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We have investigated the evolution of the strain and threading dislocation
density in metamorphic compositionally and temperature-graded ZnSySe1�y

buffer layers. Linear variation in composition in conjunction with temperature
grading may allow control over the relaxation process. Previously, we reported
the development of a general kinetic model based on dislocation flow, which
accounted for the time evolution of the strain relaxation in semiconductor
structures under kinetically limited conditions, including interactions of
threading and misfit defects. In this work, we studied ZnSySe1�y/GaAs (001)
heterostructures with linear compositional grading and a convex-upward
(type A), linear (type B) or convex-downward (type C) temperature grading
profile. The thermal budget available for relaxation in these types of struc-
tures is controlled by the temperature grading profile, made up of combina-
tions of linear ramps and constant-temperature sections. In all cases, the
temperature was varied from T0 (400�C to 600�C) at the substrate interface to
TF = 300�C at the surface. We also investigated the effect of varying the
compositional gradient in the range from 0.18%/lm to 1.6%/lm. Structures
with higher average temperature (greater thermal budget) and/or higher
grading coefficient exhibited greater extent of relaxation and therefore re-
duced residual strain. Furthermore, controlling the extent of strain relaxation
enabled optimization of the dislocation densities in these heterostructures.
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INTRODUCTION

The design of highly functional and reliable
microelectronic and optical devices requires use of
metamorphic buffer layers (MBLs) to accommodate
misfit strain associated with growth of lattice-
mismatched materials. However, such metamorphic
growth generates dislocation defects that are detri-
mental to device performance, so novel approaches
are required to control the extent of strain relax-
ation and dislocation generation.

Metamorphic device heterostructures employ a
wide range of compositional profiles, including

linearly graded,1–4 step graded,5–7 or nonlinear
and continuously graded buffer layers.8–11 The main
benefit of compositionally graded epitaxial layers is
that they enable distribution of misfit dislocations
throughout the graded layer, in turn reducing any
dislocation pinning interactions with substrate-as-
sociated defects or material that may be grown on
top of the MBL. In addition, use of a compositionally
graded layer promotes growth of misfit dislocation
length, in turn resulting in lower density of thread-
ing dislocations emanating from misfit seg-
ments.1,2,9–11 A consequential benefit of
compositionally graded MBL is that the surface
misfit dislocation-free zone provides high built-in
strain which could aid in sweeping threading(Received November 11, 2015; accepted May 12, 2016;
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dislocation arms.9–11 In addition, several studies
have shown that growth at reduced temperature
can decrease surface roughness12–16 and material
quality,17–19 yielding devices with improved thread-
ing dislocation density.

In a previous paper,20 we reported use of a
temperature grading scheme and studied the lattice
relaxation and threading dislocations in uniform
layers of ZnSe grown on GaAs (001). In the growth of
a compositionally uniform layer, all misfit disloca-
tions are located at the interface, and the only means
for reducing the threading density are promotion of
longer misfit segments or growth of relatively thick
layers, to enhance annihilation and coalescence
reactions between defects. In the previous work with
uniform layers, we showed that, by employing a
temperature grading scheme and thereby controlling
the thermal budget available for relaxation, we could
optimize the relaxation process as well as the
dislocation density by enhancing thermally acti-
vated glide. However, the mismatch constraints
imposed by the ZnSe/GaAs material system enabled
us to use compositionally graded ZnSSe/GaAs (001)
buffer layers in conjunction with temperature grad-
ing to allow greater flexibility in the design of
mismatched heterostructures.

In this work, we applied a generalized kinetic
model for strain relaxation and dislocation dynam-
ics to investigate the combined effect of temperature
and compositional grading on the lattice relaxation
mechanism in ZnSSe/GaAs heterostructures. In this
model, it is assumed that the dislocation multipli-
cation rate is proportional to the glide velocity, the
effective stress, and the defect density; this is based
on the model proposed by Dodson and Tsao21,22 but
includes the time variation of the equilibrium strain
and temperature during growth and is therefore
applicable to graded materials. In addition, we
accounted for dislocation–dislocation interactions,
including the following two mechanisms: (i) dislo-
cation compensation caused by interactions of mis-
fit–threading dislocations at abrupt interfaces; and
(ii) annihilation and coalescence reactions as
described by Tachikawa et al.23 Here, we extended
the previous work20 by utilizing three different
temperature grading profiles in conjunction with
linear compositional variation to study the evolution
of kinetically limited lattice relaxation and thread-
ing dislocation behavior. In addition, we examined
the combined effect of the available thermal budget
and the grading constant on the lattice relaxation
process.

