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Abstract

This work presents a study of the character and distribution of structural
defects in (001)CdTe buffer layers grown on GaAs substrates by metal
organic vapour phase epitaxy (MOVPE). These are of importance as hybrid
substrates for the growth of CdxHg(1-x)Te (CMT), a prominent infrared
detector material. The 14.6% mismatch between CdTe and GaAs leads to a high
density of dislocations at the CdTe/GaAs interface, and threading through the
layer. The presence of linear and planar defects is detrimental to the
performance of CMT devices and it is desirable to reduce the density of
dislocations to below 105cm2.

Results of high resolution X-ray diffraction (HRXRD) studies on a series of
MOVPE grown CdTe/GaAs epilayers of different thickness and on a single
thick layer which was repeatedly etched and remeasured are reported.
Threading dislocation density was estimated from HRXRD full width at half
maximum (FWHM) using a relationship proposed by Gay, Hirsch and Kelly
and was found to decrease rapidly in the initial stages of layer growth. An
optimum buffer layer thickness of 8um is proposed for the subsequent
growth of CMT. Rocking curves were recorded from a single thick CdTe/GaAs
epilayer for wavelengths in the range 0.69-1.95A at the Daresbury SRS, and
this data is extrapolated to infinite absorption to obtain an estimate of the
rocking curve width representative of the surface of a thick layer.

A number of models which attempt to describe the reduction in threading
dislocation density with increasing thickness are reviewed and a new model
based on the coalescence of like dislocations is developed. The models are
compared to published data for layers with misfit in the range 0.23-14.6%.
The models previously developed by Tachikawa and Yamaguchi and by
Durose and Tatsuoka are shown to be the more appropriate for describing the
dislocation density distribution in highly mismatched layers.

Results of the transmission electron microscopy of CdTe/GaAs epilayers, both
in plan view and cross-section, showing the character of dislocations
threading through thick CdTe buffer layers are presented. Many dipoles
composed of 30° type dislocations with Burgers vectors parallel to the
interface were observed and found to adopt an orientation whereby the
component dislocations had no effect on misfit strain. In cross-section, 30°
type dislocations with Burgers vectors inclined to the interface were found
to be numerous. 60° and screw type threading dislocations were also
observed, but the cross-section projection axis made analysis of these types
difficult. The screw and edge components of 30°, 60° and screw type
threading dislocations are compared and it is found that the Burgers vector
component causing layer tilt is of magnitude (ag/2) for each type.

Annealing of CdTe/GaAs epilayers under di-methyl cadmium flow was found
to have no deleterious effect on layer morphology but did not result in a
narrower X-ray rocking curve.

Based upon HRXRD FWHM, 8um thick CdTe buffer layers grown by MOVPE are
estimated to have a dlslocatlon density of about 3x108cm™2. Even after many
of the threading dislocations have been bent over at the CdTe/CMT interface,
Lhelr dens1ty in MOVPE grown CMT/CdTe/GaAs is still greatly in excess of the
105¢m=2 desired. The issues discussed and conclusions drawn in this thesis
represent a thorough study of the continuing progress towards high quality
MOVPE growth of CMT.
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CHAPTER 1

Introduction

The theme of this thesis is the study of epitaxial layers grown onto GaAs
substrates by metal organic vapour phase epitaxy (MOVPE) for the
subsequent growth of CdxHg(1-x)Te (CMT). There is considerable interest in
the growth of ternary, II-VI, Hg-based semiconductor compounds, in
particular CMT, since varying the alloy composition allows the bandgap to be
tuned to a broad range of energies. The bandgaps of HgTe and CdTe at room
temperature are -0.15eV and 1.44eV respectivelyl, enabling solid solutions to
be prepared for infrared imaging at both the 3-5um and 8-14um atmospheric
windows. Details of CMT infrared devices may be found in references 2-6.
State-of-the-art device processing requires large area (in excess of lcm?)
layers of good structural quality with high standards of compositional,

morphological and thickness uniformity.

Device quality epitaxial CMT is commonly grown by liquid phase epitaxy
(LPE) onto CdTe or (CdZn)Te (CZT) substrates’. Some advantages of using
these substrates are: i) the small mismatch, for example, 0.22% for CdTe and
0.015% for Cdgp.96Zng.04Te with Cdg.3Hgp.7Te; ii) the similar thermal
expansion coefficients of CdTe and HgTe (as shown in table 1.1); and iii) the
use of CdTe avoids the introduction of foreign impurity atoms. Unfortunately,
both CdTe and CZT substrates contain significant densities of grain
boundaries, twins, dislocations and precipitates7, and are both small in area

and relatively expensive.

