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Abstract 

This work presents a study of the character and distribution of structural 
defects in (OOl)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(i-x)Te (CMT), a prominent infrared 
detector material. The 14.5% 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 lO^cm'^. 

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 f u l l 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 8|im 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 
d i f f i cu l t . 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 (ao/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, 8(im thick CdTe buffer layers grown by MOVPE are 
estimated to have a dislocation density of about 3xl0^cm"2. Even after many 
of the threading dislocations have been bent over at the CdTe/CMT interface, 
their density in MOVPE grown CMT/CdTe/GaAs is still greatly in excess of the 
lO^cm"^ 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(i-x)Te (CMT). There is considerable interest in 
the growth of ternary, II-Vl , 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 respectively^, enabling sohd solutions to 
be prepared for infrared imaging at both the 3-5|im and 8-14)im 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 Icm^) 
layers of good structural quality with high standards of compositional, 
morphological and thickness uniformity. 

Device quaUty 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 Cdo.96Zno.04Te with Cdo.3Hgo.7Te; i i ) 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 precipitates^, and are both small in area 
and relatively expensive. 

The lack of cheap 11-VI substrates of sufficient quantity and quality has led 
to the use of alternative substrates, most notably GaAs and InSb. Schmit^ 
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 3-12|im spectral range were considered. 
Nevertheless, InSb has the advantages of having a small misfit with CMT 
(0.19% with Cdo.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°C^. 



Material Lattice 
parameter / A 

a / lO-^-C-l Temperature 
for which a 
is quoted / K 

Reference 
for a value 

CdTe 6.481 4.70 283 10 

HgTe 6.461 4.75 283 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, a, of the materials discussed in the text. All lattice parameter 
values are taken from the ASTM index^^. 

GaAs is an attractive substrate for several reasons: i) high quaUty substrates 
of large area are available relatively cheaply f rom commercial sources; 
ii) GaAs is transparent in the 3-12 \im region^; and i i i ) GaAs/Si wafers are 
commercially available, offering the possibility of integration of CMT with 
advanced Si devices, when layer quality allows-*^^. Unfortunately, GaAs 
substrates have several disadvantages, most notably the very large misfit 
with CMT (14.4% with Cdo.3Hgo.7Te) and the much larger thermal expansion 
coefficient compared with CdTe and HgTe (table 1.1). Also, the out-diffusion 
of Ga and As f rom the substrate into the layer^'^^'^*^ affects the electronic 
properties of CMT, since Ga and As are electrically active. 

CdTe buffer laj'ers are frequently grown onto GaAs substrates prior to the 
growth of CMT^^, and this serves to reduce the concentration of Ga and As 
atoms diffusing into the CMT layer. Giess et al.'^ have shown that an 8fim 
thick CdTe layer is required to reduce the Ga concentration in the active CMT 
layer to an acceptable level (< O.Olppm). 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^^. These can propagate into the active regions 
in the CMT and degrade device characteristics^^. The persistent problem of 
hillocks on (001) C M T / C d T e / G a A s g r o w n by MOVPE has recently been 



addressed by Giess et al.^*^, 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 
(OOl)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, b)' 
glide of pre-existing threading dislocations^^ and half-loop nucleation^^-^^, 
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 misfi t layers are discussed. All the layers investigated in this thesis 
were grown b}' 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 reported^"^'^^ 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 proposed^^'^^ 

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 layers-^- .̂ 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 wil l 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 II-Vl 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 wi th lattice parameter SLQ grown upon an 
inf in i te ly thick substrate wi th lattice parameter as, 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. 

^ ^ as ae equation 2.1 
as 

If the layer is thin, then i t is possible to accommodate the difference in 
lattice parameter by a biaxial stress in the interfacial plane. The lattice 
parameter of the epilayer wi l l become equal to that of the substrate parallel 
to the interfacial plane. The epilayer wil l also distort along the direction 
normal to the interface giving a tetragonal distortion as illustrated in 
figure 2.1a. There are no misfi t 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, he, 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 wi th 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 Merwe^, 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 Fa due to the lattice 

mismatch strain. If this force is sufficiently high, the threading dislocation 

wi l l propagate through the epitaxial layer generating a length of misfit-
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Figure 2.1 Schematic illusiration of (a) coherently strained, pseudomorphic 
lattice mismatched heteroepitaxy and (b) relaxed lattice mismatched 
heteroepitaxy. 

V 

Figure 2.2 Schematic illustration of the Matthews and Blakeslee model of 
critical thickness. Diagram from Hull and Bean^. 



dislocation at the interface. The misfit dislocation has a self energy^ which 
produces a restoring force, Ft upon the propagating dislocation. If Fa>Ft then 
the threading dislocation wi l l propagate and a misfit segment wi l l be 
generated, as shown in figure 2.2c. Matthews and Blakeslee^ defined critical 
thickness as the thickness at which Fa=Ft, figure 2.2b. A fu l l mathematical 
treatment can be found in references 2-4 which leads to the expression for 
critical thickness, he, given in equation 2.2, where b is the magnitude of the 
Burgers vector b, v is Poisson's ratio, 0 is the angle between b and the 
dislocation line direction I, X is the angle between b and the normal to £ and 
a is a factor intended to account for the dislocation core energy. 

b( l -v cos^e) 
he = -A ^ In 

^ 8711+v f cos?. 

ohg equation 2.2 

For semiconductor f i lms of the diamond and sphalerite structures, 
experimental observations such as those described in reference 7 reveal 
much larger values fo r the crit ical thickness than predicted by the 
Matthews and Blakeslee^ model. People and Bean^'^ have calculated he for 
GexSi(i-x)/Si epilayers assuming that misfi t 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 s t ress^ ' reduces the mobility of dislocations and hence 
reduces the length of misfi t segments that can be formed along the 
interface. Fox and Jesser^^ 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, Esirain- Balancing this is the 
self energy of the loop, Eioop- 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 Esf. The total 
energy is given by equation 2.3. Note that Estep and Esf can be positive or 
negative depending on their effect relative to the misfit strain. 

Etotai = Eioop - Estrain ± Estep ± E^f equation 2.3 

The total energy of the loop wil l 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 wil l 
occur at lower misfit (and for thinner layers), since this process has a lower 
activation energy-*^ .̂ Mathematical treatments of half-loop formation from 
several d i f f e r e n t approaches can be found , fo r 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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Substrate 

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-rotate), (ii) an edge component in the interface, 
which relieves misfi t strain (be-misfit). and ( i i i ) 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 (ao/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 (ao/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° misfi t 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 
Hirth-*^^ 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° m i s f i t dislocations i n high mis f i t 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-tiit and 

be-misfit which produce layer rotation, t i l t 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 lnxGa(i-x)As/GaAs^^'^'^, InAs/GaAs^^ and 
ZnSe/GaAs^^. 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 wi l l be discussed in the following section. 
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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 layer^^-^^'^*^. 

As with low misfit layers, 90° and 60° misfit dislocations are the most 
common in high misfi t (001) oriented layers. Studies carried out on 
GaAs/Si^0'31, CdTe/GaAs^l and ZnTe/GaAs^^ 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(i-x)As/GaAs2^ (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 coincide^ ^. 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. 

n^ ^ aepiiayer equation 2.4 
m ^ substrate 

f ^ "^substrate ^^epilayer equation 2.5 
na substrate 
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As an island grows, its strain increases. As a coincidence condition 
approaches, i t becomes energetically more favourable to assume the 
coincidence arrangement, thus forming an edge type dislocation, than to 
strain the island fur ther . This mechanism has been proposed by 
Kiely et al.^"^ for InSb layers on (OOl)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, i f 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 f rom the interface and into the layer. The generation of 
threading dislocations at island boundaries has been observed for 
(InGa)As/GaAs by HRTEM^^. 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 f rom the interface, although they may exist near i t 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(i-x)Te (GMT) can affect the overall 

performance of photovoltaic infra-red focal plane arrays. Shin et al .^^ 

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.^4_ 



densities greater than SxlO^cm"^. Below this density, the minority carrier 
lifetime was reported to be unaffected by dislocation density. Mino r i t y 
carrier lifetime in the region close to an anodic oxide/CMT interface^ ̂  has 
been found to be inversely proportional to dislocation densities above 
SxlO^cm"^ and unaffected by densities below IxlO^cm'^. It is therefore 
desirable to decrease dislocation densities in CMT layers to below about 
lO^cm"^. In addition, dark current^^'^^ has been shown to increase with 
increasing dislocation density. Dislocations and grain boundaries are 
electrically active^*^, can act as recombination centres^^ and have been 
found to provide the predominant transport path for diffusion of interstitials 
and vacancies"^^. 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 misfi t strain can be used to force 
threading dislocations to the edge of a wafer and hence out of the growing 
layer"^^"^^, 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 f rom 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 
f rom 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 epilayers"^^. 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 wil l 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 wil l 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"^^. 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 density^ 
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Figure 2.8 Schematic i l l u s t r a t ion o f the effect of o f f c u t on the substrate 

surface: (a) nomina l ly exact (001) surface; (b) (001) t i l ted towards <110>; (c) 

(001) t i l ted towards <100>. Diagram f r o m Fang et al.48. 



Annea l i ng o f GaAs/Si leads to a rearrangement o f dislocations and a 

reduc t ion i n threading dislocation density. Annealing aids the conversion of 

two 60° dislocations in to a 90° dislocation and can drastically improve the 

qua l i ty o f GaAs grown on Si. A review of the annealing of GaAs/Si is given i n 

Chapter 8. 

2.4.3 Thread ing Dislocation Density Reduction in C d T e / G a A s 

In Section 2.4.2, i t was explained how an offcut of the substrate towards <100> 

led to a reduc t ion i n threading dislocation density. For CdTe/GaAs w i t h a 

m i s f i t o f 14.6%, a 90° mis f i t dislocation is requi red every 8 atomic planes, 

requ i r ing an o f f cu t o f 5.1°. The CdTe and CdxHg(i-x)Te epilayers investigated 

i n this thesis were grown on (001) GaAs substrates o f fcu t towards [lOO] about 

[010] by 3.5° or 2° (Section 3.4.1). Offcut towards [100] gives steps in both the 

[110] and [110] directions. 

( C d Z n ) T e / C d T e 5 5 , (HgZn)Te/CdTe56 and ZnTe/CdTe57-59 strained layer 

superlattices have been shown to decrease the threading dislocation density 

i n CdTe b u f f e r layers grown on GaAs substrates. The effectiveness of several 

SLSs i n r e d u c i n g d i s l o c a t i o n d e n s i t y is c o m p a r e d i n table 2 . 1 . 

Pe t ruzze l lo et a l . ^ ^ have calculated the m a x i m u m number of threading 

dislocations per un i t area which can be removed f r o m an epilayer by being 

bent over to f o r m misf i t dislocations by a SLS. They assume that the number 

w h i c h can be removed is dependent on the average spacing of dislocations 

r equ i r ed to relieve the mis f i t between the CdTe b u f f e r layer and the SLS. 

The i r f ind ings agree wel l w i t h their experimental observations. 

For CMT, more concern has been placed on compositional un i fo rmi ty and the 

h i l lock density^^, w i t h less p r i o r i t y being given to the threading dislocation 

dens i ty o f the layers. Indeed, g rowth o f (CdHg)Te by the i n t e rd i f fu sed 

m u l t i l a y e r process^^ (IMP) gives layers of good composit ional u n i f o r m i t y 

but w i t h a higher threading dislocation density^^'^^. This increased density 

has been t raded o f f w i t h u n i f o r m i t y owing to the need fo r h ighly u n i f o r m 

layers f o r device fabr ica t ion . 
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SLS structure CdTe/(CdZn)Te* CdTe/(HgZn)Te@ CdTe/ZnTe^ 

Reference Sugiyama^^ Petruzzello^^ Sugiyama^^ 

Dislocation density 

w i thou t SLS / cm-2 

2xl08 2xl09 not given 

Dislocation density 

w i t h SLS / cm-2 

8.2x107 2xl08 not given 

Fractional reduc t ion 

i n dislocation density 

2.4 10 2 

Buf fe r layer s t ructure GaAs/CdTe/SLS/ 

CdTe/SLS/CdTe 

GaAs/CdTe/SLS GaAs/CdTe/SLS 

/CdTe 

Table 2.1 Comparison of the effectiveness of SLSs i n reducing the dislocation 

densi ty i n CdTe b u f f e r layers grown on GaAs. Fractional reduct ion is the 

ra t io o f dislocation density wi thou t and w i t h SLSs. 

* Two SLSs i) 5x(120nmCdTe, i2OnmCdo.97Zno.03Te) 

ii) 8x(30nmCdTe, 2iOnmCdo.97Zno.03Te) 

@ One SLS 200x(80AHgo.95Zno.05Te, 20ACdTe) 

# One SLS 5x(500ACdTe, lOAZnTe) 

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 o f f i l l } planes may be represented w i t h 

Roman (metal) and Greek (non metal) letters. W i t h this nota t ion , the 

stacking sequence o f f i l l } planes in the sphalerite lattice is AaBpCyAa 

where a ,p and y are located ver t ica l ly above A, B and C, as shown in 

f igure 2.9. From f igure 2.9 i t can be seen that f i l l } planes may be composed 

o f a l l metal or a l l non-metal atoms. The convent ion used throughout this 

thesis is that 1111} 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 U l l } B planes. A n y two or thogonal <110> direct ions also display an 
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Figure 2.9 {111} plane stacking sequence f o r the sphalerite lattice and the 

resulting polar f l l l } A and { i l l l B surfaces. 
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Figure 2.10 Glide and shuff le sets of dislocations h i the sphalerite lattice. 

Dislocations may have a metal or non-metal core. 



anisotropy as a result of the or ientat ion of |111}A and U11}B planes relative 

to them. 

The shortest latt ice vector i n the sphalerite lattice is (ao/2)<110>, this is 

therefore the most l ike ly Burgers vector f o r dislocations i n materials of this 

s t ruc ture . Depending on whether dislocat ion f o r m a t i o n appears to result 

f r o m the breaking o f na r rowly or widely spaced U H } planes, dislocations 

can be classed as a glide or shuff le set respectively (assignment by Hi r th and 

Lo the^ ) . Work by Alexander^"^ on the dissociation of dislocations suggests 

that dislocations i n the sphalerite lattice are of the glide set, since these can 

dissociate in to par t ia l dislocations, whereas those o f the shuff le set cannot, 

since such a dissociation wou ld lead to a h igh energy stacking faul t^ . 

I n add i t i on to belonging to the glide or shuff le set, dislocations can also be 

d i v i d e d i n to d i f f e r e n t classes, according to whether the dislocation core 

terminates on a metal or a non-metal atom (f igure 2.10). Throughout this 

thesis the convent ion f o r labell ing a and P type dislocations is: For an a type 

d is loca t ion (Cd core f o r glide set), the extra half-plane ends on a U11}A 

directed plane (Le. ( I l l ) , ( i l l ) , ( i l l ) or ( l i l ) ) ; f o r a p type dislocation (Te 

core f o r glide set), the extra half-plane ends on a U i i } B directed plane (i.e. 

( i l l ) , ( U i ) , ( l i l ) or ( i l l ) ) . This is the convent ion proposed by Suzuki, 

Takeuchi and Yoshinaga^^. 

More thorough reviews of dislocations, may be f o u n d i n texts by H i r t h and 

Lothe^, Read66, Kelly and Groves^^ and Cottrel l^^. 

2.6 Conc lus ions 

Convent ional theories of the nucleat ion o f mi s f i t dislocations and cr i t ica l 

thickness, such as those by Matthews and Blakeslee^ and People and Bean^'*^ 

cannot be appl ied d i r ec t ly to h igh m i s f i t layers, par t i cu la r ly those which 

d isp lay 3-D is land g rowth mode. It is clear that the early stages of layer 

re laxa t ion and the resul t ing m i s f i t d is locat ion ne twork are governed by 

g rowth mode. 
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The most common mis f i t dislocations i n CdTe/GaAs are 90° type wi th both I 

and b l y i n g i n the interface and i t is thought that these dislocations are 

nucleated at the edge of growing islands. 60° dislocations are more l ikely to 

be f o r m e d by h a l f - l o o p genera t ion a f t e r a complete cover ing of the 

overlayer has grown. Threading dislocations are l ike ly to be fo rmed by the 

misal ignment of dislocations when islands meet, and also as a consequence of 

ha l f - loop generat ion. 

A number o f methods f o r the reduct ion of threading dislocation density i n 

GaAs/Si have been described i nc lud ing misor ien ta t ion of the substrate, 

annealing and the use o f strained layer superlattices. A few of these methods 

have been successfully appl ied to CdTe/GaAs by other workers and these 

have also been reviewed. 
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C H A P T E R 3 

Epi tax ia l Growth of C d T e , (CdHg)Te a n d ZnTe on 
G a A s by MOVPE 

3.1 In troduct ion 

In this chapter the growth of some II-VI epitaxial layers is discussed. A brief 

l i terature review of the epitaxial growth of CdTe and (CdHg) re (CMT) is given 

i n Section 3.2. The principles of metalorganic vapour phase epitaxy (MOVPE) 

w i l l be ou t l ined b r i e f l y i n Section 3.3 p r io r to a description of the specific 

g rowth condit ions employed i n the present study. Details of the or ientat ion 

of GaAs substrates used i n this work are summarised i n Section 3.4 along 

w i t h a descr ip t ion of non-un i fo rmi t i e s i n the layer thickness which have 

been encountered. 

3 .2 Literature Review of the Epitaxial Growth of CdTe and CMT 

3 .2 .1 In troduct ion 

The fo l lowing sections are i n no way an exhaustive review of the growth of 

CdTe and CMT. Many reviews have been published on this topic and these are 

re fe r red to i n the text. The epitaxial growth o f CdTe and CMT w i l l be dealt 

w i t h i n separate sections a l though i t should be kept i n m i n d that CdTe is 

o f t e n used as a b u f f e r layer p r i o r to the g rowth of CMT when h y b r i d 

substrates are employed. 

3 .2.2 Epitaxial Growth of CdTe 

Reviews of the growth of CdTe by l iqu id phase epitaxy (LPE)^, vapour phase 

ep i t axy (VPE)^ and molecular beam epitaxy (MBE)-^ all appear in a single 

vo lume publ ished by the Inst i tute of Electrical Engineers. A fu r the r review 

by Franzosi and Bernardi"^ on the X-ray rocking cur\'e widths of epitaxial 
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CdTe should be read w i t h caut ion since rocking curve widths are quoted 

w i thou t reference to the thickness of the layer in question; the importance 

of this w i l l become apparent i n later chapters. 

CdTe can be grown on a var ie ty o f substrates by a number of d i f f e ren t 

g r o w t h techniques and is f r e q u e n t l y used as a b u f f e r layer f o r the 

subsequent g rowth of CMT. CdTe may adopt ei ther the (111) or (001) 

or ienta t ion on (OOl)GaAs as has been reported fo r growth by M B E ^ , hot wal l 

e p i t a x y (HWE)^-^ and M O V P E ' ^ - ^ I . The temperature at which the CdTe is 

g rown and the temperature at which the GaAs substrate is heat cleaned pr ior 

to g rowth have been shown to be factors i n de te rmin ing the or ienta t ion 

w i t h wh ich CdTe grows on (OOl)GaAs'^. By depositing a th in layer of ZnTe, 

w h i c h always adopts the (001) or ienta t ion on (OOl)GaAs, Feldman et a l .^^ 

have demonstrated growth o f (001)CdTe/ZnTe/GaAs. In a separate study, 

Fe ldman et a l . ^ ^ f o u n d that by in t roduc ing the Te precursor f i rs t in to an 

M O V P E reactor, the (OOl)CdTe orientation was always obtained. 

High q u a l i t y CdTe is best grown on matched or nearly lattice matched 

subs t ra tes . Hwang e l al.^"^ have used photoassisted MBE to deposit 

homoepitaxial CdTe on (OOl)Cdre substrates. High qual i ty CdTe layers have 

been grown on nearly lattice matched (OOl)lnSb substrates by Wood et al .^^, 

they f o u n d that the cleaning procedure fo r the substrates was essential i n 

d e t e r m i n i n g the s t r u c t u r a l q u a l i t y of the ep i l a \ e r s . High ly la t t ice 

mismatched substrates have also been used. For instance the difference in 

the lattice parameters o f CdTe and Si is 19% and yet { i i i } B CdTe has been 

grown on (001 )Si by MBE^^^ and (OOl)CdTe onto (001 )Si by HWE^''. Sapphire, 

wh ich has a hexagonal structure, has also been used as a substrate fo r CdTe 

g r o w t h , b o t h S111}A. a n d f l l i } B CdTe have been depos i ted on 

(0001)sapphirel8. 

3.2.3 Ep i t ax ia l G r o w t h of CMT 

In this section a br ie f review of the epitaxial growth of CMT is presented. A 

more thorough review of the s t ructural qual i ty of epitaxial CMT is given in 

Section 8.2. Recent reviews of the growth of CMT can be found fo r example 
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i n references 19-21. X-ray rocking curve widths of epitaxial CMT reviewed 

by Bernard! and Franzosi^^ should be treated wi th the same caution as those 

of CdTe cited in the previous section. 

Latt ice matched (CdZn)Te [=4.5%Zn] and Cd(TeSe) [=4%Se] are common 

substrates f o r the epitaxial growth of CMT and CdTe. A comparison of CMT 

grown by LPE on CdTe and (CdZn)Te has been made by Bell et a l .^^ , they 

f o u n d that growth on (CdZn)Te substrates gave layers of superior structural 

qua l i ty to those grown on CdTe substrates, this is a consequence of the poorer 

i n i t i a l qual i ty o f CdTe substrates and the lattice matching of (CdZn)Te. CMT 

grown on CdTe and Cd(TeSe) substrates by MOVPE using the in te rd i f fused 

m u l t i l a y e r process^"* (IMP) has been compared by Bhat et al . '^^ '^^, while 

d i r ec t a l loy g r o w t h (DAG) of CMT by MOVPE has been compared b \ 

Bevan et al .^^ fo r (CdZn)Te and Cd(TeSe) substrates. 

GaAs is also a popular substrate fo r the MOVPE growth of CMT despite there 

being a large mis f i t . Many authors have reported on the use of CdTe buf fe r 

layers on GaAs f o r the subsequent g r o w t h o f CMT, f o r example, 

T r i b o u l e t et al.'^^ have wr i t t en a review on 'GaAs substrates fo r the MOVPE 

g rowth of CMT layers' ou t l i n ing the current problems associated w i t h CMT 

growth on GaAs. An even greater misf i t exists between CMT and Si; the use of 

GaAs and CdTe bu f fe r layers has allowed CMT of surprisingly good structural 

qua l i ty to be grown on Si s u b s t r a t e s - ^ T h e use of CdTe as a buffer layer 

between GaAs and CMT is the major subject of this thesis. 

3.3 MOVPE Growth of Some II -VI Epilayers 

3.3.1 Introduct ion 

In the fo l lowing subsection the principles o f MOVPE growth w i l l be outl ined. 

Specific details w i l l be kept to a m i n i m u m since a number of well wr i t ten 

texts are available on MOVPE reaction kinetics^*^, growth mechanisms-^^ and 

v a p o u r t ransport^ '^ . Concise reviews on the fundamenta l principles of 

MOVPE can be f o u n d in references 33-35. A very extensive book review on 
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the theo ry and pract ice o f MOVPE by S t r ingfe l low may be f o u n d in 

reference 36. 

Later subsections present the specific substrate preparat ion methods and 

g r o w t h condi t ions employed fo r the I l - V l epilayers which were studied in 

this work . For a l l of the layers investigated, (OOl)GaAs substrates were used, 

the reasons fo r this choice of substrate were out l ined in Chapter 1. 

3.3.2 Principles of MOVPE 

MOVPE is k n o w n also as organometal l ic vapour phase epitaxy (OMVPE), 

o rganometa l l i c chemical vapour deposi t ion (OMCVD) and metalorganic 

vapour phase deposition (MOCVD); the name MOVPE w i l l be used throughout 

the present work. As the name suggests, MOVPE is epitaxial growth f r o m the 

vapour phase by means of the pyrolysis of organometall ic precursors. A 

schematic d iagram of an MOVPE growth system is shown in f igure 3.1. For 

the case o f I I -VI semiconductor growth, group II and VI covalent alkyls, fo r 

example d i -methyl cadmium jalso wr i t t en as Cd(CH3)2, DMCd or Me2Cd} and 

d i - i 5 0 - p r o p y l te l lur ide {also wr i t t en as Te[CH(CH3)2]2- DiPTe or Pr'2Te}, are 

in t roduced in to the reactor i n a hydrogen carrier gas. The gas flows over the 

heated susceptor on which the substrate is placed and the organometallics 

crack. Group II and VI atoms are epi taxial ly deposited onto the substrate 

whi le the breakdown products are f lushed out o f the reactor i n the H 2 gas 

stream. A detailed study of the pyrolysis reactions of Pri2Te and Me2Cd, w i th 

and w i thou t Hg has been carried out by Hails^^. Reaction mechanisms and 

the implicat ions f o r MOVPE growth have been proposed by Hails i n the same 

p u b l i c a t i o n . 

Because o f the need to main ta in a high Hg par t ia l pressure in the reactor, 

a long w i t h the high toxici ty and stabi l i ty of Me2Hg, elemental Hg is almost 

un iversa l ly used as the Hg source f o r CMT growth. Hg may be int roduced 

e i ther f r o m an external source, or f r o m an independent ly heated boat 

upstream of the susceptor (the latter is shown in figure 3.1). 
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Two techniques are commonly used fo r MOVPE growth of CMT: 1) the DAG 

method, whereby the cadmium and t e l l u r ium precursors and mercury are 

con t inuous ly fed i n to the reactor and 2) the IMP^"^ technique, whereby 

i n d i v i d u a l layers o f HgTe and CdTe are grown and i n l e r d i f f u s e du r ing 

g rowth . Composi t ional cont ro l is achieved by vary ing the Cd, Te and Hg 

pa r t i a l pressure f o r DAG and by adjust ing the relative thicknesses of the 

CdTe and HgTe layers i n the IMP technique. The IMP technique is shown 

schematically in f igure 3.2 w i t h the thicknesses of indiv idual HgTe and CdTe 

layers being t i and t2 respectively. The composit ion of CdxHg(i-x)Te grown 

by the IMP technique depends on t i and t2 according to equation 3.1. 

X = =—- equation 3.1 
( t l + t 2 ) 

The lateral and depth composit ional u n i f o r m i t y of layers grown by the IMP 

technique have been repor ted to be superior to those grown by the DAG 

method by a number of authors-^ IMP is now the more common method 

f o r MOVPE growth of CMT. 

3.3.3 E x p e r i m e n t a l 

3.3.3.1 MOVPE G r o w t h o f CdTe on GaAs* 

GaAs (001) substrates (of fcu t 3.5° towards [iOO] about [010]) were prepared 

acco rd ing to the f l o w c h a r t g iven i n f i g u r e 3.3. The substrates were 

degreased i n i r i ch lo roe thy l ene , etched f o r 5 minutes at 40°C in 5:1:1 

H2S04:H20:H202, r insed in deionised water and i n boil ing propan-2-ol (IPA). 

The substrates were f i n a l l y d r i e d i n IPA vapour before loading in to the 

MOVPE reactor. The IPA was treated w i t h NaBH4 according to reference 41 to 

reduce the f o r m a t i o n of py ramida l hi l locks which have been extensively 

r e p o r t e d f o r CdTe and CMT g r o w t h on (OOI)GaAs (see f o r example 

Except where indicated, CdTe bu f fe r layers investigated in this thesis were 
grown by Dr J. E. Hails, onto substrates prepared by Mr A. Graham, both at 
Defence Research Agency, Malvern, UK. 
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Figure 3.2 Schematic diagram of CMT growth by the interdiffused multilayer 
process. Individual thin layers of HgTe and CdTe are grown and allowed to 
interdiffuse. Diagram from Tunnicliffe et aL24, 



Degrease in boiling 
irichloroethylene 

CICH-CCI2 

Acid etch 5 minutes 40 °C 
5:1:1 H2S04:H202:H20 

Rinse thoroughly 
60 minutes in 

deionised water 

Rinse in boiling 
propan-2-ol 

Dry in propan-2-ol 
vapour 

Figure 3.3 GaAs substrate preparation for growth of CdTe buffer layers. 



references 42 and 43). Examples of these hillocks, which still occur but with 
reduced density, are shown in figure 3.4. Another common problem 
associated with MOVPE grown CdTe and CMT on GaAs is the formation of 
polycrystalline lumps of a range of sizes which are thought to be caused by 
dust contamination from gas phase reaction during growth; an example of 
these features is shown in figure 3.5. These features can be reduced and in 
some cases vir tual ly eliminated by, for example, careful control of the 
growth conditions, high standards of glassware cleanliness (both in the 
reactor and for substrate preparation) and careful handling of the etched 
substrate prior to loading into the MOVPE reactor. 

The CdTe layers investigated in Chapters 6 and 7 were grown according to 
the flowchart given in figure 3.6, but with the growth of CMT omitted. A boat 
containing elemental Hg was present during growth of the buffer layers but 
was not heated. The substrates were heated to 385°C for 20 minutes before 
cooling to 320°C. The tellurium precursor, Pri2Te, was passed into the reactor 
to ensure that the CdTe layer was deposited in the (001) orientation^-^ rather 
than Growth was initiated by switching the cadmium precursor, 

Me2Cd, into the reactor. After a fraction of a micron of CdTe had been 
deposited, the temperature was raised to 370°C and the desired thickness of 
CdTe buffer was deposited. 

The CdTe layers were shiny with occasional matte patches, their surface 

morphology is shown in figures 3.7a-c. The surface does not show 

crystallographically aligned faceted hillocks as in figure 3.4, but rather 

more rounded features whose average size increases as the layer thickens. 

CdTe buffer layer thicknesses were mapped for layers thicker than l | i m , and 

showed a thickness variation of between 10 and 17% over an area 

30mmxlOmm for all layers. Reasons for the thickness variation are given in 

Section 3.4. 



Figure 3.4 Normarski interference micrograph of hillocks on an 18|im thick 
(001)CdTe/GaAs epilayer. The epilayer was grown by Mr J. S. Gough, D.R.A., 
Malvern. 

'A 
Figure 3.5 Polycrystalline lumps on an 18fim thick (001)CdTe/GaAs layer, the 
feature is 45| im high. The epilayer was grown by Mr J. S. Gough, D.R.A., 
Malvern. 



Bake sulistrate 385 
20 minutes 

under Hewing H2 

Cool to 320 'C 
introduce Te precursor 

into reactor 

Grow a fraction of a 
micron of CdTe 320 °C 

Grow CdTe buffer layer of required thickness 
370 "C 

C M T IMP growth 
370 °C 

CdTe cap layer 370 °C 

Cool down 

Buffer layer only 

Figure 3.6 Growth conditions for growth of CdTe buffer layers 
with and without C M T layer. 



Figure 3.7a Surface morphology of a O.bOfxm thick (001)CdTe/GaAs epilayer. 

Figure 3.7b Surface morphology of a 4.0|im thick (001)CdTe/GaAs epilayer. 



10 um 

Figure 3.7c Surface morphology of a 24.5|J,m thick (001)CdTe/GaAs epilayer. 



3.3.3.2 MOVPE Growth and Annealing of CdTe on GaAs 

A separate series of CdTe/GaAs epitaxial layers were grown to investigate the 
effect of interrupted growth and in-situ annealing. The results of this stud\ 
can be found in Section 8.1. The CdTe buffer layers were annealed under a 
cadmium overpressure according to the flow chart given in figure 3.8. One 
standard buffer layer was also grown, without interruption of growth or 
annealing. The GaAs substrates used for this study were offcut 2° towards 
[100] about [010] and were prepared as before (flowchart in figure 3.3). From 
the gas flows used, i f DMCd were to be completely pyrolysed at the annealing 
temperature, then the resulting Cd partial pressure would be 0.655 Torn CdTe 
layers were annealed at 420°C and 470°C for 60 minutes and 20 minutes 
respectively and showed the same surface morphology as layers grown 
without a thermal anneal. For these layers no Hg was present in the reactor 
during growth. 

3.3.3.3 MOVPE Growth of CMT on CdTe/GaAsS 

CMT layers were grown onto (OOl)GaAs substrates (offcut 2° towards [lOO] 
about [010]) buffered with either 6.5 or l l j i m thick CdTe. The substrates were 
prepared as before (flow chart in figure 3.3). The precursors Me2Cd and 
Pri2Te were used and the growth carried out as described in figure 3.6. The 
individual thicknesses of the HgTe and CdTe layers along with the resulting 
composition uniformity are summarised in table 3.1. 

^ Layers described in Sections 3.3.3.2 and 8.1 were grown by Dr J. E. Hails on 
substrates prepared by Mr A. Graham, both at Defence Research Agency, 
Mahern, UK. 
$ The CMT layers investigated in this thesis were grown by Mr A. Graham, 
Defence Research Agency, Malvern, UK. 
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Bake substrate 385 "C 
20 minutes 

in flowing H2 

Cool to 320 T . 
introduce Te precursor 

into reactor \ 

Grow a fraction of a 
micron of CdTe 320 °C 

Grow CdTe buffer layer 1 micron thick 
370 °C 

Anneal under Cd precursor flow 
60 minutes at 420 °C or 

20 minutes at 470 °C 

Return to 370 °C 
grow further 9 microns CdTe 

Cool down 

Figure 3.8 Growth conditions for growth and annealing of CdTe buffer layers. 



CdTe buffer 

thickness 

/ | l m 

CMT 

thickness 

/ | i m 

HgTe IMP 
thickness, t i 

/ | i m 

CdTe IMP 
thickness, I2 

/( im 

%Cd composition by 
mole fraction, x, over 
a 30mmxl0mm area 

6.5 12.2 0.109 0.033 0.220-0.245 

11 11 0.091 0.037 0.280-0.315 

Table 3.1 Growth details of CMT (CdxHg(i.x)Te) layers grown by the IMP 

technique and investigated in Section 8.2. Composition determined by t i and 

t2 according to equation 3.1. 

3.3.3.4 MOVPE Growth of ZnTe on GaAs* 

A ZnTe epilayer was grown on a nominally exact (OOl)GaAs substrate which 

was prepared according to the flow chart in figure 3.9. It should be noted 

that the IPA used for the final rinse of the etched substrate was not treated 

with NaBH4. The substrate was baked at 368°C for 30 minutes prior to growth 

of the epilayer with di-methyl zinc (also written as Zn(CH3)2, DMZn or 

Me2Zn) and di-i5o-propyl telluride as precursors. The thickness of the ZnTe 

layer ranged from 1.4 to 3.2jim over a 12mmxl2mm area. 

3.4 A d d i t i o n a l Cons idera t ions Concern ing Growth of II-VI 

E p i l a y e r s 

3.4.1 Substrate Or ienta t ion 

Because of the anisotropy of the sphalerite lattice, wafers must be labelled to 

show the orientation of U11}A and { l l l } B planes. There are two conventions 

used for labelling wafers, namely the European/Japanese and the United 

States' conventions; the former is used throughout the present work. Two 

'flats' are given on wafers which indicate the orientation of the substrate, as 

shown in figure 3.10. Unfortunately, the substrate offcut is quoted, for 

* The ZnTe layers investigated in this thesis were grown by Dr S. Oktik, 
Department of Physics, University of Durham. 
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Degrease in boiling 
irichloroethane 

CH^CCl;; 

Rinse for 10 mitiutes 
in deionised water 

Acid etch 2minutes 40 °C 
1:1:4 H20:H202:H2S04 

Rinse thoroughly 
for 60 minutes in 
deionised water 

Reflux and Dry in 
propan-2-ol vapour 

V 

Figure 3.9 GaAs substrate preparation for growth of ZnTe layers. 



[001] out of plane of 
paper 

Minor Flat 

[ 1 1 0 ] 

Major Flat 

[ 1 1 0 ] 

Figure 3.10 Diagram showing the European and Japanese 
convention for wafer labelling. All small samples cleaved from 
the main wafer were marked with a single scratch as indicated 
in the diagram. In this way all characterisation was carried out 
under known orientation conditions. 



example, as being "towards the nearest <110> direction" by the manufacturer, 
i.e. the exact direction of offcut is not known. For the substrates used in this 
work, the direction of offcut has been determined by Laue back-reflection X-
ray diffract ion, which is described in Section 4.2.4. The resulting Laue 
pattern allows the direction and magnitude of the offcut relative to the major 
and minor flats to be determined. The offcuts of the substrates used for the 
growth of CdTe, armealed CdTe, CMT and ZnTe are summarised in table 3.2. 

