University of Connecticut

LIBRARY OpenCommons@UConn

Doctoral Dissertations University of Connecticut Graduate School

5-5-2017

Equilibrium and Kinetically-Limited Lattice
Relaxation of Multilayered and Compositionally-
Graded Semiconductor Metamorphic
Heterostructures

Tedi Kujofsa

University of Connecticut - Storrs, tedi.kujofsa@gmail.com

Follow this and additional works at: https://opencommons.uconn.edu/dissertations

Recommended Citation

Kujofsa, Tedi, "Equilibrium and Kinetically-Limited Lattice Relaxation of Multilayered and Compositionally-Graded Semiconductor
Metamorphic Heterostructures” (2017). Doctoral Dissertations. 1402.
https://opencommons.uconn.edu/dissertations/1402


http://lib.uconn.edu/?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.uconn.edu/?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/gs?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations/1402?utm_source=opencommons.uconn.edu%2Fdissertations%2F1402&utm_medium=PDF&utm_campaign=PDFCoverPages

Equilibrium and Kinetically-Limited Lattice Relaxation of Multilayered and
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Metamorphic buffer layers (MBLs) allow tremendous flexibility in designing novel
semiconductor heterostructures for application in various microelectronic and optical devices.
However, device fabrication, reliability and performance are limited by lattice relaxation
mechanisms and dislocation defects that are associated with the growth of mismatched material
systems. Therefore, understanding the extent of strain relaxation and dislocation dynamics in
semiconducting heterostructures has important implications in the design of devices which exhibit
desired strain and dislocation characteristics. In this dissertation, we present equilibrium and
plastic flow models which are applicable to multilayered and compositionally-graded
semiconductor heterostructures and have studied both the thermal equilibrium and kinetically-
limited lattice relaxation; in our work, we have accounted for the time evolution of kinetically-
limited and equilibrium strain relaxation, thermal activation of glide, and misfit-threading
dislocation interactions.

First, this dissertation reports the equilibrium lattice relaxation of various semiconductor
epitaxial heterostructures including the distributions of the residual strain and misfit dislocation
(MD) characteristics. Up until recently, equilibrium modeling has been accomplished by complex
numerical energy-minimization schemes, which are non-intuitive, require specialized code, and
are computationally intense. In order to address these complexities, we have developed an electric
circuit model (ECM) approach for the equilibrium analysis of an epitaxial stack, in which each

sublayer may be represented by an analogous circuit configuration. This new approach enables
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analysis using widely accessible circuit simulators, and an intuitive understanding of electric
circuits may be translated to the relaxation of strained-layer structures. Furthermore, the ECM
allows the development of analytical expressions for the strain, misfit dislocation density, critical
layer thickness and widths of MD free zones for a continuously-graded layer having an arbitrary
compositional profile.

Second, this dissertation describes the development of novel approaches for controlling the
lattice relaxation mechanisms and the generation of dislocation defects based on the equilibrium
and plastic flow models. Some of these key approaches include dislocation compensation, strain
compensation and combinations of temperature- and compositional-grading for controlling the
lattice relaxation rates. For each structure type, we studied the requirements on thickness and

compositional profile to remove mobile threading dislocations or tailor the strain.
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1. Introduction
The control over the strain and dislocation dynamics in semiconducting device

heterostructures has important implications in the design of high electron mobility transistors,
light-emitting diodes, and laser diodes, in which the residual strain and dislocation defects affects
the device characteristics. The incorporation of metamorphic buffer layers in semiconductor
devices has gained great interest because their use relaxes the compositional constraints of
pseudomorphic growth, thereby enabling the use of lattice-mismatched materials with a wide range
of desirable properties. In addition, the intentional design of metamorphic buffer layers in
semiconductor devices provides the flexibility in controlling the in-plane strain and threading
dislocations, thereby allowing improved device performance and reliability. Therefore,
understanding the strain relaxation and dislocation dynamics mechanisms enables the development
of optimized semiconductor designs; in this dissertation, we aim at studying both the thermal
equilibrium and kinetically-limited lattice relaxation of MBLs. Here, we present a plastic flow
model to study kinetically-limited lattice relaxation and the generation of non-equilibrium defects
such threading dislocations (TDs) in various semiconductor heterostructures. Whereas, previously
developed models where only applicable to single and compositionally-uniform epitaxial layers,
the current model is applicable to multilayered and compositionally-graded heterostructures and
can predict non-equilibrium strain relaxation as well as misfit and threading dislocation densities
by accounting for the time evolution of Kinetically-limited and equilibrium strain relaxation,
thermal activation of glide, and misfit-threading dislocation interactions. In addition, we have also
developed a generalized equilibrium model for the analysis of semiconductor strained-layer device
structures; the equilibrium analysis of these heterostructures is important for the determination of
device stability criteria, but also serves as the starting point for kinetically-limited lattice

relaxation.



This dissertation is organized in the following way. Chapter 2 gives a brief overview of the
properties of semiconductor materials as they are specific to the zinc-blende and diamond
structures. In chapter 3, we discuss the lattice mismatch profiles which are utilized within our
models in conjunction with variation in thickness to study the distribution of residual strain, misfit
dislocation, and non-equilibrium defects such as threading dislocations. Whereas, there have been
extensive studies both theoretically and experimentally on the use of uniform-, step- and linearly-
graded epitaxial layers, it has been shown recently that the use of non-linear profiles such as S-,
exponentially-, sub- and super-linearly-graded may be more beneficial for controlling the strain
and dislocation densities in MBLSs. However, their behavior is complex and necessitates the use
of generalized equilibrium models to study the relaxation and dislocation behavior.

Chapter 4 discusses the development of the mathematical framework and the
implementation of the generalized equilibrium model. Here, we review the well-known case for
equilibrium lattice relaxation of a single and compositionally-uniform epitaxial layer developed
by Mathews and Blakeslee and the extension to linearly-graded layers provided by Tersoff. The
model developed by Tersoff assumes that graded material can relax completely in the presence of
misfit dislocations. This is a simplifying assumption which does not strictly hold in either
equilibrium or kinetically-limited relaxation. More specifically, there are two key assumptions
embedded in this model; first, there is zero strain in the dislocated region and second they neglect
the thickness dependence of the line energies for dislocations. Because of these simplifying
assumptions, the interfacial misfit dislocation-free zone is not seen and there is zero strain in the
dislocated region. Therefore, on the basis of these models, we developed a generalized
mathematical framework for equilibrium lattice relaxation which is applicable to multilayered and

compositionally-graded epitaxial layers and which does not suffer from any of the previously



mentioned simplifying assumptions. In this chapter, we also provide a computational algorithm
for calculation of the equilibrium profile of an arbitrary heterostructure. The computational
algorithm for determining the equilibrium profiles is complex and computationally intense and
furthermore does not lend itself to an intuitive understanding of the relaxation mechanisms
involved. Therefore, to address these complexities, in Chapter 4 we also present an electrical
circuit approach for the equilibrium analysis of an epitaxial stack, in which each sublayer may be
represented by an analogous configuration involving a current source, a resistor, a voltage source,
and an ideal diode. The resulting node voltages in the analogous electric circuit correspond to the
equilibrium strains in the original epitaxial structure. The development of this new approach not
only provides a new method for analyzing these heterostructures but also enables the intuitive
understanding of electric circuits to be translated to the relaxation of strained-layer structures.
Furthermore, the electrical circuit model may be extended to continuously-graded epitaxial layers
by considering the limit as the individual sublayer thicknesses are diminished to zero and this
extension allows the development of analytical expressions for the strain, misfit dislocation
density, critical layer thickness and widths of misfit dislocation free zones for a continuously-
graded layer having an arbitrary compositional profile.

In Chapter 5, we discuss the development of the mathematical framework and the
algorithmic implementation of the kinetically-limited lattice relaxation model. In this model, it is
assumed that the dislocation multiplication rate is proportional to the glide velocity, the effective
stress, and the defect density; this is based on the model proposed by Dodson and Tsao but includes
the time-variation of the equilibrium and kinetically-limited strain and temperature during growth
and is therefore applicable to graded materials. In addition, we have accounted for dislocation-

dislocation interactions including the following two mechanisms: (i) dislocation compensation



caused from interactions of misfit-threading dislocations at abrupt interfaces; and, (ii) annihilation
and coalescence reactions as described by Tachikawa et al. The annihilation-coalescence model is
only applicable to thicker layers where the threading dislocation density decreases with thickness.
Pseudomorphic layers are known to contain low dislocation density, comparable to the substrate.
Therefore, the dislocation density must increase as the critical layer is reached and continue
growing until they reach a maximum at some thickness. It is after this point where the annihilation-
coalescence model could predict the reduction of dislocation densities with increasing thickness.
The annihilation-coalescence models do not provide insight into the processes which are active
during the initial build-up of the threading dislocations. Another limitation of the annihilation-
coalescence models is that they do not account for interactions between misfit and threading
dislocations at mismatched/abrupt interfaces and in compositionally-graded regions. For this
reason, they are only applicable to uniform composition layers, though compositionally-graded
and multilayered structures are of greater interest for device applications. However, in this work,
the developed dislocation dynamics model accurately predicts all stages of lattice relaxation in
terms of both the in-plane strain and dislocation behavior.

In Chapters 6 and 7, we present minimum energy results for various semiconductor
heterostructures utilizing the compositionally-graded profiles described in Chapter 3. Chapter 6
results are obtained using the ad-hoc minimum energy engine whereas in Chapter 7 we have
utilized the electrical circuit model. For each structure type, we studied equilibrium strain and
misfit dislocation as a function of the relative grading constant and buffer layer thickness. In
addition, we also developed approximate analytical expressions describing the equilibrium in-
plane strain and misfit dislocation density characteristics for epitaxial layers employing a particular

compositional-grading profile. Though recently, the electrical circuit model has enabled the



development of exact analytical expression for the strain and misfit dislocations in any arbitrary
heterostructure. In Chapter 7, we have investigated two particular cases of importance; first, we
considered the progression of strain relaxation in linearly-graded GaAsP metamorphic buffer
layers as approximated by a finite number of sublayers and its extension to continuously-graded
layers when considering the diminishment of the sublayer thickness to zero. Second, we
investigated strain compensation is structures comprising of two compositionally-uniform buffer
layers. Utilizing the electrical circuit model, we showed that for a given compositionally uniform
device layer with fixed mismatch and layer thickness, a buffer layer may be designed (in terms of
thickness and mismatch) to tailor the strain in the device layer. Furthermore, we developed exact
expressions for the residual strain characteristics of both the buffer and device layer in the general
case where the device layer may exhibit partial strain compensation.

In Chapter 8, we applied the plastic flow model to the ZnSSe/GaAs material system and
investigated Kinetically-limited lattice relaxation and non-equilibrium defects such as threading
dislocations by establishing the appropriate semi empirical parameters that enable good agreement
between the modeling and experimental results for ZnSSe/GaAs. On the basis of this established
model, we have investigated various concepts related to the kinetically-limited lattice relaxation
and dislocation generation. Some of the key ideas presented in this chapter are as follow: First,
we have studied the apparent critical layer thickness as a function of the experimental resolution
in ZnSe/GaAs heterostructures utilizing various models for the equilibrium relaxation. Second,
we have studied the dislocation compensation mechanisms which involves the inclusion of
intentionally lattice-mismatched interfaces within graded or multilayered structures in order to
bend over existing threading dislocations at these mismatched interfaces. We have considered

heterostructures involving a compositionally-uniform ZnSSe device layer grown on top of a GaAs



(001) substrate with an intermediate buffer layer of linearly-graded or uniform ZnSSe. For each
structure type, we studied the requirements on the thickness and compositional profile in the buffer
layer for the elimination of all mobile threading dislocations from the device layer as well as the
allowed tolerance in compositional overshoot to achieve structures with low threading dislocation
densities. Third, we studied threading dislocation behavior in single epitaxial layers utilizing
various compositional-grading profile and show that non-linear grading profiles may provide an
additional degree of freedom in controlling the threading dislocation characteristics. Lastly, we
studied the evolution of strain relaxation and dislocation dynamics in heterostructures which
utilize a temperature-grading scheme in conjunction with linear variation in composition which
may be used to allow control over the relaxation process. Furthermore, we show that the thermal
budget available for relaxation in these types of structures is controlled by the temperature-grading
profile which was made up of combinations of linear ramps and constant-temperature sections. In
Chapter 9, we have analyzed the strain resolution of x-ray rocking curve profiles from
measurements of the peak position and peak width made with finite counting statistics and show
that experimentally determined values are often at variance with one another because they may
have incorrectly estimated their experimental resolution. This dissertation concludes in Chapter
10, in which we give a summary on the current status of our work and the future outlook of our
research. Here, we briefly discuss improvements to the plastic flow models and our hopes for the

development of an electrical circuit model for kinetically-limited lattice relaxation.



2. Properties of Semiconductor Materials
The design of functional and reliable heteroepitaxial semiconductor devices requires

control of the lattice relaxation mechanism and generation of crystal defects. The purpose of this
chapter is to review the properties of semiconductors including crystallographic properties, elastic
properties, surface properties, and defect structures which are applicable to semiconductor
materials that have either the diamond or zince-blende (ZB) structure. The diamond and zince-
blende structures belong to the cubic class, with a face-centered cubic (FCC) lattice and a basis of
two atoms at each lattice point: one at the origin (0, 0, 0) and the other at a point with coordinates
(Yaa, Yaa, Yaa), where a is the lattice constant. The structure can be thought of as two
interpenetrating FCC sublattices, one displaced from the other by one quarter of the unit cell
diagonal where the atoms are tetrahedrally bonded, and each atom in the structure is covalently
bonded to four nearest neighbors. The main difference between these two structures is that the
diamond structure contains identical sublattices (i.e. Si), whereas in the zince-blende structure
there are two compositionally different sublattices (i.e. GaAs). Because of this asymmetry in the
zince-blende structures, the heteroepitaxy of such materials leads to interesting phenomena which
may include different relaxation rates in various crystal direction due to unequal generation of
dislocation; an important example of (001) heteroepitaxy includes the non-equivalence of 60°

dislocations along the [110] and [110] directions, which are referred to as « and £ dislocations,

respectively.



2.1. Miller Indices in Cubic Crystals

In cubic crystals, crystal planes and directions are denoted using Miller Indices. The Miller
indices for a plane are obtained as follows. The intercepts of the plane with the three orthogonal
axes a, b, and c are determined in terms of the lattice constant a; this yield three integers which
may be positive or negative. The three smallest integers having the same ratios as the reciprocals
of these intercepts are the Miller indices h, k, and I, and the plane is denoted (hkl). For example,

consider the plane intercepting the a, b, and Cc axes at o,,a. The normalized intercepts are
©,,1, Taking the reciprocals, we have 0,0,1. These are integers so the plane is denoted (001). It
is customary to indicate negative indices with an over bar rather than a minus sign. Thus, the plane
(0-11) would usually be denoted as (011). Families of planes having the same symmetry are
denoted by curly brackets, such as {hkl}. Directions in a crystal are denoted by the smallest set of
integers that have the same ratios as any vector in the direction. Thus, a direction is denoted [uvw]
and a family of directions having the same symmetry is denoted <uvw>. The [uvw] direction is
perpendicular to the (uvw) plane.

2.2. Lattice Constants and Thermal Expansion Coefficients

In heteroepitaxy, the growth of disparate materials results in differences of the lattice
constants between the substrate and epi-material and often, lattice constants increase with
temperature above 300 K due to normal thermal expansion. This can be an important effect during
the growth of heteroepitaxial material and especially if the substrate and epitaxial material may
have different thermal expansion characteristics. The difference in thermal expansion between two

material systems may result in the generation of thermal strain during various growth processes.
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Figure 2.1. Common directions and planes in a cubic crystal system.
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The linear thermal coefficient of expansion (TCE) « is defined as

1 oa
=T (2.1)
and has units of K. Table 2.1. provides the lattice constants and linear TCEs for some of cubic
semiconductor crystals which are used in this work. The thermal coefficient of expansion is itself
a function of temperature. Thus, the experimentally obtained thermal expansion characteristics are

often fit to a third order polynomial of the form:

§=A+BT+CT2+DT3, (2.2)

a

where the fractional change in lattice constant Aa/a is with respect to 300K, and T is the absolute
temperature in Kelvins. Thus, at a temperature T , the relaxed lattice constant for the crystal is
given by

a(T)=a(300K J1+ A+ BT +CT?+DT?|. (2.3)



From the polynomial characteristic, the linear coefficient of thermal expansion may be determined
as a function of temperature from

a=3@=8+2CT+3DT2. (2.4)
oT

The constants A, B, C, and D for cubic crystals are provided in Table 2.2.

Table 2.1. Lattice Constants and Thermal Expansion Coefficients for Cubic Semiconductor
Crystals.

a(300K)  «(300K)
A) (o*K?)

Si 5.43108* 2.6

Ge 5.6576° 5.7
AlAs 5.660° -
GaP 5.4512* 47
GaAs 5.65325° 5.7
InAs 6.0584° 5.197
ZnS 5.4105°% 7.1
ZnSe 5.6687° 7.1

Table 2.2. Temperature Dependence of Thermal Expansion for Cubic Crystals.
Aa/a= A+BT +CT?+DT?, where T is the absolute temperature.

A B C D Temp. Range
(02)  [o°k?) ([0°K?) ([0¥K?)

Si 20.071 1.887 1.934 04544 (293-1600K)
Ge -0.1533 4.636 2.169 -0.4562  (293-1200K)

GaP -0.110 2611 4.445 -2.023 (293-850K)
GaAs -0.147 4.239 2916 -0.936  (200-1000K)
GaAsl011,121314 -0.155 4.411 2.70 -0.667 (293-643K)

Zns -0.0863 -3.386 30.18 -29.21 (60-335K)
Zns15.16.17 -0.2173 6.628 215 -0.333 (293-820K)
ZnSe10:18.19.20 -0.1566 3.044 8.25 -3.33 (293-870K)

10



The lattice constants and physical parameters of alloyed semiconductors such as binary,
ternary, and quaternary alloys are often estimated by linear interpolation (Vegard’s Law [21]). For
a binary alloy such as GexSi1-x, the lattice constant may be estimated by
a(GexSil—x): X8ge + (1_ X)asi , (2.5)
where ag, and ag; are the relaxed lattice constants of Ge and Si, respectively. Ternary alloys can
be formed by the mixing of 1I-VI or I1I-V semiconductors in which one element is common to
both. For example, the relaxed lattice constant of the ternary InxGaixAs may be found by
a(In Ga,_ As)=xa,,, +(1—X)ag,. (2.6)
where a,,, and ag,,, are the relaxed lattice constants of InAs and GaAs, respectively. Often,
linear interpolation is not sufficiently accurate to determine the physical parameters and in this
case a second-order term must be included through the use of a “bowing parameter.” Here, the
lattice constant for a ternary with mixing on the cation sites is modified to
a(AB,,C)=Xayc +(L-x)ag: —(L-X), (2.7)
where & is the bowing parameter of the ternary alloy.

2.3. Hooke’s Law for Isotropic Materials

Elastic strains in semiconductor crystals are in response to applied deformational forces
such as stresses. The growth of mismatched material systems results in physical deformation of
the crystal structure. In the analysis below we have adapted the following notation where the strain

¢, corresponds to the response of the strain in the i—direction from a field applied in the

j —direction .

11



Hooke’s law states that the strain components are linear combinations of the stress
components. In an isotropic material, where the physical properties are independent of direction,

Hooke’s law in compliance form is given by

gxx 1 -V -V 0 0 0 O
£y -v 1 -v 0 0 0 Oy
g, 1|l-v —-v 1 0 0 0 o,
== ) (28)
&y 0 2+2v 0 0 o,
& 0 0 2+2v 0 O,
B 0 0 O 0 0 2+2v|o,|

where E is the Young’s modulus and v is the Poisson ratio. The stresses may also be written as

linear combinations of the strains. In stiffness form, Hooke’s law for an isotropic medium is

- 1-v v 0 0 0 |

Oxx v 1-v v 0 0 0 Exx |

Tyy v 1-v 0 0 0 |%w

On E o 0o o i, o 0 | %z 29
— 2 1 ( * )

oy | (@+v)i-2v) 1 €yz

O 0 0 0 0 —-v 0 g

L7y | o 0 0 0 0 %—v &%y |

Cubic crystals are anisotropic in their elastic properties. Nonetheless, it is possible to
greatly simplify Hooke’s law by considerations of the cubic symmetry. If the X, y, and z axes
coincide with the [100], [010], and [001] directions in the cubic crystal, respectively, then Hooke’s

law in compliance form may be written as

12



€xx Sll S12 S12 0 0 0 O x
gyy SlZ Sll S12 0 O O GW
€x — S12 SlZ 11 0 0 0 0, (210)
£, o 0 S, 0 0 |o,
£, 0o 0 0 S, O0/|o,
€y| O 0 0 0 0 S,joy]
or
£=So. (2.11)

where the s, are the elastic compliance constants and S is the compliance matrix. Only three

independent constants are needed as a consequence of the cubic symmetry.

In stiffness form, Hooke’s law for a crystal with cubic symmetry is

O, c, C, C, O 0 0 | &y
oy c, ¢, C, O 0 0 ||y
O-zz — C12 C12 Cll 0 O O gzz (212)
Jyz 0 0 0 C44 0 0 gyz
O 0 0 0 0 C44 0 €
oy L0 0 0 0 0 C,lé
or
o=Ce¢. (2.13)

where C is the stiffness matrix, and the C;; are the elastic stiffness constants, in units of force per

area. Here, too, it is assumed that the x, y, and z axes coincide with the [100], [010], and [001]
directions in the cubic crystal. The Poisson ratio and the Young’s modulus may also be used in
heteroepitaxy if their dependence on the crystal direction is considered. For cubic crystals, the

compliance and stiffness constants are related by
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S11 + S12

C, = . (2.14)
" (811 =S, )(511 + 2812)
-
C, = 12 . (2.15)
. (811 - 812 )(811 + 2812)
1
C,=—. 2.16
“ 3. (2.16)
S, = Cu +Cyp . (2.17)
(C11 - ClZ )(Cll + 2C12)
-C
S, = L . (2.18)
. (Cll - C12 )(Cll + 2C12)
and
S, = . (2.19)

C44

Table 2.3 provides the elastic stiffness constants C, for several cubic semiconductor

crystals. In this work, we have applied Vegard’s Law to determine the elastic stiffness constants
in binary, ternary and quaternary alloys.

Table 2.3. Elastic stiffness constants of cubic semiconductor crystals at room temperature,
in units of GPa. (1 GPa = 10*° dyn/cm?)

Cll Clz C44

Si%? 160.1 57.8 80.0

Ge? 124.0 41.3 68.3

AlAs 125 53.4 54.2
GaP* 140.50 62.03 70.33

GaAs® 118.4 53.7 59.1
InAs?® 83.29 45.26 39.59
ZnS?’ 104.62 65.33 46.50
ZnSe?8 87.2(8) 52.4(8) 39.2(4)
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2.3.1. The Elastic Moduli
Some elastic properties which are useful in heteroepitaxy are the Young’s modulus E, the
biaxial modulus Y , the shear modulus G, the Poisson ratio v, and the biaxial relaxation constant

R; . The Young’s modulus is a measure of the stiffness of a material and is defined as the ratio of

stress to strain with the assumption of stress in a uniaxial direction:

stress
Young's Modulus = E = - (2.20)
Stram uniaxial stress
The biaxial modulus is the ratio of the stress to strain for the biaxial case:
.. stress
Biaxial Modulus =Y = - (2.21)
Stram biaxialstress

The shear modulus is defined as the ratio of the shear stress to shear strain:

Shear Modulus = G = S1€8r Stress . 2.22)
shear strain

The Poisson ratio is defined as the ratio of the transverse contraction to the longitudinal

extension, for a uniaxial tensile stress in the longitudinal direction:

transverse strain |
longitudinal strain

Poisson Ratio=v =

(2.23)

uniaxial stress

The biaxial relaxation constant is analogous to the Poisson ratio, for the case of biaxial stress, so

that

_ . in — plane strain
Biaxial Relaxation Constant =R; = P - | : (2.24)
out —of — plane stram\

biaxialstress

These elastic moduli may be related to the elastic stiffness constants of cubic crystals as
follows. For diamond and zinc blende crystals, the shear modulus is
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G :w. (2.25)

If the growth plane is (001), the Young’s modulus is given by

£(o01) = Cut (chli )(gn)— Coo). (2.26)
11 12

and the Poisson ratio is

C12

v(001)= —2 (2.27)
Cll + C12
The biaxial modulus is given by
2
Y(001)=C,+C,, - 2¢, _ E(0y) : (2.28)
C, 1-v(001)
and the biaxial relaxation constant is
Ry (001) = 2y (2.29)

11

2.3.2. Biaxial Stresses and Tetragonal Distortion in Cubic Crystals

Throughout dissertation we have assumed that heteroepitaxial growth exhibits biaxial
stress. Using a Cartesian coordinate system, if growth proceeds along the z direction and the
growth plane is the x-y plane, then the in-plane stresses applied by the substrate are equal:

S (2.30)

XX

whereas, the out-of-plane stress is assumed to be zero:

o, =0, =0. (2.31)

Two key assumptions in our work are that shear stresses are negligible and the substrate material
is unstrained, because under most circumstances the substrate will be many times thicker (factor

of ~100) than the epitaxial layer. In the case of a biaxial stress applied to an (001) cubic crystal,
16



the unit cell of the epitaxial layer becomes tetragonal with an in-plane lattice constant a and an

out-of-plane lattice constant c. In this situation, referred to as tetragonal distortion,

E = Ey =8y = — (2.32)
0
and
£, = C;a‘) (2.33)
0

where a, is the relaxed (unstrained) lattice constant for the epitaxial layer. The in-plane strain is

related to the biaxial stress by,
2C7
oy =Ye =| Cu+Cyp . [ (2.34)

where the constant of proportionality Y is the biaxial modulus. The in-plane and out-of-plane

strains are related by the biaxial relaxation constant R,

g, =—-Rgg, =—%g”. (2.35)

11

The strain tensor is therefore

o /Y 0 0
E=| 0 /Y 0 | (2.36)
0 0 —oyRg/Y

2.3.3. Strain Energy in Cubic Crystals
The amount of work per unit volume associated with an applied force to produce a
deformation on a crystal is given by

M =088, +0,08, +0,08, +0,06, +0,08, +0,06, (2.37)
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The total strain energy may be found by integrating the above expression where

C C
_ 1.2 2 2 44 (.2 2 2
U= T(gxx +éey, +5ZZ)+ Clz(gxxgw +é,6, +8zzgxx)+7(€xy +éey, +5ZX). (2.38)

For a biaxially-strained heteroepitaxial layer, in which the shear terms vanish,

C 2C2
U= %(2‘9? + gf)+ Cp (‘9”2 + 25”&): & {Cn +Cp, _C—lz} =&Y, (2.39)

11

Therefore, the strain energy per unit area is given by
E, =Uh=¢/Yh. (2.40)
where ¢, is the in-plane strain, Y is the biaxial modulus, and h is the layer thickness.

2.4. Dislocations

For epitaxial layers which are beyond the critical layer thickness it becomes energetically
favorable for the introduction of misfit dislocations to relieve some the mismatch strain. However,
threading dislocation emanate through these misfit dislocation ends and generally run through the
thickness of the heteroepitaxial layer. An important aspect of epitaxy involves the control of
threading dislocations given that they are detrimental to the device performance. Dislocations are
linear defects in which cause a disturbance in local interatomic bonding and results in a buildup of
local strain. Although dislocation core behavior is quite complex, dislocation may be understood
as the combination of the two basic types: screw and edge dislocations. A screw dislocation can
be created in a regular crystal lattice by the application of a shear stress parallel to the dislocation
line which results in cause the atoms on either side of the shear plane to be displaced by one atomic
spacing. An edge dislocation involves the inclusion of an extra half-plane of atoms by the

application of a shear stress perpendicular to the dislocation line.
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2.4.1. Slip Systems

The geometry of a crystal dislocation is specified by its line vector, Burgers vector, and

glide plane. The line vector | is a vector in the direction of the line of the dislocation. It need not
be a unit vector, and it is usually expressed as a basic lattice translation or combination of lattice

translations. The Burgers vector may be determined by consideration of a Burgers circuit. A

Burgers circuit is any atom-to-atom path which forms a closed loop around the dislocation core,
in a clockwise direction, when looking in the line vector direction. For example, the path MNOPQ
shown in Figure 2.2a is a Burgers circuit around an edge dislocation. (The line of the dislocation
is into the plane of the page.) Suppose the same sequence of atom-to-atom jumps is made in a
perfect crystal as shown in Figure 2.2b. The failure of the Burgers circuit to close upon itself in
the perfect crystal shows the presence of the dislocation, and the closure failure is the Burgers
vector:
b=QM . (2.41)
The character of a dislocation can be specified by the angle between the Burgers vector
and the line vector. For an edge dislocation such as the one shown in Figure 2.2, the Burgers vector
is always perpendicular to the line vector. Therefore, edge dislocations are sometimes referred to
as 90° dislocations. For a screw dislocation, the line vector and Burgers vector are parallel,
resulting in the terminology 0° dislocation. Although pure edge and screw dislocations are
encountered in real crystals, dislocations of mixed character are far more common and in this work,
we have assumed that 60° misfit dislocations are present in diamond and zinc blende crystals.
The 60° dislocation exhibits an angle of 60° between the Burgers vector and the line vector. Its

nature and core structure can therefore be considered part edge and part screw. The Burgers vector
19



is conserved for any dislocation passing through a crystal. Although, real dislocations are
imperfect, any Burgers circuit enclosing the dislocation will reveal the unique Burgers vector and
this process may involve changes in dislocation direction which results in a change in dislocation
character along its path. The Burgers vector shows the direction and amount of slip associated with
the crystal distortion in response to the applied stress. The slip direction is the same as the Burgers
vector and the slip plane is the plane containing the Burgers vector and the line vector. A perfect
dislocation may dissociate into two partial dislocations, but the Burgers vector is always conserved
in the process. Reactions involving two or more dislocation are possible if the total Burgers vector
is always conserved. In this work, we do not distinguish between such reactions but rather
considers the net Burgers vector.

The slip planes in a crystal are usually the planes with the highest density of atoms (the
close-packed planes) because these have the greatest separation. In diamond and zinc blende
semiconductors, the usual glide planes are the {111} planes and the direction of slip usually

corresponds to the shortest lattice translation vector. Typically, slip directions (Burgers vectors) in

: : a : : : .
the cubic semiconductors are of the type 2 (110) . In a zinc blende semiconductor, 60° dislocations

may be further classified as « and S dislocations according to the chemical make-up of their
cores [29,30]. During the early stages of relaxation misfit dislocations are not created in equal
numbers along the two (110) directions [31,32], possibly due to differences in mobility between
the  and £ dislocations. At higher mismatch, the misfit dislocation network becomes much

more irregular due to possibility of multiple reactions.
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Figure 2.2. The Burgers circuit. (a) The Burgers circuit MNOP starts and ends on the same
point M, and encloses a positive edge dislocation with its line into the plane of the paper. (b)

In the perfect crystal, the same circuit starting at point M but fails to close, instead ending
on the point Q. The closure failure QM is the Burgers vector.

2.4.2. Line Energy of Dislocations

A dislocation line is surrounded by a strain field, which raises the energy of the crystal and
interacts with externally applied stresses. The elastic strain energy is also an important contribution
to the dislocation line energy, with the balance determined by the inelastic contribution of the
dislocation core. Strain field interactions give rise to dislocation motion in stressed crystals, and
cause pairs of dislocations to repel or attract.

For a dislocation of mixed character, the strain field is the superposition of the individual
strain fields for its edge and screw components. There is no interaction between the two component

strain fields, so the line energy is the sum of the screw and edge contributions,

E(mixed) = szl(llﬁ_(lv_cis; “){m (77 %ﬂ (2.42)

where 77 is the angle between the Burgers vector and the line vector. Calculation of the total energy

per unit length of dislocation requires adding a core energy, which in general will include non-

Hookian elastic energies as well as the energy of dangling bonds. Two approaches to including the
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core energy are as follows: i) the core energy term may be accounted for by adjusting the cutoff
parameter r, to some value much less than b, the length of the Burgers vector?, or ii) a value of
b is assigned somewhat arbitrarily to the cutoff parameter r, , and a “core parameter” is added to

the logarithm in Equation 2.42 [34]. In this work, we have adopted a dislocation core parameter of

1, a dislocation core constant of 7 =e and a cutoff parameter r, =b resulting in the line energy

to be modeled by

E(mixed) = szﬁlﬂ_(f_cjz a ){m (gj +1} , (2.43)

2.4.3. Forces on Dislocation

The dislocations in a crystal will move under the influence of an applied stress. The glide
of many dislocations results in slip which is manifested as a successive displacement of many
planes of atoms along a slip plane as shown in Figure 2.4a. Figure 2.4a show a misfit dislocation
along with its associated threading dislocation and their orientation with respect to the slip plane.
The load producing the applied stress therefore does work on the crystal, and the dislocation
therefore responds as though it experiences a force equal to the work done divided by the distance

moved [35].
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Figure 2.3. Model of (a) edge and (b) screw dislocation for calculation of the strain energy.
The force on a dislocation in a crystal with an arbitrary stress tensor is given by the Peach-

Koehler formula [36]:
E: (6-b)xs. (2.44)

where F /L is the vector force per unit length, b is the Burgers vector, and s is the unit vector
in the direction of the line of the vector. In scalar form,

F=1Db (2.45)

where b is the length of the Burgers vector and 7 is the shear stress, resolved on the slip plane, in
the slip direction. If the stress in the crystal is produced by a tensile force F applied to a cross
section of area A, then the stress is o= F/ A and the resolved shear stress is

T =0C0SPCOSA, (2.46)
where ¢ is the angle between the applied force and the normal to the slip plane, and A is the angle

between the applied force and the slip direction as shown in Figure 2.4a-b. The quantity

cosgcos A is referred to as the Schmid factor [37]. The most common misfit dislocations
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generated in zinc blende epilayer are 60° in character and contain a Burgers vector of the type
<110>; these vectors lie at 60° to the <110> line directions and 45° to the interfacial plane.
Furthermore, because these are considered mixed dislocations, each 60° dislocation contains a
screw and edge component (Figure 2.4c). However, only the edge component of the Burgers
vectors (the component which lies in the interfacial plane) acts in relaxing the mismatch strain.
Therefore, based on the geometry of Figure 2.4a-b, the edge component of the burgers vector is

given by

b, =bcosa = bvcos? 1 —cos’ S . (2.47)
2.4.4. Dislocation Motion

Dislocations move by glide, climb, or a combination of both. Glide is motion in the
direction of the Burgers vector, and is called conservative motion. Climb is motion out of the glide
plane (non-conservative motion). Both processes are thermally activated because they involve the
breaking of crystal bonds, but climb requires long-range diffusion and is only important at very
high temperatures.

In this work, we have assumed that the dislocation glide velocity may be described by a

phenomenological relationship®®

V=V, exp(— T—Oj exp(— I:J_T] . (2.48)
T

where Vv, is a characteristic velocity, 7, is a characteristic stress, 7 is the resolved shear stress on

the glide plane in the slip direction, U is the activation energy for glide, T is the absolute
temperature and k is the Boltzmann constant. Over restricted ranges of stress this relationship is

commonly approximated by
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U
=BzM = . 2.49
v=Br exp( ij (2.49)

where m and B are constants.
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Figure 2.4. (a) Schematic representation of slip in crystalline material. (b) Interfacial misfit
and threading dislocation orientation in a slip plane. (¢) The geometrical components
associated with the Burgers vector. (d) Angles between the Burgers vector and line vector,
edge and screw components.

The values reported in the literature are in the range 1< m < 3, and here we have assumed
that m=1. It should be emphasized that Equations 2.48 and 2.49 are empirical in nature, and that
it has been reported that the activation energy U is stress-dependent [39] in SiGe alloys. An
alternate model for dislocation glide is the kink model described by Hirth and Lothe [40]. This
model is physics-based [41] and assumes that the mechanism of dislocation glide involves the

nucleation and propagation of kinks along the dislocations.
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3. Lattice Mismatch Profile in Metamorphic Buffer Layers
In this work, we consider multilayered and compositionally-graded buffers with the zinc

blende or diamond structure grown on a GaAs or Si substrate with (001) crystal orientation. The

lattice mismatch is defined as f (z) = (aS —a(z))/ a(z), where &, is the relaxed lattice constant of

the substrate and a(z) is the relaxed lattice constant of the epitaxial crystal at a distance Z from

the substrate interface. Here, we have considered various compositional grading profiles, which
include uniform- (U), linear- (L), step- (ST), S- (S), sublinear-, and superlinear-grading. In a
uniform layer (UL), the lattice mismatch profile at a distance from the interface Z is a constant
and is given by

fu (2)=C, (3.50)
where C is a constant. For linearly-graded metamorphic buffer layers (LG-MBL) the lattice
mismatch profile at a distance from the interface Z is given by

fe(@)=1%+Ciz, (3.51)

where C, =(f, — f,)/h is the grading constant and is determined from the starting and ending
lattice mismatch. Above, f, refers to the starting lattice mismatch (or composition) at the substrate

interface whereas f, is the value of lattice mismatch at the top of the buffer layer with thickness

h . Step-graded metamorphic buffer layers (STG-MBL) layers contain a set of n uniform layers
in which there are equal compositional changes from one layer to the next (“linear step grading”).
Depending on the profile choice, one may choose to have a lattice matched or lattice-mismatched
sublayer near the interface and examples of such profiles are shown on Figure 3.1. The

compositional profile of a STG-MBL may resemble that of linearly graded layer if the number of
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uniform layers is chosen sufficiently large (n—o0). Moreover, an increase in n leads to lower
compositional changes from one step to the next. The lattice mismatch profile in the S-graded

metamorphic buffer layer (SG-MBL) is designed to be a normal cumulative distribution function,

given by
f,— 1 (ﬂ_z] ( H j )
—erf| —— |+erf| —= ||, z<u;
2 { o2 o2 :
fo = fh;fO, I=u , (3.52)
f, — f, (Z—uj [ U j
—_Olerf| —= |+erf| — ||, z>
2 { a2 a2 :

where 4 is the “mean parameter” and o is the “standard deviation parameter”. The parameters
u , o, Ty, f,,and h can be chosen by the crystal grower to obtain the desired buffer layer

characteristics. Sublinear- and superlinear- grading may be achieved by using different functions.
In this work, for sublinearly-graded MBL we have used three distinct functions: exponential
(EXP), logarithmic (LOG) and power law (PL). A sublinear exponential lattice mismatch profile
is given by

fowp(2) = T, +(f, — f,)1—e?"") , (3.53)
where f, is the limiting mismatch and , is the grading length constant. The lattice mismatch
profile in the logarithmically-graded metamorphic buffer layer is given by

floo(z)=f,+(f, — fo){ln [1+%J— In( 2)} (3.54)

where m is the power grading coefficient. Compositional grading profiles with a power grading

coefficient m=1, the logarithmic-graded-MBL has a convex-up compositional grading profile
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(sublinear) while for heterostructures with m=>2 the concavity of the compositional profile
changes sign to concave-down (superlinear). Structures with convex-up compositional grading
profile exhibit a small sublinearity coefficient whereby the average lattice mismatch of the

structure is approximately equal to that of a linearly-graded buffer layer. The nonlinearity
coefficient is defined as Cq :>_<NLG /;(LG where x,. and x_ are the average compositions of the

nonlinearly- and linearly- graded MBL respectively. Moreover, power-law grading can be used to
obtain sublinear and superlinear compositional profiles whereby the lattice mismatch profile in the

power-law-graded metamorphic buffer layer (PLG-MBL) is given by

o ()= o+ (T, - fo)@a | (355)

resulting in sublinear grading for « <1, superlinear grading for « >1 and linear grading for o =1
. Figure 3.1 shows some representative lattice mismatch profiles as a function of distance from the
interface characteristics employing various compositional-grading profiles. Throughout this work
we will use some particular type of grading profile in conjunction with variolations in thickens to
study either equilibrium or kinetically-limited lattice relaxation by observing the distribution of

in-plane strain, misfit dislocations and non-equilibrium defects such as the threading dislocations.
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Figure 3.1. Lattice mismatch as a function of the distance from substrate interface for
compositionally-graded metamorphic buffer layers employing various grading profiles. (a)
The well-known and simple cases of uniform-, step- and linearly-graded, (b) S-graded and
(c) nonlinear cases of sub- and super-linearly-graded.
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4. Equilibrium Model for Lattice Relaxation

Equilibrium analysis of semiconductor heterostructures is important for the determination
of device stability criteria, but also serves as the starting point for the analysis of kinetically-limited
relaxation and non-equilibrium defects such as threading dislocations. In the following chapter,
we will review the Mathews and Blakeslee equilibrium model for a single epitaxial layer and
develop the mathematical framework for its extension to a generalized structure. Up until recently
in time, equilibrium modeling of semiconductor strained-layer heterostructures has been
accomplished by complex numerical energy-minimization schemes, which are non-intuitive,
require specialized code, and are computationally intense. However, recently we have developed,
a circuit model which represents a significant breakthrough in the analysis of semiconductor
heterostructures, in that it enables equilibrium calculations to be performed by widely-available
circuit simulators. In the last sections of this chapter, we show the complete development of the
circuit model analogy, including the physical justification for the choice of analogies and also
provide improvements to the previously developed equilibrium models.

4.1. Mathews and Blakeslee Force Balance Model

Matthews and Blakeslee [55] developed a force-balance model for the equilibrium strain
in a single layer with uniform composition. In it, the equilibrium strain was the value at which the
glide force on a grown-in dislocation is equal to the opposing line tension. A preexisting threading
dislocation in the substrate replicates in the growing epilayer, and can bend over to create a length
of misfit dislocation in the interface once the critical layer thickness is reached. The resolved shear

stress acting in the direction of slip is [42]
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Oes = 0, COSACOS P, (4.1)

where o, is the biaxial stress, A is the angle between the Burgers vector and the line in the

interface plane which is perpendicular to the intersection of the glide plane with the interface, and

@ is the angle between the interface and the normal to the slip plane. The glide force acting on the

dislocation is given by

F, = =D bhcos (4.2)
cos ¢

where b is the length of the Burgers vector for the threading dislocation and h is the film
thickness. Assuming biaxial stress in an isotropic and pseudomorphic semiconductor,

_2G(l+v)  2G(1+v)

= = f, 4.3
o) (1—1/) &) (1—v) (4.3)
so that
F - 2Gbfh(1+v)cos A (4.4)

a-v)

where G is the shear modulus and v is the Poisson ratio. The line tension of the misfit segment

of the dislocation is given by

_ Gb*(1-vcos?a)[, (h
F = 4nly) {In (E)+1} , (4.5)

where « is the angle between the Burgers vector and the line vector for the dislocations. The
critical layer thickness h,, is the value at which the glide forces balances the line tension for the

misfit segment of the dislocation and therefore,

~ bll-vcos?a) h,
he = 87| f|(1+v)cos A {In (F}rl} ' (4.6)
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The critical layer thickness is the greatest thickness for which the equilibrium in-plane strain is
equal to the lattice mismatch,

g(h)=f, h<h,.

C

(4.7)

We can consider the equilibrium strain by rearranging the two equations above in such a way that

&(h) blL—v cos’ ) Pn (Ej+1} . (4.8)

“8a(l+v)cosa| \b

4.2. Mathews Energy Model

It has been shown that an equivalent result may be found by minimizing the sum of the
strain energy and the line energy of misfit dislocations [56]. In a partly-relaxed and
compositionally uniform epitaxial layer (as shown in Figure 4.1a) which contains misfit

dislocations, the in-plane strain & is given by

e="f —|—:|pbsin asin g, (4.9

where f is the lattice mismatch, f =(a,—a,)/a,, a,_ and a, are the relaxed lattice constants of
the substrate and epitaxial crystal (cm), respectively, the term f /|f| accounts for the sign of the

mismatch, o is the linear misfit dislocation density in at the mismatched interface (cm™), b is the
length of the Burgers vector (cm), « is the angle between the Burgers vector and dislocation line

vector, and ¢ is the angle between the glide plane and interface. We will define the lattice
mismatch of the substrate (layer 0) as f, =0 to simplify the mathematical descriptions that will

follow. The areal strain energy (erg/cm?) associated with a partially-relaxed epitaxial layer with

thickness h and an in-plane strain &, is
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E, =Yhe?, (4.10)
where Y is the biaxial modulus (dyn/cm?), Y =C,, +C,, —2C%/C,, =2G(1+v)/(1-v), G is the
shear modulus (dyn/cm?), C,, and C,, are the elastic stiffness constants (dyn/cm?), and v is the

Poisson ratio (unitless). The line energy of dislocations per unit area (erg/cm?), assuming two

orthogonal networks with equal cross-sectional density is

3 =pr2(l_VCOSZa){In(EJ+1}=(f—g)f Gbll—vcos’ @) {In(njﬂ] (4.11)

27(1-v) b [f] 22(L-v)sinasing| b

Here, the dislocation energy is determined using a mean-field approach without including
dislocation-dislocation interactions, and this is the main approximation used in this work. The

equilibrium condition is found by minimizing the sum of the dislocation line energy and the strain

energy, E=E, +E,. Differentiating the energy, E, and setting the partial derivative to zero we

obtain
% _AE+Ey)_ oy, GhlL—vcos” ) In(hjﬂ =0 (4.12)
Oe oe |f| 2z(1-v)sinasing| (b ' '

The solution for equilibrium in-plane strain, accounting for the possibility of pseudomorphic

growth, is
. h<h,
gh)=1 f b(l—VCf)Sz a.) In(hjﬂ Cheh, (4.13)
|| 87h(L+v)sin asin g\ b

where h. is the critical layer thickness at which it becomes energetically favorable to introduce

misfit dislocations. Below h, , the in-plane strain is equal to the coherency strain (lattice mismatch).
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4.3. Generalized Equilibrium Model
If we consider an epitaxial structure involving a stack of three disparate layers as shown in

Figure 4.1b, the strain in each layer may be related to the misfit dislocation densities for that layer

and those below it. The in-plane strain ¢, in the n" sublayer of a general structure is given by

g o= f -t fus > p;b;sin asin ¢. (4.14)

" " |fn - fn—l| j=1
For the case of three layers illustrated in Figure 4.1b, the in-plane strains are

&, = f,— psb,sin asin ¢— p,b, sin asin g— p,b, sin asin ¢
&, =f,—p,b,sin asin g— pb sin asin ¢ : (4.15)
& =f,—pbsinasing

By rearranging the equations above, the linear misfit dislocation densities for the three mismatched

interfaces are given as

D, = fo—f, (f,-5)-(f,—5,)

P f,—1,|  bysinasing

)= f,— 1) (fz_g_z)_(fl_gl) _ (4.16)
[f,—f| b,sinasin ¢

D, = fi-f, fi-g

|, | bysin arsin ¢

The sum of the strain and dislocation line energy per unit area may be found by adding the

contributions of the three sublayers:
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E= Ed’l + Egyl + Edy2 + Eg’2 + Ed'3 + Eg’3

o Glbf(l_‘/l cos® a){ln(hl + E + h3j+1} +2Vhe,

27(1-v,)

lp G,b2(1-v, cos’ ) ol et ) oy e | (4.17)
2 27(l-v,) b, 2

+p G lL-v, o5’ ) in| 7o 1]+ 2v,ne
’ 27(1-v,) b, s

To determine the equilibrium strain of the three-sublayer system shown in Figure 4.1b, we must
differentiate the energy with respect to the in-plane strain at each sublayer and set each partial

derivative equal to zero:

2
0= oy, ffe G4, (1-v, cos’ ) {In(&]ﬂ}

de, 3 |f,— f,| 22(1—v,)sin asin g| | b,
2
PV szz(l—vz_ cos _a) o fethe)
de, |, — f,| 22(L-v, )sin esin ¢ b,

(4.18)

Lty G4, (1-v, cos’ ) {In(EJ+1}

|f,— f,| 27(l—v,)sin asin | b,

_ _ 2
0= oy i fo G, (1 v, cos _a) nforhyhy)
de, |1, — fo| 22(1—v,)sin esin ¢ b,

L fof Gy, (L-v, cos’ @) {In(hﬁm}rl}

|f,— f,| 22(1—v, )sin esin ¢ b,

Concurrent solution of the three equations above yields the equilibrium in-plane strains ¢, ¢,, and
&;. A similar analysis may be extended to any multilayered and compositionally-graded structure

with N sublayers (as shown in Figure 4.1c) and in the general case, we consider the sum of the

N
strain and dislocation line energy, E = ZEd’j +E, ;. The equilibrium in-plane strains are found
j=1
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by setting each partial derivative to zero, 0E/0¢, =0 and solving the resulting system of N

equations:
_ _ 2
O:a—E:ZYNhNgN— fy— Ty GNbN(l V'? cos_a) In hy 1), neN
de, |y — fus| 22(L—vy )sin asin g| b,
_ _ 2 N h.
N e - f.—f. ann(l Vn_ oS _a) nl S L . (4.19)
o |f,— fou 27(L—v,)sinasin g| | b,

0

b
6gn + fn+l_ fn Gn+1bn+1(1_vn+l COSZ a)[ln( i hj J_'_l}

|, — T, 27(l—v,,;)sin asin ¢ j:n+lﬂ

Essentially, the analysis provided above is the basis for the development of the Bertoli et al. [43]
model, which utilizes an ad-hoc numerical approach to minimize the sum of the strain energy and
dislocation line energy for an arbitrary multilayered heterostructure. The approach is generally
applicable, and compositionally-graded layers may be represented by staircase profiles with
arbitrary precision.

In an arbitrary compositionally graded and multilayered structure, the equilibrium
configuration may be found by minimization of the strain and dislocation energy. In a partly

relaxed layer containing misfit dislocations of cross-sectional density pA(y), the strain energy per

unit area is

E, = Veldz=] hY[f(z)Jr '[! pA(é’)dg’TdZ. (4.20)

where b' is the misfit relieving component of the Burgers vector parallel to the interface,
b’ =+bsin asin ¢, v isthe biaxial modulus, Y =C,, +C,, —2C/,/C,,, C;, and C,, are the elastic
stiffness constants, and ¢ is a variable of integration. The misfit dislocation density p is always

positive, but b’ may be positive or negative, depending on the sign of the mismatch strain (tensile
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or compressive) which is being relieved. The line energy of dislocations per unit area, assuming

two orthogonal networks with equal cross-sectional density, is

E, =2[ F, (2)pa(2)z. (4.21)
where F,(z) is the line tension of the dislocation at a distance z from the substrate interface
and is given by

G2’ (2-v(z)cos? ][, (h-z

- S () 22

where G is the shear modulus, G:(Cll—Clz)IZ, v is the Poisson ratio, v=C,, /(C11+C12) for

the (001) orientation. The dislocation density p is always positive, but b’may be positive or

negative, depending on the sign of the mismatch strain which is being relieved. For a uniform
mismatched layer, sign(b') =-sign(f). Here, the dislocation energy is determined using a mean-

field approach, without including second-order dislocation-dislocation interactions and this is the
primary approximation used. In this work, the equilibrium configuration was determined by the
semiconductor heterostructure generalized energy minimization (SH-GEM) approach described

by Bertoli et al. [43] and modified to a three step look ahead minimizer by Kujofsa & Ayers. The

equilibrium configuration may be determined numerically by minimizing E; +E, . Equilibrium

modeling serves as the starting point for calculation of kinetically-limited relaxation.
4.3.1. Implementation of the Equilibrium Model for Lattice Relaxation

Bertoli et al. [43] have described a numerical approach for the determination of the
equilibrium configuration of strain and misfit dislocations in a generalized semiconductor

heterostructure. This approach is based on the minimization of the sum of the dislocation line
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energy and strain energy, and represents a generalization of the Tersoff** model for linearly-graded
structures. In the implementation of the generalized semiconductor heterostructure energy

minimization numerical tool by Bertoli et al. [43], a structure with arbitrary compositional profile

is approximated by N constant-composition layers, each having a thickness no more than h_, . (
h.. is set to a value corresponding to the desired spatial resolution, typically 5 nm or less.) The

lattice constant and elastic constants for the j™ layer are ae[j], Cll[j], and Clz[j], and these may

be estimated using linear interpolation (Vegard’s law) for semiconductor alloys such as Sii-xGex

or InxGai-xAs. The lattice mismatch strain (with respect to the substrate) in the j™" layer is
)= a2l (4.23)
a,[j]

the biaxial modulus for the j™ layer is

V[i)=Culil+ Colj]- 2] (4.24)

and the Poisson ratio for the j™ layer is

5 Culi]
l=c e (4.25)

The strain energy per unit area is found using

N
E, = &[i¥lilli] (4.26)
j=1
and the dislocation line energy is calculated by
N
£, = > K[illilnli] (4.27)

j=1

where
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K[j]- G[J]bzgggj[[jj]]iosz a}{ln(b[lj]{gh[k]—gh[i]Dﬂ} . (4.28)
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Figure 4.1. Schematic representation of (a) a single compositionally uniform epitaxial layer
with lattice mismatch f and thickness h, (b) an epitaxial structure comprised of three
compositionally uniform layers with varying thickness and compositional mismatches and
(c) a generalized epitaxial structure divided into N sublayers with varying thickness and
mismatch.

In general, the compositional profile may include a combination of graded and uniform

sublayers. Any sublayer thicker than h._, is subdivided. The strain profile is arbitrarily initialized

to the pseudomorphic profile: 8[]]: f[j] for each layer j. The misfit dislocation density is

arbitrarily initialized to zero for every layer in the structure.

The basic process of finding the minimum energy configuration is as follows. Starting with
the first layer ( j =1), the dislocation density in each layer j is adjusted up by A (p[j]: p[j]+A

). Accounting for this adjustment, the modified strain profile is calculated by

g[n]= f[n]+ > n(ipileli], (4.29)
i=1

and the energy per unit area E" is calculated using
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£ = {e?[nlv [nhln]+ K[nlolnT[n])- (4.30)

n=1
Next the dislocation density in layer j is adjusted back to its starting point (p[j]: p[j]—A), the
resulting strain profile is calculated and the energy E~ is found. Finally, the dislocation density

in the first layer is adjusted down by A (p[j]zp[j]—A), the revised strain profile is found and

the energy E* is calculated. At this point the values ET, E~, and E are compared. The
configuration corresponding to the lowest energy is adopted, and the process is repeated with the
next layer j+1.

Once the dislocation density has been adjusted in each layer of the structure, the adjustment
parameter A is reduced by a convenient multiplier (less than 1, and typically 0.95) and the process
is repeated for each of the layers in the structure. This is continued until A has been reduced to a

value below the desired dislocation density resolution A, . (In the work of Bertoli et al. the value

A,.. =50cm™* was adopted.) The value of A is initialized to A,,,, where

1 N
Agare = WZ f [n]’

n=1

(4.31)

and the final solution is unaffected by this initial value if it is sufficiently large to allow
convergence.

In some work, it was found that the constraint of adjusting the dislocation density in one
layer at a time gave rise to non-physical oscillations in the dislocation density profile and to avoid
this problem it is necessary to adopt a look ahead energy minimizer, which considers two or more

layers at a time. In the case for which two layers are adjusted together, nine values of energy need
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to be compared: E".E™, EM, ET, E,E™, ETE",E™. Here E" s the energy

corresponding to the case in which the dislocation density has been increased by A in both layer
j and layer j+1; E™ is the energy corresponding to the case in which the dislocation density
has been increased by A in layer j but kept unchanged in layer j+1; and so on. The

configuration with the lowest energy is adopted out of these nine cases, and then the process is

repeated with layers j+1 and j+2. A look ahead energy minimizer could also consider three or

more layers at a time. For example, consideration of three layers at a time involves comparing the
energies for twenty-seven permutations at each step. This greatly increases the computational time
without any apparent improvement in the accuracy of the final solution, so a two-layer look ahead
energy minimizer was used in the original work by Bertoli et al. [43]. As a proof of concept Kujofsa
and Ayers have developed such an energy minimizer and its use is suited when dealing with
complex multilayered and compositionally-graded heterostructures.
4.4. Kujofsa & Ayers Electrical Circuit Model

The design and analysis of semiconductor strained-layer device structures require an
understanding of the equilibrium profiles of strain and dislocations associated with mismatched
epitaxy. Though it has been shown that the equilibrium configuration for a general semiconductor
strained-layer structure may be found numerically by energy minimization using an appropriate
partitioning of the structure into sublayers, such an approach is computationally intense and non-
intuitive. We have therefore developed a simple electric circuit model approach for the equilibrium
analysis of these structures. In it, each sublayer of an epitaxial stack may be represented by an

analogous circuit configuration involving an independent current source, a resistor, an independent
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voltage source, and an ideal diode. A multilayered structure may be built up by the connection of
the appropriate number of these building blocks, and the node voltages in the analogous electric
circuit correspond to the equilibrium strains in the original epitaxial structure. This enables
analysis using widely accessible circuit simulators, and an intuitive understanding of electric
circuits can easily be extended to the relaxation of strained-layer structures. Furthermore, the
electrical circuit model may be extended to continuously-graded epitaxial layers by considering
the limit as the individual sublayer thicknesses are diminished to zero. In this work, we describe
the mathematical foundation of the electrical circuit model, demonstrate its application to several
representative structures involving InxGaixAs strained layers on GaAs (001) substrates, and
develop its extension to continuously-graded layers. This extension allows the development of
analytical expressions for the strain, misfit dislocation density, critical layer thickness and widths
of misfit dislocation free zones for a continuously-graded layer having an arbitrary compositional
profile. It is similar to the transition from circuit theory, using lumped circuit elements, to
electromagnetics, using distributed electrical quantities. We show this development using first
principles, but in a more general sense, Maxwell’s equations of electromagnetics could be applied.

The understanding of the equilibrium lattice relaxation has important implications in the
determination of the stability criteria for electronic and optical devices [45,46,47,48,49,50].
Furthermore, the equilibrium configuration serves as the starting point for kinetically-limited
lattice relaxation calculations and is critical in determining the effective stress and therefore the
driving force for dislocation flow. Several models have been developed for the determination of
the equilibrium configuration [34,43,44,51,52,53,54,55,56] and although it has been shown that

the equilibrium configuration for a general semiconductor strained-layer structure may be
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determined numerically by energy minimization using an appropriate partitioning of the structure
into sublayers[51,52,53,54] such an approach uses specialized code, is computationally intense,
and does not lend itself to an intuitive understanding necessary for innovative structure design.

To avoid these limitations, and to enable the development of analytical solutions for
compositionally-graded heterostructures, we propose the use of an electrical circuit model analogy.
Several mechanical-electrical analogs have been developed and used, particularly for the load
beam analysis. The most common of these are the so-called “force-current” and “force-voltage”
analogs [57,58,59,60,61], but others have been developed as well. It is possible to use any of these
to provide a physically correct description of behavior in a mechanical system; however, some are
better suited to certain applications. For example, our work relates to the static behavior of a
semiconductor heterostructure in equilibrium, and there is no need to include electrical
components such as capacitors and inductors, which may be included for transient (time-
dependent) modeling.

Among the previously published work on mechanical-electrical analogies, a report of
particular interest is that by Olsson and Bath [61], which describes two choices of analogies for
application to problems of geophysics. Their second transcriptive system considers electrical
current to be analogous to mechanical stress, electrical voltage to be analogous to mechanical
strain, and electrical resistance to be analogous to the reciprocal of an elastic modulus. Olsson and
Bath point out that an advantage of this transcriptive system is that it facilitates simple electrical
analogies, and lends itself to series or parallel connections, which correspond to each other in the

mechanical and electrical domains.
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The purpose for developing an analogy between one field of physics and another is to take
advantage of theoretical framework, which exists in one field but not the other. In a recent short
publication [62] we have shown that an arbitrary semiconductor heterostructure, approximated by
a stack of uniform composition layers, may be modeled using an electric circuit analogy similar to
Olsson and Bath’s, in which electrical voltage is considered analogous to mechanical strain. In this
model, each sublayer of a general strained-layer device may be represented by an analogous
electrical circuit configuration involving an independent current source, a resistor, an independent
voltage source, and an ideal diode. A multilayered structure may be built up by the connection of
the appropriate number of these basic building blocks, after which the node voltages in the electric
circuit correspond to the equilibrium strains in the original epitaxial structure. If any sublayer in
the structure is grown coherently on the sublayer below, the difference in strain in these sublayers
is given by the lattice mismatch difference. This is modeled by introducing an independent voltage
source between the nodes representing the two sublayers, and the resulting strains are analogous
to the node voltages, which may be found using supernode theory. The theoretical framework of
supernodes exists in electrical circuits but not in mechanical systems, and represents an important
motivation for using the electric circuit analogy in this case. Another significant point is that the
voltage source, which is related to the coherency state of the sublayer, is connected through an
ideal diode, which conducts only in the case of coherent growth. Use of this device in the electric
circuit analogy allows a physically correct description of the mechanical behavior, though no such
device exists in mechanical systems. This represents a second key motivation for the application

of the electric circuit model analogy to a strained semiconductor heterostructure.

44



In this dissertation, we describe the further development of the mathematical framework
for the electrical circuit model approach, starting with a single strained layer and then generalizing
to a multilayer structure. We relate the physical quantities in the epitaxial stack to those in an
analogous electrical circuit.