The lack of cheap II-VI substrates of sufficient quantity and quality has led
to the use of alternative substrates, most notably GaAs and InSb. Schmit8
undertook a study of 24 possible substrates for the growth of CMT and has
suggested that InP and GaAs may be the best foreign substrates. Schmit's
study did not include InSb, since, to allow for back illuminated devices, only
materials transparent over the 3-12um spectral range were considered.
Nevertheless, InSb has the advantages of having a small misfit with CMT
(0.19% with Cdg.3Hgo.7Te) and a similar thermal expansion coefficient to
HgTe and CdTe (table 1.1). However, InSb is thermally unstable at

temperatures above the congruent evaporation temperature of 280°CY.




Material Lattice o / 10-6°C-1 | Temperature Reference

parameter / A for which o | for a value
is quoted / K
CdTe 6.481 4.70 283 10
HgTe 6.461 475 283 10
InSb 6.479 5.04 300 11
GaAs 5.654 6.86 300 12

Table 1.1 Comparison of lattice parameters and linear thermal expansion
coefficients, o, of the materials discussed in the text. All lattice parameter

values are taken from the ASTM index13.

GaAs is an attractive substrate for several reasons: i) high quality substrates
of large area are available relatively cheaply from commercial sources;
ii) GaAs is transparent in the 3-12 gym regionS; and iii) GaAs/Si wafers are
commercially available, offering the possibility of integration of CMT with
advanced Si devices, when layer quality allowsl4, Unfortunately, GaAs
substrates have several disadvantages, most notably the very large misfit
with CMT (14.4% with Cdg.3Hgp.7Te) and the much larger thermal expansion
coefficient compared with CdTe and HgTe (table 1.1). Also, the out-diffusion
of Ga and As from the substrate into the 1a1yer9’15'16 affects the electronic

properties of CMT, since Ga and As are electrically active.

CdTe buffer layers are frequently grown onto GaAs substrates prior to the
growth of CMT!7, and this serves to reduce the concentration of Ga and As
atoms diffusing into the CMT layer. Giess et al.? have shown that an 8um
thick CdTe layer is required to reduce the Ga concentration in the active CMT
layer to an acceptable level (< 0.0lppm). The large lattice mismatch between
CdTe and GaAs gives rise to a dense tangle of dislocations at the interface,
with many being forced out of the interfacial plane and into the epilayer to
form threading dislocations!8. These can propagate into the active regions
in the CMT and degrade device characteristics1?. The persistent problem of
hillocks on (001) CMT/CdTe/GaAsl? grown by MOVPE has recently been




addressed by Giess et al.zo, who employed a Na containing final substrate

rinse, prior to layer growth.

The aim of the present study has been to investigate the threading
dislocations reaching the surface of thick CdTe buffer layers grown on
(001)GaAs. From this, it was hoped that an optimum buffer thickness could be
determined and methods of threading dislocation density reduction proposed
and implemented. A literature study of the generation of dislocations at the
interface between mismatched epilayers is presented in Chapter 2. The
generally accepted mechanisms for the formation of misfit dislocations, by

21 gnd half-loop nucleationzz’B,

glide of pre-existing threading dislocations
are not applicable to layers which display three-dimensional growth or
which have a ‘critical thickness' of less than a monolayer. The effects of
different growth modes on the introduction of misfit dislocations, and
mechanisms by which misfit and threading dislocations are introduced into
high misfit layers are discussed. All the layers investigated in this thesis
were grown by MOVPE, using the growth conditions given in Chapter 3.
Examples of the growth defects and inhomogeneities which are observed

routinely in MOVPE grown layers are also presented.

It is well reported24‘28 that threading dislocation density in an epilayer
decreases with thickness after the maximum number of misfit dislocations
have been formed. A number of models have previously been proposed29'3’5
to describe this reduction in threading dislocation density and the
accompanying reduction in layer strain. Several of these models are
reviewed and critically compared in Chapter 5. Three of these models are
applied to the specific cases of CdTe/GaAs and ZnTe/GaAs in Chapter 6, where
a detailed study of the changes in CdTe/GaAs structural quality with layer

thickness is also presented.

