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Abstract

We describe a mathematical model to elucidate the strain energy distribution in the atomic arrangement resulting from a periodic pure

edge, 901 interfacial misfit dislocation (IMF) arrays in highly mismatched III–V semiconductors. Using molecular mechanics methods,

we calculate strain energy at the atomic level by considering the stretch and bend of each bond in the system under consideration. Three

highly mismatched systems InAs/GaAs (Dao/ao �7.2%), GaSb/GaAs (Dao/ao �7.8%) and AlSb/Si (Dao/ao �13%) are considered. This

model describes that IMF array formation is driven by strain energy minimization and demonstrates the periodicity of the misfit array

that is in good agreement with experimental data using cross section high-resolution transmission electron micrograph (HR-TEM)

images and also with other theoretical values.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The epitaxial growth of highly mismatched materials has
been an important technological field for two decades. In
particular, lattice-mismatched epitaxy of Sb-based materi-
als on GaAs and Si substrates are attractive for advanced
optoelectronic devices including monolithically integrated
lasers [1,2], detectors [3,4], solar cells [5,6] and transistors
[7,8]. Two prominent approaches to mismatched epitaxy
involve either thick monolithic buffer layers or interfacial
misfit dislocation (IMF) arrays [9–23]. The former growth
technique involves tetragonal distortion within a critical
thickness followed by misfit dislocation and often thread-
ing dislocations to alleviate strain in the bulk material [24].
Researchers often mitigate the deleterious effects by
bending the vertically propagating defects along strained
e front matter r 2007 Elsevier B.V. All rights reserved.
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interfaces using compositionally graded-layers or selective
area growth [25,26].
The latter approach involving IMF formation appears

fundamentally different from the metamorphic approach
as strain energy is immediately relieved at the interface by
laterally propagating (901) misfit dislocations confined to
the epi-substrate interface [9–23]. After IMF array forma-
tion, subsequent material deposition proceeds in a strain-
free layer-by-layer growth mode. Our experimental
observations from cross-sectional high-resolution transmis-
sion electron micrograph (HR-TEM) images suggest that
the IMF arrays exist along 110 and 11̄0 directions in GaSb/
GaAs [15] and AlSb/Si [22] systems. The goal of this paper
is to describe these observations mathematically and to
provide a detailed analysis of the periodic strain distribu-
tion in the IMF layer. Experimental data from Trampert
et al. [11] is used as a reference for modeling InAs/GaAs
system.
The IMF arrays can be formed using different growth

techniques, such as, MOCVD [9,10], MBE [11–16],
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atmospheric pressure MOVPE [17] and wafer bonding [18].
The IMF arrays have been reported in several systems
including GaP/Si [9], GaAs/Si [10], InAs/GaAs [11], InAs/
GaP [12], GaSb/GaAs [14–18], InP/GaAs [21] and AlSb/Si
[22,23] over a range of lattice-mismatched conditions
ranging from Dao/ao ¼ 0.4% (GaP/Si) to Dao/ao �13%
(AlSb/Si). To date, the IMF formation process has not
been well established in the literature. Some researchers
explain, on the basis of Matthews’s theory that the IMF
arrays form to relieve strain energy when the critical
thickness is less than a single monolayer [24]. At first
glance, this explanation seems logical for highly mis-
matched systems where Dao/ao 410% (AlSb/Si), but is not
valid for low mismatch systems, such as GaP/Si (Dao/ao
�0.4%), in which the critical thickness is several hundred
nanometers. Even in low mismatch systems, the IMF
arrays relieve �100% strain at the epi-substrate interface
(i.e., before the critical thickness has been deposited).

2. Modeling IMF arrays

There are two equilibrium models describing critical
thickness of lattice-mismatched systems. The first model by
Van Der Merwe compares the energy of the composite
system before and after the misfits are generated. The
second model by Matthews considers forces acting on a
dislocation to determine critical thickness. The concept of
periodic IMF arrays was first introduced by Matthews and
Blakeslee [24], which states that mismatched growth
undergoes tetragonal distortion up to a critical layer
thickness, beyond which it forms an array of misfit
dislocations. This critical layer thickness, however, can
only be calculated for low to moderate mismatch materials,
Da0/a0 o7% and does not account for immediate IMF
formation at a heteroepitaxial interface. However, Mat-
thews’s theory can be used to calculate the misfit spacing of
IMF arrays as shown in Table 3. Frank and Van Der
Merwe (FvdM) proposed a model based on the Frenkel
and Kontorowa (FK) approach of truncated Fourier series
[19] to describe the IMF formation mechanics. While based
on a mechanical energy minimization principle, FvdM
describes the atomic position and uniformly distributed
strain energy within the framework of an entire bulk
material system. Both these models assume pseudomorphic
growth up to critical thickness. Thus, these models are not
useful as a means for understanding periodic strain
distribution at the interface where there is no pseudo-
morphic growth.