Using the circuit model, we demonstrate the equilibrium analysis of a number of InxGa-
xAs | GaAs (001) epitaxial structures, including a single strained layer, three-layer stacks, step-
graded layers, linearly-graded layers and S-graded layers. We show that the strain results of the
circuit model calculations are in agreement with the theory of Matthews and Blakeslee [55] for the
single strained layer. We also develop exact results for the case of a linearly graded layer, whereas
previously only an approximate solution had been developed by Tersoff [44]. In the approximate
solution of Tersoff, it was assumed that the strain was completely relieved in the region containing
dislocations, and that the dislocation line energy was independent of distance from the surface. We
have not relied on these simplifying assumptions when applying the circuit model, and therefore
provide exact in-plane strain results for the linearly-graded case. Furthermore, we show the
extension of the circuit model to any continuously-graded semiconductor layer by taking the limit
as the thickness of the individual sublayers approaches zero. This enables the development of
analytical expressions for the strain, misfit dislocation density, critical layer thickness and widths
of misfit dislocation free zones (MDFZ) in a continuously-graded epitaxial layer having any
compositional grading profile, including linear [63], exponential [64], power law, and S-graded
[52,65] profiles. The extension from a finite number of sublayers to the continuously-graded case
is analogous to the transition from circuit theory, using lumped circuit elements, to

electromagnetics, wherein the electrical quantities are distributed. We show this development
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based on first principles, but in a more general sense, Maxwell’s equations of electromagnetics
could be applied to continuously-graded strained layers.
4.4.1. Electrical Circuit Model for Equilibrium Strain Relaxation

The development of an electric circuit model stems from the fact that Equation 4.12
resembles the node voltage expression for the top node of the simple electrical circuit shown in

Figure 4.2a:

2
0=2¥he— Gb(l_v_cos ‘9) |n(hj+1 o Yoo, (4.32)
|f| 27(1-v)sinasin g \b R

The node voltage is determined from Kirchhoff’s current law, which states that the algebraic sum
of the currents flowing away from a node must equal zero”. In the equation above, the symbol <>
implies that quantities or relationships on either side of the arrow are analogous though they
generally possess different units. The derivative of the strain energy with respect to the in-plane

strain is analogous to the current flowing through the resistor R, 0E_/0e <> |, whereas the

change in the dislocation energy with respect to the in-plane strain is analogous to the value of the
independent current source |, 0E,/0s <> 1. Given that the partial derivatives are analogous
to electrical currents, comparison of the two forms of Equation 4.32 reveals that the equilibrium
strain is analogous to the node voltage:

e <V, (4.33)

the factor multiplying the strain is analogous to a conductance (reciprocal of resistance):

* In this analysis, an electrical current which enters the node is considered negative.

1t should be noted that the choice to represent the partial derivatives by analogous current sources is not unique, but
was made for convenience. The analogous circuit could be defined differently and still yield the correct results, as
long as a consistent set of analogs was used.
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2 o %, (4.34)

and the subtracted term is analogous to an independent current source entering the top node of the

circuit (see Figure 4.2a):

f  Gbll-veos?d) [, (h
H 27(1—v)sin asin ¢ {In (BJJJ} < I (4.35)

To account for the possibility of pseudomorphic epitaxy, we can include an independent voltage
source and an ideal diode in the circuit, which together form a clipping circuit as shown in Figure

4.2b. The ideal diode acts as a switch that is conductive only when an epitaxial layer is coherently-

grown. The numerical value of the voltage source V; is equal to the coherency strain in the layer:

f o V. (4.36)
To properly account for the sign of the lattice mismatch (tensile or compressive), the ideal diode
must always face toward the true positive terminal of the independent voltage source (Figure 4.2b
illustrates both cases). Therefore, in terms of the electrical circuit model, the two analogous forms

of the solution for the node voltage (or the equivalent equilibrium strain) are given as,

V., h<h f, h<h,
v :{I Sy e elh)= b{L-v cos® @) ln(ﬂjﬂ o h - (4.37)
' ¢ |f| 8zh(L+v)sinasing| \b) " ¢

We can extend the electrical circuit model described above to the three-layer structure
shown in Figure 4.1b. By a similar approach, Equation 4.18 resembles the node voltage

expressions for three essential nodes* and therefore we can consider the consecutive stacking of

¥ An essential node is defined as a node connected to more than two circuit elements. Therefore, the number of essential
nodes in the analogous circuit corresponds to the minimum number of equations which must be utilized to solve the
circuit.
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the electrical circuit given in Figure 4.2b to obtain an equivalent circuit that describes a three-
layered heterostructure (Figure 4.2c). The appropriate connections of the electrical circuit block
are done in such a way that the separation of two essential nodes consist on one end the
combination of the independent voltage source and the ideal diode and in the other end the
independent current source. Furthermore, in each building block the resistor shares one of its
terminals with the essential node and the other with the ground connection. Thus, in the analogous

electrical circuit model, the node voltages for three essential nodes are given by

_ _ 2
0=2Vjhye, 2 Chilvcosta) fh) [, Y ,=0
|f,— f,| 27(1-v,)sin asin g| "\ b, R,

2
0=2Y,he, - f,-f szz(l—vz_cos -a) n h, +h, 9
|f,— 1) 27(1-v, )sin asin ¢ b, v, o -
5 2t =Y. :

2 < R
ity Gy, (1, cos? ) {Inig}l} )

|f,— f,| 27(1—v,)sin asin g| | b,

2
0=2Vhe - f,—f, Glbl(l—vl_cos a) |:In(h1+h2+h3J+1}
f,— | 27(1—v,)sin asin ¢ b, A L4120

2 « R
L fomfy G,b,(1-v, cos’ @) {In[h2+h3]+l} ,

|, - f,| 2z(1-v,)sin asin ¢ b,

It can be shown that the numerical value of the voltage at each node is equivalent to the equilibrium
strain of that sublayer, &, < V,, &, < V, and & <> V;. In the three-layer system, the
diode-connected independent voltage sources are determined by the difference in the lattice
mismatch of the two adjacent layers where:

Ve & £,
Vs, © f,—1,. (4.39)
Vo © -1
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Figure 4.2. (a) A simple resistive circuit comprised of a resistor and independent current
source. (a) The equivalent electrical circuit to determine the equilibrium lattice relaxation of
(a) a single compositionally uniform epitaxial layer with either compressive and tensile cases,
(b) an epitaxial layer consisting of three sublayers with varying compositional mismatch and
thickness and (c) an epitaxial layer broken down into N sublayers.

For the case in which all sublayers are coherently grown, the diodes all operate in the forward
conduction mode, and therefore the voltage at each essential node is determined by accounting for
the sum of all the independent voltage sources up to and including the layer in consideration:

V, =V +V,, +V, © g =1,
V, =V, +V, © & =1,. (4.40)
V=V, o g=1

Upon the growth of strained material in which misfit dislocation networks are present at each
mismatched interface, the diodes are all in the reverse blocking mode (non-conductive), and the

49



node voltages (layer strains) may be found by solution of the node voltage equations without
inclusion of the independent voltage sources:

V,=R;-1, © &
V,=R,-(l,-1;) & s&,. (4.41)
Vi=R-(I,-1,) & ¢

In some cases, a coherent epitaxial layer may be grown on top of a metamorphic buffer. In such a
case the coherent interface, free from misfit dislocations, corresponds to a conducting diode in the
electrical circuit. The presence of one or more interfaces free from misfit dislocations can be
described by the existence of a misfit dislocation free zone. The conduction of the diode results in
the connection of an independent voltage source directly between essential nodes, which in circuit
theory can be considered to form a supernode®. In other words, the presence of a MDFZ may be
likened to the formation of a supernode in electrical circuit theory. The existence of the supernode
modifies the node voltage equations for the nodes involved, and therefore the resulting node
voltages, which will be described in more detail below when considering the general treatment of
an arbitrary heterostructure.

In the most general case, where we can consider an arbitrary heterostructure consisting of
multiple and/or compositionally-graded epitaxial layers as shown in Figure 4.1c, we can extend
the above analysis by dividing the epitaxial layer into N disparate sublayers (Figure 4.2d). The
partial derivatives shown in Equation 4.19 are given in terms of their analogous electrical circuit

components as

§ A supernode in electrical circuit theory refers to the case where two essential nodes are separated by an independent

voltage source.
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In this extended analogy, the n™ sublayer may be modeled by an electrical subcircuit in which:

R © —X . 1<n<N, (4.43)
2Y.h
_ _ 2 N h
o fo—fuy Gib,l0 vy €O _9) n[> 2 |+1|, 1<n<N, (4.44)
|, — f,| 22(1-v,)sin asin ¢| | S b,
and
V, < f,—f,, 1<nsN, (4.45)

The ideal diode in each sublayer is always facing the true positive terminal of the independent
voltage source at that sublayer; when the diode conducts, the independent voltage source is

dissipative. In the case in which each sublayer contains misfit dislocations, none of the diodes

conduct, and the in-plane strain (node voltage) at the N sublayer is determined by

R,-UI,—1.) 1<n<N
8n (_) Vn — n ( n n+l) ) (4.46)
R, -1, =N
The linear misfit dislocation density at each sublayer may then be determined by
— fn_ fn—l (fn_gn)_(fn—l_gn—l)’ 1<n<N. (447)

P78t bsnasing
From a fabrication point of view, the growth of mismatched and compositionally-graded epitaxial
layers yields metamorphic heterostructures which may contain misfit dislocation free zones. In
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this situation, where the epitaxial structure as a whole is incoherent but some of the sublayers are
coherently-grown with respect to the ones below, the presence of a misfit dislocation free zone is
equivalent to the formation of a supernode in the analogous electrical circuit model. Therefore, the
node voltage (or the equivalent in-plane strain) in the bottom layer of the supernode is determined
by accounting for the equivalent resistance of all the layers included in the supernode. If the
supernode is bounded inclusively by sublayers o and @, then the equilibrium strain (node

voltage) in the bottom layer of the supernode is given by

O

i
» ZVSi_ZVSi
&, © V, = (|U—|w+1)—2% Ry » (4.48)

J=o j

where the equivalent parallel resistance of the supernode (R ) is defined as the equivalent

resistance for a series of resistors in parallel, Ry, =R_||.....|| R, , and is given by

R, :[ZRLJ | (4.49)

The in-plane strain (node voltage) at each sublayer of the supernode is then determined by adding
the appropriate sum of independent voltage sources to the voltage at the bottom of the supernode.
In other words, the node voltage (or the equivalent in-plane strain) of each sublayer of the

supernode is determined from

g =&, + ij—fj_l < V.=V _+ ZVSJ-, o<i<w, (4.50)

j=o+1 j=o+1
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5. Kinetically-Limited Lattice Relaxation and Dislocation Dynamics Model
The traditional approach to the design of lattice-mismatched electronic and optical devices

with minimal defects involved pseudomorphic growth, in which all epitaxial layer thicknesses are
kept below the critical layer thickness for defect formation. However, in many cases materials or
performance constraints prevent the use of pseudomorphic structures. Metamorphic growth, in
which the layers relax by the introduction of misfit dislocations, enables a wider range of layer
thicknesses and compositions and has been exploited in a variety of devices. A critical challenge
with metamorphic device design involves control of the threading dislocation density, and
compositionally-graded buffer layers have been used for this purpose. Understanding the lattice
relaxation mechanisms in such devices requires the development of appropriate dislocation
dynamics models; several kinetics models have been proposed [66,67,68,69,70,71] which account
for thermally activated glide of pre-existing dislocations [66,68], dislocation multiplication [68],
dislocation nucleation [70] and impediments to dislocation mobility [71]. Earlier relaxation models
were applicable only to uniform composition layers in which misfit dislocations were concentrated
at the epilayer-substrate interface [67,68,69,70,71]. Fitzgerald [72,73] extended this work to
compositionally-graded GexSi1«/Si heterostructures by assuming the threading dislocation rapidly
reaches a steady-state value during growth of the compositionally-graded layer.

In this chapter, we discuss the development of a generalized model applicable to
compositionally-graded and multilayered semiconductor heterostructures. The developed includes
dislocation multiplication, annihilation, and coalescence, as well as interactions between threading
and misfit dislocations at abrupt interfaces. In the kinetic model, it is assumed that the dislocation
multiplication rate is proportional to the velocity of dislocations, effective stress, and the density
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of dislocations; this is similar to the model proposed by Dodson and Tsao [68] for uniform layers.
The reduction of threading dislocation density is modeled by including the mechanisms of (i)
dislocation compensation caused from interactions of misfit-threading dislocations at abrupt
interfaces which account for the possibility that threading dislocations can be bent over to produce
misfit dislocation segments at abrupt interfaces or even in compositionally-graded material and
(if) annihilation and coalescence reactions as described by Tachikawa and Yamaguchi; these
reactions are known to be important in partly-relaxed semiconductor heterostructures and in
uniform layers much greater than the critical layer thickness and these phenomena lead to a
threading dislocation density which is usually inversely proportional to layer thickness in uniform
layers. In addition to reviewing the mathematical framework of the plastic flow model, we also
provide the algorithmic implementation.
5.1. Kujofsa et al. Lattice Relaxation Model

The foundation for the dislocation dynamics model used in this work is derived in [66, 74].
This model predicts lattice relaxation and threading dislocation behavior in heteroepitaxial layers
of arbitrary thickness and compositional profile. In a general semiconductor heterostructure with

lattice mismatch profile f(z), the rate of lattice relaxation at a distance z from the interface is

determined by the glide of dislocations in the underlying material, and is given by

dy(z)
dt

= KBbsin asin ¢77 (2 exp(——jj' [pa(&)+ poldC . (5.1)

where K and B are constants, b is the length of the Burgers vector, « is the angle between the
Burgers vector and line vector, A is the angle between the Burgers vector and the direction in the

interface which is perpendicular to the intersection of the glide plane and the interface, 7 is the
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effective stress, U is the activation energy for dislocation glide, Kk is the Boltzmann constant, T
is the temperature, p, is the areal density of misfit dislocations, p, is a constant which represents
the initial sources of dislocations, and & is the variable of integration. The effective stress is the

driving force for lattice relaxation; the effective stress at a distance z from the interface is
determined by the difference of the actual and equilibrium strain profiles in the material above,

given by

e (2)= {Zcos¢cosl}jh{6(1+ V)[% (€)-¢q (5)]}d§ (5.2)

h-z 2 (e

where h is the layer thickness,  is the angle between the surface normal and the slip plane, G

is the shear modulus, v is the Poisson ratio, &, is the in-plane strain, and ¢,, is the equilibrium

in-plane strain. For an arbitrary heteroepitaxial structure, the equilibrium configuration may be
determined by minimization of the strain and dislocation energy in the film as described

previously. The areal density of misfit dislocations is related to the grading and lattice relaxation

by

pA(Z):( 1 j(dg“(z)_df(z)j_ (5:3)

bsin asin ¢ dz dz

At an abrupt interface, the misfit dislocations are localized in the interface, giving rise to a delta
function in the misfit dislocation density profile, but for compositionally graded material the misfit
dislocations are distributed throughout the thickness, necessitating the use of the areal misfit
dislocation density described here. Assuming that dislocations occur in the form of half-loops, the

average length of misfit segments increases at a rate equal to twice the dislocation glide velocity,
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dI‘MD (Z)

. 2B 7 (z)exp(— i) : (5.4)

kT

which has been assumed to be linear in the effective stress. In the general case, the dislocation

glide velocity may not be linearly depended on the effective stress and may be written as

dI‘MD (Z)

n U
. 2Bzl (z)exp(— —]. (5.5)

kT
where m describes the power-law dependence of the dislocation glide velocity on the effective
stress. The dislocation glide is governed by the balance of the Peach-Kohler and Peierls forces
acting on dislocations [75]. This physical behavior is implicit in Equation 5.4 and gives rise to the
linear dependence on the effective stress.

If the sample temperature is varied, either during growth or the post-growth cool-down, it
is necessary to take into account the thermal strains introduced by the difference in thermal

expansion coefficients, according to

T
g(T)=¢,(T,) +'[T0 (a,—a,)dz. (5.6)
where &,(T,) and &,(T) are the in-plane strains at temperatures T, and T , respectively, and «,

and «a, are the thermal coefficients of linear expansion for the substrate and epitaxial material,

respectively. The thermal expansion characteristics in this work were calculated using the second-
order polynomial fits to the experimental characteristics for a given material systems and is given
below:

a=B+2CT +3DT?2. (5.7)
where T is the absolute temperature in Kelvins. The polynomial coefficients for thermal

expansion are summarized in Chapter 2 of this dissertation.
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Figure 5.1. Interaction of threading dislocations.

5.2. Kujofsa et al. Dislocation Dynamics Model

The previously described lattice relaxation model is complemented by including two
important misfit-threading dislocation interactions which bear on dislocation compensation: (i) the
introduction of dislocation half loops [76] and (ii) the bending over of existing threading
dislocations at mismatched interfaces [34,77]. When misfit dislocations are created by the

introduction of half loops, each misfit dislocation segment of length L,,, is associated with two

threading segments which intersect the surface, thereby adding to the threading dislocation
population. In contrast, the creation of misfit segments by the bending over of grown-in threading
dislocations takes away from the number of threading dislocations, because dislocations bent over
at an interface can combine in an annihilation reaction or glide to the edge of the sample. This
model does not consider attractive or repulsive forces between misfit and threading dislocations
and this is the main approximation used in this work. We use the idea of the net Burgers vector
content to quantify the assertion that misfit dislocations are formed by either the bending over of
threading dislocations or the introduction of new half loops. In addition to misfit dislocation
mediated annihilation, there can be second-order coalescence and annihilation reactions involving

only threading dislocations as modeled by Tachikawa and Yamaguchi [78] and Romanov et al.
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[79]. The basic types of dislocation interactions are shown schematically in Figure 5.1, and the

resulting differential equation for the threading dislocation density is

2 Lp@sign[ pa($)dg

dD(Z) 4pa(2) —CZDZ(Z). (5.8)

where p,(z) is the areal density of misfit dislocations, L,,,(z) is the average length of misfit
dislocation segments and C, is a constant. The first term in equation above accounts for the

interactions between misfit and threading dislocations. Considering mechanism (i), new misfit
dislocations are introduced via half loops if the new misfit dislocations have the same sense (relax
the same sign of lattice mismatch) as the underlying misfit segments. The constant 4 accounts for

one pair of dislocations in two orthogonal slip systems. This corresponds to the case of
sign(p,(2)) = signjoz p(&)d¢ and results in positive dD(z)/dz. With respect to mechanism (ii),
misfit dislocations are produced by the bending of existing threading dislocations if these misfit
dislocations have the opposite sense (relax the opposite sign of mismatch) compared to the

underlying misfit segments. This corresponds to sign(p,(z)) =—siganpA(§)dcj and results in

negative dD(z)/dz. The second term accounts for second-order annihilation-coalescence

reactions involving threading dislocations. In the implementation of the model, a structure with an
arbitrary compositional profile is approximated by a stack of N lamina (sublayers). In order to
model the plastic flow in the structures, the N sublayers are considered to be deposited one at a
time. After the deposition of a layer of the on-growing structure the numerical tool calculates the

overall equilibrium configuration and for each layer in the stack the rate of lattice relaxation is
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determined from the glide velocity of the threading dislocation arms and the growth time for the

sublayer under consideration.
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Figure 5.2. Schematic of computational algorithm for the plastic flow model.
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5.3. Implementation of the Kujofsa et al. Plastic Flow Model

To implement such a model, the structure is considered to grow in a step-by-step fashion,
one sublayer per step. The algorithm for the implementation of the plastic flow model will be
described as follows and a schematic of it is shown in Figure 5.2. At step one in the plastic flow
modeling process the structure is considered to comprise only the substrate and sublayer one. The
layer is assumed to be deposited coherently (pseudomorphically) with its in-plane strain equal to

the lattice mismatch: &,[1]= f[1]. The equilibrium strain is calculated by an energy minimization

procedure as described in the previous section. If the equilibrium strain differs from the coherency
strain, this results in a non-zero effective stress:

rll]= 26(“&33"’ 282 {11 .11} (5.9)

Layer one is considered to anneal for a duration equal to its growth time, t[1] = h[1]/ g[1], during

which the lattice relaxation is

Ay[t] = sign{e, [1] - & [L]}KBb sin asin g2 [1] exp(— %[1]] o). (5.10)

The in-plane strain &[1] is replaced by & [1]+ Ay[1], the areal misfit dislocation density in sublayer
one is setto p[1] = (&[]~ f[21)[1]/(bsin asin ¢), and the process proceeds with step two.

Atanystep m (for which m>1), the m" sublayer is added to the structure and is assumed

to be strained in such a way that it is coherent with the (m—21)" layer. The starting value of strain

in the m" layer is therefore &[m]=¢[m-1]+ f[m]- f[m-1]. To account for any possible
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temperature change at the m™ layer, the in-plane strain in each of the layers is adjusted by an

amount Aey [i] given by

Aé, [i]= jTT "™ (e —afil)dT (5.11)

[m-1]

where T[m-1] and T[m] are the growth temperatures for the (m—l)Ih and m" sublayers,

respectively, «g is the thermal coefficient of expansion for the substrate, and «[i] is the thermal

coefficient of expansion for the i" sublayer. Next the effective stress is found for each of the
sublayers; in the N layer during the m™ step of the relaxation process it is

2cos¢@cos A

1] =020 Z (GININGIL+ D) e [n] - £ [n])/ (- vInD)}. (5.12)
Db

Using this effective stress profile, the lattice relaxation is calculated for each of the sublayers up
to sublayer m. For the n™ layer during the m™ step of the relaxation process the lattice relaxation
IS

U
keT[n]

Ay[n] = sign{s,,[1] - & [1]}KBbsin asin ¢, [n]exp[— ]t[n]zn:[(p[i] +p 0] (5.13)

Once Ay[l], Ay[2], ... Ay[m] have been calculated, the strain profile is adjusted by replacing
each in-plane strain &,[n] with g[n]+Ay[n]. Finally, the misfit dislocation density profile is

adjusted according to

(¢,[i1- f1i1) -
o bh[i]sin esin ¢
A= (&,[i1- & [~ f[i]- f[i-11) 1 (5.14)
bh[i]sin e sin ¢
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and the process proceeds to step m+1.

A growth rest is modeled as a “sublayer” having an associated time and temperature but
zero thickness. (In practice, a layer of negligible thickness is used.) A linear temperature ramp can
be treated approximately in the same way, using the approach adopted for the treatment of

temperature ramping in diffusion furnaces [80]. If the temperature is ramped from T, to T, with

a ramp time t the lattice relaxation can be approximated by using an annealing step at T, for

ramp

an effective time t, given by

_ k(T2 -72)

) 5.15
eff U (T2 _Tl) ramp ( )

where k is the Boltzmann constant and U is the activation energy for dislocation glide.
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6. Distribution of Equilibrium Strain and Dislocations in MBLSs

The following chapter investigates equilibrium lattice relaxation in multilayered
heterostructures utilizing various compositional-grading profiles. In each subsection, we
investigate the distribution the in-plane strain and misfit dislocation densities and develop design
criteria for heterostructures which exhibit desired residual strain and dislocation characteristics.
The results in the following work are obtained utilizing the numerical minimum energy engine.
6.1. Compositionally Uniform Metamorphic Layers

Matthews and Blakeslee developed an expression for the equilibrium in-plane strain for a

single and compositionally uniform layer given by

f, h<h,
g(h)=1 f  bll—vcos’a) thﬂ} hoh 6.1)

|| 87h(L+v)sin asing| b

where f is the lattice mismatch, f E(aS —ae)/ae, a, and a, are the relaxed lattice constants of
the substrate and epitaxial crystal (cm), respectively, the term f /|f| accounts for the sign of the

mismatch, p is the linear misfit dislocation density in at the mismatched interface (cm™), b is the
length of the Burgers vector (cm), « is the angle between the Burgers vector and dislocation line
vector, ¢ is the angle between the glide plane and interface, Y is the biaxial modulus (dyn/cm?),
Y =C,+C,,—2C2/C,, =2G(1+v)/(l-v), G is the shear modulus (dyn/cm?), C,, and C,, are
the elastic stiffness constants (dyn/cm?), v is the Poisson ratio (unitless) and h, is the critical layer
thickness at which it becomes energetically favorable to introduce misfit dislocations. The

expression above accounts for the possibility of pseudomorphic growth where below the critical
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layer thickness, the equilibrium strain is equal to the lattice mismatch. The growth of mismatched
epilayers which are beyond the critical layer thickness requires the formation of a misfit dislocation
network to relax some portion of the lattice mismatch. In uniform layers, misfit dislocations are
introduced at the mismatched interfaces and they can be modeled using the Dirac delta function.
Figure 6.1 shows the linear misfit dislocation density as a function of the strain-thickness product
for a single InGaAs layer on a GaAs (001) substrate with lattice mismatch as a parameter. Above
the CLT, the equilibrium strain is inversely proportional to the epitaxial layer thickness and also
exhibits a weak logarithmic dependence as shown in Figure 6.1. In addition, for the same strain-
thickness product, an increase in the compositional mismatch between the epitaxial layer and

substrate will require the introduction of more misfit dislocations.
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Figure 6.1. Linear misfit dislocation density as a function of the strain-thickness products
with lattice mismatch as a parameter for a single and compositionally-uniform InGaAs layer
on GaAs (001). The thickness of the epitaxial layer was varied from 50 to 1000 nm in steps
of 10 nm.
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6.2. Linearly-Graded Layers Metamorphic Layers

The equilibrium configuration in linearly-graded epitaxial layers has been explored in great
detail by Tersoff [44], Fitzgerald et al. [72], Dunstan [81] and Romanato et al. [82]. However,
these models assume that graded material can relax completely in the presence of misfit
dislocations. This is a simplifying assumption which does not strictly hold in either equilibrium or
kinetically-limited relaxation. More specifically, there are two key assumptions embedded in these
models; first, there is zero strain in the dislocated region and second, they neglect the thickness
dependence of the line energies for dislocations. Because of these simplifying assumptions, the
interfacial misfit dislocation-free zone is not seen and there is zero strain in the dislocated region.
The generalized equilibrium theory and the equivalent electrical circuit models which we have
developed do not make such simplifying assumptions, and therefore the residual strain
characteristics is slightly different from the previously developed models. In the following sections
related to linearly-graded epitaxial layers we will give a treatment on the distribution of strain and
misfit dislocations.

6.2.1. Initial Misfit Dislocations in a Linearly-Graded Heteroepitaxial Layer

We show that for a mismatched heteroepitaxial layer with linear compositional grading the

first misfit dislocations will be introduced at a finite distance z, from the substrate interface. This is

of practical as well as fundamental importance: it alters the value of the critical layer thickness for

lattice relaxation and it moves the misfit dislocations away from the interface, where contaminants

and defects may cause dislocation pinning or mobility reduction. We have calculated the position of

the initial misfit dislocations z_ for linearly-graded SiixGex / Si (001) heteroepitaxial layers with
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lattice mismatch given by f =C,z, where C, is the grading coefficient and z is the distance from
the interface. The distance of the first misfit dislocations from the interface z, decreases with

increasing grading coefficient, but can exceed 40 nm in layers with shallow grading (|C, | < 12 cm’

1. For the range of grading coefficients investigated, z, varies from 6% to 11% of the critical layer

thickness. Based on the model presented here it is possible to choose the grading coefficient to achieve
the desired separation of the misfit dislocations from the substrate interface.

The realization of heterojunction devices such as modulation doped field effect transistors and
light-emitting diodes requires heteroepitaxial growth of lattice mismatched materials. Typically, these
device structures are implemented on metamorphic (partly relaxed) graded composition buffer layers
[44,72,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98]. However, the design of these structures
requires an understanding of their misfit dislocations and strain relaxation, which can greatly
influence device performance.

In previous work we demonstrated that, for exponentially-graded layers of InxGaixAs on

GaAs (001) substrates, the first misfit dislocations are introduced at a distance z, from the substrate

interface [*]. This is of practical as well as fundamental importance, for this behavior influences the
critical layer thickness for the onset of lattice relaxation. Moreover, it is advantageous for misfit
dislocations to be located away from the interface, where defects or chemical contamination on the
substrate surface can lead to the pinning or reduced mobility of misfit dislocations, which can in turn

result in higher threading dislocation densities in devices realized on the graded structure.

Here we calculate the position (distance from the interface z,) of the first misfit dislocations

introduced in a linearly-graded layer of Sii.xGex / Si (001). The approach presented here may be
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extended to other material systems or grading profiles. An important conclusion of this work is that
the grading profile may be tailored to achieve the desired separation of the misfit dislocations from
the substrate interface.

In this work, we considered a linearly-graded layer with the zinc blende or diamond

structure and grown on a substrate with (001) crystal orientation. For such a structure, suppose the

first two misfit dislocations are introduced at a distance z, from the interface and along the [11 0]

and [11_0] directions as illustrated in Figure 6.2. Although we have assumed straight misfit

dislocations, the results are equally applicable to bent-over substrate dislocations or half loops
gliding from the surface; this is because, as will be shown below, the length of the misfit
dislocation cancels out in the analysis. Therefore, there will only be second-order differences
between the straight misfit dislocations and the other configurations due to the modification of the
dislocation line energy by the interaction of the strain fields associated with the misfit and
threading segments. These second-order interactions will be ignored in the present analysis.

The areal misfit dislocation density in either direction can be modeled using a Dirac delta

function:

p(z):%é(z—zc), 6.2)

where L is the length of a side of the (square) substrate.
In general, the in-plane strain in a compositionally-graded layer with a misfit dislocation

density p(z) is given by
&(2)=f(2)+b'[ p(z)dz (6.3)
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where f(z) is the lattice mismatch at the distance z from the interface, f(2) =(a; —a(2))/a(2),
where a; is the relaxed lattice constant of the substrate and a(z) is the relaxed lattice constant of

the graded semiconductor at the point z and b’is the misfit relieving component of the Burgers
vector parallel to the interface, b’ = +bsin asin ¢, where b is the length of the Burgers vector, «
is the angle between the Burgers vector and the line vector, and ¢ is the angle between the glide
plane and interface. The sign of b’is such that strain is relieved (opposite to the sign of the lattice
mismatch).

In the structure containing only the two orthogonal misfit dislocations the in-plane strain

found by integrating Equation 6.3 is

f(2); 2512,

&(y)= , (6.4)

b
f(z)+t; Z>17.
The strain energy per unit area is

h h b’ 2

2 Zc
E, =J‘OY(~;H dz =J'0 Yf 2(z)dz+J'ZcY{f(z)+t} dz, (6.5)
where h is the thickness of the layer, Y is the biaxial modulus (dyn/cm?),
Y=C11+C12—2C122/C11=ZG(1+v)/(1—v), C,, and C,, are the elastic stiffness constants

(dyn/cm?). The line energy of dislocations per unit area, based on the first two orthogonal misfit

dislocations, is

_2h _ < 2FRi(z)
Ed_LJ'OFd(z)ﬁ(z 2. )dz . (6.6)

where
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F,(2)= sz[l_vcosza][ln[h;}l} 6.7)

4rz(l-v)
is the line energy for a straight misfit dislocation located a distance z from the interface, where

G is the shear modulus, G =(C,, —C,,)/2, and v is the Poisson ratio, v =C,, /(C,, +C,,) for the

(001) orientation. G, b, and v are assumed to constant and this is the primary approximation

made in these calculations. Therefore

_Gb’fi-veos?a[, (h-z
E, = S liy) Pn( - j+1] (6.8)

For the case of a linearly-graded layer, the lattice mismatch is given by
f(z)=C;z, (6.9)
where C, is the grading constant. For this situation, the sum of the strain energy and dislocation

line energy is

172 2 2
(E,+E,)=[ YCizidz+ |’ Y{sz+£} g+ CP1-vcos’a] |n(h—zcj+1 | (6.10)
0 Ve L 2Lz(l-v) b

To find the equilibrium distance from the interface for the first misfit dislocations we

minimize the sum of the strain energy and dislocation line energy with respect to z. :

o OE.+E,)
0z,
, 172 2hh 2 _
_9 ICYszzdz+IhY[sz+b—} dz+ P [1 v cos a] In(h ZCj+1 : (6.11)
oz, |0 2 L 27L(1-v) b

2Y0'C,z, _Y(b’jz Gb2[1-v cos o

L L) 2d(h-z.)1+v)

Now with G =Y (1—v)/[2(1+v)] and b’ =—sign (C, Jbsin asin ¢, we obtain
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b . b(1—v)L—v cos’ ]

0=-2z . 6.12

°t C|L  4z|C,|(h—zc Y1+ v} sin asin ¢ (.42
For the practical case of L >>h this can be simplified to

2
0=-27, + b(l_v)[l_vcof _“] — (6.13)
4z7|C,|(h—2z¢ 1+v) sin asin ¢
or
2

22 —zch+ bl-v)i-veos'a] _ 0. (6.14)

87/C, [1+v)sinasing
Solving this quadratic, and recognizing that the first misfit dislocations appear at h=h., the

critical layer thickness, we obtain

, _he e b{l-v)i-vcos’a | (6.15)
© 2 4 4zC,|@+v)sinasing

Table 6.1. Material properties used for Si, Ge, and the alloy Sii-xGex.

parameter Si Siz-xGex Ge
a (nm) 0.543108 0.543108 + x(0.022652) 0.56576
b (nm) 0.384 0.384 + x(0.016) 0.400
Ci11 (GPa) 160.1 160.1 — x(36.1) 124
Ci2 (GPa) 57.8 57.8 — x(16.5) 413
o 60° 60° 60°
A 60° 60° 60°

The critical layer thickness for a linearly-graded layer has been calculated by Fitzgerald et al. [7]

using an approach based on energy as

he = 3b(1—vcos2 alln (he /b)+1] (6.16)
87/C|(L+v)cos 4
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and this can be used to solve Equation 6.16. In the model presented above the areal density of
misfit dislocations was approximated using a Dirac delta function. However, the strain fields of
real dislocations decay with the reciprocal of distance from the core. An accurate calculation of
the strain energy in the film should therefore consider a spreading out of the misfit dislocation
density over a thickness of up to several times the Burgers vector. To investigate this, we
recalculated the position of the first misfit dislocations assuming that the areal misfit dislocation

density is a Pi function with width W :

1 z-12
=—-1II €1 6.17
o) 2ok ) (6.17)
that is,
0, 2<(z. -W/2),
p(z)= Vﬁ (2o W /2)< 2 <(z. +W /2); and (6.18)
0, 2>(z. +W/2).

Based on the Pi approximation for the misfit dislocation density, the in-plane strain is

C,z, 2<(z. -W/2);
g(2)= cfz+[v%)(z—zC +W/2), (2o -W/2)<z<(z. +W /2), and (6.19)
sz+%, 2> (2o +W /2)

The strain energy per unit area is

c-W/2

E, =on

2
7c+W /2 b'
szzdz+Y_[Z {sz+(WLj(z—zc +W/2)} dz

c-W/2

h b’ 2
+Yj {sz+—} dz
e +W /2 L

The misfit dislocation line energy per unit area is
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Zc 2h— 2 —
E, =2 [""Ch 1-vcos “]ﬂn(h Zj+1 dz. (6.21)
WL 2wz 4z(1-v) | b

To find the value of z. corresponding to minimum energy, we can set 6(E8 +E, )/(’52C =0 as

before. Using the fundamental theorem of calculus to differentiate and solving with L >>h we

obtain

(6.22)

Zc

bfL—v cos? he =2 +W /2
= In .
87W|C, |(L+v)sin acos A~ ( he —2c ~W /2

This expression can be used in conjunction with the Fitzgerald model for the critical layer
thickness (Equation 6.16) to determine the position of the first misfit dislocations. As will be

shown, the choice of W has only a weak effect on the predicted value of z .

The value of z. and the critical layer thickness may also be determined by numerical

energy minimization calculations. The equilibrium configuration may be determined numerically
by minimizing E; +E_, and the critical layer thickness is the minimum thickness at which it
becomes energetically favorable to introduce a misfit dislocation anywhere in the structure. It
should be noted that Equations 6.18 - 6.29 are generally applicable to cubic semiconductors and

can be solved for any arbitrary compositional profile using the numerical approach developed in

reference.
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Figure 6.2. Two straight misfit dislocations located at a distance z. from the interface in a
lattice mismatched layer on a (001) diamond or zinc blende substrate. The dislocations are
parallel to the [110] and [T 0] crystal directions.

6.2.2. Determination of Interfacial MDFZ: Results and Discussion:

The separation of the first misfit dislocations from the interface z. was calculated for

linearly-graded layers of Si1xGex on Si (001) substrates using the material parameters given in

Table 6.1. Figure 6.3 shows z. as a function of the grading coefficient C, . For Si1.xGex/ Si (001),
f =-0.04x and C,=df /dy=-0.04dx/dz. For example, |C,|=100cm™ corresponds to

compositional grading of 25% / um. Here the solid curve was calculated using the Dirac delta
approximation for the dislocation density (Equation 6.15) in conjunction with the Fitzgerald et al.
expression for the critical layer thickness, (Equation 6.16). The dashed curve was calculated using
the Pi approximation (Equation 6.22). The filled squares were determined using numerical energy

minimization calculations based on Equations 6.24 — 6.26 and the numerical algorithm described

in [19]. The Pi approximation provides an accurate estimate of z, which is only weakly affected

by the choice of W , the width of the Pi function. For the calculation of the results shown in Figure
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6.3 it was assumed that W = 2b, but changing this value by a factor of two alters the predicted
value of z, by less than +£1%. The discrepancy between the energy minimization results and the

Pi approximation (~ -20%) comes about because the Fitzgerald model overestimates the critical
layer thickness, as will be considered below. Inherent in the Dirac delta approximation is an
overestimate of z, by ~10%. This offsets some of the error associated with the use of the

Fitzgerald critical layer thickness and renders the predicted values in between those found using

energy minimization and the values obtained with the Pi approximation.

B energy minimization
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Figure 6.3. The separation of the first misfit dislocations from the interface, z., as a function
of the grading coefficient C, for Si1xGex / Si (001) with linear compositional grading.

Figure 6.4 shows the critical layer thickness for the onset of lattice relaxation as a function
of the grading coefficient, for Sii.xGex / Si (001) with linear compositional grading. The solid

curve was calculated using the Fitzgerald et al. expression, Equation 6.16, while the solid squares
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were determined by numerical energy minimization calculations. Here it can be seen that Equation

6.16 overestimates the critical layer thickness compared to the energy minimization calculations

by ~20%.
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Figure 6.4. The critical layer thickness, hc, as a function of the grading coefficient C, for Sis-
xGex / Si (001) with linear compositional grading.

Using numerical energy minimization calculations, we can calculate the equilibrium misfit
dislocation density profiles in graded layers with different grading coefficients or thicknesses.
This is illustrated in Figure 6.5, which shows the equilibrium misfit dislocation density profiles

calculated using Equations 6.24 — 6.26 and the method of [19] for Si1-xGex / Si (001) layers with

C, =100cm™ and thicknesses of 190 nm, 192 nm, and 194 nm. Here the 190 nm thick layer is

just over the critical layer thickness and has misfit dislocations concentrated near z =z, =16nm.

As the layer is made thicker, more misfit dislocations are introduced to relax the strain energy, but
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most of these new misfit dislocations are introduced farther away from the interface (that is, at
Z>1.). Even in much thicker layers, there remains an interfacial region free from misfit

dislocations, and this region has a thickness of approximately z, .
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Figure 6.5. Equilibrium misfit dislocation density in SiixGex / Si (001) layers with linear
compositional grading (grading coefficient C, =100cm™) and thicknesses of 190 nm, 192 nm,
and 194 nm. The 190 nm thick layer is just over the critical layer thickness.

These results indicate that it is possible to tailor the grading in the layer to achieve a desired
separation between the interface and the misfit dislocations. The relevant design equation,

obtained by rearranging Equation 6.12, is

‘C ‘z b(l—v)[l—vcosza] 629)
"8ry.(h—z. Y1+v)sinacosd '

Moreover, this result may be generalized to graded layers with other (nonlinear) grading profiles.
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We have calculated the position of the initial misfit dislocations z_ for linearly-graded Sii-xGex /
Si (001) heteroepitaxial layers with lattice mismatch given by f =C,z, where C, is the grading

coefficient and z is the distance from the interface. The distance of the first misfit dislocations

from the interface z, decreases with increasing grading coefficient, but can exceed 40 nm in layers
with shallow grading (C, <12 cm™). For the range of grading coefficients investigated, z, varies

from 6% to 11% of the critical layer thickness. It is possible to choose the grading coefficient to
achieve the desired separation of the misfit dislocations from the substrate interface, and we have

developed a design equation for this purpose.

6.3. Equilibrium Lattice Relaxation and Misfit Dislocations in Step-Graded

InGaAs/GaAs (001) and InAlAs/GaAs (001) MBLs

The inclusion of metamorphic buffer layers (MBL) in the design of lattice-mismatched
semiconductor heterostructures is important in enhancing reliability 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. Compositionally graded layers have been
particularly used for this purpose and in this work, we considered heterostructures involving a
step-graded InxGai-xAs or InxAl1xAs 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
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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 InxAli.xAs
structures with a greater average elastic stiffness constants exhibit slightly higher average
compressive in-plane strain (absolute valued) which is associated 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 InkAl1-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).

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-engineered InyGaixAs and InsAl.
xAs on GaAs substrate, has become critical for the fabrication of electronic and optical devices.
These applications require growth of metamorphic (partly relaxed) structures with
compositionally-graded buffer layers to accommodate the strain associated with the mismatch
between the substrate and epilayer. The graded layer allows for the introduction and distribution
of misfit dislocations (MDs) away from the substrate interface which results in the reduction of
the dislocation-dislocation interactions with substrate 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
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for devices with reduced threading dislocation densities. In addition, the graded layer has a greater
built-in residual strain near the surface which can reduce the density of threading defects by
enhancing the glide velocities of dislocations, yielding the longest possible misfit segment parallel
to the interface and therefore the least number of threading dislocations emanating from misfit
dislocation ends. Although metamorphic growth has been exploited in a variety of devices
[44,72,100,101,102,103,104,105,106,107,108], most designs employ a linearly-graded [109,110]
or step-graded buffer layer [107,111,112]. Unlike 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
(InxGaixAs and InxAl1xAs) 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
kinetically-limited relaxation and its results may be helpful in the optimized design of
compositionally graded heterostructures.

In this work, we considered InxGaixAs and InkAlixAs step-graded buffers grown on a
GaAs substrate with (001) crystal orientation. 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 0.1x, to a final

surface composition X, corresponding to a lattice mismatch of f,. We have investigated
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structures with thicknesses of 250, 500 and 1000 nm. The material constants used in this work are

summarized in Table 6.2.
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Figure 6.6. (a) Misfit dislocation and (b) in-plane strain as a function of the distance from
the interface with various ending compositions for step-graded InxGaixAs/GaAs and InxAli-
xAs/GaAs heterostructures.

Table 6.2. Material Properties for InAs, AlAs, GaAs and the alloys InxGaixAs and InxAli-
xAS.

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
InGarxAs 0.56534 + x(0.0405) 118.4 — x(35.1) 53.7 - x(8.4)
IncAl1xAs 0.5660 + x(0.06016) 125 — x(41.7) 53.4 - x(8.1)

6.3.1. Strain and Misfit Dislocations in Step-Graded MBLs

The InxGaixAs and InxAl1xAs structures considered in this work have an ending lattice
mismatch ranging from f, =0.8% to 3.4% and the two material systems were compared using

identical indium composition profiles. Figure 6.6a shows the equilibrium misfit dislocation density

profiles for 500 nm thick InxGai-xAs layers on a GaAs (001) substrate with various ending indium
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compositions. 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
Figure 6.6a exhibit at most 10 misfit dislocation regions (Dirac delta functions) which are
equivalent with the number of mismatched 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 composition (mismatch) therefore necessitating the
introduction of more misfit segments to relax the excess mismatch strain. In step-graded layers the
interfacial 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 6.6b shows the equilibrium in-plane
strain distribution for 500 nm thick InxGaixAs 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 Figure 6.6a 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 Figure
6.6D, that the lowest mismatch shows the highest in-plane strain in the 8 and 9" steps whereas in

the final step the relation is reversed. The following is expected on the basis that at low mismatch,
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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 results of Figure 6.6a where a low peak intensity or the
absence of a MD peak indicates a noticeable contribution of the strain energy in relaxing the misfit
strain (Figure 6.6b). 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 dislocations [113,114] above the top step interface; in addition, the top step
exhibits the maximum residual strain in the step-graded layer and the following holds with the
deposition of each successive step [113].

Figure 6.7a compares the average in plane strain for InxGai-xAs and InxAl1-xAs layers as a

function of the average grading coefficient C, where C; = f, /h. The results of Figure 6.7a

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 compressive strains (absolute valued) than InxGai-xAs/GaAs (001).
However, the curve separation between the two material systems becomes more prominent at
higher grading coefficient and in structures with a smaller layer thickness. It is interesting to note

that the strain-thickness product & h for both material systems is approximately ~ 2 nm. Although,
there is a slight dependence of the strain-thickness product &h on the elastic stiffness constants,

the associated difference is within £ 0.1 nm. Even though the elastic stiffness constants are
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composition dependent, the percent difference AC,; and AC,, with respect to the average value

of both materials is given by

C -C
|AC11| :‘ 11.InAlAs ~ M1LInGaAs | 4 (30 — [0.17_ 0.37 :| 100% (6.24)
‘ 1 C ) 3.17-x
2 11,InAlAs 11,InGaAs
and
C -C
|AC |=‘ tzinans ~ “rzincers | 1009 = | 220,04 |-100%. (6.25)
1 6.5— X

C12, InAlAs + C12, InGaAs)

N~

where X is the indium mole fraction. For the structures studied in this work, the percent difference
in the material constants AC, and AC,, ranges from 4.3% to 5.1% and 0.8% to 0.9%
respectively. The associated variation in the average in plane strain due to the difference in the
material constants ranges approximately from 4.3-10°° to 2.7-10"° corresponding to a percent
difference of the in-plane in the range of 1.8% to 3%. Figure 6.7b compares the surface in-plane

strain for InxGaixAs and InxAl1xAs layers as a function of the average grading coefficient C, .

The surface in-plane strain exhibits a two-regime behavior; in regime one, the surface strain is
monotonically increasing whereas there exists a combination 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, structures with InxGai-xAs
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as the epilayer material contain a slightly higher compressive surface in-plane strain (absolute

valued).
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Figure 6.7. (a) Average and (b) surface in-plane strain as a function of the grading coefficient
for step-graded InxGai-xAs/GaAs and InxAl1-xAs/GaAs heterostructures.

Experiments with InyAl1xAs on GaAs substrates showed that step- and linearly-graded
layers exhibited similar values of surface in-plane strain [115] 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 to approach that of linearly-graded buffers [116]; however, 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 in-situ
multibeam optical stress sensor to study the relaxation of InxAl1.xAs on GaAs (001) substrate and
showed that the deposition of each successive step gives rise to the relaxation of the underlying

layers [117]; moreover, in order to maintain the &h=constant relationship, the residual strain
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must be concentrated in the top layer of the step-graded buffer. The results of Figure 6.7b 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=250nm and an ending mismatch varying from f, =0.8% to 3.4%,

the percent relaxation in the top step ranged from 60% to 85% respectively. In thicker structures
the percent relaxation in the top step is higher; for structures with a thickness of h=500nm, the
percent relaxation in the top step ranged from 73% to 91% respectively whereas in structures with
a thickness of h=1000nm, the percent relaxation in the top step ranges from 82% to 95%. This
behavior has also been shown experimentally in InxGai-xAs and InxAli1xAs 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. [118] used high resolution x-ray diffraction to study the relaxation of a
multilayered structure composed of a 1 um uniform layer of Ing.7sAlo 25As layer grown on top of a
GaAs substrate with an intermediate 900 nm thick step-graded (9 steps) layer of InxAlixAs 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. [119] showed 98% relaxation of the device layer in multilayered InxAl1.xAs
structures without using 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
overshoot. Furthermore, Chen et al. [120] demonstrated 96% relaxation of the device layer in
InxGai-xAs multilayered structures.

The results of Figure 6.8 indicate that there is an approximately linear and monotonic

increase in the average equilibrium misfit dislocation density as a function of the average grading
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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 5.4-10%(%-cm™). Small differences in

these two material systems are introduced by the difference in the elastic stiffness constants.
Abrahams et al. [121] considered 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.
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Figure 6.8. Average misfit dislocation density as a function of the grading coefficient for step-
graded InxGai-xAs/GaAs and InxAli-xAs/GaAs heterostructures.
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Figure 6.9 shows the normalized relaxation percentage per unit thickness as a function of
the lattice mismatch at each step with the ending lattice mismatch as a parameter for InxGaixAs /
GaAs (001) and InxAl1xAs / GaAs (001) heterostructures. We define the normalized relaxation

percentage per unit thickness of each step as:

f _
IR, =YY 100% . (6.26)
hy fy

where f and ¢, are the lattice mismatch and the in-plane strain of the step N respectively and

h, is the thickness of the step. We further define the normalized relaxation rate per unit thickness

as the slope of the characteristic shown in Figure 6.9. The results of Figure 6.9 indicate higher
normalized relaxation rate per unit thickness in structures with lower buffer layer thickness; this
is expected on the basis that for the same ending composition, structures with a lower buffer
thickness exhibit a higher grading coefficient and therefore require higher relaxation in
accommodating the misfit strain. Structures with lower ending indium composition and therefore
mismatch contain higher relaxation rates near the surface and this phenomenon is associated with
the absence of misfit dislocations as shown on Figure 6.6a. Moreover, there is an increase in the
slope of the characteristic shown in Figure 6.9 near the substrate interface with higher indium
composition, however the normalized relaxation rate per unit thickness becomes sluggish with
increasing layer thickness. In comparison, for the same lattice mismatch profile, InyAl1xAs/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
6.2 shows that for the heterostructures studied in this work, InxAlixAs/ GaAs (001) material

system exhibits higher elastic stiffness coefficients. Combining the results of Figure 6.7, Figure
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6.8 and Figure 6.9, structures with InxAl1.xAs as the epilayer material exhibit higher average misfit
dislocation densities and slightly higher average compressive in-plane strain (absolute valued) but
contain much lower rate of change in the normalized relaxation percentage per unit thickness of

each step observable from the smaller slope values in Figure 6.9.
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Figure 6.9. Normalized relaxation percentage per unit thickness as a function of the ending lattice
mismatch for step-graded InxGa:-«As/GaAs and InsAl:xAs/GaAs heterostructures. Each curve of a
particular color represents an ending lattice mismatch value.

We have investigated equilibrium lattice relaxation in metamorphic in InxGaixAs / 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 study is that structures
with higher elastic stiffness coefficients such as InxAli.xAs/ GaAs (001) material system exhibit
greater average compressive 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
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density at each mismatched interface. Equilibrium calculation are important when considering the
kinetically-limited relaxation of step-graded InxGai-xAs / GaAs (001) and InxAl1-xAs / GaAs (001)
structures and understanding the misfit dislocation and in-plane strain distribution has important
implications in the device design of semiconductor heterostructures.

Table 6.3. Material Properties for InAs, GaP GaAs and the alloys InxGai-xAs and GaAs1-yPy.

Parameter GaP InAs GaAs1yPy InxGaixAS GaAs
a(nm) 054505 0.50584 0.56534 - y(0.02029) 0.56534 + x(0.0405)  0.56534

C11 (GPa) 1405 83.3 118.4 +y(22.1) 118.4 —x(35.1) 118.4

C12 (GPa)  62.03 45.3 53.7 + y(8.33) 53.7 — x(8.4) 53.7

6.4. Comparison of Equilibrium Lattice Relaxation and Misfit Dislocations in

Continuously and Step-Graded InGaAs/GaAs and GaAsP/GaAs Material Systems

The inclusion of metamorphic buffer layers (MBL) in the design of lattice-mismatched
semiconductor heterostructures is important in enhancing reliability and performance of optical
and electronic devices. These metamorphic buffer layers usually employ linear grading of
composition, and materials including InxGai-xAs and GaAs:.yPy have been used. Non-uniform and
continuously graded profiles are beneficial for the design of partially-relaxed buffer layers because
they reduce the threading dislocation density by allowing the distribution of the misfit dislocations
throughout the metamorphic buffer layer, rather than concentrating them at the interface where
substrate defects and tangling can pin dislocations or otherwise reduce their mobility as in the case
of uniform compositional growth. In this work, we considered heterostructures involving a
linearly-graded (type A) or step-graded (type B) buffer layer grown on a GaAs (001) substrate.
For each structure type, we present minimum energy calculations and compare the cases of cation

(Group I11) and anion (Group V) grading. In addition, we studied the (i) average and surface in-
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plane strain and (ii) average misfit dislocation density for heterostructures with various thickness

and compositional profile. Moreover, we show that differences in the elastic stiffness constants

give rise to significantly different behavior in these two commonly-used buffer layer systems.
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Figure 6.10. Misfit dislocation density as a function of the distance from the interface with
various ending compositions for (a) linearly-graded InGaAs/GaAs, (b) step-graded
InGaAs/GaAs, (c) linearly-graded GaAsP/GaAs and (d) step-graded GaAsP/GaAs

The use of metamorphic buffer layers (MBLs) has enabled the growth and design of highly

lattice-mismatched electronic and optical devices. Metamorphic growth, in which the layers relax

by the introduction of misfit dislocations, enables a wider range of layer thicknesses and

compositions and has been exploited in a variety of devices [122, 123, 124, 125, 126, 127, 128,
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129, 130]. A critical challenge with metamorphic device design involves control of the threading
dislocation density, and compositionally-graded buffer layers have been used for this purpose.
Most metamorphic device designs employ linearly-graded [131,132,92,133] or step-graded buffer
layers [134,135,136]. Depending on the application of the device heterostructure material systems
such as InxGaixAs [122,123,124] and GaAsiyPy [137,138,139,140,16-19] have been used. The
use of MBL takes advantage of the enhanced built-in strain fields which allows for higher glide
velocities and therefore the longest possible misfit segments. This gives rise to fewer threading
dislocations originating from misfit dislocation ends. In addition, the graded layer allows for the
introduction and distribution of misfit dislocations away from the substrate interface which results
in the reduction of the dislocation interactions with substrate associated defects that may give rise
to dislocation pinning and therefore rendering them immobile. It is therefore worthwhile to
compare the two material systems utilizing a linearly- or step-graded scheme in terms of their
equilibrium relaxation behavior.

In this work, we considered linearly-graded and step-graded buffers with the zinc blende
structure grown on a GaAs substrate with (001) crystal orientation. 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 type A structures, the cation/anion composition in the buffer layer is
varied from lattice matched to GaAs at the substrate interface to a composition at thickness h of

X, !y, corresponding to the same lattice mismatch at the surface of f, for both material systems.

Similarly, for type B structures, the grading profile is composed of five uniform buffer layers,

where the cation/anion composition is varied with equal step sizes from lattice mismatched at the
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GaAs substrate (first uniform layer) to a composition of X, /'y, at thickness h (last uniform layer).

The composition is varied as such to achieve the same grading coefficient for each grading scheme.

In addition, we have investigated structures with a buffer layer thickness of 250, 500 and 750 nm.

The material constants used in this work are summarized in Table 6.3.
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Figure 6.11. In-plane strain as a function of the distance from the interface with various
ending compositions for (a) linearly-graded InGaAs/GaAs, (b) step-graded InGaAs/GaAs,
(c) linearly-graded GaAsP/GaAs and (d) step-graded GaAsP/GaAs.

6.4.1. Comparison of the Residual Strain and Misfit Dislocation Characteristics

The structures considered in this work have an ending lattice mismatch ranging from f,

=0.21% to 2.2%. Figure 6.10 shows the equilibrium misfit dislocation density profiles for 500 nm
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thick InxGai-xAs and GaAs1.yPy on GaAs (001) with various ending compositions for type A and
type B structures. In linearly graded layers, the misfit dislocations are introduced at a finite distance
from the interface and the distribution profile could be modeled using a rectangular function. In
addition, there exists a misfit dislocation free zone (MDFZ) near the surface which limits
interaction of misfit segments with the device layer which may be grown on top. However, the
width of the surface MDFZ diminishes with higher ending composition (mismatch) values.

In uniform layers, misfit dislocations are introduced at the mismatched interfaces and they
can be modeled using Dirac delta functions. The results of Figure 6.10b and d exhibit at most 5
MD regions (delta functions) which are equivalent with the number of mismatched interfaces.
There exists a monotonic increase in the peak misfit dislocation density with increasing
composition (mismatch) therefore necessitating the introduction of more misfit segments to relax
the excess mismatch strain. Also, it can be seen that at low mismatch, the top mismatched interface
in the step graded layers exhibit a MDFZ indicating that in these structures the strain is responsible
for accommodating the lattice strain associated with compositional mismatch.

Figure 6.11 shows the equilibrium in-plane strain distribution for 500 nm thick InxGai-xAs
and GaAsi.yPy on GaAs (001) with various ending compositions for type A and type B structures.
In the dislocated region of a linearly-graded MBL, the introduction of misfit dislocations is just
sufficient to relax the strain associated with the lattice mismatch and therefore the in-plane strain
is approximately constant. However, beyond the dislocated region, the in-plane strain increases
linearly with distance from the interface and is proportional to the lattice mismatch profile.

In type B structures, the in-plane strain is composed of a series of step functions with

discontinuities at the mismatched interfaces. Apart from the dislocated interfaces, the equilibrium
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strain in each sublayer is constant. Correlating the results of Figure 6.10 with Figure 6.11, it can
be seen that the dislocation line energy relieves most of the excess strain associated with the
compositional mismatch in sublayers near the interface. Moreover, in step graded layers the
absence of dislocation peaks results in higher local unrelieved strain. In comparison to linear
composition profiles, step graded layers with the same average mismatch exhibit a lower in-plane

strain near the substrate interface and a higher in-plane strain at the surface.
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Figure 6.12. Surface in-plane strain as a function of the grading coefficient.

Figure 6.12 compares the surface in-plane strain for between InyGai.xAs and GaAsi-yPy
layers as a function of the grading coefficient for type A and B structures. The surface in plane
strain exhibits an increasing sublinear behavior with greater grading coefficient. The results of
Figure 6.12 demonstrate that (i) structures with InxGai-xAs as the epilayer and (ii) structures with

type A grading profile contain a higher surface in-plane strain. However, the curve separation
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between the two material systems for both grading profiles becomes more prominent at higher C,

. In addition, differences in the surface in-plane strain between InxGaixAs and GaAs;.yPy are quite
pronounced in structures with a higher grading coefficient; this occurs in structures with smaller
buffer layer thickness and similar ending lattice mismatch. In type B structures, there are two main

characteristics. First, there is a saturation of surface strain with increasing C, . Second, structures

with a lower epilayer thickness exhibit lower strain values.
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Figure 6.13. Average misfit dislocation density as a function of the grading coefficient.

The results of Figure 6.13 indicate that there is a sublinear and monotonic increase in the
average equilibrium misfit dislocation density as a function of the ending mismatch. In addition,
apart from slight departures, it can be seen that the average misfit dislocation density does not
depend on the type of grading scheme. Figure 6.14a shows that that the in-plane strain increases

monotonically in structures with InxGai.xAs as the epilayer, whereas the in-plane strain decreases
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monotonically (Figure 6.14b) in structures utilizing GaAs1-yPy as the material system. For InxyGaz-
xAs/GaAs, type A and B grading profiles exhibit similar strain values. However, in GaAs;.
yPy/GaAs metamorphic buffer layers, there is a curve separation for type A and B structures which

becomes more prominent with increasing C; .
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Figure 6.14. Average in-plane strain as a function of the grading coefficient for (a)
InGaAs/GaAs and (b) GaAsP/GaAs.

Table 6.3 show that for the heterostructures studied in this work, the GaAs:.yPy / GaAs (001)
material system exhibits higher elastic stiffness coefficients. From an equilibrium point of view,
structures with smaller elastic constants exhibit higher relaxation rates. In addition, for a given
lattice mismatch, heterostructures with higher stiffness coefficients require a greater misfit
dislocation density in relaxing the excess strain. Therefore, it can be seen from the results of Figure
6.12, Figure 6.13 and Figure 6.14 that structures with GaAsiPy as the epilayer material have
greater elastic stiffness coefficients which is associated with lower average misfit dislocation

densities and lower surface in-plane strain.
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We have investigated equilibrium lattice relaxation in metamorphic in GaAs1Py / GaAs
(001) and InxGai-xAs / GaAs (001) heterostructures involving linearly- and step-graded buffer
layers. We have explored the equilibrium structure by studying the evolution of the average and
surface in-plane strain, average misfit dislocation density and have analyzed how the difference in
elastic coefficients effect the equilibrium structure.
6.5. Strain and Misfit Dislocation Density in Exponentially-Graded Layers

We have calculated the equilibrium strain and misfit dislocation density profiles for
heteroepitaxial SiixGex / Si (001) with convex exponential grading of composition. A graded layer

of this type exhibits two regions free from misfit dislocations, one near the interface of thickness

z,and another near the free surface of thickness h—z,, where h is the layer thickness. The

intermediate region contains an exponentially tapered density of misfit dislocations. We report
approximate analytical models for the strain and dislocation density profile in exponentially-
graded Si1-xGex / Si (001) which may be used to calculate the effective stress and rate of lattice
relaxation. The results of this work are readily extended to other semiconductor material systems
and may be applied to the design of exponentially-graded buffer layers for metamorphic device
structures including transistors and light emitting diodes.

The growth of semiconductor heterostructures on lattice-mismatched substrates, such as
strain-engineered Si1.xGex on silicon wafers, has become increasingly important for the realization
of a variety of devices including high electron mobility transistors and light-emitting diodes. These
applications require the growth of metamorphic (partly relaxed) structures involving

compositionally-graded buffer layers. Experimental and modeling studies have focused on
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linearly-graded buffer layers, but non-linear grading provides an additional degree of control for
the optimization of the dislocation density and residual strain in heteroepitaxial devices.

Design of these structures requires an understanding of their strain relaxation and
dislocation dynamics, which can be strongly influenced by kinetic factors. Plastic flow models for
kinetically-limited relaxation in uniform Si1-xGex layers on Si (001) substrates have been presented
by several workers including ‘Matthews, Mader, and Light’, ‘Dodson and Tsao’, and ‘Houghton’.
Matthews, Mader and Light assumed that the difference between the strain force and line tension
on misfit dislocations is balanced by a Peierls force and calculated the strain relaxation as a
function of time with the assumption of a constant areal dislocation density. This, amounts to
balancing the effective stress with a stress associated with the Peierls force, where the effective

stress is given by

_2GQ+v)r
=) le-2.) (6.27)

where G is the shear modulus, v is the Poisson ratio, ¢ is the in-plane strain in the film, and ¢,

is the equilibrium in-plane strain. Then, following the work of Haasen, the dislocation glide
velocity was assumed to be thermally activated and a linear function of the effective stress. Based
on the work of Alexander and Haasen [18], Dodson and Tsao developed a nonlinear ordinary
differential equation for the strain relaxation including a phenomenological model for dislocation
multiplication whereby the time rate of increase of the dislocation density is proportional to the

square of the effective stress times the dislocation density. In the model of Houghton [16] it was

assumed that the dislocation velocities are proportional to 7 and thermally activated, where
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1<m<1.5, and that the time rate of change of the dislocation density is proportional to 7 |,

where Nn~2.5, times a constant density of sources. A feature common to all the models for
relaxation by plastic flow in semiconductor heterostructures is that they involve the use of the
effective stress. Application of these models therefore requires knowledge of the equilibrium
strain. For a compositionally graded structure this equilibrium strain varies with distance from the
interface, and its profile must be known for the determination of the relaxation behavior.