The types of dislocation reaching the surface of a thick CdTe buffer layer
determine the rate of relaxation of residual strain in thick layers33. A study
of threading dislocations in thick CdTe buffer layers is presented in
Chapter 7 and the findings are related to the earlier calculations and

assumptions made in Chapters 5 and 6.

In addition to studying threading dislocations in thick CdTe buffer layers,

attempts have been made to reduce the dislocation density for a given



thickness of CdTe buffer, by annealing of CdTe/GaAs layers. The outcome of

these annealing studies is reported in Section 8.1.

The findings of Chapters 5 and 6 are brought together in Section 8.2, where
the structural quality of two CMT layers grown on CdTe buffer layers of

different thicknesses are compared.
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CHAPTER 2

Dislocations in Heteroepitaxial Layers

2.1 Introduction

In this chapter, the concepts fundamental to heteroepitaxial growth, such as
critical thickness and misfit dislocation formation, are introduced. Strain
relaxation by the introduction of dislocations proceeds differently in high
and low misfit systems, this will be discussed together with mechanisms for
the formation of threading dislocations. In Section 2.4.2, the methods
currently employed to reduce threading dislocation density are reviewed for
the case of GaAs/Si which has a misfit of -4.1% (layer in compression). Much
less has been published on the reduction of threading dislocations in high
misfit 1I-VI epilayers such as CdTe/GaAs (misfit of -14.6%), however, a brief
review is given in Section 2.4.3. The consequences of the anisotropy of the
sphalerite lattice and the different types of dislocation which can occur are

discussed in Section 2.5.

Consider an epitaxial layer with lattice parameter ae grown upon an
infinitely thick substrate with lattice parameter ag, where the misfit, f
between the substrate and layer is defined by equation 2.1. The convention

used in this thesis is to refer to the magnitude of misfit only.

equation 2.1

If the layer is thin, then it is possible to accommodate the difference in
lattice parameter by a biaxial stress in the interfacial plane. The lattice
parameter of the epilayer will become equal to that of the substrate parallel
to the interfacial plane. The epilayer will also distort along the direction
normal to the interface giving a tetragonal distortion as illustrated in
figure 2.1a. There are no misfit dislocations in this regime known as
pseudomorphic growth. This geometry has a high elastic strain energy since

the bond lengths in the epilayer are distorted from their equilibrium values.




At some epilayer thickness known as the critical thickness, h¢, it becomes
energetically favourable to reduce this elastic strain energy by the
introduction of misfit dislocations, as illustrated in figure 2.1b. Theoretical
models for the introduction of misfit dislocations by threading dislocation

glide and half-loop nucleation are presented in Section 2.2.1.

The concepts of pseudomorphic growth and critical thickness are not valid
for systems with large lattice mismatches, since the two lattices are
incoherent at all stages of growth. Different mechanisms for the generation
of misfit dislocations may operate in high and low misfit systems. Misfit
dislocation generation in high and low misfit systems is reviewed in

Sections 2.3 and 2.2 respectively.

2.2 Dislocations and Strain Relaxation in Low Misfit

Heteroepitaxial Layers
2.2.1 Theoretical Models for Critical Thickness

The existence of a critical thickness was first considered by Frank and van
der Merwel, who attempted to model the critical thickness by minimising the
energy of a misfit dislocation array at the interface. Since this pioneering
work, many models for the generation of misfit dislocations have been
proposed. This section gives a brief review of the fundamental aspects of

misfit strain relief; more extensive reviews can be found in references 2-4.

Matthews and Blakeslee® considered the behaviour of pre-existing threading
dislocations under the action of misfit strain. The model relies on the
substrate having dislocations which intersect the free surface so that the
threading dislocations are replicated in the initially coherent epilayer. The

generation of a misfit dislocation segment is illustrated in figure 2.2.

A pre-existing threading dislocation experiences a force F; due to the lattice
mismatch strain. If this force is sufficiently high, the threading dislocation

will propagate through the epitaxial layer generating a length of misfit.
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Figure 2.1 Schematic illustration of (a) coherently strained, pseudomorphic

lattice mismatched heteroepitaxy and (b) relaxed lattice mismatched

—

heteroepitaxy.
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Figure 2.2 Schematic illustration of the Matthews and Blakeslee model of

critical thickness. Diagram from Hull and Bean?2.




dislocation at the interface. The misfit dislocation has a self energy6 which
produces a restoring force, F upon the propagating dislocation. If F;>F; then
the threading dislocation will propagate and a misfit segment will be
generated, as shown in figure 2.2c. Matthews and Blakeslee® defined critical
thickness as the thickness at which Fa=F, figure 2.2b. A full mathematical
treatment can be found in references 2-4 which leads to the expression for
critical thickness, h¢, given in equation 2.2, where b is the magnitude of the
Burgers vector b, v is Poisson's ratio, 6 is the angle between b and the
dislocation line direction ¢, A is the angle between b and the normal to £ and

o, is a factor intended to account for the dislocation core energy.