Kuronen et al. [20] introduced molecular mechanics
(MM) to study the lattice-mismatched systems character-
ized by gliding dislocations, such as 301 and 601 misfits.
The lattice is treated as a collection of weights connected
with springs, where the weights represent the nuclei and the
springs represent the bonds. Strain energy is calculated by
summing the individual distorted bond energies derived
using the stretch and bend equations described below. This
approach is unique compared to the models described
above [19,24] because it enables the calculation of strain
energy based on individual atomic bonds. In the work done
by Kuronen et al., strain is the driving force for 301 and 601
misfit formation and 901 dislocations are formed via
conventional approach, that is by the interaction of two
601 misfits. In contrast, we observe an array of sponta-
neous 901 misfits that form at a heterointerface. Because of
the nature of this IMF array formation it is not possible to
use Kuronen’s model to estimate strain in IMF arrays.
To describe the HR-TEM image results mathematically

and to provide a detailed analysis of the periodic strain
distribution in the IMF layer, an atomistic model, which
considers atom–atom interaction and bond-energetics, is
necessary. In this paper, we present a model based on MM
to elucidate the strain energy distribution as a function of
lattice site across the array. Our findings suggest that the
IMF formation is driven by strain energy minimization.
We focus on the GaSb/GaAs material system to compare
and validate our theoretical results.

3. IMF arrays in GaSb on GaAs

Under specific growth conditions, GaSb deposited on
GaAs (0 0 1) produces periodic 901 IMF arrays along both
[1 1 0] and ½1 1̄ 0� [15]. The formation of 901 dislocations
needs lowest elastic energy because of its large spacing
compared to 601 misfits [18]. For that reason, 901
dislocations are energetically favorable in (0 0 1) semicon-
ductor heterointerface compared to 601 dislocations, if the
formation of 901 dislocations is unobstructed [18]. In our
growth process, by observing the reflection high-energy
electron diffraction (RHEED) pattern, we make sure that
the formation of 901 dislocations is unobstructed as
mentioned in our previous work [15]. The formation of
901 rather than 601 misfits requires balancing strain energy
with adatom migration based on lattice mismatch, Sb
overpressure and growth temperature for GaSb/GaAs
system. Specific IMF formation conditions are discussed
elsewhere [15].
Figs. 1(a) and (b) shows the GaSb/GaAs IMF array in a

HR-TEM image and corresponding schematic illustrating
atomic arrangement and bonding in the 100 plane around
the interfacial misfit. The IMF appears as two bright spots
in contrast to surrounding material to indicate strain. The
HR-TEM micrograph of GaSb/GaAs sample is imaged
under the bright field condition using multiple beams.
Other TEM images related to GaSb/GaAs IMF array also
exist in one of our publications [15], where the periodicity
of the IMF array can be seen on a wide range. The bonds
appear homogeneous and undistorted between misfits. The
HR-TEM image provides resolution of individual lattice
sites. Careful observation of the lattice shows that the
misfit occurs every 14 Ga lattice sites, which is equivalent
to 13 Sb lattice sites. The zinc-blende atomic arrangement
seems undistorted in regions between the misfits.
We note that the ratio of lattice constants, af:as is equal

to the ratio of IMF periodicity, xs:xf, where af, as are the
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Fig. 1. (a) Cross-sectional TEM images of 120 nm GaSb bulk material on

a GaAs substrate that identifies the highly periodic array of misfit

dislocations at the interface of the GaSb layer and the GaAs substrate and

(b) a schematic of the atomic arrangement.
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lattice constants of the film and substrate and xf, xs are the
lattice sites per IMF period in the film and substrate,
respectively. The ratio xs:xf determines the misfit periodi-
city and equals 13:14 in the case of GaSb/GaAs, i.e.,
xf ¼ 13 lattice sites of GaSb and is equivalent in distance to
14 lattice sites in the GaAs substrate. For compressively
strained material, af4as and xs ¼ xf+1.