Here we have calculated the equilibrium strain and misfit dislocation density profiles in
Si1xGex/ Si (001) heteroepitaxial layers with (001) orientation and exponential grading, by using
a numerical method based on the minimization of the strain and dislocation line energy per unit
area [19]. We report approximate analytical models for the strain and dislocation density profile
in an exponentially-graded layer, and show that these models are in close agreement with detailed
minimum energy calculations. Though Si1.xGex/Si (001) has been used as a model material system,
the results may be readily extended to other materials and serve as the starting point for the design
of exponentially-graded buffer layers for metamorphic device structures such as modulation doped
field effect transistors and light emitting diodes.
6.5.1. Distribution of the In-Plane Strain and Misfit Dislocation Characteristics

The lattice mismatch in a (convex up) exponentially-graded layer can be written as

f(z)=f, (L), (6.28)

where y is a length parameter (the “exponential grading constant”).

Using the energy minimization approach described previously, the equilibrium misfit

dislocation density and in-plane strain profiles were calculated for exponentially-graded layers of
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Si1xGex / Si (001) with compositional profiles given by x=x_[l—exp(—z/y)]. The material

parameters  for

S | 1-xGex

were

assumed to be

C,, =(160.1-x36.1)GPa, and C,, =(57.8—x16.5)GPa.

a =(0.543108+ x0.022652)nm,

SiixGe, / Si (001)
x= 0.2(1 — e™*%*M)

T I T I T T
I

0.1 0.2

Z (um)

Figure 6.15. Equilibrium misfit dislocation density and strain in a 0.381 pm-thick Sii-xGex /
Si (001) layer with convex, exponential compositional grading given by X = O.2(1—e‘”0'4”m).

Figure 6.15 shows representative results for an exponentially-graded layer of Si1-xGeyx / Si

(001), 0.38 pm-thick, with x = 0.2[1—exp(— z/0.4ym)]; the limiting value of X=0.2 corresponds

to f_ =-0.83%. The profiles in Figure 6.15 illustrate several general features of partially-relaxed
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exponentially-graded layers (i.e., exponentially-graded layers which are greater than the critical

layer thickness). First, there is a dislocation-free region of thickness z, near the interface in which
the in-plane strain is equal to the lattice mismatch. Second, there is a region of thickness z, —z,
which contains a tapered misfit dislocation density and a nearly constant in-plane strain. Third,
there is a dislocation-free region (z > z,) near the surface which contains an exponential strain
profile, with the greatest in-plane strain at the free surface.

The region near the interface (z < z,) is free from misfit dislocations for two reasons. First,

the composition is graded from zero and the initial deposit is lattice-matched to the substrate.
Introducing misfit dislocations at the interface would therefore increase the strain energy in the
film. Second, misfit dislocations have greater line energy if they are located farther from the free

surface (closer to the interface).

I

F, «—[—>F,

h Z
l I Epitaxial Layer
T

Substrate

Figure 6.16. Force balance involving a grown-in dislocation which has bent over to produce
a length of misfit dislocation near the interface. In equilibrium, the line tension in the misfit

segment F_ is equal to the strain force F, acting to extend the misfit segment.

In the dislocated region (z;, <z <Z,), the equilibrium strain is approximately constant as

noted above. This is governed by a balance of the line tension and strain force on the misfit
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dislocations within this region. The strain force acting on a misfit dislocation in this region is
approximately constant, and associated with the strain profile in the near-surface dislocation-free
region. The line tension varies gradually with distance from the surface (logarithmically) so the

balance of the two forces dictates that the strain is a slowly-varying function of distance.

In the near-surface region (z > z,) the strain gradient is equal to the mismatch gradient
because of the absence of dislocations: de,/dz =df /dz . AS noted above, the integrated strain in

this region is approximately constant and dictated by force balance considerations for misfit

dislocations located closest to the free surface (that is, at z=z,).

1.0

| — y=0.1umeq. (13) o
——7=0.2umeq. (13) :

’-
0.8 T....y=04umeq. (13) .- i
- A v=0.1pum Q" D/D/D/:
0.6 <+ 0 vy=02um ¥

E y
3 ¢ 7=04pum "' -
3 0.4 - g
0.2 A
0.0 | | I L1 I | |

h (um)

Figure 6.17. Distance from the interface z, above which there are no misfit dislocations as
a function of layer thickness, for convex exponentially graded layers of SiixGex / Si (001)
withx:0.2(1—e‘”7). The symbols represent results from numerical solutions while the
curves were calculated using the approximate model (Equation 6.36).

Based on the general observations above we can develop a quantitative model for the

equilibrium misfit dislocation density in a partially-relaxed exponentially-graded layer. In the
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dislocated region (z,<z<z,) the in-plane strain is approximately constant so the misfit

dislocation density is just sufficient to relax the strain due to the grading in the layer;

_1
b!

df

. (6.29)

Yo,

where b’ is the misfit-relieving component of the Burgers vector in the plane of the interface.

Therefore, the misfit dislocation density profile is

0, <1,
p=1(f|/0e", 7 <z<z,and (6.30)
0, Z2>1,.

Consider next the equilibrium in-plane strain. The dislocation-free region near the

interface is coherently strained so the in-plane strain is equal to the lattice mismatch:

g =1 [—e7), (6.31)
and the strain at z=1z, (the top of this interfacial dislocation-free layer) is fw(l—e‘zl’y ) For
2, <7<1, (the dislocated layer) the in-plane strain is approximately constant at fw(l—e‘zl’y),

assuming that the misfit dislocation density is just sufficient to relax the strain due to the

compositional grading. For z >z, there are no misfit dislocations so de; /dz = df /dz . Therefore,

the equilibrium in-plane strain in an exponentially-graded layer thicker than the critical layer

thickness is
f,ll-e?) z2<1;
g = fw(l_e—zll;/), 2, <7151, and (6-32)
fw(l—e’zl’y +eulr —e‘z’y), z>1,.
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The model described by Equations 6.31 and 6.33 may be applied to plastic flow
calculations and consequently the design of exponential buffer layers if z, and z,; are known. To
determine the value of z, we make use of the fact that in equilibrium the average in-plane strain
in the graded layer is approximately the same as that in a uniform layer with the same thickness.
This can be shown by equating the line tension F,_ and strain force F, on a single grown-in
dislocation located near the interface as shown in Figure 6.16. With the assumption that this
grown-in misfit dislocation is located near the interface (that is, z, <<h, where h is the graded
layer thickness), the average strain is given by

_f, bli—vcos?ain(h/b)+1]
g”(ave)—| L 8ah(+v)cosd (6.33)

Another expression for the average in-plane strain may be found by integrating (10) and dividing

by the total layer thickness:

g (ave)= {[ 1 e‘z’y)dz+J' (1 eW) j (1 e a7 peulr _ ‘”7)dz}

f (6.34)
= -y +(r+z—he ™ (h-z, - e 4 e
By equating (11) and (12) it is possible to determine z, :
] ] , bll—vcos®afin(h/b)+1]
=4h- —h)e 7 +(h—y)e™" +,™" - e#'”. (6.35
{ 7/+(7/+Zl )e +( 7/)6 +7'e 87Z'|f |(1 V)COSA } ( )

The results of energy minimization calculations show that z, increases with the grading parameter
y and decreases exponentially with layer thickness. Here we use a phenomenological model for

Z,
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2, ~1.4,/by ™", (6.36)
which can be used with (8), (10), and (13) to model the equilibrium strain and misfit dislocation

profiles in exponentially-graded layers.
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Figure 6.18. In-plane surface strain &,(h; ) as a function of layer thickness for convex

exponentially graded layers of Si1-xGex/ Si (001) with X = 0.2(1— e‘”y). The symbols represent

results from numerical solutions while the curves were calculated using the approximate
model (Equation 6.38).

Figure 6.17 shows z, as a function of layer thickness for Sii.xGex / Si (001) with
y=01um, 0.2 um, and 0.4 zm. The points shown by diamonds, squares, and triangles were

determined by energy minimization, while the curves were calculated using the model Equation
6.37. Comparison of these results show that Equation 6.37 can be used to predict the distance from

the interface above which there are no misfit dislocations with better than +£5% accuracy as long
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as the layer thickness is much greater than the critical layer thickness (hg, >5h.) , where the

critical layer thickness for the onset of lattice relaxation is given by

b(].—VCOS2 a) h -z Y —h./
h = I c 1 1 aly _ o7 ]
R 87:|f00|(1+v) {n( . j+ }+zl+;e ”°e (6.37)

50 =
C A v=01pm
— r 0 v=0.2pum
o 40 - & v=04pum
E C — v=0.1um eq. (8)
(&) 30 F —=7=0.2umeq. (8)
o Cla === =0.4 um eq. (8)
o O =
= 207
i -
Q 10 _JJ' Ty
I‘ A |
0 —ﬁ' 114 — vn"—h—h—'i—li-'—if
0 - L]

0.05 01 0.15 0.2
Z (um)

Figure 6.19. Equilibrium misfit dislocation density as a function of distance from the
interface for convex exponentially-graded layers of Sii-xGex / Si (001) withx = 0.2(1—e‘” 7 )

The symbols represent results from numerical solutions while the curves were calculated
using the approximate model (Equation 6.30).

Figure 6.18 displays the equilibrium in-plane strain g”(h) at the free surface as a function

of the layer thickness for exponentially-graded Si1xGex / Si (001) layers with x_ =0.2 and with
y=01um, 0.2 um, and 0.4 zm. Points shown by symbols were determined by numerical

energy minimization calculations, while the curves were calculated using the approximate model

(Equation 6.39). The accuracy of Equation 6.39 is better than £5% for layers much thicker than
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the critical layer thickness (hg,_ >5h.), demonstrating its usefulness for practical device buffer

layers.

¢
A N=014um @,
0 h=0.28um *
¢ N=056um
—h=0.14 pmeq. (10)
- =N=0.28 um eq. (10)
--—-h=0.56 umeq. (10)
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Figure 6.20. Equilibrium in-plane strain as a function of distance from the interface for
convex exponentially-graded layers of Siz-xGex/ Si (001) with X = O.2(1—e‘”°'2“m ) The symbols

represent results from numerical solutions while the curves were calculated using the
approximate model (Equation 6.33).

Figure 6.19 shows the equilibrium misfit dislocation density profiles for exponentially-

graded layers of Si1-xGex / Si (001) with a total thickness of 0.28 xm and with y =0.1 zm, 0.2 zm
,and 0.4 um , and Figure 6.20 shows the equilibrium in-plane strain for exponentially-graded Sii-
xGex / Si (001) layers with y =0.2um and with h =0.14m, 0.28,m, and 0.56,m . The analytical

model given in Equation 6.34 predicts the equilibrium in-plane strain with better than +5%
accuracy except in the dislocated region. The main source of error is the use of the

phenomenological model (Equation 6.38) for z,, and future work could include the development
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of arefined z, model. Nonetheless, the maximum absolute error in the in-plane strain associated

with the use of (Equation 6.34) is 0.7 x10~*. For typical graded layers of SiixGex with a
maximum germanium mole fraction of 0.20 or more, the lattice mismatch will exceed this
maximum error in the in-plane strain by an order of magnitude. Therefore, the accuracy of the
analytical model will be adequate for use in plastic flow calculations for exponentially-graded Si-
xGex / Si (001) structures, and it will unnecessary to use detailed numerical calculations to find the
equilibrium strain and thus the effective stress, for these structures.

We have determined the equilibrium strain and misfit dislocation distributions for Si1-xGex
/ Si (001) layers with convex exponential grading of their composition using numerical energy
minimization calculations. Based on these detailed calculations, we developed simple analytical
models to describe the equilibrium behavior for three regions of the exponentially-graded layers:

i) a dislocation-free region of thickness z, near the interface in which the in-plane strain is equal
to the lattice mismatch; ii) a region of thickness z, —z, which contains a tapered misfit dislocation

density and a nearly constant in-plane strain; and iii) a dislocation-free region (z > z,) near the

surface which contains an exponential strain profile, with the maximum in-plane strain at the free
surface. The analytical model serves as the starting point for the plastic flow analysis and
consequently the design of exponentially-graded buffer layers in metamorphic device structures,
for the lattice relaxation and dislocation dynamics in these structures are controlled by the effective
stress, which is proportional to the difference between the actual strain and the equilibrium strain
which has been modeled here. Moreover, for structures grown at relatively high temperatures, the
strain and dislocation density profiles may approach the equilibrium profiles found in this work.
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Figure 6.21. Simple force balance model for the critical layer thickness in a graded epitaxial
layer. The grown-in dislocation elongates at the interface to create a length of misfit
dislocation when the glide force Fc exceeds the line tension F.

6.5.2. Critical Layer Thickness in Exponentially-Graded Heteroepitaxial Layers
Exponentially-graded semiconductor layers are of interest for use as buffers in

heteroepitaxial devices because of their tapered dislocation density and strain profiles. Here we

have calculated the critical layer thickness for the onset of lattice relaxation in exponentially-

graded InxGaixAs / GaAs (001) heteroepitaxial layers. Upwardly convex grading with
X=X, (1—e’2’7) was considered, where z is the distance from the GaAs interface, y is a grading
length constant, and x_ is the limiting mole fraction of In. For these structures, the critical layer

thickness was determined by an energy minimization approach and by consideration of force
balance on grown-in dislocations. The force balance calculations underestimate the critical layer
thickness unless one accounts for the fact that the first misfit dislocations are introduced at a finite

distance above the interface. The critical layer thickness determined by energy minimization, or
. . . 0.5 —0.54
by a detailed force balance model, is approximately h, ~0.243zm(y/1zm)**(x,/0.1)>
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Although these results were developed for exponentially-graded InxGaixAs / GaAs (001), they
may be generalized to other material systems for application to the design of exponentially-graded
buffer layers in metamorphic device structures such as modulation doped field effect transistors
and light emitting diodes.
6.5.3. Force Balance Theory for the Critical Layer Thickness

The realization of heterojunction devices such as modulation doped field effect transistors
and light-emitting diodes requires heteroepitaxial growth of lattice mismatched materials. In most
cases, materials or performance constraints prevent the use of pseudomorphic structures which are
coherently strained to match the in-plane lattice constant of the substrate. The preferred approach
therefore involves metamorphic structures which exhibit some degree of lattice relaxation. The
design of these structures requires an understanding of their misfit dislocations and strain
relaxation, which may strongly influence device performance. Though most experimental work
with graded buffer layers has focused on simple linear grading, there is evidence that non-linear
grading, grading with overshoot interfaces, reverse grading, or step grading may be beneficial for
the reduction of the surface threading dislocation density with minimal buffer thickness. , graded
layers with upwardly convex exponential grading are of interest for device buffer layer
applications because of the ability to taper the misfit dislocation density and strain with distance
from the substrate interface. The design of exponentially-graded device buffer layers requires an
understanding of the critical layer thickness and the dislocation dynamics. Here we present
calculations of the critical layer thickness in exponentially-graded layers based on force balance
as well as energy minimization, and provide an approximate equation for the estimation of the

critical layer thickness in exponentially-graded layers. Non-linear profiles of this type may be
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realized by the computer control of electronic mass flow controllers during the growth process, for
the case of metalorganic vapor phase epitaxy (MOVPE) or gas source molecular beam epitaxy
(GSMBE). InxGaixAs / GaAs (001) has been used as a model material system but the results may

be readily extended to other heteroepitaxial systems.

0.25 T 3
- In,Ga,,As / GaAs (001) 0.1/-/ -
0.2 £ x=x.I1-exp(zm)] Z
_ 0.2_
& 0.15 T
2 : 1
<L 01 1
0 05 I —force balance
) — -refined force balance
B energy minimization
0 1 : 1 1 1 : 1 1 1 : 1 1 1 : 1 1 1

O 02 04 06 08 1

grading length constant y (1m)

Figure 6.22. Critical layer thickness h. as a function of the grading length constant with x_

as a parameter, for (convex up) exponentially-graded InxGai-xAs/GaAs (001) heteroepitaxial
layers as determined by a simple force balance model (Equation 6.43, solid curve), a refined
force balance model (Equation 6.51, dashed curves), and energy minimization (Equations
6.45 and 6.47, solid squares).

We can determine the approximate critical layer thickness for such a layer using a simple
force balance model as illustrated in Figure 6.21. Following the approach presented by Matthews

and Blakeslee for a structure containing uniform strained layers, we assume that a grown-in
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dislocation will elongate at the interface to create a length of misfit dislocation once the glide force
Fc exceeds the dislocation line tension F.. The glide force acting on a grown-in dislocation in the

coherently-strained layer on a (001) diamond or zinc blende substrate with ¢,(z) = f(z) is

_ 2Gb(L+v)cos

1-v)

where G is the shear modulus, G =(C,,—C,,)/2, in which C,, and C,, are the elastic stiffness

Fo

jo" f(2)dz, (6.38)

constants, b is the length of the Burgers vector, v is the Poisson ratio, v =C,, /(C,, +C,,) for the
(001) orientation, and A is the angle between the Burgers vector and the line in the interface plane
which is perpendicular to the intersection of the glide plane with the interface, and h is the layer

thickness. For the case of a (convex up) exponentially-graded layer, the glide force is

_ 2Gb(l+v)cos A -ty _ 2Gbf, (1+v)cos A y
Fe = ) [, f ez = ) [+ e -1)]. (6.39)

If the grown-in dislocation glides to create a length of misfit dislocation at the substrate interface,

the line tension in this misfit segment which opposes the glide is

F - Gb?(1—v cos® & )cos 4 In(h}rl | (6.40)
47(1-v) b

where « is the angle between the Burgers vector and the line vector for the dislocations. Equating

the glide and line tension forces at the critical layer thickness h, we obtain

_ 2
h, = b(l v COS alln(hc/b)+1]+}/(1_e_hc,y)1 (6.41)
8x|f,|L+v)cos A
which can be solved numerically to determine the approximate critical layer thickness. It is
important to point out that Equation 6.43 is based on the assumption that misfit dislocations are

first introduced at the substrate interface. Although this is a good assumption for a uniform strained
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layer, Equation 6.43 will be subject to some degree of error if the first misfit dislocations are
introduced away from the interface. Moreover, the application of Equation 6.43 involves the use
of effective values for b and v, even though these vary with composition in a graded layer.

The critical layer thickness may be determined more accurately by consideration of energy
minimization. If the graded layer is sufficiently thick to be partly relaxed, and therefore contains

misfit dislocations of cross-sectional density p(z), the in-plane strain is relaxed to

g(z)=f(z)+ b'IOp(z)dy (6.42)
where b’is the misfit relieving component of the Burgers vector parallel to the interface. The

strain energy per unit area is

h h z 2
E, = ['Vedz=| Y(z)[ f(2)+b[" p(cf)df} dz, (6.43)
where Y is the biaxial modulus, Y =C,, +C,, —2C/,/C,,,and C,, and C,, are the elastic stiffness

constants. The dislocation density o is always positive, but b" may be positive or negative,

depending on the sign of the mismatch strain which is being relieved. The line energy of

dislocations per unit area, assuming two orthogonal networks with equal cross-sectional density,

E, =2, F,(2)o(z)kz, (6.44)
where

, ~G(z)bz(z)[l—v(z)coszoz] (h-2),
Rl (649
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Here the dislocation energy is determined using a mean-field approach, without including second-

order dislocation-dislocation interactions, and this is the primary approximation used. The
equilibrium configuration may be determined numerically by minimizing E; +E,_ , and the critical
layer thickness is the minimum thickness at which it becomes energetically favorable to introduce
a misfit dislocation anywhere in the structure. It should be noted that Equation 6.45 — 6.47 are

generally applicable to cubic semiconductors and can be solved for any arbitrary compositional

profile using the numerical approach developed in reference.

0.20 T In.Gaix As / GaAs (001)
x = 0.2[1 - exp(-z/y)]

0.10 -

composition x

W critical thickness

0 0.1 0.2 0.3 0.4
z (pm)

Figure 6.23. Exponential compositional profiles for InxGaixAs graded layers with
x=0.2[l—exp(~z/ )], in which x_=0.2 and »=0.1, 0.2, and 0.4. Also indicated in this

figure are the critical layer thicknesses for these three cases.
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6.5.4. Determination of the Theoretical CLT in Exponentially-Graded Layers

The critical layer thickness was calculated for (convex up) exponentially-graded layers of
InxGai-xAs on GaAs (001) with X(z): xw(l—e‘”y), where the limiting indium mole fraction x
was set to 0.1, 0.2, and 0.3. The thickness parameter y was varied from 0.1 pm to 1.0 um. The
assumed material parameters are given in Table 6.4; for energy minimization calculations, linear
interpolation was used to estimate the lattice and elastic constants for the ternary alloy InxGaixAs.
In the case of the force balance model, b and v were estimated for the composition x_ /2.

Figure 6.22 shows the critical layer thickness as a function of the parameter y for
exponential layers with x_ =0.1, 0.2, and 0.3. The critical layer thickness increases monotonically
with the thickness parameter y and decreases with x_ . Figure 6.23 illustrates exponential profiles
in composition x=0.2l—exp(-z/y)], with x,=0.2 and with »=0.1, 0.2, and 0.4. Also
indicated in this figure are the critical layer thicknesses for these three cases.

It should be noted that the critical layer thicknesses determined here are for thermal
equilibrium, and do not take into account kinetic limitations associated with the nucleation, glide,
and multiplication of dislocations. For growth on substrates with high crystalline perfection, such
as Si, the number of grown-in dislocations is insufficient to give rise to the observed lattice
relaxation. Therefore, dislocation nucleation and/or multiplication are important and the measured
thickness for observable lattice relaxation may be considerably greater than the equilibrium value.

Nonetheless, the equilibrium critical layer thickness is the starting point for development of a

kinetic model for lattice relaxation.
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Figure 6.24. Misfit dislocation density as a function of distance from the interface for
exponentially-graded InxGai-xAs layers / GaAs (001) layers of various thicknesses. The

indium composition is assumed to have an exponential profile X= xw(l—e‘”y), where
X, =0.1 and y =0.1uzm. This results in a critical layer thickness h, ~ 77nm.

The simple force balance calculation predicts a smaller value of the critical layer thickness
than the energy minimization calculation. As pointed out above, the force balance calculation

assumes that the first misfit dislocation is introduced at the interface with the substrate (z =0). If
misfit dislocations are instead introduced at a distance z, from the interface then the glide force
acting on the grown-in dislocation is reduced for a given thickness of deposit. It will therefore be

necessary to grown a thicker epitaxial layer before the glide force is sufficient to cause the grown-

in dislocation to glide and create a length a misfit dislocation; i.e., the critical layer thickness will
be increased. To investigate this, we determined the distance from the interface z, at which misfit

dislocations are first introduced using energy minimization calculations.
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To perform the energy minimization calculations, we divide the structure into a number of
sublayers, each of which is assumed to have uniform strain, dislocation density, and elastic
properties. The number of these sublayers may be made arbitrarily large to insure the accuracy of
the results. (In this work, the sublayer thickness was set to 0.5 nm. Decreasing the sublayer
thickness did not change the results appreciably.) Then, using the procedure described in reference
[19], the dislocation densities and strains in the sublayers are varied systematically to find the
minimum energy configuration; for this purpose, Equations 6.45 — 6.47 are used to calculate the

sum of the strain energy and dislocation line energy.

20

15
10 ~
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Figure 6.25. Distance from interface where the first misfit dislocations are introduced z, as

a function of the grading constant y with x_ as a parameter, for (convex up) exponentially-
graded InxGai-xAs/GaAs (001) heteroepitaxial layers.

First, we considered exponentially-graded layers with x_=0.1 and y =0.1zm. Figure

6.24 shows the equilibrium misfit dislocation density distribution for layers with thicknesses of
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77 nm, 80 nm, and 90 nm. Here 77 nm is the minimum thickness for which energy minimization
calculations predict the presence of misfit dislocations in the structure, so this is considered to be

the critical layer thickness as determined by energy minimization. The first misfit dislocations are
introduced at a distance z, = 7/nm from the interface. As the film thickness is increased, the width
of the dislocated region increases. This is because the misfit dislocation density is limited by the
grading in the layer, while the integrated misfit dislocation density must increase as the layer
relaxes. Therefore, dislocations are eventually introduced at distances less than z, from the
interface. In consideration of the critical layer thickness, however, we only need to consider the

point z, where dislocations are first introduced.
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Figure 6.26. Refined force balance model for the critical layer thickness in a graded epitaxial
layer. The grown-in dislocation glides to create a length of misfit dislocation at a distance z,

from the interface when the glide force Fei1 (acting on the section of dislocation above z,)
exceeds the line tension FL.

There are two reasons for this phenomenon. First, the lattice mismatch strain approaches

zero at the interface and the introduction of misfit dislocations in this region would increase the
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overall strain energy. Second, misfit dislocations closer to the free surface have reduced line

energy.

Figure 6.25 shows z, as a function of the grading length constant y with x_ as a

parameter. The distance from the interface at which misfit dislocations are first introduced
increases monotonically with the grading constant and decreases with the limiting indium mole

fraction, and may be estimated using the approximation

0.33
z, ~18nm 71pm . (6.46)
X, /0.1

If a grown-in dislocation glides to create a length of misfit dislocation at a distance z, from the

interface as shown in Figure 6.26, the glide force opposing the line tension is

2Gb(1+v)cos A ¢h
For = (l—v) j

Also, the line tension in the misfit segment is reduced if this segment is located above the interface:

2 2
F _Gb (1-v cos? a)cos 4 In[h_z°]+1 _ (6.48)
47[(1—1/) b

f.hi-ehz. (6.47)

Ze

The reduction in the glide force is the more important effect, because of the logarithmic

dependence of the line tension on the cutoff parameter (h—z_). Therefore, the net effect is to

reduce the critical layer thickness, as predicted by the energy minimization calculations. Taking

this into account we can make a more accurate force balance calculation by Equating 6.47 and

6.48, yielding
_ b(l—vcos2 a) In[h° - ch+1 47 4 Bl7 _jahly (6.49)
© 81 foo|(1+ v) b o A |
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Using the refined force balance model given in Equation 51 and the average values of b and v,

bave = bGaAs + (bInAs - bGaAs )XOO |:1+ % (e_h/}/ _1):|
(6.50)

and

Vave = VGaAs + (VInAs - VGaAs )Xoo ‘:1+ % (e*h/;/ _1):| ' (651)

we calculated the critical layer thickness for comparison to the simple force balance model and
the energy minimization calculations as shown in Figure 6.22. This figure shows that the refined
force balance model provides better accuracy than the simple force balance model, though the use
of invariant values for b and v introduces some level of error.

For the design of exponentially-graded buffer InxGaixAs layers for devices, the critical
layer thickness determined by energy minimizations may be conveniently estimated using the

approximation

7/ 0.5 X -0.54
h. ~0.243 — —= 6.52
i ﬂm(lﬂm] (0-1] (6:52)

or may be determined using the refined force balance model (Equation 6.51) with less than 5%

error over the range of parameters considered in this study.

In conclusion, the critical layer thickness for the onset of lattice relaxation has been calculated

for exponentially-graded InxGaixAs / GaAs (001) heteroepitaxial layers. These are equilibrium

critical layer thickness values, which do not consider kinetic limitations associated with dislocation

nucleation, glide, or multiplication, but which serve as the starting point for kinetic analysis.

Upwardly convex grading with X = xw(l—e‘”y) was considered, where z is the distance from the
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GaAs interface. The critical layer thickness was calculated by consideration of energy minimization,
by considering the strain energy and the misfit dislocation line energy. In this analysis, the critical
layer thickness was considered to be the minimum thickness at which the introduction of misfit

dislocations is energetically favorable. Based on the energy minimization criterion, it is found that

the first misfit dislocations are introduced at a distance z, from the substrate interface. If the critical

layer thickness is to be determined by force balance on a grown-in dislocation, this phenomenon must
be taken into account or the critical layer thickness will be underestimated. The values of the critical

layer  thickness determined by energy minimization may be estimated by
h, ~0.243m(y 11,m)**(x, /0.1 *** |

6.6. S-Graded Buffer Layers for Lattice-Mismatched Heteroepitaxial Devices

We have studied the equilibrium strain and misfit dislocation density profiles for “S-
graded” buffer layers of InxGai-xAs on GaAs (001) substrates in which the compositional profile
follows a normal cumulative distribution function. We show that the S-graded layer exhibits misfit
dislocation free regions near the substrate interface and the free surface (or device interface). The
peak misfit dislocation density as well as the thicknesses of the dislocation-free regions may be
tailored by the design of the compositional profile; this in turn should enable minimization of the
density of electronically active threading dislocations at the top surface. “S-graded” buffer layers
may therefore facilitate the achievement of metamorphic device structures with improved

performance compared to similar structures having uniform or linearly-graded buffers.
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6.6.1. Strain and Misfit Dislocation Density in S-Graded MBLs

The realization of semiconductor heterostructures on lattice-mismatched wafers, such as
strain-engineered SiixGex on silicon, has become increasingly important for the fabrication of
devices including high electron mobility transistors (HEMTSs) and light-emitting diodes (LEDs).
These applications require growth of metamorphic (partly relaxed) structures with
compositionally-graded buffer layers to accommodate the mismatch between the substrate and
device material. Experimental and modeling studies have focused on linearly-graded buffers, but
non-linear grading provides an additional degree of control for the optimization of the dislocation
density and residual strain in fabricated structures.

The dislocations in device structures are primarily half-loops, each comprising a misfit
segment and two threading segments. It is desirable to reduce the density of threading dislocations
because of their harmful effects on device performance and reliability. Compositionally-graded
buffers exhibit three characteristics which promote longer misfit dislocation segments and
therefore fewer threading dislocations, as follows. (i) New misfit dislocations are introduced at the
top of the growing layer where there are relatively few existing dislocations, and the reduction of
the dislocation-dislocation interactions that give rise to pinning or decreased dislocation mobility
allow the uninhibited glide of dislocations to form longer misfit segments. (ii) The graded layer
exhibits a misfit dislocation free zone (MDFZ) near the surface. This prevents the introduction of
new dislocation loops near the surface in the final stages of buffer layer growth, and instead
existing misfit dislocations may grow in length by glide. (iii) The graded layer has increased
residual strain in its surface misfit dislocation free zone (MDF2Z) relative to a uniform buffer, which

can promote higher effective stresses and misfit dislocation velocities. We have shown that another
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benefit of linear compositional grading is that the initial misfit dislocations form at a finite distance
from the substrate interface, which can reduce dislocation pinning or mobility reduction due to
defects or chemical contamination at the starting substrate surface. A drawback of the linearly-
graded buffer layer is that, upon growth of a device layer upon the top, the misfit dislocation free
zone (MDFZ) typically decreases in thickness. In some cases, the MDFZ thickness may vanish —

leading to the introduction of new misfit dislocations in the device layer. Exponential grading, in

which the lattice mismatch is given by f = fo[l—exp(—z/;/)] where z is the distance from the
substrate interface and f, is the lattice mismatch of the device layer, represents an improvement

over the linear case in that the grading constant ¥ may be chosen to preserve a MDFZ at the top

of the buffer. The “S-graded” buffer layer, introduced in this study, represents a further
improvement on the concept whereby there are MDFZs of controllable thickness at the bottom and
top of the buffer (that is, adjacent to the substrate and device layer interfaces). The lattice mismatch

profile in the S-graded layer is assumed to be a normal cumulative distribution function, given by

(L5 )} v

f= (%} Z=u , (6.53)

o e R

where g is the “mean parameter” (the distance from the substrate interface where f =f,/2), o

is the “standard deviation parameter,” and f, is the lattice mismatch at the top of the buffer layer

with thickness h. The lattice mismatch is defined as f(z) E(aS —a(z))/a(z), where a, is the
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relaxed lattice constant of the substrate and a(z) is the relaxed lattice constant of the epitaxial
crystal at a distance z from the substrate interface. The parameters x , o, f,, and h can be

chosen by the crystal grower to obtain the desired buffer layer characteristics, and three particular
S-graded mismatch profiles are illustrated in Figure 6.27a.

In this work, we present the equilibrium misfit dislocation density and strain profiles for S-
graded buffer layers of InxGaixAs on GaAs (001) substrates. These results can be used to design
S-graded layers for the achievement of desired peak misfit dislocation density or MDFZ
thicknesses. The equilibrium strain profiles obtained in this work can be used as the starting point
for Kinetic calculations, which will enable the determination of the threading dislocation densities
in structures grown under non-equilibrium conditions. Though InxGai-xAs/GaAs (001) was used
as a model material system, the present results may be readily extended to S-graded metamorphic
device structures in other materials as well.
6.6.1.1. Equilibrium Relaxation in the InGaAs/GaAs Material System

It has been assumed that the S-graded buffer lattice matches the substrate (at z=0) as well
as the device layer to be grown on top of it (at z=h, where h is the thickness of the graded layer).
We studied the equilibrium misfit dislocation density and strain profiles in S-graded layers of

InxGaixAs/GaAs (001) with total thickness of 0.5 um. The standard deviation parameter was
varied from 0.005 um to 0.05 um. The mean parameter was fixed at one-half the buffer thickness.
The material parameters for GaAs were assumed to be a=0.56534nm, C, =118.4GPa, and
C,, =53.7GPa; the corresponding values for InxGai-xAs were assumed to be linear functions of

the composition: a=(0.56534+x0.405)nm, C, =(118.4—x35.1)GPa, and
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C,, =(53.7—x8.4)GPa. The starting composition for all layers was set to zero (lattice matched to
the GaAs substrate) while the indium mole fraction at the top of the buffer layer was fixed at 0.035,
0.07, or 0.14, corresponding to f, ~—0.25%, —0.50%, and —1.00%, respectively. Figure 6.27b
and ¢ show the calculated equilibrium misfit dislocation density and in-plane strain profiles,
respectively, for 0.5 um thick S-graded layers of InxGaixAs/GaAs (001) with the mismatch

profiles of Figure 6.27a. The top indium mole fraction of 3.5% corresponds to a lattice mismatch

of -0.25% and the standard deviation parameter values were chosen to be 0.01 um, 0.02 um, and
0.04 um. All samples had a mean parameter of 0.25 um.

Though the S-graded buffer layers exhibit rather complex behavior, three important general
characteristics may be observed in the calculated results. First, there are MDFZs at the bottom of
the S-graded layer (adjacent to the substrate interface) and the top of the layer (adjacent to the free

surface). We define the edges of these MDFZs as z, and z,; therefore, the thicknesses of the
bottom and top MDFZs are z, and h -z, where h is the thickness of the graded layer. Second,

there is a dislocated region containing misfit dislocations between the two MDFZs. This dislocated
region has a thickness z, — z, and the misfit dislocation density within takes on a profile which is
approximately Gaussian in character. Third, there is a nearly uniform in-plane strain in the top
MDFZ. The equilibrium strain in this region can be relatively large, and for the cases studied here
the calculated in-plane strain is more than twice the equilibrium strain in a 0.5 um thick uniform

layer of Ino.03sGaon.9ssAS on GaAs (001). (For such a uniform heteroepitaxial layer the equilibrium

in-plane strain is ¢ ~—4x10™). These three general characteristics of S-graded layers are

discussed physically below.
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The existence of the interfacial MDFZ is expected on the basis of energy minimization.
There is zero lattice mismatch at z=0 so the introduction of misfit dislocations would increase
both the strain energy and dislocation line energy, and misfit dislocations are not expected to form
at the interface. There is a finite distance from the interface where the line energy cost of misfit
dislocations is balanced by the strain energy they release in the growing film, and this dictates a
finite thickness of misfit dislocation free material near the interface. The thickness of this

interfacial MDFZ depends on the details of the lattice mismatch profile; that is, f,, o, and x .

The formation of the surface MDFZ may also be understood from the point of view of
energy minimization. Although this MDFZ exists in material with significant lattice mismatch, a
significant portion of the strain is relaxed by defects in the underlying dislocated zone. Because of
this, and because of the proximity to the surface, relatively little strain energy can be released by
the introduction of misfit dislocations in this near-surface material. Line energies of misfit
dislocations near the surface are not reduced significantly because of the weak logarithmic
dependence of the line energy on the distance from the interface. Consequently, there is a finite
thickness of material near the surface in which the introduction of misfit segments is not
energetically favored. This is analogous to the behavior predicted and observed in linearly-graded

layers.
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Figure 6.27. Characteristics of 0.5 um-thick S-graded InxGaixAs layers on GaAs (001)
substrates with x, =0.035 (correspondingto f, =—-0.5%) with mean parameter = 0.25 zm

and standard deviation parameter values of & =0.01 zm, 0.02 zm, and 0.04 uzm. (a) Lattice
mismatch; (b) misfit dislocation density; and (c) in-plane strain.
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Figure 6.28. Comparison of 0.5 pm-thick InxGai-xAs layers on GaAs (001) substrates, all with
a top composition of x, =0.035, but with different compositional profiles. (a) In-plane strain

profiles for layers with S-grading (o =0.04m ), linear grading, and uniform composition.
(b) Misfit dislocation density profiles in layers with S-grading and linear grading.

The shape of the misfit defect density profile in the dislocated region is expected if it is
assumed that the misfit dislocation density is just sufficient to relax the strain introduced by the
compositional grading, as has been found to be the case in linearly-graded layers. If b’ is the

misfit-relieving component of the Burgers vector, then the areal density of misfit dislocations will
be p =|df /dz|/b’. For the S-grading compositional profile considered here, |df /dz| is Gaussian in

character, but the profile is truncated by the existence of the MDFZs as explained above.
Heteroepitaxial layers are not deposited in equilibrium, and tend to exhibit fewer misfit
dislocations than predicted by equilibrium models. Nonetheless we can expect S-graded buffer
layers to exhibit the general features outlined here, including the two MDFZs sandwiching a
dislocated region. These general characteristics of S-graded buffer layers are expected to promote

longer misfit segments and improve their performance in threading dislocation reduction as
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follows. (i) As in the linearly-graded layer, new misfit dislocations are introduced at the top of the
growing material where there are relatively few existing dislocations, and the reduction of the
dislocation-dislocation interactions that give rise to pinning or decreased dislocation mobility
allow the uninhibited glide of dislocations to form longer misfit segments. Improved performance
is expected in the S-graded structure due to the wide interfacial MDFZ and the tapered misfit
dislocation density above it. (ii) The misfit dislocation free zone (MDFZ) near the surface prevents
the introduction of new dislocation loops near the surface in the final stages of buffer layer growth,
and instead existing misfit dislocations are allowed to grow in length by glide. The S-graded buffer
can have a thicker surface MDFZ than the linearly-graded layer, which is preserved even after the
growth of a top device layer, and which offers improved performance. (iii) A graded layer has
increased residual strain in its surface misfit dislocation free zone (MDFZ) relative to a uniform
buffer, which can promote higher effective stresses and misfit dislocation velocities. In the S-
graded layer, the average strain in the top MDFZ is greater than in the linearly-graded layer, which
is expected to improve the threading dislocation reduction performance.

Some of the potential advantages of S-graded layers can be understood quantitatively with
the aid of Figure 6.28a and b. Figure 6.28a compares the equilibrium in-plane strain profiles for S-

graded (with o =0.04m), linearly-graded, and uniform layers of InyGai-xAs on GaAs (001), all

with thickness 0.5 um and a top indium composition of x=0.035. Both the linearly-graded and
S-graded structures exhibit enhanced surface strain compared to the uniform layer. Although the
linearly-graded layer presents the highest strain at its surface, the S-graded case provides a thicker
zone of enhanced strain which can provide more benefit in terms of increasing the lengths of misfit

dislocations and reducing the threading density. The equilibrium misfit dislocation density profiles
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for the S-graded and linearly-graded buffers are compared in Figure 6.28b. Whereas S-grading
gives rise to thick MDFZs at the bottom and top of the layer, the linear layer has the undesirable
characteristic of a high misfit dislocation density near the substrate interface. The S-graded layer
shows a higher peak misfit dislocation density than the linearly-graded film, but this peak misfit

dislocation density may be tailored by the choice of the standard deviation parameter.

Pmax

Figure 6.29. Misfit dislocation density profile in an S-graded layer is a truncated Gaussian,
with maximum value p,, occurring at z=x and with boundary points z, and z,.

The general behavior of the misfit dislocation density in an S-graded layer, as described

above, is reiterated in Figure 6.29. The truncated Gaussian profile reaches a peak dislocation

density of p., at z= . The edges of the MDFZs are at z, and z,; that is, the MDFZ adjacent
to the substrate has a thickness equal to z, while the MDFZ adjacent to the surface has a thickness

of h—z,, where h is the layer thickness.
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Figure 6.30. Boundary points z, and z,of the dislocated region for 0.5 pm-thick S-graded
InxGaixAs layers on GaAs (001) substrates with mean parameter »=0.25 xzm and top
lattice mismatch f =-1.00%, —0.50%, and —0.25%.

Because of their importance we have studied the widths of the MDFZs in 0.5 um-thick S-
graded layers of InxGaixAs / GaAs (001) with top indium composition of 0.035, 0.07, and 0.14,
corresponding to f, ~—0.25%, —0.50%, and —1.00%, respectively. The standard deviation
parameter was varied from 0.005 pm to 0.05 pm. Figure 6.30 shows the values of z, and z, for
these S-graded structures, and it is evident that both vary in approximately linear fashion with the
standard deviation parameter O . We note that z, and z, may be calculated approximately using

the phenomenological models

Z,~ - G(MJ (6.54)
for
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and

el
,RU+O , (6.55)

fOZ
where f,, =0.0035, n,=0.2, f, =0.0150, n, =0.75. The curves in Figure 6.30 were calculated
using (6) and (7) for comparison to the points with symbols, which were found by energy

minimization calculations. The thickness of the dislocated region, z,-z,, is independent of the

total thickness as long as h > 60, and scales directly with the standard deviation parameter:

,-7, =0 (m] +(m] . (6.56)
fOl f02

It should be noted that the phenomenological models given in (6) and (7) were developed for S-
graded layers of InxGaixAs / GaAs (001) by fitting the numerical energy minimization results. In
the general case, exact equations for z, and z, should be derived by minimization of energy, for
applicability to other material systems.

Although the detailed behavior of S-graded buffer layers is rather complex, it is possible to
develop approximate models for the strain and dislocation density profiles based on reasonable
simplifying assumptions, and these quantitative models may be used to design S-graded device
structures to take advantage of their desirable properties.

First, we consider the strain profile. In the dislocated region (z, <z <z, ) the in-plane strain

is approximately constant so the misfit dislocation density is just sufficient to relax the strain due

to the grading in the layer;
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df

& (6.57)

_1
P=1i

where b’ is the misfit-relieving component of the Burgers vector in the plane of the interface.

Therefore, the misfit dislocation density profile is

0, 1<1;
fy _(Z_:u)z
= ex , 2,<z<1z,;and 6.58
P Vo /—2” p|: o2/ 2 1 2 ( )
0, z7>1,.
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Figure 6.31. Misfit dislocation density profiles for 0.5 um-thick S-graded InxGai-xAs layers
on GaAs (001) substrates with X, =0.035 (corresponding to f,=-0.5%) with mean
parameter x=0.25 um and standard deviation parameter values of & =0.01 zm, 0.02 um,

and 0.04 um. The solid curves were determined by numerical energy minimization
calculations and the dashed curves were obtained using the model given in Equation 6.60.

The resulting misfit dislocation density profile is a truncated Gaussian, with the peak misfit

dislocation density of
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= 6.59
Proc = — = (6.59)
occurring at z = u . The peak misfit dislocation density scales inversely with the standard deviation

parameter, so the design of the S-graded layer involves a tradeoff between the width of the

dislocated region and the peak dislocation density.
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Figure 6.32. In-plane strain profiles for 0.5 pm-thick S-graded InxGaixAs layers on GaAs
(001) substrates with X, =0.035 (corresponding to f, =—0.5%) with mean parameter
u=0.25 um and standard deviation parameter values of & =0.01 zm, 0.02 zm, and
0.04 um. The solid curves were determined by numerical energy minimization calculations
and the dashed curves were obtained using the model given in Equation 6.63.

Consider next the equilibrium in-plane strain. The bottom MDFZ (z <z,) is coherently

strained so the in-plane strain is equal to the lattice mismatch:

& = fy { erf(a\/_]wrf( \/_ﬂ 25z (6.60)
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f )
and the strainat z=z, is —|—erf 5 +erf _ . For z, <z<z, (the dislocated layer

the in-plane strain is approximately constant at this value, assuming the misfit dislocation density

is just enough to relax the strain associated with the grading. For z>z, there are no misfit
dislocations so de; /dz = df /dz . The equilibrium in-plane strain profile in the partially-relaxed S-

graded layer is therefore

(%){— erf [g:ﬁzjjterf (ﬁﬂ 1<z
g = (%){— erf (‘;:/_ngrerf [UL\/EH 2,<2<12,; and (6.61)

& j{e”[afj e 235 J-en[ fj””(afﬂ

The model described by Equations 6.48 and 6.61 may be applied to the design of S-graded

structures if expressions for z, and z, are known. In practice, we may use either analytical
expressions for z, and z,, determined by minimizing the sum of the strain and dislocation line
energy with respect to each, or simpler, phenomenological expressions for z, and z, given above.

Here we have adopted the latter approach.
In Figure 6.31 we have compared the approximate model (10) to the results of detailed

numerical dislocation density calculations, for 0.5 um-thick S-graded InxGai.xAs/GaAs (001)
layers having f, =—0.005 and & =0.01 zm, 0.02 zm, and 0.04 zm . For the cases studied here,
the approximate model predicts the misfit dislocation density with better than 5% accuracy, and

this indicates that it was reasonable to assume the misfit dislocation density is just sufficient to

relieve the strain introduced by the grading.
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Figure 6.33. Behavior the linearly-graded buffer layer with top loading by a uniform device
layer. Misfit dislocation density profiles for 0.5 um-thick linearly-graded InxGaixAs layers

on GaAs (001) substrate with X, =0.035 and no uniform layer on top (solid black curve) and

with a 0.5 um-thick uniform layer on top (dashed gray curve). The composition of the
uniform layer is 1n0.035Gao.965AS.
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In Figure 6.32 we have compared the approximate model (13) to the detailed numerical
strain calculations, for the same set of S-graded layers with & = 0.01 zm, 0.02 zm, and 0.04 zm
. The approximate model underestimates the surface strain somewhat, because of the slight
variation in the strain in the dislocated region. All the same the model has sufficient accuracy to
make it useful in the design of S-graded buffer layers.

Because the intended application is for device buffer layers, we compared the equilibrium
dislocation densities in linearly-graded and S-graded structures, with and without a uniform device
layer deposited on top. Figure 6.33 illustrates the misfit dislocation density in a 0.5 um-thick

linearly-graded layer of InxGai-xAs, with the indium mole fraction graded from zero to 3.5%, both
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with and without a uniform 0.5 pm-thick layer of Ing.03sGao.gesAs on top. The addition of the
uniform layer (device layer) on top of the buffer increases the width of the dislocated region from
218 nm to 418 nm — approximately doubling the dislocated thickness. The top MDFZ in the buffer
layer is nearly eliminated because the increase of the dislocated thickness is mostly in the top
MDFZ. The behavior is quite different in the case of the S-graded buffer, shown in Figure 6.34,
where a ~ 0.2 um top MDFZ remains even after the growth of a 0.5 um uniform top layer.
Therefore, the S-graded buffer provides superior performance compared to the linear buffer in

terms of maintaining a wide MDFZ adjacent to the device layer.
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Figure 6.34. Behavior the S-graded buffer layer with top loading by a uniform device layer.
Misfit dislocation density profiles for a 0.5 um-thick S-graded InxGai-xAs layers on GaAs

(001) substrate with x, =0.035 and no uniform layer on top (solid black curve) and with a

0.5 um-thick uniform layer on top (gray dashed curve). The composition of the uniform layer
IS Ino.03sGao.g65AS.
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In conclusion, we have studied the equilibrium strain and misfit dislocation density profiles
for “S-graded” buffer layers of InxGai-xAs on GaAs (001) substrates in which the compositional
profile follows a normal cumulative distribution function. We show that the S-graded layer exhibits
misfit dislocation free regions (MDFZs) near the substrate interface and the free surface (or device
interface). The standard deviation parameter may be selected to achieve a particular peak misfit
dislocation density, while the mean parameter and total buffer thickness may be designed to
achieve the desired MDFZ thicknesses adjacent to the substrate and device layer interfaces. The
S-graded buffer layer exhibits two potential advantages compared to the linearly-graded buffer
layers often used in metamorphic device layers. First, the ability to design the peak misfit
dislocation density and MDFZ thicknesses is expected to enable minimization of the density of
electronically active threading dislocations at the top surface, and second, the dislocation density
profile in the S-graded layer is less susceptible to loading by the growth of a uniform device layer
on top, and avoids the penetration of a dislocated region into the device layer itself.

6.6.2. Design of S-Graded Buffer Layers for Metamorphic ZnSySel-y/GaAs (001)
Semiconductor Devices

We present design equations for error function (or “S-graded”) graded buffers for use in
accommodating lattice mismatch of heteroepitaxial semiconductor devices. In an S-graded
metamorphic buffer layer the composition and lattice mismatch profiles follow a normal
cumulative distribution function. Minimum energy calculations suggest that the S-graded profile
may be beneficial for the control of defect densities in lattice-mismatched devices because they
have several characteristics which enhance the mobility and glide velocities of dislocations,

thereby promoting long misfit segments with relatively few threading arms. First, there is a misfit
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dislocation free zone (MDFZ) adjacent to the interface which avoids dislocation pinning defects
associated with substrate defects. Second, there is another misfit dislocation free zone near the
surface, which reduces pinning interactions near the device layer which will be grown on top.
Third, there is a large built-in strain in the top MDFZ which enhances the glide of dislocations to
sweep out threading arms. In this study, we present approximate design equations for the widths
of the misfit dislocation free zones, the built-in strain, and peak misfit dislocation density for the
general S-graded semiconductor with diamond or zinc blende crystal structure and (001)

orientation, and show that these design equations are in fair agreement with detailed numerical

energy minimization calculations for ZnSySe1.y/GaAs (001) heterostructures.
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Figure 6.35. Lattice mismatch profiles for 500 nm thick S-graded ZnSySei.y / GaAs (001)

layers with f, =0.0046, x =250nm, and ¢ =20, 40, and 80 nm. The sulfur composition in
the S-graded layer is varied from 6% (lattice matched to GaAs) at the interface to 16% at

the surface.
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Figure 6.36. Equilibrium misfit dislocation density profiles for 500 nm thick S-graded
ZnSySe1y / GaAs (001) layers with f, =0.0046, x =250nm, and o =20, 40, and 80 nm. The

sulfur composition in the S-graded layer is varied from 6% (lattice matched to GaAs) at the
interface to 16% at the surface.

The S-graded buffer can have a thicker surface MDFZ than the linearly graded layer,
which is preserved even after the growth of a top device layer, and which offers improved
performance in terms of increasing the lengths of misfit dislocations and reducing the threading
density. This was observed in our previous study and it is possible to develop approximate models
for the strain and dislocation density profiles based on reasonable simplifying assumptions and
these quantitative models may be used to design S-graded device structures to take advantage of
their desirable properties.

Although numerical energy minimization calculations are generally applicable to the
analysis of any graded structure which can be approximated by a series of laminae, their use is not

well suited to SG-SAL design because of the indirect nature of the approach. In this work, we
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present approximate design equations for S-graded strain accommodation layers and demonstrate
fair agreement between these design relationships and detailed energy minimization calculations
for S-graded ZnSySe1.y/GaAs (001) heterostructures. Metamorphic ZnSySes.y buffer layers are of
interest for use in ZNnCdSSe/ZnMgSSe emitters and modulators for the blue/green portion of the
visible spectrum. Control of the threading dislocation density in these devices is critical to their
performance and motivates the use of optimized buffer layers for reduced defect density at the
buffer surface where the device layers will be deposited. Up to this time, most of the metamorphic
buffer layers used in this material system have employed uniform or linearly-graded composition,
and little work has been done to explore non-linearly graded buffer layers. In the ZnSySei.y S-
graded buffer, the standard deviation parameter may be selected to achieve a peak equilibrium
misfit dislocation density, while the mean parameter and total buffer thickness may be designed to
achieve the desired MDFZ thicknesses adjacent to the substrate and device layer interfaces. In
previous work, phenomenological models were developed for S-graded layers of InxGai-xAs/GaAs
(001) by fitting the numerical energy minimization results. Here we show that, in the general case,
exact equations for the widths of the edges of the MDFZs can be derived by minimization of

energy, and we apply these to the ZnSySes.y system for the sake of specificity.
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Figure 6.37. Equilibrium in-plane strain for 500 nm thick S-graded ZnSySei.y / GaAs (001)
layers with f, =0.0046, x =250nm, and ¢ =20, 40, and 80 nm. The sulfur composition in
the S-graded layer is varied from 6%o (lattice matched to GaAs) at the interface to16% at the
surface.

6.6.2.1. Equilibrium Strain and Dislocation Density Profiles in the SG-SAL

Three particular S-graded mismatch profiles are illustrated in Figure 6.35 for 500 nm thick
ZnSySe1.y layers on GaAs (001) with f, =0.0046, ;, = 250 nm, and & = 20, 40, and 80 nm. Figure

6.36 illustrates the equilibrium misfit dislocation density profiles for 500 nm thick S-graded
ZnSySe1y / GaAs (001) layers with f, =0.0046, x=250nm, and o =20, 40, and 80 nm. The
misfit dislocation density profile is a truncated Gaussian located between two MDFZs which are
adjacent to the substrate interface and the free surface. The interfacial MDFZ thickness is 203 nm,
155 nm, and 46 nm for o =20, 40, and 80 nm, respectively. The thickness of the surface MDFZ

is 227 nm, 211 nm, and 191 nm for o =20, 40, and 80 nm, respectively.
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The misfit dislocation density profile between the two MDFZs has approximately the shape

of a truncated Gaussian distribution. This is expected if the density of misfit dislocations is just
sufficient to relax the strain introduced by the compositional grading, p:|df /dy|/b’, where b’

is the projection of the misfit-relieving component of the Burgers vector in the interface. This leads
to a peak misfit dislocation density which is inversely proportional to the standard deviation
parameter, and this is consistent with the results of the minimum energy calculations shown in
Figure 6.36, for which the peak misfit dislocation density is 53, 26, and 13 x 10° cm™ for o =20,

40, and 80 nm, respectively.
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Figure 6.38. (a) Thickness of the interfacial MDFZ, z,, for 500 nm thick S-graded ZnSySei-y
/ GaAs (001) layers with ¢ = 250 nm and a maximum sulfur composition equal to 16%,
21%, and 26%. (b) Distance of the edge of the surface MDFZ from the interface, z,, for 500
nm thick S-graded ZnSySei.y / GaAs (001) layers with ¢ =250 nm and a maximum sulfur

composition equal to 16%, 21%, and 26%. The results shown with symbols were found using
detailed energy minimization calculations while the solid, dashed, and dotted curves were
obtained by the approximate design equations.

Figure 6.37 shows the equilibrium in-plane strain profiles for 500 nm thick S-graded

ZnSySe1.y / GaAs (001) layers with y,=0.06, y, =0.16, and =20, 40, and 80 nm. The S-
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graded layers exhibit a large built-in strain in the surface MDFZ which can aid in sweeping out
threading dislocations prior to the growth of the device structure on top. The in-plane strain is
relatively constant in the surface MDFZ with a value of 8.1, 9.3, and 12.7 x 10 for the cases of
o=20, 40, and 80 nm, respectively. These built-in strains are considerably greater than the
equilibrium in-plane strain for a uniform layer of ZnSo.16Seoss on GaAs (001) having the same
thickness of 500 nm, which is ~ 4 x 10™*. Therefore, dislocation glide velocities can be several
times larger in the surface MDFZ of the SG-SAL compared to a uniform buffer layer of

comparable thickness.
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Figure 6.39.(a) Thickness of the interfacial MDFZ, z,, for S-graded ZnSySei-y / GaAs (001)
layers with 16% maximum sulfur composition and thickness of 500 nm, 375 nm, and 250
nm. (b) Distance of the edge of the surface MDFZ from the interface, z,, for S-graded

ZnSySe1y / GaAs (001) layers with 16% maximum sulfur composition and thickness of 500
nm, 375 nm, and 250 nm. The mean parameter x was set to (250 nm, 187.5 nm, and 125 nm,

respectively. The results shown with symbols were found using detailed energy minimization
calculations while the solid, dashed, and dotted curves were obtained by the approximate
design equations.

The results of Figure 6.36 and Figure 6.37 illustrate that the thicknesses of the MDFZs, the

peak misfit dislocation density, and the built-in strain of the top MDFZ may be controlled by the
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choice of the lattice mismatch profile for the SG-SAL, that is f,, o, and « . In the following
two sections, we present an equilibrium model for the SG-SAL and from this model we develop

design equations linking the crystal growth parameters f,, o, and « to the MDFZ thicknesses,

the peak misfit dislocation density, and the built-in strain.

@ 400 ®) 100
- - i X = 5000m
L o vn=21% - 3751
&—- 80 T [ b"-._. A y:\iZS% ‘ cd\‘--- 80 T 2 250:$
b " v — y\.—;?:r/’n 32:}92 zau ' —— design equ.
= s, pe— o I u.
g 60 T ‘:\ ‘h._... i:\ = 26% deswgn egu. g
> - =)
= 407 =
i 20§ N
.
a 0 N a
0 80

¢ (nm) ¢ (nm)

Figure 6.40. (a) Peak misfit dislocation density for 500 nm thick S-graded ZnSySel-y / GaAs
(001) layers with &« =250 nm and a maximum sulfur composition of 16%, 21%, and 26%.

(b) Peak misfit dislocation density for S-graded ZnSySel-y / GaAs (001) layers with 16%
maximum sulfur composition and thickness of 500 nm, 375 nm, and 250 nm. The mean
parameter s was set to 250 nm, 187.5 nm, and 125 nm, respectively. The results shown with

symbols were found using detailed energy minimization calculations while the solid, dashed,
and dotted curves were obtained by the approximate design equation.

6.6.2.2. Equilibrium Model for the Dislocation Density and Strain profiles in S-Graded
Strain Accommodation Layers

In order to develop SG-SAL design equations we summarize approximate models for the
equilibrium misfit dislocation density and strain profiles based on the discussion in the previous
section and developed as a refinement of the model previously presented in [16]. If the edges of

the interfacial and surface MDFZs are located at distances of z, and z, from the substrate
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interface, respectively, and if the misfit dislocation density in the middle region (z, <z <z,) is just
sufficient to relax the strain associated with the compositional grading, then in this region

1 |df

_Len 6.62
b'{dz (6.62)

where b’ is the misfit-relieving component of the Burgers vector in the plane of the interface.

Therefore, the misfit dislocation density profile is

0, 7<1;
p= exp[ (Z_”)z} 7,<7<17,;and (6.63)
ar 200 | T |
0, z>1,,

and the resulting misfit dislocation density profile is a truncated Gaussian.
With the approximate misfit dislocation density given in Equation 6.66 we can find the in-

plane strain distribution. The interfacial MDFZ ( z < z,) is coherently strained so the in-plane strain

is equal to the lattice mismatch:

g = f'{ rf[a\/_}terf[m/_ﬂ z2<z, (6.64)
and at the edge of the interfacial MDFZ

f,
g = { erf(o_\/_jwrf(m/_ﬂ z=1,. (6.65)

In an approximate model, we developed previously in [35], we assumed constant strain in the

dislocated region (z, <z<z,) and the resulting model equations provide fair predictions of the

equilibrium strain when compared to the results of detailed numerical calculations. Here we make

use of a refined model in which the strain is considered to increase linearly in the dislocated region.
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This linear variation, introduced by a factor of (z/z,), comes about because of the dislocation line
energy dependence on distance from the free surface. For z >z, there are no misfit dislocations

so dg,/dz =df /dz. Therefore, according to the refined model, the equilibrium strain profile in

the S-graded layer is given by

f(%}{erf (ﬁ—é}rerf(‘jﬁ_ﬂ, 1<1;
g = (?“j{—zilerf (%)+—1erf (6\/_)} z,<7<1,; and (6.66)
(%)[erf (:—\/f) erf(zm/fj—i—ierf(’;\/_] erf(g\/_ﬂ Z>1,.

Based on this refined equilibrium model we have developed general design equations for an SG-

SAL.

6.6.2.3. Design Equations for S-Graded Strain Accommodation Layers

In the design of an SG-SAL, the most important characteristics to consider are the widths
of the MDFZs, the peak misfit dislocation density, and the built-in strain in the surface MDFZ. In
this section, we develop design equations for these characteristics based on energy minimization
and the model described above.

First, we consider the widths of the MDFZs, with edges located at distances of z, and z,
from the interface. The thickness of the interfacial MDFZ is z, and the thickness of the surface
MDFZ is h—z,, where h is the total thickness of the strain accommodation layer. Therefore, the

problem reduces to one of finding equilibrium values of z, and z,, in other words, those values
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which minimize the sum of the strain energy and dislocation line energy per unit area. The

dislocation line energy per unit area is

Ey =2[ " Fy(2)oa(2hz
_ ijy: {Gb i—(;_cis)z 06)[|n(h ; Z}@Hb,(jﬁ exp{— %}dz , (6.67)
il (5ol 5

and the strain energy per unit area is

E, =Y [ & (2)dz

Yz { erf(m/_}rerf[G\/_ﬂzdz+i ) {— Zl rf[g\/_j —erf( ﬁﬂzdz-(ﬁ-%)

R R e e R

The equilibrium values of z, and z, may be found by solving

B +E.) _, (6.69)
0z,
and
B +E,)_q (6.70)
oz,

The solutions to Equation 6.72 and 6.73 are developed in the appendix. For a particular material
system, these two equations may be solved to obtain z, and z, without the need for complex SH-
GEM calculations or ad hoc approximations which are specific to a single material system. The
approach based on Equations 6.72 and 6.73, though more convenient to apply to design than

detailed numerical energy minimization calculations, yields reasonable accuracy for SG-SAL
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design. Figure 6.38 a and b show the values of z, and z, for 500 nm thick S-graded ZnS,Sey.y /
GaAs (001) layers with « = 250 nm and the maximum sulfur composition equal to 16%, 21%,

and 26%. The symbols show results of the detailed energy minimization calculations while the
solid, dashed, and dotted curves show results obtained using the approximate design equations.

