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PREFACE

Recent developments in semiconductor research
and technology over the last decade have led to a renewed
interest in the growth of single crystals with better
physical perfection and high purity. The major emphasis
of these recent investigations has been cum the <growth
of whiskers of a desired length, diameter and crystallo­
graphic orientation and with physical properties suitable
for device applications. A greater understandimg of the
structure euui properties of single crystals has resulted
essentially from the use of a number of sophisticated
analytical techniques which give precise information
regarding the behaviour of crystals under specific physi­
cal conditions.

This thesis presents a study of the growth and
characterization cnf Te—Se system, bismuth telluride

(Bi2Te3) and indium telluride (In2Te3) crystals from
vapour phase and. melt growth techniques. Tellurium anui
selenium are VI group chalcogens and share ea peculiar
hexagonal crystal structure. Within the chains the bonding
is covalent but crosslinking the chains it is partially
Van der Waals and partially metallic i_n.nature. Bi2Te3

i
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is a layered semiconductor of V—VI family which
crystallizes in rhombohedral lattice structure with the

space group D§d(R§m) and readily cleaves between the
weakly bonded Te layers. In2Te3 crystals exist in two
forms: a low temperature <f.—form and a high temperature

]3—form. The QC-modification exists below 550—600°C and
possesses a statistically ordered fcc structure with
lattice constant a = 18.486 R, and space group FZ3m.

In the ‘3—modification, the indium atoms and the vacancies
are distributed at random leading to a sphalerite\

structure with lattice constant ao = 6.1582 and space
group F43m. These crystals have perfect cleavage along
the (lll) planes.

Although the general principles of crystal growth
can be applied for all materials, the precise method
of crystal growth varies from one material to another.
The physical vapour deposition (PVD) method is the most
versatile of all crystal growth processes for providing
crystals with perfection of structure and uniformity
of composition. Since not much work has been carried

out in the growth of whiskers of Te—Se system, Bi2Te3
and In2Te3, it was thought interesting to grow and study
whiskers of these materials using the PVD method. Melt
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growth technique, namely-—the horizontal zone levelling
(HZL) method will provide crystals with some degree of
control of stoichiometry. Hence this method is also
employed for the growth of good single crystals, whose
properties are studied after carefully cleaving the
crystals at liquid nitrogen temperatures.

The physical properties of solid matter are
basically influenced by the existence of lattice defects;
as a result the study of crystal defects has assumed
a central position in solid state physics and materials
science. The study of dislocations ixa single crystals
can yield a great deal of information on the mechanical
properties of materials. In order to secure a full under­
standing of the processes taking place in semiconducting
materials, it is important to investigate the microhard­
ness of these materials-—the most reliable method of
determining the fine structure of crystals, the revelation
of micro—inhomogenities in the distribution of impurities,
the effect of dislocation density on the mechanical
properties of crystals etc. Basically electrical conducti­
vity in single crystals is a defect controlled phenomenon
and hence detailed investigation of the electrical propert­
ies of these materials is one of the best available
methods for the study of defects in them. In the present
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thesis a series of detailed studies carried out in Te—Se

system, Bi2Te3 and In2Te3 crystals using surface topographi­
cal, dislocation and microindentation analysis as well as
electrical measurements are presented.

The thesis opens with twelve chapters which by and
large are self-contained with separate introduction and
references. In chapter ]. a general introduction tx> the
theories and techniques of crystal growing are given. A brief
description is provided to get an understanding of the
theoretical aspects of the growth of perfect crystals and
that of imperfect crystals. Of the various growth techniques,
particular emphasis has been laid upon to describe the
importance of vapour growth and melt growth methods since
only these methods are of direct interest in the present
work.

Chapter 2 is devoted to the description of morpho­
logy and growth mechanism: of <crystals. This section .also
outlines an account on whiskers, platelets, dendrites and
spherulites. The different concepts of hollow whisker growth
are also covered in this chapter.

Chapter 3 is intended to provide a brief summary on
the different types of defects, geometry of dislocations,
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energy associated vdlfim dislocations, dislocation reactions,
plastic deformation, cleavage of crystals etc. This section
also gives a glance at various methods used for the detection
of defects in crystals.

Some theoretical and practical aspects of the
mechanical properties of crystals are considered in the
fourth chapter. Special attention is paid to describe micro­
hardness-—the most ihmmmtant parameter determining the
strength of crystals. The last part introduces some basic
ideas of toughness and brittleness of crystals.

Chapter E5 presents the details of the experimental
techniques employed in these investigations. This part focus
attention on various types of furnaces and other assemblies
in connection with the crystal growth system required for the
PVD method and HZL method. This is followed by some practical

aspects of the ampoules and their pre—treatment involved in
the crystal growing. A general review of the techniques such
as X—ray diffraction (XRD), electron spectroscopy for
chemical analysis (ESCA) and cfifferential scanning calori­
metry (DSC) is outlined. A short note is made on the optical
microscopic investigations using Scanning electron micro­
scope, Carl Zeiss Jena Epityp—II and Union Versamet-2
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metallurgical microscopes. In addition, the details of
experimental set up for the study of electrical properties
find a place in this part.

In chapter 6, the growth and morphological studies

on the as—grown surfaces of Tel_xSeX (where x is the differ­
ent concentrations of Se as impurity element), Bi2Te3 and
e(-and F5-modifications of In2Te3 whiskers are described. The
whiskers are grown by the PVD method at controlled tempera­

ture gradients. Since the source temperatures of Bi2Te3 and
In2Te3 are comparatively high, fused quartz ampoules are used
for their growth. The crystals obtained are about l to 1.5 cm
long with l to 2 mm2 cross section and are bounded by smooth
prism planes. The growth features observed on the prism faces
show that these crystals are grown by time layer growth
mechanism. Microscopic examinations <xE these "whiskers
indicate that they are grown hollow with axial cavities and
channels. An explanation is given for the growth mechanism of
the hollow nature of crystals on the basis of morphological
studies. In addition to straight needles and short well
developed prisms, the crystals exhibit different morpho­
logies like platelets, ribbon shaped crystals, twisted
growths and kinked whiskers. X-ray diffraction analysis

revealed the rhombohedral unit cell dimensions of Bi2Te3
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whiskers as e%z = 10.470 K and OQR = 24P9'45". The lattice
constant of 0C-In2Te3 whiskers is found to be a = 18.471 K
and that of fi>—In2Te3 whiskers is ao == 6.164 K. The compo­
sition of constituent elements present in the grown whiskers
is analysed using ESCA.

Chapter 7 covers the results of the chemical and
thermal etching studies carried out cum the ‘whiskers. The
dislocation density is determined by using chemical etching.

For Tel_XSex whiskers, the change in the shape and number of
etch pits as a function of different additions of Se as
impurity to fine are studied. The results indicate that the
dissolution directions change with time impurity concentra­
tions. Several etchants have been selected by trial and error

to delineate dislocations on the prism faces of Bi2Te3 and
In2Te3 whiskers and the observations are presented here. The
morphology of dislocation configurations resulting from
thermal etching is also reported.

Chapter 8 is devoted to the details of micro­
indentation analysis on the prism faces of grown whiskers.
The results obtained are discussed using the existing
theoretical models.
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Chapter 9 deals with the melt growth of Bi2Te3, and
o[— and E -modifications of In2Te3 crystals by the HZL
method. X—ray diffraction profiles to identify the different
phases of the <grown samples are analysed along with the
lattice parameter investigation. DSC analysis is carried out

to determine the phase transition temperature of In2Te3
samples. Some interesting patterns observed on the cleavage
faces relating to the dislocation configurations are pre­
sented here.

In chapter 10, a detailed account of the study of

dislocations on the cleavage faces of Bi2Te3 and In2Te3
crystals is given. Particular attention is paid to understand
the role cflf plastic deformation and fracture phenomenon on
the cleavage planes. The Frank-Read multiplication mechanism
responsible for the movement and multiplication of dis­
location during the course of deformation is explained on the
basis of observed dislocation spirals and loops in the slip
plane, whose shapes are foumd to be in accordance with the
theoretical models. This section also provides an outlook on
the nucleation and development of microcracks originated in
the slip plane due to the process of cleavage. The mechanism
responsible for the crack formation has been suggested.
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Chapter ll is dedicated to the results of indenta­
tion studies on the cleavage faces of Bi2Te3 and In2Te3
samples. Together with an investigation of cracks developed
during the indentation process, it elucidates the variation
of hardness with applied load. The value of hardness numbers
obtained are compared with that of whiskers of these
compounds and the strength of crystals are assessed. The
contribution of applied stress utilized for the nucleation
and propagation of cracks on the indented impression by
subjecting various loads are studied to understand the
deformation mechanism. The effect of homogeneous generation
of dislocations due to high stress and the role of slip
mechanism on the mechanical behaviour of these crystals are
investigated and are reported here.

The last chapter includes some electrical measure­

ments carried out on the cleavage surfaces of Bi2Te3 and
In2Te3 crystals. The results obtained from these investi­
gations are discussed at some length.

Part of the investigations contained in this thesis
has been published in various international journals and
presented in national conferences.
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1.1 INTRODUCTION

The study of crystals, which are the most perfectly
organized form of solid state, has greatly assisted the
understanding <mf ultimate structure <xf matter. Recently,
because cflf the demand for large single crystals free from
flaws for applications in modern industry, the subject of
crystal growth and their characterization has assumed
increasing importance both in the academic and technological
fields. Several new techniques have been employed to
understand the kinetics of the process of growth of crystals
and considerable information has been gathered on
theoretical grounds.

In this chapter is presented an account of the
physical interpretation of growth theories and techniques.
The growth of crystals, from vapour and melt is discussed in
detail.

1.2 THEORIES OF CRYSTAL GROWTH

Gibbs [l] was the first to realize that the
formation. of small embryonic clusters ‘with some critical
size is a pmerequisite for a macroscopic phase transforma­
tion tx> take place» He compared the conditions governing
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the growth of water droplets to growth. of crystals and
defined the equilibrium form as that possessing minimum
total surface free energy for a given volume. If the volume
free energy per unit volume is considered as constant
throughout a crystal bounded by n faces, this criterion can

be expressed as  5*): Fi is a minimum where o_i is the
surface free eneggy per unit area of the ith face of
area Fi.

The thermodynamic treatments of nucleation
§

suggested by Gibbs were later generalized by various
authors. Curie [2] calculated the shapes and end forms of
crystals ix: equilibrium with solution cm: vapour consistent
with the idea of Gibb's criterion. The theory given by
Wulff [3] implies that cum a crystal, the velocities of
growth of different faces in the directions of normals are
proportional to the appropriate specific surface free
energies. Bravais [4] suggested that the velocities of the
growth of the different faces of a crystal would depend upon
the density of lattice points in various planes ie., on
reticular density. This Bravais theorem was further
extended by Donnay and Harker [5]. After the Gibbs and
Curie theories, Soehncke [6] introduced the idea of surface
energies by postulating that the faces which possess the
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greatest reticular densities are those with minimum surface
energies and hence have minimum velocities of growth. A
descriptive amount of the development of the various growth
theories is given by Buckley [7].

The theories of crystal growth can be classified
into two parts by considering the theory of the growth of
perfect crystals and that of imperfect crystals.

1.2.1 Growth of Perfect Crystals

Kossel [8], Stranski [9] and Volmer [10] have put
forward EH1 atomic theory to explain the growth of perfect
crystals. To illustrate the KSV model, consider a cubic
crystal made up cnf small cubes representing Lnfii; cells.
Each cube is attracted equally by all its six neighbours and
only the nearest neighbours attract one another. The
surface of a perfect cubic crystal at the absolute zero of
temperature appear as flat and smooth on a molecular layer
partially covered by another layer. As the temperature is
raised, the atoms or molecules may leave the step end face
(as well as the surface layer) because of thermal motion and
shift either into the environment or onto the surface, into
one cnf the surface sites with ea different number of bonds
with the lattice. While some molecules are getting
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vapourized, other molecules from the vapour phase reach the
crystal surface auui are adsorbed there. On reaching the
equilibrium stage, the step ceases to be straight and
acquires a certain number of vacant sites, adsorbed atoms
and kinks and becomes rough. Atoms get absorbed on the
crystal faces and they migrate towards a step and moves
along it to a kink position to get incorporated or re­
evaporated. To commence growth, saturation is to be
increased. Now more and more atoms get absorbed and they
get deposited on the step kinks. As a result the step
advances with a certain velocity and later disappears after
completing the surface. Further growth requires ea step
which in turn requires an additional energy.