4. MM based calculation of interfacial strain

As described above, MM treats the lattice as a collection
of weights connected with springs, where the weights
represent the nuclei and the springs represent the bonds.
Strain energy is calculated by summing the individual
distorted bond energies derived using the stretch and bend
equations described below. Electrons are not considered
explicitly, but rather it is assumed that the electrons will
find their optimum distribution once the positions of the
nuclei are known [27]. Both the strain energy and atomic
geometry at the lattice-mismatched hetero interface are
derived from isolated atomic parameters such as force
constants and lattice spacing.
The total strain energy for each atomic bond is expressed

as the sum of several force potentials. These are Es, energy
required for stretching the atom; Ey, energy required for
bending the atoms; Es�y, energy required for stretch–bend
interactions; Etor, torsional strain; Evdw, van der Waals
interactions and EDp�Dp, dipole–dipole interactions. The
physical system considered in this work is sensitive
primarily to two components Es and Ey, i.e., Estrain ¼

Es þ Ey and hence MM can also be considered as valance
force field (VFF) model [28]. The VFF model was used by
Musgrave and Pople [29], Keating [30] and Martin [31].
The energy required to stretch or compress an atomic bond
is described using an equation similar to Hook’s Law:
Es ¼ 143:82ðK s=2Þðl � l0Þ

2, where Ks is the stretching force
constant, l is the actual bond length and l0 is the
equilibrium bond length and 143.82 is a constant used to
convert the stretching energy to kcal/mol. The same logic
applies to bond bending as Ey ¼ 0:21914Kyðy� y0Þ

2 and
Ky is the bending force constant, 0.21914 is a constant used
to convert the bending energy to kcal/mol, y is the distorted
bond angle and y0( ¼ 901) is the equilibrium bond angle. It
is clear from the above equations that the distortion energy
for bond stretching is directly proportional to the square of
the deviation in bond length, (l�l0), where as distortion
energy for bond bending is also directly proportional to the
square of the deviation in bond angle, (y�y0). In our
calculations, the total strain energy is in kcal/mol.
Figs. 2 illustrates the zinc-blende atomic lattice in

equilibrium and distorted conditions. The figure identifies
bond length, l; bond stretching, Dl; bond angle, y; and
bond bending, Dy. The covalent radius of Sb atom is large
(1.38 Å) compared to radius of the Ga (1.26 Å) atom.
Therefore, in GaSb/GaAs system, when Sb atoms are
deposited on a Ga-terminated GaAs (0 0 1) surface, each Sb
atom must deviate slightly from the ideal zinc-blende
structure resulting in a new bond length l+Dl and the new
bond angle y+Dy in order to accommodate the lattice and
atomic size mismatch. These new bond lengths and bond
angles can be very easily calculated using simple geometry
based on the lattice mismatch and are different for each
bond. The Ga–Sb bonds bend and stretch to accommodate
the lattice mismatch. The stretching and bending continues
till a physical limit is surpassed and necessitates for a
skipped bond (misfit). This scenario results in a well-
ordered array of periodic array of 901 misfit dislocations.
Table 1 shows peak strain energies, Emax, for different

periodicities in GaSb/GaAs system for a grid of 17� 17
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Fig. 2. Schematic drawing of undistorted and distorted lattices respec-

tively showing l, Dl, y, Dy.

Table 1

Peak strain energies Emax for GaSb/GaAs system for a grid of 17� 17

atoms and shows 13:14 as the best periodicity for this system

GaSb:GaAs Emax (Kcal/mol)

1:2 13726.78

2:3 3738.2

3:4 3488.08

4:5 1090.74

5:6 404.42

6:7 1225.70

7:8 964.60

8:9 335.26

9:10 273.82

10:11 219.80

11:12 172.80

12:13 132.36

13:14 105.36

14:15 141.12

15:16 183.02

16:17 231.60
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Fig. 3. (a) Stretching and (b) bending energies plotted as a function of Ga

