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ABSTRACT

This thesis 1is primarily concerned with the characterisation
of the native defects present in CdTe crystals grown from the vapour
phase using two different methods. The principal characterisation
techniques used were TEM, SEM and etching/optical microscopy. Crystal
defects in bulk CdTe are of great importance since this material is
in demand as a substrate for the epitaxial growth of Cdngl—xTe for
use in large area infra-red imaging devices.

Large single crystals grown using the 'Durham’ technique invariably
contain first order twin boundaries lying on {111} planes and these
are of the 'ortho'-type. Twin boundaries on other planes were charac-
terised using the coincidence site lattice models of twin boundaries
in sphalerite which were developed during this work. First order
lateral twin boundaries lying on {511}-{111}, {112}-{112}, {001}-{221}
and {110}-{114} and second order twin boundaries lying on {111}-{115}
{114}-{114} and {221}-{221} are discussed. Twinning in CdTe is thought
to be due to post-growth stress rather than to a growth phenomenon,
The dislocations which are present in crystals grown by the 'Durham'
method are predominantly concentrated into well-formed arrays which
are sometimes associated with other crystal defects. These arrays
were shown by EBIC studies to be electrically active and the average
sub-grain dimension was found to be ~ 150 um. It is thought that
the arrays form as a result of dislocation polygonisation during the
latter stages of growth. Precipitates, which were identified as being
comprised of Te, are found in the bulk of the crystals although they
are more often seen on twin boundaries. The relationship between
boundary type and the density of precipitates is discussed.

Sub-grain boundaries and precipitates were also examined in a
small number of CdTe crystals which had been grown by a modified 'Piper-
Polich' technique. The differences between the defects in this
material and those in CdTe crystals grown by the 'Durham' method are
fully explained in terms of the differences in the crystal growth
conditions employed in the two techniques. Networks of dislocations
in Cdggs Znggs Te crystals grown by the 'Durham' technique were also
investigated.

A mechanochemical polishing machine which was developed during
the course of this work and which is capable of producing high quality
chemically polished surfaces is described. Also the use of chemical
etchants to determine the crystallographic polarity of {111} oriented
surfaces is clarified.

Important features of this work include; the development  of co-
incidence site lattice models of first order lateral and second order
twin boundaries in the sphalerite structure and the thorough charact-

erisation of these boundaries in as-grown CdTe crystals, and the com-
parison of the sub-grain boundaries and precipitates present in

material grown from the vapour phase by two different techniques.
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CHAPTER ONE
INTRODUCTION

CdTe has a number of important applications, including solar cells
[1,2,3], infra-red windows [1,3,4], electrooptic modulators [1,6,7]
and nuclear radiatién detectors [1,8,9]. Relatively recently CdTe
has also been used extensively as a substrate material for the epita-
xial deposition of Cdngl—xTe [10,11]. This ternary compound is
an important infra-red detector material for use in the 8-12 um range
when x $O.2 [12]. However, problems encountered in the preparation
of bulk crystals of this material for use in large area infra-red
imaging devices have led to the development of an extensive epitaxial
technology: Cdngl_xTe epilayers have been grown by liquid phase
epitaxy (LPE) [13], molecular beam epitaxy (MBE) [14] and metal-
organic vapour phase epitaxy (MOVPE) [15-19] on a variety of substrates.
CdTe is a leading candidéte for use as a substrate material for the
growth of epitaxial CdTe for the following reasons:-

i) The lattice mismatch of CdTe to  Cdg.HgogTe is 2.5 x 10
at room temperature, which is favourable for good epitaxy.
ii) The thermal expansion coefficients of the two materials are
compatible.
iii) CdTe contains no foreign species which could diffuse into and
hence contaminate Cdngl—xTe epilayers.

However, the presence of crystal defects in CdTe substrates
is . detrimental to good epitaxy since such defects are known to propa-
gate into the epilayers from the substrates upon which they were

grown. Any electrical activity or compositional inhomogeneity which




is caused by the presence of_theée defects in Cdngl—xTe epilayers
will have a deleterious effect upon the performance of imaging devices
fabricated on such layers.

Comparatively recently some interest has also been shown in
CdyHgl_yTe (y =0.95) as an alternative substrate to CdTe [20] since
the composition of this material can be adjusted to give an exact
lattice match to Cdo2 Hgos Te for epitaxy [21]. Furthermore,
CdcosZnoosTe substrates have been reported as having a more favourable
- dislocation content than bulk CdTe [20,22].

The techniques for growing large CdTe crystélé which are most
frequently referred to in the literature are melt-growth methods in-
volving growth from either a congruent melt, or from a solution of
CdTe in oné or the other of the elements [23]. However, in this
laboratory considerable expertise has been developed in the growth
of a wide range of II-VI crystals from the vapour phase [24]. Crystal
growth by the so-called 'Durham' technique proceeds in the specially
designed sealed silica growth capsules which are described in 82.2.2.
In excess of 80 boules of CdTe weighing up to 160g each and being
up to 29 mm in diameter have been grown using this technique, and
these crystals have provided a source of substrate material for an
ektensive programme of growing Cdngl-xTe epilayers by MOVPE in this
laboratory. A smaller number of bulk Cdoss Znoos Te crystals have
also been grown by the 'Durham’ technique. In addition, the growth
of large CdTe crystals was also attempted using a second vapour phase
method which is a modification of that developed by Piper and Polich
(see §2.2.3) [24].

This project is concerned with the characterisation of the grown-

in structural defects in these crystals. ©Owing to the success of



the 'Durham' technique of growing CdTe crystals having large grain
size most of the characterisation work described in this thesis was
performed on this material. Nevertheless, significant characterisation
studies have been carried out on CdTe grown bf the modified Piper-
Polich technique and on the CdggsZngysTe crystals grown by the 'Durham’
method.

The techniques of characterisation used during this work include
transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and the electron beam induced current mode of the SEM (SEM/EBIC),
energy dispersive analysis of X-rays (EDAX) and reflection high energy
electron diffraction (RHEED). These are all described in Chapter
2. Chemical etching in conjunction with optical microscopy has been
used extensively in this work to characterise a variety of defects
and the properties of>the etchants used are reviewed in Chapter 5.
The use of chemical etchants to determine the crystallographic polarity
of CdTe surfaces and the development of a mechanochemical polishing
technique which is capable of producing pristine crystal surfaces
for epitaxy are also described in that Chapter.

Three types of defects which are encountered in the as-grown
crystals have received particular attention in this work and these
are:-

i) Twin bands and boundaries (Chapters 6 and 7).

ii) Sub-grain boundaries (dislocation arrays) (Chapter 8).

iii) . Precipitates(Chapter 9).

CdTe crystals are inherently prone to twinning [25] and a great
variety of twin boundaries and intersecting twin structures have
been observed in some of the 60 boules of 'Durham'-grown CdTe which

were examined. The crystallography of these twins has been fully



characterised with reference to the geometric models of twin boundaries

which were developed during the course of this work (see Chapter
7). Dislocation arrays (sub-grain boundaries) have been observed
in CdTe crystals grown by both of the vapour phase techniques and
also in the CdggsZnopsTe crystals grown by the 'Durham' method.
The structures of these boundaries have been found to be considerably
differenp in each of the three materials. A comparison between the
form and distribution of precipitates in CdTe grown by the modified
Piper-Polich and 'Durham' techniques has also been made in Chapter
9.

Throughout this work, efforts have been made not only to charac-
terise the defects present in the crystals studied, but also to estab-
lish their origins and to relate the structures and distribution
of these defects to the crystal growth conditions. Whenever possible
the effect that the defects in the substrate materials examined might
have upon the quality of any epitaxial layers grown upon these sub-

strates is discussed.
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CHAPTER TWO

CRYSTAL GROWTH AND EXPERIMENTAL TECHNIQUES

§2.1 Introduction

This Chapter is comprised of two sections which deal with the
growth of large CdTe crystals from the vapour phase (§2.2) and the
principal techniques of structural assessment used in this work (§2.3).
The basic experiﬁental features of transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy dispersive analysis
of X-rays (EDAX) and reflection high energy electron diffraction
(RHEED) are outliﬁed while a discussion of electron diffraction and
image contrast is postponed until Chapter 3.

The author is indebted to Mr N.F. Thompson and Dr G.J. Russell

who grew all of the crystals examined in this work. -

82.2 Crystal Growth

§2.2.1 The Growth of CdTe Crystals From the Vapour Phase

The most popular methods of growing bulk CdTe crystals are from
the liquid phase, either from the stoichiometric melt or fromTe rich
solutions (see reference [1]). However, this work is concerned with
the quality of CdTe crystals which were grown from the vapour phase
using the methods described in the next two sections. The vapour
phase technique is thought to offer the advantage of growth at low
temperatures in comparison to the congruent melting point of CdTe,
which is 1092 °c, By employing lower growth temperatures the pos-

sibility of contamination is reduced. Also, if a reservoir containing

one of the elements is connected to the growth capsule, some degree



of stoichiometric control over the vapour, and therefore the crystals,
may be achieved. Consequently it is expected that the defect content
of vapour-grown crystals may differ from that of those grown by melt
techniques.

CdTe for use in crystal growth was synthesised directly from
the eiements. Ingots of Cd and Te of 'six 9s' purity were purchased
from M.C.P. Electronic Materials Ltd. The elements were loaded into
a silica capsule which was evacuated, sealed, and heated at 940 °c
for three days. In practice, a small excess of Te (v1%) was included
in the material before synthesis, since this is thought to reduce
the sticking of CdTe to silica glass which is sometimes encounteréd.
Cdyan_yTe, with y ~0.95, for use in crystal growth was synthesised

in the same’ wéy with the addition of the appropriate quantity of

high purity Zn.

§2.2.2 The 'Durham’' Technique

This technique of vapour phase crystal growth has been used
in Durham for many years and has been used to grow a variety of bulk
II-VI crystals. These include CdS[2,3,4], CdSe[6], ZnS[7], ZnSe[4,5,8],
ZnS-Se, CdZnS and, more recently CdTe[9,10]. The technique employs
a sealed, evacuated silica capsule of the type which is illustrated
in Figure 2.1. A 'charge' of CdTe is placed in the bottom of this
capsule and is transported to the conical growth tip at the top of
the tube by sublimation in a temperature gradient. During growth,
the temperature difference between the growth face and the charge
material is maintained by pulling the crystal growth tube through
the temperature profile of the furnace at a rate of 1-2 mm per hour.

An important feature of the 'Durham' technique is that the growth



SUPPORT HOOK

GROWING CRYSTAL

TEMPERATURE PROFILE FOR ;

CdS (S tail)
— ==~ CdRe (Te tail)

2nd VACUUM SEAL —.P

CRYSTAL GROWTH
CHARGE

ELEMENTAL TAIL
* MATERIAL '

!
|
!
|
|
|
|
!
|
|
|
I
]

1 I B |

200 400 600 800 1000 1200
TEMPERATURE ()

Figure 2.1 Crystal growth by the 'Durham' method.
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capsule is coupled, via a narrow orifice, to a tail tube which contains
one of the elements. This enables the stoichiometry of the vapour
to be maintained close to the Pmin condition which is known to be
the optimum for crystal growth [5]. The. element in the tail tube
is usually Te, since it has been reported elsewhere that a slight
excess of Te enhances growth from the vapour phase [10]. Growth
takes place over a period of &4-5 days, after which the crystal is
cooled to réom temperature in a controlled manner over a further
three day period. Crystals grown using this technique are maintained
at high temperatures for long periods of time and this might be ex-
pected to influence their structural and electrical properties.
Boules up to 29 mm in diameter and weighing up to 160 g have been
grown routinely using the Durham technique and an example_is shown

in the photograph in Figure 6.1 in Chapter 6.

§2.2.3 The Modified Piper-Polich Technique

A second vapour phase technique which is a modification of that
described by Piper and Polich [12] has been used to grow crystals
of ZnS[7], ZnS-Se[7], CdS[10] and CdTe[10] in this laboratory. The
design of the silica growth tube employed is ‘shown in Figure 2.2.
A charge of CdTe which was synthesised using the direct combination
method desecribed in §2.2.1 was loaded into the growth capsule, which
is open to an argon atmosphere at the beginning of the growth process.
The capsule was fabricated from silica tubes of two different bores,
the narrow one of which is open ended and is constricted at intervals,
as shown in the figure, .. During growth a temperature difference
of ~ 40 - 50 -°C was maintained between the charge material and the

conical end of the growth tube. However, before crystal growth
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commences the first of the material to sublime nucleates at the cool-
est constriction thereby Sealihg, off the narrow bore tube which
results in subsequent nucleation at the colder constrictions and
finally at the neck of the main growth capsule.

In this method, no pulling is involved and complete transport
of material occurs in a period of about one day, after which the
growth tubes are cooled to room temperature simply by switching off
the furnace. CdTe boules up to 15 mm in diameter and weighing up

to 30 g have been grbwn in this way.

§2.2,4 A Comparison of the Two Growth Techniques

The 'Durham' and modified Piper-Polich vapour phase growth tech-
niques differ from one another substantially: in the case of the
'Durham' method the temperature gradient during growth is much smaller
and as a consequence these crystals grow much more slowly than those
grown by the modified Piper-Polich technique. Furthermore, in the
'Durham’' method, the maintenance of the crystals at a high temperature
during grewth combined with their subsequent slow cooling to room
temperature is equivalent to subjecting them to a post-growth annealing
process. This contrasts with the fast growth and cooling conditions
encountered in the modified Piper-Polich technique. The rate of
transport during growth is also affected by the composition of the
gases and vapours present in the growth capsules. These differ in
two ways. Firstly, growth in the modified Piper-Polich technique
is in an argon ambient whereas the sealed 'Durham' growth capsules
are evacuated. Secondly, the tail tube incorporated in the 'Durham'
capsules enables the .composition of the vapour to be controlled.

In the case of Piper-Polich crystals the vapour composition is governed
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by the conditions under which the capsules self-seal, and these may vary
from one gfowth-run to another,

Due to these differences in growth conditions it is expected
that the structural and electrical properties of the two types of
crystal will differ considerably. Indeed, during early trials of
CdTe crystal growth using 10 mm diameter growth tubes, those crystals
grown by the'modifiéd Piper-Polich technique had a larger grain size.
However, upon increasing the growth tube diameter to 15 mm this trend
was reversed. Following fhe trials some 60 boules of CdTe with dia-
meters up to 29 mm have been grown by the 'Durham' method. Accord-
ingly, much of the structural assessment work presented in this thesis
was performed on 'Durham' grown materials. However, some work on
crystals grown by the modified Piper-Polich technique was done and
this enabled comparisons of the dislocation and precipitate content

of the two materials to be made.

§2.3 Experimental Techniques

This section draws attention to the experimental techniques
used in this work. These are all well established and the reader

is referred to relevant textbooks and review articles whenever

appropriate}

§2.3.1 Transmission Electron Microscopy

Detailed descriptions of the construction and operation of trans-
mission electron microscopes (TEM's) may be found in the textbooks
by Hirsch et al [13], Thomas [14] and Loretto and Smallman [15].
However, the basic modes of operation of the TEM are described in

the next four sections while the preparation of thin specimens of
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CdTe crystals is described in 8§2.3.1.5.

§2.3.1.1 Bright Field Microscopy

A schematic ray path diagram showing the formation of an electron-
optical image in a TEM is shown in Figure 2.3 (The 'illumination'
system consisting of an electron gun and two condenser lenses is
omitted). The imaging system itself is comprised of objective, inter-
mediate and projector (electromagnetic) lenses which give individual
magnifications of 25, 10 and 100 respectively. These lead to an
overall magnification which is typically 25 x 10 x 100 = 25,000 times.
Under microscopy conditions the parallel beam of illumination is
diffracted by the crystalline sample and a diffraction pattern is
formed in’the back focal plane of the objective lens. By inserting
a 30 um objective aperture into the path of the beam in this plane,
only those electrons which are not diffracted by the sample may be
selected to contribute to the image. This is termed 'bright field'
imaging. If electrons are strongly diffracted from a particular
region of a crystalline sample, then this area will appear dark in
the bright field image, since the loc?l intensity of the undeviated
beam will be diminished in that region. Some fundamental aspects

of this ‘diffraction contrast' are reviewed in Chapter 3.

§2.3.1.2 Selected Area Diffraction

If the intermediate lens is focussed on the back focal plane
of the objective lens then the image of the diffraction pattern lo-
cated there will be projected onto the viewing screen. This is illus-
trated in the ray path diagram in Figure 2.4. Furthermore, the area

of the sample which contributes to the diffraction pattern may be
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selected by inserting an aperture into the plane of the first inter-

mediate image, as shown in the figure. This aperture may be positioned
accurately on regions of interest by viewing both the sample and
the aperture in the bright field condition. Selected area diffraction
(SAD) is therefore a useful technique for analysing multi-phase or

multi-grained samples.

§2.3.1.3 Dark Field Microscopy

If only those electrons which are diffracted by a particular
set of crystal planes are allowed to pass through the objective aper-
ture then a 'dark field' image is obtained. The best way to arrange
this imaging condition is to tilt the illuminating beam so that the
diffracted beam passes along the optic axis of the microscope. Beam
tilting in this way, usually with the aid of deflection coils, avoids
the spherical aberration suffered if a diffracted beam is selected
by simply moving the objective aperture off the lens axis to intercept

a diffracted beam.

§2.3.1.4 Scanning Transmission Electron Microscopy

Modern analytical electron microscopes are capable of imaging
in the scanning transmission electron microscopy (STEM) mode. This
employs an electron beam of much smaller diameter than conventional
transmission electron microscopy ( ~0.0l ym as compared to ~10 pm)
and the beam is scanned across the sample in a raster fashion. Thq
transmitted electrons are collected by a detector comprised of a
scintillator and a photomultiplier tube which is located beneath
the viewing screen of the microscope. The signal from this is dis-

played on a CRT which is scanned synchronously with the electron
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beam scan on the specimen. STEM is particularly useful if X-ray
microanalysis is to be performed on thin sections since the small
electron beam probe may be positioned so as to focus on specific

regions of the specimen. X-ray microanalysis is discussed in §2.3.2.4

§2.3.1.5 Specimen Preparation

Thin, electron transparent sections of CdTe bulk crystals for
examination in the TEM were prepared from 4 mm thick slices which
were cut from the boules using a diamond saw. These were then polished
on both sides by chemical hydroplané‘ polishing using a 1% solution o #
in methanol + ethylene glycol (4+1) (see §5.2.3.3). Discs with a
diameter of 3 mm were then cut from the slices with an ultrasonic
drill and these were masked around their edges using 'Lacomit' varnish.
Further chemical polishing was performed using a 1% solution of
bromine in methanol (see §5.é.3.2) and was terminated by immersing:
the samples in methanol when perforation occured. The specimens

were then dried in a slow stream of air and inserted directly into

the transmission electron microscope.

§2.3.2 Scanning Electron Microscopy

52.3.2.1 The Scanning Electron Microscope

The construction, modes of operation-and uses of the scanning
electron microscope (SEM) are described in detail in the textbooks
by Goldstein et al [16,17] and Holt et al [18].

A schematic diagram of an SEM is shown. in Figure 2.5. The micro-
scope is essentially an electron probe fofming insfrument which makes
use of a focused electron beam that has been accelerated through

up to 50kV. Scan coils enable the -electronbeam to be deflected in
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a raster fashion over the specimen, which is maintained at earth
potential. A number of different signals excited in the specimen
by the high energy incident electron beam can be detected and used
to modulate the output of a display CRT which is scanned synchronously
with the electron beam in the microscope. The magnification is given
by the ratio of the width of the image on the CRT to that of the
electron beam raster on the sample surface. Most modern SEMs offer
a range of magnificétions extending from x20 to x100,000. The physical
effects resulting from electron beam-specimen interactions which
give rise to signals which may be used for imaging purposes are indi-

cated in the next section.

§2.3.2.2 Electron Beam - Specimen Interactions

When an electron beam impinges on the surface of a semiconductor
sample, a number of interactions occur in various parts of the excita-
tion region within the sample, as illustrated in Figure 2.6. Effects
which can be used in image formation and analysis is the SEM include

the emission of:-

i) secondary emitted electrons with energy 0-50 eV.

ii) Elastically scattered, primary or backscattered electrons.

iii) Auger electrons.

iv) Characteristic and continuous X-rays,

v) ‘Cathodoluminescence.
Beam-induced currents may also be used in the formation of images.
when the generation volume intersects, or is within the diffusion
length of, a potential barrier such as a p-n junction of a Schottky

diode.

In the next three sections the use of the SEM in the secondary
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Figure 2.6 Electron beam-specimen interactions.
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emission, backscattered, X-ray (analysis) and beam induced conduc-

tivity modes is briefly described.

8§2.3.2.3 Secondary and Backscattered Electron Emission Modes

Images formed using either the combined signal from the high
energy elastically scattered, primary and inelastically scattered
secondary electrons, or just the primary electrons may be formed
with .the aid of a single detector of the type first described by
Everhart and Thornley [19]. This detector is able to select the
electrons which contribute to the image according to their energies
by means of a biased metal grid. If a grid voltage of +250V is used
then both the high energy primaries and the low energy secondaries
are able to impinge on an Al coated'scintillator which is maintained
at about +10 kV. The light from the scintillator is amplified by

a photomultiplier tube and the signal from this is used to modulate
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the intensity of the electron beam in a.display CRT. Since the number
of secondary electrons emitted from a surface greatly exceeds the
number of primaries, when using a grid bias of +250V the image formed
is essentially a secondary electron image. Howéver,»if a grid bias
of -50V is used, the secondary electrons are excluded from the de-
tector and a backscattered image is produced.
There are a number of constrast mechanismé which operate when
imaging in these two modes. The most important of these are:-
i) Topographic contrast in the secondary electron emission mode.
This arises primarily as a result of the different probabilities
of secondary electrons being collected from parts of the sample
surface that are inclined differently with respect to the detector.
The position of the electron detector with respect to both the
sample and the electron beam is thus of major importance in this
mode of image formation.
ii) Atomic humbér contrast in the backscattered mode.
The backscattering coefficient of electrons increases with the
atomic numser of the specimen, thus enabling compositional contrast
to be obtained from flat samples containing separate phases of
material differing significantly in atomic number.
" Compositional contrast may also be obtained by X-ray mapping,

as described in the next section.

§2.3.2.4 X-ray Microanalysis

If an SEM is fitted with a suitable X-ray detector system then
characteristic X-rays may be used to perform both microanalysis and
compositional mapping. Both wavelength and energy dispersive X-ray

analyses are available, although the latter are more frequently
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Figure 2.7 Energy dispersive X-ray analyser.

encountered in routine analytical microscopy. Whereas wavelength
dispersive systems have the advantages of greater resolution and
lower detection limits, energy dispersive systems are both easier
and faster to operate. Moreover, they are sufficiently accurate
and sensitive for many general analytical investigations.

A schematic diagram of an energy dispersive analyser is shown
in Figure 2.7. The X-ray signal from the sample passes through a

Be window into a Cooled, reversed-biased p-n Si (Li) detector. This
leads to the formation of electron-hole pairs which are swept away
by the voltage bias to form a charge pulse which is then converted
to a voltage pulse by a charge sensitive amplifier. The detector

works on the principle that the voltage pulse produced is proportional

to the energy of the incident X-ray photon. The signal is further
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amplified and passed on to a multi-channel analyser (MCA) where the
pulses are sorted by voltage. The contents of the MCA's memory may
then be passed on to a computer for peak ideﬁtification, by comparison
with the known positions of ‘the characteristic X-ray lines of all
elements, and is then displayed on a monitor.