Layer Magnitude of 
offcut 

Direction towards 
which offcut 

occurs 

Axis about which 
offcut occurs 

CdTe/GaAs 3.5° flOO] [0101 

Annealed 

CdTe/GaAs 

2° [lOO] [010] 

CMT/CdTe/GaAs 2° flOO] [010] 

ZnTe/GaAs nominally exact 

Table 3.2 Direction and magnitude of substrate offcut for layers described in 

Section 3.3. A diagram illustrating the direction of offcut can be found in 

figure 7.19. 

3.4.2 Epilayer Thickness Uniformity 

Many factors affect the thickness uniformity of layers grown by MOVPE. 
Three causes of thickness variation over the area of a wafer were observed 
during this study. Figure 3.11 shows the effect of non-uniform carrier gas 
flow into the MOVPE reactor, the area of the substrate upstream and on the 
side of greatest mass flow was found to be the thickest region and that of 
poorest crystalline quality. The thickness plot shown in figure 3.12a shows 
the effect of a cold air 'draught' passing one side of a MOVPE reactor which 
was housed in a fume extraction cupboard. The thickest part of the layer was 
the furthest f rom where the cold air was drawn under the fume cupboard 
window, i.e. at the hottest part of the susceptor. Figure 3.12b shows the effect 
of stopping the cold air intake in the region of the reactor wall. The result 
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X(mm) 

118.75-9.00 

• 8,50-8.75 

• 8.25-8.50 

• 8.00-8.25 

• 7.75-8.00 

X(nnm) 

54.25-4,50 

54.00-4.25 

13,75-4,00 

13,50-3,75 

Figure 3.12 Thickness maps showing (a) the effect of a cold draught on the outside 
of the MOVPE reactor wall. The thinnest region, nearest the bottom of the page Ls 
closest to the source of the draught, and (b) when the source of the draught Ls 
removed, a larger region of uniform thickness is grown. The (001) CdTe/GaAs 
epilayers thicknesses are given in microns. 



was a greater region of uniform thickness with the thickest region nearest 
the fume cupboard window. A greater effect of temperature fluctuation was 
seen for ZnTe/GaAs growth, when the susceptor had a temperature gradient 
along its length. This is illustrated in figure 3.13, again the thickest region 
of the layer corresponded to the higher substrate temperature. In this case 
there was a doubling in thickness between the upstream and downstream 
regions over just 10mm. 

3.5 Conclusions 

MOVPE of Te based 11-VI compounds is a mature technology but i t is not 
without technical problems. IMP growth gives good compositional control of 
CMT although some authors report that the IMP technique results in a 
higher dislocation density. Despite this, IMP is now the standard technique 
for growth of CMT. Data on the thickness uniformity of MOVPE layers 
presented here shows that CdTe epitaxy (and epitaxy of other compounds) 
still requires process optimisation. The thickness variation also demonstrates 
that routine mapping of layer thickness and uniformity is required to 
ensure that structural and electrical characterisation is carried out on layer 
portions of known thickness and composition. 

A significant advance in CdTe and CMT MOVPE has been the reduction in 

hillock densities in layers grown on (001) oriented substrates. Giess et al."^^ 

have demonstrated that treatment of IPA (used for the final rinse in 

substrate preparation) with NaBH4 reproducibly reduces hillock densities to 

less than lOcm"^. 
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Figure 3.13 The effect of a susceptor temperature gradient on epilayer 

thickness for a ZnTe epilayer. The thickest region corresponds to the 

greatest susceptor temperature. The layer thickness is given in microns. The 

layer thickness was measured by DCXRD of the GaAs substrate recorded 

through the buffer layer (Section 4.4). Arrow indicates direction of gas flow 

and increasing temperature. 
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CHAPTER 4 

Theory of Characterisation and Experimental 
Techniques 

4.1 Introduction 

The aim of this chapter is to describe the e.xperimental techniques which 

have been used to characterise the layers whose growth was described in 

Chapter 3. The specific experimental conditions used are also given in this 

chapter except for X-ray diffraction studies, where a number of different 

arrangements have been used and for which details are given alongside the 

data as it is presented. 

The theory of X-ray and electron diffract ion is not given in this chapter 
since many reviews have been written on this matter. Only the principles of 
d i f f r ac t ion as they apply to semiconductor characterisation wil l be 
presented. 

4.2 X-ray Diffraction 

4.2.1 Introduction 

A perfect crystal can diffract X-rays since their wavelengths are of the 
order of the interplanar spacing of a crystal lattice. For a given wavelength, 
constructive interference occurs at particular angles of incidence given by 
the well known Bragg equation (equation 4.1), where n is the order of 
d i f f rac t ion . A, is the X-raj wavelength, 6b is the Bragg angle and d is the 
interplanar spacing. Equation 4.1 can be rewritten as equation 4.2 where n 
has been incorporated into d to give dhkl for an hkl reflection from a cubic 
unit cell (equation 4.3). 

nX = 2d sin 03 equation 4.1 
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X = 2diii;i sinGg equation 4.2 

ihki = / equation 43 
Vh^ + k- + P 

Bragg's law and how equation 4.2 is satisfied in regions of perfect and 
distorted lattice is the basis for all the X-ray and electron diffraction contrast 
reported in this thesis. 

A number of X-ray diffract ion techniques have been used in the present 
study and are described in the following sections. The Kinematical and 
Dynamical theories of X-ray diffraction wi l l not be described, but can be 
found in references 1 and 2 respectively. 

4.2.2 High Resolution X-ray Diffraction 

4.2.2.1 Introduction 

High resolution X-ray diffraction involves the illumination of a specimen 
crystal with a monochromatic X-ray beam where the angle of incidence is 
varied about the specimen Bragg angle and the resulting diffraction profile 
is called a rocking curve. The first crystal is the reference crystal which is 
set to satisfy the Bragg condition and diffracts only a narrow band of 
wavelengths which reach the second crystal, the specimen. The technique 
could more accurately be called double axis X-ray diffraction since more 
than one crystal reflection can be used to monochromate the X-ray beam, 
this would lead to a narrower band of wavelengths reaching the specimen. A 
pair of slits is usually positioned between the reference and specimen 
crystals to remove the Ka2 characteristic line of the X-ray tube, leaving only 
the Ka 1 line to reach the specimen. A schematic diagram of a high 
resolution diffractometer as used in the present work is given in figure 4.1. 
The arrangement shown is known as the parallel non-dispersive (+n,-n) 
configuration. Other configurations which may be adopted for HRXRD have 
been reviewed by Hudson-^ along with a discussion of their relative merits. 
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The structural quality of semiconductor crystals can be assessed b\ 

measuring the f u l l width at half maximum (FWHM) of the HRXRD rocking 

curve. An estimation of dislocation density can also be obtained from FWHM 

and this is discussed in Section 4.2.2.3. Assuming that the reference and 

specimen crystals are of the same lattice parameter and are not tilted 

relative to each other (the effects of these situations are discussed in 

Section 4.2.2.2), then the broadening of a rocking curve from its intrinsic 

width arises f rom local lattice tilts (mosaic spread) and variation in lattice 

parameter (lattice dilatations). Since a high resolution diffractometer 

operates with an open detector, scattered intensity is collected from the 

specimen over all angles within its aperture. Broadening due to tilts and 

dilatations cannot be distinguished by HRXRD. 

4.2.2.2 Experimental Broadening of Rocking Curves 

When the reference and specimen crystals do not have the same interplanar 

spacing the HRXRD FWHM increases, since different wavelengths satisfx the 

Bragg condition as the specimen is rotated about its mean position relative to 

the reference crystal. The broadening of the rocking curve, 60 is given in 

equation 4.4 (for the so-called parallel setting) where 6 i and 02 are the 

Bragg angles of the specimen and reference crystals, and b X / X is the 

fractional spread in wavelength of the X-rays reaching the specimen. 

5e = tan01 - tan 02 equation 4.4 

If d X / X is taken to be the intrinsic width of the Ka i line, the effect of using a 

GaAs reference crystal and a CdTe specimen would be to broaden the CdTe 

rocking curve by 8 arcseconds for CoKai radiation. The use of an InSb 

reference crystal which has almost the same lattice parameter as CdTe would 

give no significant broadening. 

Rocking curves can also be broadened if there is an angular offset between 

the d i f f r a c t i n g planes of the reference and specimen crystals. 
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Schwarzchild'^ derived an expression (equation 4.5) for the broadening of a 
rocking curve, 66, by an angular offset of reference and specimen, ^c> and a 
vertical beam divergence, {<i}v is measured from the horizontal to the 
furthest vertical extent of the beam), where 61 and 62 have the same 
meanings as in equation 4.4. 

69 = (t)c (t)v +^|tan0i - tan equation 4.5 

If the reference and specimen crystals are of the same lattice parameter, 
then the second term of equation 4.5 is zero and the broadening is simpl\ 
given by the product of the angular offset and vertical beam divergence 
(both in radians). The ti l t offset also results in a slight shift in the measured 
Bragg angle and a decrease in peak height. By altering the crystal tilt and 
measuring the rocking curve, the maximum peak height will be obtained 
when the X-ray beam is normal to the diffract ing planes. Firstly, the 
reference is aligned by this method, then the specimen is aligned similarly 
with the diffracted intensity f rom the reference. This process is referred to 
as tilt optimisation in later chapters and minimises ̂ y. It is estimated that an 
offset of up to 0.5° may still be present after this optimisation which would 
lead to a broadening of the rocking curve of 6 arcseconds. This is negligible 
compared to the rocking curve widths of over 100 arcseconds which were 
recorded for CdTe/GaAs. Limiting the vertical extent of the beam using 
horizontal slits between the reference and specimen drastically reduces (j)v 
and the rocking curve broadening. The second term in equation 4.5 is very 
small compared to the first for a well aligned (small (})x ) specimen even when 
a large difference in Bragg plane spacing between reference and specimen 
exists. Al l of these assumptions are valid only for the so-called parallel 
(+n, -n) and (+n, -m) settings which have been used throughout the 
present work. 

4.2.2.3 Estimation of Dislocation Density from FWHM 

An equation relating the density of excess dislocations of one sign in tilt 
boundaries with HRXRD FWHM was proposed by Gay, Hirsch and Kelly^ in 
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1953. A modified form of this equation is given in equation 4.6. The 
modifications allow for rocking curve broadening other than that due to 
mosaic spread. If it is assumed that rocking curves and all broadening 
factors are Gaussian in shape^'^, then, according to the properties of 
Gaussian distributions, the square of the standard deviation (i.e. variance) of 
the measured rocking curve is equal to the sum of the squares of the 
standard deviations of all the broadening factors. 

(P̂  - B^) 
D = equation 4.6 

If i t is assumed that the only broadening effects are due to mosaic 

spread (FWHM=|3) and intrinsic broadening (FWHM=B) then there are only 

two terms in the summation. Note also that FWHM is directly proportional to 

standard deviation and therefore the sum of the squares of FWHM may be 

treated in the same way as the sum of the squares of standard deviations. In 

the present work B was evaluated for each layer using the software program 

RADS*. 

Equation 4.6 has been used by several authors to estimate the dislocation 
density of semiconductor f i lms^'^, however there are disagreements as to 
the value of be-tilt (whether the whole magnitude of the Burgers vector or 
just the t i l t component should be used) and on whether to correct for 
broadening by factors other than mosaic spread (many authors ignore B in 
equation 4.6). The values of dislocation density obtained from equation 4.6 
have been found to be an overestimate compared to etch pit density^^; this 
may be due to the penetration of X-rays into the more dislocated interfacial 
regions of a layer or due to rocking curve broadening by lattice dilatations 
which would increase the value of (3̂  used. For layers which are known to 
have considerable lattice dilatations compared to mosaic spread, an estimate 
of the FWHM due to dilatations should be made using triple axis 
diffractometry and an additional correction term included in equation 4.(). 

* RADS is a dynamical simulation package available from Bede Scientific 
Instruments Ltd. 
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Rocking curve broadening due to lattice dilatations is negligible compared to 
mosaic spread for the layers investigated in the present work (Section 6.2). 

4.2.3 Triple Axis X-ray D i f f r a c t i o n 

4.2.3.1 Introduction 

A double axis X-ray diffractometer uses an open detector and collects 
diffracted intensity f rom the specimen for all angles within its aperture. As 
the specimen is moved about its mean position, regions of different relative 
ti l t and lattice parameter will satisfy the Bragg condition. An open detector 
cannot resolve these two effects. If an analyser crystal is mounted before the 
detector on a "third" axis concentric with the "second" (specimen) a.\is and 
may be scanned independently of the specimen, then diffracted intensity 
can be measured as a funct ion of diffracted angle. This dif f ract ion 
arrangement is termed triple a.xis mode and is shown schematically in 
figure 4.2. Detailed descriptions of the alignment procedure and scanning 
modes of a triple axis diffractometer are given in reference 3. 

Triple axis diffractometr>' enables lattice tilts and dilatations to be 
distinguished. If all the crystals in figure 4.2 are set to their Bragg condition 
then a high intensity of X-rays wi l l reach the detector. For a perfect 
specimen crystal, rotation about its axis (axis 2) wil l result in no intensity 
reaching the detector. If the specimen is made up of regions of different 
relative ti l t i.e. i t has a mosaic spread, then as it is rotated about a.xis 2, 
different regions wi l l satisfy the Bragg condition. The rocking curve so 
obtained gives a measure of the mosaic spread. Regions of different lattice 
parameter wi l l not contribute since they wi l l scatter X-rays through a 
different angle which will not be "transmitted" by the analyser crystal. 

Lattice dilatations can be measured independently of lattice tilts i f the 

analyser is scanned at twice the rate of the specimen (this is known as a 6-26 

scan). As the scan proceeds, regions of the specimen which are tilted with 

respect to each other wil l diffract, but the Bragg condition at the analyser 
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crystal wi l l not be satisfied. Regions of different lattice parameter will 

d iffract when the Bragg condition is satisfied and the diffracted intensity 

would be "transmitted" by the analyser which moves with the diffraction 

angle, 26. 

f r iple axis diffraction can be used in two ways, either to record the two scans 

described above and hence resolve lattice tilts and dilatations, or to record a 

f u l l reciprocal space map. A reciprocal space map of the scattering around a 

reciprocal lattice point can be obtained f rom a series of scans which are 

coupled so as to trace out a grid in reciprocal space, fhis is described in 

references 3,11 and 12. 

4,2.3.2 Transforming from Real to Reciprocal Space 

Reciprocal space mapping involves recording scattered X-ray intensity as a 

funct ion of the angular positions of the specimen {\\f) and analyser (cp) 

crystals. These real space parameters can be transformed into reciprocal 

space using the relationships given in equations 4.7 and 4.8. The derivation 

of these equations is described in references 3,11,12. AQ^ and AQy are the 

components of the deviation of the scattering vector from the "ideal" and 

can be calculated by a software package from A(p and Ay; a map of scattered 

intensity in reciprocal space can then be produced. Broadening in the AQ.y 

direction is due to mosaic spread while broadening in the AQz direction is due 

to lattice dilatations. 

A d , = equation 47 

A d y 
( 7 A y - Acp) sin0B ^^^^^.^^^ 
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4.2.4 Laue Back Reflection D i f f r a c t i o n 

In Laue diffraction unfiltered radiation is directed at a single crystal and the 
diffracted intensity is recorded on photographic f i lm. The Bragg angle is 
fixed for each set of crystal planes and each set wil l satisfy the Bragg 
condition for wavelengths given by equation 4.2, according to dhkl and 0. 
Each diffracted beam has a different wavelength. Laue photographs can be 
recorded in transmission or back reflection mode depending on the position 
of the photographic f i lm relative to the source and specimen. For the 
present work, unfiltered radiation from a copper X-ray tube was used with 
the f i l m placed between the source and specimen in the back reflection 
geometry, as shown in figure 4.3. 

Al l the planes of a zone axis diffract beams which lie on the surface of a 
cone. The axis of the cone is the zone axis and the semiapex angle is equal to 
the angle between the transmitted beam and the zone axis. The Laue 
geometry and the interception of the diffracted beams with the f i lm are 
shown in figure 4.4. If the zone axis is exactly perpendicular to the 
transmitted beam, then the cone wil l intersect the f i lm in a straight line 
passing through its centre. If the zone axis is inclined at an angle of 
between 45° and 90° to the beam, then the cone intersects the f i lm in a 
hyperbola. The orientation of the zone axis relative to the beam can be 
determined since the diffract ing plane normals always bisect the angle 
between the incident and diffracted beam. If the distance between the f i lm 
and specimen is known, then the magnitude of the inclination can also be 
measured using a Greninger chart, details of this procedure can be found in 
reference 13. 

Figure 4.5 is a typical Laue back reflection photograph of the CdTe/GaAs 
epilayers studied in later chapters. The specimen was mounted 3cm from the 
f i l m in a known orientation determined from the flats on the wafer. From 
the position of the hyperbolae relative to the f i lm and the wafer flats, the 
offcut direction and magnitude of substrates were determined. 
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Figure 4.3 Laue back reflection geometry. 
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Figure 4.4 Formation of h}perbolac in Laue back reflection diffraction. 

C=crystalline specimen, Z.A.=zone axis, F=film. Diagram from reference 13. 



Figure 4.5 Laue back reflection diffraction pattern of a (OOl)GaAs substrate 

offcut 3.5° towards [lOO] about [010]. 



4.2.5 Double Crystal X-ray Topography 

A detailed description of X-ray topography (XRT) theory and methods is not 
given here but can be found in references 2 and 14. Double crystal X-ray 
topography (DCXRT), in reflection geometry, is configured similarly to 
HRXRD except that a larger incident beam is used and the diffracted intensity 
is recorded on photographic f i lm rather than by a detector. An image of the 
diffracted X-ray intensity exiting the specimen is recorded and shows 
contrast according to strain variations and tilt misorientations. 

A dislocation has a strain field associated with it which produces contrast in 
the topographic image in a similar way to the production of images in 
transmission electron microscopy. X-ray diffraction is approximately 1000 
times more sensitive to strain than electron diffraction and this leads to 
broader images of dislocations. This puts an upper limit on the densit\- of 
dislocations at which individual dislocations can be imaged by XRT. For 
highly dislocated materials, TEM is more useful for dislocation imaging and 
in this sense the two methods are complementary. Regions which are 
misoriented with respect to each other will show topographic contrast since 
the narrow wavelength band "passed" by the reference crystal in DCXRT will 
not satisfy the Bragg condition for all regions. This has been utilised in the 
present study to investigate the distribution and size of t i l t domains in 
CdTe/GaAs epilayers. It should be noted that CdTe/GaAs layers have residual 
s t r a i n a n d may be bowed, which may result in only a small region of the 
specimen being correctly oriented for Bragg diff ract ion. This in turn 
reduces the size of the topograph obtained, despite the large area of the 
incident beam. 

4.3 Transmission Electron Microscopy 

4.3.1 Introduction 

Transmission electron microscopy (TEM) is the most widely used technique 

for the observation of dislocations and other crystal defects such as stacking 
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faults, twins, grain boundaries and voids. In particular the technique can be 
used for imaging dislocations in highly dislocated films where individual 
dislocations cannot be imaged by XRT. All the TEM investigations presented 
in this thesis were carried out on a JEOL JEM 200CX operating at ZOOkeV. The 
de Broglie wavelength of the electrons^ ^ is 2.5 pm and they can be 
diffracted by crystal planes according to Bragg's law (equation 4.2). The 
Bragg angles are \'ery small compared with those of X-ray diffraction and 
different d i f f ract ion conditions can be obtained by relatively small t i l t 
adjustments of the specimen. The Kinematical and Dynamical theories of 
electron diffract ion are analogous to those for X-ray diffraction and are 
presented in reference 16. The application of the Kinematical and 
Dynamical theories to faulted crystals and the determination of the nature of 
dislocations, stacking faults and other crystal defects are also to be found in 
the reference by Hirsch et al.^^. 

The Burgers vector of a dislocation can be determined by attempting to 
image the dislocation under different d i f f rac t ion conditions. If the 
dislocation has a Burgers vector b, line direction and the diffraction 
vector operating is g, then for a perfect screw dislocation, the dislocation 
wil l be invisible for g-b=0. For a perfect edge dislocation to be invisible then 
both g-b and g*b\^ must be equal to zero. A general dislocation will be 
effectively invisible when ( l /8 ) (g ' bx^ ) ^ 0.08, this is discussed b\ 
Hirsch et al. in reference 16 and by Gandais et al. in reference 17. More 
recently, Ngan^^, has proposed a useful test to distinguish between 
g.b=0 and ^^0. The test is that for g'b=0, the dislocation residual contrast 
appears on both sides of the s=0 line (s is the deviation from the exact Bragg 
condition), while for g'b?tO, the residual contrast moves from one side of the 
line to the other when the beam is tilted in the plane containing g and the 
vertical microscope axis. The inclination of a dislocation with respect to the 
TEM foil can be determined by noting the contrast of the dislocation ends in 
bright and dark field imaging. This is briefly described in Chapter 7 where 
the technique is used, it is discussed in more detail in reference 16. 
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4.3.2 Image Rotation and Polarity Determinat ion 

In order to determine the direction of the diffraction vector, g in relation to 
the image, the relative rotation of the diffraction pattern and image must be 
determined. The relative rotation is caused by the different lens currents 
used to focus the diffraction pattern and image onto the f i lm. The rotation 
must be calibrated using, for example Orthorhombic a-molybdenum trioxide 
crystals, for each magnification used^^. The crystals have a long edge 
perpendicular to [100], as shown in figure 4.6, which corresponds to a short 
spot separation in the diffract ion pattern^^ (also shown in figure 4.6). 
There is a 180° uncertainty in indexing [100] and [100], and a rotation of 180° 
between image and diffraction pattern introduced by the objective lens. If 
one of the diffraction spots is underfocussed and compared to the image, 
then it can be seen whether or not a 180° rotation exists in addition to the 
rotation caused by the intermediate and projector lenses. The knowledge of 
this relative rotation allows dislocation directions in plan view TEM to be 
inferred (Chapter 7) and is needed for polarity determination in XTEM. 

The non equivalence of [110] and [110] directions in the sphalerite lattice 
was discussed in Section 2.5; this can have a large influence on the defect 
structure which is found in the two orthogonal directions. Brown et al.^^'^^ 
have shown that microdiffraction in XTEM can be used to determine the 
sense of advancing {111}A planes; from this the [110] and [ l l O ] direction can 
be distinguished. 

Microdiffract ion was carried out for orthogonal [110] and [ l l O ] beam 

directions according to the method described by Brown^*^. The 

microdiffraction pattern shown in figure 4.7 is from the GaAs substrate of a 

(001)CdTe/GaAs epilayer with the beam direction into the plane of the paper. 

In figure 4.7, a {911} and a {11 1 1} reflection are strong, as is the [004]. A 

dark cross can be seen in the {0021 diffraction spot; the vector from ihc 

central spot to the spot with the deficiency cross gives the sense of the 

advancing {111|A planes in the substrate. When the microdiffraction 

pattern is superimposed on the XTEM image (requiring a knowledge of the 

relative rotation of the image and diffraction pattern described above), then 
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Figure 4.6 Schematic illustration of a single crystal of a -molybdenum 

trioxide and its diffraction pattern used to calibrate the reladve rotation of 

the diffraction pattern and image. Diagram from reference 20. 



the sense of the advancing A planes can be established relative to the 
substrate/layer interface. Figure 4.7 shows the deficiency cross in the 
direction of the CdTe layer which is known to be (001) oriented, which gives 
a beam direction of [110] into the plane of the paper. 

4.3.3 TEM Specimen Preparation 

Plan view specimens were prepared so that the top of the epitaxial layer was 
investigated by TEM. A small (2.5mmx2.5mm or less) piece of material was 
mounted layer side down on a copper grid and was "dimpled" using a VCR 
Group D500i Dimpler to a thickness of approximately 20|i.m. The specimen was 
then thinned to perforation f rom the substrate side only, in an Ion Tech ion 
beam milling machine at 77K using Ar+ ions. An accelerating voltage of 6kV 
was used with an ion current of approximately 20|J.A and a beam incidence of 
16°. After perforation, the specimen was thinned for a further 10 minutes 
wi th 4kV accelerating voltage, 5|J.A ion current and 16° beam incidence. 
Argon ion thinning has been shown to produce dislocation loops in CdTe^^' 

even when cooled to 77K. Chew and Cullis^-^ have shown that iodine 
reactive ion sputtering gives superior quality TEM specimens. Therefore, 
before being examined by TEM, the plan view specimens were thinned for 10 
minutes f rom the substrate side and 5 minutes from the layer side at room 
temperature in a modified Ion Tech ion beam milling machine with iodine 
sources. The thinning conditions employed were an accelerating voltage of 
4kV, ion current of 4|J.A and beam incidence of 16°. 

Cross-section TEM specimens were prepared using a similar method to 

Brown As-grown samples were cleaved to produce two thin strips of 

material with orthogonal cross-section projections. They were glued layer to 

layer and fixed between two blocks of polycrystalline silicon to form a 

Si /substra te / layer / layer /substra te /Si sandwich. The sandwich was 

mechanically polished using 12|im alumina slurry until it was approximately 

0.5mm thick. A 3.05mm diameter disk was cut out and one side was polished 

using 5)im, 3|im and finally 0.3|im diamond slurry. This polished side was 

stuck face down onto a slotted copper disc and thinned to 100|J,m thickness 
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Figure 4.7 (a) Microdiffraction pattern of (001)CdTe/GaAs in cross section, 

showing a dark cross in the [002] diffraction spot caused by destructive 

interference f rom the interaction of a pair of doubly diffracted {911} and 

{11 1 1} reflections with the directly scattered [002] beam, (b) The dark 

cross is in the CdTe epilayer and gives the sense of the advancing {111}A 

planes. The beam direction is determined to be [ l l O ] into the plane of the 

paper. 



with 3fim slurry and a "flatting" tool on a VCR Group dimpler. A further 
70fim was removed using 0.3|im slurry and a "dimpling" tool. The 30^m thick 
specimen was then thinned to perforation from both sides using Ar+ ions at 
77K, with the guns set at the initial conditions given for the plan view 
specimens. After perforation the samples were thinned for a further 
10 minutes from both sides using gun conditions of 4kv and 5|iA. As for the 
plan view specimens, to remove Ar+ thinning damage, iodine reactive ion 
sputtering with 4KV accelerating voltage, 4|iA ion current and 16° beam 
incidence was used at room temperature for 10 minutes from each side of the 
specimen. 

4.4 Epitaxial Layer Thickness Determination 

4.4.1 Thickness Determination by Infrared Transmission 

When light is incident on an interface, intensity is reflected and 

transmitted. The ratio of these components is determined from Fresnel's 

equations, and the effect wil l occur at each interface encountered. If light is 

incident on a single epilayer on a thick substrate then the Hght transmitted 

wi l l contain a direct component which has not undergone reflection 

together with components which have been reflected by the layer/substrate 

and layer/air interfaces. The effective path difference between these 

components is dependent on the thickness and refractive index of the 

epilayer. This path difference leads to constructive and destructive 

interference fringes which depend on wavelength. 

Making the approximation that refractive index is constant with wavelength 
over the wavenumber range 500-4000cm"l, the f i lm thickness can be 
calculated f rom the spacing of adjacent constructive interference maxima. 
Equation 4.9 gives the relationship between fringe spacing (difference in 
wavenumber between adjacent constructive interference maxima), 
refractive index of the epilayer and thickness. This formula is derived b\-
considering the reflectance and transmission of a thin f i l m ^ ^ - ^ ^ . In 
equation 4.9, t is the layer thickness, n is the refractive index of the layer. 
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•UN is the wavenumber at the N'̂ h maximum and t)N+l is the wavenumber at 
the (N+1)* maximum. 

t = ^ equation 4.9 
layer I^N '̂ N+.l 

In f ra red transmission spectra were recorded for CdTe/GaAs and 
CMT/CdTe/GaAs epilayers using a Bio-rad Fourier transform infrared 
spectrometer. Examples of spectra recorded for 23.5fim and 4.1|im CdTe/GaAs 
epilayers are shown in figure 4.8. Thickness maps were generated from 
spectra recorded at points on a grid over the area of a wafer. This was 
discussed in relation to thickness non-uniformities in Section 3.4.2. 

4.4.2 Thickness Determination by X-ray Absorption 

The thickness of a thin semiconductor layer on a substrate can be 
determined f rom the absorption of X-rays by the epilayer. If an X-ray 
rocking curve is recorded for a substrate with and without an epilayer, then 
the difference in integrated intensity allows the layer thickness to be 
calculated f rom equation 4.10. In equation 4.10, 1(0) is the integrated 
intensity of a clean substrate, l(x) is the integrated intensity of the rocking 
curve recorded through the overlayer, t is the layer thickness, \i is the 
linear absorption coefficient of the overlayer at the X-ray wavelength used, 
and GB is the Bragg angle for diffraction by the substrate. Absorption of X-
rays is discussed in greater detail in Section 6.4 where a complex form of 
equation 4.10 is derived. It is very important that the accelerating voltage 
and current of the X-ray generator are the same when obtaining 1(0) and 
l(x), and that the beam size is not altered. This method of thickness 
determination was used to map the thickness of a ZnTe/GaAs epilayer 
investigated in Section 6.6. 

l(x) = I(Q exp[-2nt cosec 0g] equation 4.10 
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Figure 4.8a Fourier transform infrared transmission spectrum of a 23.5|J.m 
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Figure 4.8b Fourier transform infrared transmission spectrum of a 4.1|j.m 

thick CdTe/GaAs epilayer. 



4.5 Photoluminescence Spectroscopy 

Photoluminescence (PL) is the emission of light by a material as a result of 
being illuminated by light of photon energy greater than its band gap. 
Photons are emitted due to an electronic transition between two states, the 
ini t ia l high energy state, Ej and final lower energy state Ef. In the most 
simple case the wavelength, X of the emitted photon is given b\ 
equation 4.11 and is determined by the difference in energies of the initial 
and final electronic states. 

— = IE; - Ef| equation 4.11 

Impuri ty and defect related luminescence generally dominate at low 
temperature, where transitions usually occur from the lowest energy exited 
state. In semiconductor materials many transitions involve excitons which 
are either free or bound to impurities. Examples of radiative transitions 
which can occur in semiconductors are given in figure 4.9. Any of the 
transitions can occur with the emission of one or more phonons, the energy 
of the emitted photon is decreased from that of equation 4.11 by the energv 
of the phonon(s). A general review of photoluminescence characterisation 
of semiconductors can be found in reference 27. 

Luminescence f rom (001 )CdTe/GaAs epilayers in the edge and near edge 
wavelength region were studied using a Spex dispersive monochromator 
with a grating of 1200 groves per mm and detected with a photomultiplier 
tube fit ted with an extended cathode. The samples were mounted on a cold 
finger of a helium flow cryostat and were excited at 4.2K with an Ar+ ion 
laser operating at 514nm. The data is presented and discussed in Section 6.5* . 

* Photoluminescence spectra were collected at the University of Aviero with 
the help of M. J. Soares and interpreted with the help of M. C Carmo (also at 
the University of Aviero). Additional advice on interpretation was sought 
f rom D. P. Halliday, University of Durham. 
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Figure 4.9 Schematic illustration of radiative transitions in semiconductors. 

C.B.=conduction band, V.B.=valance band. 

1. Exciton decay f rom exciton level Eg. Free exciton recombination is 

denoted by X, recombination of an exciton bound to a neutral donor is 

denoted by D°X and recombination of an exciton bound to a neutral acceptor 

is denoted by A°X. 

2. Donor to free hole transition. If transition is from a neutral donor 

then transition is denoted by D°h. 

3. Free electron to acceptor transition. If transition is to a neutral donor 

then transition is denoted by eA°. 

4. Donor acceptor pair recombination. Transition denoted by DAP. 
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CHAPTER 5 

Models of Strain Relaxation and Threading 
Dislocation Reduction in Heteroepitaxial Layers 

5.1 I n t r o d u c t i o n 

In Chapter 2, the concepts of critical thickness and the introduction of misfit 
dislocations to relieve misfit strain in heteroepitaxial layers were reviewed. 
In this chapter, the relaxation of heterolayers and the change in dislocation 
density with layer thickness are investigated in greater detail. Two 
models ^'^ describing the reduction of residual layer strain with increasing 
layer thickness are reviewed in Section 5.2. Experimental data which has 
been published in the literature for three heterosystems with misfits of 
0.23%, 4 .1% and 14.6% are compared with the two models. In Section 5.3, 
three different approaches for describing the reduction of threading 
dislocation density with increasing layer thickness which is observed in 
heterolayers, especially highly mismatched ones"*, are reviewed^'^. 
Section 5.4 is dedicated to the development of a new geometrical model for 
the reduction of threading dislocation density with increasing layer 
thickness. 

5.2 Strain Relaxation Models 

5.2.1 Geometrical Model f o r Low Misf i t Systems 

The accepted models for plastic relaxation of strained epitaxial layers put 
forward by van der Merwe^, Matthews and Blakeslee'^ and People and 
Bean^*^'^^ are based on strain energy considerations (see Section 2.2.1). The 
strain energy of the layer, the strain energy of a dislocation and the 
mechanism by which the first misfit dislocation is formed are considered 
and a prediction of the thickness at which relaxation will occur is made. All 
the models agree reasonably well with experiment, although critical 
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thickness is usually underestimated, and all predict that critical thickness is 
inversely proportional to strain. The models do not however aim to describe 
relaxation above critical thickness. Relaxation may take place either 
completely and discontinuously at critical thickness or perhaps smoothl\. 
Dunstan et a l .^ take a purely geometric approach to predict critical 
thickness and the manner of relaxation above critical thickness. This model 
is described and discussed in the remainder of this section. 

Dunstan's model^ considers a perfectly crystalline substrate with a 
pseudomorphic strained layer of thickness h and strain e. Misfit dislocations 
are postulated to form at the heterointerface and relax the strain in the 
layer. The strain field of a dislocation at the interface of a layer of thickness 
h decays within a lateral distance mh^^. A dislocation can therefore only 
relax strain in the layer over a lateral distance mh; outside this region there 
is assumed to be no relaxation. For a dislocation with Burgers vector b, the 
average relaxation in the relaxed region is Ibl/mh. To a first approximation 
it is assumed that there is a uniform relaxation within the relaxed region of 
Ae=lbl/mh. This is illustrated in figure 5.1a. 

There are two key observations to be made. Firstly, that a dislocation will not 
form i f the relaxation due to a dislocation exceeds the strain in the layer i.e. 
if Ibl/mh > £: this prevents the sign of the strain being reversed. Secondlx, 
the formation of a dislocation within a width mh requires that dislocations 
wil l form in all other regions of width mh in order to preserve translational 
symmetry. The second observation is allowed since a perfectly crystalline 
substrate is assumed, containing no preferential sites for dislocation 
nucleation. The condition for critical thickness occurs when the relaxation 
afforded by a dislocation equals the strain in the layer. The condition for 
cri t ical thickness is given in equation 5.1 and agrees with accepted 
models^"^^. The model predicts complete discontinuous relaxation at critical 
thickness he, as illustrated in figures 5.1b and 5.2a. 

b 
h,. = — equation 5.1 

me 



If the random nature of dislocation generation is taken into account, then 
dislocations may form anywhere and there will be gaps between relaxed 
regions of any width up to a maximum of mh (a separation greater than mh 
would cause another dislocation to form). The effect of the random 
generation of dislocations is shown in figure 5.1c. Dunstan makes an 
analysis of the statistical distribution of the widths of unrelaxed regions and 
calculates that at critical thickness only three quarters of the original misfit 
strain is relieved. If it is assumed that a partially relaxed layer may be 
treated in the same way as a pseudomorphic one, then a new critical 
thickness can be calculated for the residual strain. In this case, if 75% strain 
had been relieved at critical thickness, then the partially relaxed layer could 
be considered to be a layer with a uniform strain of e/4. A critical thickness 
four times as large as for the original layer is calculated from equation 5.1. 
A stepwise relaxation is predicted as shown in figure 5.2b. 