(i) Adsorption layer

when a crystal is surrounded by a vapour with
pressure P, then P/./27TmkT particles of mass m impinge on
unit surface per unit time. Majority of the particles are
absorbed on the surface and form an adsorption layer. The

migration distance xs cnf the adsorbed molecule is given by
the Einstein's formula

xsz = Ds'tg (1.1)
where Ds is the diffusion coefficient and T? the mean life
time on the surface. In the Kossel-Stranski model
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xs pa a exp(3 ¢/2kT) (1.2)
where ¢ is the nearest neighbour interaction.

(ii) Advance of Steps

The mode of advance of the steps can be analyzed on
the basis of BCF theory [ll]. A step advances tn! the
process of incorporating more and more adsorbed molecules at
kink sites at high supersaturation.

The supersaturation in the vapour is,

o"= QC-1: 0C= P/PO (1.3)
where P is tflua actual vapour pressure, and PO the equili­
brium value. Similarly the supersaturation<$g of adsorbed
atoms is defined by,

6'8 = Q? — 1 : dé = ns/nso (1-4)
where nso is the equilibrium concentration of adatoms on the
surface.

The rate of advance 'v' of a straight step is given
as!

V = 2 0- xs ~> exp (-W/KT) (1.5)
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where 0 is £3 frequency factor and W, the evaporation energy.
The rate of advance is then proportional to the supersatura—
tion as well as to the migration distance of adsorbed atoms.

(iii) Surface Nucleation

On perfect crystal faces steps could be excited by
thermodynamic fluctuations. Once the step has covered along
the whole surface further growth is possible only by the
initiation of a new island monolayer or twodimensional

K

nucleus, which requires aui additional energy. The excess
free energy F for the formation of such a layer is given by,

gm = —KT lr\<=(.TTr2/a2 +3/2Trr/a (1.6)

¥ being the edge free energy per molecule. The rate of
nucleation I per unit area per unit time may be written as,

I = ))NO exp (-gc/kT) (1.7)
where NO is the number of lattice sites per unit area and D
is the number of molecules arriving per unit time towards
the critical nucleus. This thermodynamical derivation can
be substantiated by the kinematic approach of Becker and
Doring [12] and Frank [13].



7

According to the surface nucleation theory, the
probability of the formation of nuclei is negligible below a
supersaturation of 25-50 per cent. However, real crystals
are frequently observed growing at supersaturation of l% or
lower. This led to the conclusion that the growth of
crystals at low supersaturations could only be explained by
the fact that real crystals are not perfect.

1.2.2 Growth of Imperfect Cry; als

Burton, Cabrera and Fwank [ll] have developed the
theory of growth of real crystals by taking into account the
presence of dislocations. Recognizing that crystals are not
perfect, Frank [14] proposed the best known mechanism for
reproducing surface steps. He pointed out that the inter­
section of screw dislocations with the growing surface
generates continuous train of ledges \1ich allows continuous
growth with large number of kinks. Therefore the barrier of
surface nucleation can be preventefi. when the atoms are
adsorbed cni the crystal surface, thzy liffuse txa the step
and finally to the kinks where they are adsorbed for the
building up of the crystal and the step advances. Since the
step provided by the emergence of a screw jislocation
terminates an: the dislocation point, further growth takes
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place only by the rotation of step around the dislocation
point. At ea particular supersaturation, each point (N1 a
straight step will advance with the same speed and developed
into the formation of spiral patterns on the crystal
surface. A ledge which forms a portion of the spiral and

has a radius of curvature Q, will advance with a velocity VQ
given by,

ve = "%o(1.- QC/Q) (1.8)
where'@Q is the rate of advance of a straight step and ec is
the critical radius of curvature.

Let 6(r) represents the rotating spiral in polar
coordinates (r, 9). The radius of curvature at a point r
will be;

Q = (1 + r26'2)3/2 / (2e‘ + r26'3 + r9“ ) (1.9)

where 9' and 9" are the derivatives of 9(r).

The normal velocity at the point r is,

V(r) = <;fr(l + r2 6'2)_% (l.lO)
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¢,)* being the angular velocity of the whole spiral and is
given by,

w*‘= v.0/2 QC (1.11)
The spacing between the successive arms of the spiral will
be constant and is given by,

dr = 4ITQc (1.12)
Following the suggestion of Frank [14] that screw

dislocations account for crystal growth at supersaturations
too low for growth by two dimensional nucleation, several
workers observed growth spirals [l5—l6].

1.3 TECHNIQUES OF CRYSTAL GROWTH

The growth methods for obtaining single crystals
may km: classified ixnxa three categories. Vapour growth,
melt growth and solution growth depending on the phase
transitions involved in the crystal growth process. The
choice of a concrete growing method depends on the material
to be obtained and requirements of growth kinetics (rate of
growth), size, shape, purity and economics. This section
deals with the technological aspects of the different growth
methods currently employed.
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1.3.1 Growth from the Vapour Phase

Crystallization from the vapour phase is widely
used for growing bulk crystals, epitaxial films, thin
coatings, filamentary and platelet crystals. Vapour growth
is attractive because of its versatility in producing
crystals with high purity, uniformity of composition and
perfection of structure. Furthermore, the low growth rate
typical of these» methods proves an advantage ixm growing
multilayer structures for applications in semiconductor
technology. The various transport mechanisms of vapour
species are treated in [17].

1.3.1.1 The Driving Force of Vapour Growth

The driving force for condensation can be expressed
in terms of supersaturation. At equilibrium, the pressure
P,Q in equilibrium with bulk solid or liquid phase can be
written as,

“AH .-AH_ SV LV
Poo — A €Xp___}.(TT__ = A'eXp -—-16- (1.13)

where A, A‘ are constant and.AHsV,¢AHLy are the latent heats
of condensation from the solid and liquid phases,
respectively.
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A solid or liquid phase exposed to the pressure Rn
will neither grow nor evaporate, since these are equilibrium
conditions in which the vapour phase is saturated with
respect to the condensed phase. A pressure Pa from an
external source is supersaturated with respect to the solid

phase at temperature Tb which has an equilibrium pressure
Pb. The ratio Pa/Pb = ngzns the saturation ratio. .At Tb,
the solid is in equilibrium with vapour with pressure Pb and
has the same chemical potential. The driving force for
condensation is the free energy difference per atom GV
between vapour at pressure Pa and Pb,

Pb

Gv = KTbJ 6:79 = -kTb Xn  =-kTb §.v\¢C (1.14)
PO.

The incidence pressure Pa must derive from solid or
liquid at a higher temperature than Tb. Using equation
(1.13).

_ P _ 1 1
ac" '5: ‘ e"p[AHsv(Y'fg"E¥;)] (1.15)

T - TGv :
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1.3.1.2 Methods of Vapour Growth

The methods of crystallization from tine vapour
phase can be distinguished into two principal groups: In
one, the methods are based on purely physical condensation
and ima the other, ea chemical reaction is involved which
produces the crystallizing substance. A common feature of
all these methods is the need to deliver material from some

localized source. The location of the starting material is
called the source zone and the site at which it is
deposited, the crystallization zone.

(a) Physical Vapour Deposition (PVD)

The feature common to this group of methods is
that the substance is delivered to the growing crystal in
the form cnf its own vapour, which consists of atoms and
molecules as well as association of them. The PVD method
of growth is applicable to materials which have appreciable
vapour pressure at the concerned growth temperature. In
this method, a sealed ampoule containing the crystallizing
substance is placed in the temperature gradient. The
charge material is placed in the hotter part of the
ampoule. Owing to the temperature dependence of the
equilibrium vapour pressure, a concentration gradient is
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established in the ampoule, the concentration being higher
in the hotter part. Under the effect of this gradient, the
substance is transported to the colder end (Crystallization
zone) where the vapour is supersaturated and therefore can
be condensed. This method is also called closed ampoule
method, the details of which are described in the
literature [17,18]. Thus single crystals can kn; grown
where the substance is converted directly from solid to
vapour and back again to solid under vacuum conditions in
the ampoule. bkdecular Beam method [l9,2O], and Cathode
sputtering [21] are also be considered as physical
transport or deposition methods. These methods are mainly
useful for the production of epitaxial films of germanium,
silicon, AIIBVI, AIVBIV and AIIIBV compounds both on
substrates of the same substance and on foreign substrates.
The p\/D technique has been used to grow ZnSe [22,23] and
CdS crystals [24].

A most sophisticated version of the closed ampoule
method was used by Kaldis [25] to grow oxides and sulphides
of the rare earths. Another variation of this method was
developed on the basis of the travelling heater technique.
This is Piper and Polich [26] method. In this technique,
the charge is placed in one end of the silica tube and
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slowly pulled through a furnace whose temperature profile
has a single peak. The capsule is initially opened at the
end where crystal is to grow so that gaseous contamination
produced during the early part of time experiment could
escape. A cooled stopper is then inserted and the capsule
is sealed by material going over the opening. This
approach removes volatile impurities if they diffuse
rapidly out of the source material and has been used to
grow some of the large crystals of the II-VI compounds in
particular.

(b) Qhemical Vapour Deposition (CVD)

The feature common to this group of methods is
that they involve ea chemical reaction. This reaction
serves not only to supply material for crystallization but
also has an active influence on the crystallization
process. These methods are used for crystallizing
compounds [27—3l].

(i) Chemical Transport Method

The crystallizing substance interacts in solid or
liquid form with another substance in the source zone and
transforms into gaseous compounds. These are then
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transported to a zone with a different temperature and
decomposing by the reverse reaction, they release the
nutrient [32].

Below are some typical examples of the transport
reactions used in crystal growing,

(1) Transport of elements by means of the disproportiona­
' tion reaction:

500°C l000°C
Ge + Gel '_“5 2GeI 7 2Al + AICI ““”5 3AlC! (1.17)4 §§0°c 2 3 550 c

O

(2) Transport of oxides by hydrogen chloride or hydrogen:
100o°c

Fe2O3 + 6HC1 :::Z 2Fec13 + 3520 (1.18)§UO°C

l800°CAl 0 + 2H -*%> A1 0 + 2H 0 (1.19)ér'*2 3 2 1500°c 2 2
(3) Transport of chalcogenides by iodine:

1000°cCdS + I *~"> CdI2 + (1.20)200°C

~\"'
U)

l\J

2

900°C

ZnIn2Se4 + 4I2 ;"igZnI2 + 2InI3 + 2Se2 (1.21)

\1
@
@

o

(4) Transport in water vapours:
850°C

2GaAs + H 0 .2 Ga 0 + H + ¥As (1.22)2 7€OoC 2 2 2 4
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(5) Iodide transport to obtain pure metals:
280°C

_.___>Zr + 212 <%__?: ZrI4 (1.23)

|—'
vb
U1
Q

o

(ii) Vapour Decomposition Method

A volatile compound is introduced into the
crystallization zone. Under the effect of a gaseous
reducing agent and/or a high temperature or other factors,
it decomposes, releasing the crystallizing substance.

The two principal methods are _reduction and
thermal decomposition (pyrolysis) of compounds.

A typical example of reduction process is the
growing of silicon films. by ‘reduction of silicon
tetrachloride with hydrogen [33,34].

SiCl4 + 2H2 g;:? Si + 4HCl (1.24)

A typical example of thermal decomposition method
is the silane method of growing silicon films [35,36].

SiH4 -—i> Si + 2&2 (1.25)
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(iifl Vapour—Phase Synthesis Method

The crystallizing substance is formed as a result
of ea reaction between the gaseous components directly in
the crystallization zone. Vapour—phase synthesis method is. . . . III Vused to obtain crystals of silicon carbide and A B
compounds.

1.3.2 Growth from the Melt

Melt growth is a field of crystal growth which
relates to solids which can be melted and crystallised.
All materials can be grown in single crystal form from the
melt provided they melt congruently, they do not decompose
before melting and they do not undergo a phase transforma­
tion between the melting point and room temperature. By
these methods, metals, elemental and compound semi­
conductors, oxides, halides, high melting point refract­
ories etc. are grown. The main advantage of this kind of
crystallization is that it permits highest growth rates and
allow the achievement of structurally perfect and
composition controlled single crystals, such as to meet the
stringent required for electronic materials.

1.3.2.1 The Driving Eorce of Melt Growth
The crystallization of a melt is a first order

phase change from liquid to solid involving the liberation
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of latent heat. The driving force of a melt growth process

can be expressed as AGSL =AHSL — TASSL, where AGSL 1S the

free—energy change between the two phases,43HSL andASSL are
the corresponding enthalpy and entropy changes and T is the
temperature.