The technique may be used to analyse special features of interest
if the SEM is used in the stationary 'spot' mode. Use of the micro-
scope in 'spot' mode enables elemental maps to be formed from selected
portions of the X-ray spectrum. The resolution of X-ray microanalysis
is governed by the width of the beam-induced excitation region in
the sample and is typically of the order of 1 pm. X-ray techniques
in the scanning electron microscope are reviewed at length by

Goldstein et al [17].

§2.3.2.5 Electron Beam-Induced Conductivity

The basis of this technique rests in the ability of an electron
beam to excite electron-hole pairs in a semiconductor sample. These
are then separated under the influence of the bias field of a p-n

junction or a Shottky diode. In constant voltage conditions the

regions through which the carriers move before recombining yield
'charge collection current’ pulses in an external circuit. Regions
in which charge collection occurs appear bright in the image. This
mode of imaging is commonly referred to as the electron beam-induced

conductivity (EBIC) or B-conductivity mode.

In most cases, the investigation of the distribution of recom-
bination centres in a bulk semiconductor sample necessitates the

fabrication of a Schottky diede to which a bias voltage may be applied.

Schottky diodes on CdTe were made for this purpose by evaporating
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a thin gold film (rectifying) on to one side of a chemically polished

slice, and soldering an indium contact (ohmic) onto the other.

§2.3.3 Reflection High Energy Electron Diffraction

A detailed review of reflection.high energy electron diffraction
(RHEED) is provided by Russell [20].

A high energy beam of electrons ( V100 KV) is capable of under-
going diffraction upon intersecting the surface of a bulk crystal at a
glancing' éhglé: this is the basis of the RHEED technique. RHEED
may be carried out conveniently in a TEM which has been modified
to accept a goniometer stage and an air-lock. These are usually
positioned in the space directly below the projector lens. Such
goniometers are usually capable of holding specimens measuring
Vv 10 mm x 10 mm x 2 mm. - The diffraction geometry employed in RHEED is
illustrated in Figure.2.8. Crystal spacings may be calculated from
RHEED patterns by combining Bragg's law, A = 2d;; sin and the expression
which describes the diffraction geometry, thl = Ltan26. (All symbols |
have their usual meanings - see Figure 2.8).

Applying the small @ approximation yields:

AL = Rpi19dhir -

AL is the 'camera constant' which is a constant for a given set of
diffraction conditions.
The types of information which can be obtained using RHEED

include:
i) The amount of crystalline order.

ii) The interplanar spacings and crystal structure of the

material.

iii) The content of the unit cell, which may be determined

in some cases by analysing the intensities of the
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Figure 2.8 Diffraction geometry in RHEED.

diffracted beams
iv) The texture of the specimen surface, which may be
assessed from the shape of the diffraction spots.
v) The crystal quality of the surface, which may be
assessed by examining the sharpness of Kikuchi lines.
The main advantages of RHEED are that it is a technique which
is capable of assessing the crystallographyor crystallinity of the
surfaces of bulk crystals nondestructively with minimal sample

preparation.

§2.3.4 Equipment Available

The Department of Applied Physics and Electronics has a JEOL
JEM 120 TEM (1967) which is capable of operating at 80, 100 and 120kV.
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It has been adapted to accept a RHEED stage. In April 1985 a JEOL
100CX TEM with STEM and EDAX was purchased. The Department also
has a Cambridge Stereoscan 600 SEM which is equipped with a Link

Systems EDAX facility.
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CHAPTER THREE

ELECTRON DIFFRACTION AND CONTRAST IN THE TRANSMISSION

ELECTRON MICROSCOPE

§3.1 Introduction

The interpretation of the images of crystalline samples obtained
in the transmission electron microscope requires considerable under-
standing of electron diffraction. In particular, the ways in which
the preéence of crystal defects modifies the transmission and diffrac-
tion of electrons by thin crystals is of fundamental importance.
In the first part of this Chapter ( 83.2), the geometric conditions
necessary for the diffraction of radiation by a crystalline specimen
are outlined. The implications of these conditions with reference
to electron diffraction from thin crystals is then considered. The
fundamental features of the ‘'kinematical' treatment of diffraction
which is necessary for the understanding of image contrast are de-
scribed in 83.3.2 while the remainder of that section is devoted
to descriptions of the characteristics of the image contrast associated
with crystal defects. The treatment is limited to those defects
which were encountered during this work - there is extensive and
detailed literature on the interpretation of diffraction contrast

arising at all forms of crystal defect and the reader is referred

to the relevant textbooks whenever appropriate.

§3.2 Electron Diffraction

§3.2.1 The Reciprocal Lattice

An important concept which is necessary in order to gain a proper
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understanding of diffraction phenomena is the idea of the reciprocal
lattice. 1In order to construct the reciprocal lattice from the real
lattice, lines are drawn from a point which is chosen to be the origin
of reciprocal space in directions which are perpendicular to the
crystal planes in the real lattice. The reciprocal lattice point
corresponding to the plane (hkl) lies at a distance of 1/d,,, from
the origin along the line which is perpendicular to this plane.
In this way a space lattice of reciprocal lattice points may be formed
for any crystal structure. For a real lattice having the unit cell
vectors a2, a;, the reciprocal lattice will have the reciprocal
lattice unit cell vectorsia ,_gz, pa , and for the cubic system, the
two sets of axes are coincident. Furthermore, the reciprocal lattice

point corresponding to the (hkl) plane may be described by the re-

ciprocal lattice vector gu,q = hb, + kb, + 1b, . Full details of

the properties of the reciprocal lattice may be found in Cullity's

text on X-ray diffraction [1].

§3.2.2 The Laue Equations

The Laue equations describe the conditions necessary for the
constructive interference of waves which have been elastically scat-
tered from two scattering centres. In the case of electron diffrac-
tion elastic scattering occurs as a result of the interaction of
electrons with the nuclei of atoms. The diffraction of inelastically
scattered electrons is considered in §3.2,5.

In order for constructive interference to occur between waves
scattered from two centres, the path difference between them must
equal a whole number of wavelengths. Consider the two centres illus-

trated in Figure 3.1, one of which lies at the origin of the real
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lattice, O and the other at A whose coordinates are pa,, qa,, ra,,
where p,q and r are integers. The vector OA is thus given by

OA = pa, + qa, + ra,. The incident and diffracted beams of radiation
(electrons having a wavelength A) are represented by vectors Ko and
K respectively. To determine the conditions under which diffraction
occurs we must consider the phase difference between waves scattered
from the centres O and A. The lines Ou and Ov in the diagram are
the wavefronts of the incident and diffracted beams respectively.
Let & be the path difference for waves scattered by O and A,

We see that 6_= ud + Av.

Om + On

It

Ko . OA + (-K).0A

0A . (K - Ko)
The corresponding phase difference is given by

o~ ams

K - Ko
[ X J may be represented as a vector in the reciprocal lattice,

that is

K-Ko = hb, + kb, + 1b,

In general h, k and 1 are continuously variable and may assume any
values. The expression for the phase difference may be rewritten

as

(<S4
[

-2m (hb, + kb, + 1b.).(pa, + qa, + ra,)

-2m (hp + kq + 1r)
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Figure 3.1 Scattering from two centres, O and A.

In order for constructive interference to occur the phase differ-
ence must be a multiple of 27 and so h, k and 1 must be integers:
the condition for diffraction is therefore that the vector K - Ko
A

ends at a reciprocal lattice point, that is

[E-EOJ = hb, + kb, + 1b, =g,
y

where 8hk1 is a reciprocal lattice vector termed the diffraction vector.
By resolving the diffraction vector along the three orthogonal axes of
the real lattice of a cubic structure the Laue equations are obtained.
For‘example,

a8, - |K-Ko = a . (hb, + kb, + 1by) = h
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and so a, . (K- Ko) = ha
a, . (K-Ko)=ka
a,. (K-Ko)=1n.

Since the vector (K - Ko) bisects the angle between K and Ko,
we may consider the diffracted beam K to be reflected from a set
of planes perpendicular to (K - Ko), that is perpendicular to g.
The unit vectors K and Ko both make an angle 8, the Bragg angle with

these planes, as is shown in Figure 3.1, and so (K - Ko) = 2 sin 8.

Therefore 2 sinf __<K_- Kﬁ) = g=

1
A A d

or A = 2d sin 6 which is Bragg's law.

§3.2.3 The Ewald Construction

The conditions for diffraction outlined in the final paragraph
of the previous section may be represented in graphical form using
the Ewald construction, which is shown in Figure 3.2. All of those
lattice points, such as P(h,k,1), which lie on the surface of the
reflecting sphere satisfy the condition K - Ko = g, that is Bragg's
law. |

In the application of the Ewald construction to electron dif-

fraction there are two important features of note:-
i) The wavelength of 100 keV electrons is small (0.0378) and so

the radius of the Ewald sphere is about 27 g1 in reciprocal
space. In comparison with a typical value for |g’, which is
about 0.4 2‘1 for a (220) reflection for CdTe, the curvature
of the reflecting sphere is large and may be considered to be
planar over a region containing a considerable number of recip-

rocal lattice points.
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ii) The reciprocal lattice 'points' representing planes in a thin
film are distorted and take the form of rods which lie perpen-
dicular to the foil. Their lengths are inversely proportional
to the thickness of the foil [2]. This effect increases the
probability of the reflecting sphere intersecting a reciprocal
lattice 'point'.

As a consequence of these effects, electron diffraction patterns
containing many orders of reflections can easily be obtained from
thin samples. For crystals having high symmetry, the two dimensional
array of diffraction spots can be indexed simply by comparing them
with the étandard patterns corresponding to orientations of low index

(see [4]) and [9] for instance).

Direction of
diffracted wave

Diffracted
wave

Incident

-

wave

e mnecacenanan g

/7

Reflecting
sphere

Limiting sphere

Figure 3.2 The Ewald construction.
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§3.2.4 Structure Factor

By considering the phase differences of waves which are scattered

from all of the atoms in a unit cell, it is possible to calculate
the total amplitude of a wave scattered by that unit cell. The ex-

pression for this total amplitude is called the structure factor,

Fhkl' For a reflection from the (hkl) plane in a structure whose

unit cell has N atoms Fhkl is given by the relationship

eZTIi(hun + kvn + lwn)

Flr = % £, (9

where u , v and w are the fractional coordinates of atom n and fn (8)
n’ n n

is the atomic scattering factor for electrons for that atom [3]. The

intensity of a wave diffracted by a set of planes (hkl) at an angle

given by Bragg's law is thus | Fhkllz'

83.2.5 Xikuchi Lines

An effect which is observed in electron diffraction patterns
from fairly thick samples is the presence of pairs of light and dark
lines which run across the pattern. These so called Kikuchi lines
originate from inelastically scattered electrons which are subsequently
diffracted by crystal planes which are at the Bragg angle to those
electrons. This is illustrated in Figure 3.3. Some of the electrons
incident at point P in the figure will be inelastically scattered
and those which make the Bragg angle with a set of crystal planes
at Q and R will be diffracted in the directions QQ' and RR' to form
the Kikuchi lines. However, since the intensity of inelastically
scattered electrons in directions close to the foreward beam direction

(eg PQ) is greater than in directions which make a larger angle to
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Figure 3.3 The origin of Kikuchi lines.

the foreward beam direction (eg PR), the intensities of the two Kikuchi
lines will differ, as is indicated in the figure. The angular separa-
tion of each pair of Kikuchi lines is 20 and so each spot in the
diffraction pattern is associated with a pair of these lines. By
considering Figure 3.3 it can be appreciated that if the sample is
tilted slightly the Kikuchi lines will move while the diffraction
spots, even though they may change in intensity, remain fixed.

When a bright Kikuchi 1line is coincident with a diffraction
spot having the same Miller indices, then the exact Bragg condition
is satisfied exactly for that particular reflection. Deviations
from the exact Bragg condition are indicated if the Kikuchi line

is displaced to one side of its corresponding diffraction spot.
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This is characterised by the deviation parameter, s, which is defined
as the distance from the Ewald sphere to the reciprocal lattice point
measured in a direction parallel to B, the direction of the incident
beam. While the beam direction may be determined by taking the cross
product of two diffraction vectors represented in a diffraction pat-
tern, such a calculation may be in error by as much as a few degrees
since the reflections used may have been excited even though the
exact Bragg condition was not satisfied. The displacements of Kikuchi
lines and poles from diffraction spots may be used to calculate the

incident beam direction exactly.

§3.3 1Image Contrast

§3.3.1 Introduction

Calculation of image contrast in the transmission electron micro-
scope effectively involves the computation of the intensities of
the electron beams which are transmitted and diffracted By thin cry-
stalline specimens taking particular account of the effects introduced
by specific crystalline defects. In the next section, the essential
features of the 'kinematical' approach to determining image contrast
are outlined. Some of the fundamental aspects of contrast associated
with twin boundaries, dislocations and inclusions, all of which were

encountered in this work, are described in the subsequent sections.

§3.3.2 The Kinematical Theory of Electron Diffraction

The kinematical theory of electron diffraction [5] represents
the most straight forward formulation of a set of equations which
are capable of describing image contrast in the transmission electron

microscope. It is based on the following assumptions:-
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i) That a 'two beam' condition is in operation, ie there is ohly
one diffracted beam,

ii) The intensity of the diffracted beam is small with respect
to that of the incident beam. This implies that there is a
significant deviation from the exact Bragg condition.

iii) There 1is negligable absorption and no multiple diffraction
effects occur. This implies that the sample is very thin in
the direction of the electron beam.

If these assumptions are made then it is possible to prove that
the total amblitude, WD’ of the wave which is scattered by a crystal
of thickness t, is given by the integral

t/2
Y. = [ exp [2T7i (g_+_§).£n] dr

D
-t/2

where r is a lattice vector whose magnitude varies from t/2 to -t/2,

and s is the deviation parameter.

Upon integrating and substituting the limits it is found that

the intensity, ID’ of the diffracted wave is given by

< 2
B 2 sin®m ts
Iy = | ¥ o
(ms)?

If the incident intensity, II’ is taken as unity, then the trans-
mitted intensity, IT’ is given by

2
sin g ts

(ms)?
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Figure 3.4 The origin of thickness fringes.

These two equations show how the intensities of both the trans-
mitted and diffracted waves vary periodically with both the thickness
of the crystal, t, and the deviation parameter, Ss. The variation
of IT and ID for an undistorted wedge-shaped crystal is illustrated
in Figure 3.4. This shows how 'thickness fringes' are associated
with images of such crystals when they are imaged in a two-beam
condition.

In order to determine the influence that crystal imperfections
such as dislocations have on the image contrast, the displacement,
R, of a unit cell from its position in the perfect crystal needs
to be known. The modified expression for the amplitude of the dif-
fracted wave then becomes

t
¥fp = J exp [2mig.R] exp [2nis.r]dr
0

Edge of foil
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where the phase factor 2 mig.R accounts for the presence of the lat-
tice defect. Clearly, if the product g.R = O then the equation for the
amplitude of the diffracted wave is identical to that for a perfect
crystal. Under such conditions a defect would not be visible in
either a bright or a dark field image. Knowledge of a function des-
cribing R which is appropriate to a specific defect enables an image
profile to be computed for that particular defect.

Although kinematical calculations of this type are capable of
explaining the qualitative features of image contrast which are ob-
served in practice, the necessary approximations limit their applica-
bility in most experimental instances and make them quantitatively
inaccurate. Accurate computation of the image profiles of defects
imaged in the TEM requires the dynamical theory of electron diffraction
which takes into account both absorption and multiple scattering
phenomena [6]. This theory has been used extensively to enable quan-
titative calculatioms of the image profiles associated with a wide
range of crystal defects to be made. However, the dynamical theory
is considerably ﬁore complex than the kinematical one and the latter
remains an extremely useful means of gaining an understanding of
the image contrast effects encountered in practical transmission

electron microscopy.

§3.3.3 Contrast at Twin Boundaries

When a ‘twin boundary (see §4.4.2) is imaged in a condition in
which a single set of planes in the matrix diffracts strongly, and
no strong reflections are excited from the twin, then characteristié
fringes are seen at.the twin boundary which lie parallel to the inter-

section of the boundary with the sample's surface. The presence
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of these fringes can be explained with reference to the phenomenon
of thickness fringes which was described in §3.3.2. Since the twin
.does not diffract strongly in the conditions described above, the
situation is qualitatively similar to one in which the material having
the twin orientation is replaced by a vacuum and the matrix crystal
is bounded by an inclined facet at the position previously occupied
by the twin boundary. In this way it can be seen that fringes which
are similar in appearance to closely spaced thickness fringes will
be visible at twin boundaries providing that they are imaged using
the correct difffaction conditions. A number of workers have applied
the dynamical theory to the problem of calculating the image profiles
of twin boundaries and this has yielded quantitative information
concerning the contrast associated with these defects (see [11,12

and 13] for example).

§3.3.4 Contrast from Dislocations

It was pointed out in §3.3.2 that the introduction of a defect
into a crystal is taken into account in the kinematical equations
by including an additional phase factor term in the equations which
describe electron transmission through a perfect crystal. This phase
factor is 2mi(g.R) where R is a displacement term associated with
the crystal defect. For a dislocation, R is equivalent to the Burgers
vector, b of that dislocation. When perfect dislocations (that is
those having Burgers vectors which are unit lattice vectors) are
considered then the product g.b is élways an integer or zero. In
general, at the exact Bragg condition, if g.b = O then a dislocation
will be invisible, or else represented by only weak contrast, whereas

if g.b =1 or 2 single and double images respectively will be observed.
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By careful selection of diffraction conditions these properties of dis-
location images can be used to determine the Burgers vectors of dis-
locations. However, since partial dislocations have Burgers vectors
which are non-lattice vectors, the product g.b can be fractional
and the interpretation of the images of these dislocations is corres-
pondingly more complex.

Detailed descriptions of the contrast effects associated with

dislocations may be found in references [7] and [10].

83.3.5 Diffraction Contrast From Inclusions

The diffraction contrast effects associated with coherent spheri-
cal precipitates in isotropic media, such as that shown in Figure
3.5, have been studied extensively. Mott and Nabarro: [l4] were
able to sﬁow that the displacements both within and surrounding such
a precipitate may be described by simple radial functions. These
displacement formulae have been used in a number of image profile
calculations for this type of precipitation. Kinematical calculations
have been performed by Whelan [15] and Phillips and Livingston [16].
This work yielded the qualitative features of the image contrast
and is summarised in reference [8]. The essential results of the
application of the dynamical theory to this problem obtained by Ashby
and Brown [17,18] are given in reference [19].

Briefly, a strain field of the type illustrated in Figure 3.5
is imaged as a pair of lobes of contrast if only one reflection is
operating. The lobes are separated by a 'line of no contrast' as
illustrated in Figure 3.6 which is always perpendicular to the dif-

fracting vector, g. Thus the orientation of the line of no contrast
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may be changed by varying the diffraction conditions. As illustrated
in Figure 3.7, the'symhetry of the lobe contrast varies according
to the position of the precipitate in the foil and may also change
if the imaging is performed in dark field conditions. Ashby and
Brown [17,18] have outlined»how, given favourable experimental condi-
tions, quantitative information regarding precipitate coherency

strains may be derived from measurements of their images.
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‘Lin( of no contrast

Figure 3.6 Contrast surrounding a spherically strained inclusion.

Bright field Dark flald

Figure 3.7 Image profiles of inclusions at various positions within

a thin crystalline sample.
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CHAPTER FOUR

CRYSTAL DEFECTS

§ 4,1 Introduction

The purpose of this Chapter is to describe some of the defects
which are encountered in crystals having the sphalerite structure.
The discussion is 1limited to those topics which are relevant
to the experimental observations described in later chapters.
Those covered include the sphalerite structure, 4crystallographic
polarity (unique  to noncentrosymmetric crystal structures),
dislocations, dislocation arrays, 'special’ grain  boundaries
and twinning. For a more detailed discussion of the structure
and defect content of II-VI compounds the reader is referred

to the reviews by Roth [1] and Hartmann [2].

8 4.2 The Sphalerite Structure

The stable crystalline form of CdTe at room temperature
and pressure 1is the sphalerite or =zincblende structure [3].
It is comprised of two interpenetrating fcc lattices one of which
consists of metal atoms and the other of which contains the non-
métal atoms. These two lattices are displaced from one another
by % <111 > as shown in Figure 4.1. Alternatively the structure
may be described in terms of the stacking sequence of the {111}
planes. Using Roman letters for metal atoms and Greek ones for
non-metal atoms the sphalerite structure is represented by the
sequence A oB BC YA aB B.... where @, B and yare located vertically

above A, B and C respectively as shown in Figure 4.2. An important
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Figure 4.1 A sphalerite unit cell.

(111) SURFACE

(111) SURFACE

Figure 4.2 Polar {111} surfaces in the sphalerite structure.
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feature of this structure is the absence of any centre of symmetry.
This gives rise to the piezoelectric, electrooptic and piezobire-
fringent properties encountered in CdTe [3]. Some crystal surfaces,
notably {111} , exhibit crystallographic polarity, that is (hkl)
and (hkI) planes are non-equivalent (see Figure 4.2). This is
a result of the absence of a centre of symmetry and the high
density of bonds present in the double atomic layers such as

those 1labelled YA, aB and BC in Figure 4.2. Coriventionally

[4] the close packed plane terminated by metal atoms is called
the (111) or A face whereas that terminated by non-metal atoms
is called the (III) or B face. Many properties of polar {111}
surfaces in CdTe differ considerably. For example etch pit geometries
[5], the bulk growth rate from the vapour phase [6] and the quality
of epitaxial films of CdTe and Cdngl-xTe . grown by MOCVD (7]
~are markedly different on (111) and t‘-i). In the case of X-
ray diffraction from centrosymmetric crystal structures, the
intensities from (hkl) and (EEi) planes are identical. This
is known as Friedel's law. However, when the radiation wused
in a diffraction experiment is chosen so as to be below the absorbtion
edge of one of the elements in a sphalerite compound, then Friedel's
law does not apply. Using this so called anomalous X-ray diffraction
effect, Warekois et al [8] identified the (111) and (111) faces
of a range of II-VI compounds and correlated the results with
the differences in etching behaviour observed on opposite polar
faces. Fewster and Whiffin [9] repeated the experiment for CdTe
and obtained the definition of polarity in that material which
is currently accepted (see §85.2.1).

Crystallographic  polarity introduces the possibilitjes of
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some important geometric variants to defects in the sphalerite
structure which need not be considered in crystals having the
diamond cubic structure. The dangling bonds at dislocation cores
may be either metal or non-metal types for example [5]). Also
the crystallographic polarity of adjacent grains can have a profound
effect upon the properties of grain boundaries. An interesting
example of this is the case of first order twin boundaries described

in §4.4.2.2.

§ 4,3 Dislocations

§ 4,3.1 Introduction

In this section some properties of dislocations which are
of relevance to experimental observations discussed later in
the thesis are reviewed. Since sphalerite is based on a fcc
la etice:= many of the properties of dislocations present in it
correspond closely to those in the fcc structure. For this reason
the literature available on the subject of dislocations in fcc
metals is of particular relevance to the present work. More
detailed coverage of the topics discussed in this section can
be found in the books by Cotterel [10], Hirthe and Lothe [11],

Hull [12] and Read [13]. !

§ 4.3.2 Perfect a/2<t10>and Partial a/6<211> Dislocations

A common dislocation in both the fcc and sphalerite structure

has a Burgers vector of a/2 <110> and is illustrated in Figure

4,3a for the fcc structure. The observed slip direction in the

sphalerite structure is <110> . However, consideration of the

close packed layer of spheres in Figure 4.4 shows how it is energeti-
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vector of

urgers vectors of
portial dislocations

(b)

Figure 4.3 Undissociated (a) and dissociated dislocations (b) in the

fcc structure.
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cally favourable for slip to proceed via two <211 > directions
rather than directly along <110 >, It is for this reason that
a/2 <110 > dislocations can dissociate into two a/6 <211 > partial
dislocations to form an extended dislocation. Frank's rule [12]
states that the energy of a dislocation is proportional to the
square of it's Burgers vector. Using this relationship we see

that the dislocation reaction a/2 <10I> + a/6 <21I1> + a/6 < 112

is energetically favourable. The relationship between the Burgers
vectors of the dislocations involved in this reaction is illustrated
in Figure 4.4. Figure 4.3a shows how an a/2 <110 > edge dislocation
in the fcc structure is comprised of two extra {110} half planes
of atoms. The dissociation of a dislocation involves the independent

movement of these two partial dislocations as in Figure 4.3b.