If a fur ther refinement is made, assuming that there is a statistical 

distribution of gaps between dislocations and that wider gaps wil l relax at 

smaller thicknesses than narrower gaps, then the stepwise reduction in 

strain is smoothed after ini t ial relaxation, as shown in figure 5.2c. The 

relaxation of a strained layer is then given by equations 5.2 and 5.3 where EQ 
is the mismatch and (1-f) the fraction of strain relieved abruptly at critical 

thickness. 

e(h) = eo h<hc equation 5.2 

e ( h ) = ^ ^ h>h , equation 5.3 

Equation 5.3 predicts that, as the thickness of the relaxing layer is 
increased, the strain will reduce to zero. However, a thin f i lm can support a 
finite strain up to its elastic limit. Plastic relaxation therefore continues to 
the elastic limit of the material after which a residual strain will remain. The 
model is not expected to apply for thicknesses greater than those at which 
the residual strain can be supported b\' the material (the residual strain 
region). No account has been taken of the existence of substrate defects, 
which may act as preferential nucleation sites for dislocations. It is expected 
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Figure 5.1 (a) Strain relaxation around a mis f i t dislocation below, at and 

above cr i t ica l thickness h^. Vert ical hatching represents in-grown strain, 

h o r i z o n t a l ha tch ing represents s t ra in of the opposite sign. Density of 

hatching is p ropor t iona l to strain, (b) Full and discontinous relaxation at 

c r i t i c a l thickness. (c) Randomly d i s t r i b u t e d m i s f i t dislocations w i t h 

unstrained regions all less than mh wide. 
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Figure 5.2 Strain relaxation as a f u n c t i o n of layer thickness, (a) Full and 

discont inous relaxation-dashed line, (b) Stepwise relaxation for a layer 

assumed to be homogeneous af ter each step-dot dashed line, (c) Smoothing 

effect of hne r strain inhomogeneity-solid line. 



the re fore , that some re laxat ion w i l l occur below the c r i t i ca l thickness 

p r ed i c t ed by this mode l due to nuclea t ion o f dislocations at substrate 

imperfect ions. Other l imi ta t ions of this model are that the magnitude of the 

mis f i t must be less than 5% (to ensure that dislocations are not so close that 

the i r strain fields interact) and that the growth mode must be layer-by-layer 

two-dimensional g rowth . 

The thickness range over wh ich this model is applicable is very small as is 

demonstrated by Dunstan et al. in their subsequent work^-^. Three sets of 

exper imental data, taken f r o m publ ished l i tera ture have been used to test 

this model . Data f o r the material system ZnSe/GaAs w i t h misf i t 0.23% is taken 

f r o m Yokogawa et al.^ '* and was recorded at room temperature. Data f o r 

GaAs/Si w i t h mis f i t of 4 . 1 % is taken f r o m Huang et al .^^ at a temperature of 

87°C and, f o r the case of CdTe/GaAs w i t h misf i t 14.6%, the data is taken f r o m 

Tatsuoka et a l .^^. For CdTe/GaAs, the temperature dependence of the thermal 

expansion coeff ic ient was taken into account and the strains quoted are fo r 

the growth temperature o f 300°C^^. 

Figure 5.3 shows s t ra in p lo t ted against reciprocal thickness fo r the three 

sets o f data. Dunstan has proposed that a Universal Relaxation Law exists'^^'^'^ 

whereby £ = k l b l / h w i t h klbl=0.83 nm, this universal law is also p lo t ted in 

f igure 5.3. It is clear that none of the data sets fo l low the relationship given 

i n equat ion 5.3. A l l the data sets inc lude measurements f o r thicknesses 

greater than the cr i t ica l thickness. The cr i t ica l thickness of (001) ZnSe on 

GaAs is about 150 n m 20,21_ ^ ^ j - ^ f r o m Yokogawa et al.-^'^ is in ihe 

thickness range 150-700 n m . I t is possible that al l of the data points, except 

that of the thinnest layer, lie i n the residual strain region where the model 

in question is not va l id ; indeed f igure 5.3 shows that the data fo r ZnSe/GaAs 

deviates f r o m the universal relaxation law f o r thicker layers but lies very 

close to the theoretical l ine f o r the thinnest layer. The model is only va l id 

f o r two-dimensional layer-by-layer growth which is the case fo r ZnSe/GaAs 

but not f o r GaAs/Si or CdTe/GaAs both of wh ich displax three-dimensional 

growth and do not fol low the relaxation law proposed by Dunstan et al.. 
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Figure 5.3 Strain vs thickness for three epitaxial systems of different misfit. The solid line shows the 

universal relaxation law predicted by Dunstan et al.'. Data for CdTe/GaAs and GaAs/Si are not 

valid for this model since both display three dimensional growth. The ZnSe/GaAs data are entering 

the residual strain region and are beginning to deviate from the universal relaxation law. 



The model developed by Dunstan et al. provides a useful rule of thumb, but 

must be treated w i t h caut ion to ensure that the system under investigation 

lies w i t h i n the narrow window of app l icab i l i ty between cr i t ica l thickness 

and the onset of the residual strain region. Dunstan stated in his or iginal 

paper that the model was va l id f o r systems w i t h mis f i t less than about 5%. 

This is l ike ly to be an overestimate of the l im i t i ng strain since the onset o f 

three-dimensional growth may occur well below a mis f i t of 5% ( for example 

InxGa( i -x)As on GaAs has a t ransi t ion at x=0.4 which corresponds to a misfi t 
o f 2.8%^2)_ 

The model assumes that long straight mis f i t dislocations are formed at the 

heterointerface and that s t ra in is rel ieved on ly by this mechanism. 1 bus 

layer s t ra in decreases and m i s f i t dis locat ion densi ty increases as a layer 

grows. No account has been taken of the s t ra in re l ieving properties of 

threading dislocations; the model is therefore un l ikeh to describe accurately 

materials wh ich conta in many threading dislocations. This obserx'ation also 

lends weight to the argument that layers w i t h 5% mis f i t are outside the 

a p p l i c a b i l i t y range of the model since systems w i t h such a large mis f i t 

u sua l ly con ta in a h i g h dens i ty o f th read ing dislocations ( f o r example 

GaAs/Si f = 4 . 1 % InP/GaAs f=3.8% ). 

5.2.2 Res idua l S t r a i n Re laxa t ion M o d e l 

The theor ies f o r s t r a i n r e l a x a t i o n o f h e t e r o e p i t a x i a l layers b \ 

v a n d e r M e r w e ^ , Mat thews a n d Blakeslee^, People and Bean^^-^^ 

(Section 2.2.1) and by Dunstan et al^ (Section 5.2.1), all assume that strain 

is relaxed by mis f i t dislocations which lie i n the interface between the 

substrate and layer. I f this is the only means of s train relaxation then the 

strain i n the layer must be homogeneous over epilayer thickness, i.e. strain 

is constant along the g r o w t h d i r ec t ion . Homogeneous s t ra in has been 

repor ted by Stolz et al .^^, f o r the GaAs/Si system, but inhomogeneous strain 

has been reported by Soga et al .^^ and Huang el al .^^ for GaAs/Si (f=4.1%), 

S c h a f f e r et a l . ^ ^ f o r InAs/GaAs ( f=7%) and b>' Tatsuoka et a l . ^^ fo r 
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CdTe/GaAs ( f=14.6%). In the case of inhomogeneous strain, a relaxation 

mechanism which operates outside the heterointerface must be in operation. 

Tatsuoka et al.^'-^ proposed a new model f o r strain relaxation to account fo r 

s t r a i n i n h o m o g e n e i t y w i t h i n ep i layers . They proposed that m i s f i t 

d i s loca t ions are f o u n d not o n l y at the he tero in ter face , but are also 

d i s t r i b u t e d throughout the layer. Their own experiments on CdTe/GaAs 

g r o w n by ho t wa l l ep i taxy have c o n f i r m e d the existence of m i s f i t 

d i s loca t ions at the h e t e r o i n t e r f a c e ^ ^ , and later work indica ted the 

generation of mi s f i t dislocations in the bulk of the f i l m by the bending over 

o f threading dislocations^. 

Consider an epi taxial f i l m d i v i d e d in to monolayers, the strain i n the n th 

layer being e(n) and the number of misf i t dislocations generated per uni t 

l eng th i n the n t h layer being N(n) ( f igu re 5.4). The number of mis f i t 

dislocations i n the ( n + l ) t h layer is, i n the simplest case, proport ional to the 

s t ra in i n the n t h layer, as given by equation 5.4, where A is the generation 

rate o f mi s f i t dislocations. When N(n+1) dislocations are generated per unit 

l ength i n the ( n + l ) t h layer, the s train i n the (n- i - l ) th layers is given by 

equa t ion 5.5 where be f f is the misf i t component of the misf i t dislocadon 

Burgers vector. Combining equations 5.4 and 5.5 gives an expression for the 

res idual s t ra in i n the layer as a f u n c t i o n o f the number of monolayers 

(equation 5.6). 

N(n + l) = Ae(n) equation 5.4 

e(n + l) = e(n)-N(n + l)beff equation 5.5 

e(n) = e(l)(l-Abeff)"-^ equation 5.6 

The data o f Section 5.2.1 are reapplied h e r e ^ " ^ ' ^ ^ ' ^ w i t h the number of 

m o n o l a y e r s , n , be ing rep laced w i t h the expression n = h / ( a o / 2 ) i n 

equa t ion 5.6, ao being the layer lattice parameter and assuming n » l . 

Figure 5.5 is a plot of the natural logar i thm of strain versus layer thickness 

f o r the same three systems which were used in Section 5.2.1. A straight line 
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Figure 5.4 Schematic i l lus t ra t ion of strain relaxation due to a d is t r ibut ion of 

misf i t dislocations along the growth direction f r o m Tatsuoka et al. 
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Figure 5.5 Data fit for Tatsuoka et al.'s residual strain relaxation model''' for epitaxial systems of 

different misfit. Values of e (1) and A for best fit lines are given in table 5.1. 



w i t h an intercept equal to the logar i thm of the strain in the f i r s t monolayer 

is expected i f equation 5.6 is fo l lowed. The values of e ( l ) and A obtained by 

f i t t i n g equation 5.6 to the data are given in table 5.1. 

Source of 

data 

e ( i ) / 10-3 A b e f f / 10-3 A/103cm- l var iance 

/10-3 

Yokogawa^'^ 

ZnSe/GaAs 

3.3 051 2.5 2.5 

Huang^^ 

GaAs/Si 

6.3 1.7 8.7 100 

Tatsuoka^^'^^ 

CdTe/GaAs 

2.0 1.5 6.4 5.6 

Table 5.1 Parameters fo r Tatsuoka et al.'s model of strain relaxation obtained 

f r o m experimental curves shown in f igure 5.5. (Note that variance has been 

calculated using the natural logar i thm of strain rather than strain itself.) 

Figure 5.5 shows that equation 5.6 f i t s the experimental data quite well . In 

the case of CdTe/GaAs the value fo r e ( l ) is close to the strain predicted at the 

interface i f the interface layer is treated as a coincidence boundary If 

the lattice parameters of the substrate and layer have the relationship given 

i n equation 5.7, where n and m are integers, then a f rac t ion of the atoms in 

the layer lattice coincide w i t h atom sites i n the substrate lattice. When n and 

m are not exactly integer values then the misf i t , f, between the layer and 

substrate can be rewri t ten as equation 5.8. 

a 
epilayer _ tl 

m 
equation 5.7 

substrate 

na substrate ma epilayer 

na 
equation 5.8 

substrate 

(,1 



Remembering that the data f o r CdTe/GaAs is calculated at the g rowth 

temperature of 300°C, the lattice parameters of the substrate and layer must 

also be calculated at 300°C. Thermal expansion coefficients of 6.86x10"^ °C"1 

f o r GaAs-^^ and 4.5x10"^ °C"1 fo r CdTe-^^ are taken, giving lattice parameters 

at the growth temperature of 5.663A and 6.489A respectively. Equation 5.8 

w i t h 11=8 and m=7 gives a value of s t ra in at the interface using the 

coincidence lattice of -2.6x10'^ (negative sign indicates compressive strain) 

w h i c h compares favourab ly w i t h the value of 2.0x10"^ obtained f r o m the 

experimental f i t . When mis f i t is calculated fo r GaAs/Si using equation 5.8, 

the value is a huge underestimate of that obtained f r o m f i t t i ng equation 5.6. 

This is not surpr is ing since the coincidence model is usually only useful f o r 

values of m up to 10 ( fo r values greater than this, the layer w i l l grow 

pseudomorphical ly rather than strain to divide the interface in to units mao 

i n length), f o r GaAs/Si, n=23 and m=24. 

The model seems unphysical i n that misf i t dislocations are not of ten seen in 

the b u l k o f a layer except when there are composi t ional variations i n a 

t e r n a r y or qua t e rna ry c o m p o u n d semiconductor or in s t ra ined layer 

super la t t ices , see f o r example Yoshikawa^ . The model also predicts 

unreal is t ical ly low generation rates f o r mis f i t dislocations. Using the values 

of A and E ( l ) f r o m table 5.1 and substi tuting into equations 5.4 and 5.6, the 

number of mi s f i t dislocations generated per un i t length is of the order of 

l O c m ' l , which is much less than is observed in CdTe/GaAs. 

The model has been developed by Durose and Tatsuoka^ such that residual 

s train is relieved by a d i s t r ibu t ion of threading dislocations; this is reviewed 

i n Section 5.3.1. 

5.2.3 Conc lu s ions 

The two models described in Sections 5.2.1 and 5.2.2 cater fo r d i f fe ren t 

g rowth regimes. Dunstan's simple geometrical model^ assumes that there is 

homogeneous strain i n the layer w i t h misf i t dislocations forming only at the 

heterointerface, thus re l ieving s t ra in i n the ent ire layer. The model can 

()2 



only be appl ied to low mis f i t systems which display two-dimensional la\er-

by-Iayer growth. In the or ig ina l paper, Dunstan set an upper l imi t of 5% fo r 

the m i s f i t f o r wh ich the geometrical model is va l id . The mis f i t al which 

t r a n s i t i o n f r o m layer -by- layer g r o w t h to three-d imens ional Stranski-

Krastanov growth occurs depends on the material system and the growth 

condi t ions . The g rowth o f InxGa( i -x )As on GaAs has a transi t ion at x=0.4 

which corresponds to a mis f i t^^ . of 2.8% The growth of ZnSe/GaAs which has 

a m i s f i t o f on ly 0.23% can display three-dimensional Stranski-Krasianov 

g r o w t h or two-dimensional layer-by-layer growth depending on the in i t i a l 

s u b s t r a t e su r f ace s t o i c h i o m e t r y ^ ^ . The g rowth mode of a layer is 

f u n d a m e n t a l i n de t e rmin ing whether the relaxat ion of the layer can be 

described using Dunstan's formula . 

This geometrical model does not take in to account relaxation due to the 

bend ing over o f dis locat ions threading f r o m the substrate. There w i l l 

t h e r e f o r e be some re laxa t ion observed before the c r i t i c a l thickness 

p red ic t ed by the model . Since no substrate is defect free, relaxation is 

expected to occur before the predicted he i n al l cases. At large thicknesses, a 

s t ra in w i l l be reached which can be supported by the layer material, this is 

know as residual strain and is the lower strain Umit of applicabil i ty for the 

mode l . Dunstan has observed that relaxation continues af ter the residual 

s train l i m i t is reached ^3 j ^ ^ t makes no attempt at including this i n the model. 

The model by Tatsuoka et al.^'3 aims to describe relaxation after the residual 

s t ra in l i m i t is reached and the strain is necessarily inhomogeneous w i t h 

depth. The models by Dunstan (Section 5.2.1) and Tatsuoka (Section 5.2.2) are 

therefore mu tua l ly exclusive i n their appl icabi l i ty . 

The model by Tatsuoka et al. has been f o u n d to describe the data considered 

the present s tudy reasonably well , ( f igure 5.5). Crit ical thickness must have 

been exceeded and the residual strain region entered for the model to app l \ . 

The model is pa r t i cu la r ly useful f o r high mis f i t systems and is the most 

applicable f o r the CdTe/GaAs layers investigated in this thesis. CdTe/GaAs 

d i sp lays t h r ee -d imens iona l Volmer -Weber growth33 and has a cr i t ica l 

thickness ( i f one can use this expression fo r 3D growth) of less than one 
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monolayer. Dunstan's geometrical model is not applicable to the CdTe/GaAs 

layers studied in this thesis. 

The model by Dunstan et al. is extended to m u l t i l a \ e r structures in the 

or ig ina l paper^ and has been extended to graded buf fe r layers by Dunstan-^"*. 

The residual s t ra in relaxat ion model has been developed by Durose and 

Tatsuoka^ such that residual strain is relieved by a d is t r ibut ion of threading 

dislocations; this is reviewed in Section 5.3.1. 

5.3 Thread ing Dislocat ion Reduction Models 

5 .3 .1 Model for R e d u c t i o n of R e s i d u a l S t r a i n by T h r e a d i n g 

D i s l o c a t i o n s 

I n Section 5.2.2 a model f o r the reduct ion of residual strain was described 

w h i c h accounted f o r the r educ t ion in s t ra in as a layer th ickened b\ 

p ropos ing that th read ing dislocations were bent over to produce mis f i t 

segments, the density of which was calculated to be approximately 10 cm'^ 

f o r CdTe/GaAs; this is a gross underest imate. A mechanism b\ wh ich 

inhomogeneous strain may be present w i t h i n a layer has been developed b\ 

Durose and Tatsuoka^. 

Threading dislocations can be imagined as opposite ends of a half-loop wi th 

Burgers vector b. The half - loop 's Burgers vector determines whether an 

e.xtra half-plane exists i n the di rect ion of the layer or substrate. For example, 

consider an extra half-plane in the substrate fo r a layer in compression as 

i l lus t ra ted in f igure 5.6. Outside the half- loop, the layer is in compression, 

inside the ha l f - loop the layer experiences strain relief. As a layer thickens, 

p rov ided the ha l f - loop continues to grow w i t h threading segments incl ined 

to the interface at less than 90°, then more of the layer w i l l experience 

s t ra in relief. This is i l lus t ra ted in f igure 5.7 where the region of the layer 

labelled A h is less strained than the region h i below i t . Thus as a threading 

d i s loca t ion propagates t h r o u g h a layer, i t impar ts the strain re l ieving 

component o f its Burgers vector to that layer as i l lustrated in f igure 5.8. A 
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Figure 5.6 Strain relief by a dislocation half loop fo r a layer i n compression. 

Ah 

Figure 5.7 Strain relief a f fo rded by threading segments of a dislocation half-

loop as a layer i n compression thickens. The 'extra half-planes' are shaded. 
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Figure 5.8 Schematic i l lus t ra t ion of a threading dislocation acting as a misf i t 

dislocation of length I passing through consecutive monolayers. 



th read ing dis locat ion may therefore act as a m i s f i t dislocation of length 

equal to its projected length on a plane parallel to the interface. Durose and 

Tatsuoka have reworked the expression of Tatsuoka et al.^-^ in equation 5.6 

so that s t ra in re l i e f is a f f o r d e d by threading dislocations of projected 

l eng th i on planes parallel to the interface^. The development of the model 

is ou t l ined below. 

From equations 5.4 and 5.6, the number of mis f i t dislocations generated per 

u n i t length is given by equation 5.9 assuming n » l . If N(n) is rewrit ten as 

an equivalent number of threading dislocations o f projected length i, then 

the threading dislocation density D(n) is given by equation 5.10. The factor 

o f 2 i n the nomina to r of equat ion 5.10 comes f r o m the consideration of 

dislocations i n two orthogonal <110> directions. 

N(n) = Ae(l)(l-Abeff)° equation 5.9 

D(n) = ^ ^ ^ ( l - A b e f f ) " equation 5.10 

Equation 5.10 indicates that the threading dislocations in layer n relieve a 

f r a c t i o n Abef f of the strain i n the previous layer, (n-1). As the threading 

dislocations pass through layer n, the threading dislocation density is also 

reduced by a f rac t ion Abeff. This reduction is thought to be due to threading 

dis locat ions meet ing and a n n i h i l a t i n g under the inf luence o f residual 

s t r a in . The m a x i m u m n u m b e r of threading dislocations which can be 

removed as i i - ^ cx= is 2Ae( l ) /^ . Once this l i m i t is reached, fur ther threading 

d i s loca t ion dens i ty r educ t ion is not expected and there w i l l remain a 

cons t an t b a c k g r o u n d t h r e a d i n g d i s l o c a t i o n d e n s i t y D ( o o ) wh ich is 

i n d e p e n d e n t o f thickness. Equat ion 5.10 may then be r ewr i t t en as 

equation 5.11 where D( l )=2Ae( l ) /^ . 

D(n) = D(l)( l-Abeff)" + D(oo) equation 5.11 

In this study six sets of data f r o m the literature^^'-^^'-^^ w i l l be compared 

w i t h equation 5.11. The misfi ts of the l i terature data sets chosen range f r o m 

0.23% to 14.6% and the details are summarised in table 5.2. 
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It should be noted that beff may not have the same value here as f o r the 

residual s train relaxat ion model in Section 5.2.2; the misf i t dislocations in 

Section 5.2.2 and the th read ing dislocations i n this section may have 

d i f f e r e n t m i s f i t r e l i e v i n g Burgers vector components owing to the i r 

d i f f e ren t or ienta t ion. It w i l l be assumed that the threading dislocations have 

the same mis f i t re l ieving component as a 60 ' misf i t dislocation ly ing in the 

interface. This small approximat ion is discussed more f u l l y in Section 7.5. 

Reference System Substrate/A ^layer/A M i s f i t / % 

Muggleberg 3 5 ZnSe/GaAs 5.654 5.667 0.23 

Horikawa 36 InP/GaAs 5.654 5.869 3.80 

Ayers 37 GaAs/Si 5.431 5.654 4.11 

Kudlek 38 ZnTe/GaAs 5.654 6.103 7.94 

Tatsuoka^^ CdTe/GaAs 5.654 6.481 146 

Table 5.2 Summary of l i terature data and lattice parameters of substrates and 

layers. A l l latt ice parameter values are taken f r o m the ASTM index3^ and 

were measured at room temperature. 

Dis locat ion densi ty may be calculated f r o m values of Full Wid th at Half 

Max imum (FWHM) expressed in units of radians f r o m High Resolution X-Ray 

D i f f r a c t i o n (HRXRD) rock ing curves using a re la t ionship by Gay et al."*^. 

The ef fec t of i n t r in s i c broadening, B (also i n radians) on FWHM, p is 

subtracted f r o m the measured value of FWHM so that only broadening due to 

dis locat ion t i l t components is included (equation 5.12). It should be noted 

that in a l l cases, data are f o r binary compounds which are not expected to 



display any s ignif icant lattice parameter variations which would contribute 

to rocking curve broadening. A nominal value of 20 arcseconds is taken for 

B. The values o f b t iu used i n equat ion 5.12 assume that a th reading 

d is loca t ion has the same Burgers xector t i l t component as a 60° mis f i t 

dis locat ion (btiu=(ao/2) - see Section 2.2.2). The va l id i t \ ' of this assumption 

is discussed i n Section 7.5 i n the l igh t o f Burgers vector analysis of 

t h r ead ing dis locat ions i n Cd'Fe/GaAs. The v a l i d i t y o f equat ion 5.12 is 

discussed in Sections 4.2.2.3 and 6.4.4. 

D=-^ — - equation 5.12 

The papers by Muggleberg-^^ and Horikawa and co-workers-^^ gave values of 

FWHM of 004 HRXRD rocking curves as a func t ion of layer thickness. Data fo r 

C d T e / G a A s w a s received by personal communication f r o m Dr H Talsuoka^^. 

The data fo r GaAs/Si included as-grown and annealed samples and the data 

were recorded as dislocation density as a func t ion of layer thickness. In the 

papers by Ayers et al.-^^ and Kudlek et a l .^^ , the authors assumed that the 

threading dislocations were of 60° type but used the f u l l magnitude of the 

Burgers vector to calculate the dis locat ion density, rather than just the 

component which imparts a t i l t to the layer. In both these cases FWHM was 

calculated f r o m the published data and dislocation density recalculated using 

equation 5.12 w i t h bt i i t=(ao/2) . 

For all six sets of data, a best value of D(oo) was determined before a graph of 

l n [ D ( n ) - D ( ° o ) ] versus number o f monolayers was p lo t ted . The f i t s f o r 

ZnSe/GaAs, InP/GaAs and ZnTe/GaAs are shown in f igure 5.9, those fo r as-

g rown and annealed GaAs/Si are shown in f igure 5.10; the f i t parameters 

are summarised i n table 5.3. 
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Source D ( l ) 
/109cm-2 

A 

/ 1 0 4 c m - l 

D(o=) 

/ l O ^ c m - ^ 

Variance 

Muggleberg3 ^ 

ZnSe/GaAs 

0.65 079 0.74 0031 

Horikawa36 

InP/GaAs 

1.6 1.1 1.2 0.036 

Ayers ?GA^^ 

GaAs/Si 

1.3 1.8 1.0 0.012 

Ayers as-grown3 7 

GaAs/Si 

3.2 2.1 2.3 0.(X)4 

Kudlek38 

ZnTe/GaAs 

0.72 0.69 0.12 0.019 

Table 5.3 Parameters fo r equation 5.11 f r o m figures 5.9 and 5.10. Note that 

variance has been calculated using the na tu ra l l oga r i thm of [ D ( n ) - D ( o o ) ] 

ra ther than [ D ( n ) - D ( o o ) ] itself. 

A l l the l i t e r a t u r e data f i t t e d equa t ion 5.11 reasonably wel l w i t h the 

exception of the data f o r CdTe/GaAs. This is surprising since i t was wi th this 

ve ry data, ( the details of w h i c h have been c o n f i r m e d by the or ig ina l 

au thor^^ ) , that the model in question was developed. It should, however, be 

noted that i n the or ig inal paper by Durose and Tatsuoka, D(oo) was taken as 

the dislocation density of the thickest layer f o r CdTe/GaAs where a layer of 

1 5|im was inc luded i n the data set, but was neglected fo r all other systems. I f 

the l inear f i t s publ i shed in the or ig ina l paper are compared wi th those in 

figures 5.9 and 5.10, there appears to be a significant need for the term D(°°) 

i n a l l cases. Since D ( o o ) appears i n a logar i thmic term, its \a lue has l i t t l e 

effect on the goodness of f i t , but it seems that i t should not be neglected 

altogether. D ( o o ) can be described as the l i m i t i n g dislocation density below 

wh ich dislocation density w i l l not f a l l s imply by increasing layer thickness. 

It is d i f f i c u l t to ascribe a thickness at which D (oo) can be said to have been 

reached. Even f o r layers a th ick as 180 p,m, fach ikawa and Yamaguchi"*^ ^ 

have recorded dislocation density s t i l l decreasing w i t h increasing thickness. 
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Figure 5.9 Data fit for model by Durose and Tatsuoka^ where threading dislocations relieve strain. 

Data for three epitaxial systems with different misfits are shown. Values of D{°° ) are given in 

table 5.3. 
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Figure 5.10 Data f i t for model by Durose and Tatsuoka^ where threading dislocations relieve 

strain. Data for as grown and post growth annealed (PGA) GaAs/Si are shown. Values of D(oo ) 

are given in table 5.3. 



The original paper stated that Abeff was proportional to misfit; there is no 
evidence of this relationship in the present work despite using much of the 
same data sources. The discrepancy is likely to be due to the neglect of the 
D ( o o ) term by Durose and Tatsuoka which greatly influenced the slope of 
their lg[D(n)] versus n plots. The gradient of the linear plot is the sole 
determinator in the value of A obtained. 

The effect of post-growth thermal annealing on the structure of GaAs on Si 

is to reduce the threading dislocation density. The value of D{oo) is calculated 

to be smaller by a factor of 2 after annealing and the maximum possible 

reduction D( l ) is reduced to 40% of the as-grown value. Ayers et al.^^ have 

discussed the effects of post-growth thermal annealing for GaAs/Si and have 

suggested that annealed dislocation density will be proportional to the lattice 

mismatch. Annealing of CdTe/GaAs is discussed in greater detail in 

Section 8.1. 

5.3.2 Half -Loop Mechanism f o r the A n n i h i l a t i o n of Threading 

Di s loca t i ons 

A mechanism fo r the reduction of threading dislocation density with 

increasing thickness has been proposed by Ayers et al.^. The energetics of 

the model are similar to the approach taken by Matthews and Blakeslee'^. The 

forces acting on threading dislocations are considered and an equilibrium 

condition is determined. Although the validity of the energetics of the model 

have been acknowledged by previous workers in the field, the mechanism 

by which half-loops are formed and the geometry of the dislocation densit>-

reduction mechanism are uncertain and seem unphysical; for this reason 

the description of the mechanism of half-loop formation wil l be quoted 

directly from the original text^. The geometrical problems involved with this 

mechanism of half-loop formation and glide wil l be discussed later in this 

section. 

69 



"In this paper v\'e propose an explanation for the thickness dependence of 
the threading dislocation densities in mismatched heteroepitaxial materials, 
based on a half-loop mechanism for the annihilation of misfit dislocations. 
In developing this model, it is assumed that a relatively high density of 
threading dislocations is introduced during lattice relaxation by some means. 
Neighbouring threading dislocations wi l l often have opposing Burgers 
vectors; they wi l l therefore attract one another and coalesce. Upon 
coalescence, a half-loop such as the one shown in figure (5.11) wil l be 
formed. The strain and line tensional forces acting on this half-loop wil l 
determine whether i t glides back to the interface, preserving the two 
original threading dislocations, or glides to the surface and disappears." 

Assuming that half-loops have been formed as described in the previous 

paragraph then energetic calculations may be carried out. Figure 5.11 

indicates that there is a force Fg acting on the misfit segment of the half-

loop due to the strain in the la^'er. There are also line tensional forces 1 i on 

the two threading segments of the half-loop owing to the line energy- of the 

dislocations. If the misfit segment is of length L, then a critical half-loop size 

Lc, which depends on layer thickness, can be defined for which the forces 

are balanced (equation 5.13). 

2Fx = Fg when L = L(. equation 5.13 

Some half-loops will have L>Lc and will glide to the interface, conserving the 

two threading segments; others will have L<Lc and will glide to the surface 

and disappear. Half-loops with L=Lc wil l be in equilibrium and the number 

in equi l ibr ium wi l l determine the threading dislocation density at a 

particular thickness. 

Ayers et al. use expressions for the magnitude of the glide component of the 

strain force acting on the misfit segment, and for the line tension in the 

threading segments (which are a.ssumed to be of screw type) to determine an 

expression for Lc- The resulting expression indicates that the equilibrium 

half-loop size is inversely proportional to the strain in the f i lm . Two 

assumptions are then made. 
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Figure 5.11 Formation of a half-loop by the coalescence of threading 

dislocations as described by Ayers et al.4. Fi is the line tensional force on a 

threading segment. Fg is the force acting on a misfit segment due to the layer 

strain. 



1) The average misfit dislocation segment length at the interface is 

proportional to Lc and therefore that the threading dislocation density is 

inversely proportional to Lc. 

2) The strain in a layer in equilibrium is related to its thickness according to 

a relationship derived by Matthews"^^. 

From these two assumptions an equation linking threading dislocation 
density wi th layer thickness is derived which is reproduced in 
equation 5.14; where v is the Poisson ratio, 6 is the part of the mismatch 
relieved by dislocations, f is the misfit, a is a geometrical factor greater than 
unity, b is the modulus of the Burgers vector and R is equal to one half of 
the f i lm thickness or one half the average dislocation spacing, whichever is 
smaller. 

(1+ v)( l - 2v)l5lV2) l lnPdf 1/(1-v)]l 
D = ^ equation 5.14 

abh(l-v)^|ln(R/b)+ll 

For the case of thick highly mismatched films, two simplifying assumptions 

can be made. Firstly, that most of the mismatch is accommodated by 

dislocations (5 = f ) ; secondly, that the lateral spacing of threading 

dislocations is much less than the f i lm thickness (R=1/2VD). Ayers et al. 

claim that these assumptions are good for mismatch greater than about 0.3% 

and thicknesses greater than about l|j,m. With these assumptions, 

equation 5.14 may be simplified as shown in equation 5.15. 

(1+ v)(l-2v)lfIV2) llnPdf 1/(1-v)]l 
D = ;= equation 5.15 

abh(l-v)^[l-ln(2bVD)] 

Equation 5.15 predicts that dislocation density is inversely proportional to 

thickness and direct ly proport ional to misfi t , (ignoring the weak 

logarithmic dependence on V D). A plot of threading dislocation density 

versus reciprocal thickness will yield a straight line plot passing through 

the origin i f equation 5.15 is followed. It should be pointed out that although 

Ayers et al. assumed that the threading dislocations were of screw type in 
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formulating equation 5.14, they claim that the nature of the dislocations 
does not greatly effect the final relationship. 

Dislocation densities were calculated as described in Sections 4.2.2.3 and 5.3.1 
using data from the same literature sources. Figure 5.12 demonstrates how 
threading dislocation density varies with reciprocal thickness for the cases 
of ZnSe/GaAs, ZnTe/GaAs and CdTe/GaAs. Figure 5.13 shows the fit of GaAs/Si 
data, both as-grown and after post-growth thermal annealing, to 
equation 5.15. Data for InP/GaAs are also shown in figure 5.13. 

ZnSe/GaAs heterostructures have a misfit of 0.23%; this is less than the value 
given by Ayers et al. for the approximations made in formulating 
equation 5.15. For thin layers, equation 5.15 is expected to overestimate 
dislocation density since 5 ,the fraction of the misfit strain relieved by 
dislocations, is less than f for low misfit thin layers which are incompleteh 
relaxed. The simplifying approximation 5 = f was made in formulating 
equation 5.15. Figure 5.12 shows that the data for ZnSe/GaAs deviates from 
linearity to dislocation densities less than those predicted by the simple 
D a (1/h) relationship predicted in equation 5.15. 

Intermediate misfit systems such as GaAs/Si (f=4.1%) and InP/GaAs (f=3.8%) 
follow the reciprocal relationship between dislocation density and thickness 
reasonably well, although none of the data sets give a line which passes 
through the origin. InP/GaAs gives a negative intercept with the ordinate 
axis; this suggests a negative dislocation density as thickness tends to 
inf ini ty. Both sets of GaAs/Si data give positive intercepts with the ordinate 
axis; i f this value of intercept is taken as a D ( o o ) value, then the values 
obtained are, in both cases, at least an order of magnitude less than those 
determined for the model by Durose and Tatsuoka (Section 5.3.1). The model 
by Ayers et al. does not allow for dislocation density levelling off for thick 
layers; indeed i f the model were followed accurately, the dislocation density 
would tend to zero for thick layers. If threading dislocation density were to 
level off for thick layers then the nature of a reciprocal thickness plot 
means that it would have little effect on the gradient of the best f i t line and 
therefore little effect on the ordinate intercept. With these points in mind, it 
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Figure 5.12 Dislocation density versus reciprocal thickness for three epitaxial systems with 

different misfits. I f the relationship predicted by Ayers et al.* (equation 5.15) is followed, linear 

plots passing through the origin are expected. 
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Figure 5.13 Dislocation density versus reciprocal thickness for as grown and post-growth 

annealed (PGA) GaAs/Si and for InP/GaAs. If the relationship predicted by Ayers et af* 

(equation 5.15) is followed, linear plots passing through the origin arc expected. 



is not surprising that there is an apparent discrepancy between the two 
estimates of D(<>°). A comparison is given in table 5.4. No goodness of fit details 
are given since the large values of dislocation density give very unhelpful 
values for variance. Goodness of f i t can be judged by eye from figure 5.13. 

Source Half-loop model 

Ayers et al. ^ 

D(°°) / 107cm-2 

Residual Strain Relief 
model Durose and 

Tatsuoka^ 
D(c») / lO^cm--

Ayers as-grown-^ ^ 
GaAs/Si 

2.4 23 

Ayers PGA-̂ ^ 
GaAs/Si 

0.23 10 

Horikawa-^^ 
InP/GaAs 

-5.9 12 

Table 5.4. Comparison of dislocation density at infinite epilayer thickness 

predicted by figure 5.13 (half-loop mechanism) and figures 5.9 and 5.10 

(Residual strain relaxation mechanism). 

