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The inclusion of metamorphic buffer layers (MBLs) in the design of lattice-
mismatched semiconductor heterostructures is important in enhancing reli-
ability and performance of optoelectronic and electronic devices through
proper control of threading dislocations; threading dislocation can be reduced
by allowing the distribution of the misfit dislocations throughout the MBL,
rather than concentrating them at the interface where substrate defects and
tangling can pin dislocations or otherwise reduce their mobility. Composi-
tionally graded layers have been particularly used for this purpose and in this
work we considered heterostructures involving a step-graded InxGa1�xAs or
InxAl1�xAs epitaxial layer on a GaAs (001) substrate. For each structure type,
we present minimum energy calculations including (i) the surface and (ii)
average in-plane strain and (iii) the misfit dislocation density profile with
various grading coefficients (thickness and indium composition variation). In
both types of structures, the average in-plane strain and misfit dislocation
density profile scale with the average grading coefficient, but InxAl1�xAs
structures with a greater average elastic stiffness constants exhibit slightly
higher average compressive in-plane strain (absolute valued) which is asso-
ciated with higher misfit dislocation densities. However, the rate of change in
the normalized relaxation percentage per unit thickness of each step with
respect to the lattice mismatch of the step is lower in the InxAl1�xAs material
system. The difference of the in-plane strain is small (<3%), however, so that
these material systems are virtually interchangeable in terms of their
mechanical behavior (<5.1% change in elastic constants).

Key words: Relaxation, misfit dislocations, in-plane strain, step-graded,
InGaAs, InAlAs, GaAs

INTRODUCTION

Metamorphic or partly relaxed semiconductor
devices are of great interest because their use
removes the compositional constraints associated
with pseudomorphic design, enabling the use of
lattice-mismatched materials with a wide range of
desirable properties such as energy gap, low-field
mobility and carrier saturation velocity. The

realization of semiconductor heterostructures on
lattice-mismatched wafers, such as strain-engi-
neered InxGa1�xAs and InxAl1�xAs on GaAs sub-
strate, has become critical for the fabrication of
electronic and optical devices. These applications
require growth of metamorphic (partly relaxed)
structures with compositionally graded buffer lay-
ers to accommodate the strain associated with the
mismatch between the substrate and epilayer. The
graded layer allows for the introduction and distri-
bution of misfit dislocations (MDs) away from the
substrate interface which results in the reduction of
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the dislocation–dislocation interactions with sub-
strate-associated defects; such interactions may
give rise to dislocation pinning and, therefore,
render threading dislocations immobile. Therefore,
the enhancement of dislocation mobility from the
use of a compositionally graded layer, allows for
devices with reduced threading dislocation densi-
ties. In addition, the graded layer has a greater
built-in residual strain near the surface which can
reduce the density of threading defects by enhanc-
ing the glide velocities of dislocations, yielding the
longest possible misfit segment parallel to the
interface and, therefore, the least number of thread-
ing dislocations emanating from misfit dislocation
ends. Although metamorphic growth has been
exploited in a variety of devices,1–10 most designs
employ a linearly graded11,12 or step-graded buffer
layer.9,13,14 Unlike a linearly graded buffer, there
has been relatively little modeling work on step-
graded layers and, therefore, its relaxation behavior
is not well understood, but some important aspects
regarding their dislocation and strain distributions
have been shown experimentally. It is, therefore,
worthwhile to compare the two material systems
(InxGa1�xAs and InxAl1�xAs) utilizing a step-graded
scheme in terms of their equilibrium relaxation
behavior. Equilibrium modeling in turn serves as
the starting point for the understanding of kineti-
cally limited relaxation and its results may be
helpful in the optimized design of compositionally
graded heterostructures.