Figure 4.4 Slip directions on a close packed plane of spheres.
b, = a/2[101], b, = a/6[211], by = a/6[112].
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(a) \

1 (x,y)

(b)

03

Figure 4.5 The forces of interaction between parallel edge dislocations.
(a) Positions of the dislocations.
(b) Interaction forces for (1), dislocations of like. sign and
(2), dislocations of opposite sign. The units of
Fx are ub? /2 NM(1-v)y (see ref[10]).
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the most stable configuration of parallel edge dislocations of
like sign is achieved when they lie one above another. This

is the arrangement of dislocations found in low angle tilt boundaries.

§ 4.3.4 Polygonisation and Dislocation Arrays

If a crystal is plastically bent then edge dislocations
will form on a number of parallel slip planes to accomodate the
strain, as in Figure 4.6a. Subsequent annealing can lead to
the formation of straight dislocation arrays, as shown in Figure
4.6b. This behaviour was first shown experimentally for Al [15]
and silicon-iron [16]. Such.. dislocation rearrangement reduces
the strain energy stored in the. material after deformation and
the dislocations also achieve the stable energy configuration
described in §4.3.3. This process of rearrangement by slip and
dislocation climb is called polygonisation. Since dislocation
climb involves the movement of point defects, complete polygonisation
can only occur at high homologous annealing temperatures. Dislocation
arrays formed in this way constitute simple low angle grain boundaries
as illustfated in Figure 4.7. The distance D between adjacent
dislocations in the boundary is given by D = b/6 where b is the
Burgers .vector and 6 is a small angle of tilt between adjacent
grains. As the tilt angle increases the distance between adjacent
dislocations decreases: The term low angle grain boundary is
only applied to those boundaries in which the dislocations remain
discre ©°. In practice this implies a tilt angle of 1less than
about 1°. More complex dislocation structures are found at low
energy boundaries which do not 1lie on symmetric positions with

respect to the adjacent grains or else are not simple tilt boundaries.
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Figure 4.6 Slip and polygonisation.
(a) Edge dislocations in a plastically bent crystal.

(b) Polygonisation walls formed during annealing.

I I B e,

f—
[t

]

‘J.

Figure 4.7 A symmetric low angle tilt boundary.
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A number of these are described by Read [13]. Low angle grain
boundaries are sometimes referred to as sub-grain boundaries

or polygonisation walls.

§ 4.4 Grain Boundaries and Twins

8 4,4,1 Grain Boundaries

In an arbitrary grain boundary both the interfacial plane
and the axis of relative rotation of .thé grains may have any
orientation, Thus a general grain boundary has five degrees
of freedom: Three acount for the oriéntation of the axis of
rotation between adjacent grains and two define the orientation
of the .interfacial plane. The simplest type of grain boundary
to 'visualise is the symmetric tilt beundary where the grains
are related by symmetric rotations about an .axis which lies in
the boundary -plane. Figure 4.7 shows how. this type of boundary
is associated with a dislocation array. The energies of boundaries
of this type having low tilt angles were calculated by Read and
Schockley [17]. They found the relationship -between the energy
per unit area, E and the tilt angle, 6 to be of the form
E = E,8 (A, - 1n®) where A, is a parameter related to the core
energy of ‘the dislocations and E, is a constant related to the
elastic constants of the material. This relationship has been
verified experimentally for a number of systems. A comparison
of the theoretical curve with the experimental data- obtained
by Aust and Chalmers [18] for tilt boundaries in lead is given
in Figure 4.8, This shows that there 1is excellent agreemént
between the theoretical and experimental results even at high

values of @ where the assumption that the boundary dislocations
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Figure 4.8 A comparison of experimentally obtained values of
grain boundary energies ( *) with the theoretical
curve (=) for tilt boundaries in lead (see ref.[18]).
remain discreet is invalid. However, cusps or minima in the
E- 9 curves are expected when values of 8 corresponding to 'special'
low energy grain boundaries are encountered. Such boundaries
correspond to 'coincidence' boundaries for which the superimposition
of atoms from the two grains generates a set of lattice points
which are common to both grains. This is termed the coincidence
lattice. The ratio of the density of lattice points to the density
of coincidence lattice points is the Friedel index, £ [19] which
is wunique for a given type of boundary. Table 4.1 1lists the
angles of tilt about <110> axes associated with the five coincidence
boundaries having the lowest ¥ values, that is the highest densities
of coincidence lattice points. Similar data for a variety of
low index tilt axes is listed by Brandon et al. [20]. Friedel

indices of £= 3 andf = 9 for <110> tilt axes correspond to first

and second order twin boundaries respectively. Twinning is discussed



- 59 -

in the next section.

Table 4.1 Tilt Angles About a <110> Axis Associated With Low Index

Coincidence Site Lattices. (From Reference [20]).

5 Tilt Angle
3 70.5°
9 38.9°
11 50.5°
17 86.6°
19 26.5°

8 4.4,2 Twins

§ 4.4,2,1 Introduction

Grains which are related to one another by a simple symmetry
relationship involving low -index crystal directions and planes
are said to be in twin orientation to one another. Common twinning
relationships between grains are characterised by reflections
or rotétions which bring atoms on each side of the boundary into
coincidence. Alternatively, twin boundaries in cubic structures
may be 'described as tilt boundaries about <110> axes. The inter-
facial energies of twin boundaries have been measured for Cu,
Cu-Al alloys, Ni and stainless steels and were found to have
energies of between 0.0l and 0.04 of those of random grain boundaries

[21]. The tilt angles corresponding to twin orientations are
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therefore at cusp (low energy) positions on the E-8 curves described
in §4.4.1. If part of a crystal is in a twin orientation with
respect to an adjacent part, it is usual to refer to the smaller
grain as the twin and the larger one as the host crystal or matrix.
Twins may constitute 1large grains, lamellae or small regions
within the bulk of the host crystal (microtwins). The following
sections outline some of the features of twinning which are relevant
to the observations of twins in CdTe described in Chapter 6 and
the geometric models of twin boundaries presented in Chapter

7.

§ 4,4,.2,2 First Order Twins

The simplest and most commonly observed type of twin in
materials having the fcc, .diamond .and sphalerite structures is
the first order 'coherent' twin. This type of twin boundary
is a <110'> tilt boundary with L= 3 and a tilt angle of 70°32'
[22], the most common boundary plane being {111} . Twins of this
type are common in fcc metals such as Au [23] and Ag [24], in
diamonds [25] and cast Ge [26] which has the diamond cubic structure
and also in crystals of both III-V [27,28] and II-VI compounds
t1] having the sphalerite structure. Coincidence site lattice
models (see Chapter 7) of £ = 3. boundaries in the diamond cubic
structure were first drawn by Ellis and Treuting [22]. Kohn [29]
later systematically drew coincidence site lattice models for

this and other types of twin boundaries. Hornstra subsequently

produced models of a variety of <110> [30] and <100> [31] tilt
boundaries in the diamond cubic structure.

A tilt angle of 70°32" corresponds exactly with the angle
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between two different {111} planes. Hence the first order coherent
twin boundary contains no wrong bonds and its formation may be
described in terms of the shifting of successive double atomic
layers from one stacking position to another. For example, in
the diamond cubic structure the close packed 1ayeré of atoms
are stacked according to the sequence AABBCCAABB... where atoms
designated by the same letter are stacked one above the other
along a <111 > axis. The stacking positions are indicated in
Figure 4.4. In the twinned «crystal this arrangement becomes
AABBCCBBAA..., that is the double atomic layer AA moves to BB,
BB to CC and CC to AA. The slip of a close packed layer of atoms
from one stacking position to another can be effected by the
passage of a partial dislocation having a Burgers vector of the
type a/6 <211> over the close packed plane (see Figure 4.4).
If equivalent a/6 <211 > dislocations pass over successive planes
in a crystal having either the fcc, diamond or sphalerite structure
thea the area swept out by the partial dislocations becomes a
twin.

Holt [32] pointed out that for each grain boundary in the
diamond structure there are two alternatives in sphalerite since
the crystallographic polarity of each grain has to be taken into
account. Hence the first order twin boundary in sphalerite could
have a tilt angle of either 8= 70°32" or O = 8 + 180° = 250°32'. This
giQes rise to two possible forms of first order twin boundary
in the sphalerite structure which have been named 'para-' and
'ortho-' respectively [32]. (Aminoff and Broomé [33] first recognised
the possibility of different types of twin boundary in the sphalerite

structure but did not consider them as tilt boundaries). The
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structures of the two types of boundary and the stacking sequences
of {111} planeé in each case are shown .in Figure 4.9. From the
figure it is apparent that the para-configuration may be described
in terms of a reflection over a {111} mirror plane and the ortho-
configuration in terms of a twist of 180° about a <111> axis.
In the para-configuration the crystallographic polarity of the
matrix is in the opposite sense to that of the twin whereas in
the case of the ortho-twin the polarities of both are in the
same sense. This simple difference has a profound effect on
the structure and properties of these boundaries. The bonding
at the ortho-twin boundary is undistorted from that in the bulk
sphalerite structure while that at the para-twin boundary is
comprised of Te-Te or Cd-Cd wrong bonds. The para-boundary might
therefore be expected to have a higher grain boundary energy
than that of the ortho-twin. It is also likely to be electrically
active since the wrong bonds will act as recombination centres.
Boundaries 1lying on planes other than {111} which separate
grains having the first order twin orientation with respect to
one another are referred to as 'lateral' or ‘'incoherent' twin
boundaries. The boundary planes and atomic structures of lateral
twin boundaries. in the diamond cubic structure have been evaluated
using a simple coincidence site lattice model by Kohn [29] (see
§7.1). In Cu, Cu-Al alloys, Ni and stainless steels, the interfacial
energies of lateral twin boundaries were found to be from 0.25
to 0.8 of the energies of random grain boundaries [21]. Thus
lateral boundaries have considerably higher interfacial energies

than coherent twin boundaries but are nevertheless more -energetically

favourable than random grain boundaries.
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§4.4.2.3 Second and Higher Order Twins

If part of a grain which has undergone a twinning transformation
with respect to the métrix itself undergoes a second twinning
transformation such that the matrix orientation is not restored,
then the new grain is a second order twin. Regions of contact
between the matrix and second order twins are second order twin
boundaries. In general if a grain has undergone n different
twinning transformations from the matrix orientation the grain
will be an nth order twin. All such ﬁigher order twin boundaries
may be described as <110> tilt boundaries and the tilt angle,
for the fcc and diamond cubic structures varies according to
the series 0= 180°- n x 70°32" (even n) and 8 = n x 70°32" - 1800(odd

[29]. The Friedel index of an nth order twin boundary is I = 3",

§4,4,2,4 Twinning Matrices

Twinning and other crystallographic transformations may
be described using a matrix notation [27,34]. Matrices characteristic
of twinning operations may be used to transform the indices of
planes and directions from the axes of the matrix to those of
the twin. The elements of a twinning matrix may be evaluated
by considering the effect of the twinning transformation on the
three orthogonal unit vectors [100], [010] and [001]. The matrix
elements are the indices of these directions after transformation.
For example, the ortho-twinning relationship corresponds to the
rotation of one part of the crystal with respect to another by

180° about a <111> axis. If the twist axis is [111] then the

unit vectors transform as follows:-
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[100] > 1/9 [122]
[010] ~+ 1/9 [ZI2]

[001] ~» 1/9 [221]

-1 -2 -2
The twinning matrix is thus 1/9 -2 -1 2 =-—Illl
-2 2 -1

First order twinning matrices corresponding to the four <111> twist

axes may be derived. These are:-

( \ .
-1 2 2 - -1 -2 2
L = 2-1 2 In = -2
2 2-1 | 2 -2 -1
¢ \ )
-1 -2 =2 1 2 -2
- = -2 - T - = 2 1 -2
I 12 =111
| -2 2 -1 | -2 -2 -1 |

In order to transform a direction or plane, its 1indices must be
written as a 1 x 3 matrix which is then premultiplied by the twinning
matrix. For example, if the twin axis is [111], the indices of the
plane (hkl) in the twin which is parallel to the Cd(111) matrix plane

are given by

(b 1 -1 -2 1 -5
= T 1 = -2 -1 2 1| = -1

k =111

1 1 2 2 -1 1 -1

Thus ¢hkl) = (511), Similarly the Te (111)plane transforms to (511).

Second and higher order twins are grains which have undergone twinning
transformations involving more than one twin axis. The matrix
representing‘ nth order twinning may be generated by combining

the n first order matrices which define each step of the overall
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transformation. In general, a transformation IN which is achieved
by performing the transformations 21 , .Iz ... Tn in succession

may be represented by the product of the transformation matrices

Tn ..... 1211 = IN In the case of second order twinning, the

second order twin matrix may take one of three forms. For example, if

T, =1T;,,» then T, may be either T - , T ; or T . The three second

order twinning matrices are:-

(7 4 4 )
T =Ty - Ti11 = -4 1 -8
~a = 2
-4 -8 1
3
( 1 8 -4
Izb =Ti11 ¢ T110 = 8 1 4
4 -4 -7 J
1 -4 8
IQC = I&li '-1111 = 4 -7 -4
8 4 1

These transform the Cd(111) plane to(1 II 11), (5 13 7) and (5 7 13)
respectively, and thus the surface of a second order twin can have

either of these orientations.

8§ 4,5 Summary

This chapter has drawn attention to those types of crystal

defects which were encountered during this study of as-grown

CdTe crystals.

Some of the properties of dislocations were reviewed in

§4.3, and in particular, the forces of interaction between parallel edge
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dislocations were discussed ( §4.3.3). The most energetically
favourable arrangement of dislocations having the same Burgers
vector is in the form of an array in which the dislocations lie
one above another. This type of array constitutes a low angle
grain boundary : Such boundaries may form by a process of dislocation
polygonisation ( 84.3.4) in crystals which have been deformed
and subsequently annealed.

High angle grain boundaries were considered in 84.4.1 and
in particular the relationship between the grain boundary energy
and the tilt angle of simple tilt boundaries was discussed.
Cusps or minima in the theoretical relationship between grain
boundary energy and tilt angle occur at tilt angles which correspond
to grain boundaries which are characterised by coincidence site
lattices (see 84.4.1). Twin boundaries are recognised as being
coincidence boundaries for which the .Friedel index £ is of the
form Z = 3“, where n 1is the order of twinning. First order,
lateral and second order twin boundaries were described in §4.4.2
and the formation of deformation twins by the passage of a/6

<211> dislocations over successive {111} planes is mentioned in
84.4.2.2. The variants of grain and twin boundaries in the sphalerite
structure which are geometrically possible as a result of crystallo-
graphic polarity are emphasised with particular reference to
the orthe- and para- forms of the first order coherent twin boundary
in 84.4.2.2. Finally, a simple method of calculating the equivalent

indices of planes and directions in twins and their host lattices

was described in 84.4.2.4.
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CHAPTER FIVE

POLISHING AND ETCHING CdTe

§5.1 Introduction

This Chapter is concerned with the polishing and etching
of CdTe crystals. The cutting and mechanical polishing procedures
employed in this work are described in §5.2.2 while chemical
polishing is discussed in 85.2.3. Particular attention is paid
to the selection of a suitable chemical polish for CdTe (85.2.3.1),to
the appréisal of surfaces which have been polished with a solution
of bromine in methanol (8§5.2.3.2) and to the deveiopment of a
mechanochemical polishing machine for CdTe substrates (85.2.3.3). The
use of chemical etchants to reveal the crystallographic polarity
of CdTe is reviewed in §5.3.2 and the ability of three different
etchants to distinguish between {111} polar surfaces is correlated
in §5.3.3. The characteristics of three specific defect etchants
used elsewhere in this work are described in §5.4, and in particular
the formation of faceted etch pits by Inoue's EAg-1 reagent is

examined.

85.2 Polishing CdTe Substrates

§5.2.1 Introduction

The preparation of pristine crystal surfaces is of utmost
importance in the fabrication of semiconductor devices [1,2].
For example, the presence of mechanical damage, surface contaminant
layers, or nonstoichiometric films on a substrate's surface will
undoubtedly have an effect upon the quality of epitaxial layers

grown on such surfaces [3,4]. Moreover, the behaviour of electrical
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contacts made. on imperfect surfaces will also be influenced [5].
The production of good quality surfaces is also an essential
part of sample preparation prior to the investigation of the
structure of crystalline specimens by either transmission electron
microscopy or chemical etching. In the sections which follow
the choice of polishing reagents and the polishing procedures
used during this work are described, together with an assessment

of the quality of the crystal surfaces produced.

§5.2.2 Cutting and Mechanical Polishing

Crystal boules were mounted on a goniometer and the largest
grains in them were oriented using the Laue X-ray back reflection
technique. The goniometer was then transferred directly to a
Meyer and Burger diamond wheel cutting machine. The cutting
process produced heavily work damaged and uneven surfaces which
necessitated mechanical polishing to obtain flat surfaces which
were free from cutting damage. Throughout this work mechanical
polishing was wusually carried out in two stages. There were:-

i) Hand polishing using 10-12 um a-alumina powder on a glass

plate to remove coarse saw marks.

ii) Polishing on a Beuhler polishing pad with lum a-alumina
powder, either by hand or on a 'Logitech' polishing
machine., This stage of polishing yielded flat scratch-
free surfaces.

The polycrystalline surface which results from mechanical
polishing [6] was removed by chemical dissolution with a solution

of bromine in methanol as described in the next section.
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§5.2.3 Chemical Polishing CdTe

§5,2.3.1 Choice of a Chemical Polish for CdTe

A chemical polishing agent is distinct from a chemical etchant
in that it dissolves a crystal's surface uniformly without preferen-
tially removing material from the sites of «crystal defects.
Ideally a chemical polish should also produce a stoichiometric
surface, although this is unlikely to be the case in practice.

A number of chemical polishes (and etches) for CdTe are
listed by Tuck [1], Hartmann et al [2] and Gaugash and Milnes
[7]. The most frequently used polish cited in the recent literature
is a 27 solution of bromine in methanol which dissolves CdTe
to form the soluble species CdBr, and TeBr, [5]. Other polishes
such as the E reagent [8], which consists of K2Cr207 + HNOs + H20,
produce relatively thick surface layers which are severely depleted
of Cd and contain some oxides of Te [5]. While bromine in methanol
is one of the better polishes from the point of view of maintaining
surface stoichiometry, the composition of surfaces of CdTe polished
with this reagent is not ideal. A number of studies of bromine-
methanol polished surfaces have been published, but the results
are not conclusive. For example, while Gaugash and Milnes [7],
using X-ray photoelectron spectroscopy (XPS), found surfaces
polished with bromine in methanol to be stoichiometric, Patterson
and Williams [9] detected a surface layer composed of TeO, , Te
and possibly some TeBr, using the same technique of analysis.
Further XPS studies by Werthen et al [5] concluded that the surface
layer was comprised of Te and some TeBry or hydrolysed forms
of it. Evidence of a 10-10% thick layer of Te on similarly treated

surfaces was obtained by Amirtharaj and Pollak [10] using Raman
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scattering.

Polishing with 2% bromine in methanol was employed throughout
this work. The next two sections describe the use of this solution

both as a 'free' polish and in a mechanochemical polishing machine.

§5.,2.3.2 Chemical Polishing With a 2% Bromine in Methanol Solution

Initial tests using the 2% bromine in methanol polish were
conducted by 'free' polishing the samples, that is by immersing
them in a beaker of the polishing solution and agitating gently.
After polishing the samples were thoroughly rinsed in methanol
and then blown dry in air. If sawn surfaces were 'free' polished
without any mechanical polishing then the surfaces produced,
although bright and shiny, exhibited wundulations corresponding
to the saw marks and were therefore unsuitable for device fabrication
or defect studies. Consequently in all cases it was necessary
to polish CdTe surfaces mechanically with alumina powder, as
described in §5.2.2, prior to 'free' polishing. The polishing
rate of a 27 solution of bremine in methanol at room temperature
was determined by weight loss to be 10-15 um per minute. The
progress of the chemical polishing action of this solution on
CdTe was monitored using RHEED. This technique revealed that
mechanically polished surfaces of CdTe are polycrystalline which
is in accordance with the findings of Russell et al [6]. A short
period of chemical polishing (one or two minutes) is sufficient
to remove some of the polycrystalline layer and expose the single
crystal material beneath. RHEED patterns taken from such surfaces
consist of patterns of spots corresponding to the single crystal

substrate and sets of rings due to the presence of polycrystalline
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given in the ASTM X-ray Powder Diffraction File (see Table 5.1).
o-alumina is of course the abrasive powder used in the mechanical

polishing which precedes chemical polishing. In order to investigate
more fully the association of &-alumina particles with surfaces
which have been both mechanically and chemically polished, 'plan
view' samples were prepared for examination in the transmission
electron microscope in the following way: CdTe discs, 3mm in
diameter and % mm thick were polished on both sides using 1 Wm
alumina powder before being chemically polished with a 27 solution
of bromine in methanol for 1-2 minutes. They were then masked
on one side using 'Lacomit' varnish and chemically thinned until
perforation occured, Examination in the TEM revealed a random
distribution of particles “Vlum in diameter embedded in the samples,
as shown in the micrograph in Figure 5.3. The particles were
confirmed to contain Al using EDAX. Characteristic lobe contrast
was seen to be associated with each particle when imaged in a
two beam condition. The 'line of no contrast' separating the
two lobes is approximately perpendicular to the diffracting vector,
as shown in Figure 5.3. These contrast features are similar
to those associated with the precipitate coherency strains described
in Chapter 3, although in this case they are due to the plastic
strain associated with alumina particles which have become embedded
in the CdTe surface. Some evidence of polycrystalline CdTe also
seen in a selected area diffraction pattern taken from the area
in Figure 5.3. This is undoubtedly due to the presence of some
damaged material 1left by the mechanical polishing process on

the side of the sample which had been masked off during chemical

polishing.
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It may be concluded that 0-alumina particles become embedded
in the <crystal surface during mechanical polishing and persist
as a surface contaminant during chemical polishing. Evidence
of polycrystallinity and of the presence of particles embedded
in the surfaces of other II-VI compounds which had been mechanically
polished is provided by Russell et al [6].

The second effect observed on bromine-methanol polished
surfaces wusing RHEED is a series of arcs, as shown in Figure
5.4, which persisted even after long periods of chemical polishing.
This type of diffraction pattern could only be obtained when
the beam was in the plane of the surface, which implies that
the arcs are due to diffraction from a very thin surface layer.
The arcing effect indicates that the film has a preferred crystalline
orientation. Although the composition of the film has not been
identified, it has been established that there are no reliable
correspondénces between  the ‘interplanar spacings calculated

“from the diffraction pattern in Figure 5.4 and the ASTM Powder
File data for either Te or TeO2 . The film may be comprised
of a compound of tellurium, bromine and oxygen as suggested
b, Werthen et al [5], but in the absence of any structural data
for comparison, no definite assignment may be made.