High misfit systems such as ZnTe/GaAs (f=7.9%) and CdTe/GaAs (f=14.6%) do 
not follow the reciprocal thickness dependence as is clear from figure 5.12. 
Although the mechanism proposed by Ayers et al. for the formation of half-
loops by threading dislocations is unclear, it is certain that threading 
dislocations must be able to glide. In high misfit systems, the density of 
dislocations, both misfit and threading, makes it almost impossible for 
unhindered glide to occur. For thin layers in particular, any mechanism 
which includes significant dislocation glide is unlikely. 1 ailure of the half-
loop model for such high misfit systems is not therefore surprising. In most 
circles, GaAs/Si with a misfit of 4.1% is considered to be a high misfit s\ stem, 
and displays a tangle of dislocations near to the i n t e r f ace^s imi l a r to 
CdTe/GaAs"^-^ and ZnTe/GaAs"^" .̂ It is not clear from the half-loop model alone 
why it should fail for misfits of 7.9% and 14.6% but not for 4.1%, when i h u 
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dislocation geometry in the three cases is so similar. A possible explanation 
is discussed in Sections 5.3.3 and 5.3.4. 

The mechanism proposed for the formation of half-loops seems to be 
confused, since one would expect that i f threading dislocations were to 
coalesce, their geometry would form a half-loop as shown in figure 5.14. The 
occurrence of opposite Burgers vectors, assuming that coalescing 
dislocations have line directions of the same sense, suggests that dislocations 
are being formed which add to misfit strain, in numbers comparable to those 
relieving misfit . Obviously this cannot be the case. A much more likeh 
occurrence is the coalescence of dislocations with the same Burgers vector, 
to form a half-loop as illustrated in figure 5.14; this incidentally may be 
treated in the same way as the half-loop described by Ayers et al. and would 
yield the same expression (equation 5.14). 

5.3.3 Models f o r the A n n i h i l a t i o n Kinet ics of Thread ing 

Di s loca t i ons 

A binary recombination mechanism has been proposed by Kroemer et al.~. 
If D(h) is the areal threading dislocation density, (number per unit area) 
and dislocations meet and react as expressed in equation 5.16, then 
according to reaction kinetics, the rate of change of threading dislocation 
density is given by equation 5.17, where ^ is a constant with units of length. 
Integration of equation 5.17 yields equation 5.18 where D(0) is the primar\ 
dislocation density, (dislocation density at h=0). 

D + D annihilation equation 5.16 

^ = - Xr^ equation 5.17 
dh 

IXh) = A equation 5.1« 
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Figure 5.14 Schemafic illustration of the geometry of halfToops expected to 

be formed by the coalescence of threading dislocations having the same 

Burgers vector. The 'extra half-plane' is shaded. This is for a layer in 

compression. 



Chandra et al.'*^ compared equation 5.18 with their data for the case of 
CdxHg(i-x)Te/CdyZn(i-y)Te with x=0.2 and y=0.95 (nearly lattice matched). 
They defined a normalised density function D(h)D(0)/[D(0)-D(h)], which is 
related to thickness as given in equation 5.19. Chandra et al. plotted the 
logarithm of the normalised density function versus reciprocal thickness, 
but the plot gave a gradient of -1.53 rather than -1 as predicted h> 
equation 5.19. D(0) was taken to be the dislocation densit\ of the substrate, 
which is a valid assumption for a nearly mismatched system. 

D(h) ac^ 1 

Attempts have been made to compare this binary recombination model with 

the data sets described in table 5.2. In each case D(0) has been treated as an 

unknown parameter since none of the heterostructures are lattice matched, 

and it is expected that there wil l be a greater dislocation density at the 

interface than is present in the substrate. 

Intermediate misfit systems, GaAs/Si (f=4.1%) and InP/GaAs (f=3.8%) agreed 
very favourably with equation 5.18. This is not surprising since D(0)A.h » 1 
and equation 5.18 approximates to D { h ) = l / X h . This is the same relationship 
as in equation 5.15, (which was derived for the half-loop annihilation 
mechanism^ proposed by Ayers et al.) and the data fitted equation 5.1 5 well, 
with the exception of a non zero intercept. Large misfit systems such as 
ZnTe/GaAs (f=7.9%) and CdTe/GaAs (f=14.6%) deviate from the relationship of 
equation 5.18 for all but the thinnest layers. 

A more thorough kinetic mechanism has been proposed by Tachikawa and 

Yamaguchi'*^. In this case a second mechanism for threading dislocation 

density reduction is proposed in addition to the binary recombination 

mechanism. They suggest that, "Annihilation is caused by the deflection of 

dislocations followed by a reaction with other dislocations or bv- mo\ements 

outside the crystal. The deflection reaction occurs when the dislocation is 

scattered by something, for example a point defect or local stress in the 

crystal." Therefore, in addition to the reaction described b\ equation 5.16, 

there is a second reaction (equation 5.20) which involves only one 
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dislocation and whose reaction rate depends on the concentration of the 
'scattering' matter {n/cm'^) and the capture cross-section (a/cm2). The rate 
of change of threading dislocation density is now given by equation 5.21 
where na = a. Integration of equation 5.21 yields equation 5.22 where D(0) 
is the primary dislocation densit\, (dislocation density at h=0). 

D a n n i h i l a t i o n equation 5.20 

4 ? = - SLD-Xlf equation 5.21 
dh 

= ( [ l / C ( Q l . [ X / a l ' ) e x p ( a h ) - | V a l '=1"='"°" 

From equafion 5.21, it is clear that the additional mechanism will become 
more significant for lower dislocation densities, i.e. for thicker layers. When 
equation 5.22 is used to f i t the data for high misfit systems, a much improved 
f i t is achieved, particularly for thicker layers. Figures 5.15-5.18 show the 
fits of equations 5.18 (simple binary recombination mechanism) and 5.22 
('unimolecular' and 'bimolecular' recombination mechanisms) to the systems 
GaAs/Si, InP/GaAs, ZnTe/GaAs and CdTe/GaAs respectively. Table 5.5 
compares the values of the constants I and a obtained by f i t t ing 
equations 5.18 and 5.22 to five sets of data. 
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Figure 5.15 Comparison of data for as grown GaAs/Si with equation 5.18 (simple binary 

recombination mechanism). There is no visible change in f i t when compared with equation 5.22 

(both 'unimolecular' and 'bimolecular' recombination mechanisms). 
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Figure 5.16 Comparison of data for InP/GaAs with equation 5.18 (simple binary recombination 

mechanism) and with equation 5.22 (both 'unimolecular' and 'bimolecular' recombination 

mechanisms). 
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Figure 5.17 Comparison of data for ZnTe/GaAs with equation 5.18 (simple binary recombination 

mechanism) and with equation 5.22 (both 'unimolecular' and 'bimolecular' recombination 
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Figure 5.18 Comparison of data for CdTe/GaAs with equation 5.18 (simple binary recombination 

mechanism) and with equation 5.22 (both 'unimolecular' and 'bimolecular' recombination 

mechanisms). 



Equation 5.18 Equation 5.22 

X/ 10-5 cm X/ 10-5 cm a/ 10-̂  cm-1 

Horikawa 
InP/GaAs 

1.1 0.97 14 

Ayers 
GaAs/Si 

1.2 1.2 -0.55 

Ayers PGA -̂ ^ 
GaAs/Si 

2.4 2.4 -0.1 

Kudiek 

ZnTe/GaAs 

2.1 0.96 34 

Tatsuoka 

CdTe/GaAs 

0.44 0.35 41 

Table 5.5. Comparison of first (a) and second (X) order rate constants derived 

from equations 5.18 and 5.22. 

Table 5.5 indicates that the additional annihilation mechanism makes 
relatively little difference to the best value of X obtained, compared to the 
simple binary recombination mechanism, except for ZnTe/GaAs which gave 
a particularly poor f i t to equation 5.18, (figure 5.17). The additional term in 
the rate equation gave no observ able change in best f i t for GaAs/Si. Negative 
values for the first order rate constant, a, were obtained for both as-grown 
and annealed GaAs/Si. This suggests that either dislocation multiplication 
sources are operating as the layer thickens or that threading dislocations 
are being spontaneously generated; the later is not permitted since 
dislocations may not begin or end within a crystal"^^. Since the magnitude of 
the constant a, is in both cases small compared to the values for the other 
systems, and since the goodness of f i t is not adversely affected by neglecting 
this term, it is acceptable to ignore this first order term. The possibility of 
negative rate constants in relation to the generation of threading 
dislocations is discussed in Section 5.3.4. 
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It has already been noted that equation 5.18 approximates to D(h) a 1/{X h) 
for thick layers. This suggests that dislocation density is independent of the 
initial dislocation density D(0) and that a reduction in D(0) will not lead to a 
proportional reduction in D(h). In order to achieve a significant reduction 
in D(h), which is a major aim for all high misfit systems, then an increase in 
X (and a) is required. Strained layer superlattices are employed to increase 
the parameter a by increasing the strain encountered by threading 
dislocations and hence increasing the probabil i ty of deflection of 
dislocations to the edge of the layer. 

5 . 3 . 4 Discussion and Conclusions 

The model described in Section 5 .3 .1 , developed by Durose and Tatsuoka^, has 
been found to describe the data considered in this study reasonably well. 
Critical thickness had been exceeded in all cases. They suggested that a 
levelling off of dislocation density will occur for thick layers, the dislocation 
density at this level being termed D ( ° o ) . The original paper neglects the term 
D ( ° o ) for all but one set of data. The work carried out in the study presented in 
Section 5.3.1 suggests that D ( o o ) should be included for all systems and that 
dislocation density is expected to level off for thick layers, although it is 
diff icul t to predict at what thickness this might occur. Care should also be 
taken when consulting the summary table contained in the original paper. 
There are a number of errors in the units given, and the neglect of the term 
D(oo) has had quite a large effect on the values of the parameters quoted. 

The expression derived by Ayers et al.^ predicting the relationship between 

dislocation density and layer thickness can be used to describe intermediate 

misfit systems of thicknesses in the range l-5pm. Care must be taken for 

thick layers since extrapolation of the reciprocal thickness plot can give 

negative dislocation densities. The high misfit systems investigated in this 

study do not follow the relationship predicted by the half-loop mechanism, 

that is D a (1/h). The geometrical basis of the mechanism for half-loop 

formation is unsure and has been discussed in Section 5 . 3 . 2 . 
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The very simple 'bimolecular' annihilation model by Kroemer et al.'^ and 
later b}- Chandra et al."^"* approximates to the half-loop model in its 
prediction of the dislocation density versus thickness relationship. This 
demonstrates the great care which must be taken when fitting data to model 
expressions. It is the expression which is being fitted to a particular set of 
data, not the model itself. Therefore, the fact that the dislocation density for 
the GaAs/Si samples considered in this study displays a reciprocal 
relationship with thickness, does not reveal the details of the mechanism of 
threading dislocation density reduction, or what affects it. 

A more advanced kinetic model developed by Tachikawa and Yamaguchi'^^ 
has also been presented in Section 5.3.3 which includes a 'unimolecular' 
threading dislocation density reduction mechanism. The additional term 
improves the agreement with the literature data for high misfit systems but 
has l i t t le effect on the f i t parameters for systems which followed a 
reciprocal thickness relationship. 

There are other mechanisms by which threading dislocation density can be 
reduced which were not considered by Kroemer et al.^, Chandra et al."^^ or 
Tachikawa and Yamaguchi'^-'-. One very significant process which can lead to 
the reduction of dislocation density is the combination of two threading 
dislocations followed by the re-emission of a single dislocation. This is 
expected to occur when dislocations with non equivalent Burgers vectors 
coalesce. Figure 5.19 shows schematically the mechanisms by which 
threading dislocation density can be reduced. If the original dislocations 
have density D i and dislocations formed by re-emission have density D2, 
then the equations governing the rate of change of Di and D2 are given in 
equations 5.23-5.27. 

annihilation equation 5.23 

2 D i - ^ annihiladon equation 5.24 

2 D i - ^ D2 coalescence + re-emission equation 5.25 
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Figure 5.19 Schematic illustration of threading dislocation reactions which 
lead to a reduction in threading dislocation density. 



^ = -aDi-bDj^-cDj2 equation 5.26 

dD2 cDĵ  
dh = +- equation 5.27 

Total dislocation density D is the summation of densities Di and D2. The rate of 

change of dislocation density is the summation of the rates of change of D i 

and D2 and is given in equation 5.28. For an overview of reaction kinetics 

see for example Atkins"^^ or Frost and Pearson"^^. 

_ = _ a D , - b D ^ ^ equation 5.28 

It is clear that many refinements to the kinetic models can be made to 

account for the many different types of reaction which may occur, each 

having a different rate constant. The dislocations which are re-emitted may 

go on to react with others, and so on. Each additional mechanism will bring 

another constant. Without knowing the interdependence of the constants it 

would be futi le to attempt to f i t increasingly complex expressions with more 

and more unknown constants to literature data. However, the simple 

approaches taken by the authors reviewed here are satisfactory in 

describing threading dislocation density reduction with increasing 

thickness. 

It seems that no one model can yield an expression which describes 

reduction in threading dislocation density with increasing thickness for all 

the data sets considered in this limited study. Each model has its own 

advantages, whether being accuracy of f i t within a limited number of 

systems, or general applicability to a wide range of systems with, perhaps, a 

less accurate f i t . It appears from this study that the expressions derived from 

models by Durose and Tatsuoka^ and by Tachikawa and Yamaguchi"^^ are 

applicable to most systems while expressions derived by Ayers et al.^ and 

Kroemer et al.^ are accurate only for misfits in the region of 4% and for 

layers whose thicknesses lie within the range l-5^m. 
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5.4 New Geometrical Model for Threading Dislocation Density 
Reduction 

5.4.1 Introduction 

In the following section a new geometrical model, describing the reduction 

in threading dislocation density with increasing layer thickness wil l be 

introduced and developed. The model is based on the premise that threading 

dislocations confined to oppositely inclined planes will meet at a certain 

layer thickness and that there will be a probability of them reacting. 

5.4.2 Development of a New Geometrical Model 

Consider an array of threading dislocations emanating f.-om a (001) 
heterointerface, each lying on a {111} plane inclined at 54° 44' to the 
interface. Let the dislocations also be contained in one of the two {110} 
planes which are perpendicular to the interface. Neglecting dislocation 
glide and climb, a thickness wil l be reached where adjacent dislocations 
meet. At this thickness a fraction of interactions will lead to coalescence and 
termination of threading dislocation propagation, while other meeting 
events wi l l result in no reaction. (No account is taken of coalescence with 
re-emission of a threading dislocation here). Figure 5.20 illustrates the 
geometry under consideration. 

A number of simplifying assumptions are made in the initial development of 
this model. 

1) When dislocations meet geometrically, there is a probability of 
annihilation which is independent of layer thickness. 

2) When dislocations meet they either do not react and continue in their 

original direction or they coalesce and do not propagate any further. There 

is no re-emission after coalescence. 
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Figure 5.20 Schematic illustration of the geometry of threading dislocations 

considered in developing a new geometrical model for the annihilation of 

threading dislocations (see Section 5.4). 
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Figure 5.21 Schematic illustration of threading dislocation annihilation, 

showing (a) the first thickness and (b) the second thickness at which 

annihilation may occur. 



3) Dislocation line directions are confined to a {111 | plane and a {110} plane. 
This means that they have a <112> line direction and that linear dislocation 
density can be considered. 

4) Dislocations on oppositeh inclined {111} planes are present in equal 
numbers. 

5) On average, the dislocations are evenly spaced. 

6) There is no glide of threading dislocations. 

7) Neither dislocation interaction energies nor the effect of lattice strain 

energy are taken into account in this model. 

Let the linear threading dislocation density in the [110] plane at the 

interface be do cm"l . The spacing of threading dislocations at the interface 

wi l l be (1/do) cm. In an ordered arraj', each dislocation propagating on a 

(111) plane wil l be adjacent to two threading dislocations propagating on 

( i l l ) planes. The separation of adjacent threading dislocations propagating 

on oppositely inclined {111} planes wil l , on average, be (1/do) cm. 

The f i l m thickness h i at which these two dislocations meet is determined 
f rom figure 5.21a, and is given by hi=(tan9/2do), where 0 = 54° 44' and is the 
incUnation of the {111} plane to the interface. Let the probability of reaction 
resulting in no further propagation of either threading dislocation be P. If 
the linear threading dislocation density at the interface is do, then the 
threading dislocation density at h i will be do(l-P) cm ' l and the average 
spacing of threading dislocations at h i will be [ l /{do( l -P)} ] cm. 

The next annihilation event wi l l occur at a thickness h2 greater than h i as 

determined f rom figure 5.21b. If the probability of annihilation with no 

fur ther propagation is again P, then the threading dislocation density at 

h i + h2 wil l be dhj ( l -P) which has the value do( l -P)^ . This geometrical 

approach may be continued in a similar manner and the result is 
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summarised in table 5.5, where m is the number of thicknesses at which 

annihilation events may have occurred. 

Thickness Thickness Linear 

dislocation density 

(J 

h i 

h i + h 2 

h i + h 2 + h 3 

IK 
n=l 

0 
lane 
2do 

tane 
2d„ 

tane 

1 + 

2d. 
1 + 

( l -P)J 
1 

(1-P) (1-P)^ 
tane ™ 1 
2do n=l(l-P) n-1 

do 

do(l-F) 

do(l-P)-

do(l-P)--

dod-P) ' 

Table 5.5 Summary of layer thicknesses at which threading dislocations meet 

and corresponding threading dislocation densities. 

In general, at a thickness ^'f"-- I -̂ , the linear threading dislocation is 
2d„ „ t i ( l -P)n- i 

do(l-P)™ where m is the number of thicknesses reached at which 

coalescence may occur. The expression 1— is the summation of a 
2d„ ,ii(i-P)°-i 

geometric progression. A common theorem for the summation of a geometric 

progression is given in equation 5.29. 

For Sn =a + ar+ ar~+••• ar" ^ 5 Sn = a ( l - r " ) 
( l - r ) 

equation 3.29 

In this case, S„ = l+ ,. + • + • • 
1 

(1-P) ( l -p)2 ( l_p)n-
equation 5.30 

With a=l and r = l / ( l - P ) , equation 5.29 gives an expression for the summation 

term in table 5.5 as given in equation 5.31 (after rearranging). 
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s„ = [l-Cl-P)-"] 
p(l_p)m-l 

equation 5.31 

The expression for thickness then becomes: 

tane 
2d„ 

i - d - p ) " ^ 
pQ_p)m-l equation 5.32 

The expression for linear threading dislocation density from table 5.5 is: 

d = d „ ( l - P ) ' equation 5.33 

Substituting do from equation 5.33 into equation 5.32 gives equation 5.34. 

h = (1-P) tane 
2dP l - ( l - P ) ' equation 5.34 

Subsdtuting m from equation 5.33 into equation 5.34 gives an expression 

l inking threading dislocation density and layer thickness as given in 

equation 5.35. 

(1-P) tane 
2dP 

l - ( l - P ) Ina-P) 
1.^ 

equation 5.35 

Equation 5.35 is for a two-dimensional model. In order to compare an 

expression wi th literature data, an areal (three-dimensional) dislocation 

density must be obtained. 

The separation of [110] planes is aoV2, where ao is the bulk lattice parameter 

of the layer. In a square centimetre of layer, there will be V2/ao [110] planes 

and V2/ao [ l l O ] planes, (when ao is given in cm units), each plane has d 

dislocations per centimetre. The areal dislocation density is given by the 

number of dislocations in the two planes (2dV2/ao) divided by the area of the 

sampling region, which in this case is 1 cm^. The areal dislocation density, D 

is given in equation 5.36. 
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D 2dV2 equation 5.36 

Substituting for d in equation 5.35 and noting that Do = (2doV2/ao), an 
expression between areal dislocation density and layer thickness is reached 
which is given in equation 5.37. 

h = (l-P)V2tane 
a„DP 

1 

l - ( l - P ) 
Ina-P) 

hi 
equation 5.37 

5.4.3 Discussion 

There are two unknown parameters in equation 5.37, Do, which is expected 
to be of weak influence since it appears only in a logarithmic term and P 
which must have a value in the range 0-^1 since i t is a probability. The angle 
e is known to be 54° 44'. Equation 5.37 can be written more simpl\ b> 
collecting several constants together, this is shown in equation 5.38. 

a 
X = — 

y 
l - b Inb 

^^(1 P)V2tan9^ b=(l-P) and c = Do equation 5.38 
aoP 

An attempt was made to compare equation 5.38 with literature data. The data 
of Tatsuoka et al.^^'^^ was chosen owing to the large thickness range over 
which experiments had been performed and because there were the greatest 
number of data points. The result is shown in figure 5.22. For CdTe/GaAs, 
where the layer is in compression, there are four Burgers x ectors which are 
expected to dominate in each <110> projection, these are, for the [110] 
projection, [ O i l ] , [101], [ l O l ] and [ O i l ] . The probability of adjacent 
dislocations having the same Burgers vector (and thus being able to form a 
closed half-loop as illustrated in figure 5.14) is 0.25x0.25, therefore P is 
taken to be 0.0625. A value of 1x10^2 cm"2 was taken for Do since this was the 
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value used for the dislocation annihilation mechanism models described in 
Section 5.3.3. It is d i f f i cu l t to determine Dq theoretically since the 
confinement length of misfit dislocation segments, which determines the 
number of threading segments, is not known. 

The model gives a reasonable agreement with the data for thicknesses 
greater than about 2|j.m, the model greatly underestimates the threading 
dislocation density for thinner layers. One obvious reason for this 
discrepancy is that the large misfit for CdTe/GaAs leads to a tangle of 
dislocations near the interface which extends at least l | i m into the layer. It is 
unreasonable to suppose that a geometrical annihilation mechanism such as 
the one proposed here can occur near the interface of such greatly 
mismatched layers. For comparison, the f i t for ZnSe/GaAs^^ (f=0.23%) is 
shown in figure 5.23, where a better f i t for thin layers is observed. 

During best f i t determination, it was noticed that the goodness of f i t was not 

affected much by the values of b or c in equation 5.38, the parameter a, had 

by far the greatest effect in determining how well equation 5.38 described 

the experimental data. The value of f i t parameter a f rom figure 5.22 is 

10^ m " l . The value expected f rom equation 5.38 with P=0.0625 and 

Do=10l2 cm'2 is a=4.6xl0l0 m'^. There is a discrepancy of over three orders 

of magnitude between the expected value and that obtained from the best f i t . 

The limitations and assumptions made in arriving at equation 5.37 will now 

be discussed. 

The major s impl i fy ing assumption made was that all the threading 
dislocations were contained in the [110] or [110] plane and a {111| plane. This 
geometry requires that the dislocation line direction is of a <112> type which, 
given the almost exclusive <101> Burgers vectors in the sphalerite structure, 
would mean that the threading dislocations were exclusively 30° or 73°13' 
t\ pes. Many such dislocations have been observed in [110] and [110] cross-
section TEM projections (Section 7.4), however they are by no means 
exclusive, and 60° type dislocations with the same Burgers vectors but with 
<101> line directions also occur (Section 7.4). The model developed in 
Section 5.4.2 did not take into account any dislocations which were not in 
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the [110] or [110] planes. It is not easy to develop a geometrical linear 
threading dislocation density model i f such dislocations are included. 

If threading dislocation annihilation were to be controlled by geometry as 
suggested in the development of this model, then a much more complex 
model for threading dislocations with ^=<101> would be required, for two 
major reasons. Firstly, each ^=<101> is contained in two {111} planes and can 
therefore meet and react with threading dislocations on either of these two 
planes. The simple model developed here only allowed threading dislocations 
to react with others on one {111} plane. The second complication arises from 
the fact that dislocations of different character could meet and coalesce if 
they had the same Burgers vector, and this would occur at a different height 
above the interface than would be the case for two dislocations of the same 
type; this is illustrated in figure 5.24. 

In Section 5.3.4, the possibility of dislocation reaction with the re-emission 
of a threading dislocation was discussed. It is very likely that such reactions 
wi l l occur; however reactions of this kind have not been included in the 
model. 

Substrate offcut greatly influences the relative numbers of 90° and 60° 
misfit dislocations which are formed, there is also likely to be an anisotropy 
in dislocation types in the two orthogonal [110] directions'^. Any anisotropy 
in misfi t dislocations is likely to affect the character and spacing of 
threading dislocations which originate at the interface"^^. Anisotropy of 
threading dislocation character and geometry is investigated in Section 7.4. 

The threading dislocations were assumed to be evenly distributed, enabling 
specific layer thicknesses at which threading dislocations could meet and 
coalesce to be defined. The expression presented in equation 5.34 gives 
discrete thicknesses at which threading dislocation density will be reduced. 
The random nature of the generation of threading dislocations means that 
some dislocations are closer together than the average, while others are 
fur ther apart. Refinement of equation 5.34 to include a distribution of 
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Figure 5.24 Schematic illustration of the height at which dislocations meet 
depending on their line direction The initial separation of <101> and <112> shown 
here is half that of two <101>'s or two <112>'s. For the same initial separation, 
those with <112> and <101> line directions will meet at a height twice that at which 
two <101>'s or two <112>'s will meet 



dislocation spacings would have a smoothing effect on the thickness 
function in a similar way to the work by Dunstan et al.^ (Section 5.2.1). 

It has already been noted that equation 5.38 contains 3 unknown constants, 
of which only the constant a, has a significant effect on the f i t of the 
equation to the data. If the term ln(d/do) can be considered to be a constant 
since it is a logarithmic term and is slowly varying, then equation 5.38 
approximates to x a (1/y), that is an inverse relationship between threading 
dislocation density and layer thickness. This was the relationship predicted 
by Ayers et al.^ and by Kroemer et al.^, for thick layers. 

5.5 Conclusions 

The simple geometrical model for strain relief by Dunstan et al.^ predicts 
that cri t ical thickness is inversely proport ional to misfi t strain in 
agreement with models by van der Merwe^, Matthews and Blakeslee*^ and 
People and Bean^^. Dunstan and co-workers have developed the geometrical 
model to describe relaxation of strain above critical thickness and predict 
that strain is inversely proportional to layer thickness with the constant of 
proportionahty equal to 0.83nm. The expression derived using this model is 
only applicable wi th in the very small thickness range above critical 
thickness and below the residual strain regime. The model can only be 
applied to low misfit systems which display two-dimensional layer-by-layer 
growth. The very specific conditions which must be met for applicability of 
this model resulted in none of the literature data examined in this work 
following the relationship predicted by Dunstan et al.. 

The model developed by Tatsuoka et al.^-^ to account for inhomogeneous 

residual strain in thick layers suggested that threading dislocations were 

bent over to form misfi t segments at all depths within a layer. The 

expression derived through this approach was found to agree with hterature 

data for misfits of 0.23%, 4.1% and 14.6%. The model is particularly useful for 

high misfit systems and is the most applicable for the CdTe/GaAs layers 
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investigated in this thesis. The geometrical model of Dunstan et al. cannot 
be applied to CdTe/GaAs layers since they display three-dimensional growth. 

The model for inhomogeneous residual strain by Tatsuoka et al.^'-^and the 
fur ther developments by Durose and fatsuoka^' appear to be widel> 
applicable to systems with misfit in the range 0.23% - 14.6% which have 
exceeded critical thickness. The model relies on the strain relieving 
properties of threading dislocations to relieve strain according to the earlier 
model by Tatsuoka et al.. The study conducted in Section 5.3.1 supports the 
suggestion of Durose and Tatsuoka that a constant background dislocation 
density will be reached for thick layers, although it cannot be predicted at 
what thickness this level might be said to have been reached. 

A mechanism for the annihilat ion of threading dislocations by the 
format ion of half-loops suggested by Ayers et al.^ was discussed in 
Sections 5.3.2 and 5.3.4. The model predicted that threading dislocation 
density should be proportional to misfit and inversely proportional to layer 
thickness. Despite the geometry of the mechanism by which half-loops were 
formed being unclear and improbable, the expression derived b\ 
Ayers et al. was found to be applicable to systems with misfits of 3.8% and 
4.1% with thicknesses in the range l-5 | im, although none of the plots gave a 
graph which passed through the origin. Extrapolation of the reciprocal 
thickness plots were found to give negative dislocation densities for thick 
layers in some cases. The model is not applicable to high misfit systems 
where glide of dislocations is hindered, nor to low misfit layers which are 
not completely relaxed. 

The very simple 'bimolecular' annihilation model by Kroemer et al.^ was 

found to approximate to the half-loop model proposed by Ayers el al.^ in its 

prediction that threading dislocation density is inversely proportional to 

layer thickness. A more advanced kinetic model developed by Tachikawa and 

Yamaguchi"^^ was presented in Section 5.3.3 which includes a 'unimolecular' 

threading dislocation densit\- reduction mechanism. This introduces extra 

terms into the equation relating threading dislocation density to layer 

thickness which led to an improvement in f i t for high misfit systems. There 

89 



was little effect on the data which could be well described by only the binarv 
recombination mechanism. 

The new geometrical model which was developed in Section 5.4.2 and 

discussed in Section 5.4.3 was found to approximate to the relationship 

predicted by Ayers et al. and Kroemer et al.; that is that threading 

dislocation density is inversely proportional to layer thickness. The man\ 

approximations made in developing the new model leads to a large 

discrepancy between the theoretical value of the constant of proportionaliix 

and that which is found experimentally. 

It has not been possible to test exhaustively each model reviewed in this 
chapter. What is apparent, however, is that each model has a series of 
conditions which must be met for the model to be applicable. This limited 
study suggests that the models by Tatsuoka et al.^, Durose and Tatsuoka^ and 
Tachikawa and Yamaguchi"^^ are the most suitable to be applied to the 
CdTe/GaAs heteroepitaxial system which is the major subject of this thesis. 

The observation that quite different approaches can predict the same 

relationship between two parameters demonstrates the great care which 

must be taken when f i t t ing data to model expressions. It is the expression 

which is being f i t ted to a particular set of data, not the model itself. The 

observation that a particular set of data may be accurately described by a 

given equation does not in itself mean that the model from which the 

expression was derived is the correct mechanism for strain relief or 

threading dislocation density reduction. 
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CHAPTER 6 

Depth Resolved Studies of Epitaxial CdTe/GaAs and 
ZnTe/GaAs 

6.1 In troduct ion 

The v a r i a t i o n i n the character is t ics of an epi taxia l l a \ e r wi th l u \ c r 

thickness have been observed to occur i n both low and high misf i t systems. 

Var ia t ions i n the electr ical propert ies of CdTe/lnSb epilayers have been 

s tudied by Ashenfo rd et al .^ who f o u n d a reduct ion in carrier densities i n 

the region closest to the substrate. Kudlek et al.^ observed a gradient in the 

density of acceptor sites i n ZnTe/GaAs layers as a result of out-diffusion of As 

f r o m the substrate. Structural changes w i t h layer thickness are a common 

f i n d i n g of HRXRD studies and variat ions i n s t ra in and dislocation densit\ 

w i t h thickness have been r epor t ed f o r many magnitudes o f mi s f i t as is 

apparent f r o m the data discussed in Chapter 5. 

The a im of this chapter is to present dep th resolved data concerning the 

s t ructura l qual i ty of CdTe/GaAs and ZnTe/GaAs epilayers, the study has been 

under taken using a var ie ty o f experimental methods. The opening section 

serves to c o n f i r m work by other authors that, f o r h igh ly mismatched layers, 

the m a j o r c o n t r i b u t i o n to HRXRD rocking curve broadening comes f r o m 

mosaic t i l ts . HRXRD studies carried out on CdTe/GaAs epilayers as a func t ion 

o f thickness and X-ray wavelength are presented i n Sections 6.3 and 6.4 

respec t ive ly . A b r i e f p resen ta t ion o f the changing character o f the 

photoluminescence spectrum of CdTe/GaAs layers w i t h thickness is given i n 

Section 6.5 and compared to the d is locat ion d i s t r i b u t i o n described in 

Sect ion 6.3. F ina l ly , the v a r i a t i o n of FWHM w i t h layer thickness is 

invesdgated fo r a single ZnTe/GaAs layer i n Section 6.6 and a comparison of 

the f indings w i t h those fo r CdTe/GaAs is also made. 



6.2 Tr ip l e Axis X-ray Diffract ion of C d T e / G a A s 

The cont r ibut ions of mosaic ti l ts and variations i n lattice parameter (lattice 

d i la ta t ions) to X-ray rocking curve widths can be separated by the use of 

t r i p l e axis d i f f r a c t i o n (see Section 4.2.3). The use o f bo th a channel cut 

co l l imator (CCC) crystal and a channel cut analyser (CCA) crystal results i n 

s ign i f i can t a t t enua t ion o f the X-ray beam but can be tolerated fo r ihe 

intense, na r row d i f f r a c t i o n peaks o f near perfect semiconductor crystals 

such as Si and III -V compounds. This is not the case fo r highly dislocated 

crys ta ls such as ep i t ax ia l CdTe/GaAs w h i c h contains a h igh defect 

concentrat ion due to the large lattice mismatch of 14.6%. The HRXRD rocking 

curves of such layers are broad and weak i n intensi ty and the intensity of 

radia t ion reaching the detector after up to nine Bragg reflections is so low as 

to be almost indis t inguishable f r o m background radiat ion. In cases such as 

this , a compromise must be reached wh ich allows a detectable level o f 

rad ia t ion to f a l l on the detector whilst s t i l l retaining much of the advantages 

o f t r i p l e axis d i f f r a c t i o n . Hudson^ inves t iga ted d is loca ted ep i t ax ia l 

Hg( i -x )MnxTe / GaAs in t r ip le axis mode by removing the CCC and replacing it 

w i t h a p i n hole col l imator . The result ing increase i n intensi ty s t r ik ing the 

sample al lowed meaningfu l detection of scattered radia t ion as a func t ion of 

angle using a CCA, al though a beam condit ioner "streak" was introduced. The 

r emova l o f the CCC ser iously d is rupts the a l ignment of an opt imised 

d i f f rac tomete r and an alternative method is desirable. In the study presented 

i n the f o l l o w i n g section, an a l ternat ive method of increasing d i f f r a c t e d 

i n t e n s i t y was e m p l o y e d w h i c h d i d not i n t e r f e r e w i t h d i f f r a c t o m e t e r 

alignment, but which d i d result i n a loss of resolution. 

6 .2 .1 Exper imenta l Details 

Trip le axis X-ray d i f f r a c t i o n was described in Section 4.2.3. In this section the 

specific experimental conditions employed in this study are described. 

The t r iple axis data presented in this study were collected wi th a Bede Direct 

Drive Dif f rac tometer (D3) system. The incident beam was collimated by a two 

reflect ion Si 022 CCC. A second CCC (also a two reflection Si 022 channel) was 
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mounted on the f i r s t axis to monochromate the beam (the CuKai line was 

selected). A f t e r these f o u r reflect ions the angular divergence of the beam 

was approximately 12" and the wavelength dispersion was AA,/A,= 1.3xlO"4. 

The samples were mounted on the second axis as i l lustrated in f igure 6.1 w i t h 

i n d e x i n g a c c o r d i n g to the European and Japanese wafer l abe l l i ng 

convent ion . The beam d i rec t ion projected onto the [100] direct ion and t i l t 

op t imi sa t ion of the sample (001) planes was carr ied out as described in 

Section 4.2.2.2. The axis o f ro ta t ion of the second axis was aligned wi th the 

sample surface to ensure that the incident beam d id not traverse the sample 

on ro ta t ion . The samples were oriented at the Bragg angle fo r 004 reflect ion 

o f C u K a i r ad i a t i on . The two samples invest igated b\- t r ip le axis X-ray 

d i f f r a c t i o n were 8.7 and 4.3 |J.m thick, as calculated f r o m FTIR fr inge spacing 

(Section 4.4.1). 