'l'b ' G1 ==OAt equi 1 rium, LL 5L

ms,

As =AHSL (1.26)
SL ——T

M

where TM is the equilibrium melting point for a non (but
near to) equilibrium process, in which the melt is
undercooled at a temperature T below the melting
temperature TM,

T — T
A651, Z ‘5HsL————MT = AHSL(%) (.1°27)M

ég is the relative undercooling and it gives the effective
TM

driving force of the crystallization process. The driving
force can also be expressed in terms of supersaturation 61

At TM, both solid and liquid phases are in equilibrium with
the saturated vapour PM,— - HP = A exp Aflsv = A'exp *3 Lv (1.28)M kTM KTM
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If the melt is undercooled at T .<_TM, the vapour pressures
at T for the two phases will be,

PL = A‘ exp-AHLV (1.29)kT

PS = A exp'AHSV (1.30)kT

substituting for A‘/A from equation (1.28) and putting

AHSV 'AI‘]1.J\f4I-ISL the latent heat of fusion giving,
P_ _L _ = 1 1

6- _ PS 1 exp[AHSL(fi__~;T_)] _ 1 (1.31)
M

where PL/PS = XLis the saturation ratio.

The free energy change between the two phases is expressed
as,

— 1<'r 1 - - TWT

A more rigorous evaluation of free energy in solidification
from the melt has been given by Jones and Chadwick [37].

l.3.2.2 Interface Kinetics

Melting or freezing is taking place at an
interface. The process depends on atom motion, and so the
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Q

rate of motion of the interface dpends among other factors,
A

on the mobility of atoms in the liquids.

Assuming the atom motion at the interface to be a
simply activated process, the rate at which atoms join the
crystal can be written as [38],

RF = RFO exp (-L\c;*/KT) (1.33)
where<QG* is the activation energy for liquid diffusion of
a growth unit.

Similarly the rate at which atoms leave the
crystal is,

RM = RMO exp [ -(;1<;* + AHSL)/KT] (1.34)

where the term (AG* +[_\I-ISL) represents the activation
energy for melting.

At equilibrium RM = RF or

AHRMO/Rfo = exp( kSL) (1.35)
TM
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By comparison with equation (1.26),A1-1 °
TMS5 = ASSL = k 1,1 [§_‘]:,,1 (1.36)

The net growth rate is given by,
O_ _ ° -436* RF —AH

V - RF—RM - RM exp(—Tfif—)Hfi$ — exp(__ET§£)] (1_37)

0 — AH —Afi Am_ — AG* SL SL ­._  eXp  exp
(1.38)

For small AJVTM, and replacing RMO = a‘D the inter—atomic
distance times the vibration frequency in the solid,

_ ,., — AH AH AT
V = aw) exp(—€%i—) exp P wTSL)(k;H% ) (1.39)M M

This formulation assumed implicitly that all sites at the
crystal liquid interface are equivalent and are active
growth sites. This is not true in general. In more
realistic cases, only a fraction of interface sites are
available for growth unit attachment, which can be
accounted for by multiplying equation (1.39) by suitable
factors. Thus when screw dislocation mechanism are
dominant, so that the growth sites are on the edge of the
spiral, the factor will be,
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AHf = °< ——SL 5 (1.40)1 3/L TM

where w’L is ledge free energy, and ¢§i is geometric
constant. From equations (1.39) and (1.40) one gets
Vo(( AT)2 for small undercooling. For surface nucleation
growth, classical two-dimensional nucleation theory leads
to a factor

f = O62 exp (—T*/AT) (1.41)
2at V Twhere T* = 2 L - M (1_42)

k'I' AI-ISL

Combining equations (1.39) and (1.41) one gets an
expression predicting small growth rates until¢QTnE*,
and V increases very rapidly with increasing undercooling.

1.3.2.3 Methods of Melt Growth

The methods of growing single crystals from the
melt are divided into two groups: Methods with a large
melt volume (Normal freezing methods) and that with a small
melt volume (zone melting methods). ifiue most striking
example of the influence of the melt volume on the quality
of the growing crystal is the distinct difference between
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the impurity distribution along the length of grown
crystals by these two methods.

(a) Normal Freezing

Unidirectional crystallization is one of the
methods used with ea large ‘melt volume. A cylindrical
container holding the melt moves into the cool region of
the furnace, so that a crystal nucleating at the cooler end
of the container gradually increases in size until it
occupies the whole container. Controlled solidification of
the first nucleus is promoted by removing the latent heat
generated by the solidification process by conduction into
the solid rather than into the liquid. In unidirectional
crystallization the amount of impurity in the middle
portion of the crystal remains constant and therefore this
method is preferred for the impurity activation of
crystals. The distribution of impurities is given by the
normal freeze equation,

kO—1cs = kOCO(l - g) (1.42)
where Cs is the concentration of the impurity (solute) in
the crystal, 12) its distribution coefficient and Ck) its
initial concentration in the charge and g is the fraction
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of the melt solidified. The essential feature of normal
freezing methods is the steady motion of a freezing solid—
liquid interface along an ingot which is mounted either
horizontally or vertically.

(i) Horizontal Normal Freezing

Horizontal NF methods are commonly referred to as
the horizontal Bridgman or Chalmer's technique. The charge
is contained in a boat which is placed within a horizontal
furnace tube which can be filled with the required ambient
gas (or evacuated). A muffle furnace is placed around the
tube anui serves to melt the charge. Directional solidi­
fication is obtained by slowly withdrawing the boat from
within the furnace (or moving the furnace away from the
boat). This method is used for growing large crystals of
corundum, GaAs, yttrium aluminium garnet etc.

(ii) yertical Bridgman+Stockbarger Method

In this method, the compound is melted by raising
the temperature above the melting point inea vertically
mounted crucible inside a vertical furnace. The crucible
is then slowly, lowered with respect to the temperature
profile, so that the melt could be frozen from the tip and
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one crystal remains which increases in size until it fully
occupies the cross section of the container.

This method is not commonly used to obtain
metallic, organic and a number of dielectric single
crystals such as oxides, fluorides, sulphides and halides.

Single crystals of sapthire (A1203) can be grown by this
method. Crystals of Te doped GaSb [39] and SnSe2 [40] were grown by
this method. Materials which expand cum solidification
cannot be grown by this method.

(iii) CzochralskiMethod

For growth of crystals using this method the
charge material is melted in a crucible. A pull rod with a
chuck containing a seed crystal at its lower end is
positioned above the crucible. The seed crystal is dipped
into the melt whose temperature is adjusted until a
meniscus can be supported by the seed crystal. The pull
rod is then slowly lifted and rotated and by carefully
adjusting the power supplied to the crucible, a crystal of
the desired diameter can be produced.

Czochralski method has gained wide recognition
particularly in growing single crystals of silicon [41] and
other materials [42—44].
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(iv) §yropoulos Method

In the Kyropoulos method, crystal growth is
achieved by gradually reducing the melt temperature with
the aid of a special cooler. Either spontaneous nucleation
or crystallization on a seed is possible. This method is
used in growing crystals of fluorides, Qhlgrides etg,
and single crystals of corundum.

(v) Verneuil Method

In this method, a small amount of material is
melted on top of a ceramic pedestal by means of an oxy­
hydrogen flame. Crystallization occurs tn; the withdrawal
(and simultaneous rotation) of time pedestal from the hot
zone. This method is used for the growth of single
crystals of ruby, sapphire, aluminium—magnesium spinel

(MgAl2O4), rutile (T102), yttrium oxide (YZO3) etc.

(b) Zone Melting

Zone melting is conducted with a small melt
volume. It is the generic name of a family of methods for
purifying elements and compounds and for preparing
materials of desired composition [45]. In these methods, a
short liquid region or zone travels slowly through a
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relatively long charge or ingot of solid. As the zone
travels, it redistributes impurities along the charge. The
final distribution depends on the impurity distribution in
the starting charge, on the distribution coefficient k of
an impurity between the liquid and solid of the charge
material and (M1 the size, number and travel direction of
the zones. The distribution of impurities is of the form,

Cs = co{1 - (l—kO) exp (-kox/L)} (1.43)

where L its the zone length parallel tx> the direction of
zone motion. The detailed theoretical treatments of the
distribution of impurities is discussed in [46].

(i) Zoning in a Container

For attaining a sharp zone boundary and a short
zone, it is necessary to have a container with a good
lateral heat transfer and a poor longitudinal heat
transfer. So the walls of the container must be as thin as
possible. The cross—section of the container is designed
in such a way that the charge has a minimum surface contact
with the container. The longitudinal shape of the charge
and container is determined by the total length of the
ingot. Radial, helical and spiral models have been
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described by Pfann [47]. The molten zone should preferably
have a constant length, a stable solid-liquid interface and
a well defined thermal gradient. For materials having low
thermal conductivities, the zone width tends to vary. This
has been overcome by slowly rotating the container about

its axis. Sahoo et al. [48] have grown Hgl_xCdxTe (x=O.2)
crystal ingots by zone melting. They have designed the
ampoule to a special shape to have» a stable hot zone
configuration and temperature profile of the furnace was
programmed during the zone melting to maintain the zone
length nearly constant.

(ii) Zone Refining without Containers

The zone melting method can also be carried out
with the ingot in the vertical direction. In this
technique by Keck and Golay [49], a molten zone is
maintained between a vertically mounted seed crystal and a
charge rod by surface tension forces. This technique
doesn't require a crucible, the melt is in contact only
with its own solid. This is used for the production of
oxygen—free silicon single crystals and for single crystals
of refractory metals.
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1.3.3 Growth from Solution

Single crystals of materials which melt
incongruently, decompose before melting or undergo a phase
transformation between the melting point and room tempera­

ture are grown from solution. Advantage of solution growth
is that it requires lower temperatures and can lead to av
lower density of lattice defects. In this method, a
saturated solution is prepared in a suitable solvent and
crystallization is initiated by slow cooling of the
solution or slow ewaporation of the solvent. The classi­
fication of methods employed for solution growth is given
by Bardsley [50]. Large and perfect crystals of industri­
ally important crystals like potassium dihydrogen phosphate
[51] and diglycine sulphate [52] are grown by this method.
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MORPHOLOGY AND GROWTH

MECHANISM OF CRYSTALS
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2.1 INTRODUCTION

Crystals exhibit a wide range of morphologies. The

macroscopic form and structure exhibited by a crystal is its

morphology. Surface morphology is not only an indicator of

internal crystal perfection, but also it provides the link
between this perfection and growth conditions. For a long

time it is known from experiments that every crystal has a
number of characteristic flat surfaces which extend parallel

to themselves during growth. Besides this, a crystal
possesses planes with a rmnna or less clearly expressed
stepped nature, while there are also planes which generally

exist for ea short duration, and are rounded. It has long
been known that the interplanar angles of a crystal remains

the same irrespective <mf the habit. The» characteristic
growth form of a crystal is the polyhedron in which the
various planes are demarcated by edges. If the growth of
such a polyhedral crystal is studied at constant external
conditions, then 1H: is found that after ea particular time
the crystal acquires a final form which remains unchanged

with further growth. Such forms are called stationary or
stable growth forms.
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In this chapter, a brief description of morphology
and growth mechanism of crystals is given. This section
also outlines an account on whiskers, platelets, dendrites
and spherulites.

2.2 MORPHOLOGY OF CRYSTALS

The classical treatment for the problem regarding
the precise derivation of the crystal form made by Gibbs
[l] is purely phenomenological. Gibbs and <Curie defined
the equilibrium form as that possessing minimum total
surface energy for a given volume. The second approach
developed by Stranski and Kaishew [2] is atomistic as it
considers material exchange across the crystal/ambient
phase interface on a microscope scale. According to this
approach, the mechanism by which the equilibrium form of
a crystal with its surroundings is maintained can be under­
stood when the elementary evaporation and condensation
processes on the crystal surface are considered. If the
crystal structure enui the interatomic distances are known,
the equilibrium forms of large crystal can be deduced.
The equilibrium form for a simple cubic lattice is cubic,
which is the same result that found from the Gibbs—Wulff
theorem.
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The growth of cmystals involves the formation of
strong bonds between the crystalline units. The deposition
of a growth unit at a kink site is more probable than at
other positions, because at kink positions the unit is more
strongly bonded to the crystal than at other sites. Hence
the crystal is bounded by units that are parallel to the
directions in which there is an uninterrupted chain of
strong bonds between the building units. Such a chain is
called ea periodic bond chain (PBC) [3]. Layer growth is
possible only when there exists strong bonds between PBCs.
If the PBCs are run: bonded, layer growth does run; occur
because the probability of deposition of a PBC is the same
everywhere. For the Kossel crystal three types of faces can
be visualized, namely (a) flat faces (F faces) containing
two PBC vectors in a layer dhkl, (b) stepped faces (S faces)
containing only one PBC vector in a layer dhkl and
(c) kinked faces (K faces) containing no PBC in a layer
dhkl. The three types of faces have different growth
mechanisms. F faces grow by a layer growth mechanism, are
therefore slowly growing and hence are important faces.
S faces grow by one—dimensional nucleation. K faces do not
require nucleation and hence grow fast and are normally
absent on crystal surfaces. The different nature of bonding



39

that exist in the various faces of a crystal thus promotes
or prevents growth to give the crystal, the observed
morphology.