While mechanical followed by chemical polishing is capable
of producing damage-free surfaces which are relatively free
from contaminants, this procedure has a number of disadvantages,
namely:-

i) As indicated above, for the preparation of flat surfaces,

mechanical polishing with an abrasive powder is essential
prior to chemical polishing. This leads to the incorporation

of abrasive particles in the crystal surfaces
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which persist even after long periods of chemical polishing.
ii) Mechanically polished suffaces which are subsequently
'free' polished for long periods of time do not retain
their flatness: their edges become severely bevelled
and the slices become convex in shape.
iii) A thin surface layer, probably a tellurium-bromine-
oxygen compound can develop during polishing.
The mechanochemical polishing method described in the next
section was developed in order to overcome the problems arising
from the mechanical polishing with abrasives which is necessary

prior to 'free' polishing.

§5.2.3.3 Mechanochemical Polishing

In order to improve upon the quality of surfaces obtained
by successive mechanical and chemical polishing procedures a
mechanochemical polishing technique was developed. Basically
this involves feeding the chemical polish onto a flat pad and
placing the crystal sample in contact with the pad whilst moving
either the pad, the workpiece, or both relative to one another.

To this end a mechanochemical polishing machine similar
to that designed by Manfra and Calawa [l1] was constructed.
However, a number of design features were incorporated which
make our polishing machine quite different from that described
in the reference above : whereas Manfra and Calawa's machine
operates by enabling a large sample holder to hydroplane on
a high speed rotating pad, the apparatus built in this laboratory
was designed to incorporate a slow polishing pad speed and a

sample holder which is capable of holding individual substrates
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[12] as illustrated in Figure 5.5.

The PTFE stub onto which the slices are fixed with wax is
free to move in a vertical direction and thereby find its own
level on the polishing pad during operation, a feature which
ensures that the supply of reactants to the surface of the specimen
is constantly replenished. A 1% solution of bromine in a mixture
of methanol and ethelene glycol (4+1 by volume) was used for
mechanochemical polishing since its viscosity reduces the possibility
of the samples being scratched by the polishing pad. This solution
dissolves CdTe at a rate of ~35um per minute when used in the
polishing machine. This rate is high compared to the polishing
rate of 10-15 um per minute encountered when free polishing using
a 2% sclution of bromine in methanol.

The mechanochemical polishing technique has a number of
advantages over free polishing. Firstly, in most cases there
is no need to perform any mechanical polishing prior to mechano-
chemical ©polishing. This eliminates the presence of abrasive
particles which act as a surface contaminant. Also the surfaces
of samples polished on the mechanochemical polishing machine,
although slightly bevelled at the edges, are reproducibly flat.
It is significant that the thin contaminant film present on bromine-
methanol polished surfaces which was observed by RHEED is less
evident on mechanochemically polished surfaces. This may be
due to its removal by the constant replenishment of the polishing
solution encountered in mechanochemical  polishing. Finally,
the sample holder of the machine designed in the course of this
work is capable of holding small samples or individual substrates,

making it particularly suitable for use on a laboratory scale.
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Figure 5:5 Mechanochemical Polishing Apparatus.
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§5.3 Crystallographic Polarity

§5.3.1 Introduction

Crystallographic polarity in the sphalerite structure and
its influence on a number of physical properties of crystals
having this structure, including the growth of epitaxial layers
of CdTe and Cdngl-xTe’ has been mentioned in 84.2 in Chapter
4., In this section the use of chemical etchants to distinguish
between the close packed polar facss of CdTe crystals is reviewed.
Also the etching behaviour of two polar etching solutions which
are reported in the 1literature are correlated with one another
and the polar action of a new reagent which is capable of distin-

guishing between Cd(111) and Te(I11) is described.

§5.3.2 Review of Polarity Identification in CdTe

The identification of the Cd(111) and Te (III) faces of
CdTe wusing the anomalous X-ray diffraction technique was first
recorded by Warekois et al [13]. The two etches which are capable
of distinguishing between the polar {111} faces and which are
described in that work are i) HF + H;0: + H20 (3:2:1 by volume)
and ii) HC1 + WO,; (1:1 by volure). Etchant i) was found to leave the Te
(I1T) face heavily pitted and the Cd(111) face 1lightly pitted
whereas etchant ii) 1leaves the Cd(l111) face pitted and results
in the build-up of a Te film on Te (II1). Fewster and Whiffin
[14] subsequently reported that the latter etchant was ineffective.

Inoue et al [7] developed two etchants named EAg-1 and EAg-»
which are both comprised of K,Cr,0;, HNO;, H,0 but contain different
amounts of AgNO; . The different concentration of silver ions

in the two etches (EAg-1 has a low and EAg-2 a high silver ion
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concentration) controls their etching behaviour. Inoue et al
[7] acknowledged that both etches are capable of distinguishing
between polar faces and in a later paper [15] the results of
correlating the action of FAg-1 with that of HF + H; 02 + H20
(3:2:1 by volume) [13] are utilised. However, Inoue et al did
not indicate which of the etch features obtained using EAg-1 are associated
with which polar face.

Fewster et al [16] identified the polar faces of Cdngl-xTe
by anomalous X-ray diffraction and correlated their results with
the action of the 'Polisar etch 2' [17]. However, these workers
observed that epitaxial layers of Cdngl-xTe grown on (111} CdTe
surfaces were found to have reversed polarity with respect to
their substrates (according to the definition of polarity due
to Warekois et al [13]). This anomaly prompted Fewster and Whiffin
[14] to reinvestigate the identification of the polarity of CdTe
crystals by etching and anomalous X-ray diffraction. The etchant
used in this work was Nakagawa's reagent [18] which cénsists
of ‘HF + H,0 + H, 0, (3:2:2 by volume). This reagent was found
to produce a higher density of etch pits on the face which was
identified as being the Cd (111) face by anomalous X-ray diffraction,
than on the Te (III) face. These findings éontradict those of
Warekois et al [13] and it was thus concluded that the work on

CdTe reported in that reference is erroneous.

§5.3.3 Polarity Identification Using Etching Solutions

The action of three etching solutions on chemically polished
{111} surfaces of CdTe crystals was investigated. The etchants used

were that due to Nakagawa [14;,18], Inoue's EAg-1 reagent (71,
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and a previously unreported etching solution consisting of equal
volumes of HF, HNO; and CH3;COOH. The pitting produced on {111} faces

by the Nakagawa etch and described by Fewster and Whiffin [14],
has been correlated with that produced by the EAg-l1 reagent by.
Lu et al [19] and Durose et al [20]. Photomicrographs of both
types of {111} surfaces etched with each of these reactants are
shown in Figures 5.6 a-d. The Inoue EAg-1 etchant produces small
dark pyrimidal pits on Cd (111) (see Figure 5.6c) which is heavily
pitted by the Nakagawa reagent (see Figure 5.6a). In contrast
the Nakagawa reagent pits the Te (111) face lightly (see Figure
5.6b) and EAg-1 develops flat bottomed triangular pits on it
(see Figure 5.6d). It is worth pointing out here that the action
of Inoue's EAg-1 reagent on the Cd (111) surface is not entirely
consistent and that the well defined pits illustrated in Figure
5.6c do not always form: the etching is often patchy the pitted
areas being interspersed with etched areas in which the pits
are very small and idndistinguishable from one another. For this
reason an etched Cd (111) surface may sometimes look as if it
is covered by a dark film after etching with this reagent. The
distribution of these etch features within a given region could
not always be reproduced when a slice was etched repeatedly and

consequently the cause of this inconsistent etching is not known.,

The results described above were used to define polarity
in order to test the action of an etchant consisting of equal
parts of HF, HNO; and CH; COOH. An etch for 20s in this reagent
followed by rinsing in water was found to leave a black coating
on the Cd (111) face while the Te (I11) face became bright and

shiny. The reaction of CdTe with this reagent is a vigorous
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one and is accompanied by the evolution of a brown gas which
is probably NO; . The regions within the twin bands intersecting
the Te (111) faces of CdTe crystals etched were observed to be
etched more slowly than the matrix orientation when using this
feagent. In fact after etching for 20 s, etch steps about 50 um
in height are formed at the interseétions of twin boundaries
with the Te (ITE} surface. This indicates that the etch rate
of this reagent for the Te (Ill) surface is high, probably of
the or<iar of 50 um per minute.

It should be emphasised that throughout this thesis the
crystallographic polarity of crystals of CdTe has been defined
according to the work of Fewster and Whiffin [14] and hence in

accordance with the etch features shown in Figure 5.6 a-d.

8§5.4 Etching Solutions

§5.4,1 Introduction

An etching solution is characterised by its ability to chemically
react in the regions of crystal defects at a different rate to
that with which it dissolves the bulk crystal. The three etching
solutions which have been used throughout this work are Nakagawa's
reagent, a photoetch consisting of a solution of bromine in methanol
and Inoue's EAg-1 etchant. The special features of each etchant
are described below together with some experimental observations

of their individual behaviour.

§5.4.2 Nakagawa's Reagent

The etchant which is commonly referred to as Nakagawa's

reagent [18] consists of HF + H,0, + H,0 in the ratio 3:2:2
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by volume and is a variant of the etchant used by Warekois et
al [13]. It produces etch pits on the Cd (111) face in greater
density than on the Te (I11) face [14] and its use as a polar
etchant has been described in 8§5.3. Nakagawa et al [18] found
a 1:1 correspondence between the etch pits on the heavily pitted
surface and the presence of dislocations which were imaged as
dark spots by cathodoluminescence. This is the only widely accepted
example of a 1l:1 correspondence between etch pits and dislocations
in CdTe.

After etching CdTe surfaces with the Nakagawa reagent for
1 minute, a surface film develops irrespective of the surface
orientation. The colour of this film varies from black/brown
to grey according to the orientation of the surface etched, thereby
making this etchant particularly useful for identifying individual
grains and twins. Analysis of the film by EDAX in the SEM (see
Figure 5.7), shows that it contains a larger proportion of Te
than an untreated sawn surface. Furthermore, RHEED patterns
taken from the same etched surface contained a series of well
defined polycrystalline rings (see Figure 5.8), and there is
a vgood correspondence between the interplanar spacings calculated
from this diffraction pattern and those obtained from the ASTM
powder file data for Te as is shown in Table 5.1. Thus it may
be concluded that the Nakagawa reagent depletes all orientations
of CdTe surfacesof Cd leaving a thick layer comprised of elemental

Te.

§5.4.3 Photoetching With 3% Bromine in Methanol

Although a 27 solution of bromine in methanol is a chemical
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Apolish, a 317 solution acts as a defect etchant in the presence
of illumination from a normal tungsten bulb [20,21]. The rate
of dissolution of CdTe by this etchant is either iﬂhibited or
enhanced at the sites of defects depending upon both the electrical
characteristics of the crystals and of the defects within them
[21]. Extended defects such as grain boundaries, twin boundaries
and polygonisation walls are therefore revealed either as raised
or groove-like linear features. A unique feature of this etchant
is that_ it is capable of revealing the presence of defects on

all crystal surfaces, independant of their orientations.

§5.4.4 1noue's EAg-1 Reagent

Inoue's EAg-1 reagent [8] consists of 20 ml H,O0 + 10 ml
conc. HNO; + 4g K2Cr, 07 + 1.5 mg AgNO3 . This etching solution
and EAg-2, which contains a higher Ag+ ion concentration, have
been the subject of a great deal of interest in the literature
[see 8,15,19,20,22,23 and 24 for example]. Inoue's original
work [8] with these etchants indicated that they produced etch
pits which were directly related to the presence of dislocations.
The evidence supporting this was i) the patterns of etch pits
produced on pairs of opposite cleaved faces matched exactly,
ii) the tips of etch pits formed continuous lines when depth
profiled and iii) the density of etch pits was higher in deformed
samples. A éubsequent paper by Inoue et al [15] further shows
how the two etchants are capable of distinguishing betweena
and B dislocations. In more recent work, [22] photomicrographs
of etched pairs of oppésite cleaved surfaces and of indentations, are

presented which support Inoue's findings that the EAg etchants
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reveal both fresh and grown-in dislocations. However, these
results are not universally -accepted. For example, Lu et al
[19] were unable to trace the loci of etch pits by depth profiling
and moreover were unable to find a correspondence between pits
on either side of a 500 um thick slice of CdTe by infra-red microscopy.
‘Nakagawa [18] also states that the EAg etchants are incapable
of revealing fresh dislocations, although it is not made clear
in that work what efforts were made to ascertain this. It is
worth mentioning here that the etching work presented in Chapter
8 describes arrays of etch pits produced by the Inoue EAg-1 reagent
which are undoubtedly related to the presence’ of dislocations
in sub-grain boundaries. However, in the present study attempts
to observe a correspondence between the distribution of etch
pits on pairs of cleaved {110} faces were not conclusive. Thus
it is concluded that it is 1likely that the reliability of this
reagent as a dislocation etchant may be variable due to:-

a) variability of the Ag+ ion concentration which is known

to influence the behaviour of this etchant,

b) the susceptibility of the etching action to differing

degrees of agitation, and

c) the possibility of etching effects which are related

to the decoration of dislocations with Te precipitates.

A particularly interesting feature of the Inoue EAg-1 reagent
is its ability to produce etch pits having well defined crystallo-
graphic shapes on all crystal surface orientations. Inoue et
al [8] found that the etch pits had facets comprised of tetrahedra
of close packed planes. The scanning electron micrographs of

etch pits on ({100} surfaces presented by Iwanaga et al [24] firmly.
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support this view. Furthermore the {111} facets of the etch
pits produced by EAg-1 have been identified as being Te {111}
planes [20,23]. Evidence for this is found by simply noting
that the flat bottoms of etch pits on a Te (111) surface are
pafaliél ‘to that surface, and moreover that the edges of these
pits lie along <110 > directions. A model based on the formation
of etch pits having facets comprised of tetrahedra of Te {111}
planes is consistent with the appearance of pyrimidal etch pits
on Cd {111} planes. Since such etch pits are visible on Cd
{ 111} surfaces it is implicit that the rate of dissolution of the
Te {111} planes is greater than that of the Cd {111} planes.
Describing the etch pits as being comprised of facets of
Te (111} planes is equivalent to saying that the pits occupy
spaces which may be filled with portions of tetrahedral crystallites
comprised of Cd {111} facets. This suggests that cutting such
a crystallite on a plane which is parallel to the etched surface
under investigation is a convenient way of predicting the shapes
of etch pits. This procedure is illustrated -in Figure 5.9a for
pits on {111} surfaces. It accounts for the main features of
the flat bottomed and pyrimidal etch pits shown in the photomicrograph
in Figures 5.6 ¢ and d. However, theletch pits on Cd (111) have
convex edges whereas those of the pits on Te (III) are concave.
These features are not accounted for by the model in Figure 5.9a.
Deviations from the %Ydeal' shapes of etch pits could be caused
by there being a contribution to the dissolution process from
the Cd {111} planes. This would imply that although the etching
rate of Te {III} surfaces is higher than that of Cd {111} surfaces,

the latter is not insignificant.
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Figure 5.9 Generation of etch pit shapes by cutting a tetrahedral
crystallite of {111} planes on

a) {111} and {111} planes, b) {511} and {511} planes

and c) on {5 7 13} planes.
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The shapes of etch pits on {511} surfaces were also investigated.
Both the (511) and (5I1) orientations are readily available since
these are first order twin orientations to Te (111) and Cd (111)
respectively. The [511] direction is polar and different types
of etch pit are predicted using the tetrahedral Cd {111} crystallite
model, as illustrated in Figure 5.9b. The pits on (511) are
expected to be trough shaped while those on (511) are expected
to have the shapes of isosceles triangles. Pits having these
shapes are observed in practice and are clearly visible on the
twin bands in Figures 6.6a and b in Chapter 6. Figures 5.10a
and b are phbtomicrogfaphs showing these types of pits in greater
detail. Their shapes are clearly similar to those predicted
in Figure 5.9b and the apex angle of the isoscelese triangles
was measured to be "22° which is comparable to the calculated
value of 22.62°,

It was also possible to examine etch pits on the (5 7 13)
plane since this is the second order twin orientation to Cd (111).
Figure 5.11 shows a scanning electron micrograph of an etched
surface which is intersected by a first order twin boundary wﬁich
separates the (511) and (5 7 13) orientations. The pits on both
of these planes are clearly visible and those on (5 7 13) have
a distinctive shape. A further example of these pits is shown
in the optical micrograph in Figure 5.12. The etch pit shape
which is generated by the intersection of a {5 7 13} plane with
the tetrahedral crystallite shown in Figure 5.9c corresponds
well with that observed experimentally. This indicates that
this model for predicting etch pit shape is valid, even for pits

on irreghlar high index planes.
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85,5 Summary of Conclusions

A 27 solution of bromine in methanol is a suitable chemical
polishing reagent for CdTe substrates since it yields cleaner
surfaces than many other chemical polishes (85.2.3.1). Nevertheless,
this polish does leave a thin layer of surface deposits which
is variously reported in the literature as being comprised of
Te, TeOz , TeBrs and related compounds. A RHEED investigation
of bromine-methanol pdished surfaces ( §5.2.3.2) revealed the
presence of a thin film having a preferred crystalline orientation.
The interplanar spacings calculated from the RHEED pattern did
not correspond to those of either Te or Te0, and it is thought
that the film may be comp;ised of a compound of tellurium, oxygen
and bromine. A mechanochemical polishing machine ( §85.2.3.3)
Ahas been developed for the preparation of CdTe substrates and
this employs a 17 solution of bromine in a mixture of methanol
and ethelene glycol (4+1 by volume) as a chemical polish. This
machine has the following advantages over 'free' polishing:

i) Flat,polished surfaces may be obtained reproducibly.

ii) No mechanical polishing is necessary prior to mechano-
chemical polishing. This obviates the need to use
metallographic polishing powders such as 1 um a-alumina
which has been shown to become embedded in CdTe surfaces
and to remain as a contaminant after 'free' polishing
for as long as 40 minutes.

iii) The thin film left by bromine-methanol based polishes
is less noticable on mechanochemically polished surfaces
than .on 'free' polished surfaces.

The mechanochemical polishing rate using the solution described
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above 1is approximately 35 um per minute which is 2-3 times that
observed when free polishing dsing a 2% solution of bromine in
methanol. This high rate of chemical polishing is caused by
the constant replenishment of reactants at the substrate's surface
during mechanochemical polishing.

The use of etchants to distinguish between the polar {111}
surfaces was reviewed in §5.3.2 and the effects of two etches, the
Nakagawa reagent and Inoue's EAg-l etchant have been correlated
with one another. The ability of a previously unreported etchant
consisting of a mixture of HNO 30 HF and (}{3COOH (equal volumes
of each) to identify polar surfaces is also described. The behaviour

of all:of “thesé:etches on.. {111} surfaces is. summarised in Table 5.3.

Table 5.3 The Effects of Etching Solutions on the {111} Polar
Surfaces of CdTe

Etchant Cd (111) Te (I11)

Low density of
rounded pits and

High density of

Nakagawa [22]
rounded pits and

(see Fewster and

Whiffin [21])

Te film,

Te film.

Inoue EAg-1 [17]
(see Lu et al [19]

and Durose et al [20])

Small pyramidal
triangular pits.

Large flat
bottomed
triangular pits.

Black film.

Shiny, polished

HF/HNO3/CH COOH

(This work3 surface.

Throughout this work the determination of polarity was carried
out in accordance with Table 5.3 and Figures 5.6 a-d, both of

which are consistent with the work of Fewster and Whiffin [14].
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The characteristics of three etchants which have been used
to study crystal defects elsewhere in this thesis are described
below:-

i) Nakagawa's reagent 85.4.2

This is a polar etchant which is known to produce dislocation
etch pits on.Cd (111) but does not pit any other surface reproducibly.
The dark film which is left by this reagent on all CdTe surfaces

has been identified in this work using EDAX and RHEED as being

comprised of elemental Te.

ii) Photoetching with +% bromine in methanol §5.4.3

Photoetching wusing this solution under illumination from
a nofmal tungsten bulb is not widely reported in the literature.
However the etchant effectively reveals extended defects, such
as sub-grain , twin and grain boundaries, as raised or groove-
like linear features on.all surface orientations.

iii) Inoue's EAg-1 reagent §5.4.4 -

The ability of this etchant to reveal dislocations is disputed
even though some clear instances of dislocation etching have
been reported. The behaviouf of this reagent is 1likely to be
complicated by its strong dependance oﬁ the concentration of
silver ions and possibly to the presence of Te precipitates associated
with dislocations in some cases. Nevertheless, EAg-1 is an extremely
useful etchant' since it produces well defined, faceted etch pits
on all surfaces. The facets of the etch piﬁs have been shown
to be Te {111} planes which indicates that these planes etch
more quickly than the Cd {111} planes. From the behaviour of
this etchant a model has been put forward to predict the shape

of etch pits which might be expected to form on a number of different
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crystal planes. This model has been tested experimentally and
the observations have confirmed its wvalidity. However, small
deviations from the ideal shape of the etch pits observed on
{111} planes occur and this is due to a contribution to the dis-
solution process from Cd (111) planes. This etchant was used
extensively in the characterisation of twins which is the subject

of the next Chapter.
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CHAPTER SIX

TWINS

§ 6.] Introduction

Twins have been reported in bulk crystals of CdTe grown by
the following techniques : Bridgman growth. [1,2,3,4,5], modified
Bridgman methods employing sealed capsules [6,7], travelling heater
techniques with either Te [8] or Cd [9] molten zones, by the evap-
oration of Cd from a nonstoichiometric melt [5], liquid encapsulated
Czochralski growth [5] and vapour growth [11,12,13,14,15,16]. The
presence of twins in a boule greatly reduces its value as a substrate
for epitaxy. For example, twin orientations in CdTe substrates
readily propagate into CdTe and Cdngl_xTe epilayers [17] and have
a marked effect upon the quality of evaporated CdS layers [18].
In addition these inhomogéneities are also likely to be electrically
active which could have important implications for device performance
on such layers. The frequency éf twinning in CdTe and its importance
to device fabrication have prompted this detailed study of the twins
present in material grown by the vapour phase technique. Table
6.1 lists the methods used in this work to study twins, the pro-
perties of these defects which make them visible and comments on

the information obtained with each technique.
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TABLE 6.1 Experimental Observation of Twin Bands and Boundaries.
METHOD OF PROPERTY MAKING NOTES
TWINS VISIBLE

OBSERVATION

Visual inspection
of growth faces and
sawn surfaces.

Variations of sur-
face texture and
orientation at twin
bands. Steps are
often seen at twin
boundaries on growth
surfaces.

Twin bands and
boundaries are often
easily visible by
eye.

Optical microscopy
of surfaces after
etching with:-

i) 3% Br, in
methanol +
illumination. ),
(19]

ii) Inoue's EAg-1
reagent [20]

iii) Nakagawa's
etchant {21]

The rate of dissolu-
tion of material at
twin boundaries often
differs from that of
the surrounding
material.

The shape of the
etch pits is chara-
cteristic of the
surface orienta-
tion., Twin bounda-
ries may also have
special etch fea-
tures associated
with them.

This etchant leaves
a Te layer, the
colour of which is
dependant upon the
orientation of the
crystal surface as
is the density of
etch pits.

Twin boundaries are
revealed as linear
features on all
crystal faces.

Marked dependence of
etch pit shape on sur-
face orientation makes
this etchant useful in
the characterisation
of twins.

Twin bands are easily
visible and their
boundaries are sharply
deliniated.