The absolute accuracy of the design equations (~10 nm) appears to be adequate for the design of

device structures. An important aspect of such application is that, for given values of f,, h, and
4 there is a maximum value of o for which there is a finite thickness of the interfacial MDFZ,

and this value is ~90 nm for the SG-SAL designs depicted in figure 4a. Larger values of o cause
the interfacial MDFZ to vanish and the presence of interfacial mismatch will cause misfit

dislocations to form right at the substrate interface.
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Figure 6.41. (a) Equilibrium surface strain for 500 nm thick S-graded ZnSySe1y / GaAs (001)
layers with ¢ = 250 nm and a maximum sulfur composition of 16%, 21%, and 26%. (b)

Equilibrium surface strain for S-graded ZnSySei1y/ GaAs (001) layers with 16% maximum
sulfur composition and thickness of 500 nm, 375 nm, and 250 nm. The mean parameter
was set to 250 nm, 187.5 nm, and 125 nm, respectively. The results shown with symbols were
found using detailed energy minimization calculations while the solid, dashed, and dotted
curves were obtained by the approximate design equation.

149



Figure 6.39a and b show similar results for S-graded ZnSySes.y / GaAs (001) layers with a
maximum sulfur composition equal to 16% but with different layer thicknesses (250 nm, 375 nm,
and 500 nm). The mean parameter £ was set to one-half the layer thickness in all three cases. The
symbols show results of the detailed energy minimization calculations while the solid, dashed, and
dotted curves show results obtained using the approximate design equations. The general
conclusions to be drawn are similar to those discussed above with respect to the previous two
figures. However, the results of Figure 6.39b demonstrate that the maximum allowable value of

Prex depends strongly on the mean parameter x (and therefore the available thickness for the

expansion of the dislocation region toward the substrate).

To find the peak misfit dislocation density p,., , We assume that in the dislocated region

bounded by z, and z, the misfit dislocation density is just sufficient to relax the lattice mismatch

introduced by the compositional grading. Then

Prax = b
i b'a\/27z.

This approximate design equation is in excellent agreement with the results of detailed minimum

(6.71)

energy calculations for SG-SALs with various sulfur compositions (Figure 6.40a) and various
layer thicknesses (Figure 6.40b). In Figure 6.40Db there is a single curve associated with the design
equation, which neglects the variation of the peak misfit dislocation density with the layer
thickness. This second-order effect is associated with the change in the average equilibrium strain
with total layer thickness but can be ignored in practical design calculations.

Based on the model described by Equation 6.69, the equilibrium surface strain in the SG-

SAL can be found as
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The simplified form of this equation results from the approximationserf [(h—,u)/(a\/z)]zl,

(6.72)

erf [(u—2,)(o~2)] =1 and erf [u/(c~/2)] =1, with which the surface strain &, can be considered

approximately independent of z, . The model Equation 6.75 predicts the surface strain with a useful

level of accuracy for SG-SALs with various maximum sulfur composition (Figure 6.41a) and layer
thickness (Figure 6.41b). The observed departures between the detailed energy minimization
calculations and values found by the design equation are rooted in the slight variation of the strain

in the dislocated region, neglected in Equation 6.69, and the small error in the estimation of z,

using the model equations 6.74 and 6.75. The largest differences are observed in the case of the
250 nm layer, which exhibits the most strain variation in the dislocated region, but the relative
accuracy of the design equation is still better than 10%.

Considering the results presented in this section, we propose the following general

approach for design of an S-graded strain accommodation layer. The composition and therefore
lattice mismatch f, at the surface of the SG-SAL is dictated by the need to match the average
lattice constant in the device structure which will be deposited on top, thereby avoiding the
introduction of misfit dislocations in the device. Once this choice has been made the standard
deviation parameter o may be chosen to achieve a desired peak misfit dislocation density by

rearrangement of Equation 6.76,
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The total thickness of the SG-SAL will include the thicknesses of the interfacial MDFZ,

(6.73)

the dislocated region, and the surface MDFZ:

h= hMDFZl + hD + hMDFZZ ) (6.74)

where hype =2, hy =2,—2,, and hy,pe,, =h—2z,. In choosing h,,,.,, it should be recognized
that the average equilibrium strain in the S-graded layer is approximately the same as in a uniform
composition layer having the same thickness, &, , as dictated by force balance on grown-in
dislocations. The strain in the surface MDFZ of the SG-SAL is therefore larger than &, by a
factor of approximately h/h,,,,,. Once desired widths of the MDFZs have been decided, the
required total thickness may be estimated with the assumption of hy =3 . Using the resulting
estimate for the total thickness, and assuming that the mean parameter is at the center of the
dislocated region, = hy, +30/2, the values of z, and z, can be found using the design
equations from the appendix. Once this preliminary calculation has been made, the final step in
SG-SAL design is to adjust h and o to obtain the desired thicknesses of the MDFZs. The resulting
surface strain for the structure may be found using (15). This design process can be readily applied
without the need for detailed minimum energy calculations, and because the design equations have
been given in terms of the material elastic properties there is no need to invoke ad hoc

approximations which apply to a single material system, such as those given in [35] for InxGa-

As/GaAs (001).
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It should be noted that the design approach described here is based on the equilibrium
(minimum energy) of the SG-SAL. The equilibrium configuration is the basis for analyzing the
strain and misfit dislocation density profiles in S-graded structures, but because Kinetic
considerations must be considered to understand the threading dislocation behavior it will be
necessary to conduct additional work involving kinetic modeling and experimentation.

We have presented a design methodology and the associated design equations for S-graded
strain accommodation layers (SG-SALs) for use in lattice mismatched semiconductor device
structures. These design equations are based on a new approximate model for the strain and misfit
dislocation density profiles in the SG-SAL, and provides guidance to the crystal grower in
choosing the thickness and compositional profile for the achievement of desired SG-SAL
properties (the maximum misfit dislocation density and thicknesses of the MDFZs). The design
equations developed here can be used without the need for detailed energy minimization
calculations and without invoking ad hoc approximations which apply to only a single material
system. This work, based entirely on the equilibrium (minimum energy) behavior of the SG-SAL,
provides guidance in terms of the misfit dislocation density and strain behavior, but further work
will be needed to understand how kinetic considerations impact the threading dislocation densities
in SG-SALs.

6.7. Semiconductor Heterostructures with a Logarithmically-Graded Lattice Mismatch

Equilibrium studies of metamorphic (partially relaxed) buffer layers are important in
understanding the strain and misfit dislocation density configurations. We present a theoretical
study of the equilibrium strain and misfit dislocation density profiles as well as appropriate design

equations for nonlinearly-graded (logarithmic) buffers for use in accommodating the lattice
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mismatch of heteroepitaxial InxGaixAs/GaAs (001) semiconductor devices. Minimum energy
calculations show that the nonlinearly-graded profile may be beneficial for the control of defect
densities in lattice-mismatched devices because they have several characteristics which enhance
the mobility and glide velocities of dislocations, thereby promoting longer misfit segments with
relatively few threading arms. This study suggest that the use of nonlinear metamorphic buffer
layers are beneficial because they contain (1) a misfit dislocation free zone (MDFZ) adjacent to
the interface which avoids dislocation pinning defects associated with substrate defects, (2) a misfit
dislocation free zone near the surface, which reduces pinning interactions near the device layer
which will be grown on top and (3) a large built-in strain in the top MDFZ which enhances the
glide of dislocations to sweep out threading arms. In addition, we show that the use of non-linear
compositionally grading may be superior to linearly graded layers depending on the specific
application of the heterostructure. Moreover, the use of a nonlinearity coefficient (deviation of the
average lattice mismatch) enables comparison of nonlinearly-graded metamorphic buffer layers to
traditionally grown linearly-graded heterostructures. We also present approximate design
equations for the widths of the misfit dislocation free zones, the built-in strain, and peak misfit
dislocation density for the general logarithmically-graded semiconductor with diamond or zinc
blende crystal structure and (001) orientation, and show that these design equations are in fair
agreement with detailed numerical energy minimization calculations.
6.7.1. Design of Nonlinear Metamorphic Buffer Layers for Lattice-Mismatched

InGaAs/GaAs (001) Semiconductor Devices

The realization of semiconductor heterostructures on lattice-mismatched substrates such as

light-emitting diodes, high electron mobility transistors (HEMTS), and photo-diodes often requires
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the use of metamorphic (partly relaxed) buffer layers. Growth of metamorphic structures on lattice-
mismatched substrates requires control of defect densities and strain through device design to
improve the performance of electronic and optical devices. A traditional approach to this problem
involves a linearly-graded buffer layer [44, 72, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150,
151, 92, 152] to accommodate the mismatch, while recent work suggests that nonlinear grading
[153,154] provides additional control of the dislocations and residual strain in devices. In this
work, we present equilibrium studies and design equations for nonlinearly-graded metamorphic
buffer layers (NLG-MBL) with logarithmic compositional profiles. The use of metamorphic buffer
layers can reduce the density of threading defects by enhancing the mobility and glide velocities
of dislocations, resulting in the longest possible misfit dislocations parallel to the interface and
therefore the least number of threading segments emanating from misfit dislocation ends. This is
a consequence of the fact that high-quality substrates do not contain enough grown-in dislocations
for the relaxation of the mismatch strain [75155], so new dislocations must be introduced as half
loops which glide from the surface. Each half loop has a misfit segment parallel to the interface
bounded by two threading segments which lie on a glide plane and intersect the surface. Preferred
device designs are those which favor small number of long misfit dislocations. The insertion of a
compositionally-graded metamorphic buffer layer can reduce the threading dislocation density
compared to the case of abrupt growth on a mismatched substrate by allowing a wider distribution
of the misfit dislocations rather than concentrating them at the mismatched interface where
substrate defects and tangling can pin dislocations or otherwise reduce their mobility. In addition,
the MBL exhibits a misfit dislocation free zone at its surface, which limits dislocation interactions

and the surface MDFZ contains a relatively large built-in strain which enhances the sweep rate of
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threading dislocations. In contrast to linearly-graded metamorphic buffer layers, nonlinear grading
profiles such as exponential [156], S [157.158] and logarithmic may provide three additional
benefits. First, there are MDFZs at the bottom of the nonlinearly-graded layer (adjacent to the
substrate interface) and the top of the layer (adjacent to the free surface). The interfacial MDFZ
can reduce dislocation pinning or mobility reduction due to defects or chemical contamination at
the starting substrate surface. Second, the dislocated region can contain a tapered rather than
constant misfit dislocation density. Third, there is a larger built-in strain in the top MDFZ which
aids in sweeping threading arms and therefore significantly reducing dislocation defects reaching
the surface of the buffer layer. Metamorphic devices [159,160,161,162,163,164,165,166,167] such
as high electron mobility transistors, heterojunction bipolar transistors, photodiodes, light emitting
diodes, laser diodes and solar cells have been fabricated on lattice-mismatched substrates (GaAs,
InP, GaSb) by utilizing binary/ternary/quaternary combinations of the AllnGaAsSbh material
system. Most experimental work has focused on linearly-graded or step-graded buffer layers but
none have reported the use of unconventional grading profiles such as described in [156,157,158].

In this work, we used detailed energy minimization calculations [43] for InxGai-xAs/GaAs
(001) heterostructures to show that logarithmically-graded metamorphic buffer layer exhibits the
desired advantages. Although numerical energy minimization calculations are generally applicable
to any graded structure which can be approximated by a series of laminae, their use is not well
suited to design because of the indirect nature of the approach. The ad-hoc energy minimization
model used in this work, involves brute force calculations which very time intensive. Furthermore,
the model allows one to study the MBL characteristics based on the choice of the thickness and

compositional profile. While the brute force energy model allows one to study any general
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heterostructure, it is not as straight forward to provide design criteria and/or allow for the tapering
of the misfit dislocation profiles, MDFZ and the in-plane strain. Therefore, we present approximate
design equations for NLG-MBLs which are relatively simpler to use and allow the crystal grower
more flexibility in the choice of thickness and compositional profile. Moreover, we also
demonstrate fair agreement between these design relationships and detailed energy minimization
calculations for InxGaixAs/GaAs (001) heterostructures. These phenomenological models were
developed for InxGaixAs logarithmically-graded buffer layers by fitting the numerical energy
minimization results and in the general case, exact equations of the edges of the MDFZs should be

derived by minimization of energy, for applicability to other material systems.
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Figure 6.42. Lattice mismatch profiles for 250 nm thick nonlinearly-graded InxGai-xAs/
GaAs (001) layers with f, =0.0046, and power grading coefficient m=1, 2 and 3. The

indium composition in the logarithmically-graded layer is varied from lattice matched to
GaAs at the interface to 16% at the surface.
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6.7.1.1. Equilibrium Strain and Dislocation Density Profiles in the NLG-MBL
The lattice mismatch profile in the logarithmically-graded metamorphic buffer layer is

given by

f(z)="f,+(f, — fo){ln (1+%j—ln( 2)} : (6.75)
where f, is the lattice mismatch at the substrate-NLG-MBL interface, f, is the value of lattice

mismatch at the top of the NLG-MBL with thickness h, z is the distance from the interface and

m is the power grading coefficient. The parameters f,, f,, h and m can be chosen by the crystal

grower to obtain the desired buffer layer characteristics. In this study, we present a theoretical
study of the equilibrium strain and misfit dislocation density profiles for nonlinear logarithmic-
graded metamorphic buffer layers of InxGai.xAs on GaAs (001) substrates. Equilibrium modeling
serves as the starting point for kinetic calculations, which enable the analysis of non-equilibrium

defects such as threading dislocations. Figure 6.42 illustrates the lattice mismatch profile for 250

nm thick InGai-«As layer on GaAs (001) substrate with f, =0, f, =0.0064,and m=1, 2 and 3.

The results of Figure 6.42 show that for power grading coefficientm =1, the NLG-MBL has a
convex-up compositional grading profile (sublinear) while for heterostructures with m>2the
concavity of the compositional profile changes sign to concave-down (superlinear). Structures
with convex-up compositional grading profile exhibit a small sublinearity coefficient whereby the

average lattice mismatch of the structure is approximately equal to that of a linearly-graded buffer
layer. The nonlinearity coefficient is defined as C = X, / X, where X,,. and x,. are the average

compositions of the nonlinearly- and linearly- graded MBL respectively. The nonlinearity
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coefficients (average indium compositions) for the structures of Figure 6.42 are 1.12 (5.03 %),
0.79 (3.55 %), and 0.61 (2.75 %) for m=1, 2 and 3 respectively. Whereas linear grading is
associated with a constant grading coefficient, the sublinear buffer (with a small nonlinearity
coefficient Cs) exhibits a decreasing grading rate with distance from the interface and the
superlinear buffer (with a larger nonlinearity coefficient Cs) has an increasing grading rate with
distance from the interface.

Figure 6.43a-c (dashed curves) illustrate the equilibrium misfit dislocation density profiles

for 250 nm thick logarithmically-graded InyGaixAs / GaAs (001) layers with f,=0 and m=1

(Figure 6.43 a), 2 (Figure 6.43b) and 3 (Figure 6.43c) for various ending indium composition Xp .
The assumed material parameters for GaAs are a = 0.56534 nm, C11 = 118.4 GPa and Cy2 = 53.7
GPa. The corresponding values for InxGaixAs were assumed to be linear functions of the indium
composition: a = (0.56534-0.405x) nm, C11 = (118.4 - 35.1x) GPa and C1» = (53.7 - 8.4x) GPa.
There are two key features in the dislocation density profile for the nonlinear log-graded
metamorphic buffer layer. First, there are two misfit dislocation free zones (MDFZ): one adjacent
to the substrate interface where the in-plane strain is approximately equal to the lattice mismatch
and the other is adjacent to the surface. We have defined the edges of these MDFZs as z, and z, .
Second, there is a tapered dislocated region containing misfit dislocations between the two MDFZs
(z, <z <1z,) which contains approximately constant strain and logarithmic-based dislocation
profile. The interfacial MDFZ thickness is not as pronounced in sublinear structures where the high
grading rate near the interface requires the immediate introduction of misfit dislocations to relax

the excess misfit strain. For sublinearly-graded MBL with m=1, the interfacial MDFZ thickness
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is 15 nm, 6 nm, and 4 nm for x, =2, 6, and 9 %, respectively. It can be seen that higher mismatch

leads to a reduction of the interfacial MDFZ. The existence of this MDFZ is expected on the basis
of energy minimization because there is zero lattice mismatch at z=0 and the introduction of
misfit dislocations would increase both the strain energy and dislocation line energy. There is a
finite distance from the interface where the line energy cost of misfit dislocations is balanced by
the strain energy they release in the growing film, and this dictates the extent of the misfit
dislocation free material near the interface. The thickness of the surface MDFZ is defined as the

distance from the edge of the dislocated region (z,) to the surface of the epilayer (h); in other
words the surface MDFZ is defined as h—z, . For heterostructures with a sublinear grading profile
the thickness of the surface MDFZ is 230 nm, 139 nm, and 115 nm for X, =2, 6, and 9 %,

respectively. The surface MDFZ exists in materials with significant lattice mismatch because much
of the strain is relaxed by defects in the underlying dislocated region. Due to this, and the proximity
to the surface, it is energetically unfavorable to introduce misfit dislocations near the surface of
the material. Consequently, line energies of misfit dislocations near the surface are not reduced
significantly because of the weak logarithmic dependence of the line energy on the distance from
the interface. In contrast, heterostructures with convex-down grading profile (superlinear) where
m> 2, the edge of the MDFZ adjacent to the substrate is located further away from the substrate

interface and results in thicker interfacial MDFZ. The interfacial MDFZ thickness for layers with

m=2 is 47 nm, 32 nm, and 26 nm for X, =3, 6, and 9 %, respectively. Furthermore, the effect is

more pronounced in heterostructures with m=3 whereby the interfacial MDFZ zone

approximately doubles to 75 nm, 63 nm, and 54 nm for X, =4, 7, and 10 %, respectively.
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Structures with a higher power grading coefficient have a relatively low lattice mismatch near the
substrate interface and therefore it is energetically unfavorable for the introduction of misfit
dislocations earlier in the relaxation process. The drawback of heterostructures with m =2 isin

the reduction of the surface MDFZ. In heterostructures with m=2, the thickness of the surface

MDFZ is 181 nm, 114 nm, and 90 nm for X, =3, 6, and 9 %, respectively. Similarly, for m=3,
the surface MDFZ thickness is 143 nm, 103 nm, and 78 nm for X, =4, 6, and 9 %, respectively.

The reduction of the surface MDFZ becomes apparent in these structures because the grading
coefficient in these structures creates a higher lattice mismatch near the surface which cannot be
accommodated by the strain energy alone.

The misfit dislocation density profile between the two MDFZs has approximately the shape

of a tapered log-based function. This is expected if the density of misfit dislocations is just
sufficient to relax the strain introduced by the compositional grading, ,0:|df /dy|/b’, where b’
is the projection of the misfit-relieving component of the Burgers vector in the interface. The peak
misfit dislocation density increases for higher power grading composition if the average
composition is maintained constant. With an average composition of X,, =2.75 %, the peak
misfit dislocation density is 11.4 x 10° cm, 12.5 x 10° cm, and 18.9 x 10° cm™ for m=1, 2, and
3, respectively.

Figure 6.44a-c shows the equilibrium in-plane strain profiles (dashed curves) for 250 nm
thick NLG-MBL InxGaixAs / GaAs (001) layers with X, =3, 6, and 9 % for m=1, 2 and x, =4

, 7,and 10 % for m=3. There are three main characteristics in the strain profile of a NLG-MBL.

First, in the interfacial MDFZ, the in-plane strain is equal to the lattice mismatch. Second, in the
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dislocated region, the strain is approximately constant with increasing distance from the interface.
Third, in the surface MDFZ, the strain profile is proportional to the lattice mismatch. Although it
was assumed that in the dislocated region the dislocation energy is sufficient in relaxing the strain
associated with compositional grading, equilibrium modeling shows a small variation of the strain
in the dislocated region. In the surface MDFZ, the rate of change of the in-plane strain is higher
for increasing power grading coefficient. In addition, the built-in strains in these structures are
considerably greater than the equilibrium in-plane strain for a uniform layer of InyGai.xAs on GaAs
(001) having the same thickness and average composition. Therefore, dislocation glide velocities
can be several times larger in the surface MDFZ of the NLG-MBL compared to a uniform buffer
layer. Furthermore, depending on the device application, the use of nonlinear grading may provide
additional benefits in comparison to linearly-graded heterostructures. Although, Dunstan and
Bushby [*] showed that interfacial and surface MDFZ are inherent of all compositionally-graded
layers, their size depends on the choice of the compositional profile and the thickness of the
epilayer. As an example, equilibrium calculations of a 250 nm thick linearly-graded InxGai-xAs /

GaAs (001) layer that is lattice matched at the substrate interface and contains an ending mismatch

of X, =06, yielded an interfacial and surface MDFZ of 7.9 nm and 130 nm respectively. The

sublinear grading structure with exact parameters contains a slightly smaller interfacial MDFZ but
a larger surface MDFZ. Moreover, the effect is reversed when comparing linear- to super-linear-
grading. To illustrate the effect of the MDFZ, Saha et al. [1°°] experimentally compared the cases
of linearly-step-graded and sublinearly-logarithmically-graded InGaAsP-based heterostructures
and showed that the use of a sublinear profile results in the improvement of the metamorphic buffer

layer quality; in other words, heterostructures with a sublinear compositional profile exhibited less
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mosaicity which indicates superior crystal quality. In comparison to linearly-graded MBL, the use
of a high grading rate at the initial stages of growth and a low grading rate during the later stages
which are characteristics pertinent to sublinearly graded layers produces larger areas free of misfit
dislocation (in other words thicker MDFZ) and lower threading dislocation densities. The main
role of the MDFZ is to reduce pinning interactions with substrate associated defects (interfacial
MDFZ) and enable smooth integration with the device layer (surface MDFZ). Although, the
thickness of MDFZ in the structures studied by Saha et al. deviated by less than <20 nm, the
resulting full-width-at-half-maximum (FWHM) varied by about ~15% (~150 arcseconds).
Therefore, it can be seen that even a slightly thicker surface MDFZ produces a reduction in the
threading dislocation density. Furthermore, the low grading rate at the surface of sublinearly
graded layers results in regions that exhibit preservation of high built-in strain which is essential
to sweeping out threading dislocations. Threading dislocation are detrimental to device
performance of many electronic and optical devices and therefore their reduction is essential to the

optimization of functionality. Equilibrium studies of structures which contained a nonlinearity

coefficient much greater than one, Cg >>1 resulted in the excellent preservation of the surface

strain in the top 50 nm; in other words, the in-plane strain in the top 50 nm of the epilayer varied
by less than 5%, whereas the strain in linearly graded layers with exact parameters scales
proportionally to the lattice mismatch profile and varies greatly in this region. As an example, for

a 250 nm thick linearly-graded InxGai-xAs / GaAs (001) layer that is lattice matched at the substrate

interface and contains an ending mismatch of x, =6, the in-plane strain varies by ~30% in the top

50nm. While the sublinear grading profile is superior to linear grading, the superlinear grading
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scheme falls short in containing a thicker MDFZ. However, certain applications require highly
strained metamorphic buffer layers and the high grading rate at the surface of the epilayer in
superlinearly compositionally graded layers may serve as the better alternative. Although, non-
linear grading profiles may be beneficial to taper the dislocation distribution and residual strain, it
should also be mentioned that the use of these compositional profiles may provide desired spectral
modification of the electrical characteristics as in the case of AlGaAs-based photodetectors [17].
Although the detailed behavior of NLG-MBL is rather complex, it is possible to develop
approximate models for the strain and dislocation density which may be used to guide the design
of logarithmically-graded device structures to take advantage of their desirable properties. In the
following two sections, we present an approximate equilibrium model for the NLG-MBL which

can aid the crystal grower during the fabrication of these device heterostructures.

6.7.1.2. Model for the Dislocation Density and Strain Profiles in Logarithmically-Graded
Metamorphic Buffer Layers

The equilibrium model used in this work uses a two-step look ahead approach to study the
evolution of the equilibrium profile. This model is very calculation intensive and although it can
be applied to any heterostructure with arbitrary thickness and compositional profile it is not as
straight forward to obtain desired misfit dislocation and in-plane strain distribution profiles.
However, the equilibrium minimizer can be used to develop analytical equations that model the
misfit dislocations and in-plane strain profiles for any heterostructure with arbitrary thickness and

compositional which are much easier to use.
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If the edges of the interfacial and surface MDFZs are located at distances of z, and z,
from the substrate interface, respectively, and if the misfit dislocation density in the middle region

(z, £z<1z,) isjust sufficient to relax the strain associated with the compositional grading, then in

this region

1 |df
===, 6.76
P=vle (6.76)

where b’ is the misfit-relieving component of the Burgers vector in the plane of the interface.

Therefore, the misfit dislocation density profile is

0, 2<2;

m(f, - f,) ml( Zj m .
={—N" I " N1+=|-In™(2)|, z <z<z:and 6.77
PV p(h+2) h @ ; ©77)

0, z>1,,

With the approximate misfit dislocation density given in Equation 6.80 we can find the in-
plane strain distribution. The interfacial MDFZ ( z < z,) is coherently strained so the in-plane strain

is equal to the lattice mismatch:

g = fo+(f,— fo){ln m(u%)-lnm(z)}; 1<, (6.78)
and at the edge of the interfacial MDFZ

g = fo+(f,— fo)[ln m(1+%j— In m(2)}; 1=1 (6.79)

For z, <z<z, (the dislocated layer) the in-plane strain is approximately constant at this value,

assuming the misfit dislocation density is just enough to relax the strain associated with the
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grading. For z >z, there are no misfit dislocations so de, /dz =df /dz . The equilibrium in-plane

strain profile in the partially-relaxed nonlinearly-graded layer is therefore

Inm(1+:]j
f0+(fh—fo)w, 1<1;
Inm[l-ki]lj
g = fo+(f, - fo)w, 2,<2<1,; and, (6.80)
Inm(1+z) Inm(1+zhlj Inm(1+zth
fo+(f,—f,) n"2) + n"2) - "2 | z>1,.

The equilibrium misfit dislocation density (Equation 6.80) and in-plane strain (Equation 6.83) are
shown in Figure 6.43a-c and Figure 6.44a-c respectively (solid curves). The model is in good
agreement with ad-hoc energy minimizer calculations. The slight variations of the in-plane strain
between the energy minimizer (dashed lines) and approximate model (solid lines) could be
explained by the fact that the model does not account for strain variations in the dislocated region;
In the dislocated region, Equation 6.83 assumes a constant in-plane strain value whereas minimum
energy calculations show a gradual decrease of the in-plane strain with increasing distance from
the interface. Based on this model we have developed general design equations for an NLG-MBL.
6.7.1.3. Design Equations for Logarithmically-Graded Metamorphic Buffer Layers

In the design of an NLG-MBL, the most important characteristics to consider are the widths
of the MDFZs, the misfit dislocation density, and the built-in strain in the surface MDFZ. In this
section, we develop design equations for these characteristics based on energy minimization and
the model described above. While, the ad-hoc energy model allows for the development and the
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confirmation of the analytical model, the design equations are beneficial to the crystal grower
because they alloy flexibility in the choice of the thickness and compositional profile to obtain the
desired buffer layer characteristics such as the ones described above.

First, we consider the widths of the MDFZs, with edges located at distances of z, and z,
from the interface. The thickness of the interfacial MDFZ is z, and the thickness of the surface
MDFZ is h—z,, where h is the total thickness of the metamorphic buffer layer. Therefore, the
problem reduces to one of finding equilibrium values of z, and z, - those which minimize the

sum of the strain and dislocation line energy per unit area. The dislocation line energy per unit area

is
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Figure 6.43 Equilibrium misfit dislocation density profiles for 250 nm thick logarithmically-
graded InxGaixAs/ GaAs (001) layers for various ending compositions and power grading
coefficient. (a) Structures with a sublinear-grading profilem=1 and an ending indium

composition at the surface x, =3%, 6% and 10%. (b) Structures with a superlinear-grading
profile m=2 and an ending indium composition at the surface x, =3%, 6% and 10%. (c)

Structures with a superlinear-grading profile m=3 and an ending indium composition at
the surface X, =4%, 7% and 10%.
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Figure 6.44. Equilibrium in-plane strain for 250 nm thick logarithmically-graded InxGau-
xAs/ GaAs (001) layers for various ending compositions and power grading coefficient. (a)
Structures with a sublinear-grading profile m=1 and an ending indium composition at

the surface X, =3%), 6% and 10%. (b) Structures with a superlinear-grading profile m=2
and an ending indium composition at the surface X, =3%, 6% and 10%. (c) Structures
with a superlinear-grading profile m=3 and an ending indium composition at the surface
X, =4%, 7% and 10%.
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and the strain energy per unit area is
h
E, =Y & (2)dz
I (1+hj In (1+hj
=Y [P+ (F, = f)———L ldz+Y [ 7] £, +(f, - f,)———2 |dz. 6.82
b o+ =ty J. | for(h=f)— 5 (6.82)
i Inm(1+:]j Inm(1+zhlj In'“(1+ZhZJ
Y| | f,+(f,—f - dz
Y[ o=t n"@ ") n"(2)
The equilibrium values of z, and z, may be found by solving
OB +E)_ ¢ (6.83)
0z,
and
OB +E) _4 (6.84)
oz,

As shown in the appendix, for a given power grading coefficient, the equilibrium values of z, and

z, satisfy the simultaneous equations
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Figure 6.45.(a) Thickness of the interfacial MDFZ, z,, for 250 nm thick logarithmically-
graded InxGaixAs/ GaAs (001) layers with f, =0 for various ending compositions and power
grading coefficient. (b) Distance of the edge of the surface MDFZ from the interface, z,, for
250 nm thick nonlinearly-graded InxGaixAs/ GaAs (001) layers with f, =0 for various

ending compositions and power grading coefficient. The results shown with symbols were
found using detailed energy minimization calculations while dashed curves were obtained by
the approximate design equations.

For a particular material system, these two equations may be solved to obtain z, and z,
without the need for complex SH-GEM calculations or ad hoc approximations which are specific
to a single material system. The approach based on Equations 6.84 and 6.85, though far simpler to
apply than numerical energy minimization calculations, yields reasonable accuracy for NLG-MBL
design. Figure 6.45a-b show the values of z, and z, respectively for 250 nm thick nonlinear log-

graded InxGai-xAs / GaAs (001) layers with lattice matched condition at the substrate interface and
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power grading coefficient m=1, 2 and 3. The symbols show results of the detailed energy
minimization calculations while the dashed curves show results obtained using the approximate
design equations. The approximations inherent in Equations 6.84 and 6.85 have little effect on the
calculation of z, because there is a relatively high misfit dislocation density adjacent to the surface
MDFZ (see Figure 6.43). Therefore, the dislocation line energy per unit area is sensitive to small
variations in z,. The determination of z, is more affected by the same approximations because
there is a lower misfit dislocation density near the edge of the interfacial MDFZ, reducing the
sensitivity of the dislocation energy to the value of z, . The effect is more pronounced in structures
with m=1 due to the fact that misfit dislocations are introduced closer to the substrate interface.
Nonetheless, the absolute accuracy of the design equations (~10 nm) is adequate for the design of

device structures. To find the peak misfit dislocation density p,., , we assume that in the dislocated

region bounded by z, and z, the misfit dislocation density is just sufficient to relax the lattice

mismatch introduced by the compositional grading. However, from the results of Figure 6.43a-c,

structures with m=1 will contain the maximum misfit dislocation density at z =z while

structures with m=2 at z=z,. Then

ot g ang
b'(h+2,)In(2)
Prex = m1 sz , (6.87)
In"™" 1+—=
m( fh — fo) h . m> 2
b(h+z) In"(2)

This approximate design equation is in good agreement with the results of detailed minimum

energy calculations for NLG-MBLs with various ending indium compositions and various grading
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coefficient m=1 (Figure 6.46a), 2 (Figure 6.46b) and 3 (Figure 6.46c). The results of Figure
6.46a-c indicate a monotonic increase in the peak misfit dislocation density as a function of the
ending indium composition x» and demonstrate a strong linear dependence of the peak misfit
dislocation density to the surface lattice mismatch. The slight variations arise due to the minor

differences in the value of z and z, which is a direct result of the approximation that in the

dislocated region the introduction of misfit dislocation is sufficient to relax the excess strain. The
symbols show results of the detailed energy minimization calculations while the dashed curves
show results obtained using the approximate design equations.

Based on the model described by Equation 6.83, the equilibrium surface strain in the NLG-

MBL can be found as

Inm(1+;1j In”‘(1+zhz)
g”(h)=f0+(fh—fo) 1+ ") — "2 | (6.88)

The model Equation 6.91 predicts the surface strain with a useful level of accuracy for
logarithmically-graded metamorphic buffer layer with various maximum indium composition as
previously indicated in Figure 6.44a-c. The observed departures between the detailed energy
minimization calculations and values found by the design equation are rooted in the slight variation
of the strain in the dislocated region, neglected in equation 6.83, and the small error in the

estimation of z, and z, using the model equations 6.88 and 6.89.

The largest differences are observed in the case of the structures with m=2 and 3 which exhibit
the most strain variation in the dislocated region, but the relative accuracy of the design equation

is still better than 20%. It should be noted that the design approach described here is based on
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the equilibrium (minimum energy) of the NLG-MBL. The equilibrium configuration is the basis
for analyzing the strain and misfit dislocation density profiles in nonlinearly-graded structures,
but because Kkinetic considerations must be considered to understand the non-equilibrium
threading dislocation behavior it will be necessary to conduct additional work involving Kinetic
modeling and experimentation. This design process can be readily applied without the need for
detailed minimum energy calculations. The design equations given here are applicable to any
cubic semiconductor material system. The use of these analytical models enables the crystal

grower to taper that misfit dislocation profile, the surface strain and the widths of the MDFZ by
appropriately choosing the compositional profile and the parameters f,, f,, h and m. While,

we have showed that the ad-hoc energy minimizer enables the development and confirmation
of these analytical models, their use is relatively much simpler and can be used to study a whole
range of heterostructures in a shorter time span.

We have presented equilibrium calculation and design equations for nonlinearly
(logarithmic)-graded metamorphic buffer layers for use in lattice mismatched semiconductor
device structures. These design equations are based on an approximate model for the strain and
misfit dislocation density profiles in the NLG-MBL and are in excellent agreement with
minimum energy calculations. The design equations developed here can be used without the
need for detailed energy minimization calculations and without invoking ad hoc approximations
which apply to only a single material system. This work, based entirely on the equilibrium
(minimum energy) behavior of the NLG-MBL, provides guidance in terms of the misfit

dislocation density and strain behavior, but further work will be needed to understand how

174



kinetic considerations impact the threading dislocation densities in nonlinearly-graded

metamorphic buffer layer.
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Figure 6.46. Peak misfit dislocation density for 250 nm thick logarthimically-graded
InxGaixAs/ GaAs (001) layers with f, =0 for various ending compositions and power
grading coefficient. The results shown with symbols were found using detailed energy
minimization calculations while dashed curves were obtained by the approximate design
equations. (a) Structures with a sublinear-grading profile m=1. (b) Structures with a
superlinear-grading profile m=2. (c) Structures with a superlinear-grading profile m=3

175



6.7.2. Comparison Lattice Relaxation and Misfit Dislocations in Nonlinearly Graded

InxGa1-xAs/GaAs (001) and GaAsiyPy/GaAs (001) Metamorphic Buffer Layers

Recent results have shown that nonlinearly-graded buffer layers may be beneficial for the
reduction of threading dislocation densities in metamorphic semiconductor devices. In this work,
we have studied the equilibrium strain relaxation and misfit dislocation densities in nonlinearly
graded (NLG) heterostructures with logarithmic grading, and compare the cases of InxGas-
xAs/GaAs and GaAs:yPy/GaAs buffer layers. We show that differences in the elastic stiffness
constants give rise to significantly different behavior in these two commonly-used buffer layer
systems. Moreover, the width of the dislocated region, the average misfit dislocation density and

surface in-plane strain may be related to the nonlinearity coefficient of the grading profile.

In this work, we present modeling results for nonlinearly-graded (logarithmic) InxGaixAs
and GaAs1.yPy metamorphic buffer layers grown on GaAs (001) substrates. For each structure, we
studied the evolution of the equilibrium lattice relaxation by observing the misfit dislocation and
in-plane strain profiles along with the widths of the MDFZ. In addition, to better understand the
relaxation process we studied the role of the elastic stiffness coefficients in order to optimize the
heterostructures by the inclusion of high surface strain and lower dislocation densities.

In this study, we consider nonlinearly-graded (NLG) buffers with logarithmic-graded
composition having the zinc blende structure and grown on a GaAs substrate with (001) crystal
orientation. In this study, we present a theoretical study of the equilibrium strain and misfit
dislocation density profiles for nonlinear logarithmic-graded metamorphic buffer layers of InxGas-

xAs or GaAsi.yPy on GaAs (001) substrates. Equilibrium modeling serves as the starting point for
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kinetic calculations, which will enable the determination of non-equilibrium defects such as

threading dislocations. Figure 6.47 illustrates the lattice mismatch profile for 250 nm thick InxGaz.-

xAs and GaAsa.,Py layers on GaAs (001) with f, =0, f, =0.0064, and m=1, and 2. The results

of Figure 6.47 show that for power grading coefficient m=1, the NLG-MBL has a convex-up
compositional grading (sublinear) profile while for heterostructures with m=2 the concavity of
the compositional profile changes sign to convex-down (superlinear). Whereas linear grading is
associated with a constant grading coefficient, the sublinear buffer (with a small nonlinearity
coefficient m) exhibit a decreasing grading coefficient with distance from the interface the
superlinear buffer (with a larger nonlinearity coefficient m) has an increasing grading coefficient

with distance from the interface.
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Figure 6.47. Lattice mismatch profiles for 250 nm thick InxGai-xAs or GaAsiyPy layer on
GaAs (001) substrate with f,=0, f, =0.0064, and m=1, and 2.
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In an arbitrary graded semiconductor layer, the equilibrium strain and misfit dislocation
density profiles can be found by minimizing the sum of the strain energy and the dislocation line
energy. Mathews [171] used the dislocation line and strain energies to derive the critical layer
thickness during the growth of uniformly-graded pseudomorphic structures. Tersoff extended this
work by applying it to linearly graded structures. Although the detailed behavior of NLG-MBL is
rather complex, it is possible to develop approximate models for the strain and dislocation density
which may be used to guide the design of nonlinear log-graded device structures to take advantage

of their desirable properties. The following has been described in more detail in the previous

section.
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Figure 6.48. Equilibrium misfit dislocation density as a function of the distance from the
interface for 250 nm thick nonlinear log-graded InxGaixAs / GaAs (001) layers with f, =0

and various ending indium composition X, . The results shown with dashed curves were

found using detailed energy minimization calculations while the solid curves were obtained
by the approximate design equations. (a) m=1. (b) m=2.

Figure 6.48a-b (dashed curves) illustrate the equilibrium misfit dislocation density profiles

for 250 nm thick nonlinear log-graded InxGai.xAs / GaAs (001) layers with f,=0 and m=1 (Fig
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2a) and m=2 (Fig. 2b) for various ending indium composition X, . Figure 6.49a-b show the
equilibrium in-plane strain profiles (dashed curves) for 250 nm thick NLG-MBL InxGai-xAs /

GaAs (001) layers with X, =3, 6, and 9 % for m=1, and 2. The nonlinear log-graded layers

exhibit a large built-in strain in the surface MDFZ which can aid in sweeping out threading
dislocations prior to the growth of the device structure on top. In the surface MDFZ, the rate of
change of the in-plane strain is higher for increasing power grading coefficient. The built-in strains
in these structures are considerably greater than the equilibrium in-plane strain for a uniform layer
of InxGaixAs on GaAs (001) having the same thickness and average composition. Therefore,
dislocation glide velocities can be several times larger in the surface MDFZ of the NLG-MBL
compared to a uniform buffer layer. In addition, a nonlinear (logarithmic) grading profile exhibits
the greatest in-plane strain is at the surface. The equilibrium misfit dislocation density and in-plane
strain are shown in Figure 6.48a-b and Figure 6.49a-b respectively (solid curves). The model is in
good agreement with ad-hoc energy minimizer calculations. The slight variations of the in-plane
strain between the energy minimizer (dashed lines) and approximate model (solid lines) could be
explained by the fact that the model assumes that in the dislocated regions the misfit dislocation
density is sufficient to completely relax the strain associated with compositional grading. In the
dislocated region, Equation 6.83 assumes a constant in-plane strain value whereas minimum
energy calculations show a sluggish decrease of the in-plane strain with increasing distance from

the interface.
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Figure 6.49. Equilibrium in-plane strain as a function of the distance from the interface for
250 nm thick nonlinear log-graded InxGai-xAs / GaAs (001) layers with f, =0 and various

ending indium composition X, . The results shown with dashed curves were found using

detailed energy minimization calculations while the solid curves were obtained by the
approximate design equations. (a) m=1. (b) m=2.

6.7.2.1. Residual Strain and Dislocation Characteristics in InGaAs and GaAsP on GaAs

In the design of an NLG-MBL, the most important characteristics to consider are the widths
of the MDFZs, the misfit dislocation density, and the built-in strain in the surface MDFZ.
Moreover, depending in the application of the device heterostructure the choice of the material
system may influence the dislocation dynamics of the device. Figure 6.50 illustrates the average
equilibrium misfit dislocation density for 250 nm thick nonlinear log-graded InxGai-xAs or GaAs:.

yPy / GaAs (001) layers as a function of the ending lattice mismatch f, for sub- and super-linear

grading compositional profiles. The results of Figure 6.50 indicate that there is an approximately
linear and monotonic increase in the average equilibrium misfit dislocation density as a function

of the ending mismatch. In addition, the results of Figure 6.50 show that (i) GaAs1yPy contains a
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higher misfit dislocation density than InxGaixAs and (ii) structures with super-linear grading
profiles contain lower misfit dislocation densities.
Figure 6.51 compares the surface in-plane strain for 250 nm thick nonlinear log-graded

InxGai-xAs or GaAsi.yPy / GaAs (001) layers as a function of the ending lattice mismatch f, for

sub- and super-linear grading compositional profiles. The surface in plane strain exhibits a
sublinear behavior with increasing overshoot. The results of Figure 6.51 demonstrate that (i)
structures with InxGaixAs as the epilayer and (ii) structures with a sub-linear grading profile
contain a higher surface in-plane strain. However, the curve separation between the two material
systems for both grading profiles becomes more prominent at higher mismatch. Differences in the
surface in-plane strain between InxGai-xAs and GaAs1.yPy are quite pronounced in structures with

a higher ending lattice mismatch.
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Figure 6.50. (Color Online) Average equilibrium misfit dislocation density for 250 nm thick
nonlinear log-graded InxGai-xAs or GaAsiyPy / GaAs (001) layers as a function of the ending

lattice mismatch f, for sub- and super-linear grading compositional profiles.

Figure 6.52a and b show the values of z, and z, for 250 nm thick nonlinear log-graded
InxGaixAs or GaAs1yPy / GaAs (001) layers as a function of the ending lattice mismatch f, for

sub- and super-linear grading compositional profiles. The interfacial MDFZ (Figure 6.52a)
decreases monotonically for increasing lattice mismatch. The existence of this MDFZ is expected
on the basis that the introduction of misfit dislocations would increase both the strain energy and
dislocation line energy and therefore there is a finite distance from the interface where the line
energy cost of misfit dislocations is balanced by the strain energy they release in the growing film,
and this dictates the extent of the misfit dislocation free material near the interface. Structures with
a super-linear grading profile contain a greater interfacial misfit dislocation free zone. This can be
explained by the fact that super-linear grading profile exhibits as sluggish change in the grading
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profile near the interface and does not require the introduction of misfit dislocation. In comparison,
sub-linearly graded structures contain a sharp increase in the mismatch near the substrate interface
and therefore the introduction of misfit dislocations is required to balance the strain energy to the
dislocation energy. The results of Figure 6.52b show a sub-linear decrease in the surface MDFZ.
Surface MDFZ exists in material with significant lattice mismatch, due to the fact that much of the
strain is relaxed by defects in the underlying dislocated zone. Due to this, and the proximity to the
surface, relatively little strain energy can be released by the introduction of misfit dislocations in
this near-surface material. Line energies of misfit dislocations near the surface are not reduced
significantly because of the weak logarithmic dependence of the line energy on the distance from
the interface. Consequently, there is a finite thickness of material near the surface in which the
introduction of misfit segments is not energetically favored. Furthermore, the results of Figure
6.52 indicate that structures with InxGai-xAs as the epilayer have a greater interfacial and surface

MDFZ.
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Figure 6.51. (Color Online) Surface in-plane strain for 250 nm thick nonlinear log-graded
InxGai1-xAs or GaAsiyPy / GaAs (001) layers as a function of the ending lattice mismatch f,
for sub- and super-linear grading compositional profiles.

Table 6.3 shows that for the heterostructures studied in this work, the GaAsi.yPy / GaAs
(001) material system exhibits higher elastic stiffness coefficients. From an equilibrium point of
view, structures with larger elastic constants exhibit higher relaxation rates. In addition, for a given
lattice mismatch, heterostructures with higher stiffness coefficients require a greater misfit
dislocation density in relaxing the excess strain. Therefore, it can be seen from the results of Figure
6.50 and Figure 6.51 that structures with GaAs1.yPy as the epilayer material have greater elastic
stiffness coefficients which is associated with higher average misfit dislocation densities and lower
surface in-plane strain. Moreover, GaAsiyPy/ GaAs (001) heterostructures contain a lower
interfacial MDFZ. In cases with a sublinear grading profile, the introduction of defects is

insensitive to the lattice mismatch and misfit dislocation are introduced closer to the interface. The
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discussion provided here serves as guidance to the crystal grower in choosing the material system
and compositional profile for the achievement of desired NLG-MBL properties (the maximum

misfit dislocation density and thicknesses of the MDFZs).
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Figure 6.52. (a) Thickness of the interfacial MDFZ, z,, for 250 nm thick nonlinear log-graded

InxGaixAs or GaAsiyPy / GaAs (001) layers as a function of the ending lattice mismatch f,

for sub- and super-linear grading compositional profiles.(b) Distance of the edge of the
surface MDFZ from the interface, z,, for 250 nm thick nonlinear log-graded InxGaixAs or

GaAsiyPy / GaAs (001) layers as a function of the ending lattice mismatch f, for sub- and
super-linear grading compositional profiles.

We have investigated equilibrium lattice relaxation in metamorphic in GaAs1yPy / GaAs
(001) and InxGaixAs / GaAs (001) heterostructures involving nonlinearly-logarithmic-graded
buffer layers. We have explored the equilibrium structure by studying the evolution of the surface
in-plane strain, average misfit dislocation density and the widths of the interfacial and surface
MDFZ. There are three main conclusions of this study. First, sublinearly-graded layers contain
lower average misfit dislocation density, higher surface in-plane strain, interfacial and surface
MDFZ. Second, equilibrium calculations predict that material systems with higher elastic stiffness
coefficients contain a greater average misfit dislocation density, lower surface in-plane strain,
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interfacial and surface MDFZ. Lastly, the use of nonlinearly-grade layers may be beneficial in the
device design of metamorphic layers because they provide additional benefits such as high surface
strain which may aid in sweeping threading arms and two MDFZ which reduce tangling and
pinning interactions.
6.8. Strain Compensation in a Semiconducting Device Structure using an Intentionally
Mismatched Uniform Buffer Layer

The extent of strain relaxation in semiconducting device heterostructures has important
implications in the design of high electron mobility transistors, light-emitting diodes, and laser
diodes, in which the residual strain affects the device characteristics. In this work, we develop the
theoretical framework for understanding strain compensation in a semiconductor device layer
using a uniform buffer layer which can be intentionally mismatched to the material above.
Specifically, we determined the critical condition for complete strain compensation in the device
layer by intentionally introducing a compositional mismatch at the device-buffer interface. We
present minimum energy calculations and show that for a given device layer with fixed mismatch
and layer thickness, the buffer layer may be designed with the appropriate combination of
thickness and mismatch such that the device layer will have zero residual strain in equilibrium.
Such a structure can be referred to as a completely strain-compensated design. In the more general
case, there may be partial strain compensation, and we give a simple physics-based Gaussian-type
function describing the residual strain in the device layer. We have applied this general framework
to InxGa1xAs/GaAs (001) heterostructures for the purpose of illustration, but the work is applicable

to any diamond or zinc blende (001) heteroepitaxial material system.
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6.8.1. Experimental use of Strain-Compensated Heterostructures

The incorporation of metamorphic buffer layers in semiconductor devices has gained great
interest because their use relaxes the compositional constraints of pseudomorphic growth, thereby
enabling the use of lattice-mismatched materials with a wide range of desirable properties. In
addition, the intentional design of metamorphic buffer layers in semiconductor devices provides
the flexibility in controlling the in-plane strain and threading dislocations, thereby allowing
improved device performance or reliability. In previous work, we have demonstrated the use of a
dislocation compensation mechanism in metamorphic structures [172, 66, 173, 174]; here our
focus is on strain compensation.

In certain applications such as the design and growth of quantum-dot (QD) based devices
including solar cells [175], lasers [176] or photodetectors [177], the use of multilayered
metamorphic buffer layers with intentionally mismatched interfaces are beneficial for the
enhancement of room temperature QD photoluminescence (PL) [178, 179, 180] and lasing
characteristics such as the threshold current density and the PL linewidth [181, 182]. Furthermore,
it has also been demonstrated that the use of intentionally mismatched layers results in the control
of the in-plane strain [183], improvement of the crystalline quality and/or a reduction of the defect
density [178]. More importantly, the incorporation of an intentionally mismatched layer in
guantum-dot devices provides improved stability of the QDs during annealing cycles [184].

Although the published experimental work described in References 175-11 and 184
demonstrated an improvement of their QD-based devices by the insertion of intentionally
mismatched layers, the focus of these works was on improving the device characteristics rather

than the investigation of the detailed underlying physics. Though the physical mechanisms
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involved for the stability and functionality of the QD regions are not as clear, the authors
demonstrated empirically that the insertion of these intentionally mismatched layers improved the
electrical characteristics and crystalline qualities of these devices. The insertion of a GaAsN [180]
capping layer above the quantum-dot region yielded device heterostructures with a lower threading
dislocation density whereas the insertion of a GaP [175, 184] layer below the quantum-dot region
provided a higher degree of symmetry in the self-alignment of QDs.

In recent experimental work, Gocalinska et al. [185] considered InGaAs/GaAs (001)
stacked heterostructures consisting of combinations of uniform and parabolically-graded layers.
The objective of their work was to understand strain relaxation by adjusting the nominal
compositional value and/or thickness of the buffer layer for the purpose of controlling the strain
and defect densities in the device layer. In some of the structures they studied, it was apparent that
the insertion of intentionally-mismatched buffer layer could control the strain in a top (device)
layer. In one such case, the epitaxial stack consisted of two parabolically-graded InxGai-xAs layers
with an intermediate uniform layer of 180 nm Ino1Gao.9As and a uniform capping layer of 125 nm
Ino.3Gao.7As. At both interfaces of the compositionally-graded layer the indium composition in the
adjacent uniform layer was intentionally designed with undershoot. In this stacked structure, the
top layer exhibited a tensile strain (opposite to the compressive lattice mismatch) with
approximately ~ 97% strain relaxation and a threading dislocation density less than < 5-10° cm™,
In another such case, Gocalinska et al. considered a uniform layer of 700 nm Ino.16Gao.ssAs
deposited on a parabolically-graded InxGai.xAs layer with a final indium composition of 33%. The
device layer here exhibited tensile strain but there was a lower strain relaxation percentage. In

addition, x-ray diffraction rocking curves indicated that although the device layer was grown well
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beyond the critical layer thickness, there was no significant formation of a dislocation network (<

5-10° cm?) at the buffer/device interface.
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Figure 6.53. Schematic of the InxGai-xAs/GaAs (001) heterostructures considered in this
work.

Though the experimental studies described above are of practical interest, the underlying
physical mechanisms are not well understood. We propose that strain compensation — the
modification of the strain in a device layer by varying the design of one or more underlying buffer
layers — could be the active mechanism. The term “strain-compensation” has been used with
various meanings in published literature and specially in reference to the growth of strain-layer-
super-lattices where the heteroepitaxy of these structures involves the growth of pseudomorphic
and alternating compressive/tensile layers to relatively thick layers such that the final net strain of
the structure is fully relaxed. Here however, strain compensation refers to the tailoring of the strain
in a device layer by the design of the underlying buffer layer. In this work, the buffer layer has
uniform composition, so design of the buffer involves just the thickness and composition.
Furthermore, a key requirement for strain compensation involves a compositional mismatch at the

buffer/device interface. There is therefore a great need for fundamental studies of strain
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compensation in semiconductor device structures, to enable strain-compensated design and
improved device characteristics.

In this work, we present a fundamental study of the strain compensation in a uniform device
layer grown on a mismatched substrate with an intermediate uniform-composition buffer, and for
the purpose of illustration we apply this theoretical framework to InxGaixAs / GaAs (001). Our
objective was to determine the conditions on the design of the buffer layer such that complete
strain compensation could be achieved in a device layer with given composition and thickness. In
this work, the device layer was assumed to have uniform composition, but the results are applicable
to a device multilayer having the same average composition, if average strain is considered. We
present equilibrium (minimum energy) calculations in this work. These are important in their own
right, for the determination of stability criteria and the limiting state for annealed devices, but they
also serve as the starting point for understanding kinetically-limited strain relaxation, which is
driven by the difference between the actual and equilibrium strain. In our work, the fundamental
equations for the strain energy and dislocation line energy are essentially the same as those used
by Matthews [186], and later by Tersoff [44,187]. However, our work differs significantly from
those prior works because Matthews considered a single uniform layer, Tersoff considered a single
linearly-graded layer, and our work addresses the case of a uniform device layer deposited on a
uniform buffer layer. It should be mentioned that Tersoff provided an analytical expression for the
criterion of growing a dislocation-free device layer on top of linearly-graded buffer, however in
that work it was assumed that material can relax completely in the presence of misfit dislocations.
More importantly, Tersoff’s work did not consider the variation of the dislocation line energy with

distance from the interface. These are simplifying assumptions which do not hold strictly in either
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equilibrium or kinetically-limited relaxation [188] and we have not made this assumption.
Kinetically-limited relaxation refers to non-equilibrium strain relaxation where the dislocation
generation and glide occur at finite rates depending on growth temperature and conditions.
Furthermore, different aspects of strain relaxation in semiconductor heterostructures has been
considered in great lengths, whereas the present work is the first of its kind which develops the
relationships for partial and/or complete strain-compensation in a device/buffer/substrate
heterostructure with compositionally-uniform layers.

In this work, we considered structures comprising a uniform InxGai-xAs device layer grown
on a GaAs (001) substrate with an intermediate uniform InxGai-xAs buffer layer, which could

contain a different composition and thickness. The device layer has thickness h, and lattice
mismatch f, with respect to the GaAs (001) substrate and the buffer layer has thickness h, and
lattice mismatch f; as shown in Figure 6.53. We have investigated heterostructures with device

and buffer layer thicknesses ranging from 100 nm to 500 nm and indium compositions ranging
from 10% to 20%. The corresponding range of lattice mismatch is approximately -0.7% to -1.4%.
The material constants used in this work are summarized in Table 6.4.

In the general case, the equilibrium configuration for a mismatched heteroepitaxial device
structure may be found by minimizing the energy with respect to strain as described in a previous

section.
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Figure 6.54. Device layer in-plane strain as a function of the buffer layer lattice mismatch
for a 300nm thick buffer layer with device layer thickness as a parameter. The indium

composition in the device layer is fixed at x, =0.15 corresponding to a mismatch of
fy, =—1.06%. The device layer thickness varies from 100 to 500 nm in steps of 100nm. The

direction of the arrow is shown for device layers which exhibit tensile strain, whereas the
direction reverses for compressive strain.

Table 6.4. Material Properties for InAs, GaAs and the alloy InxGai-xAs.

Parameter
Material a (nm) C11 (GPa) C12 (GPa)
InAs 0.60584 83.3 45.3
GaAs 0.56534 118.4 53.7
InxGai-xAs 0.56534 + x(0.0405) 118.4 — x(35.1) 53.7 —x(8.4)

6.8.2. Strain Compensation in the InGaAs/GaAs Material System

In the growth of one or more compositionally uniform strained layers, misfit dislocations
are introduced at the mismatched interfaces and they can be modeled using Dirac delta functions.
For the structures studied here, dislocations may be introduced at the substrate-buffer and buffer-

device layer interfaces. For a single uniform layer, the linear density of misfit dislocations
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increases monotonically for increasing compositional mismatch due to the necessity for the
introduction of more misfit segments to relax the mismatch strain. Apart from the dislocated
interfaces, the equilibrium strain in a uniform layer is constant due to the absence of additional
misfit dislocations above the interface. This constant strain depends on the lattice mismatch
(composition) as well as the thickness. Therefore, a uniform buffer layer serves as a growth
platform with adjustable in-plane lattice constant, the value of which depends on the buffer
composition and thickness. The buffer layer may therefore be designed in such a way as to achieve
complete strain compensation in a device layer to be grown on top.

In this work, we have explored the critical condition for strain compensation (zero strain
in the device layer) by varying the compositional mismatch at the buffer layer-device layer
interface at given buffer and device layer thicknesses. Figure 6.53 shows a schematic of the
heterostructure considered in this work. For a given device layer thickness and composition, we
have fixed the buffer layer thickness and have varied the composition of the buffer layer to
determine the critical point for zero in-plane strain at the surface of the heterostructure (the strain
compensation condition). In other words, for a given device layer thickness and device layer
mismatch there exists a combination of the buffer layer thickness and buffer layer mismatch such
that the device layer exhibits zero strain.

Figure 6.54 illustrates the device layer in-plane strain as a function of the buffer layer lattice
mismatch for a 300 nm thick buffer with device layer thickness as a parameter. The device layer
thickness is varied from 100 nm to 500 nm. The fractional indium composition of the device layer

shown here is fixed at X, =0.15 corresponding to a lattice mismatch of f, =-1.06% . The results

of Figure 6.54 show that the in-plane strain in the device layer exhibits a three-regime behavior.
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The regimes here refer to specific cases of the absolute value of the compositional mismatch and
its effect on the strain state. More specifically, the regimes with constant device layer strain refer
to cases where misfit dislocations (MD) are present at the device-buffer interface, however, the
sense of the MDs may change depending on the compositional difference whereas the regime with
varying strain refers to the case when MDs are absent from the device interface. In the first regime

where the absolute lattice mismatch of the buffer layer is much larger than that of the device layer,

|fB| >>| fD|, the in-plane strain in the device layer is constant and exhibits the same sign as the

lattice mismatch. In this regime, misfit dislocations at both the substrate and buffer/device interface
are of the same sense. In the second regime, the lattice mismatch of the device and buffer layer are
comparable to one another and in this region the in-plane strain in the device layer exhibits a sharp
transition from compressive to tensile strain. In addition, there is a particular buffer layer lattice
mismatch which yields a completely relaxed device layer (perfect strain compensation).
Interestingly, in the second regime, there are no misfit dislocations at the device interface even
though the device layer thickness is well beyond the critical layer thickness. In the third regime,

where the absolute lattice mismatch of the buffer layer is much smaller than that of the device

layer, | fB| << | fD| , the device layer strain is constant with increasing buffer layer mismatch but the

layer exhibits tensile strain which is opposite from the lattice mismatch. In contrast to the first
regime, misfit dislocations at the substrate and buffer/device interface are of the opposite sense. In
the first and third regimes, the large lattice mismatch between the buffer and device layer is
accommaodated partly by misfit dislocations at the device interface whereas in the second regime,

there is an interplay between the in-plane strains of both layers, which is associated with the
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absence of misfit dislocations from the device interface. It is interesting to note that for a fixed
buffer layer thickness, the critical mismatch for strain compensation is weakly dependent on the
device layer thickness. Although the dependence is not clearly evident in Figure 6.54, it will be
considered in more detail below. In addition to this dependence in regime two, the device layer

thickness determines in part the saturated values of strain in regimes one and three.
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Figure 6.55. Device layer in-plane strain (a) and (b) absolute value as a function of the buffer
layer lattice mismatch for a 300nm thick buffer with device layer lattice mismatch as a
parameter. The device layer thickness is fixed at 300 nm.

An underlying assumption in some previous work [188,189] is that strain relaxation is an
irreversible process. That is, once the threading arms of dislocations begin to glide in one direction
it is assumed that they may not glide in the opposite direction, even if the net glide force reverses
direction by the growth of additional material. This would be the case if the average threading
dislocation density and the average length of the misfit dislocations remained fixed for a layer even
after growth of a subsequent layer on top. However, in this work we have not made such an

assumption, and we believe that lattice relaxation may be a reversible process. For example, we

can consider the case where the average threading dislocation density remains fixed however, the

195



growth of additional material may reverse the net force acting of the dislocation and therefore the
direction of its glide. In such a case, the average length of misfit dislocation may decrease or
increase depending on the net force acting on the dislocation and therefore, this would cause a
change in the density of misfit dislocations. Therefore, in this work, we are assuming that the net
direction of glide for threading arms of dislocations my reverse under the appropriate conditions,

as shown previously [190].
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Figure 6.56. Device layer in-plane strain as a function of the device layer reciprocal thickness
in the constant strain regimes.