Several authors have investigated the morphology of
crystals grown from various methods [4-l5]. Van der VoortM]

has studied the morphology of crystals
grown from aqueous solutions. Wang et al. [5] have observed

the surface morphology of Pb, Bi, Sr, Ca, Cu, O high Tc
superconducting crystals grown by slow cooling method. The‘
morphology of Inn’ and KDP crystals was studied by
Rashkovich and Shekunov [6]. Kauda et al. [7] have reported

the morphology of synthetic diamonds grown from Na2CO3
solution. Saito et ad”. [8] have observed the growth steps
on the surface of the NaCl crystals by TEM with the aid of a
decoration replica method. The study of surface morphology

of vapour grown HgI2 platelets ‘was chum; by Szurgot and
Laskowski [9]. Trumbore anui Haar [lO] have reported the

morphological features of NbSe3 and Nb2Se9 crystals. The
morphology of melt grown bismuth germanate crystals has been

investigated by Smet et al. [ll]. Sangwal [12] has
discussed the micromorphology of as—grown surfaces of single
crystals. The growth features like elementary spirals,
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macrospirals, hillocks of dislocations and non-dislocation
origin, interlacing and slip patterns, macrosteps,
inclusions, block structures, growth striations and impurity
striations are described. The morphology of SnTe and PbTe
crystals grown froml the» gas phase has been reported by
Varshava et al. [l3]. Banan et al. [14] grew single
crystals of pure and doped TGS crystals and studied the
morphology. Tomizuka et al. [l5] have grown CuCl and CuBr
crystals from the vapour phase and observed the 1morpho­
logical patterns.

2.2.1 The Kinetic Generation of Crystal Forms

(a) Whiskers

whiskers have negligible dimensions compared to
their length and hence are usually considered as filaments
or fibres. Whiskers can be grown by the solid-solid
transformation [16], from vapour [17], from solution [18] or
by electromigration [l9]. However, it is difficult to
control the diameter and length of these crystals. The
properties of whiskers have found to differ substantially
from comparable bulk materials of the same composition, in
particular with respect to their crystallization kinetics,
defect structure and their mechanical behaviour. The interest in
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whiskers has been aroused by many reasons. One of the
particular features of interest is their fast growth along a
basic crystallographic direction.

Again the morphological phenomenon of whisker
growth is connected with the phenomenon of high mechanical
strength. The unique properties of these near one
dimensional crystals offer intriguing possibilities for a
variety of optical, electronic and magnetic devices. The
interest in the growth of whiskers is also related to the
growth of small diameter crystals because for some applica­
tions small crystals are better than larger ones. These
include their solidification behaviour, surface morphology
and crystal defects. The morphology of whiskers has been
found to depend upon the material, growth method and growth
conditions. Nabarro and Jackson [20] have described
different morphologies like straight whiskers, kinked
whiskers, ribbon like squeeze whiskers, spiral whiskers and
other complex forms grown from various elements and
compounds. Many theories have been proposed to explain the
growth of whiskers under a great variety of conditions. The
earliest theory of whisker growth is that of Peach [21].
The process of whisker growth consists of the diffusion of
vacancies along the cores of dislocations from the surface.
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Frank [22] and Eshelby [23] have explained the growth of
whiskers from the base assuming the presence of a hump on
the surface of the substrate with a constraining collar at
the base of a whisker. The dislocation model of Frank
consists of a spiral dislocation at the base of the whisker
with one end meeting the free surface and the other running
as a screw into the main mass of the whisker. On the basis
of direct observation of helical dislocations and the
theories on the spiral prismatic dislocations, Amelinckx et
al. [24] have developed a model for whisker growth.
Theories were also developed for the whiskers growing at the
tip. According to the theory of Frank [25], Sears [26]
postulated that whiskers contain a screw dislocation
emerging at the growing tip. Such an axial dislocation
provides a preferred growth site and accounts for the
unidirectional growth. The various observations of disloca­
tion loops, spirals and helices show that the dislocation
model is acceptable. However, the dislocation model for
whisker growth is not concerned with impurities. The
modification of growth by impurities provides possible
mechanisms for producing whisker like profiles. Several
authors have investigated the whisker growth of various
substances [27—47].
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The growth of dislocation free whiskers was also
observed in various materials. In this case the axial
dislocathmi is not essential. Wagner and Ellis [48] have
put forward a new mechanism known as the vapour-liquid—solid

(VLS) mechanism. Its main feature is that a liquid phase,
in the form of a droplet of an alloy of the material is
situated between the vapour and the growing crystal. The
surface of the liquid alloy has a large accommodation
coefficient and. is ‘therefore ea preferred site for
deposition. Silicon crystals were grown by this mechanism.
The diameter of ea whisker growing from time VLS mechanism

depends on the diameter of iflua drop and therefore this
mechanism can serve as a basis for controlled growth of
whiskers. The V-L-S mechanism has been found to be
operative in the case of several materials [49—52].

Different growth methods were employed to pmoduce

hollow whiskers by many authors and different interpreta­
tions have been suggested to explain the hollow morphology.

Rectangular hollow needles of NbO2 were grown by Cohen [53] using
electrodeposition method from molten fluorides. Webb and
Bertalone [54] have reported the growth of hollow CsCl
whiskers. The growth of hollow KCl whiskers was reported by

Yoshida [55]. Natarajan et al. [56] have investigated the
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hollow morphology of solution grown triglycine sulphate­
phosphate crystals. They have explained the formation of
hollow crystals as due to the variation in diffusion of
solute towards the edge and centre of the crystal. Maeda et
al. [57] confined to the point that the growth mechanism of
hollow crystals is a helicoidal growth from the place of the
screw dislocation through a 1amellar—like growth. Simov et
al. [58] have made observations of hollow CdTe crystals with
a scanning electron microscope. fflua morphology of hollow
ZnS single crystals has been investigated by Lendvay and
Kovacs [59]. Arivuoli et al. [60] have grown hollow SbSeBr
crystals from vapour and reported that these whiskers join
with the original needle on its lateral surfaces by two
dimensional nucleation.

(b) Platelets
Vapour grown whiskers are often accompanied by

plate—like or two dimensional crystals. In the case of
platelets, growth is inhibited in one direction, whereas in
whiskers, it is inhibited in two directions. Many investi­
gators have noted a genetic relation between these
crystalline forms [61,62]. Platelet growth results from the
crystal structure of the material. There are compounds such
as the chalcogenides of group III (GaS, GaSe etc.) and
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dichalcogenides of group IV (SnS2, ZrSe2, TiTe2 etc.) which
have layer structures. Strong covalent bonds exist within
the layers whereas weak \HN1 der Waals bonds exist between
the layers. Accordingly these compounds tend to crystallize
in platelet form. The formation of platelets depends on the
crystallization conditions: temperature, supersaturation,
impurities etc.

(c) Dendrites
For a great number of lattices, growth from vapour

can occur easily without the need of source of steps. Any
layered structune, for example, the hexagonal metals Zinc
and Cadmium will grow under certain circumstances as very
thin plates normal to the c—axis. The growing surfaces
probably prism planes in the case of hexagonal metals appear
to behave as nonsingular surfaces and as such do not seem to
require source of steps for their growth.'Hfls type of growth
is dendrite growth [63]. George and Premachandran [64] have
reported the dendrite growth of phthalic anhydride crystals.

(d) Spherulites
Spherulites aux; spherically symmetric crystalline

aggregates and are observed in minerals, polymers and other
materials [20]. This macroscopic spherical symmetry is in
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violation with the uniform packing of microscopic units.
They radiate from a nucleus with the substructure of needles
with small angle branchings to fill the area created by
the outwardly increasing volume.

2.3 GROWTH MECHANISM OF CRYSTALS

The growth of a crystal results from the addition
of new atoms, molecules or more complex aggregates. As
indicated in chapter l, thermal fluctuations ensure a
certain density of kinks on steps and surfaces. On atomi­
cally smooth surfaces, kinks are possible because of the
individual vacancies in the surface layer and at steps
having a length of several interatomic distances, these
steps making up the boundaries of vacancies or adatom
micro—aggregates. The filling of vacancies and their
aggregates in the surface layer leads to their dis­
appearance. Adatom aggregates are built up by two
dimensional nucleation. The growth of atomically smooth
surfaces is called layer growth and requires the nucleation
of new steps, for further growth of the crystal. The most
comprehensive information on the kinetics and processes
of layer growth is obtained by observing this growth
directly in a microscope, but it is much simpler and hence
more common to study the surface morphology of grown
crystals.
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A brief review on crystal growth mechanisms and
kinetics has been given by Glicksman and Selleck [65].
Haldenwang [66] proposed a generalised model of crystal
growth kinetics. The growth mechanism of lithium tetra­
borate crystals was explained by Robertson and Young [67].
Arivuoli et al. [68] have grown bismuth selenoiodide single
crystals from the vapour revealing a layer growth mechanism.
Desai and Patel [69] have done microtopographic investiga­
tions cflf ferroelectric magnesium hydrogen phosphate single
crystals and studied the growth mechanism involved. The
morphological considerations on the growth mechanism of ZnO

crystals were given by Kitano et al. [70]. The mechanism of
growth of metallic copper whiskers has been discussed by Jha

and Griewéen [71]. Kishan Rao and Prasad [72] have done a
topographic study on anthracene crystals. Desai and
Hanchinal [73] have grown single crystals of ammonium
hydrogen tartrate. 1H: was suggested that tun: dimensional
nucleation, spreading and piling up of growth layers w€1!e
mainly responsible for the growth of these crystals.
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3 . l INTRODUCTION

Knowledge of the nature and distribution of

defects in crystals is n’ecessary because they (1) have
deleterious effects on the performance of electronic
devices, (2) affect plasticity and crystal strength,
electronic and ionic conductivity and diffusion properties
and (3) play an important role in crystal growth. Defects
in a real crystal may be divided into chemical impurities
and lattice defects. Lattice defects are point defects
(Interstitials, vacancies, substitutions and antisites)
line defects (dislocations), surface: defects (grain
boundaries, twin boundaries, stacking faults etc.) and
volume defects (inclusions, precipitates and point-defect
clusters).

The concept of dislocations has led to a more
complete understanding <1f the physical behaviour of
crystals and their properties and has pmovided a guiding
principle for producing crystals of increasing perfection.
The dislocation, as its name implies, is a geometrical
fault cm: disturbance 111 the otherwise regular packing of
the atoms. Since the amount of plastic deformation and the
consequent generation of dislocations have a ‘very
significant effect on the semiconducting properties, it is
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helpful to have an understanding of the basic types of
dislocation and their movement, interaction and generation
in the crystal. Etching is one of the widely used
techniques txa reveal dislocations ixu crystals. Although
etchimg was first applied to dislocations, its domain has
expanded to various other fields in defect studies.

The aim of this chapter is to provide a brief
summary on the different types of defects in crystals. The
various methods for the observation of dislocations are
also presented.

3.2 DEFECTS IN CRYSTALS

3.2.1 Point Defects

All the atoms in a perfect lattice are at specific
atomic sites. In a pure metal, two types of point defects
are possible, namely a vacant atomic site or vacancy and an
interstitial atom. The vacancy has been formed by the
removal of an atom from an atomic site and the interstitial

by the introduction of an atom into a non—lattice site.
Intrinsic point defects are introduced into crystals by
virtue of temperature for at all temperatures aboveOK,
there is ea thermodynamically' stable concentration. The
change in free energy;5F associated with the introduction
of n vacancies or interstitials in the lattice is,
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AF = nEf - TAS (3.1)
where Ef is the energy of formation of one defect andA3S is
the change in entropy of the crystal. The equilibrium
fraction of defects corresponding to a condition of minimum
free energy is given by,

-E_ fneq - nt exp yiir) (3.2)
where nt is the total number of atomic sites and k is
Boltzmann's constant. The rate at which a point defect
moves from site to site in the lattice is proportional to

exp (-Em/kT), where Ian is the defect migration energy and
is typically;\1O.l-l.O eV.