Transmission The orientation Twins and the orienta-
electron micro- - difference between tions of their boundary
scopy. twin and matrix planes may be identi-
gives rise to fied. Interfacislde-
diffraction contrast.| fects on twin bounda-
ries may also be imaged
by diffraction con-
trast.
Scanning Crystallographic Twin bands visible.

electron micro-
scopy (secon-

contrast between
twin and matrix

dary emission orientations.

mode)

Scanning Recombination Electrical activity
electron micro- centres at ?f bOU?darleS may be
sopy (EBIC boundaries. investigated.

mode)

RHEED Diffraction from RHEED patterns may

both the matrix
and twin orienta-
tions occurrs,

be used to identify
twing which inter-
sect surfaces.
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A good example of this is depicted in Figure 6.2a which shows a photo-
graph of a slice ffom a boule which has been etched with Inoue's
EAg-1 reagent [20]. The structure and surface orientations of dif-
ferent regions of this slice are indicated in Figure 6.2b. The

largest grains on the slice are the matrix of host crystal (A) and
the first (B) and second order (C) twinned regions. Some third order
twin lamellae (D) are also present as are first (a), second (b),
third order (c) and lateral (d) twin boundaries. In boules which
contain large numbers of small grains, twinning is more prolific.
The density of twins is higher and grains often contain twins on
more than one ({111} plane. Similar observations have also been

reported for material grown by a number of different techniques [5].

§ 6.3 First Order Coherent Twins

8 6.3.1 Introduction

The simplest and most commonly observed type of twin boundary
in the sphalerite structure is the first order coherent boundary.
This is a low energy interface which bounds twin lamellae on {111}
planes. This section is concerned with the experimental observation
of such twiné. Firstly their crystallography is characterised and
in subsequent sections the effects of different etchants on twin
bands and boundaries are described. Finally, transmission electron
microscope observationsuof twin boundaries are presented.

§ 6.3.2 Characterisation of the Crystallography of Twins.

The two types of twin boundary which are geometrically possible
in Crystals having the sphalerite structure are described in § 4.4.2.2.
The difference between these two types of twin is one of crystal-

lographic polarity. In the case of the ortho-twin polarity is
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preserved on both sides of the boundary whereas it is reversed

in the case of the para-twin., Alternatively the two types of
twin may be described as <l10> tilt boundaries having tilt angles
of @ = 250°32" (ortho) and ©= 70°32' (para) [22].

From both of these descriptions it is implicit that simple
etching experiments are capable of distinguishing between the
two possible types of twin. Firstly the crystallographic polarity
on either side of a twin boundary was found by etching a CdTe
slice which had been cut so as to intersect a twin plane at a
glancing angle. Inoue's EAg-1 reagent [20] was ideal for this
experiment since it 1is capable of discriminating between polar
faces, and develops etch pits having crystallographic facets
on surfaces of all orientations.

The photomicrograph of the etched surface in Figure 6.3
shows that the pits on both sides of the boundary are of the
same polar type, that  is Te(TTI) but are rotated with respect
to one another by 180°, This is consistentwith the ortho-twinning
model. Secondly a cleaved {110} surface containing a twin band
was etched with Inoue's EAg-1 reagent and the angle of rotation
between the etch pits on the twin and matrix was measured. The
angle of rotation observed was close to 250° which is further
confirmation that the twins in this material are of the ortho-

type (see Figure 6.4).

§6.3.3 Observation of Twins Intersecting Surfaces

This section describes the observations of twin bands and
boundaries by optical microscopy after etching with the Inoue EAg-1

or Nakagawa etchants. With experience, twin bands and even complex
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Figure 6.3 PhotomicrogEth of an etchedogurface intersecting a twin
plane at an angle of 3~ showing the 180~ rotation of the etch pits on
either side of the twin boundary.

Figure 6.4 Photomicrograph of a cleaved {110} surface intersected by
a twinoband after etching. The etch pits on the twin band are rotated
by 250°32'.,
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structures comprised of a number of twin related lamellae can be
recognised on sight. Nevertheless the RHEED technique (see Chapter 2)
is still a valuable aid to identifying twinned structures which inter-
sect crystal surfaces, especially chemically polished substrates.
For example, Figure 6.5 a/b shows a RHEED pattern taken from a {111}
oriented surface with the beam direction parallel to <110> . Two
sets of additional spots are present which occupy positions % of
the way between the matrix lattice spots and lie on two <111> direc-
tions. These extra spots correspond to two orientations of twin
lamellae lying on the (111) and (T11) planes. The same slice was
subsequently etched and it was found that the surface was indeed
intersected by two séts of twins on two different twinning planes.
Throughout this work the crystallographic information which can
be obtained from RHEED has been used wherever necessary to complement
the detailed information concerning the morphology of twins obtained
from etching experiments.

Twins intersecting close packed surfaces have been the subject
of detailed study in this work since the suitability of {111} surfaces
of CdTe as substrate material for epitaxial growth is currently
under investigation. Figures 6.6a and b are photomicrographs of twin
bands which intersect Cd (111) and Te (IIT) surfaces respectively.
The etchant used was Inoue's EAg-1 reagent [20]. Using the matrix
method described in §4.4.2.4 it was found that the surface planes
of twin bands on Cd(111) have the {511} orientation whereas those
on Te(111) have the {511} orientation. Since [511] is a polar direc-
tion the etch pits on (511) and (3_11) have different shapes which
may be predicted by cutting a tetrahedron comprised of Cd close packed

planes along the appropriate surface. This procedure is described
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in § 5.4.4 The rectangular trough shaped pits on the twin band in
Figure 6.6a are characteristic of the (511) orientation whereas those
on the opposite face (Figure 6.6b) have the shape of isosceles tri-
angles and are typical of the (511) surface for this particular
etchant.

In addition to the etch features just described which are related
to the difference in orientation of twin bands there are three other
types of etching behaviour which are specifically associated with
twin boundaries.

Firstly the etching of {111} or {511} surfaces may be modified
in the -locality of twin boundaries. For example, on Te {111} surfaces
shallow etched bands are always found adjacent to the twin boundaries
on both sides of each twin lamella. One of the bands is consistently
broader and is always found on the same side of the twin lamella,
regardless of the inclination of the twin boundary beneath the surface.
Such a band is present on the upper side of the boundary in
Figure 6.6b. The surface of these etched bands is identical to that
seen on the bottoms of the flat bottomed etch pits on Te(111) surfaces.

Secondly, a high density of etch pits has sometimes been ob-
served in the vicinity of twin boundaries. An example of this can
be seen on the (511) orientation in Figure 6.6b.

The third etching phenomenon associated with twins is the pre-
sence of etch pits on the twin boundaries themselves. Such etch
pits are visible on the boundaries in Figures 6.6a and b and clearly
their shapes differ from those present to either side on the matrix
or twin orientations. Furthermore, these etch pits are quite distinct
from the etching effects associated with precipitates described in
Chapter 9. The linear density and distribution of these interfacial

etch pits varies considerably both along the length of a given
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boundary and from one boundary to another : Both boundaries having
a high density of indistinguishable pits and those having no pits
have been observed. Similar patterns of pits on twin boundaries
are revealed by etching with the Nakagawa reagent [21]. Figure 6.7
shows a scanning electron micrograph of the effect of this reagent
on twin boundaries intersecting a Cd(11l) surface. The pits on the
boundaries are clearly different from those on the bulk Cd(111)

material. Sections of boundary having no etch features are associated
with a linear feature which SEM revealed to be a small step. This
may be attributed to the higher chemical polishing rate of the twin
orientation. Additional interfacial etching phenomena have been
seen on faces other than {111} . Twin bands on {511} surfaces have
either {11 11 1} or { 5 7 13} orientation. For example, the first
order twin boundary indicated in Figure 6.8 separates the (5II) and
(5 7 13) surface orientations. Etch pits which are characteristic
of these orientations are clearly visible together with an inter-
facial etch feature at A. Figure 5.11 (Chapter 5) is a scanning
electron micrograph of an identical twin boundary which shows how
high densities of these differently shaped etch pits are sometimes

seen to be associated with first order twin boundaries which inter-

sect these surface orientations.

8§ 6.3.4 TEM Studies of First Order Twin Boundaries

Twin boundaries are easily identified in the transmission elec-
tron microscope by selected area diffraction (SAD). An indexed
diffraction pattern taken from a twinned region of a specimen with
the beam direction, B = [101] is shown in Figures 6.9 a and b. The

twin bands observed in this material are invariably broader than






- 116 -

Figure 6.9a [101] Transmission electron diffraction pattern from a

crystal which is twinned on (111).
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8§ 63.5 Discussion

The following points arise from the studies of first order
coherent twins:-

i) Ortho-twinning §6.3.2

The incidence of ortho-twinning in CdTe is to be expected since
ortho —~twins are much more energetically favourable than para-twins
(see §4.4.2.2). 1Indeed, etching experiments have been carried out
which have confirmed that the twins in InSb [25], GaAs [26], InP[27]
and ZnSe [24] are all of the ortho-type.

ii) Interfacial defects. §6.3.3 and 86.3.4

The TEM study described in 85.3.4 showed that twin boundaries
in CdTe grown by the vapour phase technique have interfacial dis-
1ocatioqf associated with them. (See Figures 6.1la, 6.11b and 6.12)
These are twinning dislocations of the a/6 <2ll> type which could
arise during the formation of twin bands by either deformation or
growth processes (see §4.3.2). The etch pits which appear at twin
boundaries after etching with both the Inoue EAg-1 (Figures 6.6a
and b) and Nakagawa reagents (Figure 6.7) are probably related to
the dislocations which were observed on the boundaries by TEM. The
distributions of dislocations and etch pits along twin boundaries
are similar and the pits are clearly different from the other etch

features associated with precipitates (see Chapter 9).

iii) Dislocation pile-up at twin boundaries §6.3.3

The high density of etch pits which is sometimes observed near
to twin boundaries (see Figure 6.6b) is likely to be related to the
presence of dislocation pile-ups at the boundaries similar to those

observed in 1liquid encapsulated Czochralski grown Inp [27] using
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X-ray topography. The failure to detect anything but isolated dis-
locations in the vicinity of twin boundaries by TEM probably reflects
the small sampling areas available from TEM specimens rather than
the absence of pile-up phenomena.

iv) Etched bands near to twin boundaries §6.3.3

Etched bands are always associated with twin boundaries inter-
secting Te kTTT) faces after etching with the Inoue EAg-1 reagent
(see Figure 6.6b). Since they appear consistently and are unrelated
to the other boundary etch features, these bands are thought to be
related purely to the twin boundaries themselves rather than to any
other-defects which may be associated with them.

The electrical activity of twin boundaries is discussed in

§.6.4.

§ 6.4 Lateral Twin Boundaries

§ 6.4.1 Introduction

Although many of the twins present are lamellae which extend
across the full width of the boules, some terminate in the bulk of
crystals, either at graih boundaries, twin intersections or lateral
twin boundaries. Lateral twin boundaries are high energy variants
of boundaries separating grains having a twinning relationship to
one another. (see 84.4.2.3)

Such boundaries may also constitute steps on coherent (ortho)
twin boundaries.,

§ 6.4.2 Characterisatina of Lateral Twin Boundaries

A number of lateral boundaries have been examined by optical

and scanning electron microscopy after etching with the Nakagawa
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reagent [21}. The orientations of the boundary planes were found
by measuring the angles between the lateral and coherent boundaries
on oriented surfaces. All of the lateral boundary planes examined
corresponded to one of the four interfacial planes predicted
using the coincidence site lattice model described in Chapter
7. Indexing with respect to both the twin and matrix orientations
these are {115} -{ 111}, {112} -{112}, {110} - {114} and { 001} - {221}.
Examples of each of these, which were found on a Te(11I) surface
after etching with the Nakagawa reagent, are shown in Figures
6.13 a-d. In all of the photomicrographs the twin bands are
darker and less pitted than the matrix regions. The boundary
in Figure 6.13a terminates a broad twin and is decorated at intervals
by tellurium precipitates. These are described fully in Chapter
9 as are the arrays of etch-pits which indicate the presence
of sub-grain boundaries in the same micrograph. In Figure 6.13b
a twin is terminated by a boundary which changes orientation
from {112} - {112} to ({115} - {111} . A different situation is
shown in Figure 6.13c in which the twin is observed to become
progressively narrower by a series of lateral twin steps which
are decorated by precipitates.

Finally, Figure 6.13d shows a lateral twin boundary which
constitutes a step in a coherent boundary. The lateral boundary
itself has some steps although the greater part of it lies on
{oo1}-{221}.

The effect of the Nakagawa etchant on lateral twin boundaries was
investigated by scanning electron microscopy. Lateral twin boundaries
on both Cd(111) and Te(11I) surfaces were preferentially etched out to
a depth of several microns during a 1 minute etcﬁ. Furthermore, the
chemical attack at these boundaries was always uniform, unlike that at

coherent twins which varied from being heavily
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§ 6.4.3 Discussion

In Chapter 7 a set of coincidence site lattice models of lateral
twin boundaries is presented. These models are successful in that
they predict all of the four lateral twin boundary planes which were
observed in practice. The models also predict the atomic arrange-
ments at the boundaries. While the exact details of these models
are not unique, a feature which is common to all of them is the pre-
sence of wrong bonds of either the Te-Te or Cd-Cd type at the inter-
faces. These wrong bonds could account for the strong electrical
activity of the boundaries observed by EBIC. The electrical activity
of ortho-twin boundaries however, must arise from the presence of
partial dislocations on the twinning planes since the ortho-structure
contains no wrong bonds.

The relatively small areas of the lateral boundaries observed
are indicative of their instability with respect to coherent twin
boundaries. Indeed, for metals such as Cu, Cu-Al alloys, Ni and
stainless steels the eﬁergy per unit area of the lateral boundaries
YR has been measured as being from 0.25 to 0.8 of the random grain
boundary energy ng whereas the coherent twin boundary energy Yeb is
only 0,01 to 0.04 ng[28]. The defective bonding in the interfacial
structure of lateral twin boundaries accounts for these energy dif-

ferences, the stronger EBIC signal and the preferential chemical

attack observed at these boundaries.

8§ 6.5 Second Order Twin Boundaries

§ 6.5.1 Introduction

Second order twin boundaries, their relationship with first

order twins and their formal description as tilt boundaries has been
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described in 8§4.4.2.3. The structure of second order boundaries
in the sphalerite structure is examined in detail using a coincidence
site lattice model in §7.4. In this section experimental observations
made of second 6rd¢r twin boundaries which intersect oriented surfaces
after etching are reported. Detailed discussion of the ways in which
interacting twinned structures are formed is delayed until §6.6 and

§6.7.

§ 6.5.2 Characterisation of Second Order Twins

The second order twin boundary planes present in the boules
examined have been characterised by measuring the angles that the
intersections of these twins with oriented crystal surfaces make
with known crystallographic directions. These directions were invari-
ably either along the intersections of coherent first order boundaries
or the edges of the etch pits developed by the Inoue EAg-1 reagent
[20], both of which lie on <110> directions on {111} surfaces.

Figure 6.15 shows a Cd(111) face after etching with the Nakagawa
reagent [21]. The two light bands are a pair of lamellar twins,
the wider of which is crossed by another, narrower twin lamella.
This is a second order twin. The two long boundaries of the second
order twin are first .order coherent boundaries whereas the two short
and heavily etched boundaries at A and B are second order boundaries,
that at A lying on { 114} - {114} and that at B on { 111} -{115},

A second order boundary intersecting a Cd(111) surface which
has been etched with Inoue's EAg-l reagent is shown in Figure 6.16.
The pits to the left of the boundary are characteristic of the action
of this etchant on the Cd(111) surface, whereas those on the right

are markedly different in shape. Using the matrix method for deter-
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mining the orientation of a surface following a twinning operation,
the surface of the second order twin was. found to be (5 7 13).
Indeed, the pits on this particular surface orientation have the
shape that is expected from cutting a tetrahedron of {111} planes
along a (5 7 13) plane (see §5.4.4). The orientation of the boundary
corresponds to {114} -{114} . The boundary itself was not heavily
attacked by.the Inoue EAg-1 reagent although there is a high density
of etch pits on the (5 7 13) side of it. In contrast to this the
{111} - { 115} ‘boundary itself (shown in Figure 6.17) is deeply etched
by the same reagent. These observations may be related to either
selective etching at certain types of boundary or to the presence
of defects on the boundaries, such as those observed on first order
twin boundaries. A clear example of thé intersection of two first
order twin boundaries (A and B) and a second order one (c) is shown
in Figure 6.18. The second order boundary lies on a {114} plane in
both the matrix and twin and is decorated with Te precipitates.
Precipitation is discuésed in detail in Chapter 9. Figure 6.19 shows
a more complex twinning situation in which twins (B) on the (lIl)
matrix planes and a broad twin (C) on the (Ill) matrix plane inter-
sect one another. The orientations B and C in the figure are doubly
twinned with respect to one another, the boundaries E and F being
second order twin boundaries 1lying on planes of the forms {221 }—.
{221} and {111} - {115} respectively. In addition, the broad twin
orientation C contains three narrow second order twin bands on its
(111) planes which are labelled D. These twins have the (5 13 7)
surface orientation ‘and are triply twinned with respect to the (igi)

orientation (B), the boundary at G being an example of a third order

twin boundary.
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Since the formation of first order twin boundaries is a prerequisite
to the formation of second order ones it follows that second order
boundaries are statistically less likely to occur than first order
ones. Similarly, the incidence of third and higher order twin boun-
daries becomes progressively more unlikely.

The preferential chemical attack by Inoue's EAg-1 reagent on
a { 111 }-{ 115} second order boundary (Figure 6.17) and not a { 114}
-~ {114} boundary (Figure 6.16) deserves further attention. A syste-
matic etching study of a number of second order twin boundaries of
each orientation would establish whether the etching differences
are genuineiy caused by the different boundary orientations or by
the presence of interfacial defects.

Mechanisms which are responsible for the formation of twins
are discussed in §6.6 - and detailed models of the formation of inter-

acting twin structures in §6.7.

§ 6.6 The Origins of Twinning

Twins may form by either growth or deformation processes.
" Deformation twins are formed by the stress induced passage of

a/6<211> partial dislocations over successive { 111} planes in a
fcc, diamond or sphalerite crystal. Post growth stresses are likely
to arise from interactions of the crystal boules with the walls of
the silica growth capsules. Even though the boules are not generally
seen to stick to the silica capsules the two are in close contact
over a wide temperature range and stressing is likely to occur.
Growth twins could develop as follows: As the charge material is
transported a growth. interface exists and the boule grows by adding

successive layers to the interface which would ideally 1lie close
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to a {111} plane. Accidents in the stacking sequence could be caused
by disruptions at the (solid-vapour) growth interface and such events
could cause individual stacking faults. If the stacking arrangement
does not revert to the packing of the matrix after the nucleation
of a stacking fault, then a twin lamella can be formed. If a signi-
ficant thickness of material having the twin orientation accumulates
the influence from the matrix orientation upon successive layers
will be weak and the twin orientation will persist until another
growth accident ocecurs. Alternatively growth twinning could arise
by multiple grain nucleation, that is if adjacent grains happen to
grow in the twin related orientations. The possibility of twins
forming in this way is not insignificant : Meyers and Murr [28] have
calculated that approximately 10% of randomly oriented grains in
a polycrystalling boule of a fcc material are within 4° of a twin
orientation with respect to one of their neighbours.

There is no  record in the literature of any experiment which
proves conclusively - that twinning in semiconductor materials is
caused specifically by either growth or defprmation processeé.
Vere et al [5] report that. they were unable to introduce twins into
CdTe bars by compressing them at temperatures up to 400 °C and thus
concluded that twinning is a growth phenomenon. However, Cahn [29]
points out that even though i; may not be possible to produce defor-
mation twins by applying stresses to crystals in a controlled manner
this does not neceésarily preclude their formation under the condi-
tions in which they are grown.

In the absence of an unambiguous experimental method to distin-
guish between the two possible causes of twinning, the following

is a phenomenological approach to the twinning problem. The most




- 133 -

important evidence against the growth twin model is that it cannot

account for many of the lamellar twin structures frequently observed
in the as-grown crystals. Three such examples are:-

i) twin lamellae which intersect the growth interface at

a steep angle as in Figure 6.1.
ii) multiple twinning on different {111} planes as in Figure
6.20a; and
iii) second order twins which are present on other twin lamellae
as in Figures 6.15, 6.17 and 6.19.

In each of these cases, twinning by a growth mechanism would
require a complex growth interface which is capable of deviating
from the growth axis normal, changing from one {111} plane to
another or else is multi-faceted. For example, second order
twins on first order twin lamellae such as that at B in Figure
6.15 could not have been formed by simple . stacking accidents
on a single {111} plane because the first order twin plane is
not parallel to a {111} plane in the second order twin orientation.
A growth model of the formation of this structure requires a
second growth face on a close packed plane in the first order
twin orientation.

In contrast deformation twinning can account for such structures
with relative ease. A number of examples are discussed in more
detail in §6.7. However, one problem does arise with the deformation
model of twinning when boules containing large twinned grains
are considered. Figure 6.2a/b shows such a boule in which there
are three predominant orientations, the matrix, twin and second order
twin. Since deformation twinning effectively involves shearing a lamella
of material, matter must be displaced by the twinning operation. Further-

more, narrow twins intersecting the growth surfaces of boules are occa-
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sionally seen to exhibit sloping facets which are a direct result
of this shear. The constraints imposed by the silica growth
capsule would tend to inhibit twin formation unless matter transport
away from regions of displaced material, or indeed further twinning,
could accommodate the shears involved, If deformation twinning
were to occur during the earlier stages of growth then the twinned
crystal might act as a seed for further growth. This provides
a more reasonable explanation for the large grains in the twin
orientation such as those observed in Figure 6.2a/b.

To summarise, deformation twinning is likely to be the dominant
mechanism in the formation of lamellar twins and compléx interacting
twin structures. Dislocation models account for such structures
easily and moreover, thermal stresses which are adequate to initiate
twinning are more likely to arise during growth when the temperature
is much higher thnn was the case in which a deformation experiment
[5] failed to induce twinning. However, the deformation model
cannot accnunt for all twins observed .in these crystals. For
instance, in the case of large twins, the shears necessary in
a deformation process would inevitably demand the displacement
of amounts of matter significantly greater than those observed
in practice. Consequently it is proposed that large twin related
grains probably arise from crystals which are twinned during
the early stages of growth and then act as seeds for further

growth,

§6.7 The Morphology and Formation of Interacting Twin Structures.

Throughout 86.5 a number of systems containing interacting

twins, and hence second order boundaries were examined. In this
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Figure 6:20 Interacting Twin Structures.
a) Twin—-twin intersections.

i) ii) iii)

b) Twin bands incorporated on other twins.

i) i)

g or
_—

c) Twins crossing other twin bands.
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section, the morphologies of these interacting twin structures
are described together with suggested mechanisms for their formation.

The three types of interacting twin structures which are
frequently observed are shown schematically in Figure 6.20.
They are:-

a) intersections between twins on different {111} planes.

b) twin bands which are present on other twin bands, and

c) cases where twins 'cross' other twin bands, that is combinations
of a) and b).