1-v cos?0
h. = b( ) m\ﬁ“ﬁ equation 2.2

¢ 8rc(1+v) f cosi b

For semiconductor films of the diamond and sphalerite structures,
experimental observations such as those described in reference 7 reveal
much larger values for the critical thickness than predicted by the
Matthews and Blakeslee® model. People and Bean®:2 have calculated h¢ for
GexSi(1-x)/Si epilayers assuming that misfit dislocation generation is
determined solely by energy balance. This gives a better agreement to
experimental data than the mechanical equilibrium model of Matthews and

Blakeslee.

There are two main reasons for the discrepancy between equilibrium theory
and experimental findings for semiconductors. First, the large Peierls-
Nabarro frictional stress®10 reduces the mobility of dislocations and hence
reduces the length of misfit segments that can be formed along the
interface. Fox and ]esserll, invoked a static Peierls stress as an additional
restoring force upon threading dislocations in the Matthews and Blakeslee
model, thereby increasing the critical thickness predicted. Secondly,
semiconductor substrates such as silicon can be produced with very low
dislocation densities; homogeneous nucleation of misfit dislocations in
addition to glide of pre-existing ones or heterogeneous nucleation, at

precipitates or surface defects, may occur for such substrates.



One mechanism for the homogeneous nucleation of misfit dislocations is that
of the nucleation of surface half-loops, which is represented schematically
in figure 2.3. A growing dislocation-loop of appropriate Burgers vector
relaxes the strain energy within the epilayer, Estrain. Balancing this is the
self energy of the ldop, Eloop. Other energy terms which should be
considered are the energies of steps removed or created in the nucleation
process, Estep, and the energy of any stacking faults created Egf. The total
energy is given by equation 2.3. Note that Estep and Egf can be positive or

negative depending on their effect relative to the misfit strain.

Eoral = Eloop - Egain £ Estep + Eg equation 2.3

The total energy of the loop will pass through an energy maximum at a
critical radius which is closely analogous to critical thickness and can be
thought of as the activation energy to half-loop formation. This activation
energy is large and requires a high misfit strain to activate the process.
Heterogeneous nucleation at surface steps or surface imperfections will
occur at lower misfit (and for thinner layers), since this process has a lower
activation energylz. Mathematical treatments of half-loop formation from
several different approaches can be found, for example, in
references 2,8,9,12-16.

2.2.2 Misfit Dislocations

The dislocations discussed in this thesis are of two types, misfit and threading
dislocations, both of which can relieve misfit strain. Misfit dislocations lie
parallel to the substrate/layer interface while threading dislocations are
inclined to it. From figures 2.2 and 2.3 it is clear that a single dislocation may
have both misfit and threading segments. This section deals with those misfit
dislocations which are commonly found in (001) oriented heteroepitaxial -

layers; threading dislocations are discussed further in Chapter 7.

Misfit dislocations are mostly of two types, 90° dislocations (also called Lomer

type or edge type) and 60° dislocations. In (001) layers, 60° dislocations have
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Figure 2.3 Schematic illustration of the generation of a dislocation half-loop
in a (001) oriented heterostructure.




<110> line directions in the plane of the interface and <110> Burgers vectors
inclined to the interface. They glide on {111} planes and may be formed by
glide of threading dislocations or by half-loop nucleation. The Burgers
vector of a 60° dislocation can be resolved into three components:(i) a screw
component in the interface plane, which has a rotation effect between the
substrate and layer (bs-rorate), (ii) an edge component in the interface,
which relieves misfit strain (be-misfit), and (iii) an edge component
perpendicular to the interface, which tilts the layer with respect to the
substrate (be-tilt). The resolution of the Burgers vector into these three
components is shown in figure 2.4. and their effects are demonstrated in
figure 7.15, while the magnitude of the components are compared to those
for some threading dislocation orientations in table 7.7. The magnitude of

the misfit relieving component of the Burgers vector, be-misfit is (29/2V2).