Impurity atoms iJ1.a crystal can be considered as
extrinsic point defects and they play a very important role
in the physical and mechanical properties of whole
materials. Impurity atoms can take up two different types
of site: (a) substitutional, in which an atom of the parent
lattice lying in a lattice site is replaced by the impurity
atom, and (b) interstial in which the impurity atom is a
non—lattice site. All the point defects mentioned produce
a local distortion lJ1 the perfect lattice. ffiua amount of
distortion and hence the amount of additional energy in the
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lattice due to the defects depends on the amount of space
between the atoms in the lattice and the size of the atoms
introduced. Additional effects are important when the
removal or addition of atoms changes the local electric
charge in the lattice. Vacancies can occur either (a) in
pairs of opposite sign, forming divacancies known as
Schottky defects or (b) in association with interstitials,
Frenkel defects.

3.2.2 Grain Boundaries

Crystalline solids usually consist of a large
number of randomly oriented grains separated by grain
boundaries. Each grain is ea single crystal and contains
defects. When the misorientation between the grains is
small, the boundary consists cflf an array of dislocations
and is called a low angle boundary. However, when the
misorientation is large, the atomic arrangement at the
boundary is more complicated and varies significantly with
the angle of misorientation. The geometry of two
misoriented grains result in an array of edge dislocations.
The relation between the misorientation 6 and the spacing
between individual dislocations D is,

D = 5 (3.3)
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where b is the magnitude of the burgers vector of the
dislocations.

From the known elastic stress field around a
dislocation, the grain boundary energy' E per unit area
varies ‘with the orientation difference is <given tn! the
formula,

E = E06 [A - 1ne] (3.4)
where E0 and E are independent of 9. The parameter E0
depends only on the elastic distortion and the parameter A
depends on the non—elastic core energy of the dislocation.
Eguation (3.4) is the only energy relation that follows
directly from the properties of a known array of
dislocations without any additional assumptions which could
be altered to fit the experimental results.

The relationship between the structure and
strength of grain boundaries in Silicon bicrystals with
(111) twist misorientations was determined by Sato et al.
[1 1. Frost [2] has developed a model to explain the grain

boundary structure in Ni3Al. The atomic structure of grain
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boundaries in semiconductors was studied by Bourret and
Bacmann [3] by electron microscopic observations.

3.2.3 Twin Boundaries

Deformation twinning is a process in which a
region of a crystal undergoes a homogeneous shear that
produces the original crystal structure in ea new
orientation. In the simplest cases, this results in the
atoms of the original crystal (parent) and those of the
product crystal (twin) being mirror image of each other by
reflection in composition plane. The process differs from
slip in which there is no rotation of the lattice.
Deformation twinning can be induced by plastic deformation
and is particularly important in body—centred cubic and
close—packed hexagonal metals and many non-metallic
crystals. When a growing twin meets a flat surface it will
produce a well—defined tilt, and this can readily be
detected in an optical microscope.

3.2.4 Stacking Faults

A stacking fault is a pdanar defect and it is a
local region in the crystal where the regular sequence has
been interrupted. Stacking faults are run: expected in
planes with ABABAB ... sequencesin body centered or face­
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centered cubic lattices because there is not alternative
site for an A layer resting on a B layer. However, for
ABCABC ... or ABABAB ... stacking of the c1ose—packed
planes in close-placked structures there are two possible
positions of one layer resting on another.

A stacking fault ending within the crystal is
always bordered by a partial dislocation. Along a partial
dislocation, nearest neighbour relations are violated, the
maximum misfit energy per atom is higher than for a fault
and lower than for a total dislocation. Since a stacking
fault has to lie in one plane, the partial dislocation must
also lie in that plane. A partial dislocation whose
Burgers vector lies in the plane of the fault is called a
shockley partial. The shockley partial is one of the three
types of partial dislocations associated with plane faults
in fcc. The other two are Frank partial dislocations. A
partial whose Burgers vector is not parallel to the fault
is ea Frank partial dislocation. There are tun) kinds of
Frank partials in fcc; they' differ lJ1 the sign <1f the
Burgers vector in. A negative Frank partial is formed when
a part of a plane has been removed. If the inserted plane
ends inside the crystal, its boundary is a positive Frank
partial.
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3.2.5 Volume Defects

Crystal defects :nnfl1 as precipitates, voids and
bubbles can occur under certain circumstances and have

\

important effects on the properties of crystalline solids.

3.2.6 Dislocations

(a) Geometry of Dislocations

Efislocations may be considered to have, in
general, two components, an edge component and ea screw
component. Fig.3.l represents the geometry of aux edge
dislocation. The pure edge dislocation may be thought of
as the edge of an extra half plane of atoms inserted in the
crystal. The terminal atoms of the half plane have fewer
nearest neighbours than the rest of atoms and are
positioned along time dislocation line. Edge dislocations
are called positive when the extra plane of atoms is above
the slip plane and negative when it is below.

A screw dislocation can be visualized as being
produced by taking a sharp cut part away through the
crystal and shearing ii: one inter—atomic spacing parallel
to the cut (Fig.3.2). The important feature of this
operathmm is that 1H: transforms successive atomic planes
into a single spiral surface, all along the line of
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distortion without ea specific slip plane. Screw
dislocation can have either right handed or left handed
pitch: dislocations of the same pitch repel each other,
whereas those of opposite pitch attract each other.

An excellent account of the theoretical and
experimental study of dislocations has been given by
Cottrell D4], Read [5] , Friedel [6], Ehflj. [7], Kovacs
and Zsoldes [8] and Nabarro [9]. Takeuchi [l0] has
described the fundamental aspects of dislocations, such as
the elastic strain field, self energy, line tension and
line mass.

(b) Burgers Vector and Burgers Circuit

A Burgers circuit is any atom—to—atom path taken
in a crystal containing dislocations which forms a closed
loop. IU1 the presence of a dislocation, the path of the
line corresponding to the circuit does not form a closed
loop. The vector required tx> complete the ‘circuit is
called the Burgers vector. The Burger vector of an edge
dislocation is normal to the line of the dislocation and
that of a screw dislocation is parallel to the line of the
dislocation. Dislocation lines can end at the surface of a



66

crystal and at grain boundaries, but never inside a
crystal. Thus dislocations must either form closed loops
or branch into other dislocations.

(c) Qnergy Associated with Dislocations

To estimate the energy of ea crystal, consider a
cylindrical crystal of length 1 and radius r with a screw
dislocation of burger vector b along its axis [4]. The
strain energy density or work per unit volume is,

U = % GE 2 (3.5)
where G is the shear modulus and 5 the deformation.

Substituting E = b/(2'r\'r)

~\"‘
O

U = (b/27Tr)2 (3.6)
Since for a section of a cylinder of thickness <§gthe unit
volume is equal to 2Wr16r, the complete deformation energy
per unit length for a screw dislocation is given by,

Y
2.

Edisl(screw) = 1/1 J’ u2TTr1dr = %% ln 2: (3.7)
6/O
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where ro is the radius of the central core. Similarly for
edge dislocation, it is shown that,

E . (Edge) = i;-EL ]_n £(3181  ro
where $ is Poisson's ratio.

(d) Dislocation reactions

A dislocation can interact with one another to
form ea single dislocation. Such interactions of
dislocations are called dislocation reactions. This
unification does not take place along the whole length of
the dislocation line but may result in wmdes. The Franks
law of conservation of Burgers vectors states that the sum
of Burgers vectors flowing into the node is equal to the
sum of Burgers vectors flowing out of the node. Taking an
approximation that the energy per unit length of the
dislocation line is directly proportional to the square of
the Burgers vector, the criterion for the combination of
two dislocations may be written as,

2 2 2bl + b2 >.b3 (3.9)
where bl and b2 are the Burgers vectors of the two
dislocations combining tx> fomn a dislocathmw of strength
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b3. Similarly a dislocation of Burgers vector bl may
dissociate into two dislocations, b2 and b3 if,

2 2 2bl ) b2 + b3 (3.10)
(e) Elastic Deformation

The plastic deformation in a crystal occurs by the
atomic planes sliding cnmn: each other. The displacement
takes place along specific planes called slip planes and
specific directions called slip directions. The slip plane
is normally the plane with the highest density of atoms and
the direction of slip is the direction in the slip plane in
which the atoms are most closely spaced. A slip plane and
slip direction in the plane constitutes a slip system.
Slip results in the formation of steps on the surface of
the system.

The shearing force required to move the top row of
atoms across the bottom row in a crystal is given by a
sinusoidal relation as,

b .I ' -53; sln ZTYX/b (3.11)
where I. is the applied shear stress, G is the shear
modulus, ta the spacing between atoms ixm the direction of
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the shear stress, a the spacing of the rows of atoms and x
is the shear translation of the two rows away from the low­
energy equilibrium position. The maximum value of ‘C is
called the theoretical critical shear stress, which is
given by,

tth = 2 gt? 6°12)
The edge dislocations and screw dislocations present in the
crystal can move under low stresses and will cause slip
resulting in traces with a step height equal to the Burgers
vector. Kirpichnikoma et al. [ll] have investigated the
plastic deformation of crystals of (CH ) NH Al(SO ) .6H O.= 3 2 2 4 2 2
The study cum plastic deformathm1 of zinc single crystals
was carried out by Zagoruiko and Soldatov [12].

(f) Movement of Dislocations

There are two types of dislocation movement, glide
or conservative motion in which the dislocation moves in
the surface which contains both its line and Burgers vector
and climb or non—conservative motion in which the disloca­

tion moves out of the glide surface normal to the Burgers
vector. Glide of many dislocations results in slip in
crystalline solids.
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Screw dislocations tend to move from one type of
planes to another. This process is known as cross-slip.
When the Burgers vector is not in the plane of the loop,
the slip surface defined by the dislocation line and its
Burgers vector is a cylindrical surface. The dislocation
is called prismatic dislocation.

The glide force E‘cn1 a unit length of dislocation
is defined as the work done when unit length of dislocation
moves unit distance,F = ‘Cb (3.13)
The stress I is the shear stress in the glide plane
resolved in the direction of b and the glide force F acts
normal to the dislocation at every point along its length.

(g) Multiplication of Dislocations

Crystals subjected to deformation often acquire an
increasing number of dislocations. The very large number
of dislocations necessary txn explain the plastic deforma­
tion must be generated from sources within the crystal. A
possible mechanism for the continuous generation of
dislocations in the course of their movement was first
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proposed by Frank and Read [13] and this has been the basis
of all later ideas. According to this mechanism, disloca­
tions are generated as a result of the movement of the edge
segment of the dislocation fixed at one or two ends. Such
a fixed dislocation is called a Frank-Read source.

When the slip surface is sharply bent, the sharp
bend in the dislocation permits the dislocation to produce
a very large amount of slip on a single slip plane. This
slip mechanism called the Frank—Read mechanism explains
that, in typical crystals, slip is not homogeneous, but is
concentrated cnu a relatively few active slip planes which
sli;> by many atomic spacings [5]. The following part
describes how Frank-Read mechanism can produce new closed
loops of dislocation. The basic mechanism for the
formation of dislocation loop requires a section of
dislocation that lies in a slip plane and leaves that plane
at a point in the interior of the crystal.

Multiplication of dislocations by means of a
Frank-Read source is demonstrated in Fig.3.3. The source
consists of section DD‘ of the éfislocation line which is
fixed at both ends. The plane of the figure corresponds to
the slip gflane. The applied shear stress ‘I produces a
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normal force on the dislocation and tends to make it bow
out. The radius of curvature R depends on the stress
according to the equation,

'fo = T/bR (3.14)
where T is the line tension of the dislocation segment and
is defined as the increase in energy per unit increase in
the length of a dislocation line,

T = oCgb2 (3.15)
substituting for T in eq.(3.l4), the expression for the
stress required to bend a dislocation to a radius R is,

To = 5369 (3.16)
Thus as I increases, R decreases and the line bows

out until the minimum value of R is reached at the position
illustrated in Fig.3.3(b). Here R equals L/2 where L is
the length of DD‘ and with dl= 0.5, the stress is,

Tmax = Gb/L (3.17)
If the stress is raised about this critical value corres­
ponding to the semicircular form, then the dislocation
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becomes statistically' unstable» and expands indefinitely.
The subsequent events are shown in Fig.3.3(c)-(e). In the
final stage, the two parts of slipped area annihilate on
meeting. The result is a large closed loop of dislocation,
which continues to expand and repeats the same process all
over again. Dash [14] observed Frank—Read sources in
silicon crystals using decoration technique. Frank—Read
sources were also found experimentally in potassium
chloride, stainless steel and cadmium [15].

when one end of the dislocation segment is
anchored in the interior of the crystal while the other end
emerges at the surface, a Frank-Read spiral is formed.
Fig.3.4 shows seven successive stages in the development of
a spiral, whose operation involves time same principle as
that of the Frank-Read source.