In h igh resolut ion mode a CCC is used to select d i f f r a c t e d intensi ty as a 

f u n c t i o n o f angle bu t this results i n severe a t tenuat ion o f the beam as 

o u t l i n e d in the previous section. Two sets of paral lel slits 1mm wide were 

placed between the specimen and the detector, the f i r s t at a distance of 

186mm f r o m the centre o f the second axis and the second at a distance of 

S l O m m " ^ . The detector was then displaced f r o m its central posi t ion to 

e f fec t ive ly reduce the second slit to a w i d t h of 0 .6mm as i l lus t ra ted i n 

f igu re 6.2. In this way the detector is no longer "open" as is the case f o r 

HRXRD, but has a l i m i t e d acceptance angle dependent on the distance 

between the second slit and the specimen. In this case the acceptance angle 

of the detector is 400" which is much greater than the 7" achieved wi th a Si 

111 CCC analyser. The large acceptance angle means that a 0 /26 scan wi l l 

resu l t i n la t t ice d i l a t a t ions and to a much lesser extent mosaic t i l t s 

c o n t r i b u t i n g to the rock ing curve w i d t h . The a im of this study was to 

de te rmine whether lat t ice d i la ta t ions or mosaic t i l t s were the dominant 

f a c t o r i n b roaden ing HRXRD rock ing curves. The loss of resolut ion is 

acceptable, therefore, since h igh resolution reciprocal space mapping is not 

an aim of the study. 
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Figure 6.1 I l lustrat ion of the orientation of sample mounting for XRD 
measurements carried out in Chapter 6 on CdTe/GaAs epilayers. The wafer 
indexing is according to the European and Japanese convention. The beam 
direct ion projects onto [100]. 
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6.2.2 Results a n d Discuss ion 

Figure 6.3 shows a single HRXRD scan wi th an open detector (broadening due 

to bo th t i l ts and dilatat ions) compared wi th a 6 /26 scan (broadening due to 

dilatat ions only, i n the ideal case) fo r an 8.7| im thick layer of CdTe/GaAs. The 

f u l l w i d t h at half max imum (FWHM or (3) is 300 arcseconds fo r contributions 

f r o m lat t ice t i l ts and di la tat ions and 95 arcseconds fo r a 6 / 2 6 scan w i t h 

reduced acceptance angle o f detector. It is clear that a significant amount of 

the broadening o f the HRXRD rocking curve is due to ti l ts, which do not 

contr ibute to such a great extent in a 6 /26 scan. A reciprocal space map (see 

Section 4.2.3.2) is shown fo r a 4.3 | i m layer in f igure 6.4. The axes are of the 

same scale and the isointensity contours shown are f o r the logari thm of the 

d i f f r a c t e d in t ens i ty . The compar i son of the "sharpness" of the Bragg 

d i f f r a c t i o n peak should be judged according to the spacing o f the contours 

ra ther than the extent of the f i n a l contour due to the nature of logari thmic 

p lo t t i ng . It can be seen f r o m f igure 6.4 that the spacing of the contours i n 

the A(.Xz d i r e c t i o n ( lat t ice d i la ta t ions) is much closer than i n the AQ.y 

d i r ec t i on ( t i l t s ) , again this shows that the t i l t d i s t r i bu t ion is considerably 

broader than that o f the lattice di la ta t ion d is t r ibut ion . A conventional HRXRD 

scan w i t h an open detector corresponds to a scan along the AQy di rec t ion 

(constant detector pos i t ion) w i t h in tens i ty being integrated along a l ine 

inc l ined at the Bragg angle to the AQ.y axis^. The " ta i l " on the lower r ight 

hand side o f the Bragg peak is termed an "analyser streak" and would be 

greatly reduced i f an analyser crystal rather than slits was used^. 

Similar investigations have been carr ied out by Keir et a l . ' on 4.4 | im thick 

CdTe b u f f e r layers grown on GaAs by MOVPE. They f o u n d that samples w i t h 

HRXRD rocking curve widths of 289" and 612" gave widths of 40" and 44" 

respec t ive ly i n 6 / 2 6 scan mode. Hudson-^ investigated a 7 f i m th i ck 

H g ( i - x ) M n x T e layer grown on a Cdo.96Zno.04 fe substrate and recorded a 

FWHM of 68" fo r a 6 / 2 6 scan compared to 207" f o r a 6 only scan ( f ixed 

detector pos i t ion w i t h acceptance angle determined b\ setting of analyser 

crystal , broadening in this case is due to ti l ts only) . It should be noted that 

Hudson used a channel cut analyser and Keir et al. used a high quali ty Si 

crys ta l to select the d i f f r a c t e d beam angle reaching the detector, bo th 
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Figure 6.3 Demonstration of the contribution to HRXRD rocking curve broadening due to 
subgrain (mosaic) tilts. Conventional HRXRD scan broadening includes contributions due to both 
tilts and lattice dilatations. The sample is (001)CdTe/GaAs and is 8.7|am thick. The 0/29 scan was 
conducted with a 0.6mm slit reducing the acceptance angle of the detector to 400", broadening for 
this case is due mainly to lattice dilatations, although tilts contribute to a small degree. 
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Figure 6.4 Reciprocal space plot of the scatter around the (004) reciprocal 

lat t ice po in t o f a 4.3p.m layer of (001 )CdTe/GaAs. Spacing of the contours 

indicates the sharpness of the peak. Broadening in the AQz direction is due to 

la t t ice d i la ta t ions (and t i l t s to a lesser extent) . Broadening in the AQ;' 

d i rect ion is due to mosaic tilts ( and lattice dilatations to a lesser extent). 



methods giving a f a r greater angle specif ici ty than the narrow slit geometry 

used i n the present study. 

From this s tudy and comparison w i t h work by other authors, i t is clear that 

there is a greater con t r ibu t ion to the w i d t h of a conventional HRXRD rocking 

curve f r o m mosaic t i l ts than f r o m lattice dilatations. The l imitat ions of using 

shie ld ing slits instead of an analyser crystal means that the w i d t h of the 

6 / 2 6 scan shown i n f i gu re 6.3 s t i l l contains contr ibut ions f r o m t i l ts . The 

acceptance angle of the detector i n this study has been estimated to be about 

400" compared to an acceptance angle of 7" fo r a Si 111 channel cut analyser 

crystal . W i t h this i n m i n d , i t is reasonable to suppose that i f i t were possible 

to under take an inves t iga t ion o f these h i g h l y defective layers using an 

analyser crystal, then the w i d t h of the 6/26 scan thus recorded would not be 

s i g n i f i c a n t l y b roade r t h a n the i n t r i n s i c w i d t h (16" by d y n a m i c a l 

s imu la t i on ) . 

I t is proposed that to a reasonable approximat ion , the FWHM of a HRXRD 

rock ing curve is due to t i l t s . In al l calculations of dislocation density using 

the re la t ionship by Gay et a l .^ , i t w i l l be assumed that broadening is due 

to t a l l y to t i l t s once the effects of ins t rumenta l broadening and in t r ins ic 

rocking curve w i d t h have been taken in to account. 

6.3 C o n v e n t i o n a l High Resolut ion X - r a y Di f f rac t ion of Epi tax ia l 

C d T e / G a A s 

6.3.1 Exper imenta l Detai ls 

High Resolution X-ray D i f f r a c t i o n (HRXRD) was described in Section 4.2.2. In 

this section the specific experimental condit ions employed in this study are 

described, together w i t h the condit ions fo r etching CdTe i n order to obtain 

dep th resolved i n f o r m a t i o n . 

HRXRD rocking curves were recorded on a Bede Model 150 Diff ractometer 

using C o K a i radia t ion, the Ka2 component being removed by a slit placed 

between the reference and specimen crystals. The symmetr ic 004 CdTe 
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re f lec t ion was used in the non-dispersive setting w i t h an InSb (001) crystal 

as reference. From Section 4.2.2.2, the broadening effect of the difference in 

lat t ice parameter o f reference and layer is reduced by 8" when using an 

InSb reference crystal rather than the more common GaAs reference. This is 

assuming that the f r ac t iona l spread i n wavelength of the X-rays reaching 

the specimen is 2.6x10"^, the intr insic w id th of the K a i Une^. A beam size of 

2 .5mmx0 .3mm was used, w i t h the incident beam project ing onto [iOO] as 

shown i n f igure 6 .1 , t i l t opt imisa t ion of the sample (001) planes was carried 

out as described i n Section 4.2.2.2. 

The rocking curves of f ive MOVPE grown (001) CdTe/GaAs layers of thickness 

25, 8.7, 4.3, 0.6 and 0.3 | i m were recorded. The layer thicknesses were 

ca l cu l a t ed a c c o r d i n g to Sect ion 4 . 4 . 1 , g r o w t h detai ls are given i n 

Section 3.3.3.1. A p r o f i l e of FWHM as a f u n c t i o n of depth i n a layer was 

ob ta ined f r o m HRXRD rock ing curves recorded af ter progressive etching 

w i t h a 3%bromine i n 1:1 e thylene g l y c o l / m e t h a n o l so lu t ion . Lacomit 

varnish was used to mask one region of the sample while the rest was etched. 

The etch dep th was measured af ter removal of the mask using a Tencor 

alpha-step 200. Etching was carr ied out at temperatures of between 17 and 

2rC. Great care was taken to record rocking curves f r o m the same posit ion 

on the sample af ter each etch. 

Errors i n FWHM were calculated assuming a Gaussian dis t r ibut ion of tilts and 

that the er ror i n the intensi ty recorded at any angular posit ion is V N where 

N is the in tens i ty i n counts per second. The uncertainty is small fo r al l but 

the broadest and lowest intensi ty peaks. Uncertainties i n layer thickness for 

the f i v e as-grown samples were es t imated f r o m the unce r t a in ty i n 

measuring the spacing of fr inges i n the FTIR transmission spectra and f r o m 

the thickness inhomogenei ty of the samples (Section 3.4.2); the uncertainty 

is again small . The uncertainties f o r the etched layers are much greater due 

to n o n - u n i f o r m etching (despite the use o f an etch solut ion containing 

eth34ene g lycol to increase the etch viscosity and approach a d i f f u s i o n 

l i m i t e d etch react ion) . Etch depth was recorded fo r three positions on the 

sample and the range of values was taken as the uncertainty. 
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6.3.2 Results and Discuss ion 

The 004 peak widths of rocking curves recorded af ter repeated etching are 

p lo t t ed w i t h respect to distance f r o m the CdTe/GaAs interface, f r o m now on 

cal led thickness, i n f igure 6.5. For comparison, the FWHM of a series of 

(001)CdTe/GaAs layers grown by hot wal l epitaxy (HWE)^ are also plotted. The 

effects o f exper imenta l b roaden ing and in t r ins i c w i d t h have not been 

removed f r o m the FWHM values f o r either set of data. 

The wid ths o f the rocking curves decrease w i t h increasing thickness f o r 

layers g rown by b o t h MOVPE and HWE. The most r ap id decrease occurs 

d u r i n g the f i r s t two microns of growth; the rate o f decrease slows as the 

layer thickens bu t a constant value of FWHM is not reached even at a 

thickness of 25|Lim. The layers grown by HWE have narrower rocking curves 

than a layer o f the same thickness grown by MOVPE. The difference between 

HWE and MOVPE is less s ignif icant f o r th ick layers than fo r t h i n ones. A 

c o m p a r i s o n o f FWHM f o r t h i c k (001)CdTe/GaAs g r o w n by MOVPE, 

convent ional HWE and HWE using a gold tube radiadon shield is shown in 

table 6.1. 

Growth method Source of data FWHM/arcseconds Thickness / | im 

MOVPE Present work 122 25 

MOVPE I rv ine et al.-*^^ 137 11.7 

HWE Tatsuoka et al.^ 145 15 

HWE gold tube 

rad ia t ion shield 

Hwang et a l .^^ 89 15 

Table 6.1 Comparison of HRXRD FWHM fo r thick CdTe/GaAs epilayers grown 

by three d i f f e r e n t techniques. The effects o f ins t rumenta l broadening and 

i n t r i n s i c w i d t h have no t been accounted f o r . The choice o f r ad ia t ion 

wavelength and reference crystal are not the same for al l measurements; 

the table is f o r approximate comparison only. 
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One of the major differences between HWE and other vapour growth 
techniques is that growth proceeds in thermodynamic equilibrium, a 
detailed review by Lopez-Otero can be found in reference 12. In HWE, 
polycrystalline CdTe is used as the source material at one end of a quartz tube 
while the substrate is placed on the open end of the tube. Resistance 
windings heat the source, the 'hot' wall of the tube and the substrate 
independently. The hot wall maintains the vaporised source atoms at 
constant thermal equ i l i b r ium as the layer grows. In contrast, 
thermodynamic equilibrium is not maintained above a layer growing by 
MOVPE. The comparison of growth by these two methods suggests that the 
layers grown by MOVPE are not as relaxed and that a process which 
encourages movement towards equilibrium relaxation, such as annealing, 
may improve the layer quality. The observation that the difference between 
HWE and MOVPE layers is less for thicker layers may be due to movement 
towards equil ibrium during growth, the thicker layers having a longer 
growth time. 

The choice of CdTe buffer layer thickness for the subsequent growth of 
CdxHg(i-x)Te (GMT) by MOVPE has increased in recent years. From 1989 
buffer layers were typically 3-4|im thick^'^^"^^, now buffer layers 6|J.m 
t h i c k a r e routinely grown. From the present study it is estimated that 
FWHM reduces f rom 520" to 350" as buffer layer thickness increases from 
4|j.m to 6|im, a further reduction to 300" is expected on increasing to 8|im. 
Recent work by Nishino et al.-'^^ found that the minimum etch pit 
density (EPD) was obtained when the CdTe buffer layer and CMT layer were 
both at least 8|J.m thick, Uttle reduction in EPD was obserx'ed for buffer layers 
thicker than 8|J.m. The choice of buffer layer thickness depends not only on 
the crystallographic quality but also on the surface morphology which 
worsens with increasing thickness. There is a trade off between the desire 
for good quality material and uniform morphology. The variation in surface 
morphology with layer thickness has been demonstrated in Section 3.3.3. 

A comparison between the FWHM of the etched thick layer and those of the 

five layers of different thicknesses is made in figure 6.6. The FWHM of the 

series of five layers follows the same trend with thickness as the repeatedly 
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Figure 6.5 Comparison of HRXRD FWHM versus thickness for a 25|j.m CdTe/GaAs layer grown 

by MOVPE, which has been repeatedly etched and remeasured, and for a series of seven 

CdTe/GaAs layers grown by HWE, data from Tatsuoka et al.^. 
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Figure 6.6 Comparison of HRXRD FWHM versus thickness for a 25\im MOVPE grown 

(001)CdTe/GaAs layer, which has been repeatedly etched and remeasured, and for a series of five 

layers grown to different thicknesses. 



etched sample. The FWHM of the 8.7 and 4 .3 | im layers appear to be slightly 

greater than f o r a th i ck layer that has been etched back to these two 

respective thicknesses. The difference is very small and care must be taken 

i n d r a w i n g any conclusions. I t shou ld be men t ioned however, that i f 

movement towards e q u i l i b r i u m strain d i s t r i bu t i on occurs dur ing extended 

growth as suggested i n the discussion of MOVPE and HWE, then a layer grown 

to say 4) im would be expected to be of poorer s t ructural quality than the f i rs t 

4 | l m of a layer w h i c h has been g rown to ZSjiim. The difference is small, 

however, and suggests that i f post-growth annealing is to be successful f o r 

CdTe/GaAs grown by MOVPE, then annealing temperatures greater than the 

g rowth temperature w i l l be required, this is investigated i n Section 8.1. 

The FWHM values presented i n f igure 6.5 were used to estimate the threading 

d i s loca t i on dens i ty as a f u n c t i o n of layer thickness. The me thod of 

ca lcula t ing threading dis locat ion densi ty f r o m values of FWHM using the 

relat ionship by Gay et al.^ (equation 6.1) was out l ined i n Section 4.2.2.3 and 

Chapter 5. Again i t was assumed that a threading dislocation has the same 

Burgers vector t i l t component as a 60° mis f i t dislocation (see Section 2.2.2). B 

was taken to be the in t r ins i c w i d t h of a rock ing curve as predic ted by 

dynamical s imula t ion using the software program RADS (available f r o m Bede 

Scientif ic Ins t ruments Ltd . ) ; experimental broadening was neglected since 

the apparatus was operat ing i n non-dispersive mode w i t h an almost lattice 

ma tched reference crys ta l . I t was shown f r o m t r i p l e axis experiments 

(Section 6.2) that the HRXRD FWHM may be assumed to be totally due to tilts, 

w i t h no c o n t r i b u t i o n f r o m lat t ice di la ta t ions , in t r ins ic and experimental 

broadening having been removed. 

0=-̂ ^ r — - equation 6.1 

The s tudy of models w h i c h predic t the re la t ionship between threading 

dis locat ion density and layer thickness, wh ich was presented i n Chapter 5, 

suggested that the relationships predicted by Durose and Tatsuoka^^ and by 

Tachikawa and Yamaguchi^^ were the most l ike ly to be applicable to the 

h i g h m i s f i t system o f CdTe/GaAs. It is expected that the model by 

102 



Ayers et a l . ^^ which predicts that threading dislocation density is inversely 

p ropor t iona l to thickness w i l l not be fo l lowed. Figure 6.7 shows best f i t lines 

f o r relationships predicted by Ayers et al.'^^, Durose and Tatsuoka^^ and by 

Tachikawa and Yamaguchi^^. A l l three lines are plot ted using the same axes 

so that the variance of each f i t may be meaningful ly compared to the others. 

Note that D(oo) was taken to be G.SxlO^cm"^ and best f i ts for the models by 

Ayers et al. and by Tachikawa and Yamaguchi were obtained indiv idua l ly , 

before being rep lo t ted on the axes requi red by the Durose and Tatsuoka 

model . The poin t f o r the 25)lm layer was excluded f r o m the calculation of best 

f i t f o r the model by Durose and Tatsuoka but was included i n the best f i t 

calculations o f the other two models. The data poin t f o r the 25 | im layer was 

omi t t ed f r o m the f i t to the Durose and Tatsuoka model since, in the absence of 

other layers o f such large thickness, i t was not clear whether layers deviate 

f r o m the model as their densities approach the order of D(°o). The best f i t line 

f o r the Ayers p lo t was obtained by f i t t i n g equation 6.2 rather than equation 

6.3 since a s t ra ight Une passing th rough the o r i g i n could not be drawn 

th rough more than two of the data points. The variances of the best f i ts fo r 

the three models are compared i n table 6.2. 

D = — +b where a and b are constants equation 6.2 
h 

where a is a constant equation 6.3 

Model Half-loop model Strain re l ief by 

t h r ead ing 

dislocations 

'Bimolecular' and 

'Unimolecular ' 

a n n i h i l a t i o n 

Reference Ayers et al.^*-* 

modified-see 

equations 6.2 and 6.3 

Durose and 

Tatsuoka^^ 

Tachikawa and 

Yamaguchi 

V a r i a n c e / 
( ln [cm-2] )2 

3.9 0.5 0.8 

Table 6.2 Comparison of the variance of best f i t lines fo r three models 

reviewed i n Chapter 5. 
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Figure 6.7 Dislocation density data calculated from DCXRD FWHM versus thickness for 25|Jjn a 

(001)CdTe/GaAs epilayer which has been repeatedly etched and remeasured. Comparison of best 

fit lines for relationships predicted by Ayers et al.̂ " (half-loop model), Durose and Tasuoka'* 

(strain relief by threading dislocations) and by Tachikawa and Yamaguchi'' ('unimolecular' and 

'bimolecular' annihilation mechanisms), D(oo)=6.5xl0^cm"^. Note that the agreement with Ayers' 

expression (equation 6.3) is very poor and a modified expression ( equation 6.2) has been used in 

this graph. 



As was predicted f r o m the review in Chapter 5, the best f i t lines are indeed 

obtained f o r the relationships by Durose and Tatsuoka and by Tachikawa and 

Yamaguchi . The data does no t show an inverse re la t ionship between 

thickness and threading dislocation density as was predicted by Ayers et al. 

6.4 S y n c h r o t r o n High Resolut ion X-ray Di f fract ion 

6.4.1 In troduct ion 

The HRXRD experiments presented i n Sections 6.2 and 6.3 were carried out at 

a f i x e d wavelength w h i c h was determined by the X-ray source tube. The 

t r i p l e axis investigations of Section 6.2 were carried out using the C u K a i 

l ine, whi le the HRXRD studies of Section 6.3 used the CoKai line. Synchrotron 

r ad ia t ion is a source of whi te X-rays and a par t icular wavelength may be 

selected by the use o f a monochromator crystal . In this section a series of 

HRXRD experiments carr ied out at d i f f e ren t wavelengths are presented, the 

dep th penet ra t ion propert ies o f X-rays are reviewed and the experimental 

condit ions used i n the study summarised. 

6.4.2 Depth Penetration of X-rays 

When X-rays encounter any f o r m of matter, they are par t ly transmitted and 

pa r t ly absorbed. The f rac t ional decrease i n the intensity, I , of an X-ray beam 

as i t passes th rough a homogeneous substance is proport ional to the distance 

t raversed, x , ^ ^ ' ^ ^ . The d i f f e r e n t i a l f o r m of this relat ionship is given i n 

equat ion 6.4 and on in tegra t ion gives equation 6.5 where [L is the linear 

absorpt ion coeff ic ient of the material , 1(0) is the incident intensity and l(x) 

is the intensi ty af ter passing th rough a thickness x o f material . 

•y^ = -[idx equation 6.4 

I(x) = 1(0) exp[-^ix] equation 6.5 
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|j. is p ropor t iona l to density p, therefore the quant i ty | i /p is a constant fo r a 

g iven element and is cal led the mass absorp t ion coeff ic ient . The mass 

absorpt ion coeff ic ient of a compound is s imply the weighted average of the 

mass absorpt ion coefficients of its constituent elements. If wi ,w2 etc. are the 

weight f rac t ions o f elements 1, 2, etc. i n the compound and ( | i /p ) i , ()J./p)2 

etc. are the i r mass absorp t ion coeff icients , the expression f o r the mass 

absorp t ion coeff ic ient of the compound is given i n equation 6.6. The mass 

abso rp t ion coe f f i c i en t is also dependent on wavelength as indicated i n 

equa t ion 6.6. Equat ion 6.5 can then be re -wr i t t en i n terms of the mass 

absorpt ion coeff icient and density of the compound (equation 6.7). 

n 

I(x) = I(C^ expi 

equation 6.6 

1̂ PcpdX 
vP Jcpd, X 

equation 6.7 

The values o f mass absorption coefficient fo r the elements are only tabulated 

f o r wavelengths corresponding to the characteristic lines of commonly used 

X-ray sources. Since whi te beam rad ia t ion is used in this experiment, the 

mass absorpt ion coeff ic ient o f CdTe, calculated f r o m equation 6.6 fo r the 

wavelengths tabula ted i n the In te rna t iona l Tables o f Crystallography^-^, 

must be extrapolated to ob ta in values of (( i . /p)cpd f o r non-characteristic 

wavelengths. Extrapolat ion i n this manner is v a l i d on ly i f carried out away 

f r o m the absorp t ion edges o f Cd and Te. Figure 6.8 shows the f i t o f a 

po lynomia l of order 5 to ( | i /p )cpd f o r CdTe calculated f r o m equation 6.6. The 

absorption edges o f Cd and Te occur at 0.464A and 0.390 A for the K absorption 

edge, and at 3.503A and 2.855A f o r the L absorpt ion edge respectively^-^. 

Wavelengths i n the range 0.69 -> 1.95A are used i n the present work; no 

absorpt ion edge occurs i n this range. 

I f an X-ray beam is considered to undergo Bragg re f lec t ion as shown i n 

f igure 6.9, where 6 is the Bragg angle of the d i f f r ac t ing planes, and co is the 

angle of o f f c u t of the substrate about an axis perpendicular to the plane of 
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Figure 6.8 Mass absorpt ion coefficient of CdTe as a func t ion of wavelength. 

The curve shown is a po lynomia l of order 5. The curve f i t may be used to 

determine mass absorption coefficients f o r nontabulated wavelengths in the 

region between the two clusters of points. No absorption edges occur i n this 

region. The behaviour o f the po lynomia l curve at low wavelength is an 

artefact of the po lynomia l and does not describe the relationship between 

mass absorption coeff ic ient and wavelength. The equation of the polynomial 

is: 

(^/p)cpd = 59 - 345 X+ 774X^ - 71&A+ 3&0)^-73X^ cm^g-l 
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the f igure , then equation 6.7 may be expressed as given in equations 6.8 and 

6.9. 

l(x) = m exp pcpd (y + z) 
ycpd, X 

equation 6.8 

In I(x) 
1(0) P Jcp4 X 

Pcpd h 
2sin9 cos CO 

sin(e-co)sin(0 + co) 
equation 6.9 

For a given f rac t iona l reduct ion i n intensi ty [ l ( x ) / I ( 0 ) ] , the depth to which 

X-rays w i l l penetrate i n order to be attenuated by the given amount, w i l l be 

dependent on wavelength since {\i/p)cpd varies w i t h wavelength. Selection 

o f a long wavelength wh ich undergoes strong at tenuation w i l l give a more 

surface sensitive measurement than a short wavelength which has a smaller 

mass a t t enua t i on coe f f i c i en t and thus penetrates f u r t h e r f o r a given 

f r ac t iona l reduc t ion i n in tensi ty . 

6.4.3 Exper imenta l Details 

The exper imenta l c o n f i g u r a t i o n used i n this s tudy is i l lus t ra ted in f igure 

6.10. The main d i f ference between this arrangement and that described in 

Section 4.2.2 and used in other HRXRD experiments reported i n this chapter, 

is that the Si (111) reference crystal no longer d i f f rac t s only one intense 

wave l eng th (such as C u K a i o r C o K a i ) b u t a l l wavelengths sa t i s fy ing 

equat ion 6.10. The wavelength whose d i f f r a c t i o n contributes to the recorded 

rock ing curve is selected by sett ing the specimen at the Bragg angle fo r 

(004) d i f f r a c t i o n . 

n>. = 2dsin0p equation 6.10 

The angular pos i t ion of the S i ( l l l ) s t ra in rel ieved reference crystal was 

ca l ibra ted using the K absorpt ion edge of Z i rcon ium (Zr) which occurs at 

0.6887A. The accuracy w i t h which this can be set is estimated to be 1'. Other 

wavelengths were selected by ro ta t ing the f i r s t a.xis f r o m this cal ibrated 
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posi t ion using a vernier scale; the extra uncertainty of this procedure being 

estimated to be 1'. The uncer ta inty i n setting the wavelength to contribute to 

the HRXRD rocking curve is calculated f r o m the propagation of uncertainty 

i n 0B f r o m equation 6.10. The wavelengths selected in this investigation are 

l is ted i n table 6.3 together w i t h the Si re f lec t ion used, the uncertainty i n 

w a v e l e n g t h a n d the l i nea r a b s o r p t i o n c o e f f i c i e n t o f CdTe at each 

w a v e l e n g t h . 

Wavelength X / k Si r e f l ec t ion h k l X unce r t a in ty /A (|l/p) p / | i m - i 

0.69 333 0.06 0.017 

0.85 333 0.03 0.030 

1.25 333 0.04 0.082 

1.95 111 0.16 0.258 

Table 6.3 Summary o f the wavelengths selected using Si (111) reference 

crystal , the re f lec t ion used to select the wavelength and the uncertainty i n 

selecting the wavelength. The l inear at tenuation coefficient of CdTe at each 

o f the wavelengths is also given, having been calculated f r o m equation 6.6 

f r o m the mass attenuation coefficients of Cd and Te^^ and the density of CdTe. 

The density of CdTe was taken to be 5.856 gcm"^ as given i n the table of X-ray 

density, reference 24. This value was conf i rmed f o r single crystal CdTe f r o m 

the atomic masses of Cd and Te^^ and the lattice parameter of CdTe at room 

temperature^^. 

The beam reaching the sample was 0 .5mmx3.5mm i n size and projected onto 

the [100] d i rec t ion as shown i n f igure 6 .1 . The sample investigated was the 

2 5 | i m th ick (001)CdTe/GaAs epitaxial layer of figures 6.5 and 6.6. Although 

the f i r s t a.\is was t i l t opt imised, the poor alignment equipment on Station 7.6 

at Daresbury Laboratory d i d not allow fo r the desired t i l t optimisation of the 

sample; the broadening effect of the misor ienta t ion of d i f f r ac t ing planes is 

described i n Section 4.2.2.2. The effect of this possible misorientation w i l l be 

the same fo r a l l scans and is expected to be small due to the narrow angular 

divergence of the synchro t ron source. 
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6.4.4 Results and Discuss ion 

The rock ing curves obtained f r o m the 25|J.m CdTe/GaAs layer at the four 

wavelengths g iven i n table 6.3 are shown i n f igure 6 .11 . The relative 

intensities of the peaks are a rb i t ra ry on the scale used. The curves are not as 

smooth as those recorded by convent ional methods owing to the larger 

i nc iden t beam size w h i c h was used i n this case (the inc ident beam was 

0 .5mmx3.5mm rather than 0 .3mmx2.5mm as used in Section 6.3). The use of a 

larger beam increases the chance o f sampl ing an area which is t i l t ed 

s igni f icant ly w i t h respect to the m a j o r i t y of the sample. The particular area 

sampled i n this exper iment was also invest igated by Double Axis X-ray 

Topography and was f o u n d to conta in regions of large misalignment ( f u l l 

analysis and discussion is given i n Section 7.2). 

I t has been stated by many authors^^'^^"•^^ that the mosaic t i l t d i s t r ibut ion 

wh ich contributes to rocking curve broadening is Gaussian i n nature. This is 

the expected d i s t r i bu t ion f o r t i l t ed grains r andomly oriented about a mean 

posi t ion . Curve f i t t i n g was carried out f o r the CdTe/GaAs layers examined i n 

Sections 6.2-6.5 and rock ing curves were f o u n d to be Gaussian when 

recorded w i t h small area inc iden t beams. In order to determine values of 

FWHM f o r the rock ing curves shown i n f i g u r e 6 .11 , Gaussian lineshapes 

were f i t t e d to the more u n i f o r m side of the curve. The FWHM of a Gaussian 

d i s t r i b u t i o n is re la ted to its s tandard devia t ion by the re la t ion given i n 

equation 6.11, where P is the FWHM and o the standard deviation. From these 

curve f i t s a 'best estimate' of the FWHM was obtained. The recorded FWHM of 

the curves inc lud ing 'shoulders' etc. were also evaluated and the differences 

between these values and the 'best f i t ' values were taken to be the 

uncertainties i n FWHM which are shown in figures 6.12 and 6.14. 

P = 2-\/21n2 a equation 6.11 

The re la t ionship between FWHM and the wavelength at which the rocking 

curve was recorded is bet ter seen i n f i gu re 6.12. It is noted that as 

wavelength increases the rock ing curve w i d t h recorded decreases. This is 
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Figure 6.11 HRXRD rocking curves recorded at four wavelengths for a 25̂ im layer of 
(001)CdTe/GaAs. The values of FWHM (P) are calculated from fitting Gaussian line shapes to the 
most uniform side of the curve. 
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Figure 6.12 HRXRD FWHM recorded at four wavelengths for the 25^m CdTe/GaAs layer of 
figures 6.5 and 6.6. Uncertainty in FWHM is the difference between Gaussian fit FWHM and that 
measured from figure 6.11 including 'shoulders'. Uncertainty in wavelength is determined by the 
accuracy of setting the Si(l 11) crystal and calibration using the Zr absorption edge, further details 
are given in the text. 



because the absorp t ion coef f ic ien t of CdTe increases w i t h wavelength, as 

i l lus t ra ted i n f igure 6.8; and penetrat ion, f o r a given reduct ion in intensity, 

decreases. Broadening o f rocking curves w i t h increasing penetrat ion of the 

p rob ing beam suggests that, w i t h i n a thick layer, there is an inhomogeneity 

i n mosaic t i l t d i s t r ibu t ion . This is very d i f fe ren t f r o m nearly lattice matched 

layers where re laxat ion is said to occur at the heterointerface w i t h the 

en t i r e layer being re laxed to the same extent ( this was discussed in 

comparing two strain relaxation models i n Section 5.2.3). 

I f a layer is considered to be made up of ind iv idua l monolayers (figure 6.13) 

each w i t h a Gaussian d i s t r ibu t ion o f t i l ts w i t h mean angular posit ion 0, then 

the con t r i bu t ion to the measured rocking curve f r o m a given monolayer is 

de te rmined solely by the at tenuat ion of the beam i n traversing the path yz. 

The in t ens i ty , le o f the d i f f r a c t e d beam at an angle 6 is given by the 

summat ion i n equat ion 6.12 where Ae;̂ , contains the structure factor and 

o ther d i f f r a c t i o n terms w h i c h a f fec t in tensi ty , Ngn is the number of t i l t 

domains at 0 i n the n t h layer and an is the standard deviat ion of the mosaic 

spread o f the n t h layer. Other parameters i n equation 6.12 are j i , the linear 

absorp t ion coef f ic ien t , h the perpendicular distance f r o m the surface to 

layer n, and 0B is the Bragg angle f o r the chosen wavelength. Note that the 

absorpt ion te rm (exponential term) is given fo r (0=0 i n equation 6.9. 

Ie = lAe^Ne„exp 
n=l 

0 - 0 exp[-2n(x)hcosec0B equation 6.12 

Equation 6.12 is Kinematical i n approach and does not take in to account 

e x t i n c t i o n or r e d i f f r a c t i o n . The c o n t r i b u t i o n f r o m each monolayer is 

dependent on the wavelength of the incident photons, thus equation 6.12 is 

d i f f e r e n t f o r each wavelength chosen, w i t h on ly Ngn, 0, On and h being 

independent of wavelength. Since only fou r wavelengths have been used in 

this study, a very large approximat ion would be required i n order to extract 

the value o f an at f o u r specific depths, h . The approximat ion would be such 

that equat ion 6.12 w o u l d need to be re -wr i t t en as a summat ion of four 

con t r ibu t ions f r o m layers several microns i n thickness (the depth to which 

an X-ray beam may penetrate whi l s t s t i l l g iv ing a s igni f icant d i f f r a c t e d 
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Figure 6.13 Schematic d iagram of the d iv is ion o f a layer in to monolayers 

each hav ing a Gaussian d i s t r i b u t i o n of subgrain t i l t s . Con t r ibu t ion to 

d i f f r a c t e d in tens i ty f r o m each monolayer depends on the at tenuation i n 

traversing a distance (y+z). Note that f o r a symmetric ref lect ion as shown in 

the f igure , y=z. 



in tens i ty ) . When this is compared to the actual thickness o f a monolayer 

(3.24A f o r (001) CdTe) i t is clear that this approximat ion is not val id . An 

add i t i ona l p rob lem is the complex i ty of the te rm AQX which , despite the 

synchro t ron source being plane polarised parallel to the sample surface, is 

s t i l l heavily wavelength and geometry dependent. 

A value of FWHM f o r the top surface of the 25}xm layer can be estimated f r o m 

the current data by extrapolat ion o f FWHM to in f in i t e absorption. The FWHM 

f r o m f igure 6.12 are p lo t t ed against the reciprocal of the linear absorption 

coefficients ( f r o m table 6.3) i n f igure 6.14. The uncertainties i n FWHM were 

calculated as described earlier, and the uncertainties i n | i were calculated 

f r o m the unce r t a in t i e s i n X ( t ab le 6 .3) , assuming the p o l y n o m i a l 

re la t ionship between ( | l / p ) c p d and X determined i n f igure 6.8. The value of 

FWHM f o r the surface layer of the 25\im CdTe/GaAs layer calculated f r o m 

f igure 6.14 is 170". This value is greater than the FWHM of 163" obtained fo r 

the same layer by convent ional HRXRD using C o K a i radiation(A,= 1.789A, 

| i = 0 . 2 1 | i m " l ) . In pr inc ip le , the FWHM representative of only the surface of 

the layer, shou ld be m u c h less than that ob ta ined f o r a beam wh ich 

penetrates i n t o the more dislocated region o f the layer. The discrepancy 

between the expected relative values and those obtained, is thought to arise 

f r o m the fact that the specimen could not be t i l t optimised, and hence every 

rock ing curve was broadened owing to the offset of the d i f f r ac t i ng planes. 

This w o u l d not be a p rob l em on a wel l equipped d i f f rac tometer and i t is 

expected that r epe t i t i on of this experiment at a synchrot ron station w i t h 

automated al ignment of specimen t i l t wou ld enable the surface FWHM to be 

obtained fo r a series of layers. 

When under tak ing any X-ray study, the effect of the penetrat ion of the X-

rays must be considered. The most commonly used X-ray tube is Copper 

( C u K a i X = 1 .54 lA)^ -^ ; this was the source used fo r data presented in 

Section 6.2. Data presented i n Sections 6.3, 6.6, 8.1.4.2 and 8.2.3 were collected 

using a Cobalt tube (CoKai ^=1.789A)23. For 95% attenuation [ l (x ) / l (0 ) = 0.05 

i n equation 6.9], the penetration depths h fo r 004 reflect ion of CdTe and GaAs 

wi th co=0 using C u K a i and C o K a i radiat ion are summarised in table 6.4. 
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Figure 6.14 HRXRD FWHM of a 25|.un thick (001)CdTe/GaAs epilayer recorded at four different 

wavelengths plotted against the reciprocal of linear absorption coefficient. Intercept with the 
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Source CuKai CoKai 

Wavelength / A 1.541 1.789 

Penetration depth in CdTe / |j.m 4.8 3.8 

Penetration depth in GaAs / |j,m 22 17 

Table 6.4 Comparison of penetration depths of Ka i lines of Cu and Co for 95% 
attenuation. The penetration depths have been calculated from equation 6.9. 
The linear attenuation coefficients of CdTe and GaAs were calculated from 
equation 6.6 f rom the mass attenuation coefficients of Cd, Te, Ga and Aŝ -̂  and 
the densities of CdTe (5.856gcm-3) and GaAs (5.316gcm-3), reference 24. The 
values were confirmed for single crystal CdTe and GaAs as described in the 
caption of table 6.3. 