In (001) layers, 90° dislocations have both their line direction and Burgers
vector in the interface plane, both in <110> directions. The whole Burgers
vector (ag/V2) relieves misfit strain and this is the most efficient misfit
relieving dislocation with a <110> Burgers vector. However, since the (001)
plane is not a primary slip plane, these dislocations are sessile, although
they may climb in the presence of point defects. 90° misfit dislocations are
unlikely to be formed by glide of existing threading dislocations and cannot

form by half-loop nucleation at the layer surface.

Nevertheless, it has been proposed by several workers (see for example
references 16-18) that 90° misfit dislocations may be formed by the
coalescence of two 60° dislocations, and that this process is favourable since
twice the misfit strain of a 60° dislocation is relieved. Another mechanism
for the generation of 90° dislocations has been proposed by Dregia and
Hirth1?2 which involves the nucleation of a dislocation at the free surface,
glide to the interface where a reaction occurs forming a 90° dislocation and
another dislocation, the latter then glides back to the surface leaving a 90°
Lomer dislocation in the interface. An alternative nucleation mechanism for
90° misfit dislocations in high misfit systems which display

three-dimensional (3-D) growth is presented in Section 2.3.
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Figure 2.4 Burgers vector components of a 60° type misfit dislocation. The
Burgers vector can be resolved into three components, bs-rotate, be-tilt and
be-misfit which produce layer rotation, tilt and misfit relief respectively.
Figure 7.15 demonstrates the effect of each component on the layer. The
component magnitudes are compared to those for threading dislocations in
table 7.7.




2.3 Dislocations and Strain Relaxation in High Misfit

Heteroepitaxial Layers
2.3.1 Introduction

The two nucleation mechanisms presented in Section 2.2.1 assumed that
growth proceeded by two-dimensional (2-D) layer-by-layer growth and that
a critical thickness could be defined at which it became favourable to form
misfit dislocations. There are two other modes by which growth can proceed,
Stranski-Krastanov and Volmer-Weber. These are both 3-D growth modes and
are common for high misfit systems. They are described in Section 2.3.2, and
the mechanisms by which misfit dislocations can be formed during 3-D

growth are described in Section 2.3.3.
2.3.2 Mechanisms of Epitaxial Growth

Layer-by-layer 2-D growth, Volmer-Weber 3-D growth and Stranski-
Krastanov 3-D growth are illustrated in figure 2.5. Layer-by-layer growth
proceeds via step-flow and leads to material of high structural quality.
Volmer-Weber growth proceeds by the formation of small islands directly on
the substrate. Stranski-Krastinov growth occurs when islands are formed
on top of a thin uniform layer of deposit. The transition from 2-D to 3-D
growth has been studied for InxGa(l-x)As/GaAszo'24, InAs/GaAsl? and
ZnSe/GaAs?5. Some of these authors reported that a change in defect
structure, most notably an increase in threading dislocation density,
accompanies the transition from 2-D to 3-D growth. The generation of misfit
dislocations during 3-D island growth and the reason for the increased

threading dislocation density will be discussed in the following section.

12




]

a

OO 'OO

b C
Figure 2.5 Schematic illustration of growth modes: (a) layer-by-layer two-
dimensional growth; (b) Volmer-Weber three-dimensional growth;

(c) Stranski-Krastanov three-dimensional growth.



2.3.3 Misfit Dislocations in High Misfit Systems

The concept of critical thickness is not valid for layers which display 3-D
growth since the generation of misfit dislocations often occurs before the

islands have coalesced to form a 2-D layer17'25'29.

As with low misfit layers, 90° and 60° misfit dislocations are the most
common in high misfit (001) oriented layers. Studies carried out on
GaAs/Si30:3 1, CdTe/GaAs3! and ZnTe/GaAs3?2 all found 90° dislocations to be
more numerous than 60° dislocations, in contrast to layers which grow by
2-D mode where 60° types dominate. Since 60° dislocations cannot glide in
the (001) plane, the chance of two 60° dislocations meeting to form a 90°
dislocation cannot account for the high density of 90° misfit dislocations.
Many workers have suggested that 90° misfit dislocations are formed at the
edges of islands during growth, and indeed this has been observed by high
resolution transmission electron microscopy (HRTEM or HREM) for
InxGa(l_x)As/GaASZ6 (3-D growth for x > 0.25-0.30).