(h) Cleavage

Fracture (cleaving) is accompanied by the
formation of two free surfaces which requires considerable
energy expenditure. Therefore, it cannot be produced
instantly over a large surface. It must propagate from one
point to another under the form of a crack starting from an
initial localized nucleus. Cleaving can be regarded as a



Fig. 3.4
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process as a result of which crack edge move apart to an
approximately, interatomic distance. The crack disloca­
tions are obviously piled up at the tip of the crack in a
way analogous to slipping dislocations piled up in a slip
line or twinning dislocations in a twin lamella. Thus the
cleavage process can be described satisfactorily in terms
of dislocations. The cleavage planes are characterized by
the minimum cohesion in the direction perpendicular to them
and are seem to be well defined and close packed crystallo­
graphic planes. Cleavage probab1y' prefers these planes
because they have a definite smaller surface energy. The
analysis of fracture surfaces has been carried out by
several authors [l6—l8]. The cleavage steps often converge
to form river patterns. It is interesting to note that the
rivers run in the direction the crack propogates. A
quantitative analysis of river formation for slowly moving
cracks was given by Friedel [6].

The specific energy of the surface formed on
cleaving is equal to

2‘(/\1 Gb/5 (3.18)
where G is the shear modulus.



Moving apart of the edges of a nucleus crack
requires a tensile stress,

0- N ZY/b = c;/5 (3.19)
This is a very high stress which exceeds even the
theoretical ultimate shear strength (G/10). The
substantial role of the crack size was first pointed out by

Griffith [19]. He considered stress o‘m at the ends of a
flat ellipsoidal crack of diameter L in the field of
tensile stress o‘perpendicular to the crack. This stress
is equal to,

G‘m = o'dL/r (3.20)
where r is the distance to the end of the crack beyond its
limits. If L is not too small then at a distance of the
order of several interatomic distances from the end of the

crack, o‘m may be about 100 times higher than the applied
stress and thus reach the theoretical value of the
strength. Then the crack will grow.

The critical size of a crack capable of widening
at a given stress is expressed as,

L = * 2‘/G 2 (3.21)<£(l-)»o­
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where dl is a numerical factor of order unity. This
equation gives the Griffith criterion for crack
propogation.

Plastic strain may not only accompany fracture but
also cause crack nucleation if the deformation of crystals
is non—uniform. There are a variety of mechanisms of crack
formation in plastic deformation. Dislocation pile-ups and
twin intersections are the major sources for crack
formation.

(i) Observation of Dislocation

A wide range of techniques has been used to study
the distribution, arrangement and density of dislocations
and to determine their properties. Amelinckx [20] has
reviewed the methods of direct observations of disloca­
tions. The techniques can be divided into five main
groups: (l) surface methods in which the point of emergence
of a dislocation at the surface of a crystal is revealed.
(2) Decoration methods LU1 which dislocations ill bulk
specimens transparent to light are decorated with
precipitate particles to show up their position (3) Trans­
mission electron microscopy, in which the dislocations are
studied an: very" high magnification, in specimens 0.1 to



4.0 pm thick. (4) X—ray diffraction in which local
differences in the scattering of X-rays are used to show up
the dislocations. (5) Field ion microscopy, which reveals
the position of individual atoms. Of the various methods,
etching is the simplest method for the detection and
characterization of crystal defects such as grain
boundaries, slip lines, dislocations, stacking faults and
vacancies. ,A brief discussion of this method is given in
the next section.

3.3 ETCHING OF CRYSTALS

Although a number of general principles have been
formulated over' the ‘years, etching techniques are .still
based on a qualitative and empirical basis. The first
direct proof of the app1icability' of etching tn) reveal
dislocations was given by Gevers et al. [21] and Horn [22].
Etch pits located at the centres of spirals are attributed
to screw dislocations and those located elsewhere are
attributed to edge dislocations.

The method of etching consists in immersing the
crystal in a suitable medium which may be a pure liquid, a
solution cnr a gas. Small pits nucleate and grow at the
emergence points of dislocations. Dislocation etchants are
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different for specific crystals and there is no rule to
find out the dislocation etchant for a specific crystal.
There are different methods of etching. They are chemical
etching, thermal etching, solutitnl etching, preferential
oxidation, electrolytic etching, cathodic sputtering' and
hydrothermal etching [23].

3.3.1 Chemical Etching

The usefulness cmf the chemical etching technique
lies in the formation of visible, sharp, contrasting
etchpits at dislocation sites. Different theories of
dissolution exist ixm the literature which may kxa used to
explain the etching phenomenon. Nucleation of etchpits at
dislocations has been attributed to the elastic strain
associated with the dislocations which causes a decrease in
the activation energy for nucleation [24]. Though the
elastic strain is known to promote localised etching [25],
the role of it in the formation of etch pits at dislocation
sites is questionable. The screw dislocations have shear
stress fields which vanishes at the surface except at the
core, whereas strain energy associated with an edge
dislocation is retained at the surface and extends to a
considerable distance beyond the core.
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It has been proposed that the dislocation core
energy is primarily responsible for the formation of
etchpits [26]. Some of the arguments are: (a) It is
difficult to reveal dislocations in metals than in covalent
or ionic crystals; the core energy of dislocations in
metals is less than in other types of materials while the
elastic strain energy associated with dislocations is
about the same in all materials. (b) The stress fields of
dislocations close to each other tend to cancel out
particularly when dislocations form a tilt boundary: thus
isolated dislocations should etch faster than those close
together iii their elastic energies affected significantly
the etching process. However, all dislocations in a given
crystal etch at approximately the same rates~ (c) In
compounds with zinc blende structure the positive and
negative dislocations etch differently although their
strain fields are identical. Sangwal [23] has provided a.
comprehensive account of the different types of theories.

When ea dissolution nucleus forms on the surface,

there occurs a change in the free energy.aGp =~AGs +-AMQJ
where AGS is the change in surface energy and AGV the
change in the volume energy. Analogous to the free energy
change involved in the formation of a two—dimensional
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growth nucleus, the change in the free energy corresponding
to the formation of a circular etch pit of height h and
radius r may be given by,

2AG = AG +AG = 21Trh~[: TTr_h4‘:B (3.22)P S " IL
where‘i is the edge free energy and 1x.the volume occupied
by each anxmu The critical radius of the nucleus of an
etch pit at particular thermodynamic conditions is stable.

(a) Reliability of Etchants

Etch pits can be formed by point defect clusters,
precipitates (or impurity inclusions), surface damage,
foreign particles etc. Etch pits which are not associated
with dislocations usually do not reappear after repeated
polishing and etching, as they are caused by shallow
defects. Etch pits due to shallow dislocation loops
disappear in pairs. Etch pits associated with individual
dislocations on the other hand, reappear upon repeated
polishing and etching, since the dislocations cannot
terminate within the crystal. when cleavage is possible,
the etch pit patterns should appear as mirror images on the
cleaved surfaces. If crystals can be obtained in thin
plates, acne-Ur<me correspondence of etch pits on opposite
sides can be a proof for the reliability of an etchant.
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Some etchants are capable of distinguishing
between edge and screw dislocations [24]. The delineation
of dislocations at grain boundaries and the ability' to
reveal fresh dislocations produced by scratching [27] or
indentation [28] can also be taken as evidence that the
etchant is capable of delineating the dislocations.

There are ea number of useful tabulations in the
literature of etchants and conditions for the formation of
dislocation etch pits [23].

(b) Factors Affecting Qtchpit Morphology

The factors of importance to chemical etching can
be distinguished into those predominantly affecting the
overall (macroscopic) rate of etching and into those
affecting primarily the microscopic nature of etching ie.,
the resulting microstructure of the surface.

In preferential etchants, the morphology of
dislocation etch pits depends on orientation structure and
on the angle at which the dislocation line intersects the
surface. If the dislocation moves from its pit position
during etching, as in the case of shallow dislocation half­
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loops, or as a result of applied stress, then the bottom of
the pit becomes flat and upon continued non-preferential
etching, the pit is eliminated. The successful formation
of an etchpit is influenced by the etching rates along the
dislocation line, parallel to the surface and perpendicular
to the surface. Depending upon the relative values of the
etching rate, the morphology of pits will change. The
morphology of etch pits depends strongly on the crystal
structure [29].

Semiconductor surfaces, like all surfaces are
susceptible tx> mechanical damage. Mechanical means of
surface preparation, such as cutting, abrading, or even
metallographic polishing lead to a damaged (cold-worked)
surface layer, whose depth depends on the hardness of the
material, the type and size of abrasive, the temperature
and applied pressure. A ground surface differs from a
polished surface in that the former has many shallow,
piled-up ‘dislocation, loops, some ndsorientation. ‘and
increased surface roughness. Etchpits may be formed by the
dislocation and the geometry imposed by these may be
propogated in changed form, well below" the depth of the
original defects.
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A mechanically damaged surface etches more rapidly
than an undamaged one [30-34]. The greater etch rate on
the damaged surface has been attributed to the combined
effect of increased surface area and dislocation density.
The depth of the surface damage has been determined
successfully in semiconductors by a number of methods,
based on the increase in etching rate, the broadening of
X-ray lines, the increase in recombination velocity of
excess holes and electrons and the increase in surface
electrical conductivity resulting from cold work. The
effect of surface damage on the microstructure persists
even after the damaged layer has been removed.

Impurities play significant part in controlling
the etching behaviour. Both these impurities associated
with the dislocations in the crystal and those present in
the etchants will affect the etch pit formation. In the
dissolution process, the presence of impurities in the
etchant persumably reduces the flow of steps across the
surface in a manner exactly analogous to the reverse of
growth process, where it has been observed that certain
poisons in the solution still impede the rate of crystal
growth. The impurity will probably be adsorbed at the
steps and more particularly at the kinks in them, and
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therefore it will tend to protect them from chemical

attack. The overall rate ofcfisaflnflon of the crystal is

thereby decreased and higher undersaturations can be

maintained. Under such conditions, the tendency to

form etch pits is increased. Gatos and Lavine [35]

reported that the etch rate of B1111} surfaces of InSb

is reduced by the addition of stearic acid and n—butyl­

amine to oxidising etchants, but the much lower rate of

A{lll§surfaces remains practically unaffected.

The morphology is also influenced by the
nature of dislocations and their relative
orientations with the surface. Gilman et al. [36]

have reported an etchant for LiF to distinguish
between edge and screw dislocations. The relative
orientation of dislocation with the surface affects

the symmetry of pits. The dislocation if
perpendicular to the surface will produce
symmetrical pits while any deviation from it produce

asymmetry [20]. If the dislocations are parallel
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or almost parallel txa the surface, etch grooves or pdts
elongated in the direction of dislocation will result [37]
Combined with other direct dislocation observation
techniques snnfli as electron microscopy, X—ray topography,
decoration etc., etching has been successfully used for
defect studies. Several authors have used chemical etching
technique to study dislocations.PQria and shah [38] have
reported the reactivity at dislocations in bismuth using
the etchants containing trifluoroacetic acid and trichloro—
acetic a¢id_ Wermke et al. [39] observed low and high
angle boundaries and lamellar twins on CdTe and (Cd, Zn)Te

single crystal ingots using etching technique. The
dislocations in InP have been revealed by Nishikawa et al.