EQUILIBRIUM MODEL

In this work, we consider InxGa1�xAs and
InxAl1�xAs step-graded buffers grown on a GaAs
substrate with (001) crystal orientation. The lattice
mismatch is defined as f ðzÞ � as � aðzÞð Þ=aðzÞ,
where as is the relaxed lattice constant of the
substrate and aðzÞ is the relaxed lattice constant of
the epitaxial crystal at a distance z from the
substrate interface. Step-graded layers contain a
set of n uniform layers in which there are equal
compositional changes from one layer to the next
(‘‘linear step grading’’). For the structures studied
here, the grading profile is composed of ten uniform
buffer layers where the indium composition in the
buffer layer is varied with a uniform step size of 1

10 xh

to a final surface composition xh corresponding to a
lattice mismatch of fh. We have investigated struc-
tures with thicknesses of 250 nm, 500 nm and
1000 nm. The material constants used in this work
are summarized in Table I.

In a structure with arbitrary compositional grad-
ing profile, the equilibrium configuration may be
found by applying the semiconductor heterostruc-
ture generalized energy minimization (SH-GEM)
approach described by Bertoli et al.,15 which will be
summarized briefly here. In a partly relaxed layer
containing misfit dislocations of cross-sectional den-
sity q zð Þ, the strain energy per unit area is

Ee ¼
Z h

0

Ye2
jjdz ¼

Z h

0

Y f zð Þ þ b0
Z z

0

qA fð Þdf
� �2

dz:

ð1Þ
where b0 is the misfit-relieving component of the
Burgers vector parallel to the interface,
b0 ¼ �b sin a cos k, Y is the biaxial modulus,
Y ¼ C11 þ C12 � 2C2

12=C11, C11 and C12 are the elas-
tic stiffness constants, and f is a variable of
integration. The misfit dislocation density q is
always positive, but b0 may be positive or negative,
depending on the sign of the mismatch strain
(tensile or compressive) which is being relieved.
The line energy of dislocations per unit area,
assuming two orthogonal networks with equal
cross-sectional density, is

Ed ¼ 2

Z h

0

Fd zð ÞqA zð Þdz: ð2Þ

where Fd zð Þ is the line tension of the dislocation at a
distance z from the substrate interface. The equi-
librium configuration may be determined numeri-
cally by minimizing Ed þ Ee .

RESULTS AND DISCUSSION

The InxGa1�xAs and InxAl1�xAs structures con-
sidered in this work have an ending lattice mis-
match ranging from fh = 0.8–3.4% and the two
material systems were compared using identical
indium composition profiles. Figure 1a shows the
equilibrium misfit dislocation density profiles for
500-nm thick InxGa1�xAs layers on a GaAs (001)
substrate with various ending indium compositions.

Table I. Material properties for InAs, AlAs, GaAs and the alloys InxGa12xAs and InxAl12xAs

Parameter

Material a (nm) C11 (GPa) C12 (GPa)

InAs 0.50584 83.3 45.3
AlAs 0.5660 125 53.4
GaAs 0.56534 118.4 53.7
InxGa1�xAs 0.56534 + x(0.0405) 118.4 � x(35.1) 53.7 � x(8.4)
InxAl1�xAs 0.5660 + x(0.06016) 125 � x(41.7) 53.4 � x(8.1)
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In uniform layers, misfit dislocations are introduced
at the mismatched interfaces and they can be
modeled using the linear misfit dislocation density.
The structures modeled in Fig. 1a exhibit at most 10
misfit dislocation regions (Dirac delta functions)
which are equivalent with the number of mis-
matched interfaces. At low mismatch, the absence
of peaks indicates that for layers near the surface,
the strain energy is sufficient in relaxing the
mismatch strain. However, at higher misfit strain,
there exists a monotonic increase in the peak misfit
dislocation density with increasing ending composi-
tion (mismatch), therefore necessitating the intro-
duction of more misfit segments to relax the excess
mismatch strain. In step-graded layers, the interfa-
cial and surface misfit dislocation-free zones are
limited by the growth step-size which, in this case,
is one tenth of the buffer layer thickness. Figure 1b
shows the equilibrium in-plane strain distribution
for 500-nm thick InxGa1�xAs on GaAs (001) with
various ending compositions. The in-plane strain
profile comprises a series of step functions with
discontinuities at the mismatched interfaces. Apart
from the dislocated interfaces, the equilibrium