The formation of 90° dislocations at the edge of a growing island can best be
imagined best by using the coincidence site lattice (CSL) model described by
Matthews?. At a coincidence boundary a fraction of the lattice sites in one
crystal coincide with a fraction of the lattice sites in the other. It has been
shown that coincidence site boundaries are of lower energy than boundaries
where the lattice sites do not coincide33. The coincidence condition is met
when the lattice parameters of the substrate and layer have the relationship
given in equation 2.4, where n and m are integers. When n and m are not
integral values then the misfit, f between the layer and substrate can be
rewritten as equation 2.5.

A opy .
1o Zepllayer equation 2.4

n
m Asubstrate

na - MAgpjlay , <
f = D3substrate epilayer equation 2.5

Na sybstrate
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As an island grows, its strain increases. As a coincidence condition
approaches, it becomes energetically more favourable to assume the
coincidence arrangement, thus forming an edge type dislocation, than to
strain the island further. This mechanism has been proposed by
Kiely et al.34 for InSb layers on (001)GaAs. A clear diagram from their work
is reproduced in figure 2.6 showing how 90° dislocations can form at the

edge of a strained island.

When islands coalesce, if the dislocation lines in the two islands do not line
up exactly, threading dislocations are likely to be formed by misfit segments
being forced away from the interface and into the layer. The generation of
threading dislocations at island boundaries has been observed for
(InGa)As/GaAs by HRTEM33. Since 90° dislocations dominate at the interface,
this mechanism would lead to threading dislocations with Burgers vectors
parallel to the interface. Such dislocations are not observed in great
numbers away from the interface, although they may exist near it in
dislocation tangles which cannot be resolved. Threading dislocations with
<110> Burgers vectors inclined to the interface are commonly seen and can
be generated in large numbers by the half-loop mechanism described in
Section 2.2.1. n and m in equation 2.4 are unlikely to be integral values and
some residual misfit strain which is not accommodated during the early
stages of island growth is probable. After the islands have coalesced, growth
proceeds in a 2-D mode and half-loops can be nucleated and glide to the
interface to relieve this residual strain. In this way threading dislocations

with Burgers vectors inclined to the interface can be generated.

2.4 Threading Dislocation Density Reduction

2.4.1 Introduction

The presence of dislocations in CdxHg(1-x)Te (CMT) can affect the overall
performance of photovoltaic infra-red focal plane arrays. Shin et al.36
have reported that the minority carrier lifetime of MBE grown CMT is

inversely proportional to dislocation density to the two-third power for
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Figure 2.6 Schematic diagram illustrating the formation of an edge type
(90°) dislocation at an island edge. Diagram from Kiely et al.34.



densities greater than 5x105cm<2. Below this density, the minority carrier
lifetime was reported to be unaffected by dislocation density. Minority
carrier lifetime in the region close to an anodic oxide/CMT interface37 has
been found to be inversely proportional to dislocation densities above
5x105¢m-2 and unaffected by densities below 2x105cm-2. It is therefore
desirable to decrease dislocation densities in CMT layers to below about
105¢m-2. In addition, dark current38:39 has been shown to increase with
increasing dislocation density. Dislocations and grain boundaries are

41 and have been

electrically active40, can act as recombination centres
found to provide the predominant transport path for diffusion of interstitials
and vacancies*Z. The latter observation is of concern for growth on foreign
substrates where diffusion of substrate species can result in unintentional

doping.

Several workers have shown that misfit strain can be used to force
threading dislocations to the edge of a wafer and hence out of the growing
layer43'46, as shown in figure 2.7. This concept has been extended to growth
on reduced area substrates and mesas, where the smaller dimensions
increase the number of dislocations which reach the edges of the substrate.
These methods of threading dislocation reduction are not so useful for high
misfit layers since: firstly, misfit dislocations are not usually generated by
this mechanism; and secondly, the high density of defects at the interface
leads to dislocation tangles which prevent dislocations from gliding great

distances.

GaAs/Si is a relatively well studied high misfit (f=4.1%) heteroepitaxial
system and a number of different methods, reviewed in Section 2.4.2, are
used routinely for the reduction of threading dislocation density. CdTe/GaAs
(f=14.6%) has not been so well studied, but some work has been published on
the successful reduction in threading dislocation density and is reviewed in

Section 2.4.3.
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Figure 2.7 Schematic illustration of the removal of a threading dislocation
from an epitaxial layer under the influence of misfit strain. This is very
similar to the mechanism for the generation of misfit dislocations proposed

by Matthews and Blakeslee>, compare to figure 2.2.