The mechanisms which follow are proposed to explain the
likely mechanisms of formation of the twinned structurés in Figure
6.20a, b and c. It is assumed that the twins are deformation
twins, that is they were formed by the passage of a/6<2l1> partial
dislocations over successive {111} planes (see 84.4.2.2). The
justification for this assumption was presented in %.6.

a) Twin-twin intersections

i) The crysfal is subjected to a stress which has a resolved compo-
nent on a{ 111 } slip plane which exceeds the critical shear
stress necessary for the propagation of twinning dislocations
(the critical shear stress for twinning). The stress is relieved
by the passage of a/6<11> dislocations on successive {111}
planes to form a stable lamellar twin.

ii) The activating stress changes to include a component which ex-
ceeds the critical resolved shear stress for twinning on another
slip plane in the matrix. A new twin lamella which emanates
from the first is formed when the partial dislocations passing on
the original slip plane change to the new slip plane. The plane

at which the dislocations transfer to the new slip plane becomes
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a second order twin boundary such as that at E in Figure
6.19. An alternative view of the formation of the twin-
twin intersection is obtained by reversing the sequence
of events just described. In this way the dislocations
forming the new twin lamella do not propagate from the original
lamella but propagate towards it. When they reach the original
lamella they transfer to its slip plane hence causing it
to become wider.

iii) If the new twin orientation is not formed continuously but
consists of two or more lamellae, then steps (first order
twin boundaries as at A) will separate the junctions between

the twins (second order twin boundaries as at B).

b) Twin bands incorporated on other twin bands

A model which involves the passage of partial dislocations
over only one { 111} slip plane in the matrix cannot account for
the formation of both first and second order twin boundaries
since the latter need not occur on slip planes. In order to
form the second order twin orientations in Figure 6.20b twinning
dislocations must cross successive slip planes present in the
first order twin orientation. First order twinning is therefore
a prerequisite for second order twinning. The formation model
is as follows:-

i) A narrow twin lamella forms as in a)i.

ii) The stress which was responsible for the formation of this
twin lamella changes to include a component which exceeds the
critical resolved shear stress for twinning en a slip plane in
the first twin lamella. When dislocations propagate over this

slip plane the new twin orientation is generated.
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iii) The original twin band becomes wider and the new twin band
gets longer.
In stage ii above a stable second order twin may form which
does not fully cross the first order twin lamella. Such twins

are invariably narrow and are terminated by lateral twin boundaries.

c) Twin bands on different {111} planes crossing one another

Twins in the matrix are sometimes seen to propagate into
other twin bands (or vice versa). The following formation mechanism
is proposed:-

i) A twin lamella forms as in a) i.

ii) The stress which caused the first twin lamella to form
changes to include a component which produces twinning on
another matrix slip plane. Twinning dislocati;ns propagate
towards the original twin lamella.

iii) If the new component of stress is not relieved when thg
twin reaches the original twin lamella it may propagate
through that lamella, providing that the resolved component of

stress in the slip plane exceeds the critical shear stress
for twinning. The energy penalty for this is the energy of forma-
tion of a third order twin boundary such as that at H in Figure

6.19.

An alternative to ii) and iii) would be for the second twin which
crosses the first to originate in the broad lamellar twin and propagate
into the matrix.

iv) In this figure both twins cross one another completely and two

third order twin boundaries are present,
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§ 6.8 Conclusions

Twinning is known to occur frequently in crystals of CdTe
grown by a variety of techniques and is undesirable since the
presence of twins in boules greatly reduce their value as sources
of substrates for epitaxy. The twins in crystal boules grown
by the 'Durham' sealed capsule vapour phase technique are most
often present in the form of lamellae which range in width from
several microns to approximately one centimetre. The grains
in polycrystalline boules consisting of only several large grains
.were cften found to be felated to one another by twinning operations.
In general the incidence of lamellar twinning was found to be
higher in polycrystalline boules, a fact which was noted by
Vere et al [5] who studied twins in CdTe boules grown by a variety
of techniques.

First order, first order lateral, second order and occasionally
third order twin boundaries have all been identified in the boules
examined. First order twin boundaries lying on‘ {111} planes
are the most common and they have been identified as being of
the 1low energy ortho-type. The ortho-twin is characterised by
a rotation of O= 250°32' about a <110 > axis. Transmission electron
microscopy has revealed the presence of twinning dislocations
on first order twin boundaries. It is these dislocations which
are responsible for the etch pits and the discontinuous electrical
activity observed by EBIC in the SEM which are associated with
the boundaries.

Four orientations of first order lateral twin boundaries
have been characterised by examining oriented etched surfaces.

These lie on the planes {115} - {111} , {112} - {112}, ({110} - {114}
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and {001}-{221} and correspond to those boundaries predicted by the
coincidence site lattice models presented in Chapter 7. These bounda-
ries are preferentially attacked by various chemical etchants and dis-
play strong contrast when imaged in the EBIC mode of the SEM - properties
which reflect the distorted nature of the bonding which is to be ex-
pected at such boundaries.

Three orientations of second order boundary lying on the planes
{111}-{115}, {114}-{114}and {221}-{221} were observed in practice and
these also correspond to those predicted by the models proposed in
Chapter 7. Second order twin boundaries were only seen in associa-
tion with first order ones for example at twin-twin intersections or
where twin lamellae act as host lattices for other first order twins.
Since second order twin planes are not close packed, a simple mechan-
ism (involving a single set of {111} planes) such as those associated
with growth and deformation twinning, cannot be responsible for
the simultaneous formation of both first and second order twins.
First order twinning is therefore a prerequisite for second order
twinning. Furthermore, a straight forward growth mechanism cannot
account for the formation of sets of intersecting twin lamellae
and other intersecting twin structures such as those in Figure
6.19. Deformation twinning mechanisms can be used to explain
the presence of these defects relatively easily and a number
of examples are given in §6.8. However, the amounts of material
that would be displaced by the shears necessary to create lamellae
up to vl cm in width by this mechanism cannot be achieved in
practice due to the constraints of the walls of the silica growth
capsules. It is therefore proposed that 1large twinned grains
form as a result of seeded growth from twinned orientations which
were produced by deformation processes during the early stages

of growth,
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CHAPTER SEVEN

TWIN BOUNDARIES IN THE SPHALERITE STRUCTURE

87.1 Introduction

This chapter is principally concerned with the construction of
models of first and second order twin boundaries in the sphalerite
structure. In 8§7.2 some of the existing work on models of twin
boundaries in the diamond and sphalerite structures is reviewed
and coincidence site lattice models of first order lateral twin
boundaries in the sphalerite structure are developed in §87.3.2.
Variations of the structure of the {112}-{112} boundary are explored
in §.2.2 with reference to recent work on the structure of this
boundary in the diamond lattice. The physical implications of
the proposed boundary structures and their relevance to real
boundaries observed in CdTe «crystals is discussed in §7.2.3.
Coincidence site lattice models of second order twin boundaries
are presented in §7.3.1 and discussed in §7.3.2. The conclusions

of the work are summarised in §7.4.

87.2 A Review of Some Models of Twin Boundaries

§7.2.1 Coincidence Site Lattice Models

A number of models of twin boundaries in the diamond structure
have been -devised. The earliest of these owed their success
to the concept of the coincidence site lattice (CSL) description
of grain boundaries which was first proposed by Friedel [1] and
later, independantly, by Ellis and Treuting [2]. The CSL may
be described as follows: If the lattices of two adjacent grains

are superimposed then certain points common to both grains may
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exist. For some special orientations these coincidence points
will form a regular lattice, the CSL. This is characterised
by I, the Friedel or grain boundary index, which is simply the
ratio of the density of lattice points to that of coincidence
lattice points (see 84.3).

Ellis and Treuting [2] and Kohn [3] noted some important
properties of coincidence boundaries and the coincidence site
lattice. These are:-

i) Coincidence boundaries i.e. those which are associated

with a CSL, are special 1low energy grain boundaries.
In practice, the E-8 curves calculated for tilt boundaries
(see 84.4.1) afe expected to contain cusps or minima
when angles corresponding to coincidence orientations
are encountered.

ii) For a given crystallographic relationship between adjacent
grains, the energy of a grain boundary varies according
to its orientation with respect to the coincidence
site lattice. Kohn [3] explains in detail that Ilow
energy boundaries firstly 1lie along directions in the
CSL having a high density of coincidence points, and
secondly are chosen such that the normal arrangement
of bonds in the material is distorted as little as
possible by the presence of the boundary.

iii) First and higher order twin boundaries may be described
as tilt boundaries having a <110> tilt axis. These
are all coincidence boundaries, the Friedel index of
an nth order twin being f = 3",

Kohn [3] systematically applied the CSL model to first,
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second and third order twin boundaries in the diamond structure.
In general atomically 1linear boundaries do not satisfy both of
the requirements of a coincidence boundary specified by Kohn
and outlined in ii) above. Some vectors which join CSL points
do however fulfil both conditions. Kohn identified all of
the possible simple boundary segments for each CSL and assembled
them to form boundaries. Each boundary constructed in this way
is characterised by a periodic array of atomic scale facgts which
correspond to CSL vectors. Atoms on one side of the boundary

adopt the matrix positions and those on the other, the twin positions,

87.2.2 First Order Lateral Twin Boundaries in the Diamond Structure

The CSL for first order twinning in diamond is generated
by rotating two <110> projections of the lattice by 70°32' with
respect to one another about a common origin [2]. Kohn [3] used
this CSL to derive four models of lateral twin boundaries 1lying
on different {hhl} planes. Indexing with respect to both the
matrix and twin orientations these are {115} -{111}, {112} -{112},
{001}- {221} and {110}~ {114}. These boundaries are all faceted
and are comprised of a combination of 5, 6 and 7 membered rings.
A significant feature of all the models is that two atoms per
period of each boundary have abnormal coordination, one having
3 and the otﬁer 5 nearest neighbours, compared to 4 in the undistorted
diamond structure. This implies that there will be two dangling
bonds in eaeh period of each boundary. These are also present
in an atomically 1linear, rather than faceted variant of the
{112 }- {112} boundary. Kohn recognised that atomic relaxations

at the boundaries are 1likely to take place in order to reduce



- 146 -

the incidence of dangling bonds.

Hornstra [4] reinterpreted Kohn's model of the {112}- {112}
boundary as being comprised of an array of partial dislocations.
Nevertheless, Hornstra's model of this boundary does not differ
greatly from that of Kohn and it too contains two dangling bonds
per period.

More recent investigations of the structure of the ({112}
- {112} first order coherent twin boundary in the diamond cubic
structure have benefited from the availability of modern TEM
techniques. The 'ag-fringe' technique has been used by Vlachavas
and Pond [5] to reveal the relative positions of the matrix and
twin lattices in the vicinity of a {112} - {112} boundary. It
was found that the twin and matrix crystals are displaced by
a distance corresponding to 1.38 x the (111) interplanar spacing.
This ‘'rigid body translation' has been observed directly using
high resolution TEM (HRTEM) by Bourret and Bacmann [6]. These workers
examined coherent steps on ({112} - {112} lateral twin boundaries
and found dislocations located at the junctions between the lateral
and coherent boundaries and these accomodate the displacement.
associated with the rigid body translation.

Pond et al [7] developed a relaxed model of the {112 -
{112} boundary which incorporates the rigid body translation
observed experimentally by Vlachavas and Pond [5]. The boundary
is comprised of five and seven membered rings and contains neither
abnormally coordinated atoms nor dangling bonds. For this reason
it is expected that this model will have an interfacial energy
which is significantly lower than that of the models due to either

Kohn [3] or Hornstra [4].
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8§7.2.3 Second Order Twin Boundaries in the Diamond Structure

Kohn [3] modelled second order twin boundaries using a
L = 9 CSL which was derived by rotating two <110> projections of the
lattice by 38°57' about a lattice point which is common to both.,
Three second order boundaries having the interfacial planes
{111} - {115}, {114} - {114} and {221} - {221} were constructed by
assembling segments of boundary which conformed to the criteria
of high coincidence site density and minimum lattice distortion
as described in §7.2.2. The {221} - {221} boundary structure
is comprised of five and seven membered rings which have bonding
that is disterted from the regular tetrahedral bonding of the
diamond structure. All of the atoms at the interface have four
nearest neighbours and there are no dangling bonds. However,
Kohn concluded that both the {111}- {115} and {114}- {114} boundaries
are comprised of five, six and seven membered rings and contain
two dangling bonds per period of the boundary.

Hornstra [4] reinterpreted Kohn's {221} - {221} boundary as
being comprised of a "zig-zag" array of dislocations and also
proposed a structure consisting of a symmetrical array of double

dislocations.

§7.2.4 Twin Boundaries in the Sphalerite Structure

The structure of first order coherent twin boundaries in
sphalerite was first discussed in detail by Aminoff and Broomé
[8]. In that work a variety of twin boundary structures were
constructed by assembling {111} 1layers of close packed atoms
ih various stacking sequences. The work took into account the

crystallographic polarity of the sphalerite structure and both



- 148 -

the ‘'ortho-' and 'para-' «configurations (see § 4.4.2.2) of the
first order twin were recognised. Aminoff and Broomé considered
the stacking sequences of {111} planes which are characteristic
of twinning to arise during the growth of the crystals.

Holt [9] «conducted a systematic appraisal of <110> tilt
boundaries in the sphalerite structure. This work took account
of crystallographic polarity by utilising two tilt angles, 8 and
0 =06+ 180° which represeﬁts the two polar variants of each type of
boundary (see §4.4.2.2). In this way the ortho- and para-twins
were represented by tilt angles of O= 250°32' and 6= 70°32'
respectively (see Figures 4.9a and b in Chapter 4). However,
in that work Holt [9] did not consider first order lateral or

second order twin boundaries.

§7.3 Models of First Order Lateral Twins in the Sphalerite Structure

§7.3.1 Introduction

While the structures of different types of twin boundary
in the diamond structure have been discussed in detail [3,4,5,7]
no examples of first order lateral or higher order twin boundaries
in the sphalerite structure are available in the literature.
Consequently this section attempts to rectify this ommission
by taking the medels of these boundaries in the diamond structure
and employing the methods used in their construction as a basis
for the construction of the analogous models of these boundaries

in the sphalerite structure.

§7.3.2 First Order Lateral Twin Boundaries

In this section the CSL method (see §7.2.1) has been used
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to construct models of first order lateral twin boundaries in
the sphalerite structure. Variations of the structure of one
particular boundary are also considered. The CSL for the ortho-
twinning configuration was generated by superimposing two <110>
projections of the sphalerite lattice and rotating one lattice
relative to the other by an angle of O = 250°32' about a common
origin. The presence of ortho-twins in CdTe was confirmed exﬁeri—
mentally (see § 6.4.2), The CSL illustrated in Figure 7.1 has a
Friedel index ofZX = 3 and is analogous to Kohn's CSL for first
order twinning [3]. Four types of atomic positions are used
in all of the figures, and these represent Cd and Te atoms which
are eéither imn or out of the plane of the diagram as indicated
in Figure 7.1. An alternative CSL may be generated by rotating
through an angle of 6 = 70°32' about the s%me origin., This CSL
corresponds .to para-twinning and has only half of the density
of CSL points as the CSL which corresponds ortho-twinning. These
points are either all black (Cd) or all white (Te), depending
upon the colour of the CSL point chosen as the origin. The lines
joining CSL points which are 1labelled 1,2,2' and 3 in Figure
7.1 were chosen as suitable segments of twin boundaries according
to Kohn's criteria which are outlined in 8§7.2.1. (Segment 2'
is related to segment 2 by symmetry but has a different environment
in the CSL). The three segments can be assembled to form the
four different low index boundaries of the (hhl} type which are
illustrated in Figure 7.1. In order to form the complete boundary
structures, lattice points in the twin and matrix orientations
are placed on either side of these boundaries. The four boundaries

constructed in this way lie on the planes {115} - {111} (Figure
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7.2), {112}-Q112 } (Figure 7.3), 1 008 -{221} (Figure 7.4) and{110}-
{114 }(Figure 7.5) and these are analogous to those drawn by Kohn [3]
in the diamond lattice.

Four types of atomic positions on these boundaries are of interest.

These are labelled in the diagrams as:-

a - 3 coordinated atoms having one bond rotated into the plane of
the figure by 57°1°'.

a'- 5 coordinated atoms having one bond rotated out of the plane
of the figure by 57°1'. Two of the nearest neighbours of
such atoms are not in the planes represented in the figures.

b - The site of a Te-Te or Cd-Cd wrong bond. The bonds from both
atoms in the equivalent diamond structure are rotated by
19°28" in the plane of the figure and are approximately 6%
shorter than normal.

¢ - 4 coordinated atoms with normal undistorted tetrahedral bonding.

A1l four lateral first order twin boundaries contain one

a and one a' atom per period of boundary. The presence of these
abnormally coordinated atoms implies that these boundaries all
contain two dangling bonds per period, as is the case in the
diamond structure. As pointed out by Kohn it is expected that
the coincidence structures presented here will relax in order
to relieve the abnormal coordinations and hence saturate the
dangling bonds. One b site which is associated with a wrong
bond in the sphalerite structure is found in each period of each
of the four boundaries. All of the wrong bonds in any given
boundary will be of either the Cd-Cd or Te-Te type. The geometrically
identical position in the diamond structure is simply a shortened bond.

In both the diamond and sphalerite structures tetrahedrally coordinated
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Figure 7.1 The I = 3 coincidence site lattice in the sphalerite

structure.

atoms with undistorted bonding (labelled c in the diagrams) are only
found in the {001}-{221} and {110} -{114} boundaries. Such atoms are

associated with the structural unit labelled 2' in Figure 7.1.
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{115}-{111} 1lateral twin boundary.

{112}-{112} 1lateral twin boundary.
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§ 7.3.3 7The {112}-{112} Boundary

The structures of the four coincidence boundaries illustrated
in Figures 7.2 to 7.5 are not unique and different combinations
of the structural units 1,2,2' and 3 can yield equivalent boundaries.
For example, the faceted {211} - {211} boundary in Figure 7.3
can be replaced by an atomically linear boundary as in Figure
7.6, This new boundary contains the same structural features
as the old one: For example, two dangling bonds are present in
each period of the boundary and are associated with the abnormally
co-ordinated atoms at L(Z a) and R(Z a'). Wrong bonds are also
present in equal densities in the two boundaries.

The model of the {112}-{112} boundary in the diamond structure
devised by Pond et al [7] contains no abnormally co-ordinated
atoms and .hence no dangling bonds (see §7.2.2). The relaxation
necessary to achieve this is made possible by the introduction
of a rigid body translation between the matrix and twin lattices
and a certain amount of atomic relaxation along the plane at
which they meet. A. boundary in the sphalerite structure which
is analogous to one proposed by Pond et al [7] for the diamond
structure is drawn in Figure 7.7. It is related to the atomically
linear boundary in Figure 7.6 in the following way: The abnormally
coordinated atoms L and R debond and one atom, L, becomes associated
with the twinned lattice, while the other, R, becomes associated
with the matrix lattice. Atom L subsequently bonds to P, T and
T' in tﬁe matfix and atom R to Q, S and S' in the twin (S[ and
T* occupy positions vertically above S and T). The twinned lattice

is then displaced by a rigid body translation of 1.38 times the

(117) interplanar spacing as indicated in Figure 7.7. (The positions
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of the (111) planes are indicated by the dashed 1lines in the
figure). The atoms L and R then become fully coordinated by
forming bonds across the interface to atoms J and K respectively,

as shown in Figure 7.7.

§ 7.3.4 Discussion

Whereas there is only one possible electrically active structural
defect in the diamond lattice, the dangling bond, Holt [9] points
out that there are four in the sphalerite structure. These are
a (Cd) or B (Te) dangling bonds and a (Cd-Cd) or B (Te-Te) wrong bonds.
The electrical properties of these defects in the sphalerite
structure may therefore be expected to be more important than
those in the diamond structure. Certainly the unrelaxed coincidence
boundaries illustrated in Figures 7.2 to 7.6 all contain o and
B type dangling bonds at a and a' and either o or B wrong bonds at b.
The introduction of the boundary relaxations into the structure
of the {112} - {112} 1lateral twin which are appropriate to the
diamond structure does not eliminate the presence of electrically
active defects in the same boundary in sphalerite: The rigid
body translation introduced into the boundary illustrated in
Figure 7.7 enables boundary relaxations to compensate for abnormal
coordinations at the expense of creating an extra wrong bond
per period of boundary. This relaxed structure not only retains
the electrical activity of the coincidence boundary but also
has a boundary configuration which is 1likely to be of higher
energy than that of the unrelaxed structure.

The models described in 87.2 clearly indicate that it is

highly likely that first order lateral twin boundaries are inherently
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electrically active. Indeed this has been confirmed by the strong
EBIC signals which have been obtained from these boundaries (see
§6.4.2). This electrical activity has important implications
for devices fabricated from epitaxial layers deposited on twinned
substrates: Lateral twin boundaries which propagate into the
epilayers will undoubtedly be electically active and it is obviously
undesirable to grow epilayers on substrates which contain these
defects. However, even when epitaxial layers of CdTe and
Cd Hg 1_xTe have been grown by MOVPE on twin-free (111) oriented
substrates [10] they have been found to contain a high density
of 'islands' which have the twin orientation with respect to
the rest of the epilayer. These twinned islands are irregular
in shape and SEM reveals that their boundaries appear to be curved
even when they are imaged at high magnification. Nevertheless
these 'double positioning' boundaries are likely to be comprised
predominantly of facets which 1lie on low energy planes, that
is on coherent and lateral .twin boundary planes. The double
positioning boundaries may therefore be expected to be electrically
active and hence deleterious to the performance of devices fabricated
on such layers.

The experimental observation of lateral twin boﬁndary planes
in CdTe described in. §6.4.2 supports the validity of the twin
boundary models described in §87.3.2: All four orientations of
lateral twin boundary planes predicted by the models were identified

on the etched surfaces of oriented crystals. Furthermore, no

other boundary orientations were discovered.
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§7.4 Models of Second Order Twin Boundaries in the Sphalerite Structure

§7.4.1 Second Order Twin Boundaries

Models of second order twin boundaries in the sphalerite
structure can be constructed using a <110> projection of a
L =9 CSL. This may be generated by rotating one <110 > projection of
the lattice with respect to another about a common origin through
an angle of @ = 218°57'. This CSL is analogous to that of the
first order ortho-type twin boundary and is illustrated in Figure
7.8, Indeed, as in the case of first order ortho-twins there
is a variant of the second order twin boundary which may be obtained
by reversing the crystallographic polarity of one of the grains.
This boundary is a <110> tilt boundary having a tilt angle of
8 = 38057‘. Two CSLs can be generated by this rotation, one
comprised of Cd atoms (black) and the -other of Te atoms (white)
- the type depends upon the identity of the atom at the origin
of the CSL. Both of these CSLs have half the density of lattice
points found in the O= 218°57' CSL and it is not therefore expected
that boundaries of this type will be observed in practice. For
the Z = 9 CSL only two boundary segments, labelled 1,2, and 2'
in Figure 7.8 can be chosen to conform to Kohn's criteria [3]
of high coincidence site density and minimum structural distortion
(see §7.2.1). Segment 2' in the figure is symmetrically equivalent
to segment 2. The three boundary segments may be assembled to
form the three low index {hhl} boundaries indicated in Figure
7.8. In order te form the complete boundary structures Ilattice
points in the matrix orientation are drawn on one side of the
boundary and those in the twin orientation are drawn on the other

as was done for first order twin boundaries. The boundaries
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lie on planes of the forms {111} - {115} (Figure 7.9), {114}~
{114} (Figure 7.10) and {221} - {221} (Figure 7.11) and are analogous
to those drawn by Kohn [3] in the diamond structure. Positions
labelled a, a' and b in Figures 7.9 to 7.11 are identical to
those labelled similarly in the first order lateral twin boundaries
( §7.3.2). None of the second order boundaries contain any atoms
having wundistorted bonding and wunchanged coordination. Both
the ({111}- {115} and the {114}~ {114} boundaries contain one wrong
bond and two dangling bonds at a and a' in each boundary period.
In practice boundary relaxations are expected to take place in
order to saturate the wrong bonds to some extent and to lower
the interfacial energy of the boundary. The {221} - {221} boundéry
is exceptional in that it contains no abnormally coordinated
atoms and hence no dangling bonds. However, it does contain
two wrong bonds per period, one Cd-Cd and one Te-Te type. The
atoms in this boundary "which are 1labelled d in Figure 7.11 are
unique to the {221} - {221} boundary, the cross boundary bonds
being rotated alternately clockwise and anticlockwise by 31935"
in the plane of the figure. A similar tetrahedrally coordinated
site with distorted bonding exists in the analogous boundary

in the diamond structure.