EQUILIBRIUM, KINETICALLY LIMITED
LATTICE RELAXATION AND DISLOCATION

DYNAMICS MODELS

In this work, we considered heterostructures
involving a linearly graded ZnSySe1�y layer grown
on top of a GaAs (001) substrate. The lattice
mismatch is defined as f(z) ” [as � a(z)]/a(z),

where as is the relaxed lattice constant of the
substrate and a(z) is the relaxed lattice constant of
the epitaxial crystal at distance z from the substrate
interface. For linearly graded metamorphic buffer
layers, the lattice mismatch profile at distance z
from the substrate interface is given by

f ðzÞ ¼ Cfz; ð1Þ

where Cf is the grading constant. The equilibrium
configuration may be determined numerically by
minimizing the sum of the strain and dislocation
energies, using an approach similar to that
described by Bertoli et al.24 Equilibrium calcula-
tions serve as the starting point for determination of
kinetically limited lattice relaxation. The founda-
tion for the kinetically limited lattice relaxation and
dislocation dynamics model along with the mate-
rial/model parameters used in this work are
explained in more detail in Refs. 25 and 26,
respectively. The kinetic model predicts the lattice
relaxation and dislocation behavior in (001) arbi-
trary heteroepitaxial layers, which may incorporate
graded and multilayered structures. The main
assumptions of the model are that, at distance z
from the substrate interface: (i) the lattice relax-
ation rate is governed by the glide of all the misfit
dislocations concentrated below, and (ii) the glide of
the dislocations is governed by the glide force acting
on the threading arms of dislocations concentrated
above. Furthermore, we developed a dislocation
dynamics model to study threading and misfit
dislocation behavior. We included two important
misfit–threading dislocation interactions, namely:
(i) introduction of dislocation half-loops,27 and (ii)
bending over of existing threading dislocations at
mismatched interfaces.28 In addition, there may be
second-order coalescence and annihilation reactions
involving threading dislocations, as modeled by
Romanov et al.29 and Tachikawa et al.23

RESULTS AND DISCUSSION

In this work, we considered heterostructures
utilizing a combination of temperature grading
and linear compositional variation to explore the
dependence of the in-plane strain and threading
dislocations. Figure 1 shows the growth tempera-
ture versus accumulated thickness for each type of
temperature grading profile. Sample type A (con-
vex-upward profile) involves constant-temperature
growth followed by a linear ramp from T0 to TF.
Sample type B incorporates only a linear ramp from
T0 to TF. Sample type C (convex-downward profile)
incorporates a linear ramp from T0 to TF followed by
constant-temperature growth. Furthermore, the
lattice mismatch profile for the structures consid-
ered in this work employed a linear compositional
grading scheme (as shown in Fig. 1), whereby the
epilayer is graded from lattice matched at the
substrate interface (y0 = 6%, f0 = 0%) to an ending
mismatch (yh, fh), where y0 is the sulfur mole
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fraction. Here, we consider structures with epilayer
thickness of 1 lm and ending sulfur mole fraction yh
ranging from 10% to 40%, corresponding to lattice
mismatch of 0.18% to 1.58%, respectively. In ther-
modynamic terms, for given grading constant, the
available thermal budget during growth is highest
in structures utilizing the convex-upward tempera-
ture profile (type A), whereas it is lowest for convex-
downward temperature grading (type C). In the
simplest sense, the thermal budget refers to the
average temperature multiplied by the growth time.
However, many processes—including glide of dislo-
cations—are thermally activated, making it more
appropriate to consider the mean value of exp(�U/
kBT). In the cases studied herein, samples with
higher average temperature also had higher aver-
age value of exp(�U/kBT), and these can be referred
to as having greater thermal budget than samples
with lower average temperature and also lower
average value of the exponent.

Figure 2 contrasts the evolution of the average in-
plane strain, lattice mismatch, and equilibrium
strain for the three types of samples, with initial
growth temperature of 400�C. The structures con-
sidered here have 40% sulfur ending composition,
corresponding to lattice mismatch of 1.58%.
Whereas the equilibrium model shows a rapid
relaxation process, especially in the early stages of
growth, kinetically limited lattice relaxation in
ZnSySe1�y epitaxial layers predicts a much more
gradual behavior exhibiting four distinct regimes
(pseudomorphic, sluggish, rapid, and saturation).
Although the onset of lattice relaxation in equilib-
rium occurs at approximately �180 nm, depending
on the temperature profile, it is apparent that the
onset of kinetically limited lattice relaxation could
occur from 400 nm to 500 nm. The results also
indicate that the design of the temperature grading
profile and therefore the thermal budget available
for lattice relaxation may alter the relaxation

kinetics in such a way that four-regime behavior is
no longer clearly visible. The results in Fig. 2a–c
show that the sluggish lattice relaxation regime is

Fig. 1. Temperature (left axis) as a function of grown thickness for
type A, B, and C structures. T0 and TF correspond to the temperature
at the substrate interface and surface (h), respectively. Lattice mis-
match profile (right axis) as a function of grown thickness. f0 and fh
correspond to the lattice mismatch at the substrate interface and
surface, respectively.