atom position at the GaSb/GaAs interface along [1 1 0].
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atoms along [1 1 0] and ½1 1̄ 0�. We performed strain energy
minimization calculations for all three systems including
GaSb/GaAs, AlSb/Si and InAs/GaAs by allowing the epi
(Sb in the case of GaSb/GaAs system) atoms to relax using
all possible periodicities like 1:2, 2:3 and so on. This table
can be used as a reference to confirm for example, why
13:14 in GaSb/GaAs system has more favorable periodicity
compared to others. When the Sb atoms in GaSb/GaAs
were allowed to relax using all possible periodicities, the
amount of strain energy required for 13:14 is much smaller
compared to the other periodicities. For example, strain
energy needed for 1:2 is Emax�8498.65 kcal/mol, for 12:13
Emax�132.36 kcal/mol and for 14:15 Emax�141.12 kcal/mol
along both [1 1 0] and ½1 1̄ 0�. From strain energy minimiza-
tion calculations, we can say that the optimal strain energy
distribution is always the same, 13:14 (105.36 kcal/mol) for
GaSb/GaAs. The other two systems, i.e., AlSb/Si (8:9),
InAs/GaAs (14:15) also behave in similar fashion (data is
not shown here).
Figs. 3(a) and (b) plot the calculated stretching and
bending energies, respectively, as a function of Ga atom
position at the GaSb/GaAs interface along [1 1 0]. As
shown in Fig. 3(a), without misfit the stretching energy will
increase continuously, which is not the minimum strain
energy available for the system, when it can reduce the
energy required by missing a Ga atom at the interface. The
other two systems including AlSb/Si, InAs/GaAs also
behave in similar fashion, i.e., requires more energy
without misfit. Data is not shown here for these two
systems for brevity. The periodicity of the misfit array is
obvious from the plots as the first misfit is placed at xs ¼ 0
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and the subsequent misfits form every 14 Ga lattice
positions (i.e. xs ¼ 14, 28, 42 and so on). From Figs. 3(a)
and (b), both energy components have a maximum value
around the misfit dislocation where Es (max) �19 kcal/mol
and Ey (max) �34 kcal/mol. The plot also provides
information about distribution of strain among the bonds
as measured by full-width at half-maximum (FWHM)
values. From the energy plots FWHM of GaSb/GaAs is 6
Ga atoms, i.e., 23.98 Å.

Fig. 4 is a 3D plot of total strain energy in both [1 1 0]
and ½1 1̄ 0� as a function of position at the InAs/GaAs,
GaSb/GaAs and AlSb/Si interfaces. A grid is formed by
adding energies along both [1 1 0] and ½1 1̄ 0� to form 3D
plots as shown in Fig. 4. Strain energies along both [1 1 0]
and ½1 1̄ 0� are similar. The plot indicates the highly strained
areas surrounding the misfits and unstrained areas between
misfits using color. The color variation from blue to red
shows strain energy variation from very low to very high.
The peak strain energy value for InAs/GaAs, Emax

¼ 131.10 kcal/mol, for GaSb/GaAs Emax ¼ 105.36 kcal/
mol and for AlSb/Si, Emax ¼ 335.68 kcal/mol. The rest of
the matrix experiences a strain value that lies in between
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atoms.
the two. Areas of yellow and green between the misfit peaks
indicate the residual strain between the misfits along [1 1 0]
and ½1 1̄ 0�. The integrated strain energy relationship of
these three systems follows the relationship of lattice mis-
match, i.e., AlSb4GaSb�InAs (0.43 kcal/cm240.20 kcal/
cm2
�0.19 kcal/cm2).

Table 2 shows several parameters associated with the
strain energies of IMF arrays in InAs/GaAs, GaSb/GaAs
and AlSb/Si. Table 2 is used for the convenience of
comparing values in different material systems. The table
includes lattice mismatch, bending and stretching force
constants, Ks and Ky, lattice ratios, xf:xs, peak strain
energy, Emax, FWHM, maximum bond length deviation,
Dlmax, and maximum bond angle deviation, Dymax. Values
for Ks, Ky are tabulated in Ref. [32], while remaining
constants are calculated for each material system. The
lattice mismatch 7.2% and 7.8% for the InAs/GaAs and
GaSb/GaAs systems and 13% for the AlSb/Si correspond
to lattice ratios of 14:15, 13:14 and 8:9, respectively. The
values for Ks and Ky, which represent the amount of energy
stored in the distorted bond, are rather similar for these
materials: Ks ranges from 32 to 36N/m and Ky �6N/m.
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Table 2

Material and calculated parameters associated with misfit arrays in the InAs/GaAs, GaSb/GaAs and AlSb/Si material systems

Parameters InAs/GaAs GaSb/GaAs AlSb/Si

Mismatch (%) 7.2 7.8 13

Lattice ratios (xs:xf) 14:15 13:14 8:9

Stretching force constant, Ks (N/m) 35.64 32.72 34.15

Bending force constant, Ky (N/m) 6.51 5.95 6.22

Peak energy, Emax (Kcal/mol) 131.10 105.36 335.68

FWHM (number of atoms, Å) 6 Ga; 23.98 6.2 Ga; 24.78 3 Si; 11.52

Max. bond length deviation, Dlmax (Å) 1.00 0.89 2.27

Max. bond angle deviation, Dymax (1) 52.94 50.94 54.93

Table 3

Misfit spacing, s, values calculated using both theory and experiment for systems with IMF arrays, formed using different techniques