It can be seen f rom table 6.4 that the penetration depth of X-rays is most 
significant for compounds composed of the lighter elements such as Ga and 
As. Investigation of Si, P, S, In, Ga, As and Se based compounds, all of which 
have atomic number less than 35, wil l include information from regions of 
the sample well away f rom the surface. Since the region near the interface 
is expected to be more dislocated than the surface region for mismatched 
layers, the FWHM of layers composed of the lighter elements will be greater 
for a given surface dislocation density than a layer composed of heavier 
elements. This should be borne in mind when using the formula of 
Gay et al.^ to calculate dislocation density from FWHM; the effect of X-ray 
penetration can give an overestimate of dislocation density, this is more 
significant for compounds of low average atomic mass (for fur ther 
discussion of the formula by Gay et al. see Section 4.2.2.3). CoKtti was 
selected for all the conventional HRXRD presented in this thesis since its 
long wavelength gives more surface sensitive information than the more 
commonly used CuKai radiation. 
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6.5 Photoluminescence of CdTe/GaAs 

6.5.1 Introduction 

Photoluminescence (PL) was described in Section 4.5, including the details of 
the experimental apparatus used in this study. Thickness dependence studies 
of the photoluminescence spectra of CdTe/GaAs layers have been carried out 
by a number of workers. Taguchi et al.^^ have studied MOVPE layers of 
thickness 0.22-3.5|J.m, 0.7-15|J,m layers grown by HWE have been studied by 
Tatsuoka et al.^ and layers of thickness 0.8-6.8|im grown by HWE with a gold 
tube radiation shield have been studied by Hwang et al .^^. The work 
presented in this section extends to thicker layers than those previousl}' 
reported, and shows the behaviour of the photoluminescence spectra of a 
wide range of thicknesses in both the exciton and donor acceptor pair 
regions. 

6.5.2 Results and Discussion 

Photoluminescence (PL) spectra of the five CdTe/GaAs layers investigated in 

Section 6.3 (of thickness 25, 8.7, 4.3, 0.6 and 0.32 \xm) were obtained at a 

temperature of 4.2K. The details of the experimental apparatus are described 

in Section 4.5. Spectra in the donor acceptor pair (DAP) region (8000-9000A) 

were recorded for all five layers and are shown in figure 6.15. Excitonic 

features (7750-7830A) were only visible for layers of thickness > 4.3|im as 

shown in figure 6.16. The increase in excitonic emission with increasing 

thickness is expected, given the accompanying reduction in dislocation 

density^'^^ (Section 6.3). 

While the DAP bands in the thinnest samples were broad and featureless, 

those f rom the thickest sample had structure. Two peaks in the DAP band of 

the 25|J.m layer are tentatively assigned to transitions involving As 

acceptors. These are an eA° (free electron to neutral acceptor) line at 

1.5152eV (8181A) and a donor acceptor transition at 1.5074eV (8223A); the 

donor involved in this transition has not been identified. These assignments 
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Figure 6.15 Photoluminescence spectra of CdTe/GaAs layers of different 

thicknesses. The spectra are of the donor acceptor pair region. 
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were made after comparison with those of Molva et al.^^. The two lines are 
replicated at intervals of 21meV (LO phonon replicas). 

The dominant feature of the exciton region is the A°X (recombination of an 
exciton bound to a neutral acceptor) transition at 1.5902eV (7795A), 
attributed to Cu by Francou et al.^^. Other features observed in the spectrum 
of the thickest layer and to a lesser extent in the two thinner layers are the 
free exciton line, X at 1.5963eV (7765A) and two peaks due to D°X 
(recombination of an exciton bound to a neutral donor) transitions at 
1.5943eV (7775A) and 1.5932eV (7780A). It is possible that Ga donors are 
present due to outdiffusion f rom the substrate (Chapter 1), however, the D°X 
peaks cannot be definitely assigned since most D°X peaks in CdTe overlap in 
this region^ ̂ . 

The FWHM of the A°X transition line (assigned to Cu) increases with 
decreasing layer thickness as is clear from figure 6.16. The FWHM of the A°X 
line is plotted against threading dislocation density (from Section 6.3) in 
figure 6.17. A high dislocation density may lead to a greater distribution of 
acceptor environments and hence a greater range of exciton binding 
energies, thus broadening the peak. An alternative explanation for the 
increase in FWHM with decreasing thickness is that the thinner layers are 
more strained than thicker ones, and the lines are broadened under the 
influence of this strain. This is expected to be a less significant effect for 
CdTe/GaAs, which displays a relatively slow reduction in strain with 
increasing thickness compared to lower misfit systems (illustrated in 
Section 5.2.2, figure 5.5). 

6.6 High Resolution X-ray Diffraction of ZnTe/GaAs 

6.6.1 Introduction 

The lattice parameters of ZnTe and GaAs are 6.1026A and 5.654A 

respectively^^, giving a misfit of 7.94% which is approximately half that 

between CdTe and GaAs (14.6%). ZnTe buffer layers have been used for the 

growth of CdTe on (OOl)GaAs to ensure (001) growth rather than (111)^^. 

113 



ZnTe is a popular buffer layer for ternary compounds containing Zn^"^, for 
example Brown et al.-^^ have investigated HgxZn(i-x)Te with a ZnTe buffer 
layer. ZnTe-CdTe strained layer superlattices grown on GaAs substrates by 
HWE-^^ and by MOVPE^'''-^^ have been investigated by a number of workers as 
a threading dislocation filter for the subsequent growth of CdxHg(i-x)Te or 
HgTe:ZnTe superlattices. 

In this section an alternative method for studying the thickness dependence 
of HRXRD FWHM is used. Instead of measuring the FWHM of a series of layers 
of different thickness or one thick layer repeatedly etched, one layer of 
(001)ZnTe/GaAs of non-uniform thickness was investigated. Thickness and 
FWHM were recorded over the inhomogeneous sample and analysed as for 
the data presented in Section 6.3. The advantage of this method is that the 
only variation in growth conditions between points is the growth rate; the 
substrate preparation, which has been shown to have a great effect on the 
structural perfection of the final layer^^, is the same for all recorded points. 

6.6.2 Experimental Details 

High Resolution X-ray rocking curves were recorded as a function of 
position across a single ZnTe/GaAs layer on a Bede Model 150 Diffractometer 
equipped wi th an automated XY scanning stage. The MOVPE growth 
conditions for (001) ZnTe/GaAs were given in Section 3.3.3.4. The symmetric 
004 ZnTe reflection was used in the non-dispersive setting with a GaAs 
reference crystal. From Section 4.2.2.2, the effect of the difference in lattice 
parameter between reference crystal and layer is to broaden all ZnTe 
rocking curves by 5", assuming a fractional spread in wavelength of 
2.6xl0"4, the intrinsic width of the K a i line^. CoKai radiation was used as in 
Section 6.3, the Ka2 component having been removed by a slit placed 
between the reference and specimen crystals. A beam size of 0.5mmx0.5mm 
was used, with the beam direction projecting onto [110], the orientation of 
the sample with respect to the incident beam is different to that assumed in 
Sections 6.2 and 6.3 due to the present substrate having zero offcut. Tilt 
optimisation of the sample (001) planes was carried out as described in 
Section 4.2.2.2. 
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The FWHM of HRXRD rocking curves over an area 12mmxl2mm were 

recorded, with points every 2mm in both the X and Y directions. The 

thickness of the layer at each point was determined from the integrated 

intensity of the 004 reflection of the GaAs substrate recorded through the 

ZnTe over the same 12mmxl2mm area. The layer thickness, h, may be 

calculated f rom equation 6.9 with co=0 for zero offcut, (M-/p)cpd= 301cm2g-l 

for absorption of CoKai radiation by Zn and Te^^, 9B=39.3°, the Bragg angle 

for GaAs 004 reflection and p=5.64gcm'3 f rom the table of X-ray density, 

reference 24. The density of ZnTe was checked as described in the caption of 

table 6.4. I(x) is the integrated intensity of the GaAs peak measured through 

the ZnTe layer and 1(0) is the integrated intensity of a clean GaAs wafer from 

the same boule as the substrate. Note that i t is essential to use the same 

accelerating voltage and current settings on the X-ray generator when 

obtaining the values of 1(0) and l(x). 

6.6.3 Results and Discussion 

XY maps of FWHM and thickness of the ZnTe layer after processing by grid 

and contour mapping software are shown in figure 6.18. The carrier gas flow-

is f rom the bottom to the top of the page with the downstream edge being the 

thicker. A smooth gradient in both thickness and FWHM is observed, with the 

thickest regions having the narrowest rocking curves. This is seen more 

clearly in figure 6.19a. Shtrikman et al.^"^ have investigated HRXRD FWHM 

f rom (001)ZnTe/GaAs layers grown by low pressure MOVPE for thicknesses 

in the range 0.8-7jim and their findings are reproduced in figure 6.19b. They 

found that FWHM decreased with increasing thickness to a level of about 250" 

at 7\im. The rate of FWHM decrease with thickness reduces drastically at a 

thickness of about 2.5|im. This is in stark contrast to the layer investigated in 

this study, which gave a lowest FWHM of 190" for a thickness of 3.5|im. The 

gradient of the curve at 3.5| im suggests that FWHM wi l l decrease 

significantly for thicker layers. 

The values of FWHM in figure 6.19a were used to estimate threading 

dislocation density, as performed in Section 6.3, using the model by 
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Figure 6.19a HRXRD FWHM as a function of layer thickness for the single ZnTe/GaAs MOVPE layer of 
figure 6.18. 
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Figure 6.19b HRXRD FWHM as a function of layer thickness for ZnTe/GaAs layers grown by low 
pressure MOVPE. Figure is reproduced from Shtrikman et al.̂ ". 
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Figure 6.20 Dislocation density calculated from DCXRD FWHM versus thickness for a (001) 

ZnTe/GaAs epilayer. Comparison of best fit lines for the relationships predicted by Ayers et al.^ 

(half-loop model), Durose and Tatsuoka'* (strain relief by threading dislocations) and by 

Tachikawa and Yamaguchi'^ ('unimolecular' and bimolecular' annihilation mechanisms). D(«>) = 

4.9xl0^cm'^. Note that the agreement with Ayers' expession (equation 6.3) is very poor and a 

modified expression (equation 6.2) has been used in this graph. 



Gay et al.^, the same assumptions apply. Figure 6.20 shows best f i t lines for 
relationships predicted by Ayers et al.̂ *-*, Durose and Tatsuoka^^ and by 
Tachikawa and Yamaguchi^^. All three lines were plotted using the same 
axes so that the variances of the fits may be compared meaningfully. Note 
that D(oo) was taken to be 4.9xl0^cm'2 and best fits for the models by 
Ayers et al. and by Tachikawa and Yamaguchi were obtained on their own 
before being replotted on the axes required by the Durose and Tatsuoka 
model. As has consistently been the case for reciprocal thickness versus 
dislocation density plots, the best f i t straight line did not pass through the 
origin as predicted by Ayers et al. The dislocation density predicted for 
inf in i te thickness (ie [1 /h] =0) is -2.3xl08cm"2. A comparison of the 
variances of the three best f i t lines is made in table 6.5. 

Model Half-loop model Strain relief by 

threading 

dislocations 

'Bimolecular' and 

'Unimolecular' 

annihilation 

Reference Ayers et al.^^ 

modified-see 

equations 6.2 and 6.3 

Durose and 
Tatsuoka^^ 

Tachikawa and 

Yamaguchi 

Variance/ 
(ln[cm-2])2 

0.27 0.064 0.12 

Table 6.5 Comparison of the variance of best f i t lines for three models 

reviewed in Chapter 5. 

When the findings for the thick CdTe/GaAs etched layer of Section 6.3 are 

compared with those for ZnTe/GaAs as shown in figure 6.21, there is a 

striking difference in the rates of threading dislocation reduction with 

increasing thickness. The ZnTe layer shows a far more rapid structural 

improvement than the CdTe layer, as well as having lower dislocation 

densities for all measured thicknesses (the second obser\'ation is expected 

due to the lower misfit in the ZnTe/GaAs case). If the rate of threading 

dislocation reduction with increasing thickness were determined by the 

number of dislocations present at a given thickness, and the probability of 
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Figure 6.21 Comparison of dislocation density reduction with increasing thickness for ZnTe/GaAs 

and CdTe/GaAs epilayers grown by MOVPE. 



'removing' a dislocation being greater the more dislocations there are, then 
one would expect that CdTe/GaAs would show a more rapid reduction than 
ZnTe, contrary to what has been shown. If the magnitude of the misfit at the 
growth temperature is considered for CdTe/GaAs and ZnTe/GaAs, an 
interesting difference may be noted. The thermal expansion coefficients of 
CdTe^^ and GaAs^O are 4 .5xl0-6x- l and 6.86xlO-6°C-l respectively. This 
difference results in a smaller misfit at the growth temperature than at room 
temperature. As the layer cools, an additional compressive strain is put on 
the layer as the lattice parameter of the substrate decreases more than that 
of the layer. This may introduce additional dislocations which relieve 
compressive strain as the layer cools. The thermal expansion coefficients of 
ZnTe^^l and GaAs^O are 8.3xlO-6°C-l and 6.86xlO-6x-l respectively. This 
difference results in a larger misfit at the growth temperature than at room 
temperature. As the growth system cools, the lattice parameter of the layer 
decreases more than that of the substrate. This may result in the 
introduction into the layer of dislocations which relieve tensile strain, and 
since these are of opposite character to those formed during growth, the two 
types may annihilate. If this is the case, then a more rapid reduction in 
dislocation density with increasing thickness is expected as dislocations may 
be removed by an additional mechanism. 

6.7 Conclusions 

X-ray di f f rac t ion experiments using a limited acceptance angle detector 
have shown that the greatest source of HRXRD rocking curve broadening are 
mosaic tilts. The subsequent use of HRXRD FWHM to estimate threading 
dislocation density assumed that tilts are the sole factor governing the width 
of rocking curves. Investigation of the FWHM of CdTe/GaAs epilayers of 
different thickness and of a 25| im thick layer repeatedly etched and 
remeasured showed that structural quality improves with increasing 
thickness, the most rapid improvement occurring in the region nearest the 
interface. Comparison of the findings with data for CdTe/GaAs layers grown 
by HWE by Tatsuoka el al.^ showed that the layers grown by HWE were of 
better structural quality than those grown by MOVPE at all thicknesses, but 
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more particularly for thin layers. It was suggested that this difference is 
caused by the HWE layers being grown under equilibrium conditions. Very 
little difference was observed between the FWHM of thin layers and a thick 
layer etched back and remeasured. This suggests that annealing near the 
growth temperature wi l l yield httle structural improvement, but does not 
discount the possibility of improvements for higher annealing temperatures 
since the dislocation reduction mechanism may be thermally activated. 

It has been found that CdTe/GaAs layers thicker than 4.3p,m give 
photoluminescence spectra which include excitonic features; no excitonic 
features were observed for layers thinner than 4.3|J.m. The width of the Cu°X 
line was found to increase wi th increasing dislocation density. Donor 
acceptor pair transitions were observed for layers of thickness 0.3-25|im 
with the thickest layer showing the greatest transition detail. 

The thickness non-uniformity observed in the direction of carrier gas flow 

for MOVPE growth has been shown to cause a variation in structural quality 

i n agreement with the expected relationship between HRXRD FWHM and 

layer thickness. 

Three of the relationships between dislocation density and thickness 
presented in Chapter 5 were compared with the dislocation density profiles 
of CdTe/GaAs and ZnTe/GaAs. As predicted in Chapter 5, the relationship 
proposed by Durose and Tatsuoka^^ for strain relaxation by threading 
dislocations fi t ted the experimental data most closely. A large difference in 
the rate of threading dislocation reduction with increasing thickness for 
(001)ZnTe/GaAs and (001)CdTe/GaAs layers was observed. The ZnTe layer 
investigated in Section 6.6 showed a far more rapid structural improvement 
wi th increasing thickness than the thick CdTe layer investigated in 
Section 6.3; the ZnTe layer also had a lower dislocation density for all 
measured thicknesses. The difference is thought to be due to the differences 
in thermal expansion coefficient of CdTe, GaAs and ZnTe. CdTe/GaAs has a 
lower misfit at the growth temperature than at room temperature, which 
results in an increase in compressive strain on cooling. Conversely, 
ZnTe/GaAs has a higher misfit at the growth temperature than at room 
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temperature and this may lead to a tensile strain on the layer as it cools 
compared to the compressive strain during growth. 
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CHAPTER 7 

Microstructural Characterisation of 
(001)CdTe/GaAs Epilayers 

7 .1 I n t r o d u c t i o n 

I n this chapter, studies on the microstructure of layers of (OOl)CdTe on (001) 

GaAs substrates grown by MOVPE and investigated by TEM, HRXRD and double 

c ry s t a l X-ray t o p o g r a p h y (DCXRT) are presented. The MOVPE g r o w t h 

condi t ions f o r these layers were given in Section 3.3.3.1. In Section 7.2, t i l t 

domains i n CdTe epilayer are investigated and discussed. In Sections 7.3 and 

7.4, layers are studied by bo th plan view and cross-section TEM. The f indings 

of the TEM investigations are discussed in Section 7.5. 

7.2 Ti l t Domains in CdTe 

Two types of t i l t domain w i l l be discussed i n this section; the mosaic ti l ts 

w h i c h cause HRXRD r o c k i n g curve b roaden ing and larger regions of 

m i s o r i e n t a t i o n w h i c h w i l l be r e f e r r ed to as subgrains. Mosaic t i l ts were 

observed by plan view TEM (PTEM) and by DCXRT. It was shown i n Chapters 5 

and 6 that the spread of mosaic t i l ts decreases as a layer thickens. Subgrains 

were investigated by double crystal and t r iple axis XRD, DCXRT and PTEM. 

HRXRD of a 2|j,m th ick CdTe/GaAs layer using the experimental arrangement 

o f Section 6.6 showed evidence o f two subgrains misoriented by 2.1° w i t h 

respect to each other, as shown i n f igure 7 .1 . The FWHM of the curves are 

2300" and 2680" which suggest that each subgrain has approximately the 

same mosaic spread about its mean posi t ion. It is expected that the decrease 

i n FWHM observed f o r increas ing layer thickness w i l l occur f o r a l l 

subgra ins . 
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Figure 7.1 HRXRD rocking curve of a 2|im thick CdTe epilayer. The separation of the subgrain mean 

positions is 2.1°. The FWHM of the two peaks are 2680 and 2300 arcseconds. 



The misorientation of subgrains was also estimated from the displacement of 

Kikuchi lines on moving across a subgrain boundary during PTEM 

examination. The angular misorientation can be determined, since the Bragg 

angle for reflections appearing in the electron diffraction pattern may be 

calculated for 200KV electrons (^=0.0251 A ) , and this used to correlate the 

Kikuchi line displacement observed on the TEM screen with angular 

orientation. Using this method, subgrains tilted by 1.1° with respect to each 

other were observed in a 4.3|im thick layer. 

Ti l t boundaries can be thought of as arising f rom an array of edge 

dislocations with the same Burgers vector. This was first suggested by 

Burgers^ and later developed by Vogel et al.^. An array of dislocations such 

as that shown in figure 7.2 produces a tilt between the grains on opposite 

sides of the boundary. If be-tilt is the magnitude of the tilt component of the 

Burgers vectors and D is their separation, then the angle of misorientation, 

0, is given in equation 7.1. If it is assumed that a threading dislocation has 

the same Burgers vector t i l t component as a 60° misfit dislocation (see 

Sections 2.2.2 and 7.5), then be-tik = ao/2 [001] where ao is the bulk lattice 

parameter of the CdTe layer. From equation 7.1, the dislocation separation 

required to produce the 1.1° misorientation measured in a 4.3|im layer by 

Kikuchi line displacement is 170 A , corresponding to areal dislocation 

density of 1.2x10^ cm'^. This is much less than the threading dislocation 

density of 9x10^ cm"^ measured for the top surface of a 4.3|J.m thick layer by 

PTEM. 

-"etilt 

D 
equation 7.1 

Following investigations using equation 7.1, Durose et al.^ stated that i f 

complete co-operative alignment of dislocation Burgers vectors occurred at a 

CdTe/GaAs interface, then a dislocation spacing of 15.7A, corresponding to all 

misfit being accommodated by 60° dislocations, would give a subgrain tilt of 

11.8°. This is far greater than any so far observed. They therefore concluded 

that the tilts and rotations observed experimentally could not be described 

solely by the complete co-operative alignment of Burgers vectors. 

Durose et al. assumed that the misfit dislocations were of 60° type, whereas 
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Figure 7.2 Diagrammatic representation o f the arrangement of dislocations 

i n a subgrain boundary. The dislocations are all edge type and b=be-t i l i -



i t is now general ly accepted that edge type dislocations are the most 

abundant type o f m i s f i t dislocations to be f o u n d at the CdTe/GaAs interface 

(see f o r example Ponce et al."^ f o r MBE g r o w n (001)CdTe/GaAs or 

Cull is et al.5 f o r MOVPE grown (001)CdTe/GaAs). Edge type dislocations do 

no t have a t i l t component and therefore seem unl ike ly to be the cause o f 

subgrain t i l ts . However, most threading dislocations do have a t i l t component 

to the i r Burgers vectors and the alignment o f these components is l ikely to 

be the source of the subgrain t i l ts . The difference between the dislocation 

densi ty requi red to support a 1.1° t i l t i n CdTe/GaAs (1.2x10^ cm"2) and the 

t h r ead ing d is loca t ion densi ty actual ly observed by PTEM (9x10^ cm"^) 

indicates that very few dislocations contr ibute to large subgrain tilts, most 

are cancelled out by dislocations w i t h opposite t i l t components. 

Keir et a l . ^ have observed that subgrain boundaries in GaAs substrates are 

repl icated i n (001)CdxHg(i-x)Te/CdTe/GaAs epitaxial layers but w i t h greater 

t i l t w i t h respect to n e i g h b o u r i n g regions. Barnett^ repor ted a s imilar 

phenomenon f o r semi-insulat ing LEG GaAs substrates, where small lattice 

t i l t s o f 1-2 arcsecond i n the substrates gave rise to t i l t boundaries of 

10-100 arcseconds i n layers grown on them. 

A 2 5 [ i m th i ck CdTe/GaAs layer was invest igated by DCXRT using the 

experimental apparatus described i n Section 6.4.3. A wavelength of 0.69A was 

selected (Table 6.3) and a beam size of 3.5mmx2.5mm was used. Dental f i l m 

was placed over the face of the detector shown i n f igure 6.10 to record the 

topograph . Dental f i l m has low resolut ion compared to nuclear emulsion 

plates bu t requires on ly a f r ac t i on of the exposure time. A typical topograph 

is shown i n f i gu re 7.3. The double image was caused by the f i l m not being 

qui te perpendicular to the d i f f r ac t ed beam, resulting in an image f r o m both 

sides o f the f i l m . The large e l l ip t i ca l feature wh ich d i d not d i f f r a c t has 

dimensions o f 250(J.mx500|um. The smaller grains have dimensions of the 

o rder o f 20-40|J.m and i t is these which are thought to give rise to HRXRD 

r o c k i n g curve broadening and are te rmed 'mosaic' t i l t s . A con t r ibu t ion 

m i g h t also arise f r o m domains having sizes below the resolution l imi t of the 

topograph . 
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Figure 7.3 A 004 double crystal topograph of the 25 \im thick (001)CdTe/GaAs 

ep i layer inves t iga ted i n Chapter 6. The topograph was recorded al a 

wavelength of 0.69A at the d i f f r ac t i on peak maximum. 



Thinner layers were investigated by PTEM and mosaic tilts were observed. 
An example of a PTEM micrograph of the top surface of a 0.6|J.m layer is 
shown in figure 7.4. The tilt domains are approximately 0.5-l | im wide, which 
is considerably smaller than those observed by DCXRT for the 25|im layer 
(20-40)J.m). Mosaic ti l t domains of this type were not observed by PTEM for 
layers thicker than 0.6|J,m. The 25p.m CdTe/GaAs epilayer was found to have a 
much narrower mosaic spread than the 0.6|J.m layer (Section 6.3). 
Brown et al.^ have investigated the size of mosaic ti l t domains and their 
spread with layer thickness for a (001)CdxHg(i-x)Te/CdTe epilayer by 
etching followed by HRXRD and Lang topography. They found that as the 
layer was etched and remeasured, the HRXRD FWHM increased (as expected 
f rom earlier chapters) and the mosaic domain size decreased. This agrees 
wi th a model proposed by Turnbull^ based on the random alignment of 
Burgers vectors. Turnbul l derived an expression (equation 7.2) for the 
standard deviation ti l t , <^SD of ^ epilayer where N is the linear dislocation 
density, d is the domain size and be-tilt is the tilt component of the Burgers 
vector considered to be producing the ti l t . Equation 7.2 predicts that the 
standard deviation of mosaic spread increases as domain size decreases, as 
has been observed for (001)CdxHg(i-x)Te/CdTe by Brown et al.^ and for 
(001)CdTe/GaAs in the present work. It should be noted that the size of 
domains obser\'ed is in part dependent on the method of observation, with 
PTEM able to detect much smaller domains than the lower resolution DCXRT. 
It is possible that all layers contain domains of a wide range of dimensions 
but with a different distribution of sizes. 

tan(|)sD = (t)sD = t>etiit equation 7.2 

Subgrain tilts with a favoured direction were observed for a small region of 

the 25fim thick (001)CdTe/GaAs layer. Figures 7.5a and b show respectively 

the HRXRD curve and triple axis reciprocal space map of the region 

displaying subgrains. They were both recorded using the same experimental 

conditions as described in Section 6.2. The high angle (positive) side of the 

IIRXRD rocking curve follows a Gaussian lineshape but the low 

angle (negative) side of the rocking curve displays a series of subsidiary 
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Figure 7.4 Plan view TEM micrograph of the top surface of the 0 .6 | im thick 

(001)CdTe/GaAs epilayer investigated in Chapter 6, showing the size of t i l t 

domains which cause broadening of X-ray rocking curves. 
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Figure 7.5a HRXRD rocking curve of a 25\im thick CdTe epilayer. Positive position is increasing 

Bragg angle. The direction of offcut is to smaller Bragg angle. 



Figure 7.5b Reciprocal space plot of the scatter around the (004) reciprocal 

lattice point of a 25 | im layer of (OOl)CdTe. Broadening in the AQ,y direction 

corresponds to mosaic and subgrain tilts 



peaks, each assumed to be due to an ind iv idua l subgrain. The subsidiary 

peaks are not we l l d e f i n e d and i t is d i f f i c u l t to ascertain whether each 

subgrain has the same mosaic spread. The reciprocal space map illustrates 

that broadening i n the AQy di rec t ion is due to lattice and subgrain tilts. The 

addi t iona l ta i l towards posit ive AQy and negative AQz is an 'analyser streak'. 

The subgrain t i l t d i rec t ion is i n the same direct ion as the substrate offcut . 

T i l t o f epitaxial layers w i t h respect to the substrate has been investigated by 

many w o r k e r s w h o s e models a im to predict the t i l t of the entire layer 

and not just o f isolated subgrains. Schowalter et a l .^^ have predicted that 

layer t i l t w i t h respect to the substrate may be considered to increase or 

decrease the i n plane la t t ice constant of the layer f o r compressive and 

tensile s train respectively and so reduce mis f i t s train. They predicted that 

f o r a layer i n compression, the layer w i l l t i l t back towards the exact 

o r i en ta t ion . This is the opposite d i rec t ion to that observed i n the present 

w o r k a n d by Yao et al.-*^^ f o r GaAs/Si layers g rown on misor ien ted 

substrates. No explanation f o r the discrepancy has been f o u n d and this may 

be another example of h i g h m i s f i t three-dimensional ly grown epilayers 

showing anomalous behaviour compared to low m i s f i t two-dimensionally 

grown layers. Cheng et al.-^"^ have correlated the t i l t of their (001)CdTe/GaAs 

layers to the o f f c u t o f t he i r substrates and thei r novel heat t reatment 

substrate prepara t ion; convent ional substrate preparat ion, which was used 

f o r the layers investigated i n the present study, gave no t i l t of the epilayer. 

They proposed that layer t i l t was caused by the selective generation o f misf i t 

dislocations w i t h the same Burgers vector. In the present study, the direction 

of the substrate o f f c u t suggests that this is not the reason f o r the observed 

favoured t i l t d i rec t ion . Aniso t ropy of dislocations and the implicat ion of this 

on layer tilts are discussed more f u l l y i n Section 7.5. 

7.3 T h r e a d i n g D i s l o c a t i o n s a n d t h e i r I n t e r a c t i o n s i n C d T e 

E p i l a y e r s Invest igated by P T E M 

Thread ing d is locat ion densi ty can be easily calculated by PTEM since al l 

dislocations imaged i n a PTEM f o i l thread through the plane of the f o i l , the 

127 



area o f wh ich can be measured easily. The small sampling area means that 

such an es t imat ion is not necessarily representative of the whole sample. 

PTEM of (001) epilayers has the disadvantage that the incident beam 

d i r ec t i on is a f o u r f o l d axis of symmetry, also the dislocation images are 

projected onto the (001) plane which makes absolute determination of their 

l i ne d i r e c t i o n d i f f i c u l t . The f o r m e r p rob lem cannot be overcome, but a 

compromise is made whereby one of the 220 d i f f r a c t i o n spots is a rb i t ra r i ly 

assigned and al l others indexed relative to i t . The second problem is part ial ly 

overcome by ca l ib ra t ing the r o t a t i o n of the image w i t h respect to the 

d i f f r a c t i o n p a t t e r n ^ ^ (Section 4.3.2) and by establishing onto wh ich 

d i rec t ions cer ta in common dis locat ion l ine direct ions w i l l project i n the 

(001) plane. Figure 7.6 shows the directions i n the (001) plane which are 

expected f o r the projec t ion of <011> and <112> threading dislocations. The 

projected line d i rec t ion is determined f r o m the relative rotat ion of the image 

a n d the d i f f r a c t i o n p a t t e r n (whose re f lec t ions have been a r b i t r a r i l y 

assigned), the actual l ine directions wh ich could give the projected direct ion 

are then determined f r o m f igure 7.6. 

It should be noted that al l the l ine directions given in f igure 7.6 are drawn 

f r o m substrate to layer. This convent ion has been adopted, by the present 

author , since the reversal o f e i ther the l ine d i rec t ion or Burgers vector 

gives a complementary dislocation whi le reversal of both line direct ion and 

Burgers vector gives the same d is loca t ion^^ . It has been pointed out by 

Schwartzman and Sinclair^^ that f o r a layer i n compression, dislocations 

w h i c h relieve m i s f i t must have edge components wh ich have extra half-

planes p o i n t i n g in to the substrate. This can be expressed in terms of the 

cross p roduc t of l ine d i rec t ion, w i t h Burgers vector, b having a negative 

[ 0 0 1 ] c o m p o n e n t as g iven i n equa t ion 7.3. A l l i n d i v i d u a l th reading 

dislocat ions w h i c h are investigated i n this and the fo l l owing section are 

assumed to relieve mis f i t and have line directions and Burgers vectors which 

al low this. A l l micrographs are labelled f o r the electron beam passing into 

the plane of the paper, which is the or ientat ion observed on the TEM screen. 

I n d i v i d u a l s t ra ight dislocations were examined by g-b contrast analysis 

wh ich was described in Section 4.3.1 
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[010] 

[101] 

Figure 7.6 The projec ted l ine directions of threading dislocations onto the 

(001) interface plane as observed i n plan view TEM. A l l l ine directions are 

out of the interface i n to the layer. Bold lines are those in the (001) plane, 

dashed lines are the projected l ine directions of threading dislocations, [001] 

is in to the plane of the paper. 



[003 • X b) < 0 equation 7.3 

Many threading dislocations were iden t i f i ed as being of screw, 60° and 30° 

type in PTEM samples of the surface of CdTe/GaAs layers 0.6, 4.3 and 8.7| im 

thick. Many more were not iden t i f i ed since they were not straight or were i n 

tangles w i t h o ther dislocations. A l l characterised dislocations had Burgers 

vectors of type <011> and the line directions were of type <011> for the screw 

and 60° dislocations and <112> f o r the 30° dislocations. A more thorough 

analj 's is o f the 30° dis locat ions is presented i n Section 7.4. They are 

discussed i n Section 7.5, along w i t h a comparison w i t h 60° dislocations, 

w h i c h are usual ly the more common type o f dislocation in the sphalerite 

la t t ice . 

In teract ions between 30° dislocations were observed i n PTEM; one such 

in te rac t ion f o r a 4 . 3 | i m layer is shown i n figures 7.7a-d for fou r d i f fe ren t 

d i f f r a c t i o n vectors. The dislocation A was f o u n d to have b = ( a o / 2 ) [ 0 r i ] w i t h 

possible line directions [121] and [ 1 2 i ] while dislocation B was f o u n d to have 

b=(ao/2)[101] w i t h possible l ine directions [ 2 i l ] and [211]. The line directions 

[121] and [211] correspond to glide planes ( i l l ) and (111) respectively and 

are thus more l ike ly than l ine directions [ 1 2 i ] and [211] which wou ld have 

{ 3 1 1 } g l ide planes. The l i ne d i r e c t i o n and Burgers vectors o f these 

dislocations are summarised i n table 7 .1 . When the two dislocations meet, 

they f o r m a t h i r d , C which was out of contrast fo r g=220. From the Burgers 

vectors o f the two interact ing dislocations, a dislocation wi th b = ( a o / 2 ) [ l l O ] 

which is expected to be invisible f o r g=220 can be formed. The line direction 

is unce r t a in . Several o ther s imi lar interact ions between 30° dislocations 

were observed i n other CdTe/GaAs epilayers. 
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(a) 

(b ) 

Figure 7.7 Plan view TEM micrographs showing the in teract ion of two 30' 

threading dislocations and dislocation dipoles. (a) g=220, (b) g=220. 



(c) 

^^^^^ 

i d ) 

Figure 7.7 (cont) Plan view TEM micrographs showing the interact ion of two 

30° threading dislocations and dislocat ion dipoles. (c) g=040 (same parts 

invisible f o r g = l 11), (d) g=400 (same parts invisible f o r g = l i l ) . 



Dislocation Burgers vector, b Line direct ion, I Glide plane 

A [ O i l ] [121] ( i l l ) 

B [101] [211] ( i l l ) 

Tab le 7.1 Burgers vectors , l i ne d i rec t ions and g l ide planes fo r 30° 

dislocations shown i n figures 7.7. A l l l ine directions are out of the substrate 

a n d i n t o the layer . A l l Burgers vectors are g iven assuming that the 

dislocations relieve the mis f i t s train of a layer i n compression and therefore 

the edge component o f the Burgers vector corresponds to an extra half-

plane i n the substrate. 

In f igure 7.7, three dislocat ion dipoles can be seen which have a projected 

l ine d i rec t ion of [220] which corresponds to an actual line direct ion of [ i i 2 ] 

or [112] i n f igure 7.6, the dipoles disappear f o r g=220 giving Burgers vectors 

of ± ( a o / 2 ) [ 1 1 0 ] . The two dislocations making up the dipole were found to 

thread i n the same direct ion, since the same end of the dislocations reversed 

contrast i n dark f i e l d imaging (the end of a dislocation emerging f r o m the 

b o t t o m of a TEM f i l m shows reverse contrast i n b r igh t and dark f i e l d while 

the end emerging at the top of a f o i l shows no change of contrast). The two 

d is loca t ions were f o u n d to have opposi te Burgers vectors since they 

displayed complementary fringes i n both br ight and dark f i e ld images 

Two perpendicu la r sets o f dipoles can be seen i n f i gu re 7.8 (micrographs 

taken of the surface o f a 4.3|J.m th ick layer) , one set are the same as those 

seen i n f i g u r e 7.7 w h i l e the o the r set is equiva len t bu t lies on a 

pe rpend icu la r { 1 1 0 | plane. The l ine direct ions. Burgers vectors and glide 

planes o f the dipoles are summarised i n table 7.2. A l l the dipole dislocations 

have [001] .^xb=0, i.e. they do not participate i n strain relief. The occurrence 

o f these dipoles and the i r unusua l g l ide plane w i l l be discussed i n 

Section 7.5. It should be poin ted out that due to the dipoles having Burgers 

vectors paral le l to one o f the two <110> directions i n the heterointerface, 

these dipoles cannot be analysed i n <110>XTEM since their Burgers vector wi l l 

always be ei ther paral le l or perpendicular to the electron beam direc t ion 

and w i l l therefore always be either visible or invisible. 
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f 
(a) 

(b) 

Figure 7.8 Plan view TEM micrographs showing two sets of dis locat ion 

dipoles. (a) g=220, (b) g=220. 