strain in each sublayer is constant as expected.
Correlating the results of Fig. 1a with b, it can be
seen that the misfit dislocations relieve most of the
excess strain associated with the compositional
mismatch in sublayers near the interface, whereas
the absence of dislocations near the surface results
in higher residual elastic strain; in other words, for
layers near the substrate interface, the in-plane
strain is relatively small and does not change
significantly from one layer to the next, whereas
near the surface, the absence of peaks signify the
major role of the strain energy in relaxing the local
strain associated with the compositional mismatch.
Furthermore, it can be seen from the results of
Fig. 1b that the lowest mismatch shows the highest
in-plane strain in the eighth and ninth steps,
whereas in the final step the relation is reversed.
The following is expected on the basis that at a low
mismatch, both the strain and misfit dislocation
energy play a major role in relaxing the misfit
strain, whereas at higher mismatch, the misfit
strain is mainly accommodated by the introduction
of misfit dislocation. This phenomenon is also seen
in the results of Fig. 1a where a low peak intensity
or the absence of an MD peak indicates a noticeable
contribution of the strain energy in relaxing the
misfit strain (Fig. 1b). In the last step, the relation
is reversed because it is energetically unfavorable
for misfit dislocation to be introduced at the surface
of the epilayer and, therefore, the misfit strain at
the last step is accommodated by the strain energy.
Experimental studies have also shown the absence
of misfit dislocations16,17 above the top step inter-
face; in addition, the top step exhibits the maximum
residual strain in the step-graded layer and the
following holds with the deposition of each succes-
sive step.16

Figure 2a compares the average in-plane strain
for InxGa1�xAs and InxAl1�xAs layers as a function
of the average grading coefficient Cf where

Cf ¼ fh=h. The results of Fig. 2a indicate a monotonic
increase in the average in-plane strain in structures
with a higher grading coefficient and smaller layer
thickness. Moreover, structures with InxAl1�xAs as
the epi-material exhibit greater average compres-
sive strains (absolute valued) than InxGa1�xAs/
GaAs (001). However, the curve separation between
the two material systems becomes more prominent
at higher grading coefficients and in structures with
a smaller layer thickness. It is interesting to note
that the strain–thickness product ejjh for both
material systems is �2 nm. Although there is a
slight dependence of the strain-thickness product
ejjh on the elastic stiffness constants, the associated
difference is within ±0.1 nm. Even though the
elastic stiffness constants are composition-depen-
dent, the percent difference DC11 and DC12 with
respect to the average value of both materials is
given by

Fig. 1. (a) Misfit dislocation and (b) in-plane strain as a function of
the distance from the interface with various ending compositions for
step-graded InxGa1�xAs/GaAs and InxAl1�xAs/GaAs heterostruc-
tures.
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DC11j j ¼ C11;InAlAs � C11;InGaAs

1
2 C11;InAlAs þ C11;InGaAs

� �
�����

������ 100%

¼ 0:17 � 0:37

3:17 � x

� �����
����� 100%:

ð3Þ

and

DC12j j ¼ C12;InAlAs � C12;InGaAs

1
2 C12;InGaAs þ C12;InGaAs

� �
�����

������ 100%

¼ 0:2

6:5 � x
� 0:04

� �����
����� 100%:

ð4Þ

where x is the indium mole fraction. For the
structures studied in this work, the percent differ-
ence in the material constants DC11 and DC12

ranges from 4.3 to 5.1% and 0.8 to 0.9%, respec-
tively. The associated variation in the average in-
plane strain due to the difference in the material
constants ranges from approximately 4:3 � 10�6 to
2:7 � 10�5 corresponding to a percent difference of
the in-plane strain in the range of 1.8–3%. Fig-
ure 2b compares the surface in-plane strain for

InxGa1�xAs and InxAl1�xAs layers as a function of
the average grading coefficient Cf . The surface in-
plane strain exhibits a two-regime behavior; in
regime one, the surface strain is monotonically
increasing, whereas there exists a particular com-
bination of ending indium composition and layer
thickness (critical grading coefficient) where the
surface strain exhibits saturation. This saturated
value corresponds to the thickness of the individual
steps and is associated with force balance on grown-
in dislocations. The presence of dislocation peaks at
the last mismatched interface indicates that the
introduction of a misfit dislocation affords smaller
energy budgets than relaxation via the strain
energy. Below the critical grading coefficient, struc-
tures with InxGa1�xAs as the epilayer material
contain a slightly higher compressive surface in-
plane strain (absolute valued).