Fig. 2. Evolution of average strain (kinetically limited, mismatch, and
equilibrium) as function of on-growing thickness for type (a) A, (b) B,
and (c) C structures. The initial T0 and final TF temperatures in these
structures are 400�C and 300�C, respectively. The ending sulfur
composition is fixed at 40% (fh = 1.58%).
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more evident in structures with lower thermal
budget (type C), whereas in type A structures,
higher thermally activated glide velocities yield a
faster lattice relaxation process. Regardless of the
temperature grading profile, a minimum thermal
budget is required to ensure onset of lattice relax-
ation. Furthermore, there also exists a critical
thermal budget for attainment of near-complete
relaxation. As an example, use of a convex-down-
ward temperature grading profile could result in
sluggish relaxation rates which yield structures
with an in-plane strain value comparable to the
lattice mismatch (about �50% average relaxation in
this case) even for a 1-lm-thick epitaxial layer.
However, the strain relaxation in structures with a
convex-upwards temperature profile at the given
thickness approaches the equilibrium in-plane
strain with a near-complete value of 85% average
relaxation.

Figure 3 presents the average in-plane strain as a
function of the compositional grading coefficient
with initial growth temperature as a parameter for
type A (Fig. 3a), B (Fig. 3b), and C (Fig. 3c) struc-
tures. For the cases considered here, the starting
growth temperature was in the range from 400�C to
600�C in 50�C steps. The ending temperature was
fixed at TF = 300�C. In addition, the grading con-
stant ranged from 0.18%/lm to 1.58%/lm. The
results in Fig. 3a–c are similar in character to those
in Fig. 2. The results in Fig. 3a–c indicate that a
critical grading constant is required to enable onset
of lattice relaxation. This critical grading constant
strongly depends on the available thermal budget
and therefore the temperature grading profile along
with its initial and ending conditions. The average
in-plane strain exhibits two-regime behavior. In the
first regime, the average in-plane strain increases
monotonically with increasing grading constant,
whereas in the second regime, the average in-plane
strain decreases with increasing grading constant.
The first regime corresponds to the initial stages
(pseudomorphic and sluggish) of lattice relaxation,
while the second regime is correlated with the later
stages of lattice relaxation (rapid and saturation).
The results in Fig. 3a–c indicate that higher ther-
mal budget results in faster onset of lattice relax-
ation. For type A structures, the critical grading
constant is approximately 0.5%/lm, whereas for
type B and C structures, the critical grading con-
stant is 0.6%/lm and 1%/lm, respectively. Further-
more, increasing the initial growth temperature in
these structures results in a lower grading constant
for commencement of lattice relaxation. In addition,
use of higher thermal budget results in diminish-
ment of the region with approximately constant
strain, as evident from the faster transition from the
increasing to decreasing strain regimes as a func-
tion of increasing grading constant. The use of the
convex-upwards temperature grading profile pro-
vides a greater thermal budget and therefore
enhances the strain relaxation process, resulting

in near-completely relaxed structures at relatively
low grading constant; For example, at initial tem-
perature T0 = 600�C, the type A temperature grad-
ing profile yields 85% strain relaxation at grading
constant Cf � 1%/lm, whereas for type B and C

Fig. 3. Average kinetically limited in-plane strain as function of
grading constant Cf with initial temperature as parameter for type (a)
A, (b) B, and (c) C structures. The initial temperature T0 is varied
from 400�C to 600�C in steps of 50�C, and the final temperature TF is
fixed at 300�C.
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structures, 95% relaxation occurs at Cf � 1.2%/lm
and Cf � 1.9%/lm, respectively. It should also be
noted that use of lower thermal budget results in
reduced curve separation. As an example, for type C
structures with grading constant of 1.58%/lm,
changing the initial temperature from 400�C to
600�C results in a �10% difference in average strain
value.