Line d i rec t ion , I Burgers vector, b Glide plane 

[112] 

or [ i 12] 

± [ 1 1 0 ] 

± [ 1 1 0 ] 1—
' 

1—
' 

o 
o 

[ l i 2 ] 

or [ i 12] 

± [ i i o ] 

± [ i i o ] . 

(110) 

(110) 

Table 7.2 Burgers vectors, l ine directions and glide planes f o r dislocation 

dipoles shown i n f igures 7.7 and 7.8. Dislocations w i t h i n each dipole have 

opposing Burgers vectors. 

The density of dislocation dipoles i n f igure 7.8 is estimated to be 7xl0^cm"2 

and that o f single threading dislocations is estimated to be SxlO^cm"^ i n the 

same region. Observation o f many PTEM foi ls showed that dipoles such as 

those described here occur f o r a l l layers in the thickness range 0.6-8.7| im, 

bu t they tend to occur i n cer ta in isolated regions which means that the 

densi ty quoted earlier is an upper l i m i t . Stacking faults have been observed 

ve ry rarely i n these layers. 

7 .4 T h r e a d i n g D i s loca t ions i n C d T e E p i l a y e r s Invest igated by 

X T E M 

The micrographs presented i n this section were all taken f r o m the same 

XTEM specimen of an 8.7| im thick CdTe layer. The XTEM sample was prepared 

as described i n Section 4.3.3 w i t h opposite sides o f the central glue l ine 

having normals paral lel to the two <110> directions i n the substrate surface. 

The po la r i t y of each side of the f o i l was determined by mic rod i f f r ac t ion^^ 

and the polar {111} planes were indexed according to the Gatos convention^O 

(i.e. the Cd or A face is {111} and the Te or B face is { i l i } ) . For details of this 

method see Section 4.3.2. 
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Cross-section TEM micrographs o f the 8.7 | i m layer i n [110] project ion (i.e. 

e lec t ron beam d i rec t ion [110] in to the plane of the paper) are shown in 

f igures 7.9 a-c, f o r g=220. I l l , and 111 respectively. The dominant features 

are two sets of straight dislocations ly ing on oppositely inclined {111} planes 

and making angles of 54°44 ' w i t h the interface. A l l dislocations ly ing on the 

same {111} plane w i l l have an image which projects onto the (110) plane i n 

the same orientat ion. For example [ O i l ] , [ l O l ] and [112] line directions w i l l all 

produce images i n the (110) plane inc l ined at 54°44 ' to the interface. The 

[112] l ine d i rec t ion is contained i n the plane of the TEM f o i l (110) and is 

therefore expected to show no osci l la tory contrast along its length whi le 

[ O i l ] and [ i O l ] l ine directions are incl ined at 30° to the TEM f o i l and are thus 

expected to show oscil latory contrast due to the inc l ina t ion of the dislocation 

w i t h respect to the electron beam di rec t ion . Since these Hne directions are 

inc l ined to the TEM f o i l , they are not expected to remain in the f o i l fo r the 

whole o f their length and w i l l appear shorter than <112> dislocations. From 

f i g u r e 7.9, the long s t ra ight dislocations do not show any osci l la tory 

contrast, and the i r length w o u l d require a f o i l thickness of approximately 

O.Sfim i f the dislocations had <011> line directions; this would not give an 

observable image. For these reasons, the long straight dislocations were 

assigned <112> line directions. 

Dis locat ion images, such as that marked D i n f igure 7.9a, are inc l ined at 

54°44 ' to the interface, show oscillatory contrast and have a length, which i f 

a l ine direct ion of <110> incl ined to the TEM f o i l is assumed, corresponds to an 

expected f o i l thickness o f about 900A. Dislocations such as these, wi th <011> 

l ine d i rec t ions appear to be less abundant than those w i t h <112> line 

di rect ions , a l though the i r shorter projected lengths make them harder to 

p ick out. 

Dislocations w i t h l ine di rect ion [ l i 2 ] which are on the ( i l l ) plane, disappear 

f o r g = l l l and therefore have Burgers vectors of ei ther ( a o / 2 ) [ 0 i l ] or 

( a o / 2 ) [ l 0 l ] and are 30° dislocations. Those w i t h line direction [ l l 2 ] which are 

on the (111) plane, disappear f o r g = l l l and therefore have Burgers vectors 

of either ( a o / 2 ) [ 1 0 i ] or (ao /2) [011] , these are also 30° dislocations. Shorter 

d is locat ion segments which show osci l latory contrast and are assumed to 
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have <011> line directions (e.g. the dislocation marked D in figure 7.9a), were 

analysed by g.b contrast; they were f o u n d to have the same Burgers vectors 

as the 30° dislocations. The inc l ina t ion of these dislocations was determined 

by no t ing which end of the dislocation changed contrast between bright and 

d a r k f i e l d as descr ibed i n Section 7.3. A l t h o u g h the inc l ina t ion and, 

therefore , the l ine d i r ec t ion o f these dislocations can be ascertained, the 

Burgers vectors cannot be de te rmined de f in i t e ly . From this analysis, the 

dislocations are of either 60° or screw type. Tables 7.3, 7.4 and 7.5 summarise 

the l ine direct ions. Burgers vectors and glide planes o f 30°, 60° and screw 

type dislocations respectively, which were observed i n XTEM. 

Cross-section TEM micrographs of the 8.7 } i m thick layer in [ l l O ] projection 

(i.e. electron beam direct ion [ l l O ] in to plane o f paper) are shown in figures 

7.10 a-c, fo rg=220 . 111, and 111 respectively. Again the dominant feature was 

two sets o f straight dislocations ly ing on oppositely inc l ined {111} planes. 

Assuming that the dislocations are once again contained i n the plane of the 

TEM f o i l , the i r l ine direct ions are [112] and [112] on the (111) and (111) 

planes respectively; g.b analysis showed that the Burgers vectors were 

either (ao /2) [101] or ( a o / 2 ) [ 0 r i ] f o r those w i t h l ine d i rec t ion [112] and 

( a o / 2 ) [ 0 l i ] or ( a o / 2 ) [ i 0 1 ] f o r those w i t h l ine direct ion [112]. The dislocations 

were 30° type as before. As f o r the [110] projec t ion , 60° and screw type 

dislocations were also observed. The occurrence of 30° dislocations and the 

relat ive t i l t components of 30°, 60° and screw type threading dislocations 

observed i n XTEM are discussed i n Section 7.5. 

One interesting feature of this region is the dislocation segment marked E in 

f igure 7.10a, which disappears f o r g = r i l along w i t h the two 30° dislocations 

wh ich j o i n i t to the interface. This may be an example of the format ion of a 

ha l f - l oop by dislocat ions w i t h the same Burgers vector, as described in 

Section 5.3.2 and f i g u r e 5.14. Since dis locat ion E runs paral lel to the 

interface, its l ine d i rec t ion cannot be assigned by the convention adopted in 

this w o r k . I t has a l ready been explained that the assignment of line 

d i r e c t i o n is a r b i t r a r y due to the revers ib i l i ty of both l ine di rect ion and 

Burgers vector; dislocation E was a rb i t r a r i ly assigned a l ine direct ion [110] . 

The two 30° dislocations wh ich j o i n E to the interface have Burgers vectors 
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of either (ao/2)[101] or ( a o / 2 ) [ 0 i i ] , i f E has the same Burgers vector then E is 

a 60° dis locat ion. The feature F (also marked i n f igure 7.10a) which lies 

approximately parallel to the interface, d i d not disappear fo r any d i f f rac t ion 

vectors of the [ i l O ] pole. Dislocations runn ing parallel to and up to 3.5|i.m 

f r o m the interface were observed i n both [110] and [ i l O ] projection. Those 

whose Burgers vectors were determined were all of 60° type. Tables 7.3-7.6 

summarise the l ine d i rec t ions . Burgers vectors and glide planes of 30°, 

60° ( inc l ined to the in ter face) , screw and 60° (paral le l to the interface) 

type dis locat ions respect ively . The tables summarise al l the common 

dislocations observed i n XTEM, al though not all of them have been ident i f ied 

i n the present work. Figure 7.11 shows the tetrahedron of f i l l } glide planes 

and a l l the dislocat ion l ine directions commonly encountered i n the XTEM 

analysis . 

Line d i rec t ion I Burgers vector, b Glide plane 

Visible i n [110] 

[ri2] [ O i l ] or [ioi] ( l i i ) 

[ i i2] [ l O i ] or [ O i l ] ( i l l ) 

Visible i n [ i 10] 

[112] [101] or [ O i i ] ( i i i ) 

[112] [ O l i ] or [ioi] (111) 

Table 7.3 Summary o f l ine directions, Burgers vectors and glide planes of 30° 

dislocations observed by XTEM i n [110] and [ i l O ] projec t ions . A l l l ine 

directions are out o f the substrate and into the layer. AH Burgers vectors are 

given assuming that the dislocations relieve the mis f i t s train of a layer i n 

compress ion and the re fo re the edge component o f the Burgers vector 

corresponds to an extra half-plane i n the substrate. 
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[112] 

[010] 

[100] 

Figure 7.11 Tetrahedron o f f l l l } planes showing all the <110> and <112> Une 

directions analysed i n this XTEM study. 



Line direction I Burgers vector, b Glide plane 

[101] [Oi l ] or ( l i i ) 
[Oil] ( i l l ) 

[Oi l ] [ i o i ] or ( l i i ) 
[ i o i ] (111) 

[Oi l ] [ lOi] or ( i i i ) 
[101] ( i i i ) 

[ i o i ] [Oi l ] or ( i i i ) 
[Oli] (111) 

Table 7.4 Summary of line directions, Burgers vectors and glide planes of 60° 

dislocations. Al l these dislocations can be observed in both [110] and [110] 

projections. Al l line directions are out of the substrate; all Burgers vectors 

correspond to an extra half-plane in the substrate. Note that no distinction 

has been made between 60° and screw type dislocations and the details given 

in this table and table 7.5 represent the two alternative characteristics of the 

dislocations threading the TEM foi l . 

Line direction I Burgers vector, b 

[101] + [101] 

[Oil] ± [ o i i ] 

[Oil] ±[011] 

[ i o i ] ± [ i o i ] 

Table 7.5 Summary of line directions and Burgers vectors of screw 
dislocations. Al l these dislocations can be observed in both [110] and [ i lO] 
projections. Note that no distinction has been made between 60° and screw 
type dislocations and the details given in this table and table 7.5 represent 
the two alternative characteristics of the dislocations threading the TEM foil . 

135 



Line direction I Burgers vector, b Glide plane 

Visible in [110] 

[110] [lOl] (111) 
[Oil] (111) 

[ i i o ] [101] (111) 
[Oil] ( i l l ) 

Visible in [110] 

[110] [101] ( i l l ) 
[Oil] ( i l l ) 

[ i i o ] [Oil] (111) 
[ l o i ] (111) 

Table 7.6 Summary of line directions, Burgers vectors and glide planes of 60° 
dislocations observed in [110] and [ l l O ] projections which lie parallel to the 
interface. Al l Burgers vectors correspond to an extra half-plane in the 
substrate. 

A comparison of the two orthogonal projections is made in figures 7.12a and 

b for [110] and [ l l O ] respectively. The micrograph of the [110] projection is 

very ordered and the high density of dislocations extends approximately 

0.7|j.m from the interface; that of the [ l l O ] projection is much more tangled 

in comparison and the tangle extends approximately lp,m from the interface. 

This anisotropy and its possible origins are discussed in Section 7.5. 

7.5 Discussion 

Dislocation dipoles with <112> line directions and ±[110] Burgers vectors are 
present in CdTe/GaAs epilayers. The occurrence of such dipoles throws up 
some interesting questions; firstly, how and why dislocations with opposite 
character are formed in an epilayer under compressive strain, and secondly 
why such dislocations adopt an orientation on {110} glide planes rather than 

1111}. 
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The first question is posed because the formation of dislocations with 
opposite Burgers vectors suggests that one of the dislocations increases 
misfit strain while the other reduces it . It is not true in this case , however, 
since for misfit strain to be relieved, a dislocation must have an edge 
component perpendicular to the interface. Equation 7.3 formalises this by 
stating that for relief of compressive misfit strain, the cross product of the 
dislocation line direction and Burgers vector must have a negative 
component perpendicular to the interface. Since the line direction and 
Burgers vector of the dipoles are contained in a plane perpendicular to the 
interface, their cross product lies parallel to the interface and there is no 
extra half-plane in the direction of the substrate or the layer. The 
orientation which the dipole adopts is a low energy configuration since 
there is no extra half-plane in the layer f rom one of the dislocations which 
would increase misfit strain. 

Dislocation dipoles lying in <112> and <110> directions have been observed by 
Holt and Dangor^l in germanium, but they were unable to determine the 
Burgers vectors. Dipoles have been observed in (001)CdTe/GaAs grown by 
HWE by Hobbs et al.^^, who identified the dipoles as having <211> line 
directions and (ao/2)<110> Burgers vectors with {111} glide planes; the 
dipoles are, therefore, comprised of two 30° type dislocations with opposite 
Burgers vectors. Hobbs et al. suggested a formation mechanism for the 
dipoles which involved glide on the 1111} planes. The mechanism presumed 
that dislocations of opposite Burgers vectors pass each other on parallel glide 
planes. Their opposite Burgers vectors result in an attractive interaction 
which tends to elongate them along the <211> direction. In the absence of 
climb, annihilation cannot occur since the dislocations are on different 
glide planes. An analogous mechanism, (illustrated in figure 7.13) could 
operate for the dipoles obser\'ed in this study although glide on the less 
common {110} plane is required. Glide on {110} planes has been observed by 
A l b r e c h t et al.^-"^ in Ge(Si) on (OOl)Si and by Bonar et al.^"* in 
(Al)GaAs/InxGa(i-x)As/GaAs(001) both of which are relatively high misfit 
systems (3.6% and 2.9% respectively). Theoretical calculations of the elastic 
energy of straight dislocations in face centred cubic crystals for a variety of 
line directions and Burgers vectors have been made by Foreman^^, he found 
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[001] 

[110] (110) plane 

Figure 7.13 Model for the formation of dislocation dipoles observed in plan 

view TEM. The model is analogous to one proposed by Hobbs et al.^^ for 30° 

type dislocation dipoles. The Burgers vectors of the dipole are ±[ l iO] , the sUp 

plane is (110). 



that dislocation energy was least for {110} planes but that dislocation core 
effects and dissociation on close packed {111} planes may be important 
factors in determining the plane in which glide occurs. Albrecht et al.^^ 
have made calculations for the introduction of misfit dislocations b\- half-
loop glide on U 10| planes and have found that for misfits > 6%, <112> 
threading segments on {110} glide planes are a more favoured orientation 
than glide on {111}. In the present study of CdTe/GaAs, the misfit is 14.6%, 
which is much greater than the lower limit for {110} glide suggested by 
Albrecht and co-workers. 

The most obvious reason for the dipoles to adopt the unusual {110} glide 

plane is simply that it results in no extra half-plane in the layer compared to 

a Une direction in the {111} glide plane which would increase misfit strain 

in the vicinity of the dipole (although this would be minimised by the close 

proximity of a dislocation of opposite character). Any energetic advantage of 

the more closely packed {111} glide plane for lower dislocation core energies 

and dissociation into partial dislocations is probably outweighed b\ the 

increase in misfit strain which would also occur. 

The mechanism by which dislocations with opposite Burgers vectors are 
formed has not been ascertained, but since the dipoles tend to occur in 
isolated regions it may be due to the initial state of the GaAs substrate surface 
and the size and strain state of the islands nucleated during three-
dimensional growth. The etching, rinsing, drying and pre-bake of ihe 
substrate prior to growth may lead to inhomogeneities in the GaAs surface; 
indeed anomalous regions of growth having poor surface morphology were 
observed and put down to poor substrate preparation. 

In the PTEM and X l EM studies of CdTe/GaAs presented in Sections 7.3 and 7.4, 

30°, 60° and screw type dislocations were observed. In most studies of 

semiconductor layers, the most common dislocations observed are of 60° type 

(see for example reviews by Hull and Bean^^ and by Beanland et al.^^). 60° 

dislocations are said to arise by glide of half-loops on {111} planes 

(Section 2.2). In the case of high misfit systems, particularly when growth 

proceeds in a three-dimensional mode, Lomer dislocations are thought to be 
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generated at the edges of islands with 60° misfit dislocations and threading 
dislocations being formed when islands meet"̂ *̂  (Section 2.3). It is anticipated 
that 60° misfit dislocations with their Burgers vectors inclined to the 
interface in <110> directions can be forced out of the interface by the high 
misfit strain on meeting other misfit dislocations or an island edge, thereby 
forming a threading segment. Both <110> and <211> are low energy line 
d i r e c t i o n s ' ^ and are expected to be the favoured orientations of the 
threading segments; their geometry is shown schematically in figure 7.14. 
For a given line direction there are two possible Burgers vectors which have 
not been determined explicitly for individual dislocations in this stud\. 

It is not unusual for 30° dislocations to occur in high misfit systems: they 
have been observed by Tamura et al.-^l in MBE grown, indium doped 
GaAs/Si, by Shiba et a l . '^ in MOVPE grown GaAs/Si and by Hobbs et al.^^ in 
HWE grown CdTe/GaAs. 30° dislocations have also been observed in bulk 
silicon by Patel-^' and by Geach et al.'"'^ who have also observed them in 
bulk germanium. The most extensive investigation of such dislocations has 
been performed by Tamura et al.-^l who studied the relative numbers of 
threading dislocations with <112> and <011> line directions by tilting about 
1110] and [ l l O ] . They found that 30° threading dislocations along <112> were 
the most dense followed by 60° type along <110> and screw type along [001]. 

The effect of the t i l t components of dislocations was used extensively in 
Chapters 5 and 6 to estimate the threading dislocation density in epilayers 
f rom HRXRD FWHM using the formula of Gay et al.-^^. It was assumed in 
these calculations that the threading dislocations had the same Burgers 
vector tilt component as a 60° misfit dislocation. In Section 2.2.2, the misfit, 
t i l t and rotate components of a 60° misfit dislocation were calculated, a 
similar procedure wi l l now be carried out for 30°, 60° and screw type 
threading dislocations. For reference and clarity, the effects of edge and 
screw components of a dislocation parallel and perpendicular to the 
heterointerface are illustrated in figures 7.15a-d. 

A diagram of a 30° threading dislocation is shown in figure 7.16. It can be 

seen that the Burgers vector can be resolved into one screw component bs 
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I l l ) 

[110] 

Figure 7.14 Geometry of 30°, 60° and screw type threading dislocations. Short 

lines represent Burgers vector directions. Burgers vectors are not shown for 

screw dislocations since the Burgers vector and line direction are parallel in 

this case. 
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e-misfit 

( b ) 
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'e-tilt 

(C) 
/ ^ 

s-rotate 
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Figure 7.15 Effects of Burgers vector components parallel and perpendicular 
to the interface, (a) Edge component parallel to the interface relieves misfit 
strain, note that this figure shows relief of tensile strain, (b) Edge 
component perpendicular to the interface causes lattice tilts, (c) Screw 
component parallel to the interface causes a relati\e rotation of the layer 
wi th respect to the substrate, (d) Screw component perpendicular to the 
interface causes lattice tilts due to rotation. 



and one edge component be i . The edge component bei lies parallel to the 
interface and therefore relieves misfit strain. The screw component bs is 
inclined to the interface and can be resolved further into components 
parallel and perpendicular to the interface (bs-rotate and bs-u i t 
respectively). The magnitudes of each component are summarised in 
table 7.7 along with those for 60° and screw type threading dislocations and 
60° misfit dislocations. 

A diagram of a 60° threading dislocation is shown in figure 7.17. The Burgers 
vector can be resolved into one screw component, bs and two edge 
components, bei and be2. The component be2 is parallel to the interface and 
relieves misf i t strain while both b e i and bs must be resolved into 
components parallel and perpendicular to the interface. The two Burgers 
vector components parallel to the interface are in opposite directions and 
therefore cancel with each other. The two components perpendicular to the 
interface both produce lattice tilts although one results from a twisting 
action (bs-tilt) while the other comes from a tilt ing action (be-tilt)- The 
magnitudes of the Burgers vector components are summarised in table 7.7. 

A diagram of a screw type threading dislocation is shown in figure 7.18. The 

Burgers vector can be resolved into two screw components, one parallel to 

the interface, (bs-rotate) resulting in a rotation of the layer and one 

perpendicular to the interface, (bs-tilt) which results in a t i l l of the layer. 

The magnitudes of the Burgers vector components are summarised in 

table 7.7. 

Comparison of the sum of the tilt components given in table 7.7 shows that 
all four dislocations under consideration have the same magnitude of 
Burgers vector t i l t component. The assumption made in calculating 
threading dislocation density f rom HRXRD FWHM, that the tilt component of 
the Burgers vector was of magnitude ao/2, is therefore valid. 

In developing the model by Tatsuoka et al.^^'-^''', Durose and Tatsuoka^^ 

proposed that misfit strain was relieved by threading dislocations rather 

than by 60° dislocations parallel to the interface (Section 5.3.1). fhey 
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^s rotate (b) 

Figure 7.16 Burgers vector components of a 30° threading dislocation, 

(a) the Burgers vector can be resolved into one screw component, bs and 

one edge component, be] which relieves misfit, (b) the screw component 

can be further resolved into tilt, bs-tiit and rotate, bs-rotate components. The 

magnitudes and directions of the components are summarised in table 7.7. 



[001] 

[010] 

(a) 

[001] 

[100] 

A b ,_ s-tilt 

(b) 

Figure 7.17 Burgers vector components of a 60° threading dislocation. 
(a) the Burgers vector can be resolved into one screw component, bs and 

two edge components, bei and be2- 1 he edge component be2 relieves misfit. 

(b) the components be i and bs can be further resolved into components 

parallel and perpendicular to the interface, two components cancel, leaving 

two tilt components, bs-tilt and be-uit. I he magnitudes and directions of the 

components are summarised in table 7.7. 



[001] 

[010] 

s-rotate 

Figure 7.18 Burgers vector components of a screw type threading dislocation. 

The Burgers vector can be resolved into two components, bs-tilt a n d 

bs-rotate. vvhich produce layer tilt and rotation respectively. The magnitudes 

and directions of the components are summarised in table 7.7. 



assumed that the threading dislocations had the same misfit relieving 
component (be-misflt) as 60° misfit dislocations. From table 7.7 it can be seen 
that only 30° threading dislocations have the same misfit relieving 
properties as 60° misfit dislocations. Screw dislocations relieve no misfit, 
while 60° threading dislocations have a larger be-misfit than 60' misfit 
dislocations, this can be seen by comparing figures 2.4 and 7.17. Although 
the relative numbers of 30°, 60° and screw type threading dislocations were 
not determined for the CdTe/GaAs epilayers investigated in this study, both 
Hobbs et a l . ^^ and Tamura et a l . - ' l have found that the majority of 
threading dislocations are of 30° type for CdTe/GaAs and GaAs/Si 
respectively. If the majority of threading dislocations are of 30° type and if 
60° and screw type threading dislocations occur in approximately equal 
numbers, then the average strain reUef afforded by a threading dislocation 
is likely to be approximately the same as that of a 60° misfit dislocation, and 
the assumption made by Durose and Tatsuoka'^ is valid. 

The reason why 60° threading dislocations bend over into the plane of a 
heterointerface despite be-misfit decreasing in the process, can be explained 
by considering the effect of threading and misfit dislocations on the strain 
in the entire layer. A misfit dislocation relieves strain in the whole layer 
since it lies at the heterointerface. A threading dislocation also relieves all of 
the layer above it, but as the threading dislocation propagates further from 
the interface, the volume of layer which experiences strain relief decreases. 
The overall strain relief afforded by a threading dislocation over the entire 
thickness of the layer, is less per unit length than for a dislocation with a 
smaller strain relieving Burgers vector which lies in the interface. Also, b\ 
bending over at the heterointerface, the total dislocation length increases, 
since the threading arm of the misfit dislocation is the same length as a 
straight threading dislocation (this can be seen in figure 2.2). Therefore, 
additional strain relief is afforded by extending the dislocation in ihe 
interface. 
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Anisotropy in dislocation structure has been observed by TEM for man\-
epitaxial layers, for example by Brown et al.-̂ '-* in MOVPE grown ZnTe/GaAs, 
by Diamond'^^ in MBE grown CdTe-CdxMn(i-x)Te heterostructures, b\ 
Cheng et a l . l ^ in MOVPE grown CdTe/GaAs, by Zhu and Carter'^l in MBE 
grown GaAs/Si and by Lefebvre and IJlhaq-Bouillet'^'^ in MBE grown 
InxGa(i-x)As/GaAs heterostructures. Anisotropy in HRXRD FWHM has been 
observed fo r CdxHg(i-x)Te/CdTe/GaAs by Barnett et al."*-^ and b> 
Bodin et al."^^ for CdxMn(i-x)Te/CdyZn(i-y)Te. The anisotropy in FWHM can 
be attributed to different densities of dislocations in the two orthogonal <110> 
projections. Several reasons for the asymmetric dislocation content of 
epitaxial layers within the sphalerite structure have been discussed by Fox 
and Jesser"* .̂ The reasons they considered were (i) substrate misorientation, 
( i i ) thickness gradient of the epitaxial layer, ( i i i ) differences in ihc 
nucleat ion barr ier to f o r m the two arrays of dislocations and 
(iv) differences in the Peierls barrier to move the two arrays of dislocations. 
Each of these possibilities will be considered for the layers investigated in 
earlier sections. 

Misorientation of the substrate leads to an unequal resolved shear stress 

which favours one of the two glide systems, which leads to an asymmetric 

dislocation array. This was the reason suggested by Cheng et al.l"^ for the 

occurrence of 60° misfit dislocations in only one <110> direction and of only 

one type. This anisotropy also resulted in a large tilt offset between the 

substrate and the layer. Substrates are misoriented in order to produce 

surface steps at which edge type misfit dislocations can nucleate; edge type 

dislocations are twice as effective as 60° dislocations in relieving misfit and 

therefore only half as man\ are required to relieve a given misfit. This 

method of dislocation reduction was discussed in Section 2.4. The substrates 

used in this study had surface normals misoriented 3.5° about [010] towards 

[lOO], there is therefore equal offcut in both <110> directions (figure 7.19). 

This offcut will not result in anisotropy between the two <110> directions but 

might result in one of the two {111} glide planes being favoured in each 

<110> direction, i.e. anisotropy within each <110> direction but not anisoiropy 

between them. 
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Figure 7.19 Schematic diagram of the substrate offcut used for layers 

examined in Chapter 7. The substrate normal is tilted 3.5° about [010] towards 

[100]. There is equal offcut in both orthogonal <110> directions in the 

interface. 



The effect of a thickness gradient on defect structure was considered by Fox 
and Jesser since it gave rise to preferential nucleation of dislocations in 
thicker regions followed b}' glide to thinner areas. They found the same 
anisotropy between [110] and [ l l O ] on rotation of the substrate by 90° in the 
growth chamber. In addition, for a high misfit system which displays three-
dimensional growth, dislocations are formed at the edges of islands and the 
nucleation of dislocations at "thicker" regions is not meaningful in this case. 

Before considering the differences in the nucleation barrier to form 
dislocations in the [110] and [110] projections and the differences in the 
Peierls barrier to move the two arrays of dislocations, the reason why the 
differences occur should be clarified. In Section 2.5, the anisotropy of the 
sphalerite lattice was reviewed along with the different types of dislocations 
which may occur according to the nature of the dislocation core. It has 
already been explained that for relief of compressive misfit strain, 
dislocations must have an extra half-plane pointing into the substrate. In 
this work, it wil l be assumed that dislocations are of the glide set rather than 
the shuffle set"̂ "̂"̂ .̂ For an a type dislocation (Cd core for glide set), the 
extra half-plane ends on a |111|A directed plane (i.e. ( I l l ) , (111), (111) or 
( i l l ) ) ; for a (3 type dislocation (Te core for glide set), the extra half-plane 
ends on a {lYl\B directed plane (i.e. ( i l l ) , ( i l l ) , ( i l l ) or (111)). Assuming 
that only dislocations with extra half-planes into the substrate occur, 
dislocations observed in the two <110> directions will be of different type and 
are expected to have different energies of nucleation and different Peierls 
barriers. The a and P dislocations with extra half-planes towards the 
substrate for the two orthogonal projections are illustrated in figure 7.20. 

It is unlikely that the difference in nucleation energy of a and (3 

dislocations wil l lead to a large anisotropy in misfit dislocation type for high 

misfit layers which display three-dimensional growth. This is because most 

of the misfit dislocations are formed at the edges of islands where nucleation 

is favoured"^^; this enhancement in nucleation occurs for both types of 

dislocation. 
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Figure 7.20 Diagram to show that for a layer in compression where 
dislocations have an extra half-plane pointing towards the substrate, 
dislocations are of different type in the two orthogonal <110> directions. 



More important than the types of misfit dislocations which occur at the 
interface are the mechanisms by which dislocations are forced out of the 
interface into threading orientations, and the reactions which occur 
between threading dislocations. The difference in Peierls energ\ of a and (3 
dislocations is the most likely cause of the different geometries of the 
extended dislocation network above the interface observed in the iwo 
orthogonal <110> directions. In the [110] projection, the dislocation structure 
is ordered and the dislocation density falls off rapidly with increasing 
thickness. In the [110] projection, the dislocation structure is tangled and 
extends much further into the layer before the dislocation density decreases 
significantly. A similar difference in dislocation geometry has been 
observed for ZnTe/GaAs epilayers by Brown et al.^*^. Keir et al.^ reported 
an anisotropy in CdxHg(i-x)Te/CdTe/GaAs HRXRD FWHM along projected 
beam directions of [110] (broad rocking curves) and [ l l O ] (narrow rocking 
curves). It should be noted that the more extended dislocation network 
observed in [110] XTEM projection wil l result in a broader mosaic spread 
being sampled for [110] X-ray beam projection as has been observed by Keir 
et al. The HRXRD data presented in Chapters 6 and 8 were collected for an 
X-ray beam direction of [100] when projected onto the interface, therefore 
both <110> directions were sampled equally. 

Work by Brown"^^ on II-VI layers under compression explained anisotropic 
twinning in terms of the difference in mobility of a and (3 dislocations. His 
work suggested that a type dislocations are the more mobile, which agrees 
with findings for the III-V materials InSb, InAs, GaSb and GaAs^^. If a type 
dislocations are the more mobile, then threading dislocations observed in 
[ l l O ] projection on advancing J l l l j A planes will be more mobile than their 
counterparts observed in [110] projection. If being more mobile, a 
dislocations are more easily influenced by fluctuations in strain near ihc 
interface and neighbouring dislocations, then they are more likely to be 
bent over into less common orientations as is indeed found in [110] 
projection. The difference in mobili ty can, therefore, explain the more 
tangled dislocation structure obserx'ed in [UO] projection, but it does not 
explain the extent to which the dislocations propagate into the layer. 
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7.6 Conclusions 

HRXRD and the displacement of Kikuchi lines in PTEM have revealed large 
tilts between subgrains. The largest t i l t recorded was 2.1°, for a 2^m thick 
CdTe/GaAs layer. The two subgrains had approximately the same HRXRD 
FWHM and it was concluded, therefore, that subgrains misoriented by a large 
angle with respect to each other are composed of a mosaic spread of small 
domains oriented about a mean position. 

DCXRT and PTEM were used to measure the size of the small domains (mosaic 
spread) which result in the broadening of X-ray rocking curves. The t i l t 
domains in a 0.6|im thick CdTe/GaAs layer measured by PTEM were found lo 
be approximately 0.5-l|J.m in diameter, compared with 20-40|J,m in a 25)im 
thick layer, as measured by DCXRT. The relationship between tilt domain size 
and mosaic spread (as measured by HRXRD) was found to agree with a model 
by Turnbull'^ based on the random alignment of dislocation Burgers vectors. 
Turnbull's model predicts that smaller tilt domains will give rise to a larger 
standard deviation of tilt i.e. a broader mosaic spread. 

Subgrain tilts with a favoured direction were observed for a small region of 
a 25|J.m thick (001)CdTe/GaAs layer. The subgrains were tilted in the same 
direction as the substrate offcut in agreement with some published data for 
GaAs/Si^-^ but in disagreement with models proposed by Schowalter et al.^^ 
and by Ayers et al.^^. 

Dislocation dipoles with <112> line directions and ±[110] Burgers vectors were 
observed in CdTe/GaAs epilayers by PTEM. The ghde planes of the dipoles are 
f l l O } and are perpendicular to the interface. In this orientation the dipoles, 
whose two dislocations have opposite Burgers vectors, have no extra half-
plane pointing towards or away f rom the interface. In this orientation, ihc 
dislocation Burgers vector has no misfit component and it is assumed that 
this is the reason for the dipole adopting this orientation. 
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In PTEM and XTEM studies of CdTe/GaAs, 30°, 60° and screw type threading 
dislocations were observed, all of which had (ao/2)<l 10> Burgers vectors. I he 
60° and screw type dislocations had <110> line directions while the 30° type 
had <211> line directions. 30° dislocations have been previously reported in 
In doped GaAs/Si^l, GaAs/Si^^, and CdTe/GaAs^^. 

A comparison of the misfit relieving components and the sum of the t i l t 
components of 30°, 60° and screw type threading dislocation and 60° type 
misfit dislocations has been made. All four dislocations under consideration 
were found to have the same magnitude of tilt component. The assumption 
made in Chapters 5 and 6, that a threading dislocation has the same Burgers 
vector ti l t component as a 60° misfit dislocation is therefore vaHd. Only 30° 
threading dislocations have the same misfit relieving properties as 60° 
misfit dislocations; 60° threading dislocations relieve more misfit strain 
while screw type threading dislocations relieve none. The assumption in 
Section 5.3.1 of the average misfit relief afforded by a threading dislocation 
being approximately equal to that of a 60° dislocation is valid. 

An anisotropy in the geometry of threading dislocations was observed in the 
two orthogonal <110> directions. In the [110] projection, the dislocation 
structure is ordered and the dislocation density falls off rapidly with 
increasing layer thickness. In the [ i l O ] projection, the dislocation structure 
is tangled and extends much further into the layer before the dislocation 
density decreases significantly. It is thought that this difference in 
geometry is due to the different mobilities of a and P dislocations in the 
sphalerite lattice, although this does not explain the greater thickness to 
which the tangle extends in the case of the [110] projection. 
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CHAPTER 8 

Annealing of CdTe/GaAs Epilayers and Structural 
Quality of (CdHg)Te on CdTe/GaAs 

8.1 Annealing Studies of CdTe/GaAs 

8.1.1 Introduction 

Various methods of reducing the threading dislocation density in high misfit 
epilayers were hsted in Section 2.4. In Section 8.1.2 a more detailed review 
of the annealing of GaAs/Si wi l l be presented and used to anticipate the 
conditions under which successful annealing of epitaxial CdTe ma\ be 
carried out. In Section 8.1.3 a review of the annealing of bulk CdTe is 
presented f rom which the possible problems involved in the annealing of 
epitaxial material can be drawn. Annealing experiments on epitaxial 
CdTe/GaAs have been carried out both in-situ and ex-situ and the results are 
presented and discussed in Sections 8.1.4 and 8.1.5. 

8.1.2 Review of annealing of GaAs/Si 

Thermal annealing of GaAs/Si is a common procedure which has been found 
to be effective in the reduction of threading dislocation density!. ^^^ny 
different types of thermal anneal have, been employed and, i f annealing 
occurs at a significantly high temperature, all are effective. Results from 
several groups of workers will be presented, each of which have emplo\ ed a 
different method of annealing. The work discussed in this section is 
summarised in table 8.1. 