87 .4.2 Discussion

The boundary sites labelled a, a' and b (that is abnormally
coordinated atoms, associated with dangling bonds, and wrongly
bonded atoms) which occurred in the unrelaxed CSL models of first
order lateral twin boundaries are also found in the CSL models

of second order twin boundaries. Two of the three coincidence
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models contain two dangling bonds (a and a' sites) and one wrong
bond per period. VThe third, the {221} - {221} boundary, contains
two wrong bonds per period but is free from dangling bonds.
It also cdntains one unusual tetrahedrally coordinated atom per
period which has distorted bonding. Although the precise nature
of the atomic arrangements at the interfaces will be altered
in practice by boundary relaxations, it is likely that some wrong
or dangling bonds will. remain, also rendering these boundaries
to be electrically active.

The CSL model is highly successful in that all of the boundaries
which have been observed experimentally in CdTe (see §6.5.2)
correspond. to one of the three {hhl} boundary planes predicted.
Furthermore, ne second order boundaries on other planes have

been discovered.

8 7.5 Conclusions

‘For both first and second order boundaries in the sphalerite
structure there are two possible CSLs. These represent the
two forms of each boundary made possible by the crystallographic
polarity of the sphalerite structure and which correspond to
tilt angles about <110> of 6 and © = 6 + 180°. The most densely
populated CSLs were those corresponding to tilt angles of
0 = 250°32' (X = 3 ortho-twin) and © = 218°%57" (£= 9 second order twin).
The CSL's corresponding to the tilt angles 6 = 70032' and 6 = 38°57'
contained only half of the CSL points present in the O = 250°32' and
0 = 218%57" CSLs and furthermore the lattice points were either black
or white, depending on the colour of the lattice point at the origin of
the CSL. In summary, the following features concerning the models are

of particular significance:-
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1 First order lateral twin boundaries §7.3

The four interfacial planes identified fqr these boundaries
using the CSL model were of the types {115} -{111}, {112} - {112},
{oo1} - {221} and {110} -{114} . Unrelaxed models of the structures
of these boundaries are illustrated in Figures 7.2 to 7.5. All
of these contain two dangling bonds per period, which are associated
with abnormally coordinated atoms. One wrong bond of the Cd-
Cd or Te-Te type is also present in each period of all three
boundaries.

The atomically linear version of the { 112} - {112} coincidence
boundary in Figure 7.6 also contains one wrong bond and two dangling
bonds per period. The {001} - {221} and {110 }- {114} boundaries
contain twe atoms per period which have undistorted tetrahedral
bonding. In . practice it is thought that relaxations of the boundary
atoms from the positions occupied in these CSL models will occur
in order te ‘reduce the number of boundary defects. A relaxed
version of the {112} -{ 112} 1lateral twin boundary (Figure 7.7)
which. is related to the atomically linear boundary by a rigid
body translation contains no dangling bonds. However, it contains
twice the density of wrong bonds found in the unrelaxed coincidence
boundary. From studies of these models it seems inevitable that
lateral twin boundaries are likely to contain wrong bonds and/or
dangling bonds~ making them inherently electrically active. Indeed

the strong EBIC signals observed at lateral twin boundaries (see

%.4.2) confirm this.

2 Second order twin boundaries §7.4

The three boundary planes identified using the coincidence site
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lattice model for second order twinning were of the types {111}~
{115}, {114} - {114} and {221}- {221}. Unrelaxed coincidence models
of these boundaries are illustrated in Figures 7.9 to 7;11.
The ({111} - {115} and { 114} - {114} boundafies contain one wrong
bond and two dangling bonds per period, the dangling bonds being
associated with abnormally coordinated atoms. However, the
{221} - {221} boundary contains no dangling bonds but has two wrong
bonds, one €d-Cd and one Te-Te type, per period. The presence
of a high density of wrong bonds in this boundary is thought
to be energetically unfavourable, These models indicate that
second order ‘twin boundaries are 1likely to contain electrically
active wrong or. dangling bonds.

It is suggested that any first order lateral or second order
twin boundaries which become incorporated into epilayers a) by
growth through-from twinned substrates or b) as part of the intrinsic
defect struetures .of the epilayers, will have an important effect
upon the electrical properties of any devices fabricated using
the layers.

A significant success of the models of both first order
lateral and second order twin boundaries developed in this Chapter
is that all of the boundary planes predicted by the model have
been identified in practice (see 86.4.2 and 86.5.2). Moreover,

no additional boundary planes have been observed.
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CHAPTER EIGHT

SUB-GRAINS IN CdTe AND Cdy_ g5 Zng osTe

§ 8.1 Introduction

In this Chapter the properties of dislocations in CdTe and
Cdy 95 Zng o5 Te crystals grown by the 'Durham' method, and also
in CdTe grown by the modified Piper-Polich method (see §2.2.2
and 82.2.3) are reported. In particular, the organisation of
dislocations into arrays, that is sub-grain boundaries, in these
materials " has been investigated. Throughout the 1literature dis-
locations in CdTe crysfals grown by all techniques are invariably
reported as being concentrated into arrays which form a cellular
structure, the density of dislocations within the cells (sub-
grains) being comparatively low (see references [1-5] for example).
An introduction to sub-grain boundaries and the phenomenon ' of
polygonisation is given in §4.3.3 and §4.3.4,

§8.2 Sub-grain Boundaries in CdTe

§8.2.1 CdTe Grown by the 'Durham' Method

§8.2.1.1 Etching Studies

This section reports the investigations made wusing three
different etchants on sub-grains in CdTe crystals grown using
the 'Durham' technique (see §2.2.2). \The reagents employed were:-
i) Nakagéwa's etch [6], ii) Inoue's EAg-1l etchant [7] and
iii) a photoetch consisting of a 0.5%2 solution of bromine in
methanol [3,5]. The capability of each of these reagents to

etch CdTe is described in 85.4. The etch pit densities typically

obtained for these crystals with the first two of these reagents
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were 2 X 10* pits cm 2 on Cd(111) with approximately half this
number on Te (ITIT) using Nakagawa's reagent, and 10" - 10° pits
cm 2 on both {111} faces ﬁsing EAg-1. While etch pit densities are
frequently quoted as an indication of the quality of CdTe crystals
(see reference [8] for example), such figures give no indication
of the nature of the sub-grain boundaries present in this material.
These boundaries are of considerable importance since they contain
a high proportion of the native dislocations in CdTe crystals.
Figures 8.1 and 8.2 show how such boundaries are revealed as
closely packed rows of pits after etching for one minute in the
Nakagawa and Inoue etches respectively (the features at the bottom
of Figure 8.1 are twin boundaries). The preferred etchant for
sub-grain boundaries is the 0.5% bromine in methanol photoetchant
which reveals patterns of boundaries such as that shown in Figure
8.3 after about 10 minutes. The special feature of this reagent
is that it produces etch features on surfaces of all orientations.
All three of the photomicrographs just presented indicate an
average sub-grain size of about 150 um which has been found to
be typical for this material. Figure 8.4 shows a higher magnification
photomicrograph of sub-grain boundaries etched with the bromine-
methanol photoetch. It is apparent from the photomicrograph
that some sﬁb—gfain boundaries, such as that at A, are delineated
more heavily than others, such as that at B for example. This
indicates that the photéetch acts in different ways on different
boundaries and thus it seems 1likely that a variety of types of
sub-grain boundary exist in any one crystal boule.

Whereas the cellular structure depicted in Figure 8.4 is

typical of this material, elongated sub-grains such as those in
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boundaries were frequently observed to be associated with the
junctions between lateral and first order coherent twin boundaries,
as at the points labelled C in Figure 8.7. A similar association
of sub-grain boundaries and the junctions between first and second
order twin boundaries has also been observed. Slip lines lying
on {111} planes such as those in the photomicrograph in Figure
8.8 were sometimes observed after photoetching, -although they

were seen very infrequently during the study of these crystals.

(Figure 8.8 is on the next page).
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boundary'which consists of a network of dislocations and is associated
with a misorientation of approximately 0.05° is shown in the
electron micrograph in Fiéure 8.11. Boundaries comprised of
dislocation networks such as this were seen only rarely in comparison

to those of the type illustrated in the previous two figures.

§8.2.1.3 SEM/EBIC Studies

Schottky diodes for examination by SEM/EBIC were prepared
by depositing Au and In contacts on chemically polished {110}
surfaces of CdTe. A cellular structure of sub-grains reminiscent
of that revealed by etching was imaged using this technique and
an example is shown in Figure 8.12. The average sub-grain size
was found to be- approximately 150 um, which correspoﬁds to the
size found by etching. The boundaries were not imaged as continuous
lines but rather as patterns of bright speckled contrast features.
It is suggested that this type of contrast might be attributed
to the decoration of sub-grain boundaries with impurity species

rather than to the imaging of individual dislocations.

88.2.2 CdTe Grown Using the Modified Piper-~Polich Method

Dislocations in crystals of CdTe grown by the modified Piper-
Polich method (see §2.2.3) were also investigated during this
work. Etch pitting by both the Inoue EAg-1 and Nakagawa reagents
showed less of a tendancy to reveal discreet boundaries although
sub-grain boundaries were clearly deliniated by photoetching
with bromine in methanol, Transmission electron microscopy revealed

irregular arrangements of dislocations having a variety of orienta-
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tions, as shown in Figure 8.13. In these crystals there was
no tendancy for the dislocations to form regular closely packed
arrays resembling the boundaries which were observed in the material

grown by the 'Durham' method.

§8.2.,3 Discussion

The observations of Both elongated sub-grains (Figure 8.5)
and of slip lines (Figure 8.8) suggests a mechanism for the formation
of sub-grain boundaries in this material. Slip lines in CdTe
have been observed by other workers [4,5] and are thought to
arise from stresses incurred during crystal growth. In the case
of both the 'Durham' and the modified Piper-Polich growth methods
the stresses necessary to promote slip might easily arise if
the boules stick to the silica growth capsules either during
growth or in the post-growth cooling period since the rate of
thermal contraction of CdTe (5.5 x 10°® €7!) is much higher than
that of silica (5.4 x 1077 QC_'i)[9]. Williams and Vere [5] report
that slip-lines in CdTe crystals are replaced by sub-grain boundaries
if the crystals are annealed at temperatures as low as 440°C.
Sub-grains in the material studied in this work are therefore
thought to result from a polygonisation process which involves
both the slip and climb of dislocations. Since CdTe crystals
grown by the 'Durham' technique are held at high temperatures
for several days during growth, there is ample opportunity for
this polygonisation process to occur. Indeed, the long straight

sub-grain boundaries shown in Figure 8.5 are reminiscent of those



- 179 -

illustrated in Figure 4&4.6b which result from polygonisation in
metal crystals after slip has occurred on only one /close packed
plane (see §4.3.4). The annealing of crystals which have undergone
slip on more than one plane, such as that illustrated in Figure
8.8, will undoubtedly result in more complex sub-grain shapes,
such as those illustrated in Figures 8.1 - 8.4,

The most frequently observed arrangement of dislocations in those
sub-grains exaﬁined in the TEM (see 88.1.2) was the low energy
configuration described in 8§4.3.3. Electron micrographs of dislocation
arrays in CdTe which are predominantly comprised of one type
of dislocation are shown in Figures 8.9 and é,lO° The variations
in the densities of dislocations observed in these boundaries
and the fact that some boundaries are comprised of a network
of dislocations may account for the variations in their etching
behaviour (see Figure 8.4). The average sub-grain size of
A 150um in this material suggests that its quality is comparable with
that of some Bridgeman grown crystals [1,2,5] although better
quality Bridgeman material having an average sub-grain size of
several hundred microns has been produced in certain cases [2,4].

The bright spots of EBIC contrast deliniating sub-grain
boundaries in the 'Durham’' material are not present in such high
densities as the dislocations in these boundaries. This would
suggest that the ‘electrical activity of these boundaries is due
to some alternative defects such as impurities, rather than to
the native states of the dislocations themselves. Similar conclusions

were made by Williams and Vere [5]. However, the TEM study of
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sub-grain boundaries carried out in this work has failed to reveal
any association of Te precipitates with boundary dislocations.
Thus it is suggested that the origin of the EBIC contrast might
be attributed to small concentrations of impurity atoms which
have become associated with these dislocations.

The observed association of dislocation arrays with the
junctions between twin boundaries (see Figure 8.7) and with large
Te precipitates situated on high angle grain boundaries (see
Figure 8.6) can probably be attributed to the interactions between
the lattice strains caused by the defects concerned. In fact
such interactions may well act to reduce the overall elastic
strain energy of the system.

From these studies it has become apparent that high angle
grain boundaries such as that in Figure 8.6 often separate regions
of high and low sub-grain boundary density. This situation could
arise if one of the grains had undergone more deformation during
the growth process than its neighbour: if the grain boundary
acts as a barrier to dislocation motion, then any subsequent
recovery and polygonisation processes would be constrained to
the individual grains thus producing the observed distribution
of sub-grain boundaries.

The fact that some sub-grain boundaries are seen to cross
twin boundaries (see Figure 8.7) indicates that dislocations
on either side of them are able to interact with one another
during or after the polygonisation process to form continuous

dislocation arrays. The likelihood of such an interaction taking

place will of course vary according to the local conditions during
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crystal growth and cooling, and hence not all sub-grains will
necessarily become associated with others in adjacent twin-related
grains.

The comparatively low dislocation densities which are observed
within sub-grains, and the association of sub-grain boundaries
with other defects indicates that polygonisation is at a very
advanced stage in these crystals. This is undoubtedly a result
of growth by the 'Durham' technique which requires that these
crystals must be maintained at high temperatures for extended
periods of time.

In contrast to this, the reorganisation of dislocations
in crystals grown by the modified Piper—Polich technique is far
from complete. Dislocations with a variety of orientations and
Burgers vectors are found throughout the crystals and no tendency
for them to form arrays comprised of dislocations having the
same Burgers vector was observed. The relatively high growth
rate and the consequential short period ( ~ 24 hours) that the
crystals are kept at high temperature during growth by the modified
Piper-Polich technique (see 82.2.3) account for the differences
between the dislocation structures in these crystals and in those
grown by the 'Durham' method. While it is well-known that CdTe
is inhergntly prone to the formation of polygonisation walls,
this compariéoh "has shown that the growth technique employed

can have a considerable effect upon the extent to which polygonisation

occurs.
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§8.3 Sub—grain Boundaries in Cd _Zn, flg
y=—1-

§8.3.1 Introduction

Cdyan_yTe has been used as an alternative substrate to
CdTe for the growth of epitaxial Cdngl—xTe in a number of laboratories
[see 10,11 and 12 for example]. 'CdTe and ZnTe form solid solutions
for the entire range of compositions and, in addition, the ternary
Cdyan_yTe is known to obey Vegard's Law [13], that is its lattice
parameter varies linearly with composition, The composition
of Cdyan_yTe may therefore be chosen to provide a good lattice
match to Cdngl_xTe in order to reduce the incidence of interfacial
dislocations in epitaxial systems. The ideal substrate composition
for the epitaxial growth of Cd; , Hg, ¢ Te is around Cd, 4¢
Zn , .,sTe [14]. The quality of Cdyan_yTe substrates is known to be
higher than that .of CdTe ones, the Nakagawa etch pit density
of the ternary being on average an order of magnitude smaller
than that of CdTe [11] and its X-ray rocking curves being only
half as wide as those obtained from CdTe [11,12]). Furthermore,
the rocking curves and surface morphologies of Cd Hg,  Te epitaxial
layers grown on Cdyan_yTe substrates are superior to those grown
on CdTe substrates [11,12]. In this work the dislocation content
of Cd, ., Zn,, ,, Te crystals grown by ﬁﬁe "Durham’' technique was

95 0

examined.

§8.3.2 Cd, ,sZn,.,sTe Grown by the 'Durham' Method

A number of Dboules of CdyZn Te having diameters of up

1-y
to 29 mm were grown by the 'Durham' vapour phase method as described

in Chapter 2. The composition of the ternary, that is the value
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of y, was determined by measuring the lattice parameter of the
crystals using the X-ray powder technique and applying Vegard's
law. The crystals s;udied had compositions close to Cd,_ gsZny.os 1€+

Slices of this material -were chemically polished using the same
method as was used for CdTe and specimens were prepared both
for examination in the TEM and for photoetching in a solution
of 0.5%2 bromine in methanol. The photoetching revealed patterns
of sub-grains which were very similar in appearance and size
(~150 um) to those observed in CdTe grown by the 'Durham' technique.

However, a TEM study of the structure of sub-grains revealed
an arrangement of dislocations which differed from that encountered
in CdTe grdwn by either the 'Durham' or modified Piper-Polich
techniques. The group of dislocations in Figure 844 is typical
of those observed in this material: in this ternary compound
there is a marked tendancy for them to form arrays which are
comprised of dislocations having a variety of different Burgers
vectors and which constitute networks having irregular and open
structures. Although most of the dislocations are concentrated
in these networks, isolaﬁed dislocations were often observed,
as in the top left hand corner of Figure 8.14. The dislocation
labelled A in Figure 8.15 was charactérised by imaging it in
two beam conditions with g = 220, 3IT and 220, as shown in Figures
8.15, 8.16 and 8.17 respectively. In the figures corresponding
to these different diffraction conditions the dislocation was
seento be imaged as a single line, a double line and in an out
of contrast or 'extinguished' condition, indicating that the

conditions g.b = 1,2 and O are operating in the three micrographs
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respectively. These observations are compatible with the dislocation

having a Burgers vector of b = a/2[110] or b = a/2[110]. Since

the Burgers vector is perpendicular to the line of the dislocation

(see Figure 8.15) this dislocation is of the pure edge type.
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§8.3.3 Discussion

The presence of open networks of dislocations in sub-grain
boundaries in 'Durham' grown Cdo.s Zno.os Te (as compared to those
in CdTe grown by the same technique) is consistent with the observa-
tion that the X-ray rocking curves obtained from CdggzZng,sTe
are narrower than those for CdTe [11,12]. The misorientations
supported by the well formed sub-grain boundaries in CdTe are
likely to be greater than those associated with the rather open
dislocation arrays in Cd, ,. Zn Te : it is therefore apparent

95 0.05

that the sub-grain formation in Cd, 45 Zn, .5 Te 1is not nearly
so advanced as that in CdTe crystals which had been grown in
the same way using the 'Durham' technique, even though both types
of crystals were subjected to similar amounts of stressing and
annealing during growth. Hence it is concluded that the incorporation
of "5 atomic 7 ZnTe in CdTe prevents the formation of highly
developed polygonisation walls. This could be the result of
two effects. Firstly, it is known that the incorporation of
several atomic percent of In or Sb into GaAs crystals has the
effect of reducing their grown-in dislocation densities [15,16].
This could account for the observation that Cd, 4.Zn, ., Te crystals
have a lower Nakagawa etch pit density than CdTe [12]. Secondly,
the so-called 'solution hardening' effects observed in ternaries
may inhibit the motion of dislocations during the polygonisation

process, thus 1leading to the formation of sub-grain boundaries

which are only partially developed.
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§8.4 Conclusions

The presence of slip-bands and elongated sub-grains in CdTe
crystals which have been grown by the ‘'Durham' technique (see
§8.2.1;1) suggests a mechanism which is likely to be responsible for
the formation of sub-grain boundaries in this material. The
thermal stresses which arise during and immediately following
the growth of crystals by the 'Durham' technique are undoubtedly
"responsible for the introduction of dislocations and slip-bands
into the crysi:als° Since these crystals are grown slowly, are
maintained at a high temperature throughout growth and are cooled
to room temperature very slowly there is ample opportunity for
these grown-in dislocations to reorganise themselves into low
energy configurations (polygonise) during the  growth process.
It is well known that the lowest energy configuration of a group
of dislocations having the same Burgers vector isin the form of
an array which constitutes a low angle grain boundary (see 84.3.3).
A TEM investigation of these crystals (see 88.2.1.2) has shown
that 'one dislocation' arrays of this type are indeed present
in these CdTe crystals and that the. misorientations associated
with these arrays can be as large as 0.3°. Although the shapes
of sub-grains in this material are generally irregular, some
elongated sub-grains having spraight boundaries are occasionally
observed. Such sub-grains are to be expected if dislocations
which are confined to a single slip plane undergo polygonisation.

An  important observation concerning sub-grain boundaries

in this material is that they are associated with other defects

which have strain fields of their own (see §8.2.1.1). For example,
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these boundaries are often seen to terminate at the sites of
Te precipitates and at the junctions between lateral and coherent
twin boundaries. This indicates that the dislocation arrays
are capable of migrating in order to-achieve low energy positions
with respect to other defects which are present in the crystals.
Polygonisation in this material may therefore be regarded as
having reached an advanced state.

In contrast to this, transmission electron microscopy has
revealed that the distribution of dislocations in crystals of
CdTe grown by the modified Piper-Polich technique (see §8.2.2)
is quite different. The dislocation arrays in this material
form loose networks which contain dislocations having a number
of different Burgers vectors and orientations. A significaﬁt
number of isolated dislocations were also observed. Differences
in the arrangement of dislocations in this material are to be
expected since the growth conditions used in the modified Piper-
Polich technique differ markedly from those employed in the 'Durham'
technique. The limited extent of polygonisation in this material
can be directly attributed to the much shorter period taken
to grow crystals by the modified Piper-Polich technique. This
does not allow the grown-in dislocations to polygonise in the

o]
same manner as for the 'Durham’ grown crystals,

Etching studies have shown that sub-grain boundaries also

having an average size of ~ 150 ym are present in Cdo.ss zno.cs

grown by the 'Durham' technique (see §8.3.2). However, a TEM

study has revealed that the dislocation structures are quite

unlike the "'one dislocation' arrays observed in crystals of CdTe
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rown using the same method. The dislocations are arranged in networks

in the Cd Zno.osTe, although these do not have the open structures

95
characteristic of those in CdTe grown by the modified Piper-Polich
technique. Some 1isolated dislocations were also observed in
this ternary compound.

The addition of 5 atomic % of Zn to CdTe is thought to inhibit
the formation of polygonisation boundaries by i) reducing the
density of grown-in dislocations present in the crystals, and
ii) by impeding the mobility of dislocations during the annealing

which accompanies crystal growth.

SEM/EBIC studies of sub-grain boundaries in crystals of

CdTe grown by the 'Durham' technique have shown that these defects
are electrically active (see 88.2.1.3). However, the appearance
of the spotty contrast which is present at these boundaries suggests
‘that this ‘electrical activity may not be a result of the native
states of the dislocations themselves, but is 1likely to be due
to the presence of impurities which are thought to decorate these
defects. - Although the electrical activity of sub-grain boundaries
in substrates prepared for the epitaxial growth of Cdngl—xTe
is in itself ‘unimpertant, the propogation of these defects into
such epitaxial layers is potentially a serious problem: the presence
of such electrically active defects in Cdngl—xTe epilayers will
undoubtedly ~have a deleterious effect upon the performance of

any electronic devices fabricated from them.
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CHAPTER NINE

PRECIPITATION

§9.1 Introduction

The optical absorption coefficient of CdTe is not limited
by intrinsic processes such as multiphonon absorption, but rather
by the presence of native defects, notably Te precipitates [1].

The presence of such defects therefore impairs the performance
of CdTe in optical applications such as infra-red windows.

Te precipitation is known to persist in crystals of CdTe
grown by all techniques (see [2-6] for example) and may be observed
readily by transmission infra-red microscopy [2,3,5,6,7] and

metallographic techniques [2,4]. Inspection of the temperature-
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Figure 9.1 T-x phase diagram for CdTe (from ref.[23]).
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composition (T-x) phase diagram of CdTe shown in Figure 9.1 [2]
reveals the underlying reason for Te precipitation in this material:
the diminishing ability of CdTe to accommodate excess Te in a
solid solution with decreasing temperature (a phenomenon known
as retrograde solid solubility [9]) ensures that any excess Te
present in a solid solution at high temperatures precipitates
out upon subsequent cooling.