Figure 6.55a shows the device layer in-plane strain as a function of the lattice mismatch of
a 300 nm thick buffer layer with device layer lattice mismatch as a parameter. The device layer

lattice mismatch f, here is varied from -0.85% to -1.13% whereas the thickness of the device

layer is fixed at 300 nm. The results of Figure 6.55a indicate a behavior similar to that shown in

Figure 6.54, but an increase in the device layer indium composition yields a higher critical buffer
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layer mismatch for strain compensation (left-shift of the device layer strain versus buffer layer
mismatch characteristic). Moreover, observation of the absolute value of the in-plane strain (Figure
6.55b) shows that the tensile and compressive strain in the first and third regimes (constant strain
regimes) exhibit symmetrical behavior. In other words, in these regimes, an increase in the lattice
mismatch at the buffer-device interface does not alter the device layer in-plane strain and we
attribute this behavior to the use of constant thicknesses for the buffer and device layer.

Together, these results show that in the saturation regions (regimes one and three), the
device layer in-plane strain is strongly dependent on the device layer thickness. Figure 6.56 shows
the device layer in-plane strain as a function of the reciprocal device layer thickness in the regimes
of constant strain. The results of Figure 6.56 indicate a monotonic increase (decrease) in the device
layer in-plane strain with higher reciprocal thickness in structures exhibiting tensile (compressive)
strain. These results are consistent with the Matthews and Blakeslee equilibrium model where the
equilibrium strain as a function of layer thickness h for a simple uniform layer of InxGai.xAs/GaAs
(001) is given by

f h<h;

g(h)=1f bll-veos’a) {In(h)ﬂ}, s b (6.89)

|| 82h(L+v)sin Asin | (b

where h, is the critical layer thickness, v is the Poisson ratio, and « is the angle between the

Burgers vector and dislocation line vector. It should be noted that many of the earlier works
neglected the logarithmic term in the dislocation line energy which is determined by the cutoff
radius in the integral of the strain field surrounding the dislocation. As pointed out by Matthews,
the cutoff radius is either the film thickness or one-half the dislocation spacing, whichever is the
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smaller quantity. In high-dislocation density material, the latter condition prevails, but the
logarithmic-term is still present, and should not generally be considered constant because the

dislocation density is not constant. For simplicity, we have defined,

o Gb(l-vcos® o)

 272(1—v)sin Asin ¢ (6.90)

In the regions of strain saturation, the device and buffer layers are decoupled by the misfit
dislocations at the device layer interface; in these regimes where the lattice mismatch at the device

interface is accommodated partly by misfit dislocations, the device layer in-plane strain ¢,
saturates at * &, ar Where g, is a function of the device layer thickness; specifically the

saturated value of the device layer in-plane strain is given by

gll,D,SAT(hD) o=ty Co {ln(h_DJ"‘l] (6.91)

" fo— fo| 20oho | by

where the subscript D refers to the device layer. In addition, in the saturation regimes, the in-
plane strain in the buffer layer is influenced by the strain state of the layer above (that is, by the

misfit dislocations at the device interface) and the buffer in-plane strain is given by

&5(hs) 1 [hc {In(hgg‘hD]+1}—ZYDhDg”’DYSAT(hD)J. (6.92)

_2YBhB |fB| ° B

Combining the results of Figure 6.54, Figure 6.55 and Figure 6.56 and Equation 6.95, the in-plane

strain of the device layer may be modeled using a simple Gaussian function given by
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(o) = \e”,D,SAAhD)\{l—exp(— (f; - ZT o~ 1) ﬂ (6.93)
O

where f, is the required mismatch for complete strain compensation and o is the standard
deviation parameter. Equation 6.97 includes the dependence of the device layer in-plane strain on
the buffer and device layer lattice mismatch as well as the device layer thickness explicitly, but
the dependence of the device layer strain on the buffer layer thickness is embodied in the
parameters f, and o . By considering the condition for minimum energy and recognizing that the
device layer is coherently strained with respect to the buffer layer in regime two (in other words
no misfit dislocations are present at the device interface), it can be shown that the required

mismatch for complete strain compensation is given by

fote Co fppfhatho ] 41 (6.94)
| fs| 2Yghg by

Similarly, the standard deviation parameter can be modeled by

o= Co fo — T In h_D +1 M. (6.95)
42In(2) |f, - f5|| by Ygh.Y hy

Figure 6.57 illustrates the device layer in-plane strain as a function of the buffer layer
mismatch with buffer layer thickness as a parameter; the buffer layer thickness was varied from
100 nm to 500 nm in steps of 100nm. The fractional indium composition of the device layer shown
here is fixed at x, =0.15 corresponding to a lattice mismatch of f; =-1.06% and the device
layer thickness is fixed at h, =400nm. The characteristic of Figure 6.57 shows behavior similar

to that in Figure 6.55. The saturation values of the device layer in-plane strain are independent of
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the buffer layer thickness at higher mismatch of the buffer-device interface. However, in the
second regime, Figure 6.57 shows an increase in the rate of change of the device layer strain with
respectto f, forincreasing buffer layer thickness; in other words both f, and the transition width
decrease for increasing buffer layer thickness ( f, and o decrease with the buffer layer thickness).
This phenomenon can be explained by the fact that the strain in the buffer layer varies with its
thickness and therefore the extent of strain relaxation for critical compensation is much lower for
thicker buffer layers. In addition, in cases where the device layer is coherently grown on the buffer
layer (that is, there are no misfit dislocations at the device interface), the in-plane strain of the
buffer layer is controlled in part by the strain-state of the layer on top of it (the device layer).
Equation 6.97 indicates that perfect strain compensation is achieved when f, — f; = f, . Although
not as apparent in the results of Figure 6.55 and Figure 6.56, we can conclude from the results of
Equation 6.98, that f, is however weakly dependent on the device layer thickness.

The in-plane strain in the device layer can be analytically modeled by the following

Gaussian-based function utilizing Equations 6.95, 6.98 and 6.99 while accounting for both the

mismatch and thickness of the device and buffer layers,
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Equation 6.100 is in excellent agreement with the detailed numerical results of the equilibrium

1-exp| —

model. The most important result of Equation 6.100 is that for a given device layer design ( f, and
hy) there exists a combination of f; and h, such that the device layer exhibits zero in-plane

strain (perfect strain compensation).

In this work, we have presented a fundamental investigation of strain compensation — the
modification of the strain in a semiconductor device layer by varying the design of one or more
underlying buffer layers — for the case of a uniform device layer grown on a mismatched substrate
with an intermediate uniform-composition buffer. For the purpose of illustration, we have applied
this work to InxGaixAs / GaAs (001) heterostructures. We have explored the equilibrium structure
by studying the evolution of the misfit dislocation density and in-plane strain at the mismatched
interfaces for the purpose of determining the critical condition for strain compensation in the
device layer in terms of the mismatches and thicknesses of the two layers. The main conclusion to
this study is that for a given device layer design (thickness and composition), there exist choices
of the buffer layer thickness and composition which yield perfect strain compensation in the device

layer. In the general case, we show by a physics-based treatment that the device layer in-plane
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strain is given by a Gaussian-type function involving the physical properties of the buffer and

device layer.
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Figure 6.57. Device layer in-plane strain as a function of the buffer layer lattice mismatch
with buffer layer thickness as a parameter. The indium composition in the device layer is
fixed at x, =0.15 corresponding to a mismatch of f, =-1.06% and the thickness is 400 nm.

The buffer layer thickness varies from 100 to 500 nm in steps of 100nm.
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7. Applications of the Electrical Circuit Model

In the following chapter, we have briefly described the framework of the electrical circuit
model and its application to three simple cases of SiGe epitaxy: a single uniform layer, a step-
graded layer, and a linearly-graded layer, approximated as a step-graded structure with many
sublayers. In addition, we show the application to continuously-graded structures, wherein the
strain is a continuous function of distance from the interface. This enables the development of a
closed-form expression for the strain as a function of distance in a continuously-graded layer with
any arbitrary compositional profile, including linear, exponential, power-law, or complementary
error function profiles. This in turn allows an analytical solution for the critical layer thickness,
widths of misfit dislocation free zones, and misfit dislocation density in these graded structures.
More importantly, the circuit model allows intuitive understanding of electric circuits to be readily
applied to strained-layer semiconductor structures, which represents a significant breakthrough
that will revolutionize the design and theoretical treatment of graded buffer layers. Furthermore,
we show for the first time that an electrical circuit model analogy for strained-layer epitaxy may
be used for the analysis and design of strain-compensated ZnSySel-y/GaAs (001) heterostructures
involving a constant-composition buffer layer and a constant composition device layer. We show
that the residual strain in the device layer may be controlled by the choices of composition and
thickness in the two layers, and we develop analytical expressions for the strains in the buffer and
the device layer.
7.1. Electric Circuit Model for Strained-Layer Epitaxy in SiGe/Si

For the design and analysis of a strained-layer semiconductor device structure, the

equilibrium strain profile may be determined numerically by energy minimization but this method
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is computationally intense and non-intuitive. Here we present an electric circuit model approach
for the equilibrium analysis of an epitaxial stack, in which each sublayer may be represented by
an analogous configuration involving a current source, a resistor, a voltage source, and an ideal
diode. The resulting node voltages in the analogous electric circuit correspond to the equilibrium
strains in the original epitaxial structure. This new approach enables analysis using widely
accessible circuit simulators, and an intuitive understanding of electric circuits may be translated
to the relaxation of strained-layer structures. In this work, we describe the mathematical foundation
of the electrical circuit model and demonstrate its application to epitaxial layers of Si;-xGex grown
on a Si (001) substrate.

The design and analysis of semiconductor strained-layer device structures
[191,192,193,194,195,196] require an understanding of the equilibrium profiles of strain and
dislocations associated with strained epitaxy. The equilibrium profile is important in its own right
for the calculation of device stability criteria, but also serves as the entry point for determination
of Kkinetically-limited strain relaxation and concentrations of non-equilibrium defects, such as
threading dislocations, which influence device performance and reliability. Although the
equilibrium configuration for a general semiconductor strained-layer structure may be determined
numerically [43,197,198,199,200], such an approach uses specialized code, is computationally
intense, and does not lend itself to an intuitive understanding necessary for innovative structure
design. In light of these considerations, we have developed a simple and intuitive electric circuit
model approach for the equilibrium analysis of semiconductor strained-layer heterostructures. The
use of this electrical circuit model enables analysis using widely-available circuit simulators and

provides intuitive design of semiconductor strained-layer structures by analogous association to
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electrical characteristics of circuits. In this work, we describe the mathematical framework for the
electrical circuit model approach, starting with a single strained layer and then generalizing to a
multilayer structure. We relate the physical quantities in the epitaxial stack to those in an analogous
electrical circuit. Using the circuit model, we demonstrate the equilibrium analysis of Si1-xGey / Si
(001) epitaxial structures, and show that the results of the circuit model calculations are in
agreement with the theory of Matthews and Blakeslee [34] for a uniform strained layer, the analysis
of Kujofsa and Ayers [199] for a step-graded layer, and the model of Tersoff [44] for a linearly-

graded layer.

ldeal B e Ve 2633 mY
-L65mV 5= 74. mzqé @ Is=-43.283 kA
el = L v osomy
40 nm SigaoGengn :
40 nm Sip16Geigs hosmy _

Ii=-52.452 kA4

R,=73.51nQ (P I,=-48.951 kA

IdeaIN = R .V* 5 o
40 nm Slo_lgGeolgg o I/z— -0.225 mV
40 nm SioosGep.a -L.65mb R;=7285ni2 C’)

40 nm Sio_u_-lGe(].gf, Tdcall\] 3 =-0.189 mV

C) I,=-55.071 kA

e, V=20, 153 mV

(‘P I,=-57.210 k4

Si(001) -L.65 mV =70.21 ni2

Ideal by
1

(a)

-1.65mV R,= 7158 nQ?

0

(b)

Figure 7.1. (a) Schematic representation of step-graded epitaxial layer with five sublayers
and (b) the equivalent electrical circuit.

7.1.1. Application of Circuit Model to Representative SiGe/Si: Results and Discussion
For the purpose of illustration, we have applied the electrical circuit model to the well-

known cases of a single Si1xGex epitaxial layer deposited on Si (001) substrate with (i) uniform
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composition, (ii) step- and (iii) linear-grading compositional profile. The material constants used
in this work are summarized in Reference 7. For a uniform epitaxial layer with a thickness of 200

nm and a lattice mismatch of f =-0.8270% (corresponding to 20% germanium mole fraction),

the electrical circuit model indicates a residual strain of &=-0.0825% corresponding to a node
voltage of V =-0.825mV, in agreement with the Matthews and Blakeslee model prediction of
£ =-0.0825%.

Figure 7.1a considers a step-graded Si1xGex epitaxial layer with five 40 nm thick sublayers
in which there are equal compositional changes from one layer to the next. The lattice mismatch

is f,=-0.1654%, f,=-0.3308%, f,=-0.4962%, f, =-0.6616%,and f, =-0.8270% in the

five layers, respectively. Strain relaxation behavior in step-graded layers is similar to that for
uniform composition layers, in which the misfit dislocations are concentrated at the mismatched
interface and the residual strain is uniform within each sublayer. However, depending on the
compositional change the interfacial and surface MDFZ widths may be multiples of the sublayer
thickness. For the structure considered here, the generalized equilibrium model predicts residual

strains of & =-0.0154%, ¢, =—0.0190%, &, =—-0.0257%, ¢, =—0.0986%, and &; =—0.2629%

in the five sublayers respectively and this is in excellent agreement with the results of the electrical
circuit as can be seen in Figure 7.1b. In addition, the results of Figure 7.1b show that the diodes in
the first four essential nodes are non-conductive, indicating the presence of a misfit dislocation
network, whereas the conduction of the diode in the fifth essential node indicates a coherently-

grown sublayer.
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Figure 7.2. Lattice mismatch and in-plane strain as a function of the distance from the
interface for a linearly-graded epilayer of SiGe on Si (001) substrate. The in-plane strain is
determined using the numerical minimum energy and electrical circuit models.

Figure 7.2 illustrates the lattice mismatch profile and equilibrium strain for a 200 nm thick
linearly-graded layer of Sii.xGex/Si (001). Here the dashed line shows the profile of lattice
mismatch, which varies linearly from zero (corresponding to zero germanium mole fraction) to

f, =—0.8270% at the surface (20% germanium). Figure 7.2 also shows the equilibrium strain

profile determined by numerical minimum energy calculations (solid line) and the electric circuit
model (open circles). These two results are in excellent agreement, and both show the existence of
an interfacial misfit dislocation free zone as well as a surface misfit dislocation free zone, as
expected on the basis of previous studies [200]. The MDFZs exhibit residual strain profiles with

the same slope as the lattice mismatch (proportional to the grading coefficient), and exhibit widths
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of 4 nm (at the interface) and 75 nm (at the surface). Between the interfacial and surface MDFZ
there is a dislocated region with nearly constant strain.

In conclusion, we have developed an electrical circuit model to study equilibrium lattice
relaxation in semiconductor strained-layer heterostructures. In this approach, each sublayer of an
epitaxial structure is modeled by an analogous electrical subcircuit utilizing a voltage source, an
ideal diode, a resistor and a current source. Multilayered or graded semiconductor structures may
be modeled by stacking the appropriate number of these building blocks, after which the numerical
values of the node voltages in the circuit correspond to the equilibrium strains in the sublayers of
the semiconductor structure. Use of this electric circuit analogy allows the modeling of
semiconductor strained-layer structures by readily available circuit simulators, and makes it
possible to translate the intuitive understanding of circuits to heteroepitaxial devices.

7.2. Electric Circuit Model Analogy for Equilibrium Lattice Relaxation in InGaAs/GaAs

In the present study, using the circuit model, we demonstrate the equilibrium analysis of a
number of InxGaixAs / GaAs (001) epitaxial structures, including a single strained layer, three-
layer stacks, step-graded layers, linearly-graded layers and S-graded layers. We show that the
strain results of the circuit model calculations are in agreement with the theory of Matthews and
Blakeslee [55] for the single strained layer. We also develop exact results for the case of a linearly
graded layer, whereas previously only an approximate solution had been developed by Tersoff. In
the approximate solution of Tersoff, it was assumed that the strain was completely relieved in the
region containing dislocations, and that the dislocation line energy was independent of distance
from the surface. We have not relied on these simplifying assumptions when applying the circuit

model, and therefore provide exact in-plane strain results for the linearly-graded -case.
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Furthermore, we show the extension of the circuit model to any continuously-graded
semiconductor layer by taking the limit as the thickness of the individual sublayers approaches
zero. This enables the development of analytical expressions for the strain, misfit dislocation
density, critical layer thickness and widths of misfit dislocation free zones (MDFZ) in a
continuously-graded epitaxial layer having any compositional grading profile, including linear
[201], exponential [202], power law, and S-graded [52,203] profiles. The extension from a finite
number of sublayers to the continuously-graded case is analogous to the transition from circuit
theory, using lumped circuit elements, to electromagnetics, wherein the electrical quantities are
distributed. We show this development based on first principles, but in a more general sense,

Maxwell’s equations of electromagnetics could be applied to continuously-graded strained layers.
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Figure 7.3. (a) Schematic representation of a coherently-grown multilayer heterostructure
with three compositionally uniform epitaxial layers consisting of 10 nm Ino.osGao.gsAs /5 nm
IN0.03Gao.g7As / 10 nm Ino.o1Gao.geAs on a GaAs (001) substrate. (b) The equivalent electrical
circuit for the multilayer heterostructure consisting of the series connection (stacking) of the
electrical circuit blocks where the material properties of each sublayer are modeled using
the equivalent electrical components (resistor, ideal diode, independent current and
independent voltage sources).
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7.2.1. Application to the InGaAs/GaAs Material System: Results and Discussion

In applying the electrical circuit model to multilayered heterostructures and comparing its
results to the numerical minimum energy calculations we considered the following cases involving
the InGaAs/GaAs material system. The physical parameters used in this work are summarized in
Table 7.1 The simplest structure is one composed of three pseudomorphic layers in which the
whole structure is coherently grown on the substrate. Figure 7.3a shows a multilayered InyGas-

xAs/GaAs (001) heterostructure (Sample A) consisting of three uniform and pseudomorphic layers

with indium compositions of x, =1%, x, =3% and X; =5%, respectively, and thicknesses of
h =10nm, h, =5nmand h, =10 nm, respectively. Figure 7.3b illustrates the equivalent electrical

circuit model for the entire structure; the numerical values for the electrical components used here
are summarized in Table 7.2. Given that the thickness of each layer is below the critical thickness
for misfit dislocation formation, the in-plane strain at each sublayer is equal to the coherency strain
and therefore its lattice mismatch. In the equivalent electrical circuit model, the ideal diode at each
node is conductive and therefore the respective current sources play no role in determining the
voltage (i.e. in-plane strain) at each node. Furthermore, the voltage at each node is determined
from the sum of all voltage sources up to and including the layer under consideration. The
numerical value of the voltage in node one is equal to the lattice mismatch of sublayer one, the
voltage at node two is equal to the sum of the voltage sources for sublayers one and two, and the
voltage at node three is equal to the sum of all three voltage sources. Therefore, the numerical

value of the voltage at each node is equal to the lattice mismatch of that layer as expressed by
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g, =f, ©V, =V,,. As shown in Table 7.3, the results obtained for Sample A using the circuit

model agree with results from the numerical energy minimization approach.

Table 7.1. Material Properties for InAs, GaAs and the alloy InxGai-xAs [75204] where a is
the lattice constant, C11 and Ci2 are the elastic stiffness constants and x is the indium mole
fraction. Linear interpolation following Vegard’s law was used to determine the material
properties of the InxGai-xAs alloy.

Parameter
Material a (nm) C11 (GPa) C12 (GPa)
InAs 0.60584 83.3 45.3
GaAs 0.56534 118.4 53.7
InxGa1xAs 0.56534 + x(0.0405) 118.4 — x(35.1) 53.7 — x(8.4)

The growth of mismatched epilayers which are beyond the critical layer thickness requires
the formation of a misfit dislocation network to relax some portion of the lattice mismatch. In
uniform layers, misfit dislocations are introduced at the mismatched interfaces and they can be
modeled using the Dirac delta function. The heterostructure shown in Figure 7.4a includes three

incoherently-grown and mismatched sublayers with lattice mismatch f, =-0.71%, f,=-2.1%
and f,=-1.06% and thicknesses h =75nm, h,=100nm and h, =150 nm. The analogous

electrical circuit is shown in Figure 7.4b. The numerical minimum energy results shown in Table
7.3 for Sample B, suggest that all three sublayers are partly relaxed and all interfaces contain misfit
dislocation networks. It is interesting to note that sublayers one and two exhibit compressive strain,
similar to the lattice mismatch, whereas sublayer three exhibits tensile strain which is opposite to
the lattice mismatch; the tensile strain present in the third sublayer suggests that misfit dislocations
with Burgers vectors opposite in sense to those at the other two interfaces have been introduced.

Standard electrical circuit simulator (SECS) modeling results of the electrical circuit shown in
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Figure 7.4b are in excellent agreement with minimum energy calculations. Furthermore, diodes at
each node are non-conductive and therefore the node voltage is determined by the sum of the
currents flowing through that node and the resistor attached to it. Thus, the voltage (in-plane strain)
at each node is given by

£,=+01035% <«  V,=R,-1,=+1.035mV
£,=-03267% <« V,=R,-(I,-1,)=-3.267mV . (7.1)
g =-00228% <« V,=R-(I,-1,)=-0.228mV

For the third heterostructure, we considered the important case of a single uniform and
incoherently-grown epitaxial layer as shown in Figure 7.5a with a total thickness of h=350nm

and a lattice mismatch of f =-0.71%. For the purpose of illustration and also to provide a
stringent test of the electrical circuit model, we divided the epitaxial layer into three sublayers with

varying thicknesses (h, =50nm, h, =200nm and h, =100 nm), but each sublayer contained the

same composition (and therefore the same lattice mismatch with respect to the substrate). The in-
plane strain of the heterostructure considered in Figure 7.5a could be easily calculated using the
well-known Matthews and Blakeslee’s model (Equation 4.8) by considering the total epitaxial
thickness. The equilibrium in-plane strain determined for Sample C (Table 7.3) from all three
models are in excellent agreement. In addition, SECS modeling of the electrical circuit shown in
Figure 7.5c indicates that the ideal diode at sublayer one is non-conductive which suggests the
presence of a misfit dislocation network at the substrate interface. However, at the second and third
nodes the ideal diodes are conductive; diode conduction at nodes two and three indicates the
presence of a misfit dislocation free zone in the epitaxial sublayers two and three and implies that

a three-fold supernode will be formed. As a consequence of the supernode formation the current
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source at node one ( I,) flows through resistors R,, R, and R;arranged in parallel (Figure 7.5c);
the voltage at each node is determined from the product of the current source 1, and the equivalent

parallel resistance R, || R, || R,. Thus, the in-plane strain of each sublayer is given as,

-1
£ =6,=6=-00498% <« V,=V,=V,= (i+ 1 +i] |, =-0.498mV . (7.2)
I:\)1 RZ R3

The electrical circuit model could be extended to any arbitrary multilayered heterostructure
employing compositional-grading. Figure 7.6a illustrates a step-graded buffer comprising ten
uniform layers, each with 10 nm thickness and in which there are equal compositional changes
from one layer to the next (“linear step grading”). For the structure studied here, the indium
composition is varied from 1% at the sublayer closest to the substrate interface to a final surface
indium composition of 10% corresponding to a lattice mismatch of 0.71%; the lattice mismatch
profile as a function of the distance from the substrate interface z is shown in Figure 7.6¢ (dashed
line). The corresponding electrical circuit is illustrated in Figure 7.6b. For the case of a step-graded
layer consisting of N sublayers, the maximum number of misfit dislocation peaks is equal to the
number of mismatched interfaces (10 in the current case). Kujofsa and Ayers [51, 52] have shown
that in general, continuously-graded layers contain misfit-dislocation free zones adjacent to the
substrate interface and surface, provided that there is zero interfacial mismatch and/or the grading
coefficient is sufficiently small. However, in step graded layers, the thicknesses of the interfacial
and surface misfit dislocation free zones are constrained to be related to multiples of the step-layer

thickness, which in this case is one tenth of the total buffer layer thickness (h, =100 nm) [53]. In

InxGai-xAs/GaAs (001) step-graded layers, the presence of an interfacial MDFZ is evident only
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when a very small grading coefficient is used (approximately 2% indium per micron). In addition,
for a low ending composition, and therefore ending lattice mismatch, the surface misfit dislocation

free zone may extend beyond the top step layer.
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Figure 7.4. (a) Schematic representation of an incoherently-grown multilayer
heterostructure with three compositionally uniform epitaxial layers consisting of 150 nm
INo.1sGaossAs / 100 nm InosGao7As / 75 nm Ino1GaosAs on a GaAs (001) substrate. (b) The
equivalent electrical circuit for the multilayer heterostructure consisting of the series
connection (stacking) of the electrical circuit blocks where the material properties of each
sublayer are modeled using the equivalent electrical components (resistor, ideal diode,
independent current and independent voltage sources).

Figure 7.6¢c depicts the equilibrium in-plane strain distribution determined by numerical
minimum energy calculations (solid lines) and the electrical circuit (circle symbols) as a function
of the distance from the interface. The in-plane strain profile comprises a series of step functions
with discontinuities at the mismatched interfaces. The first five interfaces contain misfit
dislocations, which relax most of the mismatch strain and result in small values of the residual

strain. The absence of misfit dislocation networks at the top five interfaces results in high built-in
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strains. These results from the circuit analysis are in excellent agreement with numerical energy
minimization calculations as shown in Figure 7.6c.

Table 7.2. The numerical values of the electrical components for the electrical circuits.

Sample Resistance Voltage Source  Current Source
(nQ) (mV) (kA)
R1 = 406.6 Vs1=-0.716 11 =-28.217
A (Figure 7.3b) R,=8189  Vs;=-1428 I3 =-25.246
Rs=412.4 Vs3 =-1.425 I1 =-22.881
R1 =55.97 Vs1=-7.1 I1=-41.098
B (Figure 7.4b) R;=4525  Vs;=-13.9 |y = -37.022
Rs =28.50 Vs3 =10.4 I, =36.352
Ry =83.96 Vs =-7.1 l1 =-41.494
C (Figure 7.5b) R> = 83.96 Vs2=0 1=0
R3 =83.96 Vs3=0 I1=0
R1=406.6 Vs1=-0.716 I3 =-38.385
R2 =408.0 Vs2 =-0.715 I, =-35.144
R3 =409.5 Vs3=-0.714  13=-34.388
R4 =410.9 Vs4=-0.713 I3 =-33.550
D (Figure 7.6b) Rs =412.4 Vss =-0.712 Is = -32.605
Re =413.8 Vs =-0.711 le =-31.513
R7 =415.3 Vs7 =-0.710 I7 =-30.206
Rs =416.8 Vsg =-0.709 Ig = -28.560
Ro = 418.3 Vso =-0.708 lg =-26.292
R10 =419.8 Vsi0=-0.707 110 =-22.502
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Figure 7.5.(a) Schematic representation of an incoherently-grown multilayer
heterostructure with three sublayers where the top two are coherently-grown. Physically the
heterostructure can be considered as a single compositionally uniform 350 nm thick
Ino1GaonsAs layer deposited on a GaAs (001) substrate; however for the purpose of
illustration it is broken down to 100 nm Ino1GaogsAs / 200 nm Ino1GaosAs / 50 nm
Ino1GaosAs. (b) The equivalent electrical circuit for the multilayer heterostructure
consisting of the series connection (stacking) of three electrical circuit blocks where the
material properties of each sublayer are modeled using the equivalent electrical components
(resistor, ideal diode, independent current and independent voltage sources).

The electrical circuit model could be applied to any heterostructure with an arbitrary
number of sublayers. Figure 7.7 illustrates the lattice mismatch profile and equilibrium strain for
a linearly-graded layer of InyGai-xAs grown epitaxially on a GaAs (001) substrate. Here the dashed
line shows the profile of lattice mismatch, which varies linearly from zero (corresponding to zero

indium mole fraction) to f, =—0.71% at the surface (corresponding to 10% indium mole fraction).

Figure 7.7 also shows the equilibrium strain profile for the linearly-graded layer, as determined by
numerical minimum energy calculations (solid line) and the electric circuit model (open circles).

These two results are in excellent agreement, and both show the existence of an interfacial misfit
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dislocation free zone as well as a surface misfit dislocation free zone, as expected on the basis of
previous studies [7, 9, 10, 54]. The misfit dislocation free zones exhibit residual strain profiles
with the same slope as the lattice mismatch, and exhibit widths of 5 nm (at the interface) and 46
nm (at the surface). Between these there is a dislocated region of thickness 49 nm in which the
strain is nearly constant.

In our work, the fundamental equations for the strain energy and dislocation line energy
are essentially the same as those used by Matthews [56], and later by Tersoff [44]. Although the
equilibrium configuration in the linearly-graded epitaxial layer has been explored in great detail
by Tersoff, Fitzgerald et al. [72], Dunstan [205] and Romanato et al. [206], these models assume
that graded material can relax completely in the presence of misfit dislocations. This is a
simplifying assumption which does not strictly hold in either equilibrium or kinetically-limited
relaxation. More specifically, there are two key assumptions embedded in these models; first, there
is zero strain in the dislocated region and second they neglect the thickness dependence of the line
energies for dislocations. Because of these simplifying assumptions, the interfacial misfit
dislocation-free zone is not seen and there is zero strain in the dislocated region. Therefore, the in-
plane strain characteristic is described by these models as,

B 0 2<1,; 23
g(z)_{cf(z—zc) z,<z<h, (7.3)

where z, is the edge of the dislocated region near the surface and C, is the grading coefficient.
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Figure 7.6. (a) Schematic representation of 100 nm thick step-graded Ino.1Gao.0As epitaxial
layer with 10 sublayers where the indium composition is varied in steps of 1% starting from
1% at the sublayer nearest the interface and ending at 10% in the sublayer at the surface.
(b) The equivalent electrical circuit for the step-graded heterostructure consisting of the
series connection (stacking) of 10 electrical circuit blocks where the material properties of
each sublayer are modeled using the equivalent electrical components (resistor, ideal diode,
independent current and independent voltage sources). (¢) Lattice mismatch (dashed) and
in-plane strain (solid, circle) as a function of the distance from the interface for the step-
graded epilayer. The in-plane strain is determined using the numerical minimum energy
(solid line) and electrical circuit (open circles) models.
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Figure 7.7. Lattice mismatch (dashed) and in-plane strain (solid, circles) as a function of the
distance from the interface for a 100 nm thick linearly-graded InxGaixAs epitaxial layer
where the indium composition is varied linearly from 0 at the substrate interface to 10%o at

the surface. The in-plane strain is determined using the numerical minimum energy (solid
line) and electrical circuit (open circles) models.

The numerical and the equivalent electrical circuit models do not make such simplifying
assumptions, and therefore the residual strain characteristics is slightly different from the
previously developed models. If the edges of the interfacial and surface MDFZs are located at
distances of z, and z, from the substrate interface as illustrated in Figure 7.7, and therefore the
misfit dislocation density is concentrated in the middle region (z, <z <z, ), then the residual strain
can be analytically modeled as follows: In the interfacial MDFZ, the absence of misfit dislocations
indicates that the residual strain is equal to the lattice mismatch profile and therefore:

e(z)=C,z, 7<z. (7.4)
In the dislocated region (z, <z <z,), the residual strain is modeled by the electrical circuit model

as
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Table 7.3. The in-plane strains of various multilayered heterostructures and comparisons
between numerical minimum energy results and the electrical circuit model.

Sample Numerical Minimum Energy Electrical Circuit Model
&, = —0.3569% &, =—0.3569%
A (Figure 7.3a) g, =—0.2144% g, =-0.2144%
£, =—0.0716% £, =—0.0716%
&, =+0.1035% &, =+0.1035%
B (Figure 7.4a) &, =—0.3267% &, =—0.3267%
£, =—0.0228% £, =—0.0228%
&, =—0.0499% &, = —0.0498%
C (Figure 7.5a) &, =—0.0499% &, =—0.0498%
£, =—0.0499% &, =—0.0498%

An important application of the electric circuit model analogy is to the case of a
continuously-graded layer. This can be considered by approximating the continuously-graded
material by a stack of uniform composition sublayers and then taking the limit as the thickness of
the individual sublayers approaches zero. This development is similar to the transition from
electric circuit theory using lumped circuit elements to electromagnetic theory using distributed
electrical quantities. This enables the development of analytical expressions for the strain, misfit
dislocation density, critical layer thickness and widths of misfit dislocation free zones in a
continuously-graded layer having any arbitrary compositional profile. Previously only the linear
[63] and exponential [64] grading cases had been considered theoretically, but the circuit model
analogy allows the analysis of any continuously-graded layer, including those with power law, S-
graded, or some type of non-linear compositional profiles. This development will be described

below.
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Using the electric circuit analogy and assuming that the physical constants b, v, G and

Y are slowly varying functions of n, the in-plane strain in the n" sublayer is given by

fn—f Gb(L—v cos? o) [In(i%}l}

1 |[f. -, l| 27(1—v)sin asin ¢
g = . (7.6)

2Y,h, fa-f Gb(l v COS a) n il 1
|0~ fo| 22(L-v)sinasing| | 54 b

n+

As a specific example for a monotonic continuously-graded layer fo=Tos = foa— 1 . Thus

| n— n—1| |fn+1_ n|

N
71
Lo L f,—f Gb(l—vcos2 a) Z:: b @.7)
" 2¥h, | f,.. — T, 22(L—v)sin asin i i h; '
Sab
The equation above can be simplified to
h,+h-z
1 f  —f Gb(l—vcos2 a) " h
gn - n+l n - - n ’ (7.8)
2Y |f,.,— f,| 22(1—v)sin asin ¢ h,

where h is the epitaxial layer thickness and z is the distance from the substrate interface to the top

of layer n. For simplicity let

1 f,-f Gb(l—vcosza)
2Y |f,..— f,| 22(1—v)sin asin ¢

A= (7.9)

n+1

The limiting case of a continuously-graded layer, in which h, — 0, may be understood

using L’Hopital’s rule, giving
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0 h +h-z
i im | “an |l h i

" {ea}= " - - _— A LA ). (7.10)
h, »>0 h, >0 0 [h ] h,>0|h,+h-z] h-z

oh

n

Therefore, in the dislocated region of any continuously-graded layer, the in-plane strain will have
this dependence on distance from the interface, apart from small compositional variations in b, v
, G and Y . This contrasts with simple models previously developed in which it was assumed that
the dislocated region of a graded layer would be unstrained. The characteristic of the above
equation describes the residual strain in structures where the misfit dislocation region extends all
the way to the substrate interface, however in linearly-graded epitaxial layers, the presence of the
interfacial MDFZ leads to the adjustment of the strain profile. In addition, the strain characteristics
described here accounts for the variation of the residual strain in the dislocated region. Thus, the
in-plane strain in the dislocated region is modeled by

A A
E(Z)zm_FJrszl’ 2,<1<1,. (7.11)

The second and third terms in the equation above represent adjustments to account for the strain
at the top of the interfacial MDFZ. By a similar analysis, in the surface MDFZ, the absence of
misfit dislocations implies that the residual strain is proportional to the lattice mismatch and
therefore the strain in this region is given by

—A+szl, z,<z<h. (7.12)

2)=C.(z-2,)+
&(z) f( 2) h—ZZ h
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Figure 7.8. Lattice mismatch (dashed) and in-plane strain (solid, circles) as a function of the
distance from the interface for a 100 nm thick S-graded epilayer InxGaixAs epitaxial layer
where the indium composition is varied linearly from 0 at the substrate interface to 10% at
the surface. The mean parameter was fixed at half of the epitaxial layer thickness ¢ =50 nm,
and the standard deviation parameter was o =10 nm. The in-plane strain is determined
using the numerical minimum energy (solid line) and electrical circuit (open circles) models.

Therefore, according to this model, the equilibrium strain profile in the linearly-graded layer is

given by
C;z 21
Z
£(z) = Amjucf 7, 2, <2<z,and (7.13)
z
C,(z-z,)+A—2—+C,z z,<z<h.
(@-z) AT SaCa 2,

The equation for the surface MDFZ boundary z, is given by

E g(z)dz = 2Il:_:)'dY = J.:sz (z-2,)+e(z,)dz= A|:In(h_b22j+1:|. (7.14)
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Solving the expression above and recognizing that the width of the surface MDFZ is

W0z =h—12,, yields

2A W Az
W, = |=—|In| —MBEZ |4 1|+2—2_C,z. 7.15
MDFZzZ \/Cf|: ( b j j| h f=1 ( )

Rearrangement of the equation above results in the surface in-plane strain characteristic to be

accurately modeled by

& = A In[WMDFZj+é—szl. (7.16)
WMDFZ b h

The sum of the second and third terms yields a small contribution to the equation since the

boundary for the interfacial misfit dislocation free zone z, is very small in these structures,

however, its value could be found by a similar approach where

El Ed _ Z _ h—Z
IO g(z)dz = v _jo szdz_A{ln( 5 1)+1}. (7.17)

Solving, the expression above results in transcendental expression similar to the Matthews and

Blakeslee critical layer thickness equation as is applicable to linearly-graded layers,

zl=\/%{|n(h_zlj+1} (7.18)
C, b

Therefore, Equation 7.16 is modified accordingly to

g =N |n(WMDFZj+5—\/ZAc{ln(h_zljﬂ}. (7.19)
WMDFZ b h b

If we make the exact simplifying assumptions as the previous models, the expressions

given in Equations 7.15 and 7.19 reduce to the ones provided by Tersoff. The advantage of the

electrical circuit model, in addition to providing an intuitive understanding of equilibrium lattice
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relaxation by analogy, is that it the development of an analytical model for the strain and
dislocation density in any compositionally-graded layer. As a specific example, we consider the
nonlinear S-graded epitaxial layer investigated by Kujofsa et al. [52] and Xhurxhi et al. [65]. The
lattice mismatch profile in the S-graded metamorphic buffer layer (SG-MBL) is designed to be a

normal cumulative distribution function, given by

%[ e”(af}e”(afﬂ e

f(z) = % 7=y (7.20)

o R I Pl

where 4 is the “mean parameter,” o is the “standard deviation parameter,” f, and f, are the

respective values of lattice mismatch at the interface and the surface of the SG-MBL with thickness
h. Kujofsa et al. [52] and Xhurxhi et al. [65] developed approximate models for the in-plane strain
distribution, however, the residual strain in the dislocated region was modeled to within 10% of
the actual value. Figure 7.8 illustrated the lattice mismatch profile for 100 nm thick InyGai-xAs

layer on Ga (001) which varies from zero (corresponding to zero indium mole fraction) at the

substrate interface to f, =—0.71% at the surface (corresponding to 10% indium mole fraction).
The mean parameter was fixed at half of the epitaxial layer thickness x =50 nm, and the standard

deviation parameter was o =10 nm. The results of Figure 7.8 show excellent agreement in the
residual strain distributions as determined by both the numerical results and the electrical circuit

model.
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We have developed an electrical circuit model to study equilibrium lattice relaxation in
multilayered and compositionally-graded heterostructures. In this approach, each sublayer of an
epitaxial structure is modeled by analogy to an electrical subcircuit utilizing an independent
voltage source, an ideal diode, a resistor and an independent current source. Multilayered or graded
semiconductor structures may be modeled by stacking the appropriate number of these building
blocks, after which the numerical values of the node voltages in the circuit correspond to the
equilibrium strains in the sublayers of the semiconductor structure. Use of this electric circuit
analogy allows the modeling of semiconductor strained-layer structures by readily available circuit
simulators, and makes it possible to translate the intuitive understanding of circuits to
heteroepitaxial devices. Furthermore, the model may be extended to continuously-graded layers
by considering the limit as the individual sublayer thicknesses are diminished to zero. This
extension allows the development of analytical expressions for the strain, misfit dislocation
density, and critical layer thickness for a continuously-graded layer having an arbitrary profile. It
is similar to the transition from circuit theory, using lumped circuit elements, to electromagnetics,
using distributed electrical quantities. We show this development using first principles, but in a
more general sense, Maxwell’s equations of electromagnetics could be applied.

7.3. Progression of Strain Relaxation in Linearly-Graded GaAsP/GaAs (001) Epitaxial
Layers Approximated by a Finite Number of Sublayers

We have investigated the residual in-plane strain and width of the surface misfit dislocation
free zone in linearly-graded GaAsiyPy metamorphic buffer layers as approximated by a finite
number of sublayers. For this purpose, we have developed an electric circuit model approach for

the equilibrium analysis of these structures, in which each sublayer may be represented by an
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analogous configuration involving a current source, a resistor, a voltage source, and an ideal diode.
The resulting node voltages in the analogous electric circuit correspond to the equilibrium strains
in the original epitaxial structure. Utilizing this new approach, we show that the residual surface
strain in linearly-graded epitaxial structures increases monotonically with grading coefficient as
well as the number of sublayers, and is strongly dependent on the width of the misfit dislocation

free zone, which diminishes with an increasing grading coefficient.
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Figure 7.9. Schematic representation of step-graded epitaxial layers and the equivalent
electrical circuit with (a) a single, (b) three and (c) five sublayers.

The design of electronic and optical devices [207,208,209] often requires the use of
metamorphic buffer layers to accommodate the misfit strain associated with the growth of
mismatched materials. Understanding the equilibrium and kinetically-limited lattice relaxation

mechanisms as well as the dislocation dynamics has important implications in the optimization of
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these device structures for better performance and reliability. Although several models have been
established for understanding equilibrium lattice relaxation, such approaches use specialized code,
are computationally intense, and furthermore do not lend themselves to an intuitive understanding
necessary for innovative structure design. Therefore, in this work we present an analogous
electrical circuit model to understand equilibrium lattice relaxation in linearly-graded (LG) GaAsP
on GaAs (001) epitaxial layers. Here we have approximated the linearly-graded material by a finite
number of sublayers and show the effect of the number of sublayers on the progression of the
residual strain characteristics. Furthermore, we have revisited the distribution of the in-plane strain
as a function of the distance from the interface and give an improved analytical expression which
is a direct product of the electrical circuit model. In the previously developed models, the main
assumption was that misfit dislocation density is sufficient to complete relax the lattice mismatch
in the dislocated region whereas in this work we account for the small residual strain in the
dislocated material. Consequently, the strain profile includes two departures from the model of
Tersoff [13], which are a modification of the surface residual strain and a change in the width of
the surface misfit dislocation free zone (MDFZ).

Table 7.4. Material Properties for GaP, GaAs and the alloy GaAs1-yPy.

Parameter GaP GaAs;.yPy GaAs
a (nm) 0.54505  0.56534 - y(0.02029) 0.56534

Cl11 (GPa) 140.5 118.4 +y(22.1) 118.4

C12 (GPa) 62.03 53.7 +y(8.33) 53.7

7.3.1. Progression of Strain Relaxations: Results and Discussion
In this work, we investigated the grading coefficient dependence of the equilibrium strain

relaxation by varying the number of sublayers, the ending lattice mismatch or the total thickness
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of the epitaxial layer. In this work, we have defined the average grading coefficientas C, = f, /h

where f, is the lattice mismatch of the surface and h is the total epilayer thickness. In a linearly-

graded layer, the slope of the mismatch versus thickness characteristic is equal to the average
grading coefficient. For a step-graded structure, the change in mismatch at each step is

Af =C,/N.

Figure 7.9a shows a compositionally uniform, 150 nm thick layer of GaAso.7Po.3 on GaAs
(001) and the equivalent electrical circuit. The material parameters used here are summarized in
Table 7.4. Using the Matthews and Blakeslee model, the equilibrium in-plane strain is
£=0.1024% and this is equal to the numerical value of the node voltage provided by the
equivalent electrical circuit. Whereas the strain is unitless, the node voltage is in Volts (V). Figure
7.9b considers a step-graded GaAs;.yPy epitaxial layer with three 50 nm thick sublayers in which
there are equal compositional changes from one layer to the next. The composition in the top
sublayer is fixed at 30% phosphorus. Strain relaxation behavior in a step-graded structure is
dictated by the behavior of the individual uniform-composition sublayers, each of which exhibits
a concentration of misfit dislocations at the interface and a uniform residual strain in the remaining
thickness. Some interfaces may be absent of misfit dislocations, so the width of the surface MDFZ
may be an integral multiple of the step thickness. The results of Figure 7.9b show that misfit
dislocation networks are present at all interfaces and therefore the width of the surface MDFZ is
fixed to that of the top sublayer thickness of 50 nm. However, when increasing the number of
sublayers and therefore utilizing a lower compositional change at each interface as shown in Figure

7.9c¢, it becomes apparent that the width of the surface MDFZ increases. Figure 7.9¢ shows that
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the fifth sublayer is coherent with respect to the one below and therefore the surface MDFZ in this
case is twice the sublayer thickness, or 60 nm. Although the average strain is comparable among

the three structures illustrated here, the surface strain increases with the average grading coefficient

or the number of sublayers.
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Figure 7.10. Lattice mismatch and in-plane strain as a function of the distance from the

interface for a step-graded with 10 sublayers and (b) a linearly-graded epilayer of GaAso.7Po.3
on GaAs (001) substrate.

These characteristic behaviors are more evident in Figure 7.10, which shows the lattice
mismatch and in-plane strain as a function of the distance from the interface for a step-graded layer
with 10 sublayers as well as a linearly-graded epilayer approximated with 200 sublayers. In both
cases, the ending composition is fixed at 30% phosphorus and the total epilayer thickness is 150
nm; however, for the linearly-graded structure, the phosphorus composition at the substrate
interface is fixed at zero to match the substrate. The results of Figure 7.10 show a monotonic
increase in the surface MDFZ width with the number of sublayers. For the case of linear-grading
the surface MDFZ width is 55 nm whereas in the step-graded layer it is constrained to 45 nm (three

times the sublayer thickness). In addition, because of the low grading coefficient used in LG
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epitaxial layers, the misfit dislocations are introduced at a finite distance from the substrate
interface, which results in the formation of an interfacial MDFZ as pointed out in Figure 7.10b.
The interfacial MDFZ is shown in the circled region of Figure 7.10b, but is difficult to see with
the scale of this figure because its thickness is only a few nanometers. Although increasing the
number of sublayers does not result in any noticeable changes in the average residual strain, the
results of Figure 7.9 and Figure 7.10 show that the surface in-plane strain changes significantly
from 0.102 % for a single layer to 0.434% for 200 sublayers.

The characteristics of Figure 7.11 and Figure 7.12 investigate the effect of the grading
coefficient as well as the number of sublayers on the surface strain. Figure 7.11 illustrates that the
surface in-plane strain as a function of the number of sublayers (Figure 7.11a) and its reciprocal
(Figure 7.11b) with ending lattice mismatch as a parameter for a 150 nm thick GaAs1.yPy epitaxial
layer on GaAs (001). In these structures, the phosphorus composition at the top sublayer is fixed
at 30%, 40% and 50% respectively corresponding to an ending lattice mismatch of 1.08%, 1.45%
and 1.82%. The structures associated with a particular symbol in both Figure 7.11 and Figure 7.12
contain identical grading coefficients but we can compare them in terms of the number of
sublayers. Figure 7.12 displays similar features however, the adjusted parameter is the epitaxial
layer thickness; for the structures shown in Figure 7.12, the phosphorus composition at the top
sublayer is fixed at 40% and the epitaxial layer thickness is varied to 150, 300 and 600 nm. The
characteristics of Figure 7.11 and Figure 7.12 demonstrate a sublinear and monotonically
increasing surface in-plane strain with the number of sublayers. More specifically, there is an

increase in the residual surface strain when there is a combination of an (i) increase in the ending
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lattice mismatch, (ii) a decrease in the total epitaxial layer thickness and (iii) an increase in the

total number of sublayers.
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Figure 7.11. Surface in plane strain as a function of (a) the number of sublayers and (b) its
reciprocal for a linearly-graded layer approximated with a finite number of sublayers and
the ending lattice mismatch as a parameter. The epitaxial layer thickness in these structures
is fixed at 150 nm. The inset of part (b) shows a subset of the data shown on Figure b which
are associated with a higher number of sublayers. The axis labels for the inset figure are the
same as those of Figure b.

The slight departures from smoothness (especially in the region where N ranges from 8 to
16 sublayers) of the surface in-plane strain observed in Figure 7.11 and Figure 7.12 could be
explained with the aid of Figure 7.13. Previously, we mentioned that in step-graded layers the
width of the surface MDFZ is a multiple of the sublayer number and therefore the actual width is
determined from the product of the number of coherent interfaces near the surface and the width
of each sublayer. Figure 7.13 shows the width of the surface MDFZ (left vertical axis) and the
number of coherent interfaces (right vertical axis) as a function of the number of sublayers for a
150 nm thick GaAso.7Po.3 on a GaAs (001) substrate. Due to the approximation of the linear-grading

scheme with a finite number of sublayers, although there is an increase in the number of sublayers,
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at a small number of sublayers (N<20), there is a non-monotonic variation of the width of the
surface MDFZ. In addition, the results of Figure 7.13 show that there are structures in which the
number of coherent interfaces remains the same when increasing the number of sublayers slightly
as isthe case forN =4 > 6,7 > 9, 10 > 12 and 13 > 14. Even though the residual strain
increases with the number of sublayers, for small number of sublayers the competing mechanisms
of the surface MDFZ width and the incoherent substrate lead observed departures in the

smoothness of residual strain characteristic.
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Figure 7.12. Surface in plane strain as a function of (a) the number of sublayers and (b) its
reciprocal for a linearly-graded layer approximated with a finite number of sublayers and
the epitaxial layer thickness as a parameter. The phosphorus composition at the top sublayer
is fixed at 40 corresponding to a lattice mismatch of 1.45%. The inset of part (b) shows a
subset of the data shown on Figure b which are associated with a higher number of sublayers.
The axis labels for the inset figure are the same as those of Figure b.

In the limiting case, we can consider a linearly-graded epitaxial layer with a large number
of sublayers, and the characteristics shown above become more apparent. Figure 7.14a shows the
width of the surface misfit dislocation free zone and the surface in plane strain as a function of
average grading coefficient. The width of the surface MDFZ decreases sublinearly and

monotonically with increasing grading coefficient and this is expected on the basis that higher
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mismatch requires the introduction of more misfit dislocations which leads to the extension of the
dislocations close to the surface and therefore in the diminishment of the surface MDFZ. It is
interesting to note that the results of Figure 7.14b demonstrate that surface in-plane strain is
strongly dependent on the width of the surface MDFZ. The novelty of the electrical circuit model
is that it enables a complete understanding of the strain profile in linearly-graded structures.
Although, Tersoff [44] and Fitzgerald et al. [72] have developed models for the distribution of the
in-plane strain as a function of the distance from the substrate interface, these models were
approximate because they neglected the interfacial MDFZ as well as the finite in-plane strain in

the dislocated region.

60 T
[ |h=150nm
50 | [GaAs,sPos

ey
o

a0 4
30 4

20

Surface MDFZ Width (nm)
= N W R U1 N 0V
Number of Coherent Interfaces

10

(=]
(=]

0 5 10 15 20
Number of Sublayers N

Figure 7.13. (a) Surface MDFZ width and (b) number of coherent interfaces near the surface
as a function of the number of sublayers for a 150 nm thick GaAso.7Po.3/GaAs (001).

If the edges of the interfacial and surface MDFZs are located at distances of z, and z,

from the substrate interface, and therefore the misfit dislocation density is concentrated in the

middle region (z, £z <z,), then the residual strain can be analytically modeled as follows: In the
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interfacial MDFZ, the absence of misfit dislocations indicates that the residual strain is equal to
the lattice mismatch profile and therefore:

e(z)=C,z, z<z,. (7.21)
In the dislocated region (z, <z <z,), the residual strain is modeled by the electrical circuit model

as

g, © Vn:Rn-(In—IM):M. (7.22)

" 2Y h,
If we consider the limiting case where h, — 0, then it can be shown that

lim A
" _)O{gn}zg(z)zm, 0<z<z, (7.23)
where

_ f'(@  bll-veosa)
~|f(2)| 8z(L+v)sinasin g

(7.24)

where f'(z) is the first order derivative of the lattice mismatch profile. The characteristic of

Equation 7.23 describes the residual strain in structures where the misfit dislocation region extends
all the way to the substrate interface, however in linearly-graded epitaxial layers, the presence of
the interfacial MDFZ leads to the adjustment of the strain profile. In this case, the residual strain
in the dislocated region is modeled by

A A
g(z):E—F+szl, 2,<1<1,. (7.25)

The second and third terms in the equation above represents adjustments to account for the strain
at the top of the interfacial MDFZ. By a similar analysis, in the surface MDFZ, the absence of
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misfit dislocations implies that the residual strain is proportional to the lattice mismatch and
therefore the strain in this region is given by

—A+szl, z,<z<h. (7.26)

2)=C.(z-z2
#0)=Ci (=)t =~

Therefore, according to the above model, the equilibrium strain profile in the linearly-graded layer

is given by
C,z 71
Z

)= A——+C.z z,<z<z,;and 7.27
£(2) h(h—Z) 14y 1 2 ( )
Z
C.(z-z)+A——2—+C.z Z,<z<h.
f( 2) h(h—ZZ) fe1 2

The condition for the surface MDFZ boundary z, is given by

L“ g(z)dz:ZEj*Y PN Lh (Cf(z—zz)+g(zz))jz:A{In(h_bzzj+1] (7.28)

Solving the expression above and recognizing that the width of the surface MDFZ is
W0, =h—12,, yields the surface in-plane strain characteristic shown in Figure 7.14b to be

accurately modeled by

& = A In[WMDFZj+é—szl. (7.29)
WMDFZ b h

The sum of the second and third terms yields a small contribution to the equation since the

boundary for the interfacial misfit dislocation free zone z, is very small in these structures,

however, its value could be found by a similar approach where
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, . h—
[ g(z)dz=ZEf‘Y o | (sz)iz=A[ln[ bzlj+1] (7.30)

Solving, the expression above results in transcendental expression similar to the Matthews and

Blakeslee critical layer thickness equation,

2, =\/%{|n(h_zlj+1} (7.31)
C, b

Therefore, Equation 7.29 is modified accordingly to

g =N In(WMDFZj+é—\/ZAC{In(h_Zl)+1}. (7.32)
Whioez b h b

We have investigated equilibrium lattice relaxation in metamorphic in GaAsi.yPy / GaAs

(001) heterostructures involving linear grading in composition by utilizing an analogous electrical
circuit model. We have approximated the linear grading scheme using a finite number of sublayers
and have explored its effect on the surface strain and the width of the misfit dislocation free zone.
There are two key conclusions to this study: first, the surface in-plane strain increases with greater
grading coefficient and second, the value of the surface strain is strongly dependent on the width

of the surface MDFZ which diminishes at higher mismatch.
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Figure 7.14. (a) Surface MDFZ width and the in-plane strain as a function of the grading
coefficient for GaAsP/GaAs (001). (b) Surface in-plane strain as a function of the surface
MDFZ width.

7.4. Design of Strain-Compensated Epitaxial Layers Using an Electrical Circuit Model

The design of heterostructures that exhibit desired strain characteristics is critical for the
realization of semiconductor devices with improved performance and reliability. The control of
strain and dislocation dynamics require an understanding of the relaxation processes associated
with mismatched epitaxy, and the starting point for this analysis is the equilibrium strain profile,
because the difference between the actual strain and the equilibrium value determines the driving

force for dislocation glide and relaxation. Previously, we developed an electrical circuit model
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approach for the equilibrium analysis of semiconductor heterostructures, in which an epitaxial
layer may be represented by a stack of subcircuits, each of which involves an independent current
source, a resistor, an independent voltage source, and an ideal diode. In this work, we have applied
the electrical circuit model to study the strain compensation mechanism and show that for a given
compositionally uniform device layer with fixed mismatch and layer thickness, a buffer layer may
be designed (in terms of thickness and mismatch) to tailor the strain in the device layer. A special
case is that in which the device layer will exhibit zero residual strain in equilibrium (complete
strain compensation). In addition, the application of the electrical circuit analogy enables the
determination of exact expressions for the residual strain characteristics of both the buffer and
device layer in the general case where the device layer may exhibit partial strain compensation.
On the basis of this framework, it is possible to develop design equations for the tailoring of the
strain in a device layer grown on a uniform composition buffer.

The understanding of the equilibrium lattice relaxation has important implications in the
determination of the stability criteria for electronic and optical devices [210,211,212,213] in
addition to serving as the starting point for Kinetically-limited lattice relaxation
[66,214,215,216,217]. Although the design of semiconductor heterostructures may involve the
incorporation of various approaches to control the relaxation processes or dislocation generation,
in this work we have focused on strain compensation. The strain compensation mechanism has
been employed in the design of various electrical and optical devices, however, it has gathered
special interest in the fabrication of quantum dot based devices [218,219] where the use of
intentionally mismatched interfaces has enhanced the electrical/optical characteristics [220,221]

in addition to improving the crystalline quality and the reduction of defect density [222].
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Previously, we studied the strain compensation mechanism in the InxGai-xAs/GaAs material
system involving the growth of two compositionally uniform layers and developed an approximate
Gaussian-based model to describe the device layer in-plane strain [223]. Although, the term
“strain-compensation” has been used with various meanings in published literature and especially
in reference to the growth of strain-layer-super-lattices, in our work we have defined strain
compensation as the tailoring of the strain in a device layer by the design of the underlying buffer
layer.

In the general case, the design of the buffer layer for the purpose of strain compensation
involves adjustments in thickness and compositional-grading profile; though, in our work the
buffer layer has uniform composition, so design of the buffer involves modifying only the
thickness and composition. In previous work, we studied strain compensation in the InxGaz-
xAs/GaAs material system [223] using an ad-hoc numerical minimum energy approach [43],
whereas in the present work, we applied a recently developed electrical circuit analogy for
equilibrium lattice relaxation [224] and have investigated strain compensation in the ZnSySei-
y/GaAs (001) material system. The electrical circuit model (ECM) is developed based on the
generalized equilibrium theory of Matthews [225] and considers an epitaxial layer to be
analogously modeled by an equivalent circuit configuration involving an independent current
source, a resistor, an independent voltage source, and an ideal diode. Multilayered structures may
be modeled by stacking the appropriate number of these building blocks, after which the numerical
values of the node voltages in the circuit correspond to the equilibrium strains in the sublayers of
the semiconductor structure. The development of the electrical circuit analogy enables the

modeling of semiconductor heterostructures by readily available circuit simulators in which the
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intuitive understanding of electrical circuits may be easily extended to the equilibrium lattice
relaxation of these structures. Furthermore, the electrical circuit analogy allows the derivation of
exact expressions for the residual strain and dislocation density characteristics in each of the
sublayers of the epitaxial stack. Therefore, in this work we have applied the circuit approach to
understand the relaxation process of the two-layered ZnSySe:.,/GaAs (001) structure and have
developed exact expressions for the equilibrium in-plane strain of each layer. In addition, we
provide a comparison of the residual strain characteristics for the device layer using the previously
developed Gaussian-based model [223] and exact expressions determined from the circuit model.
7.4.1. Electrical Circuit Analogy for Equilibrium Relaxation

In the present work, we have applied the previously developed electrical circuit model to
study the strain compensation mechanism in structures comprising a uniform ZnSySei.y device
layer grown on a GaAs (001) substrate with an intermediate uniform ZnSySe1.y buffer layer, which
could contain a different composition and thickness. The device layer has thickness h, and lattice
mismatch f, with respect to the GaAs (001) substrate and the buffer layer has thickness h; and
lattice mismatch f; as shown in Figure 7.15. The theoretical framework for the electrical circuit
model is described in more detail in Reference [224], however, we will briefly summarize it below
as it specifically applies to a two-layer structure. The electric circuit model approach for the
equilibrium analysis of epitaxial heterostructures is based on the generalized equilibrium theory
where each sublayer of an epitaxial stack may be represented by an analogous circuit configuration
involving an independent current source, a resistor, an independent voltage source, and an ideal

diode. A multilayered structure may be built up by the connection of the appropriate number of
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these building blocks, and the node voltages in the analogous electric circuit correspond to the
equilibrium strains in the original epitaxial structure. For the structure considered in Figure 7.15a,
the equivalent circuit model involves the stacking of two building blocks. The equilibrium profile
of an arbitrary heterostructures could be determined by minimizing the sum of the strain and

dislocation energies.
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Figure 7.15. (a) A ZnSySei1y/GaAs(001) heterostructure involving two compositionally
uniform layers and (b) the equivalent electrical circuit.