Material system Method Misfit spacing, s (nm)

Theoretical Experimental

MM Matthews Our group Others

GaSb/GaAs MBE 5.6 (13:14) 5.5 5.6 [15] 5.1–5.9 [14]

MOVPE N/A N/A N/A 5.8 [17]

AlSb/Si MBE 3.47 (8:9) 3.34 3.47 [22] 3.46 [23]

InAs/GaAs MBE 6 (14:15) �6 N/A 8 [11]

GaAs/Si MOCVD N/A 9.8 N/A 7.4 [10]

InAs/GaP MBE N/A 3.8 N/A 4 [12]

InP/GaAs Wafer bonding N/A �11 N/A 10 [21]
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The table lists values for Emax(AlSb/Si)4Emax(InAs/
GaAs)4Emax(GaSb/GaAs). The relationship Emax(InAs/
GaAs)4Emax(GaSb/GaAs) is somewhat surprising con-
sidering the lattice mismatch in the two systems is just the
opposite. This apparent inconsistency can be explained by
considering the relative values of Ks and Ky along with
Dlmax and Dymax for InAs/GaAs and GaSb/GaAs systems,
which are also important parameters in addition to lattice
mismatch. The FWHM value depends on lattice constant
of the substrate and the bond strength between the atoms
in the substrate. For both InAs and GaSb systems, the
substrate is GaAs and for AlSb, the substrate is Si. The
bond strength between Si atoms will be greater compared
to GaAs. For that reason, the strain energy is distributed
amongst only three Si atoms compared to the other two
systems, where the strain energy is distributed amongst 6
Ga atoms.

Table 3 shows both the experimental and theoretical
values of different systems with IMF arrays formed by
different methods. Edge dislocation spacing or misfit
spacing, s, of the IMF arrays for a totally relaxed epi-
layer can also be calculated theoretically using the formula
[24,33] s ¼ b/f, where b ¼ af/O2 along [1 1 0] or ½1 1̄ 0�, f is
the % of lattice mismatch and is given by f ¼ (af�as)/as,
where as and af are substrate and epi-layer (film) lattice
constants, respectively. The misfit periodicity calculated
using MM model for AlSb/Si is 8:9 and hence is equal to
the misfit spacing, s ¼ 8af ¼ 9as ¼ 3.47 nm, where af and as
are the lattice constants of the epi-layer (AlSb) and
substrate (Si), respectively. Similarly, for InAs/GaAs the
periodicity 14:15 is equal to s �6 nm and for GaSb/GaAs
the misfit periodicity 13:14 is equal to s ¼ 5.6 nm. The
misfit spacing or misfit periodicity values calculated using
MMmethod are in good agreement with experimental HR-
TEM images for InAs/GaAs [11], GaSb/GaAs [15] and
AlSb/Si [22,23] as well as with Matthew’s theory.
In this paper, we have plotted only the strain energy of

the system. For complete understanding of the IMF
formation and to claim that it is a self-assembly process,
the energy of the dangling bond energy has to be
considered. The MM can only calculate energy of an
existing bond, not for a dangling bond. Thus, the next step
in this research is to calculate the total energy of the system
to find out whether IMF is a self-assembled process or an
energy minimum (total energy minimum, not simply strain
energy minimum) and analyzing the propagation of the
strain energy into the bulk material and compare with
experimental X-ray diffraction measurements.

5. Conclusion

Strain energy distribution along the periodic IMF array
has been analyzed at the atomic level for several material
systems including InAs/GaAs, GaSb/GaAs and AlSb/Si.
Using MM, bond distortion is analyzed at the atomic level
and converted to strain energy via a weighting function or
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force constant. These calculations result in periodic
distribution of strain energy and indicate that total strain
energy is strongly dependent upon material parameters,
such as stretching and bending force constant as well as
lattice mismatch. Based on our calculations, the misfit
array formation is driven by strain energy minimization.
Calculated misfit periodicity is in good agreement with
experimental HR-TEM for InAs/GaAs, GaSb/GaAs and
AlSb/Si. In general, MM model can be used for any system
with IMF array to calculate the misfit periodicity and to
understand strain distribution in the IMF array.
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