nm on the values of pgaas and d$AS was
not studied, since it was previously experimentally shown
that MBL containing GaAs inserts with a thickness of
1 nm practically did not differ in their structural properties
from MBL without an insert [24]. In case of 5 and
10nm thick GaAs inserts, it can be seen from Fig. 25
that the dependence d$%A%(z) first increases, and then,
at Z ~ 650nm, saturates. Meanwhile, the value of the
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MD density in the MBL area immediately behind the
PGaas insert remains constant when the insert position is
changed to the values z ~ 700 and 400 nm for inserts with
a thickness of 5 and 10 nm, respectively, and then, at higher
values z, a sharp the increase in pgaas, apparently due to
the relaxation of elastic stresses in the insert itself.

We have previously shown that a significant decrease in
the near-surface dislocation density in MBL with a root
profile of composition change over thickness compared to
the case of ,linear® MBL is due to the fact that ,root*
MBL is characterized by a rapid change in composition
in the lower region, adjacent to the GaAs substrate, and
smooth — in its upper part [16]. In addition, such
an MBL profile leads to a decrease in the disorder of
the solid solution in the area of high compositions [15].
In order to search for a profile shape that would lead
to a lower defect density, we calculated the MD density
distribution along the growth axis for MBL InxAlj_xAs
with various nonlinear profiles of composition change of
the form X(zZ) = Xmin + (Xmax — Xmin)(Z/L)/", where L —
the thickness of the MBL equal to 950 nm, Xpin, and Xpax —
initial and final content of In in MBL, equal to 0.05 and 0.79,
respectively, and n — natural number from 2 to 5 (Fig. 3).

As can be seen from the insert in Fig. 3, with an increase
in n, the steepness of the composition change profile in
the initial section increases and, accordingly, decreases in
the final section, which should lead to a decrease in the
MD density. Indeed, the simulation results showed that the
lowest MD density (pend), as well as the largest thickness
of the dislocation-free area (dgee) is achieved in MBL with
the highest value n (see Fig. 3 and Table 2).

Nevertheless, the technological implementation of such
MBL with n > 2 is difficult due to a sharp change in the
composition in the first tens of nanometers (see insert in
Fig. 3). To solve this problem, a profile (see formula (2))
is proposed, the initial part of which is determined by the
root dependence oc z'/2, and the final part by the power
dependence o z!'/" with the maximum n

X(Z) = Xmin + (Xmax - Xmin)

(L—2)(3)*+2z- lim ()"
X < ) (2)

n—oo
L

Simplifying formula (2), we obtain the final expression
for the optimized profile of the change in the MBL
composition InyAl;_yAs: X(Z) = Xmin + (Xmax — Xmin)
x ((z/L)'? + (z/L) — (z/L)*?). For MBL with such a
profile, we also calculated the equilibrium density distribu-
tion of MD along the growth axis and found that an MBL
with an optimized nonlinear composition change profile
allows to reduce the density of near-surface MD (pend)
in ~ 2.2 bytimes, and also to double the thickness of
the dislocation-free area (dge.) compared to ,root“ MBL
(see Table 2).

To understand the influence of the MBL design on the
features of elastic stress relaxation directly in metamorphic
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Figure 3.  Equilibrium distribution of MD density along

the growth axis for MBL InyAl;_xAs with different nonlinear
composition change profiles of the x(z) o z'/" type and optimized
profile X(z) = Xmin + (Xmax — Xmin) ((2/L)"/ + (z/L) — (z/L)*?).
The calculated dependencies are shifted relative to each other by
15nm for ease of perception. The insert shows the corresponding
profiles of changes in the MBL composition.

heterostructures, the calculations of the equilibrium distribu-
tion of the MD density over the thickness of two m HEMT
heterostructures (structures A and B) were carried out,
which differ only in the MBL design. Structures A and B
included MBL InyAl;_xAs with a root (X o< z!/?) and an
optimized nonlinear profile of the change in the composition
(see formula (2)), respectively. The following sequence
of layers typical of HEMT heterostructures (Fig. 4,a) was
used in the calculations: GaAs substrate, MBL InyAl; _xAs
(950nm), lower barrier layer Ing75Alp2sAs (virtual sub-
strate — VS) 40nm thick, quantum well Ing75Gag s5As
(24nm), upper barrier layer Ing;s5Alp2sAs (84nm) and
cover layer Ing 75Gag25As (4nm). The value of the inverse
step was varied withinA = 0.02—0.14 by corresponding
changes in the final content of In in MBL (Xmax). It
was found that in the A structure, when the A < 0.10

Table 2. MD density (pend) and thickness of the dislocation-free
area (g ) in the upper part of the MBL InyAl;_xAs with different
nonlinear composition change profiles (Xmin = 0.05, Xmax = 0.79,
L =950nm)

Profile of composition change of X(z) 5
MBS InAl;_As Pend; e | Giec, M
Xmin + (Xmax — Xmin) (2/L)"2 1.4-10" 104
Xmin + (Xmax — Xmin) (2/L)"/ 9.3-10° 129
Xmin + (Xmax — Xmin) (2/L)"* 7.2-10° 150
Xmin + (Xmax — Xmin) (2/L)"/° 5.9-10° 167
Xmin + (Xmax — Xmin) 6.2-10° 204
(/L) + (z/L) = (2/L)*?)