If we consider an epitaxial structure involving a stack of two disparate layers as shown in
Figure 7.15a, the strain in each layer may be related to the misfit dislocation densities for that layer
and those below it. In this case, the in-plane strains are

&p = Ty — ppbp Sin asin g — pghyg sin asin ¢

. . (7.33)
&g = Ty — pghy Sin asin ¢

By rearranging the equations above and accounting for the sign of mismatch at each interface, the

linear misfit dislocation densities for the mismatched interfaces are given as

_fo-Tg (fo—¢0)—(fs —2s)
° |fp—fg|  bpsinasing
_Ts  fo—sp

| f5| bg sin asin ¢

(7.34)

Pe
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The sum of the strain and dislocation line energy per unit area may be found by adding the

contributions of both sublayers:

E= Ed‘B + Eg‘B + Ed’D + E(ng

- o ; -
o, GBbB(l Vg COS a) In hg +h; 1|+ 2V hoe,
27(1-vy) b :

B

+p Gybj L1, c05" ) i Mo |1 |+ 2v n e
° 2z(-v,) 5 oreTP

(7.35)

To determine the equilibrium strain of this structure, we must differentiate the energy with respect

to the in-plane strain for each sublayer and set each partial derivative equal to zero:

_ _ 2
0=6—E:2YDhDSD— foofs GDbD(l vp 08 a) {In(h—f’]ﬂ}

ey |y — fg| 27(L—vp )sin asin g| * { by
OF fy Gyb{l-vgcos’a) [, (hy+h
0=—=2Y;h,g, ——2 —2E 2 In| 2—2 |+1
O&g 5168 | fs] 27(1— vy )sin asin ¢{n( by }_ } . (7:30)

L o1 GDbD(l—vD cosza) {In{h—Djﬂ}

|y — fg| 22(1—v, )sin asin g| | by,
Concurrent solution of the equations above yields the equilibrium in-plain strains ¢, and ¢, . For

the heterostructure of Figure 7.15a, in the analogous electrical circuit model, the node voltages for

two essential nodes are given by

_ _ 2
0=E _ pyyhys, - fo=fs Coboll=vpcos a){ln(h—DJH} o Yoy =0

dep PP |fy — f| 22(1-vp )sin asin g| | by Rp
oE fy Gghy(l-vycos’a) [, (hy+h
0=—=2Y,h,g, ——2—BB B In| 2—2 (+1
Oy 5116 |fB| 27(1- vy )sin asin ¢{n( bg j+ } V (7.37)
, © R—B—IB+ID =0
N fo—1g GDbD(l—v?cos_a) In hy 1 B
|fp — fo| 22(1—vy )sin asing| by,
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It can be shown that the numerical value of the voltage at each node is equivalent to the equilibrium
strain of that sublayer &5 <> V,, and g5 <> V. In Figure 7.15b, the diode-connected
independent voltage sources are determined by

Voo & fy—1; (7.38)
Vg < fo '

Furthermore, each sublayer in the epitaxial stack may be modeled by an electrical subcircuit in

which:
Ry < 1

2Yoho (7.39)

1 '

R ©

2V h,
and

_ 2

Lo fo— fy Gphpll o cos.a) {In(h—[’jﬂ}

o — fo| 27(L—vp)sinasing| b, (7.40)

f, Ggby(l—vy cos’a) {In(hB +h, ]H} '

l; © ; -
|fg| 272(1— v )sin asin ¢ bg

7.4.2. Analytical Expressions for Strain Compensation: Results and Discussion

Strain relaxation of compositionally-uniform epitaxial layers involves the introduction of
misfit dislocations at mismatched interfaces which can be modeled using Dirac delta functions.
For the structures studied here, dislocations may be introduced at the substrate-buffer and buffer-
device layer interfaces as is necessary to accommodate the lattice mismatch at those interfaces.
For a single compositionally uniform layer, the linear density of misfit dislocations increases
monotonically for increasing compositional mismatch and apart from the dislocated interface, the
equilibrium strain is constant due to the absence of additional misfit dislocations above the
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interface. The extent of strain relaxation depends on both the lattice mismatch and thickness of the
epitaxial layer. Therefore, in this case the buffer layer serves as a growth platform with adjustable
in-plane lattice constant, the value of which depends on the buffer composition and thickness. The
buffer layer may therefore be designed in such a way as to achieve complete strain compensation
in a device layer to be grown on top.

In this work, we have utilized the electrical circuit model to explore the strain compensation
mechanism by varying the compositional mismatch at the buffer layer-device layer interface at
given buffer and device layer thicknesses. Although a characteristic feature of this work involves
the determination of the critical condition for strain compensation (zero strain in the device layer),
the application of the electrical circuit model enables the development of design criteria for partial
strain compensation (and therefore design of the equilibrium device layer residual strain). To study
the strain compensation mechanism we have applied the following analysis: for a given device

layer thickness h, and composition f_, we have fixed the buffer layer thickness h, and have
varied the composition of the buffer layer f; to determine the critical point for zero in-plane strain

at the surface of the heterostructure (the strain compensation condition). We have investigated
heterostructures with device and buffer layer thicknesses ranging from 100 nm to 500 nm and
sulfur compositions ranging from 0% to 30%, which correspond to lattice mismatch values of -
0.27% to 1.11%.

Figure 7.16 explores the four-dimensional space of the device layer in-plane strain as a
function of the buffer layer lattice mismatch with either device layer thickness (Figure 7.16a),

device layer lattice mismatch (Figure 7.16b) or buffer layer thickness (Figure 7.16c¢) as a
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parameter. The characteristics of Figure 7.16 show that for a given structure with fixed h,, f,
and hg, the device layer strain exhibits a three-regime behavior with respect to f, (see Figure

7.16d). In the regimes with constant device layer strain, misfit dislocations (MD) are present at
both interfaces, but the sense of the MDs may be different depending on the compositional
difference at the buffer-device interface. In the regime with varying in-plane device layer strain,
MDs are absent from the device interface. Although there may be cases where misfit dislocations

are absent from both interfaces, in this work we have chosen buffer layer thicknesses which are

beyond h, and therefore MDs are always present at the substrate-buffer interface.

In the constant strain regimes, the significant difference in the absolute lattice mismatch at

the buffer-device interface requires the partial relaxation through the introduction of misfit

dislocations. In the constant strain region where |fB| >>| fD| (region 1), the in-plane strain is of the

same sign as the lattice mismatch which indicates the presence of misfit dislocations of the same

sense whereas, when | f5| <<|f,| (region 111), there is a reversal in the sign of the in-plane strain

with respect to mismatch. In the strain-varying regime (region Il), the in-plane strain characteristic
in the device layer exhibits a sharp transition from compressive to tensile strain which coincides
with partial strain compensation. In this region, there exists a combination of compositional
mismatch at the buffer-device interface and buffer thickness such that the device layer is
completely relaxed (perfect strain compensation). Although the buffer and device layer thicknesses
are well beyond their individual critical layer thicknesses if grown directly on a GaAs substrate,
the lattice mismatch at the device interface is accommodated elastically within both layers without

necessitating the introduction of misfit dislocations at the buffer-device layer interface. In the
246



following sections, a key focus will be to understand the strain relaxation and compensation
behavior of these heterostructures through the application of the electrical circuit model.
Furthermore, we will justify the strain behavior and the limits of strain compensation by using the

electrical circuit analogy.
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Figure 7.16. Device layer in-plane strain as a function of buffer layer lattice mismatch with
(a) device layer thickness, (b) device layer mismatch and (c) buffer layer thickness as
parameters. In each case, the remaining parameters were fixed: (a) device layer mismatch is
0.416% and 300 nm thick buffer layer, (b) 300 nm thick buffer layer and 300 nm thick device
layer and (c) device layer mismatch is 0.416% and 300 nm thick device layer. The direction
of the arrow indicates an increasing value of the parameter. (d) A sample device layer strain
characteristics depicting the three distinct regimes.
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The results of Figure 7.16a indicate that for a fixed device layer mismatch and buffer layer
thickness, an increase in the device layer thickness hy results in (i) a reduction of the liming strain
value in the constant strain regime, (ii) a diminishment of the width of the strain varying regime
and (iii) a decrease of the slope in the strain varying regime. Whereas there is a strong dependence
of the device layer in-plane strain on hy, there are weaker variations with increasing f, and h;.
Figure 7.16b shows that for a fixed h, and hg, an increase in the device layer sulfur composition
produces a left-shift of the device layer strain versus buffer layer mismatch characteristic which in
turn results in a higher value of the critical buffer layer mismatch for complete strain compensation.
Furthermore, the results of Figure 7.16c illustrate that for structures with fixed hy and f, an
increase in the buffer layer thickness results in the (i) diminishment of width of strain varying
regime and (ii) a shift of the critical buffer layer mismatch for complete strain compensation. It is
interesting to note that for a fixed device layer thickness, observation of the absolute value of the
in-plane strain (Figure 7.16) in the constant strain regimes exhibits symmetrical behavior and

variations in either f,, fy or hg, and the limiting value of strain is independent of these three
parameters, depending only on h, . The results of Figure 7.17 show that the limiting strain in the

device layer varies in approximate inverse relationship with the device layer thickness. The
sublinear behavior is due to the logarithmic dependence of the dislocation line energy.

The application of the circuit model to study the strain compensation mechanism in
structures involving compositionally uniform layers allows the intuitive understanding of electric

circuits to be readily applied to the relaxation of semiconductor heterostructures. Therefore, in the
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following sections we will apply the ECM to understand the device layer strain characteristics in the

constant strain and strain-varying regimes.
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Figure 7.17. Device layer in-plane strain as a function of the device layer reciprocal thickness
in the constant strain regimes.

In the constant strain regime (regions | and I11), the device and buffer layers are decoupled
by the presence of misfit dislocations at the device layer interface. The presence of MDs in a
physical structure corresponds to a non-conduction mode for the ideal diode (Figure 7.18) in the
analogous electrical circuit. Therefore, the limiting node voltage for the device layer in regions |
and 111 may be determined from the simplified electric circuit shown in Figure 7.18b where
Vy =Rpl;. (7.41)
In terms of the physical model, the limiting value of the device layer strain for a given set of

parameters f;, f, , hy and hy can be translated as
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(7.42)

It can be seen from the equation above that the limiting device layer in-plane strain is
independent of the buffer layer thickness at higher compositional mismatch between the buffer
layer and device layer. In the strain varying regime (region Il), the absence of MDs at the device
layer interface demonstrates the coherent state of the device layer which in terms of the electrical
circuit results in conduction of the top ideal diode shown in Figure 7.19a. The conduction of the
ideal diode leads to the formation of a supernode where two essential nodes are separated by an
independent voltage source. In addition, the formation of this supernode results in the modification
of the node voltage at the bottom of the supernode (the buffer layer in this case). Therefore, in
region 11, the node voltage of the device layer is determined from the simplified circuit of Figure
7.19b by
Vp =V, +Vp, (7.43)
whereas the node voltage of the buffer layer (or in other words the node voltage at the bottom of
the supernode) is modified accordingly as

R
V, = 3 +BRD (1,Ry =V ). (7.44)

Equations 7.41, 7.43 and 7.44 enable the determination of the criteria for compete strain relaxation
as well as the extent of partial strain compensation in cases which do not satisfy these criteria. The

condition for critical strain compensation occurs when the device layer exhibits zero strain (g, =0

) which is equivalent to the node voltage at the device layer equaling zero (V, =0). Therefore
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R
V, = BR (1I,Ry —Vqp )+Vep =0. (7.45)

Rs +Rp

Solving the equation above results in
Ve, =—14R;. (7.46)
In terms of the physical model the above expression is translated to the required compositional

mismatch between the device and buffer layer for critical strain compensation ( f, )

2
=y fy = Dy(1—v, cos” ) {ln[h”hD}l] (7.47)

|| 82 LV, )sin arsin ¢ bg
_ Ep e Vp ep e Vp
% R
_RI) 1[) D ID
= g Vg = &V
RB IB RB IB
e
(a) (b)

Figure 7.18. (a) Electrical circuit for the analogous case of the constant strain regime and (b)
the simplified circuit accounting for the non-conducting mode of the diodes.

In addition, we can determine the condition for which the strain transitions from the constant strain
regime (either region | or Il1) to the strain varying regime (region Il). From the electrical circuit
point of view this transition occurs when Equations 7.41 and 7.43 are equal. Thus,

Vi = I5(Ry +Rg )—I5R. (7.48)
In the physical model, the required compositional mismatch between the device and buffer layer

for the transition between the strain varying regime to constant strain regime ( f, ) is given by
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An important result from the development of the electrical circuit model and its application to
study the strain compensation mechanism is that it enables the determination of the in-plane strain
characteristics for the buffer layer as well. Figure 7.20 compares the buffer and device layer in-
plane strain as a function of the buffer layer lattice mismatch for a 300 nm thick buffer and 300
nm thick device layer. The fractional sulfur composition of the device layer shown here is fixed at

Y, =0.15 corresponding to a lattice mismatch of f; =0.416% . The strain characteristics exhibit

similar features for both the buffer and device layer. Although the buffer layer exhibits similar
three-regime behavior with exact transitions from the constant strain to strain varying regions, the
residual strain of the buffer layer is always the same sign as the lattice mismatch. In region I and
I11 of the strain characteristic, both interfaces are decoupled by the presence of misfit dislocations.
Therefore, the node voltage for the buffer layer (Figure 7.18b) is given by

Vy =Rg(l;—1p). (7.50)
In the equivalent physical model, the in-plane strain characteristic in regions I and Il is described

by
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The expression above indicates that in the constant strain regime, the extent of strain relaxation of
the buffer layer is dependent on the parameters of the device layer. The strain characteristic of the
buffer layer is inversely proportional to its thickness; however, it exhibits a weak logarithmic
dependence on the total thickness of the structure. In the strain varying regime, we showed that
the absence of MDs and therefore the formation of the supernode in the analogous electrical circuit
results in the modification of the bottom node of the supernode which in this case is the one
representing the buffer layer. Using Equation 7.44, the buffer layer in-plane strain can be modeled

as

“8 TV Ny +Yhy | [T] 82Yphy (1+ v )sin rsin ¢ b,

Yohy [h GBbB(l—vBcf)sza_) {In[hﬁhD}l}(fD_fB)} (7.52)

and the device layer strain in the strain varying regime is determined from
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Therefore, the in-plane strain of the device and buffer layer can be analytically modeled by the

following piecewise equations:
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Figure 7.19. (a) Electrical circuit for the analogous case of the strain varying regime and (b)
the simplified circuit accounting for the conduction mode of the ideal diode in the top node.

Figure 7.21 compares the device layer in-plane strain as a function of the buffer layer lattice
mismatch for a two-layered ZnSySei1.,/GaAs structure, where the residual strain characteristic is
determined using the exact expression (Equation 7.54) and the approximate Gaussian-based model
(Equation 32) developed in our previous work [223]. The structure considered here consists of a
300 nm thick buffer and 300 nm thick device layer of uniform composition. The results of Figure

7.21 show excellent agreement in the residual strain characteristics determined using the two
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methods. However, the Gaussian based model is only an approximation which leads to slight
departures near the regions of (i) complete strain compensation and (ii) transition between the

strain-varying to constant-strain regimes.
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Figure 7.20. Comparison of the buffer and device layer strain characteristics as a function
of the buffer layer mismatch for a 300 nm thick buffer and 300 nm thick device layer. Regions
I and 111 represent the constant strain regime whereas region Il indicates the strain varying
regime.

The application of the electrical circuit model to study the strain compensation mechanism
enables the development of exact expressions for modeling the strain characteristics of both the
buffer layer and device layer. Therefore, the heterostructure may be designed in such a way that
both the device and buffer layer exhibit the desired strain characteristic. As an example, this work
could be applied to the design of strained-relaxed MOSFET devices where it is desirable that the
channel (similar to the device layer in this work) is highly strained in order to enhance the mobility

of the carriers whereas the buffer layer is partly relaxed. Therefore, from a fabrication point of

view, the application of the electrical circuit model enables the crystal grower to design devices
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with desired strain characteristics based on the appropriate choices of mismatch and thickness for

each epitaxial layer.
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Figure 7.21. Comparison of the device layer strain characteristics as a function of the buffer
layer mismatch for a two-layered structure where the strain characteristics are determined
from the electrical circuit model and the approximate Gaussian-based model. The
thicknesses of the buffer and device layer are each 300 nm and the device layer lattice
mismatch is f, =0.416%.

In this work, we have applied the previously developed electrical circuit model to
investigate the mechanism of strain compensation — the modification of the strain in a
semiconductor device layer by varying the design of one or more underlying buffer layers — for
the case of a uniform device layer grown on a mismatched substrate with an intermediate uniform-
composition buffer. In a previous work, we utilized ad-hoc minimum energy calculations to study
strain compensation in the InxGaixAs / GaAs (001) material system and developed an approximate
Gaussian-type model to describe the in-plane strain characteristics in the device layer. Here, the

application of the electrical circuit model to study the strain compensation mechanism in the

ZnSySe1.y/GaAs(001) material system enables the development of exact expressions for the
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residual strain characteristics in both the buffer and device layer. The main conclusion to this study
is that for a given device layer design (thickness and composition), there exist choices of the buffer
layer thickness and composition which result in the device layer exhibiting desired in-plane strain
characteristics. In turn, the development of exact expressions to model strain characteristics allow
flexibility in the choices of material parameters such that either partial or complete strain

compensation may be achieved in these structures.
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8. Plastic Flow Results

8.1. Relaxation and Threading Dislocations in the ZnSSe/GaAs Material System

The design of metamorphic semiconductor devices requires a predictive model for strains
and threading dislocation densities. Previous work enabled modeling of threading dislocations
(TD) in uniform layers but not in device structures with arbitrary compositional grading. In this
work, we present a kinetic model for lattice relaxation which includes the misfit-threading
dislocation interactions, which have not been considered in previous annihilation-coalescence
models. Inclusion of these dislocation interactions makes the kinetic model applicable to
compositionally-graded structures, and we have applied it to ZnSe/GaAs (001) and ZnSySe:-
y/GaAs (001) heterostructures. The results of the kinetic model are consistent with the observed
threading dislocation behavior in ZnSe/GaAs (001) uniform layers, and for graded ZnSySe1.,/GaAs
(001) heterostructures the kinetic model predicts that the threading dislocation density may be
reduced by the inclusion of graded buffer layers employing compositional overshoot. This
“dislocation compensation” effect is consistent with high-resolution x-ray diffraction experimental
results for graded ZnSySe1,/GaAs (001) structures grown by photo assisted metalorganic vapor
phase epitaxy.
8.1.1. Annihilation-Coalescence Models

The design of lattice-mismatched semiconductor device structures requires a predictive
model for strains and threading dislocation densities, which are important in determining device
performance and reliability. Previous work enabled modeling of single heterostructures but not
compositionally-graded structures of the types used in mesomorphic transistors and light-emitting

diodes. In this work, we present a kinetic model for lattice relaxation in semiconductor
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heterostructures which accounts for misfit-threading dislocation interactions and therefore can be
applied to partially-relaxed device structures employing compositional grading and mismatched
interfaces.

For uniform composition heteroepitaxial layers on mismatched substrates, it is often observed that
the threading dislocation density is inversely proportional to the layer thickness, for layers which
are much greater than the critical layer thickness and therefore nearly relaxed at the growth
temperature [75]. This behavior has been reported for ZnSe/GaAs [226,227], InAs/GaAs [228],
GaAs/InP [228], InAs/InP [228], and GaAs/Si [229]. Tachikawa and Yamaguchi [78] devised a
semi-empirical model for the threading dislocation density in a uniform, nearly relaxed

heteroepitaxial layer which was based on annihilation and coalescence of threading dislocations.

The differential equation governing the threading dislocation density D was assumed to be

?j—?:—ch—CZDZ, (8.1)

where the first and second terms represent first- and second-order threading dislocation reactions,

z is the distance from the substrate interface, and C, and C, are constants. The solution of this

equation gives the surface threading dislocation density as a function of total epilayer thickness,

D
D= 0 , 8.2
(1+D,C,/C,)exp(C,h)-C,/C, (8.2)

where C,, C,, and D, may be determined empirically. Though many heteroepitaxial material
systems exhibit approximately D oc1/h behavior, and can be modeled using similar values of C,
and C,, the value of D, varies greatly from one material system to another and must be found

empirically for the application of Equation 8.2. Romanov et al. [79] extended the annihilation-
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coalescence model to selective area growth and argued that the first-order term is associated with
glide to sidewalls in patterned or cracked films. They showed that if the first-order term is
neglected the solution for the threading dislocation density is

_ DO
~1+D,C,(h=h,)’

(8.3)

where h, is the thickness at which the initial misfit dislocations are introduced. One limitation of

the annihilation-coalescence models is that they only apply to layers grown well beyond the critical
layer thickness for which the threading dislocation density decreases with thickness. However,
pseudomorphic layers are known to contain low dislocation densities, comparable to the substrate.
The dislocation density must therefore increase after the critical layer thickness has been exceeded,
reach a maximum at some thickness, and then decrease. The annihilation-coalescence models do

not provide insight into the processes which are active during the initial build-up of the threading

dislocations.
coalescence and
annihilation
| — introduction of half
bending over of —» / loops
existing
dislocations ep:tax.fal Iayer /

substrate

Figure 8.1. Interactions between misfit and threading dislocations in a lattice mismatched
structure.

Another limitation of the annihilation-coalescence models is that they only apply to

uniform composition layers. This is because they do not account for interactions between misfit
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and threading dislocations at mismatched interfaces and in compositionally-graded regions, and
this renders them inapplicable to most heteroepitaxial semiconductor devices.

To address these two limitations, we have developed a kinetic model for the lattice
relaxation and threading dislocation behavior in heteroepitaxial layers of arbitrary thickness and
compositional profile. This model includes empirical parameters, similar to the annihilation-
coalescence models, but these empirical parameters may be determined by relatively simple
experiments. Inclusion of misfit-threading dislocation interactions in our model enables its use
with graded and multilayer structures which are of great importance to metamorphic device design
(see Figure 8.1).

8.1.2. Application of the Kinetic Model to the Relaxation of ZnSe/GaAs Material System

For the application of this kinetic model to a particular material system it is necessary to
know the values of the constants U , K, and B . The activation energy for the glide of dislocations
in ZnSe/GaAs (001) was assumed to be U = 0.6 eV, based on experiments with bulk ZnSe reported
by Yonenaga et al. [230]. The activation energy of glide may be different in epitaxial materials
due to several factors including dissociation of dislocations into partials. In our work, use of an
incorrect value of U may introduce some uncertainty between experimental and modeling results
for ZnSe, for which 40% of the total thickness was grown at 595°C and the remaining 60% of the
total thickness was grown at 360°C. In thinner samples, the 595°C growth will be pseudomorphic
so most of the relaxation will occur at 360°C. But in thicker layers, we expect a greater contribution
to the lattice relaxation at 595°C. If the assumed activation energy is low (high), then the 360°C
relaxation will be overestimated (underestimated) compared to the relaxation at 595°C. In either

case, we assume that negligible relaxation occurs during cool-down, due to the rapid decrease in
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temperature and the thermally-activated nature of glide. We conducted a set of experiments
involving ZnSe/GaAs (001) single heterostructures to estimate the values of B and K, as will be

described below.
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Figure 8.2. Room temperature in-plane strain versus thickness for ZnSe/GaAs (001) single
heterostructures grown by the two-step photo assisted MOVPE process.

8.1.3. Experimental Procedures

In this work, we investigated ZnSySe:.,/GaAs (001) heterostructures grown by photo
assisted metalorganic vapor phase epitaxy (MOVPE) using the sources dimethyl zinc (DMZn),
dimethyl selenium (DMSe), and diethyl sulfur (DES). All heterostructures were grown on GaAs
(001) substrates. Prior to epitaxy, substrates were cleaned sequentially in boiling trichloroethylene,
acetone, and methanol. After a deionized water rinse, the wafers were etched in Caro’s etch with
a composition of 10:1:1 H2SO4:H202H-0 for 3 min at 60°C. Next the wafers were rinsed again in

deionized water and given a 1 min treatment in 1:1 HCI:H>O to remove the native oxide. Following
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this, the substrates were rinsed in deionized water and isopropanol, blown off in filtered nitrogen,
and loaded into the epitaxial reactor. Prior to growth, a 2 min deoxidation step was carried out at
595°C at 250 torr with 14 sIm hydrogen. Growth was carried out at 250 torr with 14 sIm flow of
hydrogen carrier gas and with 350 rpm susceptor rotation in an EMCORE vertical, resistance
heated reactor. Photoirradiation was provided by an Oriel Hg lamp through a quartz window in the
top of the reaction chamber. The structural properties of the heteroepitaxial structures were
investigated using high-resolution x-ray diffraction (HRXRD) with a Bartels-type diffractometer

employed a four-bounce Ge 022 monochromator and Cu K ¢, radiation. The in-plane and out-of-

plane strains, and compositions in ZnSySei.y layers, were found using 004 and 044 rocking curves
measured at opposing azimuths by application of the general approach described by Zhang et al.
[231]. The relaxed lattice constants for GaAs [9], ZnSe, and ZnS [232] were assumed to be 0.56534
nm, 0.56687 nm, and 0.54105 nm, respectively. The Poisson ratio was assumed to be 0.38 for
ZnSe [233].

Common methods for determination of dislocation densities in mismatched
heterostructures include crystallographic etching (etch pit density), x-ray diffraction, cross-
sectional and plain-view transmission electron microscopy (TEM). Etch pit density is suited to
material systems with low dislocation densities whereby the spatial distribution of dislocations is
such that it reduces the encroachment of neighboring pits. Characterization using TEM is suited to
metamorphic buffer layers with high dislocation densities, but TEM measurements explore a
relatively small sample volume and are susceptible to local fluctuations in the dislocation density.
X-ray characterization affords additional benefits by providing an absolute accuracy of

approximately a factor of two over a relatively larger sample area (~ 1 mm?). Therefore, in this
263



work the dislocation densities in the ZnSe single heterostructures and uniform ZnSySe:.y layers on

graded buffers were estimated from the 004 rocking curves using the method described by Ayers

[234].
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Figure 8.3. Dislocation density versus reciprocal of thickness for ZnSe/GaAs (001) single
heterostructures grown by the two-step photo assisted MOVPE process.

8.1.4. Kinetically-Limited Strain Relaxation

In order to characterize the parameters B and K, we first grew a series of ZnSe/GaAs
(001) single heterostructures with different thicknesses by the two-step photo assisted MOVPE
process, in which 40% of the total thickness was grown at 595°C with 58 mW/cm? UV irradiation
from an Oriel Hg lamp and the remaining 60% of the total thickness was grown at 360°C with 39
mW/cm? irradiation. The source mole fractions were Xpmzn = 2 X 10 and Xpwmse = 4 x 10 and the
selenium source flow was started one minute before the zinc source. The in-plane strains were

determined by high-resolution x-ray diffraction at room temperature, and the results are shown in
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Figure 8.2 by the filled squares. Using the kinetic model for relaxation, the strain versus thickness
characteristic is best fit using BK =2x10™ cm*dyns" as shown in Figure 8.2 by the solid curve.

It should be noted that the strain relaxation occurs much more gradually than predicted by the
Matthews and Blakeslee equilibrium theory [77], shown by the dashed curve. The results of Figure
8.2 illustrate that there is some underestimation of the relaxation in thinner samples which are
slightly greater than the critical layer thickness, suggesting that the actual activation energy may
be slightly lower than the assumed value. Because the strain relaxation is governed by the BK
product and U, a second experiment is necessary to find the individual parameters B and K. It
would also be possible to design a set of experiments to determine a more accurate value of U in
epitaxial ZnSe. This would be somewhat complicated in the case of photo assisted MOVPE, which
necessitates two-step buffer deposition, but experiments can be designed such that the high-
temperature buffer layer is kept below the critical layer thickness so no relaxation occurs during
its growth and therefore the relaxation may be confined to essentially the remaining growth
temperature. This could be attempted in future research but for this work we relied on published
value of U. The thermal expansion coefficients are summarized in Table 8.1.

To estimate the value of B, we determined the threading dislocation densities in thick,
nearly-relaxed ZnSe/GaAs (001) single heterostructures from the same set described above (Figure
8.3) by considering the glide of TDs on {111} type planes. This glide is governed by the excess
stress which depends on the line tension in the misfit segments of dislocations. Using our Kinetic

model for the threading dislocation density, we obtained a best fit to the experimental results using

the value B ~5x10cm®dyn's™.
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Figure 8.4. Dislocation density versus thickness for ZnSe/GaAs (001) single heterostructures
grown by the two-step photo assisted MOVPE process.

Table 8.1. Second-order polynomial coefficients for thermal expansion coefficients in GaAs
[235], ZnSe [235], and ZnS [15,236,237,238,239,240] associated with a third-order
polynomial fit to Aa/a characteristics.

Crystal B(10°K?1) C(10°K? D (10*K3)
GaAs 4.239 2.916 -0.936
ZnSe 4,419 5.309 -2.158
nS 6.628 2.15 -0.333

Using the values of B and K determined above, we applied the kinetic model to calculate
the threading dislocation densities in ZnSe/GaAs (001) single heterostructures grown by the two-
step process over a wide range of thicknesses, down to and including pseudomorphic layers. The
experimental and modeling results are compared in Figure 8.4. It can be seen that the kinetic model
predicts a build-up and decay of the threading dislocation density as the layer thickness is

increased. Though there are quantitative differences between the modeling and experimental
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results for thinner layers, the qualitative behavior suggests that the initial build-up of the

dislocation density can be explained by misfit-threading dislocation interactions.
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Figure 8.5. Graded ZnSySe1.y/ZnSe/GaAs (001) heterostructures investigated in this study.

To further test the kinetic model, we applied it to several graded ZnSySei.,/ZnSe/GaAs
(001) heterostructures. Each of these structures comprised a ZnSe buffer, a graded ZnSySes.y layer,
and a uniform composition ZnSySe1.y layer on top. Each heterostructure had a 135 nm ZnSe buffer
layer grown by the two-step procedure described above. The graded ZnSySe:.y layer was grown at
360°C with 39 mW/cm? photoirradiation. The zinc and selenium source flows were fixed (Xpmzn

=2 x 10" and Xpmse = 4 x 10™), and the sulfur source flow was varied to control the sulfur content
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of the growing layer. The range of the DES mole fraction was 0 < Xpes < 1.5 x 107, corresponding
to 0 <y < 0.06. In the forward graded (FG) sample, the sulfur composition was graded from 6%

to 2% with a grading rate of -0.05% sulfur/min (-6.4% x m™). In the forward graded with

overshoot (FGO) sample, the sulfur composition was graded from 6% to 0 with the same grading
rate. In the “steeply forward graded” (SFG) sample the sulfur composition was graded from 6% to

2% with a grading rate of - 0.1% sulfur/min (-12.8% x m™), and in the “steeply forward graded

with overshoot” (SFGO) sample the composition was graded from 6% to 0% with a grading rate

of - 0.1% sulfur/min (-12.8% x m). Each structure had a uniform top layer of ZnSySes.y, grown

at 360°C with 39 mW/cm? photoirradiation with Xpmzn = 2 X 10, Xpwmse = 4 X 10, and Xpes = 0.5
x 10 for 45 min, resulting in a nominal sulfur composition of 2%. The ZnS,Sei-y/ZnSe/GaAs
(001) structures studied are illustrated in Figure 8.5.

Experimentally, we found that the use of compositional overshoot at the ZnSySe;.y graded
layer / ZnSySe1y uniform layer interface resulted in a significantly lower surface threading
dislocation density compared to a similar structure without overshoot. The FGO structure exhibited
a threading dislocation density of 2 x 102 cm compared to 5 x 108 cm for the FG structure, and
the SFGO sample exhibited a dislocation density of 2 x 108 cm™ compared to 4 x 108 cm™ for the
SFG structure. More importantly, because the samples being compared had the same grading
coefficients and the total thickness of the FGO sample is only slightly greater (~ 10%) than that of
the FG sample, these factors cannot explain the ~ 60% reduction in the surface dislocation density.
Table 8.2. Experimental and modeling results for ZnSySe1.y/GaAs (001) heterostructures

with the forward graded (FG), forward graded with overshoot (FGO), steep forward graded
(SFG), and steep forward graded with overshoot (SFGO) structures described in the text.
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Threading Dislocation Density (108 cm2)

Structure FG FGO SFG SFGO
Experiment 5 2 4 5
Model
B=5x10"cm’dyn's™ 2.2 2.0 2.5 2.2
Model
4.2 2.7 4.8 3.8

B=1x10"%cm’dyn's™

The one significant difference between the samples - the design of interface - could not be
expected to alter annihilation and coalescence processes in the graded or uniform layers. Therefore,
the reduction is attributed to the bending over of threading dislocations at the overshoot interface
in order to create misfit dislocation density line length which also indicates an enhancement of the
annihilation and coalescence mechanisms at the interface itself. To examine this further, we
applied the kinetic model to the graded ZnSySei.y samples with the FG, FGO, SFG, and SFGO
designs, and the results are summarized in Table 8.2. The model correctly predicts that the
inclusion of an overshoot interface reduces the threading dislocation density at the surface, but

there are significant quantitative differences between the experimental and model results. The
value B ~5x10™?cm*dyn's™* was determined from a best fit to the date for ZnSe and was applied

to ZnSySei.y heterostructures with the assumptions that B is independent of the both the sulfur

2emidyn~'s™) was applied

content and the dislocation density. The second value of B (B =1x10
ZnSySe1.y with the same assumptions as in the case of ZnSe/GaAs (001) single heterostructures to
get within a factor of two accuracy in the dislocation compensation associated with overshoot

interfaces. This value is not intended to be a best fit of ZnSySes.y but it illustrates that the value of

B is very different in these samples compared to ZnSe heterostructures considered previously. We
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considered two possible explanations for this difference. i) It is possible that the value of B is
different for ZnSySeiy compared to ZnSe. However, our samples contained relatively dilute
concentrations of sulfur and it seems unlikely that the composition changes alone could explain a
factor of five change in B. ii) It is possible that the effective value of B varies with the dislocation
density, because of threading dislocation interactions which could retard the dislocation mobility
and glide velocities. Explanation (ii) cannot be ruled out at the present time, and warrants further
investigation by using a refined model which takes into account the dependence of B on the
dislocation density. This might also be the reason for the quantitative differences between model
and experimental results for layers of ZnSe less than 500 nm thick. It is possible that the model
underestimates the growth of misfit dislocation segments in the thinner layers, and this could be
the case if the dislocations have greater mobility in the thinner layers compared to the thicker
layers. It is known that dislocation interactions in highly-defected layers can lead to reduced
mobility or even pinning of dislocations. Future refinements of this kinetic model might take into
account a dislocation mobility which depends on (i) the dislocation density and (ii) the second
order effect of dissociation of dislocations into partials which may affect somewhat the line tension
in the misfit segments of dislocations.

In conclusion, in this work we have developed a dislocation dynamics model which
accounts for misfit-threading dislocation interactions as well as annihilation and coalescence, and
which is therefore applicable to device structures with arbitrary compositional profiles. The kinetic
model provides a qualitative prediction of the build-up and decay of the dislocation density with

thickness in single heterostructures, and it also predicts dislocation compensation by overshoot
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interfaces in graded heterostructures. A future refinement of the model could include a dislocation
density dependence of the dislocation mobility.
8.2. Critical Layer Thickness and the Role of Finite Experimental Resolution in

ZnSe/GaAs (001) Utilizing Matthews and Blakeslee Equilibrium Theory

The critical layer thickness h, for the onset of lattice relaxation has important implications

for the design of pseudomorphic and metamorphic 11-V1 device structures on lattice-mismatched
substrates. Several theoretical models have been developed for the critical layer thickness,
including the well-known force-balance model of Matthews and Blakeslee. Experimentally-
measured critical layer thicknesses in ZnSe/GaAs (001) heterostructures are often at variance with
one another as well as the Matthews and Blakeslee model. By assuming that the lattice relaxation

is a fixed fraction of the equilibrium relaxation (constant y / y,, ), Fritz [Appl. Phys. Lett., 51, 1080

(1987)] has shown that the measured h, may be much larger than the equilibrium value when

using a finite experimental resolution. However, the assumption of constant fractional relaxation
is not applicable to any heterostructure exhibiting kinetically-limited lattice relaxation. In order to
reconcile the conflicting results for 11-VI materials, we applied a general dislocation flow model
to determine the apparent critical layer thickness as a function of the experimental resolution for
ZnSe/GaAs (001) heterostructures. We show that the Matthews and Blakeslee model is consistent

with several measured values of h, once the kinetically-limited relaxation and finite experimental

strain resolution are taken into account.
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8.2.1. The Role of Finite Experimental Resolution

The critical layer thickness h, for the introduction of misfit dislocations is important to the

design of pseudomorphic and metamorphic 11-VI device structures on mismatched substrates.
Several models have been proposed for the critical layer thickness [34,241,242,243,244,245]
however, the most commonly used and well-known model is that of Matthews and Blakeslee [241]
which is based on equating the line tension and glide force acting on a grown-in dislocation. It is
important to note that we have considered only experimental results for continuous layers of
ZnSe/GaAs (001), for which the Matthews and Blakeslee model is applicable. Other theoretical
models have been developed for three-dimensional deposits, or island growth, but these will not

be considered further here. The equilibrium strain in an epitaxial layer of thickness h is given by

f h<h;

5eq(h)= i b(l_VC032 0") |n(hj+1 h>h: (8.4)
|f|8zh(L+v)cosA| (b) " ©

where b is the length of the Burgers vector, v is the Poisson ratio, « is the angle between the
Burgers vector and dislocation line vector, f is the lattice mismatch, and A is the angle between
the Burgers vector and the direction in the interface which is perpendicular to the intersection of
the glide plane and the interface. The critical layer thickness is the greatest thickness for which

£ (N) =T . Using the room temperature (20 °C) lattice mismatch of ZnSe, f =-0.270%, the

equilibrium critical layer thickness of ZnSe/GaAs (001) is 44 nm assuming « =60°, 4 =60" and
v=0.38. In contrast, experimentally measured values of the critical layer thickness for

epitaxially-grown  ZnSe/GaAs  (001) range from 50 nmtm to 225 nm
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[246,247,248,249,250,251,252,253], or up to five times the equilibrium value at room temperature.
Measurements of the critical layer thickness for ZnSe/GaAs (001) show variations based on the
growth method, temperature and method of characterization (i.e., experimental resolution). In
addition, the nature of the dislocations also impacts the resolution and in this work, we are
assuming 60° dislocations gliding on (111) planes.

In the ZnSe/GaAs (001) material system, the lattice mismatch and therefore the critical
layer thickness vary with growth temperature owing to the difference in thermal expansion
coefficients. In the temperature range from 20 °C to 600 °C, the coefficient of thermal expansion

varies from 6.975 x 10® K1 to 8.754 x 108 K for ZnSe and from 5.707 x 10° K1 to 7.190

Ucre

x 10 K1 for GaAs as shown in Table 8.3 [254]. The characteristics provided in Table 8.3 represent

second-order polynomial fits to the available experimental data, which are given by

ace (T)=B+2CT +3DT? (8.5)

where T is the absolute temperature in Kelvins. The polynomial coefficients for the substrate and
the epilayer are collected in Table 8.3.
Table 8.3. Second-order polynomial coefficients for thermal expansion coefficients in ZnSe

and GaAs [254], as determined from the third-order polynomial fits to the Aa/a expansion
characteristics.

B(10°K?1) C(10°K? D (102 K?)

ZnSe 4.419 5.309 -2.158
GaAs 4.239 2.916 -0.936

The lattice mismatch in ZnSe/GaAs (001) at a growth temperature Tg is given by
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TG
f(Te)=f(Ty)+ J-TO (aCTE,GaAs ~ CcTE 7nse )dT ) (8.6)

where T, is the reference temperature, usually assumed to be room temperature. The lattice

mismatch in the ZnSe/GaAs (001) system therefore varies from -0.270% at 20 °C to -0.364% at
600 °C. The increase in the absolute value of mismatch causes a reduction in the critical layer
thickness from the often-quoted room-temperature value, so this cannot explain the differences
between the measured and equilibrium critical layer thickness values. At a growth temperature of
600 °C, the equilibrium critical layer thickness for ZnSe/GaAs (001) is ~ 31 nm.

The lattice constant for ZnSe, and therefore its lattice mismatch with respect to GaAs, could
vary by several parts per million due to variations in stoichiometry. However, we have neglected
such variations in this work because (i) they are small compared to the absolute mismatch and (ii)
they are small in comparison to the temperature variation of the mismatch [255].

For the Si1xGex/Si (001) and InxGaixAs/GaAs (001) material systems Fritz [256] has
argued that the differences between experimentally measured (apparent) critical layer thicknesses
and equilibrium values stem from kinetically-limited relaxation combined with finite experimental

resolution. By assuming that the lattice relaxation is a fixed fraction of the equilibrium relaxation

(717, =Q), Fritz showed that the measured critical layer thickness h. may be much larger than

the equilibrium value when using finite experimental resolution R, according to
f—R/Q:geq(h:). The resolution refers to the strain sensitivity of the measurement, and is

unitless. However, experimental results for heteroepitaxial 11-VI materials such as ZnSySei.y/GaAs

[257] and ZnSe/GaAs [246,258] show that the lattice relaxation is not a fixed fraction of the
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equilibrium relaxation, and this is expected to be the case for any material exhibiting kinetically-

limited relaxation. If we remove the assumption of constant »/y,,, the relationship between the
resolution R and the apparent critical layer thickness h; is

R=f—g(n) (8.7)
Stated differently, the apparent critical layer thickness h_ is the minimum thickness at which the

lattice relaxation can be detected using an experimental resolution R . By applying a kinetic model
for lattice relaxation by dislocation flow in ZnSe/GaAs (001) heterostructures we can determine
the strain relaxation versus thickness and therefore find the apparent critical layer thickness as a
function of experimental resolution by applying Equation 8.7.
8.2.2. Kinetic Model for Lattice Relaxation

Previously, we reported a kinetic model for lattice relaxation by dislocation flow similar to
the one proposed by Dodson and Tsao [68]. In order to simplify the analysis, Dodson and Tsao
approximated the strain relaxation as occurring with a fixed thickness equal to the final film
thickness during an annealing step of duration equal to the growth time. Therefore, the layer
thickness and equilibrium strain point were considered fixed during the strain relaxation. Although
use of these approximations is reasonable for thick, uniform layers grown at constant temperature,
it is necessary to use a different approach for layers close to the critical layer thickness.

In this work, we consider the time dependence of the film thickness - and therefore
equilibrium strain - in the growing film. We also take into account thermal strain, which is
typically introduced during the cool-down to room temperature but which can also be introduced

during growth if the growth temperature is varied. In order to do this, we use the generalized
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effective stress, which varies with time as the layer is grown and which can account for changes
in composition as well as temperature during growth. The driving force for relaxation is the
effective stress acting on threading segments of dislocations; the effective stress at a distance :
from the substrate interface is determined by the difference between the actual and equilibrium

strain profiles in the material above and is given by

£ (2)= {Zcos¢cosﬂ}jh {G(1+ v)[g| (€)-2, (g)]}dg 9

h-z 2 (e

where z is the distance from the substrate interface, ¢ is the angle between the surface normal

and the slip plane, G is the shear modulus, &, is the actual in-plane strain, and ¢ is a variable of

integration. The equilibrium strain profile for an arbitrary heteroepitaxial structure may be
determined by minimizing the sum of the strain energy and dislocation energy as described by
Bertoli et al. [43]. In the model of Haasen [259], the glide of a 60° dislocation in a diamond or zinc
blende crystal can be described as the diffusion of a nanocrack with atomic dimensions under the
influence of a Peierls-Nabarro force. This leads to a semiempirical relation for the velocity V of

misfit dislocation extension given by

U

V = Ay eXp(_ﬁj’ (8.9)
B

where U is the activation energy for diffusion of the dislocation core, kg is the Boltzmann

constant, T is the temperature, and A is a constant. In this work, we have assumed that the

velocity of misfit dislocations is linear in the effective stress. The rate of lattice relaxation at a
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distance z from the substrate interface is determined by the glide of dislocations in the material

below:

dz—iz) = AKbsin asin ¢72, (z)exp(— I:_TJJ-: [PA(&)+ po 1A, (8.10)

where K is a constant, p, accounts for initial sources of misfit dislocations, and p,(z) is the

areal density of misfit dislocations in the graded material,

,OA(Z)Z( 1 j[dgu(z)_ df (Z)j’ (8.11)

bsin asin ¢ dz dz

in which f(z) is the lattice mismatch strain as defined in Reference [260].
During growth of any mismatched heterostructure, changes in temperature during growth
introduce thermal strain. If there is a change in temperature from T, to T,, made rapidly enough

so that insignificant lattice relaxation occurs during the temperature change, the in-plane strain is

modified by the thermal strain according to

81(T2) = &)+ [ (@cre cans — ere s )T (8.12)
In practice, a temperature ramp can be subdivided into a series of small steps to account for finite
strain relaxation during temperature changes.

By using Equations 8.8 through 8.12 we can find the room temperature strain, and therefore
lattice relaxation, as a function of thickness, and thereby determine the apparent critical layer
thickness as a function of experimental resolution by using Equation 8.4. In order to do this, we
divide the layer into a number of sublayers having uniform thickness, and we consider the growing

structure to be built up one sublayer at a time. After the growth of each sublayer the equilibrium
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strain is calculated by energy minimization, the effective stress is calculated, and then the lattice
relaxation is found by assuming that the sublayer is annealed at its growth temperature for its time
of growth. These sublayers may be reduced in thickness (to a few monolayers) to obtain the desired
accuracy; in this work, the sublayer thickness was fixed at 1 nm. When using this approach for the
case of a uniform composition layer, the misfit dislocations are confined to the interface (first
sublayer). Also, both the actual in-plane strain and the equilibrium in-plane strain are constant
throughout the thickness (equal for all sublayers at any given point in the growth).

By subdividing the layer in this way, we can account for the fact that the thickness and
equilibrium strain are changing during the growth. Therefore, the driving force for relaxation is
changing during growth even if the temperature is held constant. Temperature changes, associated
with two-step growth or cooling after growth, alter the strain and lattice mismatch due to the
differential thermal expansion. Inclusion of these effects provides a more accurate calculation of the
residual strain than the approximate Dodson and Tsao model [68], which provides an estimate of the
lattice relaxation based on the annealing of a fully-grown, constant thickness layer for a time equal to
the growth time, without including temperature changes or the evolution of the equilibrium strain.

Using the kinetic model for relaxation and methods described in Reference 66, 260, the strain

versus thickness characteristic for ZnSe/GaAs (001) was fit very accurately using the model

parameters AK =2.3-10""cm*dyns, U =0.6eV , and p =1.0-10"cm™. The basis for the model,

as described above, is the Matthews and Blakeslee theory for the critical layer thickness, and the
Mathews and Blakeslee equilibrium strain, which was used to compute the effective stress, and

therefore the driving force for lattice relaxation.
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In this work, the previously-developed model was applied in order to answer the question of
whether the Matthews and Blakeslee model is consistent with reported measurements of the critical
layer thickness for ZnSe/GaAs (001). We did not modify the previously-developed model, nor did
we use any fitting or adjustable parameters. To answer the question at hand, we applied the kinetic
model for lattice relaxation in order to predict the room-temperature residual strain in ZnSe/GaAs
(001) as a function of thickness for given growth temperature conditions. Then, through use of
Equation 8.4, we calculated and plotted the apparent critical layer thickness as a function of
experimental resolution for each of these growth temperature conditions. Each measured value of the
critical layer thickness was then plotted on the same graph according to the strain resolution of the
particular measurement, using error bars to indicate the range of the experimental resolution in each
case. In such an analysis, if the experimental points fall upon the calculated curves, when accounting
for the error bars, then we may conclude that the Matthews and Blakeslee model for the critical layer
thickness is consistent with the measurements.

8.2.3. Kinetically-Limited Strain Results Based on a Finite Resolution

Figure 8.6 shows the calculated in-plane strain as a function of thickness for ZnSe/GaAs
(001) grown under different temperature conditions: 300 °C, 330 °C, 360 °C, 480 °C, 595 °C, and
two-step growth, for which 40% of the thickness is grown at 595°C and then the remaining 60%

of the thickness is grown at 360 °C. Pseudomorphic layers all exhibit an in-plane strain of -0.27%

at room temperature, even though the growth-temperature strain varies with T, because this

variation is offset during cooling. For metamorphic (partly relaxed) layers, on the other hand, the
growth-temperature strain is important in determining the rate of relaxation and this relaxation is

not offset during cool-down. ZnSe layers grown at higher temperatures exhibit a much more rapid
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decrease in the residual strain with thickness compared to those grown at lower temperatures.
Because of this, measurement of the same apparent critical thickness will require much better
experimental resolution with a growth temperature of 300 °C compared to the case of 595 °C. As
expected, the relaxation characteristic for two-step growth is intermediate between the
characteristics for single-temperature growth at 360 °C and 595 °C. For very thin layers, however,
the curve for two-step growth almost coincides with the 360 °C curve, because for these layers the
critical layer thickness is not exceeded until after 40% of the thickness is grown and no apparent
relaxation occurs at the initial temperature. The results of Figure 8.6 indicate that the growth
temperature has important implications in the final strain state; one key result here is that structures
with a higher thermal budget exhibit much higher relaxation rates and therefore lower values of
the in-plane strain. As an example, a structure grown at 595 °C exhibits near complete relaxation
(> 95%) at a thickness of ~300 nm whereas for a growth temperature of 480 °C, > 95% relaxation
does not occur until a thickness of ~700 nm. At lower temperatures, the structures studied here
exhibit extremely sluggish relaxation rates and the curve separation between the growth
temperatures of 300 °C, 330 °C and 360 °C does not become apparent until a thickness of ~500
nm is reached. Furthermore, even at a thickness of ~1000 nm structures grown at relatively low
temperatures (< 360 °C) exhibit less than 20% strain relaxation.

From the results of Figure 8.6, we created a plot of apparent critical layer thickness versus
experimental resolution for each of the growth temperature conditions investigated, as follows.
For each thickness and temperature condition, we found the extent of lattice relaxation observed
at room temperature utilizing the kinetically-limited lattice relaxation model. An experimental

method with a strain resolution equal to or less than (i.e., better than) this value would be able to
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detect the onset of lattice relaxation. Thus, for the temperature of interest we may plot this
thickness as the apparent critical layer thickness with a resolution equal to the expected lattice
relaxation from Figure 8.6. This yields a plot of apparent critical layer thickness as a function of
experimental resolution, with growth temperature as a parameter, and this is given in Figure 8.7.

The experimental values for the apparent critical layer thickness are 97 nm (O’Donnell et
al. [249] for molecular beam epitaxy (MBE) at 330 °C using x-ray topography), 140 nm (Zhang et
al. [246] for two-step metallo-organic vapor phase epitaxy (MOVPE) growth using the x-ray full-
width-at-half-maximum (FWHM) method), 150 nm (Petruzzello et al. [248] for 360 °C growth by
MBE using the x-ray diffraction strain method), 210 nm (Zhang et al. [246] for two-step MOVPE
growth using the x-ray strain method), and 225 nm (Reisinger et al. [247] for MBE growth at 300
°C using the x-ray diffraction strain method).

Table 8.4.Summary of measured apparent critical layer thicknesses for ZnSe/GaAs (001)
along with the estimated resolution values.

he”  Characterization

(nm) Method Estimated Resolution Growth Method

Reference

O’Donnell et al. [249] 97  X-ray topography 1.0x 10°<R < 4.0 x 10°® MBE, 330°C
Zhang et al. [246] 140 X-ray FWHM 44x10°<R<14x10° MOVPE, two-step

Petruzzello et al. [248] 150 X-ray strain 59x10°<R<1.9x10° MBE, 360°C
Zhang et al. [246] 210 X-ray strain 24x10°<R<75x10° MOVPE, two-step

Reisinger et al. [247] 225 X-ray strain 3.9x10%°<R<1.2x10° MBE, 300°C

In order to plot the experimental values on Figure 8.7, and to compare them to the values
expected from Equation 8.4, we estimated the experimental resolution for the three techniques. In
order to do this, we assumed least-squares fitting of the diffraction peak to a Gaussian profile

shape, which is the common approach applied in experimental work. For the x-ray diffraction
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strain method (XSM), using a symmetric reflection such as the 004 from an (001) heterostructure,

the resolution with respect to the in-plane strain is [75,246]

R :( 2v J[o.gzxcp} (6.13)

1-v A h]sin 6,
where A, is the x-ray wavelength and &, is the Bragg angle. The parameter C_, describes the

uncertainty in the Bragg peak position for the epitaxial layer peak as a fraction of the epitaxial
layer full width at half maximum; its value depends on the x-ray counting statistics as described

in the appendix, and is given by

cp=1\/— 1 In(l— 1 j (8.14)
2\ In(2) SNR

where SNR is the signal-to-noise ratio for the x-ray measurement, assuming a Gaussian diffraction

profile. The emission and detection of x-rays are random processes and as a consequence the

signal-to-noise ratio improves with the effective number of x-ray counts detected and is given by
SNR= /N , (8.15)

where N is the effective number of x-ray photons detected. Most x-ray measurements involve

the use of oversampling (measurement of m points within the angular range A€) in conjunction
with curve-fitting. If the number of counts per point is N and the oversampling is by a factor of

m the resulting effective number of counts is N.; = mN . Combining three of the equation above,

we find the resolution of the x-ray strain method to be

v Y 094, )| 1 1
RXSM:[l—vj[h:sin 98]\/ |n(2)ln[l Neﬁ]’ (8.16)
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For the x-ray diffraction FWHM method (XFM), the resolution with respect to the in-plane

strain is given by [246]

_0.154,,/C, 8.17)
XFM T * ’ .
h. cos6;+/n,

where n, is the number of threading dislocations associated with each misfit dislocation. The
assumption of n, =2 corresponds to dislocation half loops whereas the assumption n, =1

corresponds to the substrate associated dislocations. Here we assume n, =2, corresponding to

dislocation half loops. In ZnSe on GaAs which is substantially relaxed, the threading dislocation
density is on the order of ~1x108 cm™ whereas the substrate dislocation density is ~1x10° cm™.

Therefore 99.8% of the misfit dislocations have two threading arms while only 0.2% have a single

threading arm, and it is appropriate to assume n, =2. The value of C,, represents the fractional

uncertainty in the Bragg peak width as described in the appendix, and is given by

1

C, SR (8.18)

Combining Equations 8.15, 8.17, and 8.18, and assuming n, =2, we obtain the resolution of the

x-ray FWHM method as

~ 0.154,
h cosG,NY4[2In(2)

(8.19)

XFM

In the x-ray topography method (XTM)), it is possible to observe a single misfit dislocation.

If the area observed in the topography is |xI, then the minimum detectable linear misfit

dislocation density is 1™ and the resolution with respect to the in-plane strain is
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bsin ¢ sin
RXTM = % . (820)

Here we assumed 50 pm < | < 200 pum to estimate the experimental resolution for the x-ray
topography measurement.

Using the calculations described above, we estimated the expected range of experimental
strain resolution for each of the experimental measurements. For all x-ray diffraction
measurements, we estimated the effective number of counts by assuming ten times oversampling
with curve fitting; therefore, the typical peak number of counts (intensity multiplied by count time)
was multiplied by ten to obtain the effective number of counts. For Zhang et al. [246] using the x-
ray strain method and a Bartels diffractometer with a sealed Cu x-ray tube and an effective number
of counts between 2.0 x 10* and 2.0 x 10°, the strain resolution is estimated to be between 2.4 x
10° and 7.5 x 10°. For Zhang et al. [246] using the x-ray FWHM method with the same
diffractometer and an effective count between 2.0 x 10* and 2.0 x 10° the expected resolution is
between 4.4 x 10 and 1.4 x 10°°. For Petruzzello et al. [248] using the x-ray strain method with a
biaxial diffractometer and a rotating Cu anode x-ray tube, the expected resolution is between 5.9
x 10 and 1.9 x 10 for an effective number of counts between 2.0 x 107 and 2.0 x 10°. For
Reisinger et al. [247] using a Bartels type diffractometer with a rotating Cu anode source and an
effective number of counts between 2.0 x 107 and 2.0 x 10°, the expected resolution is between 3.9
x 10 and 1.2 x 10°. For O’Donnell et al. [249] using the x-ray topography method, with 50 pm
< | <200 pum the expected resolution is between 1.0 x 10° and 4.0 x 10°®. These estimates are
summarized in Table 8.4. Although, other measurements of the critical layer thickness

[250,251,252,253] for ZnSe/GaAs (001) also show variations based on the growth temperature
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and method of measurement, insufficient information was given in these references for the

estimation of the experimental resolution, so they cannot be compared against the curves of Figure

8.7.
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Figure 8.6. (Color Online) Calculated in-plane strain at room temperature as a function of
thickness for ZnSe/GaAs (001) grown under different temperature conditions.

To answer the question of whether the Matthews and Blakeslee theory is consistent with

the measured critical layer thicknesses, we plotted the experimentally determined values of critical

layer thickness on Figure 8.7, using the resolution of the experiment as the horizontal coordinate,

and using error bars to display the range of the experimental strain resolution. The placement of

the experimental point is determined by the geometrical mean R of the range of the experimental

strain resolution:
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where R and R, are the limiting resolutions determined from the appropriate effective counts.

Then, if the Matthews and Blakeslee theory is consistent with the measurements, the experimental
points should overlap with the corresponding temperature curve, once the error bars are taken into
account.

In Figure 8.7, the measurement of O’Donnell et al. falls upon the 330°C curve when
accounting for the error bars, the measurements of Zhang et al. fall upon the curve generated for
two-step growth, the measurement of Reisinger et al. falls upon the 300°C curve and the
measurement of Petruzzello et al. falls upon the 360°C curve. Therefore, the Matthews and
Blakeslee model is consistent with all of these measured values of critical layer thickness when
finite experimental resolution is taken into account. Furthermore, an important result of Figure 8.7
is that for the same experimental resolution and x-ray counting statistics, an increase in the growth

temperature would lead to a lower determined h; .

It is important to note that we have not considered the uncertainty in film thickness due to
growth rate variations or experimental error in the thickness characterization. If we had considered
such thickness uncertainties, they would introduce vertical error bars. Then each data point would
be plotted as a rectangle rather than a horizontal line segment. However, to the extent that the
horizontal line segments intersect the theoretical curves, the rectangular boxes would also intersect
the theoretical curves, since each rectangular box includes the associated horizontal line segment
as a cross section. Therefore, if we were to account for error bars associated with thickness
variations, our finding would remain unchanged, and we would conclude that the Matthews and

Blakeslee model is consistent with the experimental data.
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Figure 8.7. (Color Online) Apparent critical layer thickness for ZnSe/GaAs (001) as a
function of the experimental resolution for different temperature conditions. The symbols
represent experimental measurements and the horizontal error bars show the range of the
estimated resolution. Each open circle indicates the intersection of the experimental point
with the appropriate temperature curve.

Finally, it should be made clear that this analysis, though it shows the Matthews and
Blakeslee model for the critical layer thickness is consistent with the experimental data for
ZnSe/GaAs (001) once kinetically-limited lattice relaxation and finite experimental strain
resolution is taken into account, does not enable us to reject other models for the critical layer
thickness in continuous epitaxial layers, nor does it allow a comparison of different models for the
critical layer thickness. Such a comparison, though beyond the scope of the present work, will be
considered in a forthcoming publication.

Using a kinetic model for dislocation flow we have calculated the kinetically-limited lattice

relaxation as a function of layer thickness for ZnSe/GaAs (001) layers grown under six different
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temperature conditions: 300 °C, 330 °C, 360 °C, 480 °C, 595 °C, and two-step growth, for which
40% of the thickness is grown at 595 °C after which the remaining 60% of the thickness is grown
at 360°C. On the basis of these lattice relaxation results, we have determined the apparent critical

layer thickness as a function of the experimental resolution for each of these temperature

conditions using a new model described by R= f —g“(h:); that is, we have found the minimum

thickness at which there will be detectable lattice relaxation using a given resolution. An analysis
of reported experimental critical layer thicknesses for ZnSe/GaAs (001) using estimates of the
experimental resolution reveals that the Matthews and Blakeslee critical layer thickness theory is
consistent with the measured values of Reisinger et al., Petruzzello et al., O’Donnell et al., and
Zhang et al. once the kinetically-limited relaxation and finite experimental strain resolution are
taken into account. In addition, the variations in the experimentally determined critical layer
thickness depend on the growth method, temperature and the counting statistics employed for the
characterization measurement.
8.3. CLT: Theory and Experiment in the ZnSe/GaAs Material System

The critical layer thickness (CLT) determines the criteria for dislocation formation and the
onset of lattice relaxation. Although several theoretical models have been developed for the critical
layer thickness, experimentally-measured CLTs in ZnSe/GaAs (001) heterostructures are often at
variance with one another as well as with established theories. In a previous work [T. Kujofsa et
al., J. Vac. Sci. Technol. B, 34, 051201 (2016)], we showed that the experimentally measured CLT
may be much larger than the equilibrium value when using finite experimental resolution. In this

work, we apply a general dislocation flow model to determine the apparent critical layer thickness
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as a function of the experimental resolution for ZnSe/GaAs (001) heterostructures. More
importantly, we compare the results utilizing different equilibrium theories and therefore varying
driving forces for the lattice relaxation in order to determine which established models are
consistent with several measured values of CLT for ZnSe/GaAs (001) once kinetically-limited
relaxation and finite experimental strain resolution are taken into account.

Table 8.5. Summary of the critical layer thickness models.

Model Critical Layer Thickness
b{l—vcos® ) (h j l
h. = In| = [+1
Matthews and Blakeslee [241] - o) f |(1+v)cos/1{ o | |
van der Merwe [242] - 2el=2) |an)+|n[ 2n )
¢ Ar|f|@-v) ell-v))]

L+’ |n(& j

People and Bean [243]

" 167217 (1-v)a, \b
. _ bcosa (l-vcos’a) . (h,
Fischer et al. [244] "= 4 F|(L+ v){l+ 47(1+v)cos® A In[bﬂ

_b@-v)sinatana | (h,
Freund [245] h. = 87| f|(@+v)cos A IH(FJ

bcosa h,) cos24 1-2v
T ]
b is the length of the Burgers vector, v is the Poisson ratio, « is the angle between the
Burgers vector and dislocation line vector, f is the lattice mismatch, A is the angle between
the Burgers vector and the direction in the interface which is perpendicular to the
intersection of the glide plane and the interface and a, is the lattice constant of the epilayer.

In this work, we have assumed a room temperature (20 °C) lattice mismatch of ZnSe,
f =-0.270%, a,A=60°, and v=0.38.
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8.3.1. Various Models for Equilibrium Critical Layer Thickness

Understanding the critical layer thickness (CLT or h,) for the introduction of misfit

dislocations has important implications in the design and functionality of metamorphic devices.
Although several models have been proposed for the critical layer thickness [34,245,244,243,242],
the most commonly used and well-known model is that of Matthews and Blakeslee [241]. The
critical layer thickness is the greatest thickness for which the equilibrium in-plane strain is equal
to the lattice mismatch,

gq(N)="1, h<h,. (8.22)

In a previous work [261], we investigated the apparent critical layer thickness and the role of finite
experimental resolution in the ZnSe/GaAs material system by considering the model of Matthews
and Blakeslee (MB) for the equilibrium strain and the model of Kujofsa et al. [215] for the
kinetically-limited strain. For epitaxially-grown ZnSe/GaAs (001), experimentally measured
values of the critical layer thickness range from 50 nm to 225 nm
[246,247,248,249,250,251,252,253] and these measurements show variations based on the growth
method, temperature and characterization technique (i.e., experimental resolution). Although, in
the ZnSe/GaAs (001) material system, the lattice mismatch and therefore the critical layer

thickness vary with growth temperature owing to the difference in thermal expansion coefficients,

such variation of the h, from the often-quoted room-temperature value cannot explain the

differences between the measured and equilibrium critical layer thickness values. Fritz [256] has
argued that the differences between experimentally measured (apparent) critical layer thicknesses

and equilibrium values stem from kinetically-limited relaxation combined with finite experimental
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resolution. In his work relating to SiGe and InGaAs, Fritz assumed that the lattice relaxation is a

fixed fraction of the equilibrium relaxation (y/y,, =Q), and showed that the measured critical

layer thickness h, may be much larger than the equilibrium value when using finite experimental
resolution R, according to

f—RIQ=¢4(n) (8.23)
Because kinetically-limited lattice relaxation is never a fixed fraction of the equilibrium strain, in
our previous work [261], we considered the relationship between the resolution R and the

apparent critical layer thickness h. as
R=f—g(h). (8.24)
Utilizing the kinetic-model described in Reference 66, we determined the apparent critical layer

thickness h. at which the lattice relaxation can be detected using an experimental resolution R .