Figure 4a–c displays the variation of the surface
strain relaxation (in percent) with the lattice mis-
match gradient, with initial temperature as a
parameter, for the three types of structure. The
results in Fig. 4a–c reinforce three key details
discussed in the previous paragraph: First, the
surface strain relaxation percentage is monotoni-
cally increasing with higher grading constant.
Second, for given grading constant, structures with
higher thermal budget (i.e., type A structures or
with higher initial growth temperature) exhibit
higher relaxation percentage of the surface strain.
Third, the surface relaxation percentage saturates
at about �80% for the structures studied here. From
a fabrication point of view, the surface strain is
important in device design of multilayered
heterostructures, because it allows flexibility to
control the strain at the top of the buffer layer.
The results in Figs. 3 and 4 show that, for given
grading constant, the surface and average strain
can be tightly controlled by optimizing the temper-
ature grading profile. Furthermore, the results in
Fig. 4 indicate that, for given temperature profile, it
may be possible to control the onset of lattice
relaxation (and therefore the surface strain), the
rate at which strain relaxation occurs for increasing
grading constant, and the maximum relaxation
percentage attainable. Moreover, for the sake of
comparison, we also calculated the strain relaxation
in otherwise identical samples grown at constant
temperature of 300�C or 600�C. For the heterostruc-
tures studied in this work, such growth at constant
temperature of 300�C or 600�C yielded lower and
upper bounds on the lattice relaxation, respectively.
A key result from Fig. 4 is that structures with the
greatest thermal budget will exhibit the highest
relaxation percentage. Therefore, we can conclude
that structures grown at constant temperature of
600�C will exhibit the highest relaxation percentage
(lowest surface in-plane strain value), whereas
structures grown at a constant 300�C will exhibit
the lowest relaxation percentage (highest surface
in-plane strain); For example, in a heterostructure
with grading coefficient of 1.205%/lm, use of a
type A temperature grading profile with T0 = 600�C
and TF = 300�C resulted in surface strain relaxation
of 61.2%, whereas structures of type B and C
yielded 54.5% and 18.9%, respectively. Further-
more, structures grown at constant temperature of
300�C or 600�C exhibited a surface relaxation
percentage of 12.55% and 73.11%, respectively. In
the specific case of ZnSSe, it is desirable to use a low
ending growth temperature to optimize the optical

properties of the material. Therefore, temperature
grading allows us the flexibility to adjust the strain
relaxation and in-plane strain while keeping the
ending growth temperature fixed. Also, in a more
general sense, temperature grading is of interest

Fig. 4. Surface strain relaxation percentage as function of grading
constant Cf with initial temperature as parameter for type (a) A, (b) B,
and (c) C structures. The initial temperature T0 is varied from 400 to
600�C in steps of 50�C, and the final temperature TF is fixed at
300�C.
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because, in principle, it could allow depth grading of
the average misfit dislocation length, thereby con-
trolling the threading dislocation behavior.

Figure 5a–c show the surface threading density
versus layer thickness with starting growth tem-
perature as a parameter for type A (Fig. 5a), B

(Fig. 5b), and C (Fig. 5c) structures. The dislocation
behavior in the structures studied here is slightly
more complex in comparison with the kinetically
limited in-plane strain, but the results in Fig. 5
indicate a monotonically increasing dislocation den-
sity with increasing grading constant. Each type of
buffer structure exhibits three regimes of threading
dislocation behavior: In the first regime, there exists
an initial and sluggish build-up of threading dislo-
cations associated with layers which are in the early
stages of lattice relaxation. At relatively low grading
coefficient, the dislocation density for a given struc-
ture type is independent of the initial temperature
condition. Based on the results in Fig. 2, structures
which exhibit low relaxation rates and therefore
higher in-plane strain are more favorable for sweep-
ing out threading arms. The second regime corre-
sponds to a rapid relaxation phase, whereby
threading dislocations are introduced at a more
rapid rate to relax the excess mismatch strain.
Furthermore, structures with higher initial growth
temperature contain higher density of surface dis-
locations. However, in structures with lower ther-
mal budget, we see reduced curve separation and
therefore temperature independence of dislocation
density. In addition, for higher grading constants,
the surface threading dislocation density is compa-
rable among the three structure types. Also, for
these structures, there exists a grading constant
beyond which the threading dislocation density is
lower for higher thermal budget. This phenomenon
can be explained based on the fact that higher
thermal budget leads to structures with higher
dislocation density, which can enable greater reduc-
tion in the dislocation density due to thermally
activated glide. However, it should be noted that the
surface strain contained in these structures plays
an important role in the control of threading
dislocations.

CONCLUSIONS

We investigated the evolution of kinetically lim-
ited lattice relaxation by dislocation generation in
ZnSySe1�y/GaAs (001) heterostructures involving a
combination of compositionally and temperature-
graded buffer layers. The results lead to two main
findings: First, structures grown at higher average
temperature (with greater thermal budget) or with
steeper compositional gradient show greater extent
of relaxation and reduced residual in-plane strain;
Second, structures with higher in-plane strain
contain lower threading dislocation density, but at
higher grading constant, it may be possible to tailor
the temperature profile such that relatively low
threading dislocation densities may be attainable.
Extension of this work could include structures
exhibiting epilayer thickness variation.
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