[40] using the solution containing HBr and CZHSOH. The
etchpit study of different crystallographic faces of
L—arginine phosphate (LAP) single crystals has been done by
Rao et al. [41]. Charles and Gnanam [42] have carried out

the dislocation studies of sglution grown NaSbF4 and
Na35b4Fl5 single crystals by chemical etching. The
geometry of growth dislocations present in potassium
bichromate crystals grown from aqueous solution has been
reported by Szurgot [43]. Peter et al. [44] have reported
the etch features in bismuth germanate single crystals.
The structural imperfections of CdTe crystals grown from
the vapour phase has been reported by Klinkova et al. [45].
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3.3.2 Thermal Etching

When a crystal is heated at high temperature,
evaporation of the surface lJ1-B manner reverse to growth
takes place and frequently etch pits are formed. Thermal
etch pits on arsenic [46] and antimony [47] were correlated
with dislocations by chemical etching and by matching
evaporated cleavage surfaces. A one—to—one correspondence

of thermal etch pits with dislocations has also been
reported in some works [48,49] but has not been found in
others [50]. In some cases the thermal etch pits are formed
at impurity—contaminated dislocations [49] or at impurity
aggregates [50].

An interesting feature of thermal etch pits is
that at low temperatures theyigrystallographically oriented
but at temperatures close to the melting point of the
crystals tfimnr are circular ixx morphology. The circular
pits, like crystallographically oriented etch pits, are
always terraced in the form of concentric rings originating
from a source, but in some cases evaporation spirals are
observed on the surface [51].

The mechanism of chemical—etch pit formation is
also applicable for thermal etch pits. However, there is a
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basic difference in thermal and chemical etch-pit
formation. In thermal etching, transport of the evaporated
material is only away from the surface. Thus thermal
etching can, at the maximum, be controlled by the volume
diffusion cflf the evaporated material when evaporation is
carried out in some gaseous atmosphere.
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3.4 FIGURE CAPTIONS

Fig.3.l: An edge dislocation in a simple cubic lattice.

Fig.3.2: A screw dislocation in a simple cubic lattice.

Fig.3.3: Diagrammatic representation of the dislocation
movement in the Frank—Read source.

Fig.3.4: Seven successive stages :h1 the development of ea
spiral. The plane of the figure is the slip
plane.
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4.1 INTRODUCTION

The mechanical properties of crystals are evaluated
by mechanical testing which reveals certain mechanical
characteristics. The fastest znui simplest type of
mechanical testing is hardness measurement. The rapid
evaluation of the ability of materials to undergo plastic
strain can be made by measuring hardness. This is mainly
achieved by indentation. Various other mechanical charact­
eristics of the materials such as toughness, brittleness
etc. have specific correlation with hardness [1]. Hence the
study of hardness provides an important tool in securing a
clear understanding of the mechanical behaviour of crystals.

The description of hardness, toughness and brittle­
ness of crystals forms this chapter.

4.2 HARDNESS

The hardness is a measure of the resistance to
deformation or damage of a material. It depends not only on
the material studied, but also on the measuring conditions.
The hardness measured by the indentation method is usually
called microhardness because the hardness in this method is

evaluated within a limited region. The results of a
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microhardness measurement essentially depend on 'the face
under test, the choice of the load applied to the indenter,
the choice of loading time and exposure to the load, the
correct patterns of impression on the test specimen, the
method for preparing the specimens for investigation etc.

A considerable literature exists on the hardness
measurements of several materials [2-10]. Although the
mechanism of deformation during indentation is not clearly
understood, hardness testing provides useful information
regarding the mechanical behaviour of brittle solids.
Plendl and Gielisse [ll] have correlated the hardness of
several crystals vdlfim the lattice- energy. Microhardness
studies on some III-V and II—VI compound semiconductors have

been made by Nagabhooshanam and I-Iaribabu [l2]. They have
compared the results with other properties of crystals such
as melting point, ionicity etc. The microhardness study of
SnTe and PbTe crystals was investigated by Varshava et al.
[13]. Banar et al. [14] showed that an increase in the
pressure of inert gas in the process of preparation of
filamentary crystals of time PbTe leads tx> an increase in
microhardness. The microhardness of TiN whiskers has been

investigated by wgkulski [15]. Kurilo et a£L. [16] have
studied the dependence of microhardness of CdTe crystals on
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the indentation depth reduced to constant deformation rate.
Investigations on the hardness properties of alloys and
eutectic systems were carried out by many authors. Crocker
et al. [l7] have explained the microhardness in PbTe and
related alloys. Krokha et al. [18] have investigated the
hardness <1f aluminium alloys. The microhardness of
CdxHgl_XTe ternary alloys has been measured by Sharma et al.
[19] at room temperature as a function of composition. Time
dependence of the hardness of two phase alloys like In—Bi,
Pb—Sn, Bi—Sn was studied by Leonov et al. [20]. Roslov et
al. [21] have studied the microhardness of single crystals
of solid solutions of EH~Sb system. Zemskov et al. [22]
found that in Bi—Sb alloy crystals with an Sb content3 at %
the microhardness was governed only by the Sb concentra­
tion in Bi and not depending on the growth rate.

Microhardness studies were also extended on organic
materials. Joshi and Shah [23] have discussed the results
of hardness number of anthracene, phenanthrene and benzoic
acid single crystals in terms of the geometrical packing of
molecules ixm the crystals. In addition txa the investiga­
tions of room temperature hardness the knowledge of high
temperature hardness (hot hardness) is also of considerable
interest. The creep behaviour of SiC crystals at high
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temperature was investigated by Hirai et al. [24] by
hardness measurement at high temperatures. Kumashiro et al.
[25] have studied the mechanical behaviour of TiC single
crystals by the measurement of microhardness upto l500°C.
They have determined the activation energy for creep from
the temperature dependence of time relaxation behaviour of
indentation.

4.2.1 Methods of Hardness Measurement

There are several types of hardness measurements:
static and dynamic indentation, scratching, measuring ‘the
height of rebound of a penetrator dropped on the test piece
etc. In static indentation, the hardness of the material
depends on the resistance to plastic strain. The applica­
tion of the elastic rebound method permits better evaluation
of the elastic properties of the material. The results of
kardness measurement by the scratching method depend on the
tendency cflf the material towards fracture» The scratching
hardness is measured by two methods namely Mohs hardness and

Martens hardness. The Mohs hardness is determined by the
ability of the body to be scratched by a harder body or to
scratch a softer one. Hardness is measured in Mohs scale,
in which ten standard minerals are arranged in the order of
their ability tun be scratched. The measure cnf Martens
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hardness is the width of the scratch made by a standard
diamond cutter (pyramid, cone). In dynamic hardness
measurements, the indenter is dropped on the specimen
surface. The energy of impact is the measure of hardness.

The classes of hardness are named after the
inventors of different types of indenter.

-7­
1 "';  1   ‘X ~(a) Brinell Hardness i‘;'rA!- ; ­

I

Brinell Hardness (HB) is determined by the
impression left by a steel ball. Here the microhardness is
equal to the load applied divided by the surface area of the
impression obtained, in which the diameter is measured after
the load is removed.

HB = 2P/rt D (D -./D2-<12) (4.1)

where P is the applied load in Kg, D the diameter of the
ball in mm and d is the diameter of the indentation in mm.

(b) Meyer Hardness

The Meyer hardness (HM) is measured as the ratio of
the load and the projected area of indentation.
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HM = P/1Tr2 (4.2)
where P is the applied load in kg, r the radius of indenta­

tion. For a cold—worked material, the MH is essentially
constant and independent of the load.

(C) VickersHardness

Vigkefs hardness (Hv) is determined by pressing down
a standard—sized pyramid and calculated as the standard load
divided knr the lateral surface of the pyramidal impression
obtained. Here the base diagonal is determined after the
load is removed. The indenter used is a diamond pyramid
with ea square base and aux apex angle of 136° between the
opposite faces.¥Mun1using such a pyramid, the microhardness
is calculated by the formula,_ 2HV — l.8544P/d (4.3)
where p is the load applied to the indenter(kg) and d is the
impression diagonal (mm).

(d) Knoop Hardness

A knoop indenter is a diamond ground to a pyramidal
form which produces a diamond shaped indentation with the
long and short diagonals in the approximate ratio of 7:1.
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Knoop hardness (HK) is the applied load divided by
the uncovered projected area of indentation.

HK = P/LZC (4.4)
where P is the applied load (Kg), L is the length of longer
diagonal (mm) and C is a constant of the indenter.

(e) Qockwell Hardness

The test utilizes the depth of indentation under
constant load as a measure of hardness. A dead load is
first applied txa seat the specimen and then the major load
for indentation its applied. The depth <1f indentation is
automatically recorded on a dial gauge in terms of arbitrary
hardness numbers.

4 . 3 TOUGHNESS

Toughness denotes the resistance to fracture of a
material. Among ea large number of nmthods available for
toughness [26-29], the indentation method is the best suited
for brittle materials with low toughness value. This is due
to the simplicity and rapidity with which toughness can be
evaluated using small samples. Toughness is an important
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parameter for characterising the fracture process initiated
by ndcrocracks. 'Durimg indentation, cracks are initiated
around the indented impression and these cracks propogate on

subsequent loading. The shaping cnf brittle materials by
drilling, grinding, cutting and abrasion, the damage and
erosion of surface etc., are all closely related to the
manner of initiation and propogation of microcracks.
According to Griffith [30], the crack is assumed to initiate

at some dominant flow in the specimen surface and then
propogate into a characteristic cone in accordance with the

requirements of an energy balance condition. Hagan [31] and

Lawn and Marshall [32] have proposed models to predict the

critical load and flow size conditions which should prevail

‘at the threshold cnf crack initiation. Several parameters
have become available for specifying resistance to crack
growth after the development of Griffith-Irwin fracture
mechanics. Of these, fracture toughness has gained the
widest acceptance as a material quantity in design. The
evaluation of toughness is of attracting interest for many
researchers [33-41].
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Several investigators have used indentation
techniques tx> study glide, deformation anisotropy, cracks

etc. in various crystals. The study of cracks in melt grown

cadmium iodide cmystals has been reported by Chaudhari et

al. [42]. Charles and Gnanam [43] observed crack patterns

on NaSbF4 and NaSb2F7 single crystals using a Leitz Wetzler
microhardness tester. Lawn and Marshall [44] suggested that

the dimensions of cracks are directly proportional to the
size of the indentation mark or the diagonal length. The
initiation of radial cracks were observed by Desai and
Ramana [45] on their lead hydrogen phosphate single
crystals. In garnet crystals, fracture starts with radial
cracking from the corners of the indented impression
followed by well developed lateral cracks [46].

The formula for crack propogating under loading

conditions determined by the analysis of the deformation
fracture mechanics of the indentation process can be
represented under equilibrium conditions as,

P/13/2 = §OKC : for 1 Zzd/2 (4.5)



104

where P is the applied load, 1 is the crack length, $0 is
the indenter constant, which is equal to 7 for Vickers
indenter [l], Kc is the toughness and d is the diagonal
length of the indentation mark.

4 . 4 BRITTLENESS

Brittleness is said to measure the relative
susceptibility of a material to two competing mechanical
responses, deformation and fracture [1]. This is an
important property as far as the mechanical behaviour of
material is considered. A number of useful parameters have
been devised for quantifying both deformation and fracture
properties separately. But little effort has been made to
combine such parameters into a common description. The

crack model proposed by Rice and Thomson [47] represents the most
important attempts in this direction. Another basic idea
stems from realization that a suitable indentation pattern
can provide simultaneous information on deformation and
fracture properties of a given material [48,49]. Lawn and
Marshall [1] have proposed the ratio of hardness to
toughness as an index of brittleness.
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A definite physical significance is attached to this
factor in the indentation problem [27,32,5O]. The brittle­
ness can be estimated by indentation from the load causing
cracks near the impression. An arbitrary scale of esti­
mating the brittleness of refractory compounds [51] is given
in Table 4.1.

Table 4.1: Arbitrary scale for estimating the brittleness
number of refractory compounds.' 1 . .Brlgg eness Character of the impressions

O No visible cracks or chipping
1 One small crack
2 One crack not coinciding with the continua­

tion of the diagonal of the impression.
Two cracks in adjacent corners of the
impression.

3 Two cracks in opposite corners of the
impression

4. Mofie than three cracks. One or two chips at
the sides of the impression

5 Shape of the impression broken up.
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5.1 INTRODUCTION

Various techniques employed in the investigations
presented in the thesis are described in brief in this
chapter. The physical vapour deposition (PVD) method and
horizontal zone levelling (HZL) method used for the growth

of Tel_xSex, Bi2Te3 and In2Te3 crystals are briefly
outlined. To determine the structure and lattice constant
of the grown crystals, X—ray diffraction method was used.
Electron Spectroscopy for Chemical Analysis (ESCA) was
employed to identify the elements present in the samples
and Differential Scanning Calorimetric (DSC) method ‘was
employed to determine the phase transition temperature of

In2Te3 samples. The details of microscopes used for the
study of crystal surfaces are presented. In this chapter, a
brief account of chemical and thermal etching techniques
for the dislocation studies is included. The last part of
this chapter also gives ea short note on the experimental
set Lfl) used for time microindentation analysis and
electrical measurements of the crystals.