Yamaguchi et al.'^ have undertaken the in-situ annealing, under AsHs, of 

MOVPE grown GaAs/Si using both single and multiple anneals at 800°C. The 

layer growth was terminated at a thickness of 2|i,m and the substrate cooled 

to near room temperature before being raised to 800°C for the times specified 
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in table 8.1. After annealing, the substrate was cooled to 700°C and growth 
was resumed. A further 2|im of GaAs was grown for the case of the single 
anneal. For the case of multiple annealing, a small thickness of GaAs was 
grown, the substrate was cooled to room temperature and was then heated to 
800°C for the anneal time, after which the cycle was repeated. The final 
thickness of GaAs was 4|j.m in each case. 

Yamaguchi et al.^ commented that the improvement in structural qualit\-
resulting f rom thirteen anneal steps was remarkable; the etch pit densit>-
(EPD) dropped from lO^cm"^ to 3xlOf'cm"^ after 13 anneal steps. The effect of 
one anneal was less significant, wi th EPD reducing to approximaieh 
4 x l 0 ^ c m ' 2 . They observed a stepwise reduction in EPD for intermediate 
numbers of anneal steps. It appears that cooling down to room temperature 
played an important part in maximising the structural improvement in the 
GaAs/Si epilayers since a single anneal for 30 minutes gave no more 
improvement than one anneal for 5 minutes, but 6x5 minute anneals 
resulted in a greater improvement. Yamaguchi et al. noted most 
improvement for temperatures greater than 800°C and little improvement 
below 500°C. 

Ayers et al.-^ have undertaken the in-situ annealing of MOVPE grown 1.5|im 
thick GaAs/Si layers under ASH3 flow. The annealing was carried out at 850°C 
without cooling to room temperature prior to annealing. They found that 
increasing anneal time from 5 minutes to 15 minutes improved the layer 
quality further but that no further improvement occurred on annealing for 
more than 15 minutes. The improvement in structural quality on annealing 
was recorded by HRXRD with the FWHM decreasing from 470" to 290" for a 15 
minute anneal. 

Lee et al."^ have annealed 3|im thick MBE grown GaAs/Si epilayers ex-situ 
under an arsenic overpressure at 850°C. The anneal time was 15 minutes and 

the structural improvement afforded was determined by HRXRD. The HRXRD 

FWHM decreased from 372" to 180" on annealing. The substrate was cooled 

down to room temperature before being raised to the annealing temperature. 
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2| im epilayers of GaAs grown on Si by MBE were annealed in sealed quartz 
ampoules under an arsenic overpressure at I050°C for 100 seconds b\ 
Takagi et a l .^ . The substrate and layer were necessarily cooled to room 
temperature before being sealed in the quartz ampoule. The HRXRD FWHM 
decreased from 600" to 250" on annealing. They suggested that the reduction 
in threading dislocations density, which was confirmed by XTEM, was due to 
enhanced dislocation glide and climb at the elevated temperature; the 
concentration of vacancies also increased at the annealing temperature. 

Deppe et al.^ annealed 2| im thick, Zn-diffused MBE grown GaAs/Si epila\ ers 
in sealed quartz ampoules under an arsenic overpressure at 850°C for 
30 minutes. The substrate and layer were cooled down to room temperature 
prior to being sealed in the ampoule. They found that the threading 
dislocation density observed by XTEM was significantly reduced and proposed 
that the climb motion of dislocations was enhanced by point defects produced 
by Zn-diffusion. 

From the review above i t seems that any annealing above the growth 
temperature wil l result in an improvement in structural quality for GaAs/Si. 
Most workers have cooled the specimen to room temperature after growth, lo 
enable ex-situ annealing. However, Ayers et al. annealed the layers 
immediately after growth without cooling and, allowing for the difference 
in the thickness of the layers, found a similar improvement to Lee et al.. 
The literature data for annealing of GaAs/Si suggests that annealing of CdTe 
epilayers will be successful i f a high enough temperature can be achieved. 
This will be discussed in the following sections. 
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8.1.3 Review of Annealing of Bulk CdTe 

A very extensive study of phase equilibria of CdTe has been undertaken b> 
de Nobel^, and the equilibria for CdTe sublimation are given in equation 8.1. 
The concentration of gaseous CdTe species is negligible^ and therefore 
sublimation can be effectively stopped by applying an overpressure of Cd or 
Te2. According to de Nobel, the presence of an inert gas did not stop the 
sublimation of CdTe when a temperature gradient existed along the sealed 
ampoule. Atomic Cd and molecular Te2 were able to diffuse along the ampoule 
and condense to form sohd CdTe in the cooler regions of the ampoule. This 
drew the equilibria of equation 8.1 to the right, and resulted in further 
decomposition of CdTe. 

CdTe ^ CdTe(g) o Cd (g, + i Tê  (g, equation 81 

Annealing studies on CdTe substrates been carried out by Vydyanath et al.^ 

and on bulk CdTe grown f rom the vapour phase by Loginov et a l . l ^ . In 

common with numerous other studies of annealed CdTe, an overpressure of 

Cd was employed. Arias et a l .H found that annealing of CdxHg(]-x)Te on 

GaAs with a CdTe buffer layer under a Hg environment reduced the etch pit 

density. 

Tatarenko et a l . l ^ have determined the sublimation activation energies of 

(001) and ( l l l ) B CdTe. They presented the subhmation rates of (001) and 

( l l l ) B CdTe in As ' l as a function of temperature. By extrapolation of their 

data, some rates of sublimation at temperatures above the MOVPE growth 

temperature for (OOl)CdTe have been estimated and are given in table 8.2. 

From the available literature concerning the annealing of CdTe, it seems that 

a controlled environment is required to avoid sublimation of CdTe during 

annealing. In the following section, preliminary studies of the annealing of 

epitaxial CdTe are presented. 
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Tempera ture /°C 400 420 450 470 

Sublimation rate/ | im hr^ 0.3 0.9 3.6 8.8 

Table 8.2 Summary of sublimadon rate of (OOl)CdTe without an overpressure 

of either consti tuent. Calculated by extrapolation of data b> 

Tatarenko et al.^^. 

8.1.4 Annealing of CdTe/GaAs Epilayers 

8.1.4.1 Ex-situ Annealing 

Before Tatarenko et al. published their work on the sublimation rates of 
(001) and ( l l l ) B CdTe, some annealing of CdTe epilayers was undertaken by 
the present author. A 4|im (001)CdTe/GaAs epilayer was cleaved into several 
pieces and each was sealed in a quartz ampoule at lO'^mbar after flushing 
with Ar gas. The samples were annealed for 2 hours at temperatures of 550, 
450, 400 and 350°C with the end of the ampoule containing the sample 
positioned away f rom the centre of the furnace. After calibration of the 
furnace temperature gradient, the difference in temperature between the 
two ends of the ampoule was estimated to be 5°C; the annealing temperatures 
quoted are those for the centre of the furnace. It was hoped that, b\ placing 
the sample in the cooler region of the furnace, sublimation would be 
minimised. 

For annealing at all temperatures in the range 550°C-350°C, the surface of 

the epitaxial layers were observed to have been degraded. Figure 8.1 shows 

the worst example of surface degradation, after annealing for 2 hours at 

550°C, where all of the layer has been lost in some regions. The micrograph 

was taken in backscattered (primary) electron mode which enhances the 

contrast between materials of different average atomic mass. In figure 8.1 

the GaAs substrate can clearly be seen where all of the CdTe epilayer has 

sublimed 
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Figure 8.1 SEM micrograph (Backscattered mode) of a 4|im (001)CdTe/GaAs 

epilayer annealed for 2 hours at 550°C. The layer was sealed in a quartz 
ampoule at lO'^mbar after flushing with Ar gas. 



8.1.4.2 In-s i tu Anneal ing 

In-situ annealing was carried out in an MOVPE reactor under a Cd 
overpressure maintained by a constant flow of Me2Cd over the layer; ihc 
layer was maintained above the pyrolysis temperature for Me2Cd. The 
substrate preparat ion and growth conditions were as gi \en in 
Section 3.3.3.2. A Cd overpressure of 0.655 Torr (assuming complete 
breakdown of Me2Cd at the anneal temperature) was maintained above the 
epilayer throughout heating, annealing and cooling back to the growth 
temperature. Two annealing temperatures were investigated, 420 C and 
470°C with annealing times of 60 minutes and 20 minutes respectively. After 
annealing, the substrate was cooled to the growth temperature of 370°C and a 
further 9fim of CdTe was grown. 

The quality of the layers was assessed by HRXRD with great care taken to 
record rocking curves for the same substrate position on the susceptor. This 
was particularly important since problems with growth uniformity were 
being experienced. Despite this it was thought that any improvement in 
structural quality would be quantifiable. The HRXRD experimental details are 
the same as those given in Section 6.3 but with a beam size of O.Smmxlmm. 

No visible degradation of either layer was observed; the surface morpholog>' 

appeared the same when observed by Normarski interference microscopy 

for the unannealed and annealed layers. 

No significant change in HRXRD FWHM was measured for either of the 
annealed layers (table 8.3). The possible reasons for this and suggestions for 
future annealing investigations are discussed in the following section. It is 
encouraging, however, that no surface degradation was observed even at 
470°C when a sublimation rate of 8.8 j i m h r ' l is expected for no Cd 
overpressure^^. 
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Anneal temperature/°C Anneal time/minutes HRXRD FWHM 
/arcseconds 

no anneal 174 

420 0) 186 

470 20 161 

Table 8.3 HRXRD FWHM for unannealed and annealed CdTe layers. The 

rocking curves were recorded for the same substrate position on the 

susceptor. 

8.1.5 Discussion 

Despite the apparent success of annealing GaAs/Si, the same procedure 
applied to CdTe/GaAs gave no observable improvement in structural quality. 
Al l of the GaAs/Si annealing was carried out at higher temperatures than 
were used for CdTe/GaAs (compare 850°C and 470°C). The cohesive energy 
per bond^^ is 1.63eV for GaAs and l.OSeV for CdTe, the melting points of 
GaAsl4 and CdTe^ are 1238°C and 1090°C respectively. From these differences 
it is reasonable to suppose that dislocation rearrangement may occur at 
lower temperatures for CdTe than for GaAs but that annealing temperatures 
greater than 470°C may be required. 

A major difference between GaAs/Si and CdTe/GaAs is the effect of the 
thermal expansion coefficients of the layer and substrate on misfit at growth 
and room temperatures. The linear expansion coefficients of Si^"^, GaAs^"* 
and CdTel5 at room temperature are 2.6xlO-6°C-l, G.SGxlO-^X"! and 
4.5xlO"6°C' l respectively. The maximum misfit of GaAs/Si occurs at the 
higher of the growth or anneahng temperatures since the linear expansion 
coefficient of GaAs is greater than that of Si and the layer is in compression. 
For CdTe/GaAs, the greatest misfit is at room temperature since CdTe expands 
less than GaAs on heating and the layer is in compression. With hindsight, it 
seems unlikely that an improvement in structural quality wil l occur for 
annealed CdTe/GaAs unless the layer has been cooled to room temperature 
first to allow for complete relaxation at the maximum misfit. Cooling of CdTe 

158 



epilayers prior to annealing is an obvious next step in determining whether 
epitaxial CdTe/GaAs can be structurally improved by annealing. 

It may be necessary to increase the annealing temperature above those 
temperatures used in the present study, this could pose further problems 
since at temperatures above about 500°C, As is lost from GaAs. This may not 
be a problem if sufficiently thick CdTe epilayers are investigated, since CdTe 
would be deposited on the edges of the substrate, preventing loss of As. 

8.1.6 Conclusions 

In-situ and ex-situ annealing of CdTe/GaAs epilayers was unsuccessful al 
producing major improvements in structural quality. Severe degradation of 
CdTe epilayers was observed for ex-situ annealing in an Ar ambient but not 
for in-situ annealing with a Cd overpressure. It is thought that, owing to 
CdTe/GaAs having a higher misfit at room temperature than during growth, 
layers should be cooled prior to annealing to ensure complete relaxation. It 
is anticipated that annealing at temperatures above 500°C ma}' introduce 
further problems, with As being lost from the GaAs substrate. 
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8.2 Study of CdxHg(i-x)Te on CdTe/GaAs Hybr id Substrates 

8.2.1 In t roduc t i on 

As was outlined in Chapter 1, CdxHg(i-x)Te (CMT) is an important 
semiconducting material for infrared devices. All of the investigations 
presented in earlier chapters were ultimately aimed at improving the 
structural quality of CMT which is grown on GaAs with (OOl)CdTe buffer 
layers. (001)CdTe/GaAs is not the only buffer structure used for the growth 
of CMT, therefore a brief review of published data on the structural quality 
of CMT on various buffer structures and using different growth methods is 
given in Section 8.2.2. The effect of CdTe buffer layer thickness on the 
structural quality of CMT grown by the interdiffused multilayer process 
(IMP) is briefly investigated in Section 8.2.3 and is compared to findings 
published by other workers. 

The aim of Section 8.2 is to bring the work of Chapters 5, 6 and 7 to focus on 

the original aim of the investigation of CdTe/GaAs; that is to improve the 

structural quality of CMT epilayers. 

8.2.2 Review of the Structural Qj ia l i ty of Epitaxial CdxHg(i-x)Te 

A common method of routine structural characterisation is the measurement 

of HRXRD FWHM. The narrowing of the double crystal rocking curve 

indicates that there is a reduction in mosaic spread and/or a decrease in 

lattice dilatations. Keir et al.^^ have studied CMT/CdTe/GaAs and found that 

HRXRD rocking curve broadening in CMT is dominated by mosaic spread. 

They studied CMT layers grown by IMP^^ which is known to give layers with 

good compositional uniformity^^. In the following stud\- it will be assumed 

that HRXRD rocking curve broadening indicates worsening structural 

qualil} and thai broadening due to lattice dilatations can be ignored. In 

tables 8.4 and 8.5, the effects of substrate material, buffer layer structure, 

lattice mismatch and growth technique on HRXRD FWHM of CMT layers are 

presented. The data has been taken f rom published literature and the 
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references are given in the tables. The methods of CMT growth known as 

IMP (interdiffused multilayer process) and DAG (direct alloy growth), 

referred to in the tables, were described in Section 3.3.2. 

Gouws et al.^^ have recorded CMT HRXRD rocking curves for four different 

buffer layers on GaAs substrates; the details are given in table 8.4. They 

found that CdTe buffer layers on GaAs with a thin ZnTe layer to force the 

(001) orientation gave the narrowest HRXRD rocking curve for a 12\im CMT 

layer grown on the buffer layers. Cdo.22Hgo.78Te on Cdo.96Zno.04Te did not 

give a better layer despite being lattice matched. 

cm 
Orientation 

Buffer layer 

Structure 

Total buffer 

thickness 

/ | i m 

FWHM buffer 

/arcseconds 

FWHM of 12^im 

CMT layer on 

buffer 

( i l l ) B CdTe/GaAs 3 350-400 110-145 

(001) CdTe/ZnTe/GaAs 3.05 200-250 90-120 

(001) CdTe/graded 

(CdZn)Te/GaAs 

3.5-3.9 500-650 170-200 

(001) Cdo.96Zno.04Te/ 

ZnTe/GaAs 

3.05 250-300 85-110 

Table 8.4 The effect of buffer layer structure on the HRXRD FWHM of a 12^im 

CMT layer grown by IMP MOVPE. The CMT composition was 22% Cd. The data is 

taken from work published by Gouws et al.^'^. 

In table 8.5 the effect of growing CMT on a variety of different substrates is 

presented; the data has been published by lr \ ine et al.^^, Ghandi et al.^^ 

and Sugiyama et al.^^. It is not advisable to compare exact values of HRXRD 

FWHM published by different research groups since the growth and 

characterisation conditions employed will affect the FWHM recorded. It is 

better to compare data by the same authors to determine the effect of 

changing growth conditions. 
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I r v i n e et a l . ^ ^ have shown that high quality CMT can be grown on 
(OOl)CdTe buffered GaAs substrates. Some of the layers were of better qualit> 
than those grown directly onto CdTe substrates, this suggests that lattice 
mismatch is not the only factor governing dislocation density in CMT layers. 
Ghandi et al.'^^ compared the growth of CM T on CdTe and CdTeo.96Seo.04 
substrates ( Cd(TeSe) is lattice matched to Cdo.2Hgo.8Te) and found that the 
lattice matched substrate gave a superior quaUty layer. They concluded that 
although the initial quality of the substrate was important in determining 
the quality of CMT grown on it, the most important factor in reducing HRXRD 
FWHM was lattice mismatch. 

Buffer layers including strained layer superlattices (SLSs) were employed by 
Sugiyama et a l . ^^ to decrease the dislocation densit>- in CMT layers, 
(table 8.5). The CdTe/(CdZn)Te SLSs blocked the propagation of threading 
dislocations by bending them at the SLS interfaces. It should be noticed that 
the buffer lax er thickness decreases from 7.4 to 4.3|J.m for CMT layers grown 
with and without SLSs; this is not mentioned explicitly by the authors but is 
assumed in the absence of further detail in the published text. It is estimated 
f rom data presented in Section 6.3 that the threading dislocation density of a 
CdTe buffer layer wi l l decrease by a factor of 2 on increasing its thickness 
f rom 4.3 to 7.4|im. This compares to the decrease by a factor of 2.5 which is 
reported by Sugiyama et al. 

Edwall et al.^^ have observed a twofold increase in FWHM for IMP grown 
( l l l ) B CMT compared to DAG grown, the substrates used being (0001) 
sapphire. Poorer structural quality IMP layers compared to DAG have also 
been reported by Shigenaka^^ for CMT grown on (111)B (CdZn)Te substrates. 
However better compositional uniformit\ has been reported by both authors 
named above for IMP grown CMT and by Hallam et a l .^^ '^^for IMP 
(HgMn)Te. 

The thickness dependence of HRXRD FWHM within a 15|im CMT layer on GaAs 

with a 3\im CdTe buffer layer has been studied by Irvine et al.^^. They 

etched the layer and remeasured the X-ray rocking curve. The FWHM 
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remained low until close to the interface, whereupon it increased rapidl>. 
For a CdTe layer of equal thickness, the FWHM increased gradually towards 
the CdTe/GaAs interface. They had shown e a r l i e r t h a t the HRXRD FWHM 
gives a measure of mosaic spread and hence dislocation density^^. The rapid 
decrease in FWHM for small distances f rom the CMT/CdTe interface 
corresponds, therefore, to a rapid decrease in dislocation density in the same 
region. Irvine et al.^^ suggested that this was due to the bending over of 
threading dislocations as a change in lattice parameter occurs at the 
interface. 

The overwhelming weight of published data shows that for any CdTe buffer 

layer thickness, the dislocation density in CMT grown on the CdTe buffer will 

be less than that of the buffer (this wi l l be discussed further in the 

fol lowing section). The only exception found in the literature was by 

Peng et al.-^^ who reported an increase in HRXRD FWHM from 240" to 450" on 

going from a 2-3|J.m CdTe buffer to a 4|j,m CMT layer. 

8.2.3 Results and Discussion 

CMT layers were grown on (001)CdTe/GaAs hybrid substrates using IMP 
according to the conditions given in Section 3.3.3.3. A cross-section TEM 
micrograph of the CMT/CdTe interface of one of these layers is shown in 
figure 8.2. Threading dislocations are bent into directions parallel to the 
interface and were found to have Burgers vectors inclined to the interface 
in <110> directions. The dislocations lying parallel to the interface are all of 
60° type, and are the same as those described in table 7.6. The dislocations 
are not all confined to a narrow region, but rather are distributed over a 
thickness of approximately 0.5|im. This is probably due to the diffusion of Hg 
into the buffer layer leading to a compositional gradient. It is unlikel\ that 
the distribution of dislocations is caused by the incomplete interdiffusion of 
the HgTe and CdTe layers since the region nearest the interface has been 
maintained at the growth temperature for the longest time, and is expected to 
be uniform in composition with depth. Yoshikawa^^ has obserxed a similar 
effect at CMT/CdTe heterojunctions with interdiffusion occurring over 
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Figure 8.2 XTEM micrograph of the CMT/CdTe interface of a CMT epila>er 
grown on (OOl)CdTe buffered GaAs. The dislocations lying parallel to the 
interface are of 60° type. The electron beam direction is [ l l O ] into the plane 
of the paper. 



nearly 4 | im at 500°C. Tunnicliffe et al.^^, who developed the IMP process, 
f o u n d i n t e r d i f f u s i o n at the CMT/CdTe interface occurring over 
approximately 2 | im at 410°C. Interdiffusion has also been shown to be 
responsible for the spreading out of interfacial dislocation by Watson^^ in 
LPE grown CMT on (11 l)(CdZn)Te substrates. 

Two CMT/CdTe/GaAs epilayers were grown with the growth conditions given 
in Section 3.3.3.3. Buffer thicknesses of 6.5 and l l | j . m were used. The details 
of composition, layer thickness and etch pit density (EPD) are given in 
table 8.6 along with the HRXRD FWHM (which were recorded using the same 
experimental arrangement as in Section 6.3 but using a beam size of 
O.Smmxlmm). 

CdTe 
thickness 

/ | i m 

CMT 

thickness 

/|j.m 

CdxHg(i-x)Te 

X value 

HRXRD FWHM 
/arcseconds 

CMT EPD 
/107cm-2 

* 

6.5 12.2 0.23 137 2.4 

11 11 029 124 2.3 

Table 8.6 The effect of buffer layer thickness on the FWHM and EPD of IMP 

grown CMT on CdTe buffered GaAs. 

From Section 6.3 it is estimated that the difference in FWHM between a 6.5 
and U f i m CdTe buffer layer is 100". It seems that this improvement is not 
replicated to the same degree when a CMT layer is grown on the buffer. As 
well as a difference in buffer thickness, there is also a difference in CMT 
composition between the two layers described in table 8.6. The lattice 
parameters of CdTe and HgTe are 6.481 A and 6.461 A respectively-^^, giving a 
misfit of 3.1% between the CdTe buffer and the first HgTe IMP layer at room 
temperature, the HgTe layer being in tension. The thermal expansion 
coefficients of CdTe and HgTe are 4.9xlO-6°C-l and 4\10-6°C-1 respectively^! 

* Etch pit densities were measured by Mrs A. B. Smith, Defence Research 
Agency, Malvern. 
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leading to a higher misf i t at the growth temperature than at room 

temperature. Basson and Booyens-^^ have estimated the critical thickness of 

HgTe on CdTe to be approximately 0.05|im between 300 and 400°C using the 

equation for critical thickness by Matthews and Blakeslee-^- .̂ The CMT layer 

wi th 0.23% Cd has HgTe IMP layers of 0.109)im thickness compared with 

0 . 0 9 l | i m for the layer with 0.29% Cd. Both of these HgTe IMP layers are 

thicker than that required for the bending over of threading dislocations 

into misfit orientations, as proposed by Matthews and Blakeslee^^. It is 

possible that more threading dislocations are bent over by the thicker HgTe 

layer than by the thinner layer, while no new misfit dislocations are 

introduced by half4oop formation in either case. Since the bending over of 

threading dislocations has a greater effect in reducing dislocation density 

than simply increasing the buffer thickness, the decrease in FWHM and EPD 

expected when increasing the buffer thickness f rom 6.5 to l l | i m may be 

counteracted by the increased dislocation reduction occurring at the 

interface of the 6.5fim CdTe/Cdo.23Hgo.77Te layer. 

Nishino et al.-^'^ have undertaken a very extensive investigation of the 

effect of CdTe buffer layer thickness on the EPD of DAG grown CMT on CdTe 

buffered GaAs. There was no difference in CMT composition because all CMT 

layers were deposited at the same time onto previously grown CdTe buffer 

layers of different thicknesses. They grew CMT layers 2, 6, 10 and 14|im thick 

onto 4, 8 and 18|am thick CdTe buffer layers. They also etched back and 

remeasured thick CMT layers which had been grown on buffer layers of 

different thickness. The findings are in accordance with the present work, 

that is that dislocation densit} decreases with thickness. Their data also 

agrees with workers who propose that a lower dislocation density buffer 

layer will lead to a less dislocated CMT layer. Little improvement in structural 

quality was observed on increasing buffer layer thickness beyond 8fim; also 

f rom the trend observed, little improvement would have been measured on 

increasing the buffer thickness f rom 6 to ll|a,m as was indeed the case in the 

present study. 
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8.2.4 Conclusions 

A sharp reduction in threading dislocation density occurs at the CMT/CdTe 
interface which results in CMT epilayers having narrower HRXRD rocking 
curves than the CdTe buffer layers on which the\ were grown. The 
reduction is caused by the bending over of threading dislocations when the 
f i rs t HgTe IMP layer is deposited on the CdTe buffer. The threading 
dislocations are bent into orientations parallel to the interface and were 
found to be of 60° type. 

Very li t t le reduction in CMT/CdTe/GaAs HRXRD FWHM was obserxed on 
increasing the CdTe buffer layer thickness f rom 6.5 to l l | j . m . The small 
reduction observed was less than might be expected from the difference in 
FWHM of the buffer layers alone, and may be due to the different 
compositions of CMT grown on the two buffer layers. 

From the present work and that by Nishino et al.-^'* it seems that another 

method of dislocation reduction needs to be found in order to decrease MOVPE 

CMT dislocation density below lO^cm-^. Sugiyama et al.^^ have reported that 

a reduction in threading dislocation density by a factor of 2.5 has been 

achieved by the use of SLSs, however a reduction b\ a factor of 2 is 

anticipated simply by increasing the CdTe thickness by the thickness of the 

SLSs (predicted from data presented in Section 6.3). 
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CHAPTER 9 

Conclusions 

The aim of this thesis was to investigate the threading dislocations in thick 
(>3|am) CdTe buffer layers grown on (OOl)GaAs by MOVPE, with the aim of 

f inding ways to reduce the threading dislocation density in CMT grown on 

top of them. A thorough experimental study of CdTe/GaAs using X-ray 

diffract ion and electron microscopy has been presented, the conclusions of 

which are summarised later in this chapter. 

An important aspect of work with CdTe/GaAs is that the layer grows by a 3-D 

island mechanism. The commonly accepted mechanisms for the formation of 

misfit dislocations, ghde of threading dislocations and half-loop nucleation, 

are not valid for 3-D growth. Nucleation of misfit dislocations at island edges 

is thought^ to occur for CdTe/GaAs, with threading dislocations being formed 

when islands coalesce and by half-loop nucleation once a complete layer has 

formed. 

Although the MOVPE growth of II-VI Te based materials is a mature 

technology, a number of problems were encountered. Thickness non-

uniformity across wafers was observed for all the layers investigated in this 

work; susceptor temperature gradient non-uniform carrier gas flow and 

external cooUng effects were all found to cause variations in thickness with 

position on the susceptor^'-^. Improvements in the quality of CdTe epitaxy is 

ongoing. For example, a significant development was reported recently by 

Giess et al."^ who have developed a f inal substrate treatment which they 

have shown to reduce hillock density on (001) CMT/CdTe/GaAs to less than 

lOcm-2. 

A significant port ion of this thesis has addressed the distribution of 

threading dislocations with depth in a thick layer and the change in 

dislocation density as a layer thickens. Several models which attempt to 

describe dislocation density reduction or strain relaxation with increasing 
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layer thickness were reviewed in Chapter 5, and a new geometrical model 
was developed. The approximate relationships between dislocation density 
(or strain) and thickness for these models are summarised in table 9.1. 
Several of the models approximate to the same relationship between 
dislocation density and layer thickness, even though they are based on 
different physical principles. This demonstrates that although a particular 
set of data may be described accurately by a given equation, this does not in 
itself mean that the mechanism from which the expression was derived is 
correct. 

Model reference Approximate relationship Section number in 
thesis 

Dunstan^ 1 e a -t 
5.2.1 

Tatsuoka^'^ e a ( l - C i p ' 5.2.2 

Durose and 
Tatsuoka^ 

D = C i ( l - C 2 ) " + C3 5.3.1 

Ayers^ D a -t 
5.3.2 

Kroemer^^ D a -t 
5.3.3 

Tachikawa and 

Yamaguchi^-*^ — r 
— + C 2 exp(C3 t) - C 2 

1 J 

5.3.3 

Present work D a -t 
5.42 

Table 9.1 Summary of the approximate relationships between dislocation 

density, D, strain, e, thickness, t and number of monolayers, n for models 

reviewed in Chapter 5. Cn are constants. 

Dislocation density and strain distributions as a function of layer thickness 

published by other authors, covering the misfit range 0.23-14.6%, were 

compared to the models summarised in table 9.1. For high misfit systems, the 

models by Tatsuoka^'^, Durose and Tatsuoka^ and by Tachikawa and 

Yamaguchi^! agreed most closely with literature data. The latter two models 
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were found to describe the reduction in threading dislocation density with 
increasing layer thickness most accurately for the CdTe/GaAs and ZnTe/GaAs 
epilayers studied in Chapter 6. Threading dislocation densities were 
estimated f rom HRXRD FWHM according to the relationship proposed by Gay, 
Hirsch and Kelly 

A new model which attempts to describe the dislocation density reduction 
which occurs on increasing thickness was presented in Section 5.4.2. The 
model assumes that the threading dislocations are static and all of the same 
character. They may intersect and react as a layer thickens, thus reducing 
the threading dislocation density. The expression derived f rom this 
treatment approximates to an inverse relationship between dislocation 
density and layer thickness. 

Triple axis X-ray diffraction of CdTe/GaAs epilayers confirmed that the major 
contribution to HRXRD rocking curve broadening was mosaic spread. Large 
subgrains til ted significantly away from the mean position were found to 
have individual mosaic spreads comparable to that of the rest of the layer. 
HRXRD was performed as a function of layer thickness on CdTe/GaAs and 
ZnTe/GaAs epilayers and showed that mosaic spread, and by implication 
dislocation density-'^^, decreased rapidly in the region close to the interface 
and the rate of reduction slowed with increasing thickness. From the study 
of CdTe/GaAs, an optimum buffer layer thickness of 8|im is recommended for 
subsequent growth of CMT. As a result of this study, 8|im buffers are now 
routinely used by the team at D.R.A, Malvern. 

HRXRD is not surface sensitive, the depth to which the beam penetrates into 

the layer depending on the X-ray wavelength and the layer material. It was 

demonstrated in Section 6.4 using synchrotron radiation, that rocking curve 

measurement as a funct ion of wavelength and extrapolation to infinite 

absorption, enables the FWHM representative of the surface of an epilayer to 

be determined. 

The interfacial structure of CdTe/GaAs epilayers has been studied by a 

number of workers, see for example references 1,13-15. These references 
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report that misfit dislocations are of two types, 60° and 90°. In this work, 
CdTe/GaAs epilayers were studied by XTEM in two orthogonal <110> 
projections. A dense tangle of dislocations which could not be resolved was 
observed close to the interface, with the dislocation density decreasing 
further f rom the interface. Diffraction contrast experiments indicated that a 
high proportion of threading dislocations were of 30° type, although this 
may be an artefact of the cross-section chosen, since 60° dislocations with 
<011> line directions are only visible in <110> projection for a short distance, 
making them di f f icu l t to observe. A detailed comparison of the Burgers 
vector components of 30°, 60° and screw type threading dislocations was 
presented in table 7.7. It was found that all three types of threading 
dislocation have a Burgers vector tilt component of magnitude (ao/2). This is 
the value of Burgers vector which should be used when dislocation density is 
calculated f rom HRXRD FWHM using the expression by Gay, Hirsch and 
K e l l y l ^ . 

A further aim of the study was to propose and implement new methods of 
threading dislocation density reduction. Annealing of CdTe/GaAs epilayers, 
both in-situ and ex-situ was reported i n Section 8.1. These studies 
demonstrated that CdTe sublimes disproportionately at relatively low 
temperature and that this can be prevented by in-situ annealing under 
Me2Cd flow. Two layers were interrupted during growth, annealed, and 
growth resumed to a predetermined thickness. No reduction in HRXRD FWHM 
was recorded for layers annealed at 420 or 470°C compared to a standard 
layer which had not been annealed. Future studies of the annealing of 
CdTe/GaAs may involve temperatures above the 470°C employed in the 
present study and cooling down to room temperature prior to annealing. 

The latter procedure may result in further improvements on account of the 

difference in the thermal expansion coefficients of CdTe and GaAs which are 

such that CdTe/GaAs has greatest misfit at room temperature. ZnTe/GaAs and 

GaAs/Si systems are most highly mismatched at the growth temperature, 

wi th a decrease in misfit occurring on cool down. Dislocation density 

decreased more rapidly in ZnTe/GaAs than in CdTe/GaAs, as reported in 

Section 6.6.3. It is thought that dislocations of opposite Burgers vector to 
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those formed during growth may be nucleated in ZnTe/GaAs during cooling, 
and may annihilate some of those dislocations already present. It is possible 
that any reduction in dislocation density achievable by annealing CdTe/GaAs 
w i l l be less than that observed for GaAs/Si, simply because additional 
dislocations of the same sign as those introduced during growth may be 
formed during cooling. 

Increasing the CdTe buffer layer thickness f rom 6.5 to l l | i m did not 
noticeably improve the structural quality of CMT grown on it. This is thought 
to be due to the different compositions of CMT which were grown. However, 
independent work by Nishino et al.^^ has demonstrated a reduction in EPD 
in CMT layers grown on progressively thicker CdTe buffer layers. 

The aim for the future of CMT epitaxy is to decrease the threading dislocation 

density in CMT layers to below IxlO^cm'^, since minority carrier lifetime is 

not dominated by dislocations below this density The most promising 

techniques for achieving this objective would appear to be those methods 

which have proved effective for reducing the dislocation densities of 

GaAs/Si epilayers, i.e. the use of substrate offcut, annealing and SLSs. 

It was pointed out in Chapter 2, that substrate offcut can enhance the 

format ion of eff icient 90° type misf i t dislocations and increase the 

probability of dislocation alignment when islands coalesce. The optimum 

offcut for CdTe/GaAs was calculated to be 5.1° away from [001] towards [010]. 

To date the present author has been unable to f ind any reference to such a 

large offcut being used for CMT/CdTe/GaAs epitaxy. 

There are numerous literature reports (see summary table 8.1) that 
annealing of GaAs/Si reduces threading dislocation density, provided the 
annealing temperature is suff ic ient ly high enough. It is likely that 
annealing of CdTe/GaAs wil l be less successful than for GaAs/Si, simply 
because additional dislocations may be introduced during cooling. To the 
author's knowledge, the greatest reduction in dislocation density by 
annealing of GaAs/Si was reported by Yamaguchi et al.^^. They reported a 
reduction by a factor of 33 for 13 annealing steps. If an etch pit density 
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(EPD) reduction of this magnitude were to be achieved for a CMT layer grown 
on a CdTe/GaAs buffer, then the EPD of the CMT layers investigated in 
Chapter 8 would still be of the order of 7xl05cm'2 (based upon the EPD of 
2.3xl0^cm"2 for an unannealed layer). 

Strained layer superlattices have been reported to reduce the dislocation 
density in CdTe buffer layers. In Chapter 2, the success of SLSs for 
subsequent growth of CMT was reviewed (table 2.1). The greatest decrease in 
dislocation density was reported by Petruzzello et al.^^ who observed an 
order of magnitude reduction by a (HgZn)Te/CdTe SLS. This is a small 
decrease compared to those reported for annealing of GaAs/Si and suggests 
that SLSs must be used in conjunction with other methods if the target of 
2x10^cm'^ is to be reached. 

The most consistent reduction in threading dislocation density reported for 
CMT/CdTe/GaAs is when CMT is grown on CdTe buffer layers. For example, 
Sugiyama et a l .^^ reported a factor of 2.5 reduction in the dislocation 
density of CdTe buffer layers with and without SLSs, but observed a reduction 
by a factor of 87 simply by growing 8|im of CMT on the buffer layer. 

Threading dislocations and their distribution in CdTe buffer layers grown on 
GaAs by MOVPE are understood better as a result of this thesis. There is still 
considerable progress to be made before CMT layers with dislocation 
densities below 2xl05cm"2 can be achieved. The very different thermal 
expansion coefficients of the substrate, GaAs and the epilayer materials CdTe 
and HgTe may be a l imit ing factor in all attempts to reduce dislocation 
density in CMT/CdTe/GaAs epilayers. Whatever growth strategies might be 
employed, the layers are likely to deteriorate on cooling. 
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