2.4.2 Threading Dislocation Density Reduction in GaAs/Si

Substrate misorientation has been shown to be effective in reducing the
threading dislocation density in GaAs/Si epilayers47. The mechanism is
thought to be due to the nucleation of edge type dislocations at steps which
occur on an offcut wafer surface. Fisher and co-workers*’ demonstrated that
substrate offcut can be engineered to enhance the formation of 90°
dislocations over 60° dislocations. Remembering that 90° dislocations are
twice as effective as 60° dislocations at relieving misfit strain and that the
formation of 60° misfit dislocations requires the formation of one or two
threading dislocations, it is desirable to accommodate misfit strain by 90°
rather than by 60° dislocations. The 4.1% misfit of GaAs/Si requires a 90°
dislocation every 25 atomic planes. A substrate which is offcut such that
there is an atomic step every 25 atomic planes will enhance the formation of
90° misfit dislocations and will increase the probability that dislocations in
coalescing islands join up without the formation of threading dislocations.
(001) substrates are commonly offcut towards <110> or <100>. An offcut
towards a <110> direction will give a staircase of steps in one direction as
shown in figure 2.8b. An offcut towards a <100> direction will give staircases
in the two orthogonal <110> directions, as shown in figure 2.8c. Fisher
et al.#’ have demonstrated the effectiveness of substrate offcut in reducing
threading dislocation density. They found that nominally exact oriented
substrates gave the poorest epilayers, offcut towards <110> gave better quality

layers but that offcut towards <100> gave the best layers.

Strained layer superlattices (SLSs) can interact with threading dislocations
and bend them over to accommodate strain?8. Dislocations can be made to
react with each other, resulting in fewer dislocations, or to glide to the edge
of the wafer?® as in figure 2.7. It is important that the individual layers
making up the SLS do not exceed the critical thickness for misfit dislocation
nucleation and that the final layer of the SLS is lattice matched to GaAs.
Examples of the use of SLSs as buffer layers for GaAs/Si can be found in
references 49-52. Single interlayers and buffer layers have also been

shown to reduce threading dislocation density53’54.
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Figure 2.8 Schematic illustration of the effect of offcut on the substrate
surface: (a) nominally exact (001) surface; (b) (001) tilted towards <110>; (c¢)
(001) tilted towards <100>. Diagram from Fang et al.48.



Annealing of GaAs/Si leads to a rearrangement of dislocations and a
reduction in threading dislocation density. Annealing aids the conversion of
two 60° dislocations into a 90° dislocation and can drastically improve the
quality of GaAs grown on Si. A review of the annealing of GaAs/Si is given in
Chapter 8.

2.4.3 Threading Dislocation Density Reduction in CdTe/GaAs

In Section 2.4.2, it was explained how an offcut of the substrate towards <100>
led to a reduction in threading dislocation density. For CdTe/GaAs with a
misfit of 14.6%, a 90° misfit dislocation is required every 8 atomic planes,
requiring an offcut of 5.1°. The CdTe and CdxHg(1-x)Te epilayers investigated
in this thesis were grown on (001) GaAs substrates offcut towards [100] about
[010] by 3.5° or 2° (Section 3.4.1). Offcut towards [100] gives steps in both the
[110] and [110] directions.

(CdZn)Te/CdTeSS, (Han)Te/CdTe56 and ZnTe/CdTe37-59 strained layer
superlattices have been shown to decrease the threading dislocation density
in CdTe buffer layers grown on GaAs substrates. The effectiveness of several
SLSs in reducing dislocation density is compared in table 2.1.
Petruzzello et al.>® have calculated the maximum number of threading
dislocations per unit area which can be removed from an epilayer by being
bent over to form misfit dislocations by a SLS. They assume that the number
which can be removed is dependent on the average spacing of dislocations
required to relieve the misfit between the CdTe buffer layer and the SLS.

Their findings agree well with their experimental observations.