A key result from that work was the finding that the Matthews and Blakeslee model is consistent
with reported measurements of the critical layer thickness for ZnSe/GaAs (001). In this work, we
use a similar approach to determine whether the experimental results are consistent with the
models of van der Merwe (vdM) [242], People and Bean (PB) [243], Fischer at al. (Fis) [244] and
Freund (Fre) [245]. For a more detailed description of this work, we refer the reader to Reference
261. However, we will briefly summarize the procedure of this work below. We applied the kinetic
model for lattice relaxation in order to predict the room-temperature residual strain in ZnSe/GaAs
(001) as a function of thickness for given growth temperature conditions. Then, through use of

Equation 8.4, we calculated and plotted the apparent critical layer thickness as a function of
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experimental resolution for each of these growth temperature conditions (300 °C, 330 °C, 360 °C,
480 °C, 595 °C, and two-step growth where 40% of the thickness is grown at 595°C and then the
remaining 60% of the thickness is grown at 360 °C). Each measured value of the critical layer
thickness was then plotted on the same graph according to the strain resolution of the particular
measurement, using error bars to indicate the range of the experimental resolution in each case.
The resolution range for each of the experimental points was determined by taking into account
the effect of the counting statistics involved with determination of x-ray rocking curve peak
position and width (for x-ray measurements). A more detailed description of this work could be
found in Reference 173. In such an analysis, if the experimental points fall upon the calculated
curves, when accounting for the error bars, then we may conclude that the critical layer thickness
Models for the Critical Layer Thickness and Equilibrium Strain

Although many theoretical models have been developed for three-dimensional deposits, or
island growth, these will not be considered here and our main focus will be only on experimental
results for continuous layers of ZnSe/GaAs (001), for which the Matthews and Blakeslee, van der
Merwe, People and Bean, Fischer at al. and Freund models are applicable. The critical layer
thickness expressions for all of the models considered here are summarized in

Figure 8.8 compares the critical layer thickness as a function of the lattice mismatch for
the various models considered here. Although all models show a monotonically decreasing CLT
with increasing mismatch, there are wide departures amongst them. For the range of lattice
mismatch investigated here, the Matthews and Blakeslee model yields the lowest critical layer
thickness and therefore in the below analysis we will consider its results when differentiating with

the other models; it should also be mentioned that there is no particular bias towards the Matthews
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and Blakeslee’s model and its choice is made out of pure convenience. The van der Merwe
characteristic is similar to the Matthews and Blakeslee curve and for the mismatch range
considered in this work this model shows less than 15% difference in the prediction of the CLT
compared to Matthews and Blakeslee. Although the Fischer et al. and Freund models exhibit
similar expressions to the Matthews and Blakeslee model, they yield values which are higher by
25 to 50%. It should be mentioned that at low mismatch values ( <0.1%), the CLT characteristics
for these two models overlap one another. However, at higher mismatch, the Freund model
approaches the van der Merwe curve. The People and Bean critical layer thickness model was
attractive in earlier work because it predicted fair agreement with experimental results for SiGe;
however, in low mismatched material systems it greatly overestimates the critical layer thickness.
In ZnSe/GaAs, for example, the People and Bean model predicts a critical layer thickness of ~15

pum which is orders of magnitude higher than experimentally-determined values.
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Figure 8.8. Critical layer thickness as a function of the lattice mismatch for the models of
Matthews and Blakeslee, van der Merwe, Freund, Fischer et al., and People and Bean.

In order to utilize the Kujofsa et al. plastic flow model for the determination of the strain-
relaxation characteristics, the expressions of Table 8.5 must be rearranged in terms of the
equilibrium in-plane strain. It should be noted that a key assumption here is that at the critical layer
thickness, the equilibrium strain is equal to the lattice mismatch. Table 8.6 shows the equilibrium
in-plane strain expressions for the various models. As a consequence of the results shown in Figure
8.8, it is expected that the equilibrium in-plane strain characteristics will be different amongst these
models which in turn will affect the kinetically-limited lattice relaxation.

8.3.2. Results and Discussion
Figure 8.9a, c, e, and g illustrate the calculated in-plane strain for the various models
investigated here as a function of thickness for ZnSe/GaAs (001) grown under different

temperature conditions: 300 °C, 330 °C, 360 °C, 480 °C, 595 °C, and two-step growth, for which
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40% of the thickness is grown at 595°C and then the remaining 60% of the thickness is grown at
360 °C. For the heterostructures considered here, the Kkinetically-limited in-plane strain
characteristic exhibits a four-regime relaxation behavior (pseudomorphic, sluggish, rapid and
saturation). The visibility of the four regimes is strongly controlled by the available thermal budget
for relaxation and such phenomena have been shown in temperature-graded ZnSe/GaAs [262] and
ZnSySe1.y/GaAs [263] heterostructures. More importantly, ZnSe layers grown at higher
temperatures exhibit a much more rapid decrease in the residual strain with thickness compared to
those grown at lower temperatures. In addition, at relatively low temperature <360 °C, due to the
sluggish relaxation, a noticeable reduction in the residual strain does not become apparent until a
thickness of ~500 nm. Because of this, measurement of the same apparent critical thickness will
require much better experimental resolution with a growth temperature of 300 °C compared to the
case of 595 °C. Not shown in Figure 8.9 are the results from the consideration of the People and
Bean model; because the critical layer thickness utilizing this particular model in ZnSe/GaAs (001)
is ~15 um, all the heterostructures considered here are below the critical thickness for dislocation
formation and therefore according to the People and Bean model they are all predicted to be
pseudomorphic layers which exhibit an in-plane strain of -0.27% at room temperature.

Although the characteristic behavior of the residual strain is similar for the models of the
Matthews and Blakeslee, van der Merwe, Fischer at al. and Freund, the numerical value of the
strain differs at a given growth temperature and thickness. This variance in the residual strain stems
from the difference in the equilibrium strain expressions given in Table 8.6. A key assumption of
the plastic flow model is that the effective stress, which is the driving force of the lattice relaxation,

is proportional to the difference of the actual and equilibrium strain. Therefore, a lower equilibrium
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strain will lead to a higher effective stress which in turn results in rapid relaxation rates and lower

residual strain values. In comparison, for a given growth temperature and thickness the residual

strain is lowest when considering the Mathews and Blakeslee model and highest utilizing the

People and Bean model (&yg < &yam < Erre < Eris < Epg )

Table 8.6. Summary of the equilibrium in-plane strain for various models.

Model

Critical Layer Thickness

Matthews and Blakeslee [241]

van der Merwe [242]

People and Bean [243]

Fischer et al. [244]

Freund [245]
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The term f /| f | accounts for the sign of the lattice mismatch and the equilibrium in-plane

strain.

From the results of Figure 8.9a, c, e, and g, we created a plot of apparent critical layer

thickness versus experimental resolution for each of the growth temperature conditions

investigated, as follows. For each thickness and temperature condition, we found the extent of
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lattice relaxation observed at room temperature utilizing the kinetically-limited lattice relaxation
model. An experimental method with a strain resolution equal to or less than (i.e., better than) this
value would be able to detect the onset of lattice relaxation. Thus, for the temperature of interest
we may plot this thickness as the apparent critical layer thickness with a resolution equal to the
expected lattice relaxation from Figure 8.9a, c, e, and g. This yields a plot of apparent critical layer
thickness as a function of experimental resolution, with growth temperature as a parameter, and
this is given in Figure 8.9b, d, f, and h for all the various equilibrium models considered in this
work. An important general finding from these plots is that, for the case of fixed resolution (for

example, as determined by the counting statistics), an increase in the growth temperature is

expected to lead to a lower determined h; .

The experimental values for the apparent critical layer thickness considered here are 97 nm
(O’Donnell et al. [249] for molecular beam epitaxy (MBE) at 330 °C using x-ray topography), 140
nm (Zhang et al. [246] for two-step metalorganic vapor phase epitaxy (MOVPE) growth using the
x-ray full-width-at-half-maximum (FWHM) method), 150 nm (Petruzzello et al. [248] for 360 °C
growth by MBE using the x-ray diffraction strain method), 210 nm (Zhang et al. [246] for two-
step MOVPE growth using the x-ray strain method), and 225 nm (Reisinger et al. [247] for MBE
growth at 300 °C using the x-ray diffraction strain method). For Zhang et al. [246], using the x-ray
strain method, the strain resolution is estimated to be between 2.4 x 10°° and 7.5 x 10°. For Zhang
et al. [246] using the x-ray full-width-at-half-maximum method, the expected resolution is between
4.4 x 10% and 1.4 x 10°°. For Petruzzello et al. [248], the expected resolution is between 5.9 x 10-
6 and 1.9 x 10 for an effective number of counts between 2.0 x 107 and 2.0 x 10°. For Reisinger

etal. [247], the expected resolution is between 3.9 x 10 and 1.2 x 10°. For O’Donnell et al. [249],
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the expected resolution is between 1.0 x 10 and 4.0 x 10, For a complete description of the
determination of the experimental resolution, we refer the reader to Reference 261. The placement
of the experimental point is determined by the geometrical mean R of the range of the

experimental strain resolution:
min Rrrﬂx ! (825)
where R, and R, are the limiting resolutions determined from the appropriate effective counts.

It is now possible to compare the five models for the critical layer thickness on the basis of Figure
8.9 b, d, f, h. Figure 8.9f shows that the van der Merwe [242] model is consistent with all of the
experimental data considered in this study and therefore appears to provide the most accurate
description of the critical layer thickness and equilibrium strain, at least in the case of ZnSe/GaAs
(001), from among the five models considered. The Matthews and Blakeslee [34] model is
consistent with four out the five experimental data, but overestimates the critical layer thickness
in the case of the Zhang et al. measurement based on the FHWM method. It should be noted at this
point that we have not considered the uncertainty in film thickness due to growth rate variations
or experimental error in the thickness characterization. If we had considered such thickness
uncertainties, they would introduce vertical error bars. Then each data point would be plotted as a
rectangle rather than a horizontal line segment. For the Zhang et al. data point based on the FWHM
method, a thickness error of only 7% would cause this point to coincide with the Matthews and
Blakeslee model. Considering this, we note that the Matthews and Blakeslee model provides a
description which is nearly as accurate as the van der Merwe model, and may be applied to

ZnSe/GaAs (001) for most practical purposes. On the other hand, the model of Freund [245] is
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consistent with only two of the experimental data points, and thickness tolerances of + 15% would
have to be considered in order for this model to coincide with the experimental data. The model of
Fischer et al. [244] is not consistent with any of the experimental data points, and thickness
tolerances of + 30% would need to be introduced to account for the observed differences.
Therefore, we conclude that that these two models provide a less accurate description of the critical
layer thickness and the equilibrium strain, compared to the van der Merwe and Matthews and
Blakeslee models, in the case of ZnSe/GaAs (001).

Using a kinetic model for dislocation flow we have calculated the kinetically-limited lattice
relaxation as a function of layer thickness for ZnSe/GaAs (001) layers grown under various
temperature conditions. The effective stress, which is the driving force for lattice relaxation has
been determined by considering various equilibrium models which include the Matthews and
Blakeslee, van der Merwe, People and Bean, Freund and Fischer et al. On the basis of these lattice
relaxation results, we have determined the apparent critical layer thickness as a function of the

experimental resolution for each of these temperature conditions and CLT theories using a new

model described by R = f —en(h:); that is, we have found the minimum thickness at which there

will be detectable lattice relaxation using a given resolution. On the basis of this analysis, we
conclude that the van der Merwe [242] and Matthews and Blakeslee [34] models are preferred for
use in the ZnSe/GaAs (001) system. The models of Freund [245] and Fischer et al. [244] appear
to provide less accurate descriptions of the critical layer thickness and equilibrium stain for
ZnSe/GaAs (001). Finally, the People and Bean model greatly overestimates the critical layer

thickness for this material system.
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8.4. Plastic Flow and Dislocation Compensation in ZnSSe/GaAs (001) Heterostructures

An important goal of lattice-mismatched semiconductor device design is the control of the
threading dislocation densities, which are of particular importance for optoelectronic devices such
as photodetectors and light-emitting diodes; the basis for this field of research is an understanding
of the dislocation dynamics in mismatched heteroepitaxial structures. Previously we developed a
plastic flow model for lattice relaxation and applied it to ZnSe/GaAs (001) heterostructures. In this
work, we have extended this work to ZnSySe1.,/GaAs (001) structures, including misfit-threading
dislocation interactions to account for the variation of the threading dislocation in compositionally-
graded material. On the basis of this model, we demonstrate that the dislocation compensation
mechanism, whereby threading dislocations can be removed by insertion of a mismatched interface
in a graded structure, can be explained by the bending over of threading dislocations associated
with misfit segments of one sense by misfit dislocations having the opposite sense.
8.4.1. Experimental Verification of Dislocation Compensation

Design of lattice-mismatched semiconductor devices for enhanced reliability or
performance requires control of the strain and threading dislocation densities, and several strain
and defect engineering approaches have been proposed. In previous work, we discovered that a
dislocation compensation mechanism is active in compositionally-graded semiconductor
heterostructures involving abrupt interfaces [264]. This finding was made during a study of
overshoot graded ZnSySei.y/GaAs (001) structures for the purpose of controlling strain relaxation.
This experimental work involved the growth of ZnSySei:.y on GaAs (001) substrates by photo
assisted metalorganic vapor phase epitaxy (MOVPE). Each of the test structures comprised a ZnSe

buffer, a graded ZnSySei.y layer, and a uniform composition ZnSySei.y layer on top. Each
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heterostructure had a 135 nm ZnSe buffer layer grown by a two-step photo assisted MOVPE
process, in which 40% of the total thickness was grown at 595°C with 58 mW/cm? UV irradiation
from an Oriel Hg lamp and the remaining 60% of the total thickness was grown at 360°C with 39
mW/cm? irradiation. The source mole fractions were Xpmza = 2 X 10 and Xpmse = 4 X 10, The
graded ZnSySes., layer was grown at 360°C with 39 mwW/cm? photo irradiation. The zinc and
selenium source flows were fixed (Xpmzn = 2 X 10 and Xpwmse = 4 x 10™), and the sulfur source
flow was varied to control the sulfur content of the growing layer. The range of the DES mole
fraction was 0 < Xpes < 1.5 x 10, corresponding to 0 <y < 0.06. In the forward graded (FG)
sample, the sulfur composition was graded from 6% to 2% with a grading rate of -0.05% sulfur/min
(-6.4% pm™). In the forward graded with overshoot (FGO) sample, the sulfur composition was
graded from 6% to 0 with the same grading rate. In the “steeply forward graded” (SFG) sample
the sulfur composition was graded from 6% to 2% with a grading rate of - 0.1% sulfur/min (-12.8%
um™?), and in the “steeply forward graded with overshoot” (FGO) sample the composition was
graded from 6% to 0% with a grading rate of - 0.1% sulfur/min (-12.8% um™). Each structure had
a uniform top layer of ZnS,Sei.y, grown at 360°C with 39 mW/cm? photo irradiation with Xpmzn =
2 x 10, Xpmse = 4 x 10, and Xpes = 0.5 x 10 for 45 min, resulting in a sulfur composition of
approximately 2%. The threading dislocation densities in the top uniform layers were determined
by high-resolution x-ray diffraction and are given in Table 8.2. The remarkable result was that 2-
3 x 108 cm™ threading dislocations were removed by the insertion of an overshoot interface
between the graded layer and the top uniform layer. (At the overshoot interface the composition
of the graded layer was made to intentionally overshoot the composition of the uniform layer on

top.) We hypothesized that the mechanism of this dislocation compensation was the bending of
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threading dislocations at the mismatched (overshoot) interface to create misfit dislocation line
length, and to better understand this mechanism we developed a plastic flow model for lattice
relaxation which incorporates dislocation multiplication, annihilation and coalescence as well as
threading-misfit dislocation interactions. The development of this model will be described in the

following two sections.

In-plane Strain (10

Figure 8.10. Room-temperature in-plane strain for ZnSeySei.y/ZnSe/GaAs (001)
heterostructures grown at 360 °C with a 135 nm ZnSe buffer with sulfur composition and
layer thickness.

The annihilation-coalescence model is only applicable to thicker layers where the threading
dislocation density decreases with thickness. Pseudomorphic layers are known to contain low
dislocation density, comparable to the substrate. Therefore, the dislocation density must increase
as the critical layer is reached reach a maximum at some thickness. It is after this point where the

annihilation-coalescence model could predict the reduction of dislocation densities with increasing
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thickness. The annihilation-coalescence models do not provide insight into the processes which
are active during the initial build-up of the threading dislocations. Another limitation of the
annihilation-coalescence models is that they do not account for interactions between misfit and
threading dislocations at mismatched/abrupt interfaces and in compositionally graded regions. For
this reason, they are only applicable to uniform composition layers, though compositionally-

graded and multilayered structures are of greater interest for device applications.
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Figure 8.11. Threading dislocation densities for ZnSeySeiy/ZnSe/GaAs (001)
heterostructures grown at 360 °C with a 135 nm ZnSe buffer with sulfur composition and
layer thickness.

To address these two limitations, we have utilized the dislocation dynamics model
explained on Page 57. In this work, we adopt the value C, = 1.8 x 10-5 cm as given by Tachikawa

and Yamaguchi for GaAs/Si (001), based on the finding that ZnSe/GaAs (001) and GaAs/Si (001)
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heteroepitaxial layers exhibit approximately the same thickness dependence of the threading

dislocation density [226].

25 —-15%
...... 14“/0
-——— 13(%)
2 20 {4 -—-12% «—
2 - 11.5%
o - 11%
(=] 15 —10.9% —
c — - 10.6%
o - 10.20/0
o -+ 10;
‘é T 10 10%
85
Yo
(] : 5 = - ..‘-;-;-;;:5_,_,‘%
g it muena
S 0 B S e
© N P -
2 - - ;:.'.:'.'.’.‘.'.:;3
£ Ao
- -5

-10

Distance From the Interface (um)

Figure 8.12. Threading dislocation density as a function of distance from the interface for U-
ZnSySe1y/G-ZnSySe1y/GaAs (001) structures with an assumed growth temperature of 360°C.
The G-ZnSySei.y layer was 1.5 um thick and its sulfur composition varied from 10% to 15%.
The U-ZnSySeiy layer had a fixed thickness of 1.5 um but its composition was varied as
indicated in the legend.

8.4.2. Modeling of Dislocation Compensation in ZnSSe/GaAs (001) Heterostructures

In order to characterize the parameters B and K, we first grew a series of ZnSe/GaAs
(001) single heterostructures with different thicknesses by the two-step photo assisted MOVPE
process described above. The in-plane strains were determined by high-resolution x-ray diffraction
at room temperature, and the results are shown in Figure 8.2 by the filled squares. Using the kinetic

model for relaxation, the strain versus thickness characteristic is best fit using

BK =10"°cmdyn2s" as shown in Figure 8.2 by the solid curve. It should be noted that the strain
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relaxation occurs much more gradually than predicted by the Matthews and Blakeslee equilibrium
theory [34], shown by the dashed curve. To estimate the value of B , we determined the threading
dislocation densities in thick, nearly-relaxed ZnSe/GaAs (001) single heterostructures from the
same set described above (Figure 8.3). Using our kinetic model for the threading dislocation
density, we obtained a best fit to the experimental results using the value
B ~0.8x10“cm®dyn~'s ™,

Using the estimated the values of the material constants B and K for ZnSe, we compared
the results of the plastic flow model to experimentally-determined strains and threading dislocation
densities in ZnSySe1.y heterostructures grown at 360°C. We grew a set of ~2 um thick layers of
ZnSySe1y with various sulfur concentrations on 135 nm ZnSe buffers at 360°C. Figure 8.10
compares the room-temperature in-plane strain values measured by high-resolution Xx-ray
diffraction to the results of the plastic flow model using BK =10""°cm*dyns'. In this figure, the
in-plane axes correspond to sulfur composition and layer thickness while the vertical axis
corresponds to the in-plane strain. The modeling results show that layers with zero sulfur
composition (ZnSe) will exhibit a transition from compressive to tensile strain as the thickness is
increased; this is expected on the basis of the differential thermal expansion and is observed
experimentally in this material system. In contrast, layers with 10% sulfur content are expected to
contain tensile strain for the entire range of thicknesses because both the lattice mismatch strain
and thermal strain are tensile. For a constant thickness of 2 um, the model results predict a
transition from compressive to tensile strain as the sulfur content is increased. The experimentally-

measured strain values are very close to this cross section of the characteristic, with small
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departures observed in the two samples with the lowest sulfur concentrations. However, the
thicknesses of these samples were estimated from the expected growth rate for the experimental
conditions, and it can be seen from the figure that a 20% error in the thickness could account for
the observed differences. We also compared the experimental threading dislocation densities for
this set of samples to those found using the plastic flow model as shown in Figure 8.11. Even
though the lattice matching composition is ~6% sulfur at room temperature, the minimum
threading dislocation densities are expected with slightly greater sulfur content (~7%) due to the
larger thermal expansion coefficient of ZnSySe1.y compared to GaAs. The threading dislocation
density rises steeply for compositions less or greater than this, with higher densities expected in
thinner layers as in the ZnSe characteristic. As seen in Figure 8.11, the model results are in good
agreement with the experimentally observed threading dislocation densities over the range of
composition studied. In general, the material constants for ZnS and the ternary alloys may differ
from those for ZnSe, but our work here was limited to relatively dilute sulfur concentrations so we
expect the values to be similar to those for ZnSe.

Having established estimates for the material constants B and BK applicable to ZnSe and
dilute ZnSySes.y alloys we investigated the behavior of hypothetical graded structures including
overshoot or undershoot. In a single overshoot structure, a linearly-graded buffer layer (G-
ZnSySe1.y) is grown on the substrate followed by a uniform device layer (U-ZnSySei.y), resulting

in the U-ZnSySe1.y/G-ZnSySe1.y/GaAs (001) heterostructure. The composition in the linearly-
graded layer is varied from Y, at the substrate interface to Y, , at the uniform layer interface. The

composition in the uniform layer is yur. The thicknesses of the graded and uniform layers are heL

and hu, respectively, and the total thickness of the epitaxial material is h=hg_+huL. If the sulfur
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concentration at the interface is greater than 6%, misfit dislocations will be introduced to relax
tensile strain in the material, and we will refer to these misfit dislocations as having negative sense.
If the composition at the top of the graded layer is made to overshoot that of the uniform layer (
Yoor > Yuo ), then misfit dislocations of positive sense will be introduced at the U-ZnS,Sei.,/G-
ZnSySes.y interface. These can be introduced by the bending of threading dislocations associated
with the negative sense misfit dislocations below, rather than the creation of new half loops, so the
threading dislocation density can be reduced. If, however, too much overshoot is introduced, all of
the existing mobile dislocations will be bent at the interface and additional misfits will be
introduced by the production of half loops. Therefore, for a given graded layer thickness, there is

a particular overshoot Y, — Y, Which will exactly eliminate all mobile threading dislocations

from the uniform device layer. Stated differently, for a given overshoot Y, — VY., there is a

particular graded layer thickness heL which will allow the elimination of all mobile threading
dislocations from the uniform device layer. The condition for complete removal of the mobile

threading dislocations is

o=’ 4”A(yz) ~C,D%(2) ldz. (8.26)
Luo (2)sign [ pA(£)dS

To investigate this dislocation compensation mechanism, we modeled the threading dislocation
behavior in 1.5 um U-ZnSySe1.y / 1.5 um G-ZnSySe1.y /GaAs (001) structures. In the graded layer
the sulfur composition was increased linearly from 10% at the substrate interface to 15% at the
uniform layer interface. The composition of the top layer was varied, and the growth temperature

was assumed to be 360°C. Figure 8.12 shows the threading dislocation density profiles for
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structures with ten different U-ZnSySe1y compositions ranging from 10% to 15% as given in the
legend. Structures with high sulfur content in the uniform layer exhibit high threading dislocation
densities in both the graded the uniform layers, and the density decreases monotonically with
distance in the uniform layer. In these samples, the misfit dislocations have negative sense at both
interfaces so no compensation is expected. For structures with lower sulfur concentration in the
uniform layer, the high dislocation density in the graded layer is overcompensated by misfit
dislocations of positive sense at the U-ZnSySe1.,/G-ZnSySe1.y interface, leading to similar numbers
of threading dislocations in the uniform layer. However, at a uniform layer composition of ~10.9%
there is almost perfect compensation of the graded layer threading dislocations by the misfit
dislocations having positive sense at the interface. In principle, it should be possible to remove all
mobile threading dislocations by the dislocation compensation mechanism through control of the
mismatch at an abrupt interface.

We have developed a plastic flow model for the strain relaxation and dislocation dynamics
in ZnSySe1.y / GaAs (001) heterostructures. This model includes misfit-threading dislocation
interactions as well as dislocation multiplication, annihilation and coalescence, and provides a
qualitative understanding of the dislocation compensation mechanism whereby grown-in
threading dislocations of a compositionally-graded heterostructure may be bent over at an
intentionally mismatched interface. Additionally, modeling and experimental studies should make
it possible to design dislocation compensated device structures in which essentially all mobile

dislocations can be removed by this mechanism.
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8.4.3. Tolerance in the Design of Dislocated Compensated ZnSSe on GaAs

The understanding of lattice relaxation and dislocation dynamics in lattice-mismatched
semiconductors have made it possible to design device structures utilizing the dislocation
compensation mechanism for reduced defects, improved performance, and enhanced reliability.
We have developed a dislocation dynamics model accounting for misfit-threading interactions and
have applied it by studying strain relaxation in ZnSe/GaAs (001) and ZnSySei1.y /GaAs (001)
heterostructures [215]. Dislocation compensation involves the inclusion of intentionally lattice-
mismatched interfaces within graded or multilayered structures in order to bend over existing
threading dislocations at these mismatched interfaces. We have investigated the design of
dislocation compensated ZnSySe1.y/GaAs (001) heterostructures with an emphasis on overshoot
grading and have considered the sulfur mole fraction tolerances applicable to such structures. We
have considered heterostructures involving a constant composition ZnSySe1.y device layer grown
on top of a GaAs (001) substrate with an intermediate buffer layer of linearly-graded or uniform
ZnSySe1.y. For each structure type, we studied the requirements on the thickness and compositional
profile in the buffer layer for the elimination of all mobile threading dislocations from the device
layer as well as the allowed tolerance in compositional overshoot to achieve structures with low
threading dislocation densities.

Design of dislocation-compensated semiconductor heterostructures device requires a
dislocation model which accounts for (i) time evolution of kinetically-limited strain relaxation, (ii)
thermal activation of glide and (iii) misfit-threading dislocation interactions. Several Kkinetic
models have been proposed by Matthews, Mader, and Light [67], Dodson and Tsao [68], Houghton

[69], Sasaki et al. [70], and Horbaschk et al. [71] where they account for thermally activated glide
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of pre-existing dislocations [66], dislocation multiplication, nucleation and impediment of
dislocation mobility. Earlier relaxation models were applicable only to uniform epitaxially grown
layers where misfit dislocations were concentrated at the epilayer-substrate interface until
Fitzgerald [72,73] studied plastic flow in compositionally-graded GexSi1-x/Si heterostructures. The
model of Fitzgerald et al. assumed that there are no impediments to dislocation mobility, whereby
the threading dislocation rapidly reaches a steady-state value during growth of the
compositionally-graded layer. Kujofsa and Ayers have developed a generalized model applicable
to compositionally-graded and multilayered semiconductor heterostructures by extending the
Dodson and Tsao model so that it may include abrupt interfaces as well as compositional grading,
linear or otherwise, with the inclusion of dislocation multiplication, annihilation and coalescence,
and interactions involving threading and misfit dislocations at abrupt interfaces. This model was
extended to account for reduction in threading dislocation density by including mechanisms of (i)
dislocation compensation caused from interactions of misfit-threading dislocations at abrupt
interfaces and (ii) annihilation and coalescence reactions as described by Tachikawa and
Yamaguchi [78]. Dislocation annihilation and coalescence reactions are known to be important in
partly-relaxed semiconductor heterostructures and in uniform mismatched layers much greater
than the critical layer thickness. These phenomena lead to a threading dislocation density which is
usually inversely proportional to layer thickness in uniform layers [75] and such behavior has been
reported for ZnSe/GaAs [226, 227], InAs/GaAs [228], InAs/InP [229] and GaAs/Si [78]. During
the growth of an arbitrary metamorphic (partially relaxed) semiconductor heterostructure, the
threading dislocation density is a non-monotonic function of thickness. Pseudomorphic layers are

known to contain low dislocation densities, comparable to their substrates, but the dislocation
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density will build up after the critical layer thickness is reached by dislocation nucleation,
multiplication, or some combination of the two. In a single heterostructure, absent of grading, the
threading dislocation density builds up to a maximum and then decreases with thickness as a
consequence of coalescence and annihilation. In a multilayered or graded structure the behavior is
more complex, because threading dislocations can be bent over to produce misfit dislocation line
length at abrupt interfaces or even in compositionally-graded material.

In previous work, we discovered that a dislocation compensation mechanism is active in
compositionally-graded ZnSySe1.y/GaAs (001) heterostructures involving abrupt interfaces [265]
grown by photoassisted metalorganic vapor phase epitaxy (MOVPE). We found that by the
insertion of an overshoot interface between the graded layer and the top uniform layer, where the
graded layer composition was made to overshoot that of the top uniform layer, the dislocation
density could be greatly reduced at the surface of the structure. We hypothesized that threading
dislocations associated with misfit dislocation of one sense were being bent over at the
mismatched interface from introduction of misfit dislocations of the opposite sense. Molina et al.
[266] and Sacedon el at. [267] utilized linearly graded buffer layers of InGaAs to grow dislocation-
free device layers. Arimoto et al. [268] extended this work to SiGe buffer layers and concluded
that twining is reduced from the use mismatched interfaces. To better understand this mechanism,
we studied the role of the buffer layer thickness and compositional tolerance for the
heterostructures outlined in Figure 8.13 For practical device fabrication an important issue
involves the allowed tolerance in the compositional overshoot to achieve structures with desired

mobile threading dislocation densities.
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8.4.4. Dislocation Densities in Dislocated Compensated ZnSSe Heterostructures

To investigate this dislocation compensation mechanism and the tolerances in sulfur mole
fraction we modeled the threading dislocation behavior of the two heterostructures outlined in
Figure 8.13a-b. The assumed growth temperature was 360°C. To obtain better understanding of
the dislocation compensation mechanisms and the role of sulfur tolerances for practical growth
conditions, we found the required overshoot and buffer layer thickness that will remove all the
mobile threading dislocations for a given device layer thickness and sulfur mole fraction. For
practical growth conditions, it is important to know the tolerances in sulfur mole fraction which
would allow the reduction of threading dislocation density to 3 - 10% 107 and 3 - 10’ cm?

respectively.

T [
hpev UL ZnS,Sey., < Ybev < YBuf hpey UL ZnS,Sey., [+ YDev ¢ YBuf
l [ YBuf L 1
1 ve I
GaAs (001) GaAs (001)
(a) (b)

Figure 8.13. (a) Dislocation compensated heterostructure with graded buffer. Uniform layer
of ZnSySe1y on a linearly graded layer of ZnSySei-y deposited on a GaAs (001) substrate. Y,

and vy, refer to the starting and ending sulfur composition for the linearly graded buffer

while yp,, refers to the sulfur concentration of the uniform device layer. hsur and hpev are the

thicknesses of the buffer and device layer respectively. (b) Dislocation compensated
heterostructure with uniform buffer. Uniform layer of ZnSySei-y on a uniformly graded layer
of ZnSySei.y deposited on a GaAs (001) substrate. y,, refer to sulfur composition for the

uniformly graded buffer while y,,, refers to the sulfur concentration of the device layer. hsuf
and hpev are the thicknesses of the buffer and device layer respectively.

By considering the dislocation dynamics we modeled the behavior of a wide range of

overshoot graded structures. The goal of this work is to be able to guide the design of
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semiconductor device heterostructures with significantly reduced defect densities. The

composition of the linearly graded buffer layer is varied from Yy, at the substrate interface to yj,,

at the uniform layer interface. The composition in the uniform layer is Yy, . The thicknesses of the

buffer and device layer are hgur and hpey respectively and the total thickness is h = hguf + hpev. For
a sulfur mole fraction greater than 6% at the substrate-buffer interface, misfit dislocations of

negative sense will be introduced to relax the tensile material above. If the composition of the

buffer layer is made to overshoot that of the device layer (Yq,r > Ype ). then misfit dislocations of

positive sense will be introduced to bend over threading dislocations associated with negative sense
misfit dislocations. It should be noted that if too much overshoot is introduced, all of the existing
mobile dislocations will be bent at the buffer-device interface and additional half loops will be
introduced. The results of Figure 8.14, Figure 8.15 and Figure 8.16 show that for a given buffer
layer thickness there is an amount of compositional overshoot at the device-buffer interface which
allows the optimum dislocation compensation. Also, for a given compositional overshoot, there is
a particular buffer layer thickness for optimum dislocation compensation. For practical device
fabrication, an important issue involves the allowed tolerance in the compositional overshoot. The
results of our study indicate that it should be possible to achieve fewer than 10® cm™ mobile
threading dislocations in practical devices using conventional control of the sulfur mole fraction.

Figure 8.14, Figure 8.15 and Figure 8.16 also show the contours of sulfur composition which allow
reduction of the mobile threading dislocation density to 3 - 106 cm™, 1 - 10" cm™, and 3 - 10" cm
2. respectively. The horizontal separation of the contour bands associated with a particular

dislocation density reveal the corresponding compositional tolerance, which is of practical
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importance for the manufacture of dislocation compensated device structures. The compositional
tolerance diminishes with the target dislocation density, so that the achievement of 106 cm™ or
fewer mobile defects will require relatively precise compositional control in the types of structures

investigated here.
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Figure 8.14. Contour plot of sulfur composition for the achievement of various mobile
threading dislocation densities using (a) a linearly graded ZnSySeiy buffer and (b) an
uniformly-graded ZnSySei.y buffer with a device layer thickness of 0.25 pm and a sulfur
concentration of 8%. The starting sulfur composition of the buffer layer was fixed at 8%.

Figure 8.14 compares the contour plots for the linearly graded (Figure 8.14a) and the
uniformly graded (Figure 8.14b) buffer. The heterostructures modeled here have a device layer
thickness of 0.25 um and a sulfur mole fraction of 8%. The starting sulfur composition for the
linearly graded layer was fixed at 8%. The buffer layer thickness decreases rapidly and
monotonically for increasing overshoot amount. In contrast to uniformly graded buffers, for a
given buffer layer thickness the linearly graded buffer requires a higher overshoot to bend over
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threading dislocations. However, when comparing the average compositions of the buffer layers
(Figure 8.17), it becomes clear that graded buffers require a lower average overshoot to bend over
the threading dislocation. Linearly graded buffers allow for the distribution of misfit dislocations
throughout the layer and allow for the longest possible misfit dislocation length. Moreover, the
threading dislocation density is reduced significantly from enhancement of glide motion. Figure
8.15 shows the contour profile for structures which are similar to those of Figure 8.14 but have a
device layer thickness of 0.5 um. The buffer layer thickness decreases monotonically with
increasing overshoot but in contrast to Figure 8.14, a more sluggish decrease becomes apparent.
As we mentioned previously there are two competing mechanisms which reduce threading
dislocations — (i) bending over of dislocations and (ii) annihilation and coalescence. For a fixed
buffer layer thickness, as we increase the device layer thickness annihilation and coalescence
reactions reduce dislocation density thus requiring a smaller amount of overshoot to bend over the
remaining mobile threading dislocations. Structures with higher sulfur concentration display rapid

relaxation rates which lead to contraction of the horizontal separation of the contour lines. This

behavior becomes more apparent as we increase the sulfur mole fraction of the device layer ( Yy,

= 10%) as shown in Figure 8.16. The horizontal separation of the contour lines diminishes almost
completely. In contrast to Figure 8.14 and Figure 8.15, there is a sluggish decrease in buffer layer
thickness with increasing overshoot. Moreover, these structures have high dislocation densities at
the buffer-device interface thus requiring a higher overshoot to bend over mobile threading

We have investigated dislocation compensation mechanism in intentionally lattice-
mismatch ZnSySes.y / GaAs (001) heterostructures involving linearly-graded or uniformly-graded

intermediate buffer layers. We have extended this work to study the compositional tolerance which
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would aid in the device design of dislocation-compensated heterostructures. The results of our
study indicate that it should be possible to achieve fewer than 10® cm™ mobile threading
dislocations in practical devices using conventional control of the sulfur mole fraction. Because of
the importance of compositional control in dislocation compensated devices, the approach could
benefit from in-situ characterization methods or novel techniques for compositional control during

growth.

0.6 - —- 310’ TD cm’

2
--- 110 TD cm™
----- 3-10° TD cm?
—— 1-10° TD cm™

0.55 +

o
a
I
T

0.45 +

0.35 f

Buffer Layer Thickness (um)
o o
w F

0.25

0.2 f

Overshoot (%)

Figure 8.15. Contour plot of sulfur composition for the achievement of various mobile
threading dislocation densities using (a) a linearly graded ZnSySei.y buffer and (b) an
uniformly-graded ZnSySei1y buffer with a device layer thickness of 0.5 pm and a sulfur
concentration of 8%. The starting sulfur composition of the buffer layer was fixed at 8%.

8.5. Comparison of Step- and Linearly-Graded ZnSSe/GaAs (001) MBLs
Design of metamorphic buffer layers (MBLSs) for semiconductor devices with reduced
defect densities requires control of lattice relaxation and dislocation dynamics. Graded layers are

beneficial for the design of these buffers because they reduce the threading dislocation density by
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(i) allowing the distribution of the misfit dislocations throughout the buffer layer therefore
reducing pinning interactions and (ii) enhancing mobility from the high built-in surface strain
which helps sweep out threading arms. In this work, we considered heterostructures involving a
linearly-graded (type A) or step-graded (type B) buffer grown on a GaAs (001) substrate. For each
structure type, we studied the equilibrium configuration and the kinetically-limited lattice
relaxation and non-equilibrium threading dislocations by utilizing a dislocation dynamics model.
In this work, we have also considered heterostructures involving a constant composition ZnSySes.-
y device layer grown on top of a GaAs (001) substrate with an intermediate buffer layer of linearly-
graded (type C) or step-graded (type D) ZnSySeiy. For each structure type, we studied the
requirements on the thickness and compositional profile in the buffer layer for the elimination of
all mobile threading dislocations from the device layer by the dislocation compensation

mechanism.

318



0.6 T

AN — 310" TD cm?
\\ --- 110’ TD cm
Wy - 3:10° TD cm

0.55 +
L . | .,\‘ - 1.105 TD cm

2
2

o
[3,]
L

-

0.45 +

0.35 +

o
w
1
T

Buffer Layer Thickness (um)
[=]
=Y

0.25 +

Overshoot (%)

Figure 8.16. Contour plot of sulfur composition for the achievement of various mobile
threading dislocation densities using (a) a linearly graded ZnSySeiy buffer and (b) an
uniformly-graded ZnSySei-y buffer with a device layer thickness of 0.5 pm and a sulfur
concentration of 10%. The starting sulfur composition of the buffer layer was fixed at 8%.
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Figure 8.17. Comparison of the average compositional overshoot between linearly- and
uniformly- graded buffer layers. The average composition for the linearly- and uniformly-
graded buffers are (yg, +Y,)/2and yg, respectively.

The traditional approach to the design of lattice-mismatched electronic and optical devices
with minimal defects involved pseudomorphic growth, in which all epitaxial layer thicknesses are
kept below the critical layer thickness for defect formation. However, in many cases materials or
performance constraints prevent the use of pseudomorphic structures. Metamorphic growth, in
which the layers relax by the introduction of misfit dislocations, enables a wider range of layer
thicknesses and compositions and has been exploited in a variety of devices. A critical challenge
with metamorphic device design involves control of the threading dislocation density, and
compositionally-graded buffer layers have been used for this purpose. Most metamorphic device

designs employ linearly-graded or step-graded buffer layers and it is therefore worthwhile to

compare these approaches in terms of their equilibrium and dynamic relaxation behavior. Recently
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we reported the mechanism of dislocation compensation, which we define as the removal of
threading dislocations associated with one sense of misfit dislocation by bending them over to
create misfit dislocations of the opposite sense. We can arbitrarily assign positive and negative
sense to dislocations which relax compressive and tensile strain, respectively. Qualitatively, a
compressive (tensile) interface can be used for dislocation compensation in a structure with a
tensile (compressive) buffer. Therefore, metamorphic buffer layers may be designed to utilize this
dislocation compensation mechanism for achieving structures with low threading densities, such
as the linearly-graded and step-graded structures investigated here.

In this work, we have considered heterostructures involving a linearly-graded (type A) or
a step-graded (type B) ZnSySei.y device layer grown on top of a GaAs (001) substrate. For each
structure, we studied the equilibrium and Kinetically-limited relaxation and non-equilibrium
threading dislocations. In addition, to better understand the dislocation compensation we studied
the role of the buffer layer thickness and compositional overshoot in two types of structures: type
C involved a uniform composition layer on top of a linearly-graded buffer while type D involved
a uniform composition layer grown on a step-graded buffer. For each structure type, we studied
the requirements on the thickness and compositional profile in the buffer layer to optimize the
removal of mobile threading dislocations from the top uniform layer (device layer).
8.5.1. Comparison of Strain Relaxation in Step- and Linearly-Graded ZnSSe Epilayers

The structures considered in this work have an ending sulfur composition ranging from

yh=10% to 20% which correspond to lattice mismatch values varying from f, =0.186% to 0.65%. In

linearly graded layers, the misfit dislocations are introduced at a finite distance from the interface

and the distribution profile could be modeled using a rectangular function. In addition, there exists
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a misfit dislocation free zone (MDFZ) near the surface which limits interaction of misfit segments
with the device layer which may be grown on top. However, the width of the surface MDFZ
diminishes with higher ending composition (mismatch) values. In step-graded layers, misfit
dislocations are introduced at the mismatched interfaces and can be modeled using Dirac delta

functions. Type B structures exhibit at most (n—1) MD delta functions, corresponding to the

number of mismatched interfaces. There exists a monotonic increase in the peak misfit dislocation
density with increasing composition (mismatch) therefore necessitating the introduction of more
misfit segments to relax the excess mismatch strain. For type B structures with n=5 a higher
composition (mismatch) leads to an increase in the number of MD delta functions as well as their
peak intensity. The addition of mismatched interfaces ( N=10) yields a higher population of delta
functions but with a lower average peak intensity. In a step graded layer, the surface MDFZ usually
has a thickness equal to the step size, but in some cases, it is possible for the thickness of this
MDFZ to be an integral multiple of the step size, where the integer is greater than one. It should
be noted that the step-graded structure always has a higher average grading coefficient than the
linearly-graded layer of similar thickness, because it terminates with a finite thickness, uniform
composition layer. We have also included a lattice-matched layer at the bottom of the step-graded
buffer, which also increases the average grading coefficient for the lattice-mismatched part of the
buffer. Therefore, although the compositional profiles for type A and B structures yield different
average grading coefficients, our intent was to tailor the compositional profile in such a way as to
induce an interfacial MDFZ similar to the case of the linearly-graded layer (type A), and this is a
potential advantage of including a lattice-matched layer. Moreover, the grading profile used in this

work allows type A and B structures to contain equal average, initial and ending mismatch.
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Compared to structures in which the first step is lattice-mismatched, this alters the average grading
coefficient over the remaining layers by up to 20%. However, we have verified by calculations
that qualitatively similar results are obtained using either a lattice-matched first step or a lattice-
mismatched first step. Therefore, the conclusions drawn from these results hold for either type of
step grading scheme. Here the step-graded structures tend to exhibit thicker interfacial MDFZs,
which may be beneficial in reducing pinning interactions with substrate defects. In contrast, the
linearly graded layers tend to contain thicker surface MDFZs for the same average lattice
mismatch, which is beneficial for sweeping threading arms from the structure.

In the dislocated region of a linearly-graded MBL, the introduction of misfit dislocations
is just sufficient to relax the strain associated with the compositional grading and therefore the in-
plane strain is approximately constant. Beyond the dislocated region, the in-plane strain increases
linearly with distance from the interface. In type B structures, the in-plane strain is composed of a
series of step functions with discontinuities at the mismatched interfaces. The equilibrium strain
in each sublayer of the step-graded buffer is constant. Correlating the discussion of the misfit
dislocation density and the in-plane strain, it can be seen that misfit dislocations relieve most of
the strain associated with the compositional mismatch in sublayers near the interface. In
comparison to linear composition profiles, step graded layers with the same average mismatch
exhibit a lower in-plane strain near the substrate interface and a higher in-plane strain at the
surface, a phenomenon which has also been shown experimentally [44]. For the structures studied
in this work, step graded layers exhibit a thicker interfacial misfit dislocation free zone (MDFZ)

imposed by the step size, and the first step is lattice-matched, resulting in minimal strain. The
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surface MDFZ, also imposed by the step size, is thinner than in a linearly-graded layer of equal

average composition, and this contributes to a larger average strain in this region.
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Figure 8.18. Average equilibrium misfit dislocation density as a function of the ending lattice
mismatch f, for 500 nm thick ZnSySei.y / GaAs (001) layers with a linearly-graded (type A)

or step-graded (type B) compositional profile.

Figure 8.18 compares the average equilibrium misfit dislocation density for 500 nm thick
ZnSySe1.y/GaAs (001) layers with various ending lattice mismatch (sulfur compositions) for type
A and type B structures. At higher sulfur composition (and therefore mismatch), more misfit
dislocations are introduced to relax the strain energy therefore increasing the average density. For
a given thickness and compositional profile, the linearly-graded layer contains a higher total
dislocation density compared to a step-graded layer. However, increasing the step number in step-

graded layers yields an average misfit density which approaches that of linearly graded structures.
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These results indicate that it is possible to achieve a structure with behavior similar to a linearly-

graded buffer by increasing the number of steps.
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Figure 8.19. Equilibrium and kinetically-limited surface in-plane strain as a function of the
ending lattice mismatch f, for 500 nm thick ZnSySe1y / GaAs (001) layers with a linearly-

graded (type A) or step-graded (type B) compositional profile. The starting sulfur
composition of the buffer layer was fixed at y, =6% (f,=0).

Figure 8.19 shows the equilibrium and kinetically-limited surface in-plane strain for 500
nm thick ZnSySe1.y/GaAs (001) with various ending lattice mismatch (sulfur compositions) for
type A and type B structures. The kinetically-limited (or non-equilibrium) strain approaches the
equilibrium strain profile if the relaxation is allowed to proceed at a sufficiently high temperature
for a sufficiently long time. On the other hand, the kinetically limited strain profile will be
approximately equal to the lattice mismatch profile if lattice relaxation is so inhibited by a low
temperature or a short time that negligible relaxation can take place. In general, though, the

kinetically-limited strain profile will be somewhere between the lattice mismatch profile and the
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equilibrium strain profile as shown here. The results of Figure 8.19 demonstrate a monotonic
increase in the surface strain and suggest a higher surface in-plane strain for kinetically-limited
relaxation. In equilibrium, linearly-graded layers contain a higher surface in-plane strain than step-
graded layers whereas Kinetically-limited relaxation can result in higher surface in-plane strain for
step-graded structures compared to linear grading. This result demonstrates that it is necessary to
consider dislocation dynamics for the comparison of these structures. Moreover, in step-graded
MBLs, the equilibrium surface strain is greater in structures with a greater number of mismatched
interfaces while kinetically-limited calculations predict the opposite effect. In addition, it can be
seen that increasing (decreasing) the number of steps yields equilibrium (kinetically-limited) strain
values comparable to linearly-graded structures. At higher sulfur composition (and therefore
mismatch) Figure 8.19 shows a saturation of the equilibrium strain for type B structures with n=5
. Based on the discussion of the distribution of misfit dislocations in step graded layers, a greater
lattice mismatch (sulfur composition) is associated with stronger delta functions at the mismatched
interface so that a larger fraction of the mismatch is relaxed by the inclusion of these interfacial
MDs. The kinetically-limited strain displays similar behavior as the lattice mismatch profile of
each structure due to the nature of distribution of dislocations. The relaxation rate at any point
above the interface is calculated from the glide of the misfit dislocations below. The surface MDFZ
in type B structures is limited by the step size whereas linearly-graded layers exhibit a thicker
surface misfit dislocation free zone. In both types of structures studied here, the absence of misfit
dislocations near the surface limits the lattice relaxation rate and therefore near the surface the
kinetically-limited strain exhibits the same shape as the lattice mismatch profile, though with an

offset introduced by the significant lattice relaxation in the underlying material. Step-graded layers
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exhibit a high degree of relaxation at the mismatched interfaces indicated by rapid changes in the
strain and the inclusion of misfit dislocations. In linearly-graded structures, the lattice mismatch

profile increases gradually and the relaxation rate is approximately linear to lattice mismatch

profile.
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Figure 8.20. Comparison of the average kinetically-limited and equilibrium in-plane strain
and average lattice mismatch as a function of the ending lattice mismatch for 500 nm thick
ZnSySe1y / GaAs (001) layers with a linearly-graded (type A) or step-graded (type B)

compositional profile. The sulfur composition in the buffer layer is varied from y, =6% (lattice

matched to GaAs) at the interface to f,, =0.001864 (y, =15%) at the surface.

Despite differences in the thicknesses of the misfit dislocation free zones and the surface
strain, the linearly-graded and step-graded structures with equal average lattice mismatch also
show nearly the same average in-plane strain are shown in Figure 8.20. The average strain is
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intermediate between the average lattice mismatch and the average equilibrium strain as expected,

and could approach the equilibrium value if growth was conducted at a higher temperature or a

slower rate.
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Figure 8.21. Surface threading dislocation density as a function of the ending lattice
mismatch f, for 500 nm thick ZnSySe1.y / GaAs (001) layers with a linearly-graded (type A)

or step-graded (type B) compositional profile. The starting sulfur composition of the buffer
layer was fixed at y, =6% (f,=0).

Figure 8.21 shows the surface threading dislocation density as a function of the ending
composition for 500 nm thick ZnS,Se1/GaAs (001) layers. For low values of f, (V,), type A
and B behave similarly, however at high ending sulfur compositions linearly graded (type A)
structures exhibit a significantly lower threading dislocations density. The wider distribution of
misfit dislocation density in heterostructures with a linearly-graded composition profile enables

the reduction in threading dislocations by enhancing dislocation-dislocation interactions. In
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contrast, the surface threading dislocation for type B (step-graded) structures is proportional to the
ending lattice mismatch. This effect may be more pronounced in experimentally-grown structures
because step graded layers confine dislocations at the mismatched interfaces which can easily
render them immobile by pinning and tangling interactions. However, step-graded MBLs with a
greater number of steps yield lower threading densities. Linearly-graded MBL contain a greater
misfit dislocation free zone which may be a major contributing factor to lower threading

dislocation densities by preserving a higher surface strain and a greater sweep rate of dislocations.
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Figure 8.22.The required buffer layer thickness and compositional overshoot for the removal
of all mobile threading dislocations using a linearly graded ZnSySeiy buffer (type C
structure) and a step-graded ZnSySei.y buffer (type D structure) with a device layer thickness

of 0.5 pm and a sulfur concentration of 10%. The starting sulfur composition of the buffer
layer was fixed at y, =6% (f,=0).

The results of Figure 8.22 show that for a given buffer layer thickness there is an amount

of compositional overshoot at the device-buffer interface which allows the optimum dislocation
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compensation (minimum threading dislocation density). Also, for a given compositional
overshoot, there is a particular buffer layer thickness for optimum dislocation compensation.
Figure 8.22 compares the critical condition for complete dislocation compensation (removal of all
mobile TD) for the type C (linearly-graded buffer) and the type D structures (step-graded buffer
with n=5). The results shown in Figure 8.22 were obtained by numerical methods — with the
assumption that all dislocations are mobile - and allow one to choose the amount of overshoot
which will give minimum dislocation density at a given buffer thickness. In practical structures, it
may be impossible to remove all threading dislocations because some dislocations could be sessile;
however, the main focus of this work is to show that in principle we can remove all mobile
threading dislocations by adjusting the overshoot or buffer thickness. Since GaAs (001) substrates
have typical dislocation densities of ~ 10* cm™, we have sought to identify combinations of buffer
thickness and overshoot which enable a surface dislocation density on the order of 10* cm™. The

heterostructures modeled here have a uniform (device) layer with 0.5 um thickness and a sulfur

mole fraction of 10%. The starting sulfur composition in type C structures was fixed at Yy, =6% (

f, =0). The optimum buffer layer thickness decreases rapidly and monotonically for increasing

overshoot amount. The behavior is similar for both types of structures, with notable differences
only observed in thinner buffer layers. These small differences could be due to the generally thicker
MDFZs in the linearly-graded structures. In a practical sense, it is possible to use the same design
rules for dislocation compensation using step-graded or linearly-graded buffers. It should also be
noted that even in an optimal structure, for which the surface threading dislocation density is zero,

there will exist non-zero strain. The strain profile is controlled by the density of misfit dislocation

330



segments, and not their threading arms. The results of this work could help guide the design of
metamorphic ZnSySes.y buffer layers for use in 11-V1 devices on GaAs substrates by either utilizing
step- or linearly- graded MBL. Threading defects are crucial to the performance of these devices
and motivates the use of optimized buffer layers to control lattice relaxation and threading
dislocations.

We have investigated equilibrium and kinetically-limited lattice relaxation in metamorphic
ZnSySe1.y / GaAs (001) heterostructures involving linearly-graded or step-graded buffer layers. In
addition, we have explored the dislocation compensation mechanism in intentionally lattice-
mismatch ZnSySe1.y / GaAs (001) heterostructures by studying the requirement on the buffer layer
thickness and compositional overshoot to remove all mobile threading dislocations from a uniform
layer grown on top of a graded buffer. There are four main conclusions of this study. First, step-
graded layers with a finite number of steps may be designed to approximate the behavior of
linearly-graded buffers. Second, equilibrium calculations predict a greater surface strain and larger
average misfit dislocation density in linearly-graded buffers compared to the step-graded case.
Third, kinetically-limited lattice relaxation calculations indicate that metamorphic buffer layers
utilizing a step-graded compositional profile contain higher surface in-plane strain and greater
surface threading dislocation densities than linearly-graded structures. Fourth, for a given
overshoot in a heterostructure involving a uniform layer on top of a graded buffer there is an
optimum buffer thickness which minimizes the threading dislocation density by the dislocation

compensation mechanism.
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Figure 8.23. (a) Lattice mismatch, (b) equilibrium misfit dislocation and (c) in-plane strain
profiles for 500 nm thick S-graded ZnSySe1y / GaAs (001) layers with f, =0.0046, u =250

nm, and o =20, 40, and 80 nm. The sulfur composition in the S-graded layer is varied from
6% (lattice matched to GaAs) at the interface to 16%o at the surface.
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8.6. Threading Dislocations in S-Graded ZnSSe/GaAs (001) MBLs
Metamorphic semiconductor devices are commonly fabricated with linearly-graded buffer

layers, but equilibrium modeling studies suggest that S-graded buffers, following a normal
cumulative distribution function, may enable lower threading defect densities. The present work
involves a study of threading dislocation density behavior in S-graded ZnSxSei.x buffer layers for
metamorphic devices on mismatched GaAs (001) substrates using a kinetic model for lattice
relaxation and misfit-threading dislocation interactions. The results indicate that optimization of
an S-graded buffer layer to minimize the surface threading dislocation density requires adjustment
of the standard deviation parameter and cannot be achieved by varying the buffer thickness alone.
Furthermore, it is possible to tailor the design of the S-graded buffer layer in such a way that the
density of mobile threading dislocations at the surface vanishes. Nonetheless, the threading
dislocation behavior in these heterostructures is quite complex, and a full understanding of their
behavior will require further experimental and modeling studies.
8.6.1. Benefits of Compositionally-Graded Layers

Compositionally-graded buffer layers have gained great interest for the design of
metamorphic devices, which enable a wider range of composition and therefore desirable
properties such as energy gap, low-field mobility, and carrier saturation velocity. Metamorphic
devices which have been fabricated on lattice-mismatched substrates include InGaAs/InAlAs
HEMTSs on GaAs [3], InGaAs/InAlAs heterojunction bipolar transistors (HBTs) on GaAs [4],
InGaAs/InP HEMTs and HBTs on GaAs [5], InAlAs photodiodes on GaAs [6], InAsSb/AlInAsSh
light-emitting diodes (LEDs) on GaSb [7], AllInGaAsSb laser diodes on GaSb [8],

InGaAs/InAlGaAs laser diodes on GaAs [9], InGaAsSb/InAlAs quantum cascade laser structures
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on GaAs [10], and InAlAs solar cells on GaAs [11]. Most work has focused on linearly-graded
buffer layers [2-8, 12-30], while there have been several reports of the use of step-graded buffer
layers [12, 31-34] or buffer layers with continuous, but non-linear grading of composition [11, 35-
37]. Tersoff’s work [12] on equilibrium modeling shows that linearly-graded buffer layers have
several characteristics which can be helpful in the control of threading dislocation densities: first,
misfit dislocations are distributed throughout the graded layer instead of being concentrated at the
interface, where pinning can reduce dislocation mobility; second, there is a misfit dislocation free
zone (MDFZ) at the top of the buffer layer; and third, there is a large built-in strain in the MDFZ
which helps sweep out threading arms of defects. These characteristics help reduce the device
threading dislocation density by enhancing the mobility and glide velocities of dislocations,
resulting in the longest possible misfit dislocations parallel to the interface and therefore the least
number of threading segments emanating from misfit dislocation ends [12]. Xhurxhi et al. [2]
showed that an S-graded compositional profile has characteristics which might provide improved
performance compared to linear grading: there is a MDFZ adjacent to the substrate interface which
can further diminish pinning reactions or interactions with substrate defects; the MDFZ at the
surface is maintained even after a device layer is grown on top, in contrast to the case with some
linearly-graded buffers; and the built-in strain in the top MDFZ is generally larger than in a
linearly-graded buffer with the same thickness and total amount of compositional change. Kujofsa
et al. [37] explored these aspects of S-graded buffer layers and developed design rules based on
their equilibrium behavior. Here we consider the Kkinetically-limited relaxation and dislocation
dynamics in S-graded buffer layers and study the threading dislocation behavior. We show that

the surface threading dislocation density of the S-graded layer exhibits complex behavior,
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depending on the layer thickness, standard deviation parameter, and the overall lattice mismatch.
In the following sections, we first review the equilibrium model and the kinetic model, and then
threading dislocation density results for ZnSxSei-x S-graded buffer layers deposited on GaAs (001)
substrates.

The lattice mismatch profile (Figure 8.23a) in the S-graded metamorphic buffer layer

(SG-MBL) is designed to be a normal cumulative distribution function, given by

()] oo

f = —h, I=u , (8.27)

: [e”(afi*e”(afﬂ o

where £ is the “mean parameter,” o is the “standard deviation parameter,” and f, is the value

of lattice mismatch at the top of the SG-MBL with thickness h. The equilibrium misfit dislocation
density profile (see Figure 8.23b) is a truncated Gaussian located between two MDFZs which are
adjacent to the substrate interface and the free surface, whereas the equilibrium strain profile is
shown in Figure 8.23c. The results of Figure 8.23c indicate that S-graded layers exhibit a large
built-in strain in the surface MDFZ which can aid in sweeping out threading dislocations prior to
the growth of the device structure on top.
8.6.2. Threading Dislocation Characteristics in S-Graded ZnSSe/GaAs (001) MBL

For the structures considered in this work, the assumed growth temperature was 360°C and

the mean parameter 4 was fixed at half the buffer layer thickness. Figure 8.24 shows the surface
threading dislocation (Ds) density for a 300 nm ZnSySeiy layer deposited on a GaAs (001)
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substrate as a function of the standard deviation parameter and for growth with varying ending
sulfur composition of the S-graded epilayer: Yy, = 10%, 16% and 21%. For each case of the top
composition, the surface threading dislocation density reaches a maximum and then decreases.
These results indicate that use of a fixed buffer layer thickness does not afford the necessary
flexibility to achieve low surface threading dislocation density. For a given value of Y, dictated

by the device requirements it will be necessary to tailor h and o in order to control the surface

dislocation density.
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Figure 8.24. Surface threading dislocation for 300 nm thick S-graded ZnSySe1.y / GaAs (001)
layers as a function of the standard deviation parameter. The maximum sulfur composition

(y,) was equal to 10%, 16%, and 21%, respectively.
Figure 8.25 shows the surface dislocation density as a function of the buffer layer thickness,
with o as a parameter. Each type of buffer exhibits three regimes of threading dislocation

behavior. In regime one, dislocations with positive Burgers vector are introduced to relax
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compressive mismatch. This occurs as a result of the mismatch in the thermal expansion
coefficients between ZnSySe1.y and GaAs, which renders compressive strain in material with 6%
sulfur at the growth temperature. In regime two, the sulfur composition is sufficient to produce
tensile strain, so that dislocations with negative Burgers vector are introduced. The value of

sign(b)*D becomes less positive and may even change sign. A change of sign is especially

interesting because the density of mobile dislocations may vanish at the buffer layer surface.
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Figure 8.25. (a) Thickness dependence of the surface threading dislocation for an S-graded
ZnSySe1y / GaAs (001) layers with a maximum sulfur composition (Y, ) equal to 10% with

varying standard deviation parameter of 20 nm, 40 nm and 60 nm. (b) sign(b)*D as a
function of layer thickness.