In this Chapter the precipitates present in CdTe grown from
the vapour phase using the 'Durham' and the modified Piper-Polich
techniques are characterised.(see sections §9.2 and §9.3 respectively).
These two -growth techniques are both described in Chapter 2.
Comparisons between the precipitation in the crystals grown by
the two methods are made iﬁ §9.4 and the conclusions of the Chapter

are summarised in §9.5.

§9.2 Precipitates in CdTe Grown by the 'Durham’' Technique

The incidence of precipitation in CdTe crystals grown by
the 'Durham' technique has been investigated by etching. Figure
9.2 shows a typical low magnification photomicrograph of a Cd
(111) surface after etching with Inoue's EAg-1 etchant [10].
The circular features present in the micrograph are precipitates
having a density of ~ 100 per cm? . Individual precipitates were
examined more closely in the SEM and a representative micrograph
of one of these features is shown in Figure 9.3. The EDAX spectrum
in Figure 9.4/$gécgccumulated from the central part of the circular
feature (labelled A in the figure) gave a high Te:Cd ratio, whereas
a spectrum accumulated from the region labelled B was representative

of stoichiometric CdTe. This demonstrates that while the precipitates
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shown in this photomicrograph has revealed both sub-grain boundaries

and the 1long, curved high angle grain boundary which is decorated

by several Te precipitates which are approximately 10 um in width.
Thus for material grown by the 'Durham' technique it has

been found that the preferential precipitation on boundaries

in the crystals studied decreases according to the sequence:-

Random Second order Lateral First order
grain > twin > twin > twin > Bulk CdTe
boundary boundary boundary boundary

This sequence generally holds good, notwithstanding occasional
local variations in the precipitate density.

The three etchants used in this study each have different
effects upon Te precipitates: Whereas the 47 bromine in methanol
‘photoetch [12] leaves them in tact, Nakagawa's reagent [11] dissolves
them in preference to CdTe. The action of Inoue's EAg-1 reagent
[10] is considerably more complex: the area immediately surrounding
the precipitate shown in Figure 9.2 has been preferentially attacked
by this reagent and is devoid of etch pits. Clearly in this
case the presence of the precipitate has had a localised effect
upon the .behaviour of this etchant towards CdTe. However, the
etchant has no similar effect upon the material surrounding those
precipitates which lie on the first and second order twin boundaries

shown in Figures 9.5 and 9.7.

§9.3 Precipitates in CdTe Grown by the Modified Piper-Polich Technique

Precipitation in crystals of CdTe grown using the modified
Piper-Polich " technique was investigated by transmission electron
microscopy. A~ typical micrograph of precipitates in this material

is shown in Figure 9.9. The precipitates themselves are imaged
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by absorption contrast as dark circular features approximately
0.1 to 0.5 pm in width. When imaged in a two beam condition
in the electron microscope, the distinctive lobe-shaped contrast
features present in Figure 9.9 became apparent. These typically
consisted of a pair of black/white lobes which were separated
by a 'line of no contrast' which is perpendicular to the diffracting
vector, g=2239;These contrast effects closely resemble those which
are associated with coherent spherical precipitates (see §3.3.6).
Precipitates in this material have been observed in the vicinity
of a twin boundary and this is shown in theAtransmission electron
micrograph in Figure 9.10. An important feature of this micrograph
is that even though one or two precipitates are associated directly
witﬁ the boundary, the majqrity do not appear to be influenced

by its presence.

§9,4 Discussion

The most important finding of this.Chapter is that the sizes
and distributions of the precipitates in CdTe crystals grown
by the 'Durham' and modified Piper—Polich‘metﬁods differ considerably:
precipitates in the former are approximately 10 um in width and
are to be found in relative abundance on crystal boundaries,

while those in the latter are comparatively small (v 0.1 to O0.5um

in width) and ‘are far less prone to association with other defects.
Thermodynamically it is expected that precipitates of a
second phase within a sdlid material will, at equilibrium, become
associated with other defects within that material such as dislo-
cations, stacking ‘faults and grain boundaries ([13]. In systems

in which precipitates become associated with crystal boundaries
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the driving force for precipitation is the reduction of the free
energy of the boundary resulting from its decoration with precipitates.
Gleiter [14] found that the segregation of Cu at boundaries in
Pb crystals was more enhanced at random than at coincidence boundaries.
This implies that precipitation is more likely to be increasingly
favoured at more disordered boundary structures since the free
energy reduction ‘is potentially the greatest at such boundaries.
The free energy argument is able to ‘explain qualitatively the
extent to which precipitation occurs at various types of boundary
in these crystals. From the sequence of precipitation densities
in boundaries given in the previous section it is evident that
precipitation is less favoured at twin boundaries than at random
boundaries and this is in accordapce with Gleiter's work on metallic
systems [14]. Furthermore it is apparent that precipitation
occurs preferentially at some coincidence boundaries rather than
at others. For ' example, first order lateral twin boundaries
are more disordered than are first order coherent twin interfaces
and they undoubtedly have higher boundary energies. _ This 1is
apparent from the coincidence site lattice models presented in
Chapter 7. The free energy reduction associated with precipitation
at lateral twin boundaries is ‘therefore potentially -greater than
that for precipitation at first order boundaries. Preferential
precipitation at lateral twin boundaries is therefpre an indication
of an equilibriated distribution of precipitates.
In contrast, transmission electron microscopy has shown

that the small precipitates present in CdTe grown by the modified
Piper-Polich technique do not show any marked tendancy \to become

associated with first order twin boundaries. If the sequence
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of preferential precipitation densities found in CdTe crystals
grown by the 'Durham’' method is examined (see §9.2) then this
observation is to be expected since, other than for the bulk
material, first order twin boundaries have the lowest precipitate
density. Nevertheless, the failure of the precipitates to become
associated with the first order twin boundary in Figure 9.10,
in spite of their close proximity to that twin boundary, is indicative
of a considerable departure from the distribution of precipitates
expected at equilibrium,

The different groﬁth .conditions employed in the 'Durham'
and modified Piper-Polich techniques provide a reliable explanation
for the differences in the precipitation effects encountered
in  the two types of material. In the 'Durham' method the crystal
growth takes place over a period of 3-4 days and when growth
is ecomplete the crystals are cooled to room temperature in a
controlled manner over a period of several days. Using the modified
Piper-Poli¢h technique both the growth and the post-growth cooling
of the crystals each take place in approximately 24 hours. Clearly
the crystals grown by the 'Durham' technique are ‘maintained at
high temperatures for longer periods of time than those grown
by the modified Piper-Polich method. The absence of what is
effectively an annealing stage during growth using the latter
technique ensures that precipitates do not attain an equilibrium
distribution within the crystals., The small precipitates which
are nucleated within the bulk of the crysfals during cooling
are only likely to be mobile for a relatively short period of
time. Consequently they are unable to become associated either

with one another to form larger precipitates, or with other defects
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such as twin boundaries, as was encountered in the 'Durham' material.
It is interesting to note that the behaviour of precipitates
in the two materials parallels that of sub-grain boundaries in
these materials which was described in the previous Chapter.
Sub-grain boundaries in the 'Durham' material were found to be
well-formed and associated with other defects whereas those in
material grown by the modified Piper-Polich technique did not
adopt the configuration expected at equilibrium. This comparison
adds weight to the argument that the defect content of the two
types. of material is substantially affected by the growth conditions

employed.

§9.5 Conclusions

The effects that three particular etching solutions have
on 'Durham' grown crystals containing Te precipitates have been
investigated. A photoetch consisting of 7% solution of bromine
in methanol [12] dissolves the Te precipitates more slowly than
it does bulk CdTe whereas the reverse is true for Nakagawa's
etchant>.[11]. The effect of Inoue's EAg-1 reagent [10] is more
complex:  the regions in tﬁe immediate surroundings of the precipi-
tates in the bulk of a CdTe crystal are etched in a way that
is uncharacteristic of the action of this etchant on a precipitate-
free region bhaving the same orientation. This effect is not
(ﬂBervea if the precipitates are presént on crystal boundaries.

The significant differences observed. in the'forms and distribu-
tions of Te precipitates in CdTe crystals grown by the 'Durham'
and modified Piper-Polich vapour phase techniques are a direct

consequence of the differences in the growth conditions in the
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two techniques. Crystals grown using the 'Durham' technique
are kept at the growth temperature for an extended period of
time during growth. The Te precipitates which form as a result
of nonstoichiometry and the retrograde solid solubility of Te
in CdTe are approximately 10 yum in width and are largely associated
with crystal boundaries.

Notwithstanding the local variations which inevitably occur
thrbughout a given boule, the preferential precipitation at crystal

boundaries decreases according to the sequence:-

Random Second = Lateral First order
grain > order twin > twin >  twin > Bulk CdTe
boundary boundary boundary boundary

Preferential precipitation at interfaces is expected at thermodynamic
equilibrium- and, moreover the degree to which it occurs on a
given boundary is representative of the free energy of that bouhdary.
In this way high energy boundaries attract a greater density
of precipitates than low energy ones.

The .considerably shorter period taken to grow a crystal
by the modified Piper-Polich technique ensures that Te precipitates
do not achieve an equilibrium distribution. Consequently the
precipitates in this material are small (v 0.1 to 0.5 pm in diameter),
coherent with the lattice, .and do not become associated with
coherent twin boundaries, even though they have been observed
in close proximity to them.

The equilibrium and non-equilibrium distributions of precipitates
in crystals grown by the 'Durham' and modified Piper-Polich materials
réspectively -is’ analagous to the equilibrium and >n0n—equilibrium
arrangements of dislocations in sub-grain boundaries observed

in these materials (see Chapter 8). This comparison indicates
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that the differences between the defect content of the two materials
can be adequately explained by considering the differences between

the two growth techniques.
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CHAPTER TEN

CONCLUSIONS AND FURTHER WORK

§10.1 Summary of Conclusions

Large single-grained crystals of CdTe up to 29 mm in diameter
and weighing up to 160 g have been grown successfully in this labora-
tory using the 'Durham' vapour phase technique (see [1,2] and §2.2.2).
Twinning occurs frequently in these crystals [3,4] and the presence
of these defects can reduce the value of boules which are to be used
as substrate material for epitaxy. In large-grained boules the twins
constitute lamellae which range in width from several microns to
several millimeters. Polycrystalline boules were found to be more
prone to twinning and generally contained a number of different types
of twin boundaries (see §6.2). The twins in this material have been
characterised in some detail in Chapter 6. A simple etching experi-
ment (see §6.3.2) was used to establish that first order twins in
this material are related to the host crystal's orientation by rota-
tion of ©= 250° 32' about a <110> axis. This implies that first
order twin boundaries 1lying on {111} planes in this material are
of the low energy 'ortho-type' rather than of the high energy, elec-
trically active 'para-type' which contain a high density of Cd-Cd
or Te-Te wrong bonds [4,5]. Four types of lateral twin boundary,
that is first order boundaries which lie on planes other than {111},
have been characterised by examining their intersections with etched
surfaces. These boundaries lie on planes of the forms {511}-{111},
{112-012}, {001}-{221} and {110}-{ 114} when indexed with respect to

both the twin and the matrix orientations (see § 6.4 and §7.3.2).
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Three types of second order twin boundary lying on planes of the
forms {111} -{115}, {114}-{114} and {221}-{221} were also observed
in the as-grown crystals (see 86.5 and 87.4.1). Twin lamellae were
frequently seen to interact with one another. For example, in heavily
twinned grains the twin lamellae were often seen to cross one another
and sometimes twins were observed which acted as hosts to other twin
lamellae (see §6.7).

Consideration of these types of twin structures indicates the
likely origin of the twins in this material: whereas a growth accident
model cannot explain the formation of complex arrangements of twins
(see §6.6) a deformation model in which twins form by the passage
of a/6 <211> dislocations over successive close packed planes in
the crystal can account for the presence of these structures with
ease (see §6.7). The fact that transmission electron microscopy
revealed the presence of dislocations on the interfacial planes of
tirst order twins (see §6.3.4) would appear to confirm that twins
in this material form as a result of deformation processes suffered
during or after growth.

Coincidence site lattice models of first order lateral and second
order twin boundaries in the sphalerite structure were developed
in Chapter 7. These proved to be useful in characterising the twin
boundaries observed in the as-grown crystals. Medels of first order
twin boundaries in the sphalerite structure were constructed using
a <110> projection of a X = 3 coincidence lattice which is character-
ised by the tilt angle for 'ortho'twinning which is 0 =250°32" (see
§7.3.2 and Figure 7.1). Four unrelaxed coincidence site boundaries
were constructed on this lattice using four different boundary segments

according to the rules specified by Kohn [6] (see §7.2.1). The model
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predicts that stable lateral twin boundaries should lie on planes
of the form {115}- {111}, {112}-{112} , {001} - {221} and {110}-(114}.
Indeed, only lateral twin boundaries of these specific types were
bbserved in practice. The unrelaxed models of these four boundaries
presented in Figures 7.2 - 7.5 all contain atomic sites which differ
from the usual tetrahedrally coordinated sites which are present
in the sphalerite structure. For example, in each 'period' of each
of the four boundaries there is one wrong bond (that is a Te-Te or
Cd-Cd bond), and two abnormally coordinated atoms, one of these having
three and the other five nearest neighbours. Clearly structures
such as these are likely to undergo some form of relaxation in a
real crystal in order to reduce the interfacial energies of the boun-
daries. An alternative configuration for the {112}- {112} boundary
in the sphalerite structure which is based on the relaxed boundary
model in the diamond lattice proposed by Vlachavas and Pond [7] was
discussed in §7.3.3. The model of this boundary (see Figure 7.7)
incorporates a rigid body shift of the twin with respect to the matrix
which eliminates the presence of atoms at the boundary which have
abnormal coordination numbers. However, the relaxed boundary contains
twice the density of electrically active wrong bonds that is present
in the unrelaxed boundary. For this reason it is expected that this
particular boundary ‘relaxétion will not decrease the interfacial
energy of this boundary in the sphalerite structure.

The presence of Te-Te or Cd-Cd wrong bonds in all of the models
of lateral twin boundaries studied indicates that these defects are
likely to be present in real boundaries in the sphalerite structure,
making them electrically active. Indeed, the strong EBIC contrast

observed at such boundaries (see §6.3.2) confirms this. The contrast
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observed at first order 'ortho'-twin boundaries, which are expected
to be electrically inactive, was weaker than that at lateral ones
and was also discontinuous. It is considered that this electrical
activity was not due to any native state of the boundaries themselves,
but rather to defects which are associated with them, such as the
interfacial dislocations described in §6.3.4.

Unrelaxed coincidence site lattice models of second order twin
boundaries in the sphalerite structure were ceonstructed using a
<110 > projection of a L= 9 coincidence site lattice which is charac-
terised by a tilt angle of O= 218°57' (see §7.4.1 and Figure 7.8).
Three different boundary types, shown in Figures 7.9-7.11 were con-
structed and these lie on the planes of the form {111}- {115}, {114}-
"{114}and {221}-{221}. "All three of these boundaries contain either Te-
Te or Cd-Cd wrong bonds and hence it is likely that second order twin
boundaries in the sphalerite structure will be electrically active.
One of the boundaries, that which lies on {221} - {221}, is unique
in that it does not contain any atoms which have abnormal coordination
numbers, whereas the other two boundaries both contain three and
five coordinated atoms. The absence of wrong bonds in the { 221} -
{221 } boundary may make it an energetically favourable structure with
respect to the other two boundaries.

Although coincidence site lattice models cannot be used to pre-
dict the precise details of the atomic arrangements which are actually
present at twin boundaries, the models are highly successful in that
they accuratély predict the interfacial planes of these boundaries.
The four lateral and three second order boundary types predicted
by these models were all observed experimentally in the as-grown

crystals and, moreover, no additional boundary types were found.
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The etching studies presented in §8.2.1.1 have shown that the
dislocations in CdTe grown by the '"Durham' technique are arranged
in a cellular network of sub-grain boundaries, the average sub-grain
size being =150 um. Transmission electron microscopy has shown that
the dislocations within each individual sub-grain boundary predom~
inantly have the same Burgers vector and that the misorientation
between adjacent sub-grains can be as large as 0.3° (see §8.2.1.2).
EBIC imaging in the SEM has shown that the sub-grain boundaries are
_electrically active., However, since the EBIC contrast at these boun-
daries is spotty it is thought that the electrical activity is not
due to the native states of the dislocations themselves, but rather
it 1is likely/g%lg%ed to impurity decoration [8]. The observation
of slip-traces and elongated sub-grains in this material (see §8.2.1.1)
suggests that the sub-grains formed as a result of the polygonisatioen
of dislocations which were introduced into the crystals at some stage
during growth. Since the sub-grain boundaries are mostly of the
'one dislocation' type and are frequently observed to be associated
with other defects in these crystals (see §8.2.1.1), it is evident
that both the polygonisation and subsequent reorganisation of dislo-
cations in this material are well-advanced. processes. This is due
to the fact that the crystals are held at high temperatures for ex-
tended periods of time Aduring and immediately following growth by
the 'Durham' method (see §8.2.3 and §2.2.2).

Dislocations have also been examined using transmission electron
microscopy in crystals grown by the modified Piper-Polich technique
which is described in §2.2.3. This material contains open networks
of dislocations having a variety of different Burgers vectors which

are quite unlike the 'one dislocation' arrays encountered in CdTe
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grown by the 'Durham' technique. Dislocation networks of this type
(as opposed to the well-formed dislocation arrays observed in 'Durham'-
grown CdTe) are expected, since growth by the modified Piper-Polich
technique occurs in a much shorter time than is the case for growth
by the 'Durham' technique. Crystals grown by the modified Piper-
Polich technique are not held at high temperatures for sufficiently
long periods of time to enable the grown-in dislocations to achieve
the low-energy configurations observed in 'Durham'-grown material.
Mevertheless, the open networks of dislocations are favourable since
the misorientations between adjacent sub-grains is small. However,
the poor grain sizes which are characteristic of CdTe crystals grown
by the modified Piper-Polich technique make these crystals unsuitable
for use as substrates for epitaxy.

A number. of crystals of Cdges Znogs Te have been grown by the
"Durham’ method and etching and TEM sudies ha\}e skpﬁn ‘that this n.latér_ial. .
contains sub—graiﬁs whose average size is also about 150 um (sée
§8.3.1). However, the dislocations within the boundaries are arranéed.
in networks (8§ 8.3.2) which, although they are not nearly so open
as those observed in CdTe grown by the modified Piper-Polich technique,
are nevertheless considerably more disordered than those in 'Durham’
grown CdTe. The misorientations between adjacent sub-grains in this
material are therefore correspondingly reduced which implies that
the observation of dislocation networks in CdgesZngesTe is consistent
with the comparatively narrow X-ray rocking curves reported for this
material by Bell and Sen [9]. The addition of 5 atomic 7% ZnTe to
CdTe is thought to inhibit the formation of sub-grains by reducing
both the density of grown-in dislocations in the ternary and their

mobility during annealing (see §8.3.3).
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The presence of Te precipitates in CdTe crystals which have
been grown by a number of techniques is widely reported in the litera-
ture and is known to occur as a result of the strong retrograde solid
solubility of this element in CdTe [10] (see 89.1). Precipitates
which have been identified as being comprised of Te are present in
'Durham’'-grown CdTe and are readily observed both in the bulk material
and in association with twin and grain boundaries (see §9.2). The
average size of precipitates in this material is V10 um and the pre-
ferential precipitation at boundaries has been observed to decrease

according to the sequence:-

Random Second First order First order
grain > order twin > lateral twin > coherent twin > Bulk CdTe
boundary boundary boundary ‘ boundary

Precipitates are expected to become associated with crystal bound-
arieé at thermodynamic equilibrium since the decoration of interfaces
reduces the free energies of those interfaces; Furthermore, since
the free energy reduction associated with precipitate decoration
will be greatest for the higher energy boundaries, the sequence of
precipitate densities observed above, in which the higher energy
boundaries are more heavily decorated than the lower energy ones,
is expected [11].

The precipitates present in CdTe grown by the modified Piper-
Polich technique are much smaller than those in 'Durham'-grown CdTe
(No.l to 0.5 um in width) and are associated with coherency strains
(see 8§9.3). An important observation is that these precipitates are
not especially associated with first order coherent twin boundaries.
Both the small size of these precipitates and their failure to become

associated with twin boundaries indicates that the distribution of
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precipitates in this maﬁerial represents a significant departure

‘from equilibrium. The differences in precipitate size and distribu-

tion in CdTe grown by the two methods may be directly éttributed

to the differences in the two growth techniques. Since the cooling

of crystals grown by the 'Durham' method from the growth temperature

is slow, precipitation is well advanced and the precipitates are

able to reach an equilibriated distribution. This is not the case

for crystal growth by the modified Piper-Polich technique which employs
a relatively rapid cooling stage.

The use of CdTe as a substrate material for epitaxy demands
that simple methods of polishing CdTe slices and of identifying the
polarity of crystal faces should be available. During the-course
of this work a mechanochemical pad polishing machine which employs
a bromine-methanol based. chemical polish has been developed (see
§5.2.3.3). This apparatus has been used to prepare pristine, optically
flat surfaces, both rapidly and easily. It has been demonstrated
that the crystallographic polarity of {111} surfaces of CdTe can
be established by chemical etching with either Nakagawa's etch [12],
Inoue's EAg-1 reagent [13], or with a previously unrecorded etchant
which consists of equal volumes of HF, HNO; and CH3COOH (see §5.3.3).
The actions of these etchants on {111} surfaces of CdTe are summarised
in Table 10.1, the information therein being consistent with the
definition of crystallographic polarity given by Fewster and Whiffin

[14] who used the Nakagawa reagent [12].
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Table 10.1 The Effects of Etching Solutions on the {111} Polar

Surfaces of CdTe

Etchant Cd (111) Te (111)
Nakagawa [12] High density of Low density of
(see Fewster and rounded pits rounded pits and
Whiffin [14]). and Te film. .| Te film.
Inoue EAg-1 Small pyrimidal . Large flat
(see Durose [4] and triangular pits. bottomed
Lu et al [15]). triangular pits.
HF/HNO3/CH 3 COOH Black film. Shiny, polished
(This work). surface.

The shapes of etch pits produced on polished CdTe surfaces by
Inoue's EAg-l reagent are discussed in.detail in 8 5.4.4. Although
all three of the etchants listed in.Thble 10.1 may be used to deter-
mine crystallographic polarity, the most convenient reagent is HF/HNOj;
/CH3 COOH. This etchant produces a distinctive film on the Cd (111)
surface of CdTe which can be seen without the aid of a microscope.
Furthermore, since this reagent has a very high etch rate, chemical
polishing prior to its use is unnecessary. The use of a 1% solution
of bromine in methanol as a photoetch which is capable of revealing
crystal defects such as twin and sub-grain boundaries on CdTe surfaces

having all orientations has also been demonstrated.

§10.2 Further Work

The work described in this thesis points towards a range of

topics which are suitable for further study. For example, little
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is known about the relationship between the etch pits produced by
Inoue's EAg reagents [13] and specific crystal defects. Although
this etchant has been the subject of a number of papers there is
no work which fully explains the factors which affect the incidence
of the etch pits which are produced by it. Unfortunately a well-
characterised etchant which is capable of revealing individual dis-
locations on all surface orientations of CdTe is not currently
available. A °
' While the work presented in .this thesis has provided a sound
understanding of the defects in CdTe bulk cryétals grown by two dif-
ferent techniques, there has not been adequate time to make use of
the knowledge gained to modify the present techniques so as to elim-
inate, or else reduce the incidence of the defects. This would
require further analysis of the effects that the variations in the
growth process and post-growth treatments have on the defects present.
The most important study which leads on from the work in this
thesis is the assessment of the structural quality of the CdTe-related
epitaxial systems which are being grown in this laboratory. To this
end cross sections of epitaxial systems are currently being investi-

gated by transmission electron microscopy in Durham.
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