value is used, the relaxation of elastic mechanical stresses
occurs exclusively inside the MBL, while the active layers
of the m HEMT structure are completely absent (see
insert in Fig. 4,b). At the same time, at values of the
reciprocal step A > 0.10, relaxation of elastic stresses at
the MBL/virtual substrate interface is observed (Fig. 4,b).
It should be noted that the calculated results agree fairly
well with the experimental data. For example, we have
previously shown that in the case of optical metamor-
phic In(As,Sb)/In(Ga,Al)As heterostructures obtained by
molecular beam epitaxy on GaAs substrates and containing
InAlAs MBL with a root profile of composition change, the
maximum the value of the internal quantum efficiency was
achieved at A = 0.08—0.10 [18,19].

Meanwhile, in the In(As,Sb)/In(Ga,Al)As structures with
A >0.12, when they were studied by the method of
transmission electron microscopy in the cross-sectional
geometry, TDs nucleating at the MBL/virtual substrate
interface [19]. In addition, the calculated value of the
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Figure 4. @ — Schematic band diagram of a metamorphic

HEMT heterostructure including an MBL InyAl;_xAs with a
nonlinear profile of composition change, a virtual substrate
(VS) Ing7sAlp2sAs, and a two-dimensional electronic channel
Ing.75Gag 25 As/Ing 75Al.25As; b — equilibrium distributions of the
MD density along the structure growth axis A with different
reciprocal steps A = 0.04 and 0.10. The calculated dependencies
are shifted relative to each other by 15nm for ease of perception.
The insert shows the MD densities at the MBL/virtual substrate in-
terface depending on the value of the inverse step for structures A
and B.
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thickness of the dislocation-free region in the upper part of
the MBL dge. = 103 nm for the A structure with A = 0.04
agree fairly well with the experimental value determined
by the method of local electron diffraction from a selected
region (~ 110nm) [25]. It should be noted that the use
of MBL in the m HEMT heterostructure with a nonlinear
optimized composition change profile (structure B) leads
to the fact that the relaxation of elastic stresses with the
formation of MD at the MBL/virtual substrate interface
occurs at much lower values of the inverse step A > 0.06
(see inset in Fig. 4, b).

It seems of interest to estimate the TD density in hete-
rostructures containing MBL with a non-linear optimized
profile of composition change. Previously, it was shown
that an MBL with a root profile of composition changes
allows to reduce the MD density in its upper part by a
factor of ~ 2 times compared to an MBL with a linear
profile [14]. Meanwhile, it was experimentally shown that
the TD density, which correlates with the MD density, in
structures containing MBL with a root profile is 3 times
less than in structures containing ,linear* MBL, and is
(54+2)-10"cm —2 [3]. Taking these facts into account, as
well as the fact that the MBL proposed in this paper with
an optimized nonlinear profile of composition change allows
to reduce the density of MD by ~ 2.2 times compared with
the ,;root“ MBL, one should expect a decrease in the TD
density in structures containing MBL with an optimized
profile, up to ~ 107 cm~2.

4. Conclusion

The calculations of the equilibrium distribution of the
MD density along the growth axis were carried out for
MBL InyAl;_xAs with different initial contents of In
(Xmin = 0.05—0.25) and differing in the type of root profile
of composition change. It has been established that the
minimum calculated density of MD in the upper part of
the MB is achieved in the case of Xpi, = 0.25. The
dependence of the MD distribution along the growth axis
of the InAlAs MBL with a root profile of composition
change on the thickness and position of single ultrathin
(1-10nm) elastically stressed GaAs layers in the MBL is
studied. It is shown by numerical simulation that, regardless
of the thickness of the GaAs insert, a dislocation-free area
is formed under it, similar to the one that forms in the
upper part of the MBL, and which was observed earlier
experimentally. In this case, the value of the thickness
of this area free from dislocations agrees fairly well with
the experimental value obtained using transmission electron
microscopy in the cross section geometry. The equilibrium
density distribution of MD along the direction of epitaxial
growth of MBL InkAlj_xAs/GaAs with the maximum
content of In Xyax > 0.77 and various nonlinear profiles of
composition change of the form X oc z!/" were calculated.
An optimized nonlinear profile of the composition change
of the InAlAs MBL is proposed, which allows to obtain in

Semiconductors, 2023, Vol. 57, No. 3

its upper part a density of MD that is half that of the root
profile. Calculations were made of the equilibrium density
distribution of MD over the thickness of metamorphic
HEMT heterostructures containing MBL InyAlj_yAs of
various designs and a two-dimensional electron channel
III().75Gao_QSAS/In0_75Alo.25AS. In case of using MBL in
HEMT structures with a root and an optimized profile
of composition change, the values of the inverse step are
sett A< 0.10 and A < 0.06 respectively, at which the
relaxation of elastic stresses occurs exclusively in the MBL,
and is completely absent in the active layers of m HEMT
heterostructures. The TD density was estimated in hete-
rostructures containing MBL with a non-linear optimized
profile of composition change which allow to expect a
decrease in TD in such structures to values 107 cm—2.
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