For CMT, more concern has been placed on compositional uniformity and the
hillock density60, with less priority being given to the threading dislocation
density of the layers. Indeed, growth of (CdHg)Te by the interdiffused
multilayer process61 (IMP) gives layers of good compositional uniformity
but with a higher threading dislocation density62’63. This increased density
has been traded off with uniformity owing to the need for highly uniform

layers for device fabrication.
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SLS structure CdTe/(CdZn)Te* | CdTe/(HgZn)Te® CdTe/ZnTe#

Reference SugiyamaSS Petruzzellod® Sugiyama59
Dislocation density 2x108 2x10° not given
without SLS / cm=2
Dislocation density 8.2x107 2x108 not given

with SLS / cm2
Fractional reduction 24 10 2

in dislocation density

Buffer layer structure | GaAs/CdTe/SLS/ | GaAs/CdTe/SLS | GaAs/CdTe/SLS
CdTe/SLS/CdTe /CdTe

Table 2.1 Comparison of the effectiveness of SLSs in reducing the dislocation
density in CdTe buffer layers grown on GaAs. Fractional reduction is the
ratio of dislocation density without and with SISs.
* Two SLSs i) 5x(120nmCdTe, 120nmCdg.97Zng.g3Te)

ii) 8x(30nmCdTe, 210nmCdgp 97Zng.g3Te)
@ One SIS 200x(80AHg(.95Zng.05Te, 20ACdTe)
# One SLS  5x(500ACdTe, 10AZnTe)

2.5 Anisotropy in the Sphalerite Lattice

The sphalerite (or zincblende) lattice, consists of two inter-penetrating face
centred cubic (f.c.c.) lattices, one of metal atoms and the other of non-metal
atoms. The stacking sequence of {111} planes may be represented with
Roman (rhetal) and Greek (non metal) letters. With this notation, the
stacking sequence of {111} planes in the sphalerite lattice is AaBBCYAQ.....,
where o, and y are located vertically above A, B and C, as shown in
figure 2.9. From figure 2.9 it can be seen that {111} planes may be composed
of all metal or all non-metal atoms. The convention used throughout this
thesis is that {111} planes bounded by metal (e.g. Cd) atoms are referred to as
{111}A planes and those bounded by non-metal (e.g. Te) atoms are referred to

as {111}B planes. Any two orthogonal <110> directions also display an
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(11D)A

Figure 2.9 {111} plane stacking sequence for the sphalerite lattice and the
resulting polar {111}A and {111}B surfaces.

Figure 2.10 Glide and shuffle sets of dislocations in the sphalerite lattice.

Dislocations may have a metal or non-metal core.



anisotropy as a result of the orientation of {111}A and {111}B planes relative

to them.

The shortest lattice vector in the sphalerite lattice is (ag/2)<110>, this is
therefore the most likely Burgers vector for dislocations in materials of this
structure. Depending on whether dislocation formation appears to result
from the breaking of narrowly or widely spaced {111} planes, dislocations
can be classed as a glide or shuffle set respectively (assignment by Hirth and
Lothe6). Work by Alexander®4 on the dissociation of dislocations suggests
that dislocations in the sphalerite lattice are of the glide set, since these can
dissociate into partial dislocations, whereas those of the shuffle set cannor,

since such a dissociation would lead to a high energy stacking fault®.

In addition to belonging to the glide or shuffle set, dislocations can also be
divided into different classes, according to whether the dislocation core
terminates on a metal or a non-metal atom (figure 2.10). Throughout this
thesis the convention for labelling o and B type dislocations is: For an o type
dislocation (Cd core for glide set), the extra half-plane ends on a {111}A
directed plane (i.e. (111), (111), (111) or (111)); for a B type dislocation (Te
core for glide set), the extra half-plane ends on a §111}B directed plane (i.e.
(111), (111), (111) or (111)). This is the convention proposed by Suzuki,
Takeuchi and Yoshinaga65.

More thorough reviews of dislocations, may be found in texts by Hirth and
Lothe6, Read66, Kelly and Groves®” and Cottrell®8.

2.6 Conclusions

Conventional theories of the nucleation of misfit dislocations and critical
thickness, such as those by Matthews and Blakeslee® and People and Bean$?
cannot be applied directly to high misfit layers, particularly those which
display 3-D island growth mode. It is clear that the early stages of layer
relaxation and the resulting misfit dislocation network are governed by

growth mode.
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The most common misfit dislocations in CdTe/GaAs are 90° type with both £
and b lying in the interface and it is thought that these dislocations are
nucleated at the edge of growing islands. 60° dislocations are more likely to
be formed by half-loop generation after a complete covering of the
overlayer has grown. Threading dislocations are likely to be formed by the
misalignment of dislocations when islands meet, and also as a consequence of

half-loop generation.

A number of methods for the reduction of threading dislocation density in
GaAs/Si have been described including misorientation of the substrate,
annealing and the use of strained layer superlattices. A few of these methods
have been successfully applied to CdTe/GaAs by other workers and these

have also been reviewed.
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