In regime three, because of the thermal mismatch, compressive strain requires the
introduction of dislocations with positive Burgers vector. The value of sign(b)*D will become
more positive, and there can be a second zero crossing, which can be employed to achieve a surface
density of zero mobile dislocations. Figure 4a shows the actual surface threading dislocation
densities, which are always positive, and illustrates the full complexity of the behavior. It is clear
that careful design should enable low surface dislocation densities for improved performance of
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metamorphic devices, but more work will be necessary to elucidate the details of this complicated

behavior.
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Figure 8.26. (a) Thickness dependence of the surface threading dislocation for an S-graded
ZnSySe1y / GaAs (001) layers with 6 = 20 nm and varying maximum sulfur composition (Y,

) equal to 10%0, 13% and 16%. (b) sign(b)*D as a function of layer thickness.

Figure 8.26 shows the surface dislocation density as a function of the buffer layer thickness,
with xn as a parameter. The results of Figure 8.26 further illustrate the 3-regime behavior of the
surface threading dislocation density as seen in Figure 8.25, although the effect of relaxing tensile
strain is not as pronounced. A common characteristic of the heterostructures studied here is that
although the ending sulfur mole composition varies from 10% to 16%, an S-graded buffer layer
with a thickness of ~ 300nm can exhibit a low surface threading dislocation density. In regime
one, a higher density of dislocations is needed to relax the compressive strain for an increase in
the ending sulfur mole fraction. In thicker heterostructures, introduction of dislocation over-
compensates the relaxing strain which result in surface threading dislocations associated with a

negative sign(b). Furthermore, with increasing thickness, there is a reversal in the sign(b)

corresponding yet again to dislocations associated with compressive strain. These heterostructures
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can be optimized for lower surface threading dislocation by controlling the standard deviation
parameter.
8.7. Evolution of Kinetically-Limited Lattice Relaxation and Threading Dislocations in
Temperature-Graded ZnSe/GaAs (001) Metamorphic Heterostructures

We have investigated the evolution of strain and threading dislocation density in
metamorphic temperature-graded ZnSe buffer layers. Mismatched semiconductor heterostructures
may be designed to take advantage of temperature grading to allow control over the relaxation
process. To study temperature grading, we have applied a plastic flow model which predicts non-
equilibrium strain relaxation as well as misfit and threading dislocation densities by accounting
for the time evolution of kinetically-limited and equilibrium strain relaxation, thermal activation
of glide, and misfit-threading dislocation interactions. We considered ZnSe/GaAs (001)
heterostructures comprising of a convex-down (type A), linear (type B) and convex-up (type C)
temperature grading profile. The thermal budget available for relaxation in these types of structures
is controlled by the temperature-grading profile which consists of combinations of linear ramp-
down and/or constant temperature growth; the temperature is varied from T (400-600°C) at the
substrate interface to Tr=300°C at the surface. We show that structures with a higher thermal
budget exhibit a greater extent of relaxation (lower strains). At lower thicknesses, the dislocation
density is dominated by the extent of relaxation whereas at greater thicknesses it is controlled by
annihilation and coalescence mechanisms.

Metamorphic buffer layers allow tremendous flexibility in designing novel semiconductor
heterostructures for application in various microelectronic and optical devices. However, device

fabrication, reliability and performance are limited by dislocation defects associated with the
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growth of mismatched materials such as ZnSe on GaAs substrates. A critical challenge with
metamorphic device design involves control of the threading dislocation density, and
compositionally-graded buffer layers have been used for this purpose. In the case of uniform layers
such as ZnSe/GaAs (001), misfit dislocations are concentrated at the substrate interface and the
threading dislocation density may be controlled either by promoting longer misfit dislocations or
growing thick layers such that annihilation and coalescence reactions can reduce the threading
density. There have been several reports on the use of low temperature growth to minimize surface
roughness [269,270,271,272] and optimize the growth condition [273,274,275] which yielded
device structures with relatively low threading dislocations. However, in this work, we use
temperature grading to control the lattice relaxation rate for the purpose of enhancing the glide of
dislocations. To understand the lattice relaxation mechanism in ZnSe/GaAs material system, we
have applied a general kinetic model which predicts non-equilibrium strain, misfit and threading
dislocation densities. The kinetic model assumes that the dislocation multiplication rate is
proportional to the glide velocity of dislocations, the effective stress, and the dislocation density;
this is based on the model proposed by Dodson and Tsao but accounts for the time-variation of
relaxation dynamics during growth. In addition, we have accounted for dislocation-dislocation
interactions by including the mechanisms of (i) dislocation compensation caused from interactions
of misfit-threading dislocations at abrupt interfaces and (ii) annihilation and coalescence reactions
as described by Tachikawa and Yamaguchi. In this work, we have studied the evolution of
kinetically-limited in-plane strain and threading dislocation densities in temperature-graded

ZnSe/GaAs (001) metamorphic buffer layers using three different types of temperature profiles.
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In addition, we have investigated the effect of the available thermal budget on the relaxation

mechanism.

Temperature
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'
% h
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Figure 8.27. Temperature as a function of grown thickness for type A, B and C structures.

To and Tr correspond to the temperature at the substrate interface and surface (h)
respectively.

8.7.1. In-Plane Strain and Threading Dislocation Density

The structures considered in this work explore the in-plane strain and threading dislocation
dependence on epilayer thickness for structures with three types of temperature grading profiles.
Figure 8.27 illustrates the growth temperature as a function of the on-growing thickness for each
type of temperature grading profile; type A structures consist of a convex down temperature profile
where half of the epilayer thickness is grown at constant temperature To and in the remaining
structural growth, the temperature is linearly decreased from Ty to a final temperature Tr = 300°C

at the surface. In type B structures, the temperature is varied linearly from To to Tr = 300°C as the
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growth of the epilayer proceeds. Type C structures consist of a convex up temperature profile
where in the first half of the epilayer thickness the temperature is linearly decreased from To at the
substrate interface to a final temperature Tr = 300°C and the remaining growth is carried out at a
constant temperature Tr = 300°C. From a thermodynamics point of view, for a given thickness the
available thermal budget during growth is highest in type A and lowest in type C structures. In
addition, an increase in the thickness of the epilayer yields a higher thermal budget.

Figure 8.28. compares the average in-plane strain, misfit and equilibrium strain as a function
of the on-growing epilayer thickness at an initial temperature To = 400°C for type A (Figure 8.28a),
B (Figure 8.28b) and C (Figure 8.28c) structures. The results of Figure 8.28a-c indicate that the lattice
relaxation process in ZnSe/GaAs (001) heterostructures occurs via a three regime (sluggish, rapid,
saturation) behavior. In addition, Kinetically-limited strain relaxation occurs much more gradually
than predicted by the equilibrium theory. Moreover, the choice of the temperature-grading profile and
therefore the available thermal budget for lattice relaxation may enhance or reduce the relaxation rate
which would obscure the visibility of the three-regime behavior. More importantly, a minimum
thermal budget is required to ensure nearly-complete lattice relaxation in these structures. It can be
seen from Figure 8.28¢ that even for a 2 um thick epilayer, a convex-up temperature profile may yield
sluggish relaxation rates and therefore strain values comparable to the lattice mismatch (misfit strain)
whereas the strain relaxation in structures with a convex down temperature profile at the given
thickness approaches the equilibrium in-plane strain value. Figure 8.29 illustrates the average in-plane
strain as a function of the epilayer thickness with initial temperature as a parameter for type A (Figure
8.29a), B (Figure 8.29b) and C (Figure 8.29c) structures. For the structures modeled here, the initial

temperature ranges from 400 °C to 600°C in steps of 50°C and the final temperature is fixed at Tr =
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300°C. The results of Figure 8.29a-c indicate a monotonic decrease in the average in-plane strain with
greater epilayer thicknesses. However, as predicted by the results of Figure 8.28, convex down
temperature grading profile greatly enhances the strain relaxation process at higher initial
temperatures which yields fully relaxed structures at relatively low thicknesses. For example, at an
initial temperature To = 600°C, convex-down temperature-grading profile yields 95% strain relaxation
at a thickness h ~ 0.7 um whereas for type B and C structures, 95% relaxation occurs at h ~ 1.3 um
and h ~ 2.5 um respectively. In cases of constant temperature growth, at around 400°C, growth of
ZnSe layers will exhibit a transition from compressive to tensile strain as the thickness is increased;
this is expected on the basis of the differential thermal expansion and has been observed
experimentally in this material system [276].

It can be seen from the results of Figure 8.29a-c, that at elevated temperatures, the strain
transitions from compressive to tensile with increasing thickness. This effect is more pronounced
in structures with a higher thermal budget in which the transition occurs at relatively lower
thicknesses whereas in type C structures, the transition does not occur below thicknesses of h = 2
pm.

Figure 8.30a-c show the average threading dislocation density as a function of the epilayer
thickness with initial temperature as a parameter for type A (Figure 8.30a), B (Figure 8.30b) and
C (Figure 8.30c) structures. The kinetic model predicts a two regime behavior for the evolution of
the threading dislocation density. First, there exists an initial build-up of the threading dislocations
associated with layers which are beyond the critical layer thickness but still in the early stage of
introducing misfit dislocations to relax the misfit strain. Second, as the epilayer thickness is further

increased, the threading dislocation density falls off approximately with the reciprocal of
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thickness. At relatively low thickness, structures with lower thermal budget and therefore greater
residual strain contain a slower build-up of dislocations which leads to lower threading dislocation
densities. In addition, increasing the thermal budget in these structures leads to a decrease in the
inflection point; in other words, higher relaxation rates cause a rapid build-up of dislocations and
therefore a diminishment of the region with increasing threading dislocations. However, at higher
thicknesses, second order reactions dominate threading dislocations and therefore a reciprocal of
thickness dependence is prominent among all types of structures. Moreover, at greater thicknesses,
the threading dislocation is comparable among type A, B, and C structures. Also, in type A and B
structures there exists a thickness where beyond it the threading dislocation is entirely dominated

by second order reactions and it can be seen by the overlapping of the curves within the figure.
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temperatures in these structures are 400 °C and 300°C respectively.
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We have investigated the evolution of strain and threading defects in ZnSe/GaAs (001)
heterostructures involving temperature-graded buffer layers. There are two main conclusions of
this study. First, structures with a greater thermal budget exhibit a greater extent of relaxation and
therefore lower in-plane strain values. Second, at relatively low thicknesses, the threading
dislocation density is higher in structures with a greater thermal budget whereas in thicker layers
second order reactions dominate the dislocation behavior. A further improvement of this work
could include temperature-grading in conjunction with compositional-grading to control the strain
and defect behavior in intentionally mismatched heterostructures.

8.8. The Dynamics of Kinetically-Limited Strain and Threading Dislocations in
Temperature and Compositionally-Graded 2ZnSSe/GaAs (001) Metamorphic
Heterostructures

We have investigated the evolution of 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 be used to allow control over the
relaxation process. Previously, we reported the development of general kinetic model by
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 employing a convex-upward (type A), linear (type B) and convex-downward (type
C) temperature grading profile. The thermal budget available for relaxation in these types of
structures is controlled by the temperature-grading profile which was made up of combinations of
linear ramps and constant-temperature sections. In all cases, the temperature was varied from Tg

(400-600 °C) at the substrate interface to Tr =300 °C at the surface. We also investigated the effect
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of varying the compositional gradient in the range from 0.18 to 1.6 %/um. Structures with a higher
average temperature (greater thermal budget) and/or higher grading coefficient exhibit a greater
extent of relaxation and therefore reduced residual strain. Furthermore, controlling the extent of
strain relaxation enables optimization of the dislocation densities in these heterostructures.
8.8.1. Incorporation of Compositional- and Temperature-Grading

The design of highly functional and reliable microelectronic and optical devices requires
the use of metamorphic buffer layers (MBLS) for the purpose of accommodating the misfit strain
associated with the growth of lattice mismatched materials. However, metamorphic growth
generates dislocation defects which are detrimental to the device performance and therefore novel
approaches are required to control the extent of strain relaxation and dislocation generation.

Metamorphic device heterostructures employ a wide range of compositional-profiles,
which include linearly-graded [44,72,92], step-graded [277,278], or non-linear and continuously-
graded buffer layers [279,280,281,282]. The main benefit of compositionally-graded epitaxial
layers is that they allow for the distribution of misfit dislocations throughout the graded-layer
which in turn reduces any dislocation pinning interactions with substrate associated defects or the
material that may be grown on top of the MBL. In addition, the use of a compositionally-graded
layer promotes the growth of the misfit dislocation length which in turn results in a lower density
of threading dislocations emanating from the misfit segments. A consequential benefit of
compositionally-graded MBL is that the surface misfit dislocation free zone provides a high built-
in strain which could aid in sweeping threading dislocation arms. In addition, several studies have
shown that reduced-temperature growth can decrease the surface roughness [269,270,271,272] and

material quality [273,274,275], yielding devices with improved threading dislocation density.
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In a previous work [283], we reported the use of a temperature-grading scheme and studied
lattice relaxation and threading dislocations in uniform layers of ZnSe grown on GaAs (001). In
the growth of a compositionally uniform layer, all misfit dislocations are located at the interface,
and the only means for reducing the threading density are the promotion of longer misfit segments
or growth of relatively thick layers, in order 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 therefore controlling the available thermal budget for relaxation
we could optimize the relaxation process as well as the dislocation density by enhancing the
thermally activated 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 grading to allow more flexibility in the design of mismatched heterostructures.

Here, we have applied a generalized kinetic model for strain relaxation and dislocation
dynamics 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 multiplication rate is proportional to the glide velocity, the effective stress, and the
defect density; this is based on the model proposed by Dodson and Tsao but includes the time-
variation of the equilibrium strain and temperature during growth and is therefore applicable to
graded materials. In addition, we have accounted for dislocation-dislocation interactions including
the following two mechanisms: (i) dislocation compensation caused from interactions of misfit-
threading dislocations at abrupt interfaces; and, (ii) annihilation and coalescence reactions as
described by Tachikawa et al. [78]. Here, we have extended the previous work [283] by utilizing
three different temperature-grading profiles in conjunction with a linear variation in composition

to study the evolution of kinetically-limited lattice relaxation and threading dislocation behavior.
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In addition, we have examined the combined effect of the available thermal budget and the grading

constant to the lattice relaxation process.

— TypeA — TypeB — TypeC

Temperature

Lattice Mismatch

:—-

)
% h
On-Growing Thickness

Figure 8.31. Temperature (left axis) as a function of grown thickness for type A, B and C
structures. Toand Tr correspond to the temperature at the substrate interface and surface

(h) respectively. Lattice mismatch profile (right axis) as a function of grown thickness. f,
and f, correspond to the lattice mismatch at the substrate interface and surface respectively.

8.8.2. Epitaxial Structures Under Consideration

In this work, we have considered heterostructures involving a linearly-graded ZnSySei.y
layer grown on top of a GaAs (001) substrate. For linearly-graded metamorphic buffer layers the
lattice mismatch profile at a distance from the substrate interface z is given by
f(z)=C,z, (8.28)

where C; is the grading constant. The equilibrium configuration may be determined numerically

by minimizing the sum of the strain and dislocation energy using a similar approach as described

by Bertoli et al. [24]. Equilibrium calculations serves as the starting point for the determination of
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kinetically-limited lattice relaxation. The foundation for the kinetically-limited lattice relaxation
and dislocation dynamics model along with the material/model parameters used in this work are
explained in more detail in References 66, and 284 respectively. The kinetic model predicts lattice
relaxation and dislocation behavior in (001) arbitrary heteroepitaxial layers which may incorporate
graded and multilayered structures. The main assumptions of the model are that at a distance z
from the substrate interface, (i) the lattice relaxation 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 have developed
a dislocation dynamics model to study threading and misfit dislocation behavior. We have included
two important misfit-threading dislocation interactions, which consist of (i) the introduction of
dislocation half loops [76]; and, (ii) the bending over of existing threading dislocations at
mismatched interfaces [77]. In addition, there can be second-order coalescence and annihilation
reactions involving threading dislocations as modeled by Romanov et al. [79] and Tachikawa et
al. [78].
8.8.3. Strain and Threading Results

In this work, we have considered heterostructures, which utilize a combination of
temperature-grading and a linear variation in composition for the purpose of exploring the
dependence of the in-plane strain and threading dislocations. Figure 8.31 shows the growth
temperature versus the accumulated thickness for each type of temperature-grading profile.
Sample type A (convex-upward profile) involves constant-temperature growth followed by a linear
ramp from To to Tr. Sample type B incorporates only a linear ramp from To to Tr. Sample type C
(convex-downward profile) incorporates a linear ramp from To to Tr followed by constant-

temperature growth. Furthermore, the lattice mismatch profile for the structures considered in this
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work employ a linear compositional grading scheme (as shown in Figure 8.31) whereby the

epilayer is graded from lattice matched (where Y, is the sulfur mole fraction) at the substrate
interface (y,=6%, f,=0%) to an ending mismatch (y,, f,). Here, we have considered

structures with an epilayer thickness of 1 um and ending sulfur mole fraction Yy, ranging from

10% to 40% which corresponds to a lattice mismatch 0.18% to 1.58% respectively. In terms of
thermodynamics, at a given grading constant the available thermal budget during growth is highest
in structures utilizing a convex-upward temperature profile (type A) whereas it is lowest in convex-
downward temperature-grading (type C). In the simplest sense, the thermal budget could refer to
the average temperature multiplied by the growth time. However, many processes — including the
glide of dislocations — are thermally activated, so that it becomes more appropriate to consider the

mean value of exp(—U/k,T). In the cases studied for this work, samples with higher average
temperature also had a higher average value of exp(—U / kBT), and these can be referred to as

having a greater thermal budget than samples having a lower average temperature and also a lower
average value of the exponent.

Figure 8.32 contrasts the evolution of the average in-plane strain, lattice mismatch, and
equilibrium strain for the three types of samples, with an initial growth temperature of 400°C. The
structures considered here have a 40% sulfur ending composition corresponding to a lattice
mismatch of 1.58%. Whereas equilibrium model shows a rapid relaxation process especially in the
early stages of growth, kinetically-limited lattice relaxation in ZnSySe:.y epitaxial layers predicts
a much more gradual behavior which exhibits four distinct regimes (pseudomorphic, sluggish,
rapid, saturation). Although, the onset of lattice relaxation in equilibrium is approximately ~180

nm, depending on the choice of the temperature profile, it is apparent that the onset of kinetically-
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limited lattice relaxation could range from 400 nm to 500 nm. The results also indicate that the
design of the temperature grading profile and therefore the available thermal budget for lattice
relaxation may alter the relaxation kinetics in such a way that four-regime behavior is no longer
clearly visible. The results of Figure 8.32a-c show that sluggish lattice relaxation regime is more
evident in structures with a lower thermal budget (type C) whereas in type A structures, higher
thermally activated glide velocities yield a faster process for lattice relaxation. Regardless of the
temperature-grading profile, a minimum thermal budget is required to ensure the onset of lattice
relaxation. Furthermore, there also exists a critical thermal budget for the attainment of near-
complete relaxation. As an example, the use of a convex-downward 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 fora 1 pm
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 nearly-
complete value of 85% average relaxation.

Figure 8.33 provides the average in-plane strain as a function of the compositional grading
coefficient with initial growth temperature as a parameter for type A (Figure 8.33a), B (Figure
8.33b) and C (Figure 8.33c) structures. For the cases considered here, the starting growth
temperature was in the range from 400 °C to 600 °C with 50 °C steps. The ending temperature was
fixed at Tr = 300 °C. In addition, the grading constant ranges from 0.18 to 1.58 %/um. The results
of Figure 8.33a-c are similar in character to those of Figure 8.32. The results of Figure 8.33a-c
indicate that a critical grading constant is required to enable the onset of lattice relaxation. The
critical grading constant depends strongly of the available thermal budget and therefore the

temperature grading profile along with its initial and ending conditions. The average in-plane strain
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exhibits a 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 of Figures 3a-c indicate
that a higher thermal budget results in faster onset of lattice relaxation. For type A structures, the
critical grading constant is approximately 0.5 %/um whereas for type B and C structures the critical
grading constant is 0.6 %/um and 1 %/um respectively. Furthermore, increasing the initial growth
temperature in these structures, results in a lower grading constant for the commencement of lattice
relaxation. In addition, the use of a higher thermal budget results in the diminishment of the region
with approximately constant strain, evident by the faster transition of increasing strain to
decreasing strain regimes as a function of increasing grading constant. The use of convex-upwards
temperature grading profile provides a greater thermal budget and therefore enhances the strain
relaxation process which results in near-complete relaxed structures at relatively low grading
constant. For example, at an initial temperature To = 600 °C, type A temperature-grading profile

yields 85% strain relaxation at a grading constant C, ~ 1 %/um whereas for type B and C
structures, 95% relaxation occurs at C; ~ 1.2 %/um and C, ~ 1.9 %/um, respectively. It should

also be noted, that the use of a lower thermal budget results in the diminishment of the curve
separation. As an example, for type C structures with a grading constant of 1.58 %/um, changing
the initial temperature from 400 °C to 600 °C results in ~10% difference in the average strain value.

Figure 8.34a-c display the variation of the surface strain relaxation (in percent) with the
lattice mismatch gradient, with initial temperature as a parameter for the three types of structures.

The results of Figure 8.34a-c reinforce three key details discussed in the previous paragraph; First,
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the surface strain relaxation percentage is monotonically increasing with higher grading constant.
Second, for a given grading constant structures with a higher thermal budget (i.e. type A structures
or 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 the device design of
multilayered heterostructures because it allows the flexibility of controlling the strain at the top of
the buffer layer. The results of Figure 8.33 and Figure 8.34 show that for a given grading constant,
the surface and average strain can be tightly controlled by optimizing the temperature-grading
profile. Furthermore, the results of Figure 8.34 indicate that for a 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 have also calculated the strain
relaxation in otherwise samples grown at a constant temperature of 300 °C and 600 °C respectively.
For the heterostructures studied in this work, the growths at a constant temperature of 300 °C and
600 °C individually yield the lower and upper bounds of the lattice relaxation. A key result of
Figure 8.34, was that structures with the greatest thermal budget will exhibit the highest relaxation
percentage. Therefore, we can conclude that structures grown at a 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).
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For example, in a heterostructure with a grading coefficient of 1.205 %/um the use of a
type A temperature grading profile with To = 600 °C and Tr =300 °C resulted in a surface strain
relaxation of 61.2% whereas structures with type B and C yielded 54.5% and 18.9% respectively.
Furthermore, structures grown at a constant temperature of 300 °C and 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 in order to optimize the optical properties of the
material. Therefore, temperature grading allows us the flexibility of adjusting 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 because in principle it could allow the depth grading of
the average misfit dislocation length, thereby controlling the threading dislocation behavior.

Figure 8.35a-c show the surface threading density versus layer thickness with starting
growth temperature as a parameter for type A (Figure 8.35a), B (Figure 8.35b) and C (Figure
8.35c¢) structures. The dislocation behavior in the structures studied here is slightly more complex
in comparison to kinetically-limited in-plane strain, however, the results of Figure 8.35 indicate a
monotonically increasing dislocation density 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 the threading dislocations associated with layers which are in
the early stages of lattice relaxation. At relatively low grading coefficient, the dislocation density
for a given type of structure is independent of the initial temperature condition. Based on the results
of Figure 8.32, structures which exhibit low relaxation rates and therefore a higher in-plane strain

are more favorable at sweeping out threading arms. The second regime corresponds to a rapid
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relaxation phase whereby threading dislocation are introduced at a more rapid rate to relax the
excess mismatch strain. Furthermore, structures with a higher initial growth temperature contain a
greater density of surface dislocations. However, in structures with a lower thermal budget, we see
a diminishment in the curve separation and therefore a temperature independence of dislocation
density. In addition, at greater grading constants, the surface threading dislocation density is
comparable among the three structure types. Also, in these structures there exists a grading
constant where beyond it the threading dislocation is lower in structures with a higher thermal
budget. This phenomenon can be explained by the fact that a higher thermal budget leads to
structures with a higher density of dislocations, which can enable a greater reduction 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.

We have investigated the evolution of kinetically-limited 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 a higher average temperature (with greater thermal budget) or with a steeper compositional
gradient show a greater extent of relaxation and reduced residual in-plane strain. Second, structures
with a higher in-plane strain contain a lower threading dislocation density, however, at higher
grading constant it may be possible to tailor the temperature profile such that relatively low
threading dislocations may be attainable. An extension of this work could include structures which

exhibit a variation in the thickness of the epilayer.
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and final Tr temperature is fixed 300 °C.

9. Resolution of X-Ray Rocking Curve Measurements Made with Finite Counting Statistics

In this section, we have analyzed the strain resolution of x-ray rocking curve profiles from
measurements of the peak position and peak width made with finite counting statistics. In this
work, we have considered x-ray rocking curves which may be Gaussian or Lorentzian in character
and have analyzed the influence of the effective number of counts, full-width-at-half-maximum
(FWHM) and the Bragg angle on the resolution. Often experimental resolution values are
estimated on the order of 10~ whereas this work predicts more sensitive values (10°) with smaller
FWHM and larger effective counts and Bragg angles.

X-ray rocking curve measurements are commonly employed to characterize the residual
strain and lattice relaxation in metamorphic semiconductor device structures. Therefore, it is
important to understand the resolution limits of the technique, especially when studying the initial
onset of relaxation at the pseudomorphic / metamorphic boundary. Often researchers estimate the
resolution of x-ray measurements as a single number (on the order of 10°) without giving physical
justification. Fewster’s summary [285] on x-ray diffraction techniques fails to mention how the
counting statistics and conditions of measurements affect the outcome of the experimental results.
The Zhang et al. [286] experimental work on the determination of the critical layer thickness
involved using x-ray rocking curve strain analysis and also the rocking curve full width at half
maximum method; in either case, they concluded that the precision depended on several factors
and in their derivation of the resolution they approximated the counting statistics with a constant.

Here, we show that the resolution of an x-ray diffraction measurement depends not only on the
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width and shape of the diffraction peak being measured but also the counting statistics employed
for its measurement. For this reason, the peak number of counts (count rate times count time)
should always be provided with any x-ray measurement.
9.1. Resolution of X-Ray Diffraction Measurements of Peak Position and Peak Width in

the Presence of Statistical Noise

Diffraction profiles from metamorphic epitaxial layers may usually be approximated by

Gaussian or Lorentzian profiles, apart from the tails of the distribution [75,287,288]. In this
analysis, we consider Gaussian and Lorentzian diffraction profiles and we analyze the uncertainty
in measuring the peak position and peak width in the presence of noise associated with finite
counting statistics.
9.1.1. Gaussian Diffraction Profile

First, we consider a normalized Gaussian profile given by

IG(G)—exp{—(Q\/%i)j } (9.1)

where 6, is the center of the Gaussian peak and - is the standard deviation parameter. If we

suppose that a noise signal 7(0) of amplitude n is added, where n<<1, the resulting signal plus

noise is given by

0-0,\
1,(6) = Exp{—[ T j }m(e). (9.2.)

In the presence of this noise, the apparent peak position may shift in either direction by an amount

A@ as a consequence of the added noise, where
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1-n= Exp{—[%‘ijz} (9.3)

Solving, the uncertainty in the peak position is

Af=0c,-2In(1-n). 9.4)

For a Gaussian peak the standard deviation o and the full-width-at-half-maximum /£ are related

by
__ P
o= Zm , (9.5.)
so that
rp=f |_A-=n) (9.6.)
2 In(2)

For a normalized Gaussian profile with noise amplitude n, the signal-to-noise ratio [289] is given

as

SNR==, (9.7

50

Ae:ﬁ\/— 1 In(l— L j (9.8)
2\ (2 U SAR

Therefore, the uncertainty in the measured peak position is proportional to the peak width,
AO=C.z, (9.9)

with constant of proportionality
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cp=1\/— 1 In(l— L j (9.10))
2\ In(2) SNR

The emission and detection of x-rays is a random process which is governed by Poisson

statistics [289]. For a large number of counts, the Poisson distribution becomes approximately

Gaussian with a standard deviation equal to /N, , where N, is the number of x-ray photons

detected [289,290]. For application to thin films in order to determine the critical layer thickness,
in-plane strain, misfit dislocations and threading dislocations, we estimate the typical range of total
counts (intensity in counts per second times the count time in seconds) depending on the type of
experimental setup (rotating or fixed anode). In most practical experiments, curve fitting is used
in conjunction with an excess of measured points. If there are m points measured within the range
of uncertainty for the peak position or peak width, then the effective number of counts is increased

to Ng; =mN . Following the usual assumption that the noise amplitude is equal to the standard

deviation [289], the signal-to-noise ratio is

N
SNR = \/NEL = /N - (9.11)
Eff

Therefore, in terms of the effective counts, Equation 9.10 is modified to

C, #\/— In{l—;}. (9.12)
2./In(2) N

The additive noise also introduces an error in the measurement of the peak width. For a

normalized Gaussian profile the maximum displacement of the half-intensity point, which is the

error in the half width at half maximum (HWHM) is

363



AB _
=

-1
n| de , (9.13)
do 0=0,+ 12

where Ag is the error in the measurement of the full width at half maximum /£ . Differentiating

the Gaussian profile, we obtain

dg 1, (6-6,)

o Lo eo)exp{ ( ﬁaj}, (0.14)
so that

AB= ng __  p (9.15.)

" In(2) SNR-In(2)°
The uncertainty in the peak width is proportional to the peak width,
AB=C,p, (9.16.)
with a constant of proportionality

1 1
C, = = .
SNR-In(2) \[Ngy -In(2)

(9.17.)

9.1.2. Lorentzian Diffraction Profile.

Although uniform composition metamorphic layers often exhibit diffraction profiles which
closely resemble Gaussian profiles [288], x-ray profiles from high quality substrate crystals or
pseudomorphic epitaxial layers are sometimes more Lorentzian in character [287]. It is therefore

of interest to consider a normalized Lorentzian profile given by
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2
IL(Q) = 2

(0-06,) +(§j2

where 6, is the center of the Lorentzian peak and £ is the FWHM. Similar to the Gaussian

, (9.18))

analysis, if a noise signal 7(d) of amplitude n is added, where n << 1, the resultant profile is

3]
1,(6)= 2) (). (9.19.)
0-0+(%]

The added noise may shift the apparent peak position by an amount A&, where

%)

-N=——2—. (9.20.)
AG® +(ﬂ)
2
Solving, we obtain
ro=L | " (9.21.)
2\1-n

Similar to the Gaussian case, the uncertainty in the peak position is proportional to the peak width,
AG=C.z, (9.22)

where the constant of proportionality is

11 1] 1
C =—\/ == . (9.23.)
2VSNR-1 2y /N, -1

The introduction of noise also affects the determination of the peak width similar to the case of the
Gaussian profile. For a normalized Lorentzian profile the maximum displacement of the half-

intensity point, which is the error in the half width at half maximum (HWHM) is
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-1
AB_ )l dl | (9.24)
2 do 6=0,+p312
Differentiating the Lorentzian profile, we obtain
o A0 m
9.25.
r 9 (9.25.)
6-6,
(0-0) +( 2)
so that
AB=2np =25 (9.26))
SNR
The uncertainty in the peak width is proportional to the peak width,
AB=C,p, (9.27.)
with a constant of proportionality
2 2
C,=——= . (9.28.)

“TSNR [N,

9.2. Strain Resolution from Peak Position and Width

The center and the FWHM of a Gaussian or Lorentzian peak may be determined precisely in
the absence of noise regardless of the peak FWHM. However, x-ray emission and detection are
random processes subject to noise and this introduces errors in the measurement of both the peak
position and FWHM. Moreover, both of these errors are directly proportional to the width of the
peak as shown above. The sensitivity of the x-ray diffraction method with respect to peak position
measurements is limited by the uncertainty in the peak separation, and may be analyzed by

differentiating the Bragg law [290],
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2dsin(6;) =nA, (9.29.)
where d is the interplanar spacing, &, is the Bragg angle, n is the order of reflection and A is

the x-ray wavelength. The differentiation of the Bragg law with respect to &, yields [290]
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Figure 9.1. Resolution of x-ray diffraction from measurements of a Gaussian peak position
as a function of the effective count for various full-width-at-half-maximums at Bragg angles
of a) 10°, b) 33° and c) 85°.

If the lattice is tetragonally distorted and a symmetric reflection is considered, the
resolution is equal to the amount of strain (change in interplanar spacing) which corresponds to

the minimum peak shift that may be detected:
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oL 2V

ad_ v
P 1-v

=1 CotBcot(,). (9.31)

where v is the Poisson ratio and CS and C; are the Gaussian and Lorentzian constant of
proportionality respectively. Measurements of the peak width are commonly used to determine
defect densities by determining the FWHM and the broadening of the rocking curve width due to
the presence of dislocations. For this work, we have assumed that the minimum detectable
broadening PBmin COrresponds to the uncertainty in the broadening AB or in other words PBmin = AP.
Assuming that the rocking curve broadening is dominated by the angular mosaic spread rather than
the d-spacing mosaic spread, then the minimum broadening is related to the minimum detectable

threading dislocation Dmin by

Prin =4.360°Dy,, (9.32.)
where b is the length of the Burgers vector [291,292].
If we assume two orthogonal misfit dislocation (MD) arrays with the same average misfit

dislocation length L and that each misfit dislocation has x threading dislocations D associated

with it, then the misfit dislocation density p,,, is given as

DL

== (9.33.)

Pwmp

The value of x can be 0 if both ends of the misfit dislocations terminate at the sides of the bottom
of the substrate, 1 corresponding to the bending over of a substrate threading dislocation or 2
corresponding to a half loop introduced at the surface of the epilayer. The average misfit

dislocation length L may be estimated by
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Figure 9.2. Resolution of x-ray diffraction from measurements of a Gaussian peak position
as a function of the full-width-at-half-maximum for various effective counts at different
Bragg of a) 10°, b) 33° and c) 85°.

Therefore, the sensitivity (resolution) from peak width measurements in the presence of

defects is
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RS\)L = pupb cos(a) cos(9)

1 GL !
- ch B cos(a) cos(g)

(9.35.)

where a is the angle between the Burgers and line vector, ¢ is the angle between the interface and
normal to the slip plane and CS, and Cy, are the Gaussian and Lorentzian constant of

proportionality respectively.
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Figure 9.3. Resolution of x-ray diffraction from measurements of a Gaussian peak position
as a function of the Bragg angle for various full-width-at-half maximums at effective counts
of a) 103, b) 10° and 107.

Figure 9.1 through Figure 9.8 illustrate the resolution (R) of x-ray diffraction from

measurements of the peak position and peak width for a Gaussian (Figure 9.1 - Figure 9.3, Figure
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9.7) and Lorentzian (Figure 9.4 - Figure 9.6, Figure 9.8) distribution profile in presence of
statistical noise. The sensitivity of the x-ray diffraction method from peak position measurements
may be calculated by determining the uncertainty in the peak separation. Figure 9.1 through Figure
9.6 explore the three-dimensional space of resolution as a function of the effective count (Nes),
full-width-at-half maximum (FWHM) and Bragg angle (6g). In addition, the resolution of x-ray
diffraction profiles which may be Gaussian or Lorentzian in character are calculated and shown as
functions of the effective count (Figure 9.1 and Figure 9.4 respectively), full-width-at-half-
maximum (Figure 9.2 and Figure 9.5) and Bragg angle (Figure 9.3 and Figure 9.6) respectively.
For these calculations, we have used Equation 9.31 and assumed a Poisson ratio v=1/3. Here, we
have explored ranges of the effective count, FWHM and Bragg angle spanning 10% - 10%° counts,
107" - 1000 and 10° - 85° respectively.

For both types of diffraction profiles, the results of Figure 9.1 through Figure 9.6
demonstrate that the resolution is directly proportional to the full-width-at-half- maximum, varies
with the Bragg angle and decreases monotonically with the effective number of counts. In contrast,
the x-ray profiles which are Lorentzian in character give rise to higher (sensitive) resolution values
for similar conditions of Nesr, FWHM and 6g. In addition, the results of Figure 9.1 through Figure
9.6 show that there is a strong (weak) dependence of the resolution on the effective count (FWHM).
For the cases studied here, the three-dimensional resolution space of x-ray diffraction
measurements indicates that possible resolution values are in the order of 102 — 10°. Sensitive

resolution values may be achieved with higher effective count, FHWM and Bragg angle.
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Figure 9.4. Resolution of x-ray diffraction from measurements of a Lorentzian peak position
as a function of the effective count for various full-width-at-half-maximums at Bragg angles
of a) 10°, b) 33° and c) 85°.

Measurements of the uncertainty in the peak width is commonly used to detect defect
densities by determining the FWHM and the broadening of the rocking curve width due to the
presence of dislocations. Using Equation 9.35, we have calculated the strain resolution of x-ray
diffraction profiles from measurements of the peak width. In this part of the work, we have
assumed that each misfit dislocation has two threading dislocations (x=2) associated with it and
the angles associated with the slip plane are a, ¢ = 60°. Figure 9.7 and Figure 9.8 explore the

resolution from measurements of the peak width for x-ray diffraction profiles which have a
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Gaussian or Lorentzian distribution profile. The conditions (effective count and FWHM) explored

here are similar to those used previous in Figure 9.1 to Figure 9.6.
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Figure 9.5. Resolution of x-ray diffraction from measurements of a Lorentzian peak position
as a function of the full-width-at-half-maximum for various effective counts at Bragg angles
of a) 10°, b) 33° and c) 85°.

The results of Figure 9.7 and Figure 9.8 show that the resolution decreases monotonically
with the effective number of counts and is directly proportional to the full-width-at-half-maximum
similar to measurements involving peak position determination. However, in comparison to peak
position measurements, the results of Figure 9.7 and Figure 9.8 indicate that diffraction profiles
from peak width measurements yield improved resolution spanning to the 10°2° regime. In addition,

the dependence of the resolution on the effective count and full-width-at-half-maximum is more
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pronounced; there is higher separation between the curves of the resolution as a function of the
full-width-at-half- maximum. Also, there is a stronger dependence of the resolution on the
effective count where values of 10° yielded resolution in the order of 1071°. Moreover, the results
of Figure 9.1 to Figure 9.8 indicate that a Gaussian distribution profile yields higher resolution

values in comparison to Lorentzian.
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Figure 9.6. Resolution of x-ray diffraction from measurements of a Lorentzian peak position
as a function of the Bragg angles for various full-width-at-half maximums at effective counts
of a) 103, b) 10° and 107.
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Figure 9.7. Resolution of x-ray diffraction from measurements of a Gaussian peak width as
a function of the a) effective count for various full-width-at-half maximum and b) full-width-
at-half-maximum for various effective counts.

In general, the sensitivities of the two x-ray methods (peak position and width) may be

compared using the ratio

pe _Re _ v /AZ6xeot(6) |\ o |n£1 1 } (936
Ry (I-v)cos(a)cos(¢) Ef

and

pL — & _ v+/4.36X COt(@B) N Eff . (937)
Ry (—v)cos(a)cos(g) \f Ng —1

If P > 1, then the peak width measurement method is preferred, otherwise the peak position
measurements yield higher sensitivities (resolution). Therefore, in the most general case, the
resolution of x-ray rocking curve measurements for the purpose of determining the residual strain
and/or the extent of lattice relaxation depends on multiple factors such as the effective count,
FWHM, and Bragg angle. From a practical point of view the above analysis could be easily applied
to experimental rocking curves as long as the peak number of counts, FWHM, and the Bragg

angles are given. However, depending on the type of measurement, whether one wants to detect
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changes in the local strain (shift in the peak position of the x-ray rocking curve) or sense the
presence of dislocations (broadening in the x-ray rocking curve) correct application of Equation
9.31 0r 9.35is required to determine the sensitivity of the measurement. For example, the measured
x-ray rocking curve for the 004 reflection provided by Healey et al. [288] for a ZnSe epilayer
measured with Cu kas radiation exhibited a peak intensity of 1250 counts and a FWHM of 160 arc
sec (7.76 x 10 rad). Points were measured with a spacing of 2 arc sec and the diffraction profile
was shown to be Gaussian in character. Solving self-consistently for Cp and Nefr, we find Cp =
0.060207 and Nefs = 10,000 counts, corresponding to eight measured points. The strain resolution,
assuming a Bragg angle of 33° and a Poisson ratio of 0.38, is 8.8 x 10 as determined on the basis
of peak position. Therefore, in this case the attainment of the usually quoted strain resolution of
107 for high-resolution x-ray measurements would have required an increase of the count time by

roughly a factor of 100.
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Figure 9.8. Resolution of x-ray diffraction from measurements of a Lorentzian peak width
as a function of the a) effective count for various full-width-at-half maximum and b) full-
width-at-half-maximum for various effective counts.

In conclusion, the resolution or sensitivity of an x-ray diffraction profile depends on the

width and shape of the diffraction peak being measured as well as the counting statistics employed
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for its measurement. When analyzing x-ray diffraction profiles from measurements of the peak
position and peak width, the resolution (i) decreases monotonically with the effective number of
counts, (ii) is directly proportional to the FWHM, and (iii) is dependent on the Bragg angle. It is
therefore necessary that the peak number of counts (count rate times count time) should always be
provided with any x-ray diffraction method to determine the sensitivity of the measurements. In
addition, the choice of x-ray measurement method is essential for accurate determination of
diffraction profiles. In the presence of statistical noise, the determination of the extent of relaxation
from a change in the local strain requires precise measurement of the change in the peak position.
Furthermore, the presence of dislocations within the crystal material produces a broadening in the
peak width of the x-ray rocking curve. The sensitivity of detecting a shift in the peak position or a

change in the peak width is greatly enhanced with a higher effective count and a lower FWHM.
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10. General Conclusion and Future Refinements
In summary, we have developed two of the leading models in the field of heteroepitaxy for

understanding the thermal equilibrium and kinetically-limited lattice relaxation of semiconductor
heterostructures. An important aspect of this work is that these models are applicable to
multilayered and compositionally-graded epitaxial layers. Furthermore, we have also developed
an electrical circuit analogy for understanding the equilibrium analysis of strained-layer structures.
The development of the circuit model represents a significant breakthrough in the analysis of
semiconductor heterostructures, in that it enables equilibrium calculations to be performed by
widely-available circuit simulators. More importantly, the circuit model allows intuitive
understanding of electric circuits to be readily applied to strained-layer semiconductor structures,
promoting innovative design of new multilayered and graded structures. The model enables the
development of closed-form solutions for strains and dislocation densities in superlattice and multi
quantum well structures, as well as other multilayered structures, which should facilitate improved
design of device heterostructures. The circuit model approach therefore represents a transformative
innovation in the field of semiconductor strained-layer structures, and an important tool in the
development of devices built using these strained-layers, including high-speed transistors,
semiconductor lasers, and light emitting diodes.

Though the equilibrium analysis of semiconductor strained-layer heterostructures is
important in its own right, for the determination of device stability criteria, it also serves as the
starting point for the analysis of kinetically-limited relaxation and non-equilibrium defects such as
threading dislocations. From a fabrication point of view, the understanding of the effect of growth
kinetics plays an important role in the design of heterostructure devices which exhibits desired

strain characteristics and reduced threading defects. Therefore, the developed plastic flow detailed
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in this thesis enables crystal growers to understand the relaxation mechanisms associated with
various growth process. More specifically we have shown how to design multilayered
heterostructures by either tailoring the strain of dislocation profiles. First, we demonstrated that
the dislocation compensation mechanism, whereby threading dislocations can be removed by
insertion of a mismatched interface in a graded structure, can be explained by the bending over of
threading dislocations associated with misfit segments of one sense by misfit dislocations having
the opposite sense. For each structure type, we studied the requirements on the thickness and
compositional profile in the buffer layer for the elimination of all mobile threading dislocations
from the device layer as well as the allowed tolerance in compositional overshoot to achieve
structures with low threading dislocation densities. Second, we demonstrated the incorporation of
a temperature grading scheme in which we can control the various stages of lattice relaxation by
limiting the enhancement of dislocation glide and therefore the lattice relaxation rates.

At the time of the completion of this thesis, Dr. John E. Ayers and | had many works in the
process which are unpublished at the time however warrant a quick mention in order to show the
future direction of our research. One of our areas of focus include the development of an electrical
circuit model applicable to understanding the kinetically-limited lattice relaxation. Though a
complex problem to solve, at the current time we have made some progress into developing a
simple electrical circuit, however more work is needed to bring this work into fruition. Another
key focus includes refinement of the current plastic flow model to account for dislocation pinning

but also correctly model the threading dislocation behavior involving thermal annealing processes.
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11. Appendix
11.1. Detailed Derivation of z1 and z2 for the NLG-MBL

In order to find z, and z, we differentiate the sum of the strain and dislocation line energy

with respect to each, set these partial derivatives to zero, and solve. We assume a diamond or zinc

blende crystal structure with (001) orientation and biaxial strain. The strain energy per unit area is

h h e 2
E, =] Ye'dz=| Y[ f2)+b] p(f)df} dz, (11.1)
where p(z) is the misfit dislocation density, b’is the misfit relieving component of the Burgers
vector parallel to the interface, b’ =+bsin asin ¢, where b is the length of the Burgers vector, «

is the angle between the Burgers vector and the line vector, and A is the angle between the Burgers
vector and the line in the interface plane which is perpendicular to the intersection of the glide
plane with the interface, Y is the biaxial modulus, Y =C,,+C,,—~2C//C,,,and C,, and C,, are

the elastic stiffness constants. The line energy of dislocations per unit area, assuming two

orthogonal networks with equal cross-sectional density, is

E, =2[ F, (2)pa(2)z, (11.2)
where

G(z)p*(z)L—v(z)cos’® & h-z
Fd( ) 471_([1_‘/(2)) ]{Ln[ b(Z)j+l}’ (11.3)

G is the shear modulus, G =(C,,~C,,)/2, and v is the Poisson ratio, v=C,, /(C,, +C,,) for the

(001) orientation.

To find the equilibrium values z, and z, we solve the equations

0:

O(Es +E,) _ OE, , OE, (11.4)
0z, oz, oz,

380



and

d(E,+E,) OE, ©oE

0= — + £ , (115)
0z, o0z, 0z,

The equilibrium misfit dislocation density profile in the partially-relaxed logarithmically-graded

layer is given by

0, 1<1;

Ln™14 2
m(f, - f,) (Wj

b'(h+z) Ln"(2)
0, Z>1,.

, 2,<2<17,;and, (11.6)

so, the dislocation line energy per unit area is

e, =2[[' R a)plas

2 sz(l—vcosza) h—z m(f, - f,) an_l(“rz]j
:2]2{ {Ln( j+1}} h 0 dz

“ 4r(l-v) b b'(h+z)  Ln"(2) ! (11.7)
) an-1(1+ Zj
= CIZZ[Ln(;Z}Ll}—hdZ
4 b (h+2z)Ln"(2)
where
c - Gbm(f, - f,)(1—v cos? a)’ (11.8)

27zsin acos A(L-v)

The dislocation energy integral for a sublinearly-graded layer with m=1 is given by
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Z

Ln(h+2)+Ln h_szn(thzj—Li2 h-z
b 2h 2h
E,=C
Ln(2)

)

Ln(h+2z,)+ Ln(h_zszn(mZz)—Liz(h_zz)
e b 2h 2h
Ln(2) _ Ln(h+zl)+Ln[h_zlen(h+zlj—Liz(h_zlj
b 2h 2h
The dislocation energy integral for a superlinearly-graded layer with m = 2 is given by
Ln2(1+ij 1+ Ln[z(h_ Z)j— Ln(l—fj
h b h
Ed:2|—n2(2) z h+z h+z
_2Ln(1+_juz( j Lol ( j
h 2h 2h
Ln (1+ j(l Ln(z(h_z"-)j—Ln(l—ij
h b h . (11.10)
—2Ln(1+ ju (h” ) +2Li (h” j
. c h 2h 2h |
~2Ln%(2
@ (1+ j 1+Ln (Z(h 1)J Ln(l—ﬁJ
h b h
—2Ln(l+ ju(h”ljul_is(h”lj
h 2h 2h

The dislocation energy integral for superlinearly-graded layer with m=3 is given by

: (11.9)
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oo ()

23

E,=—
3Ln*(2
@ a1+ 20"+ 2 ) pinf 14 2 i 12 ) pui [ 12
h 2h h)°2n 2n )]

Ln3[1+ iJ(1+ Ln(M) _ Ln(l_ij)
h b h

- & | an (1+ ju (h”Zj 6Ln(l+éjLi3(Mj—6Li4(h+sz
3Ln°(2) h 2h h 2h 2h

Ln (1+ j(l Ln(z(h_zl))—Ln(l—ﬁD
) h b h

_3Ln (1+ ju (h”lij (1+ jL (h”

h 2h h 2h

J 6Li4[h+zlj
2h ),

(11.11)

The partial derivatives of the strain energy per unit area with respectto z, and z, for power grading

coefficient m are given by:

oE h L”m1(1+zhl]
%a _ —C{Ln( - le+1}

oz, b (h+z,)Ln"(2)"

and

oE, h— anl(“th]
% C{Ln( Z j+1}
2

oz b (h+2,)Ln"(2)

The equilibrium in-plane strain profile is given by
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an(1+;j
f,+(f —f))—————=, <1,
0 ( h O) an(z) 1
an(1+zhlj
g = f0+(fh—fo)T(2), 2,<2<1,; and,
an(1+zj an(1+zlj an(1+22)
£+ (f,~f) h), h)_ L
Ln™(2) Ln™(2) Ln™(2)

The strain energy per unit area is

an(1+:]j
—— g,

E, =Y [ for(fo— 1y

Ln™(2)
an[1+zlj
Yy (= ) —— 2z |
4 an(Z)
: an(1+er an(1+zhlj an(1+ZhZ)
Y('| £, +(f —f -
" I o+ (fh =) Ln™(2) i Ln™(2)" Ln™(2)

This can be written as
E.=1+1,+1;,
where

an(1+:]j
AN LVA N

=Y [ fo+(f, -1 )
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L (th
=YLZ f,+(f, — f)———~ |dz, (11.18)

|2

Ln"(2)
and
an(1+zj an(1+zlj an(1+22j
=Y ]| £+ (f,= 1) h), h)_ |z, (11.19)
2 Ln"(2) Ln"™(2) Ln™(2)

The general form for the strain energy integral 1, is given by

Ln[ 1422 |t
_ (f—f(_1)" (1) aem ( ]
=Y foz +50 ") ( h) m(ﬁj ( jjt dtj (11.20)
For sublinearly-graded layer with m=1, 1, is given by
f, z
Il:Y[fozl (L (2)0)( yl+(h+zl)Ln(1+F1jﬂ‘, (11.21)

For superlinearly-graded layer with m=2, 1, is given by

Il:Y[fozl—( 0)(22 +(h+zl)( 2+Ln(1+ DLn(uﬁJH‘, (11.22)
Ln*(2) h h

For superlinearly-graded layer with m=3, 1, is given by

{ f,(z,)+ (;) [ 6z, +(h+ zl)Ln(l+ - ][6 + (—3+ Ln(1+ %D Ln(1+ %Bﬂ‘ , (11.23)

The strain energy integral 1, is given by
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|2 =Y fo+(fh_ fo)

Ln(2)

The strain energy integral 1, is given by

Ln(1+ Z?J
h

Ln(2)

(f, — fo)h (_ljm m(lJmJ"”tm—le—tdt
Ln"(2) \ h h) %

t
[Ln“”‘(z)j1 t%—mdt—Ln“m(lJr%jL °

+Y

Ln(1+zhlj
f,4(z, —2)(f, — f,) _

Ln(l+%)t }
dt
t-m

Ln(2)

For sublinearly-graded layer with m=1, I, is given by

(Zz _21) fo +(fh - fo)

Ln(1+ Zl}
h —

Ln(1+ sz
h

Ln(2)

(fh B fo)
. Ln(2)

(yz +h(Ln(4)-1)— (h+z,)Ln| 1+ —ZD

Ln(2)

z

h

For superlinearly-graded layer with m=2, |, is given by

Ln(1+zhlj Ln(1+ Zth
(Zz - Zl) f0 + ( fh - fo) Ln(2) - Ln(2)
l,=Y I
Lt 2h(2+ Ln?(2) - Ln(4))-
Ln’(2) | (h+ 22)(2—2Ln(1+ %j+ Ln2(1+ %D
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h
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For superlinearly-graded layer with m=3, |, is given by

- 3 .
Ln(“ﬂ Ln(1+ thj

z,-7)| fo+(f,— f -

K [TE) Ln(2)
b= , (11.28)

2h(~6+(Ln(2) —3)Ln?(2) + Ln(64))
(fh — fo) , , ,
Ln®(2) | —(h+ ZZ)(—6+ Ln(l+ sz(6+(Ln(1+ ﬁj_gJLn(l_,_FzJJ]

The partial derivatives of |1 are given by: for sublinearly-graded layer with
m=1,
ol 7
a_zizY{foﬁL(fh - fO)Ln(1+Flﬂ, (11.29)

superlinearly-graded layer with m=2,

o =Y[ f,+ o) [2Ln(1+ ﬁ]+(—2+ Ln(1+ iDLn[u im (11.30)
0z, Ln*(2) h h h

superlinearly-graded layer with m=3,

S0

ol vl f +M + Ln(y%}(_% Ln(1+%]+ Ln[“%ﬂ : (11.31)

oz, | ° Ln*(2)
+ Ln(1+ ﬂj(6+(—3+ Ln(1+ ﬂDLn(l+ ﬂj}
h h h |

and for all nonlinearly-logarithmically-graded layers m=1, 2 and 3,

Ay _ 0 (11.32)
oz,

The partial derivatives of I, form=1, 2 and 3 are given by
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an(1+1j
Az _y| h =TIz, ~2) an1[1+i]— fot (fy— ) —— ], (11.33)
0z, (h+z)Ln"(2)

Ln™(2)

and

o an(1+;1j

2o o (f -f)— 7 11.34
oz, o (T =To) Ln™(2) ( )

The partial derivatives of I3 for m=1, 2 and 3 are given by

_(fh - fom(z, -z) an—1(1+ﬁj |
(h+2z)Ln"(2) h
Ay L1+ 2] (s 22|, (11.35)
0z, h h
= fo+(f, = fo) -
Ln™(2) Ln™(2)
and
__ (fh — fo)m(zz — 21) anl(l_i_z_z]
(h+2,)Ln"(2) h
. an(1+il] an(1+ZhZ)
Z3_y f f—f - , 11.36
oz, o (h=h) Ln™(2) Ln™(2) (11.36)
_hmfo) an(1+z—2]
Ln"™(2) h

The equilibrium values of z, and z, for a given power grading coefficient m are the solutions of

0:%4_%4_8'_24_%, (1137)
oz, 01, 0z, 0L

and
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&, 4,4, a

0=—% =,
oz, oz, oz, 0L,

(11.38)

z,and z, can therefore be found from the simultaneous solution of the equations above.
Numerical solution of the two preceding equations yields the values of z and z, for given values
of f,, f,, m,and h ina given material system.

11.2. Determination of z1 and z2 for the SG-SAL

Inorder to find z, and z, we differentiate the sum of the strain energy and dislocation line

energy with respect to each, set these partial derivatives to zero, and solve. We assume a diamond
or zinc blende crystal structure with (001) orientation and biaxial strain. The strain energy per unit

area is

h h z 2
E, =] Yg'dz=| Y[ f2)+b] p(f)df} dz, (11.39)
where p(z) is the misfit dislocation density, b’is the misfit relieving component of the Burgers
vector parallel to the interface, b’ =+bsin asin ¢, where b is the length of the Burgers vector, «

is the angle between the Burgers vector and the line vector, and A is the angle between the Burgers

vector and the line in the interface plane which is perpendicular to the intersection of the glide
plane with the interface, Y is the biaxial modulus, Y =C,,+C,,—2C//C,,,and C,, and C,, are

the elastic stiffness constants. The line energy of dislocations per unit area, assuming two

orthogonal networks with equal cross-sectional density, is

E, =2[ F, (2)p(z)z, (11.40)

where

()~ G(z)0* (2L~ v(z)cos? a]{h@(—zgﬂ} | (11.41)




G is the shear modulus, G =(C,,~C,,)/2, and v is the Poisson ratio, v=C,, /(C,, +C,,) for the

(001) orientation.

To find the equilibrium values z,and z, we solve the equations

o(E, +E,) OE, ©OE

0= = +—=, (11.42)
0z, 0z, 0z,

and

0-JE+E,)_0F O (11.43)
0z, oz, 0z,

The equilibrium misfit dislocation density profile in the partially-relaxed S-graded layer is given

by
0, 1<1;
f, (2—p)
ex , 2,<z<1z,;and 11.44
O'\/_ p|: 202 1 2 ( )
0, z2>1,.

S0, the dislocation line energy per unit area is

E, _2j 2)p(z2 )iz
2 j:{Gb toveotel o2l o] - .46

etz 5

where

Gbf, (1-vcos® )

C=
osin acos A(l-v)2z)"*

(11.46)

Applying the fundamental theorem of calculus, we obtain the partial derivatives of the strain

energy per unit area with respectto z, and z, which are
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OB, _ _C{.n (hij +1} exp[— M} , (11.47)
b 20

0z,

and
OE, :C{|n(h—zJ+l}exp[ (Z;—“)ﬂ (11.48)
oz, b /2

The equilibrium in-plane strain profile is given approximately by

falegnlg] e

g = (%) —Zierf(i:/_zl)+zierf(aiﬁﬂ, 2,<2<1,; and . (11.49)
1 1
Z—-u z,
erf| —= |—erf
(ij (afj bfj ey
2 )z, (ﬂ_zlj Z, ( H j :
—e +—=erf| —
Zl (7'\/5 Zl U'\/E

The strain energy per unit area is

el
s { : ( j ( ﬂ . (11.50
s herf[_f) ( J

* i—jerf(’;:/ij z erf(m/_j

This can be written as

E =1 +1,+1;, (11.51)

where
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th2 il H— YA U ’
Il = T-[O |:— el’f [O-—\/EJ + el’f [O-—\/Ejj| dZ , (1152)

2

1, :%Ly:{—z%erf[‘;_;l}r%erf (GLJEH dz. (11.53)

and

Iszﬁjh {erf(z_—ﬂj erf[ ﬂj & erf(ﬂ_zl}z—zerf(iﬂzdz (11.54)
4 Yy, 0'\/_ GJ_ Z, 0'\/5 Z 0'\/5 ' '

Expanding the integrands, we obtain

1, = Y [erfz( j 2erf( K ]erf[”_z}uerfz(iﬂdz, (11.55)
4 o2 o2 ) \ov2 o2

dz (11.56)

and

) () () ()
_E h -2 Z_l erf i?/'g erf(Z;:/gj—z(i—:]erf(i?/gjerf[/;gj
+2 Z—i erf Z_:/g erf [0\/_} (zzJerf(Z;_zﬂj ( j
-2 Z—j erf Zax/fjerf(a’il/zj—{i—ijzerf (%)erf
The partial derivatives of I are given by

zil %{erf(’;\/%)+erf(a J_ﬂz} (11.58)
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dz. (11.57)

-
B
N
N
N

N




and

o _

= 11.59
o (11.50)

The partial derivatives of I» are given by

_—erf(m/_)+erf(m/_ﬂ
f2
Z_Izizl\;;f —z(z2 z)fexp[ (2= ﬂ)} , (11.60)

+(222 + zf)[erf ('L;—\/_j erf (afﬂ
and

%_thzzzz H 2
e Al ave

The partial derivatives of I3 are
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oy Y2 7, _n+h 24248
o, 2 Zno » 20?
h2+2(z, + 2,) 2Z+2(z,+hu
_222 el 1 2 —ex 2 1
10[ Xp; 20? P 20°?
I — z
h N ZMXD{ZZQ
—H 2
z,(h— perf ex
1( /u) [Gﬁ] p|: 262 i| - 2+/UZ erf( ]
—TTO
20 o2
22 +h? 27+ P - u
+2,(z, —h)zoexp| -2 L erf|
,(2, Yo P[ 252 j| [O'\/E
- Y ﬂexp{zlﬂ}
i zl(hf/l)(erf[zzx_/;}exp[zz;z } ) +erf(%
H e 7 — Toexp LG YH erf| H_ o
+exp 20_2 20_2 0'\/5
I 22 +h*+2zu
: p[ 20 }
y hexp[zzz +h? +221y}
_ e
_ 20 2 2
verf[ A4 -z\2z + ToEXp %
av2 22 +h*+2z 20
o‘zeXp 1 2H
20?
rotexp 22+ 22 +2hu
20
and
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22 +h? +2z,u

2
Z, 2

o

2
—zzhexp{z +h +221,u}
—-7,N27 s
—ote zZ+h +222/1}
+olexp

h? i
+2,(z, —h)roexp Lt +Zi+ﬂ

|
{z + 22 +2hy}
S

h—u
o2

7,(h- y){erf[zz :E J erf[
o

_ M
+22,(z, —h)erf [aﬁ]

)

(11.62)



ZH
o2

)
|

a, YiZ o1 exp 2z, —p)* + (h—p)?
oz, 4 ilzo 20
—2(h+z )+,u)} h? +2z,u 72 +2hu
422 e ,U(—z ex _ Tme —e f2 =7
i Xp[ 202 P 20° ® 20°
i 22 4h?+ ,—u
—17,(3z, - 2h)roexp| =2 erf 2| =2
2( 2 )ﬂ'O' p|: O_z :| (G\/E
2,27 ex
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+22,(h - wyerf| 224 |exp LI
1 H (7\/5 262 |: 5
— Toexp
2
—2z,(h— u)exp LIS erf 124
1 ,U 20_2 O'\/E
2
o?exp L r +22h”
7] 20-
| +erf —\E +22,N2x
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2 2 2
+17,(3z, —2h)7mexp{zz+h+zZl
20

The equilibrium values of z, and z, are the solutions of

o,
0z,

ol
+—+
0z,

al,
0z,

NG

0 H
0z,

and

395

U
2

ot e )

2
2

4 _H#
z,erf [Gﬁjexp[

|

2

2
ZZ

+u

2
(o}

|

- 7ZO'EXp|:

22 +125 +2hu
207

|

+ P

2
o’ exp{zzgzzhﬂ}
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(11.63)

(11.64)



A A, A

0= :
oz, 0z, 0z, 0L,

(11.65)

z,and z,can therefore be found from the simultaneous solution of the equations above.
Numerical solution of the two preceding equations yields the values of z, and z, for given values

of &, O, and h in a given material system.
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