Experiments with InxAl1�xAs on GaAs substrates
showed that step- and linearly graded layers exhib-
ited similar values of surface in-plane strain17

which allows the analysis above to indicate similar
properties between the step- and linearly grading
schemes. Furthermore, experimental investigation
of step-graded layers involving a large number of
steps has showed that the relaxation behavior
approaches that of linearly graded buffers;18 how-
ever, at low step numbers, these properties may be
somewhat unique to step-graded layers. If we
consider the force balance model on a grown-in
dislocation, then the average residual strain in each
step would be the same as that in a uniform layer
with the same total thickness. Lynch et al. applied
an in situ multibeam optical stress sensor to study
the relaxation of InxAl1�xAs on a GaAs (001)
substrate and showed that the deposition of each
successive step gives rise to the relaxation of the
underlying layers;19 moreover, in order to maintain
the ejjh ¼ constant relationship, the residual strain
has to be concentrated in the top layer of the step-
graded buffer. The results of Fig. 2b show that the
top of the step-graded buffer is near fully relaxed in
relatively thick layers. For step-graded layers with
a thickness of h ¼ 250nm and an ending mismatch
varying from fh = 0.8–3.4%, the percent relaxation
in the top step ranged from 60% to 85%, respec-
tively. In thicker structures, the percent relaxation
in the top step is higher; for structures with a
thickness of h ¼ 500nm, the percent relaxation in
the top step ranged from 73% to 91%, respectively,
whereas in structures with a thickness of
h ¼ 1000nm, the percent relaxation in the top step
ranges from 82% to 95%. This behavior has also
been shown experimentally in InxGa1�xAs and
InxAl1�xAs step-graded buffer layers; however,
these structures involve the use of a thick device
layer on top of the step-graded buffer. Jiang et al.20

used high-resolution x-ray diffraction to study the
relaxation of a multilayered structure composed of a
1-lm uniform layer of In0.75Al0.25As grown on top of
a GaAs substrate with an intermediate, 900-nm-

Fig. 2. (a) Average and (b) surface in-plane strain as a function of
the grading coefficient for step-graded InxGa1�xAs/GaAs and
InxAl1�xAs/GaAs heterostructures.

Kujofsa and Ayers2834



thick, step-graded (nine steps) layer of InxAl1�xAs
with an indium composition ranging from 5% to
85%. Analysis of the x-ray rocking curves revealed
that the device layer was near fully relaxed (98%) as
a consequence of the overshoot design. In contrast,
Shang et al.21 showed 98% relaxation of the device
layer in multilayered InxAl1�xAs structures without
using an overshoot; however, the use of a thick step-
graded buffer layer in this work resulted in a high
degree of lattice relaxation in the device layer which
removes the need for overshooting. Furthermore,
Chen et al.22 demonstrated 96% relaxation of the
device layer in InxGa1�xAs multilayered structures.

The results of Fig. 3 indicate that there is an
approximately linear and monotonic increase in the
average equilibrium misfit dislocation density as a
function of the average grading coefficient. In
addition, an increase in the epilayer thickness
yields higher dislocation densities. This behavior is
expected on the basis that larger misfit strain
requires the introduction of more misfit dislocation
to relax the excess stress; moreover, for both
material systems, the misfit dislocation introduction
occurs at an approximate rate of 5.4 9 108

(% 9 cm�1). Small differences in these two material
systems are introduced by the difference in the
elastic stiffness constants. Abrahams et al.23 con-
sidered a simple model for step-graded layers and
argued that the threading dislocation density would
reach a steady-state value which depends on the
average grading coefficient. Although threading
dislocations are non-equilibrium defects, it can be
argued that since each MD is associated with at
most two threading dislocations and if we assume
that the average length of misfit segments is fixed,
then the steady threading dislocation density (and,
therefore, the misfit dislocation density) at each step
is proportional to the grading coefficient.

Figure 4 shows the normalized relaxation per-
centage per unit thickness as a function of the
lattice mismatch at each step with the ending lattice

mismatch as a parameter for InxGa1�xAs/GaAs
(001) and InxAl1�xAs/GaAs (001) heterostructures.
We define the normalized relaxation percentage per
unit thickness of each step as:

jRN j ¼
fN � ejj;N
hNfN

� 100%: ð5Þ

where fN and ejj;N are the lattice mismatch and the
in-plane strain of the step N , respectively, and hN is
the thickness of the step. We further define the
normalized relaxation rate per unit thickness as the
slope of the characteristic shown in Fig. 4. The
results of Fig. 4 indicate a higher normalized relax-
ation rate per unit thickness in structures with a
lower buffer layer thickness; this is expected on the
basis that for the same ending composition, struc-
tures with a lower buffer thickness exhibit a higher
grading coefficient and, therefore, require higher
relaxation in accommodating the misfit strain. It
can be seen that structures with lower ending
indium composition and, therefore, mismatch con-
tain higher relaxation rates near the surface and
this phenomenon is associated with the absence of
misfit dislocations, as shown on Fig. 1a. Moreover,
there is an increase in the slope of the characteristic
shown in Fig. 4 near the substrate interface with
higher indium composition; however, the normal-
ized relaxation rate per unit thickness becomes
sluggish with increasing layer thickness. In com-
parison, for the same lattice mismatch profile,
InxAl1�xAs/GaAs structures contain slightly higher
misfit dislocation density (MDD) and, therefore,
have a lower change in the normalized relaxation
percentage from one mismatched interface to the
other. Table I shows that for the heterostructures
studied in this paper, an InxAl1�xAs/GaAs (001)
material system exhibits higher elastic stiffness

Fig. 3. Average misfit dislocation density as a function of the grading
coefficient for step-graded InxGa1�xAs/GaAs and InxAl1�xAs/GaAs
heterostructures.

Fig. 4. Normalized relaxation percentage per unit thickness as a
function of the ending lattice mismatch for step-graded InxGa1�xAs/
GaAs and InxAl1�xAs/GaAs heterostructures. Each curve of a par-
ticular color represents an ending lattice mismatch value.
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coefficients. Combining the results of Figs. 2, 3 and
4, structures with InxAl1�xAs as the epilayer mate-
rial exhibit higher average misfit dislocation densi-
ties and slightly higher average compressive in-
plane strain (absolute valued), but contain a much
lower rate of change in the normalized relaxation
percentage per unit thickness of each step observ-
able from the smaller slope values in Fig. 4.

CONCLUSION

We have investigated equilibrium lattice relax-
ation in metamorphic InxGa1�xAs/GaAs (001) and
InxAl1�xAs/GaAs (001) heterostructures involving
step-graded buffer layers. We have explored the
equilibrium structure by studying the evolution of
the misfit dislocation density and in-plane strain at
the mismatched interfaces. The main conclusion to
this paper is that structures with higher elastic
stiffness coefficients such as an InxAl1�xAs/GaAs
(001) material system exhibit greater average com-
pressive in-plane strain (absolute valued) and misfit
dislocations. In addition, the normalized relaxation
rate per unit thickness at each step is determined by
the misfit dislocation density at each mismatched
interface. Equilibrium calculations are important
when considering the kinetically limited relaxation
of step-graded InxGa1�xAs/GaAs (001) and
InxAl1�xAs/GaAs (001) structures, and understand-
ing the misfit dislocation and in-plane strain distri-
bution has important implications in the device
design of semiconductor heterostructures.
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