5.2 GROWTH TECHNIQUES

5.2.1 Vacuum Sealing of Ampoules

The ampoules were cleaned thoroughly by washing
first with cleaning solutions and then ultrasonically
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with doubly distilled water and acetone and finally dried.
For sealing of the ampoule containing the reactants, an
adaptor with provision for connecting the neoprene tube
to the ampoule and a penning gauge head for pressure
measurement was used and was fixed to the base plate of
a vacuum coating unit. This system is shown in Fig.5.l.
The ampoule was connected to the vacuum system and
evacuated txa a pressure of lO—5Torru The lower end of
the ampoule was kept in a freezing mixture to avoid the
sublimation. of imaterials during fusing. After attaining
the final pressure, the ampoule was sealed at the constri­
ction.

5.2.2 Preparation of homogeneous charge of Te1_xSex,
Bi2Te3 and In2Te3

\
The starting materials of 'Tel_xSex, Bi2Te3 and

In2Te3 were prepared from elements of tellurium (99.999%),
selenium (99.999%), bismuth (99.999%) and indium (99.999%).

These materials were supplied by' Nuclear Fuel Complex,

Hyderabad, India. For preparing alloys of Te1__xSex, the
materials were vacuum sealed jJ1 grecleaned glass ampoule

of length 10 cm and diameter l0 mm. In the case of Bi2Te3
and In2Te3, quartz ampoules of length 10 cm and diameter
12 nmn were used for filling time reactant materials. In
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order to mix the materials properly, a constant temperature
(Muffle furnace) was used. The photograph of the furnace
is shown in Fig.5.2. The furnace can attain a maximum
temperature of lOOO°C. It has an attached temperature
controlling assembly which is capable of controlling the
temperature of the furnace to an accuracy of i2°C. The
ampoule was inserted in the furnace and slowly heated
to avoid the cracking of the ampoule. Very slow heating
results in good homogenization and better composition
of the samples. After mixing, the melt was cooled slowly
by slow reduction of the current through the furnace.
An arrangement is attached to the furnace to rock the
ampoule at intervals for proper mixing.

5.2.3 Vapour growth of Te1_xSex, Bi2Te3 and In2Te3
crystals

The growth of Tel_xSex, Bi2Te3 and In2Te3 whiskers
was carried out by the physical vapour deposition (PVD)
method. For growth, a horizontal linear gradient furnace
with two zones was used. The experimental set up is shown
in Fig.5.3. The core of the furnace consists of a ceramic
tube of about 50 cm length and 4 cm inner diameter. The
source and growth zones of the furnace are two ceramic
tubes with regularly spaced inner grooves for the heater
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windings (Kanthal Al wire). The furnace tube and the heater
assemblies were insulated using thick asbestos winding
and were covered using a MS outer jacket. A maximum tempe­

rature of lOOO°C was achieved by giving about 4 amps of
current to the furnace.

The Tel_xSex crystals were grown in pyrex glass ampoules

whereas Bi2Te3 and In2Te3 crystals were grown in quartz
ampoules. One end of the ampoule was closed and the other
end was uniformly constricted to allow for sample intro­
duction and easy sealing. Two round dimples were made
On the EIHIPOUIQS inorder to increase the degree of mixing of the

vapours. In physical transport methods of crystal growth,
transporting of the reactants from the hot zone to the
cold zone is taking place at a low pressure in the ampoule.
The sealed ampoule was placed in the furnace and was
subjected to reverse transport so that the traces of
materials at the growth zone would be removed. For the
growth process, the source zone was maintained at higher
temperature and the growth zone at a lower temperature.
The temperature of both zones was controlled to an accuracy
of 11°C using two independent temperature controllers.
After the growth of crystals, the ampoule was removed
carefully from the furnace. Good crystals were obtained
in the form of whiskers with well developed prism faces.
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5.2.4 Melt growth of Bi2Te3 and In2Te3 crystals

The crystal growth set up for Bi2Te3 and In2Te3
crystals by horizontal zone levelling (HZL) method is
shown in Fig.5.4. It consists» of a fabricated furnace
which could be raised to a temperature of lOOO°C. The
length of the furnace tube is about 106 cm. Kanthal Al
wire was used for the heater windings. The length of the
kanthal heating element was so chosen that 250 volts AC
could be applied to the coils without the coils getting
damaged. For insulation, the heating zone was covered
by asbestos windings. Since kanthal at high temperatures
is liable to be reactive with asbestos, the leads were
taken out after enclosing them with beads of porcelain.
The two ends of the tube can be closed tight by rubber
stoppers. The temperature profile along the axis of the
furnace was carefully determined using a chromel alumel
thermocouple. For growing crystals, the ampoule containing
the homogeneous charge was placed ix: the furnace. The
charge end was kept at higher temperature while the sealed
end was kept at lower temperature» Good stoichiometric

crystals of Bi2Te3 and In2Te3 were obtained and were
cleaved to get optically plane surface for their chara­
cterisation.
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5.3 X—RAY DIFFRACTION (XRD)

X—ray diffraction study was used to identify
the compound and its structure. According to Bragg's law

2d sin6 = n7» (5.1)
where d is the lattice spacing, E9 the incident angle
of X—ray beam, n is an integer and 7k the wavelength of
the incident radiation.

In the powder method, the crystal to be examined
is reduced to a very fine powder and placed in a beam
of monochromatic X—rays. Each particle <16 the powder' is
a tiny crystal oriented at random with respect to the
incident beam. In X—ray diffractometers, the X—ray source,
the $Pe¢imen and the detector are 59 arranged
to obey the Bragg's law. When fig the wavelength is known
the interplanar distance 'd' of the crystal can be
determined.

A Philips PW 1710/OO X-ray unit was used for
these studies. Filtered CuKx;radiation was employed as
the X—ray source. The accelerating potential applied to
the X—ray tube was A140 kV and the tube current /x»15 mA.
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The intensity of the diffracted radiation against 2E5 was
recorded by a recorder running in synchronization with the
goniometer. The lattice parameters of the crystals can be
determined by indexing the powder patterns [1].

5.4 ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA)

X-ray photoelectron spectroscopy is a powerful new
analytical technique currently experiencing widespread use.
The technique is commonly called ESCA for electron spectro­

scopy for chemical analysis [2].

When an X-ray or electron beam of precisely known
energy impinges on the samples, inner shell electrons are
ejected and the energy of the ejected electrons is
measured. This is the phenomenon on which ESCA is based.
Inorder to eject an electron beam from a K-orbital, the
energy of the radiation falling on it must be greater than
the energy required to displace it. The energy of the
escaping electron is designated as Ek (This proposes that
the electron comes from the K shell). The binding energy
of this electron is given by the equation,

Eb = hw>— (Bk + C) (5.2)
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where Eb is the binding energy of electron, h‘D is the
energy of the photon, Ek is the kinetic energy of the
escaping electron and C is an instrumental constant.

At a given energy of the incident photons, the
photoelectron spectrum cfliea material reflects the various
occupied electronic levels and bands ix: the material.
Because the energies of the various electronic levels are
usually different for different materials, photoelectron
spectra are characteristic of the material. If Eb is
measured, ii; is possible txa deduce information about the
chemical composition of the specimen atoms in the molecule.

Since Eb the original binding energy of the emitted
electron depends on the energy of the electronic orbit and
the element from which electron is emitted, it can be used
to identify the elements involved. The quantity of the
electrons is proportional to the concentration of the
material. Changes in the chemical composition of the atom

causes changes in Eb. Since the electrons ejected in ESCA
technique are necessarily of low energies, the smaller
energy differences can be easily measured, the electrons
cannot escape from any significant depth in the sample.
The phenomenon is therefore confined to atoms on the
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surface of the sample and provides a method of surface
analysis.

The ESCALAB MK II spectrometer (VG Scientific Ltd.

UK) with Mg&i,(hU = 1253.6 eV) radiation as the source was
used for the analysis.

5.5 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Thermal analysis continues to be one of the
fastest growing instrumental techniques for the study of a
material and differential scanning calorimetry (DSC) is one
of the advanced techniques in the field of thermal
analysis. Thermal analysis using DSC has been successfully
employed to study the equilibrium between the different
phases in complexes, the thermodynamic properties,
crystallization energies, microstructural evolution in
alloys, phase transitions, effect of temperature rise on
structural change, heat capacity, enthalpy etc. Basically
the DSC technique allows the determination of the time
derivative of the heat content per unit mass of the sample,
§(t) = dH/dt as a function of time t for a given heating
rate, T == dT/dt and ea given temperature, T(t). The DSC
traces of crystals were obtained using a Perkin Elmer Delta
Series Differential Scanning Calorimeter (model DSC-7).
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The photograph of the instrument is shQwn in Fig.5.5. The
spectrum was recorded with a scanning rate of 5°C/min. The
distinct variation in the heat flow of the samples was
studied and the phase transition temperature has been
determined.

5.6 OPTICAL MICROSCOPY

Optical microscopy is one of the best suited
methods for observing crystal surfaces. The information
about the mechanism of crystal growth can be obtained from
the observation of growth patterns. Crystals with good
plane faces were used for the morphological studies.

A Carl—Zeiss Jena Epityp ILI metallurgical
microscope (Fig.5.6) was employed for the optical studies
of crystal surfaces. This microscope carries a binocular
vision system. The microphotographs of the crystal
surfaces were taken with the help of a photographic
attachment of the microscope.

The inverted metallurgical type Union Versamet-2
microscope (Fig.5.7) was also used for the microtopo­
graphical studies. This microscope consists of two
different system for time optical examination of crystals
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viz. Transmission system and reflection system. The
illuminating system can be shifted from reflecting to
transmitting modes. For change over between reflected
light illumination (24 V, 150 W, halogen) and transmitted
light illumination (12 V, 50 W, halogen), a light source
changeover switch was used. The reflection mode was used
in the present case as the crystals used for the study were
opaque. The microscope possesses a built-in photo
mechanism for large size and 35 mm film. The photographic
lenses for 35 mm photographs and large size photographs are
on a rotating turret. The magnification of each lens can
be seen through a display window Lenses can be changed by
turning the outer knurled ring until the magnification
required appears in the display window. The unit also
carries one pair of 10 X eye pieces. For photography, the
image can be focussed on the projection screen.

In both the above microscopes, the specimen to be
studied is pflaced cn1ea movable stage above the objective
lens. The stage can be moved in circular and crosswire
directions. Focussing is done by raising and lowering the
stage by rack and pinion arrangement and by fine movement.

Microscopic study of the crystal surfaces was also
carried out tqr means of a scanning electron. microscope

(CambridgeSteroscan S-150).
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5.7 ETCHING STUDIES

During the present investigations on dislocations,
chemical and thermal etching techniques were employed.
As-grown crystals and cleaved crystals were used for
etching studies. Chemical etching was performed by
immersing the crystals in different etchants and the etched
surfaces were studied under optical microscopes.

Thermal etching was carried out imlaa high vacuum
system using ea diffusion pump in conjuction with a rotary
pump. A vacuum of the order of 10-5 Torr was achieved
using this system. The etching was carried out under
different temperatures and pressures. The temperature was
measured by a chromel alumel thermocouple and the pressure
was measured using a penning ionisation gauge. Fig.5.8
shows the photograph of the vacuum system.

5.8 MICROINDENTATION STUDIES

Microindentation analysis was carried out using a
Hanemann Microhardness Tester (model D32) which can be
attached to the Carl—Zeiss Jena Epityp II metallurgical
microscope. ‘The experimental set Lfl) is shown in Fig.5.9.
The diamond pyramid is polished in the shape of a quadr­
angular Vickers pyramid-—whose sides have a slope of 22°,
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placed in the metallic chamber and a steady voltage of
"V9 V was applied by a battery. Current was measured using
an electrometerflflua power to the heater was provided from a
stabilized voltage source. Sample temperature was measured
using ea Chromel—Alumel thermocouple kept ixa contact with

the sample surface. The conductivity can be evaluated with
the known values of the magnitude of the current, area,
thickness of the sample and the applied voltage. A
photograph of the experimental set up is shown in Fig.5.l2.
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5.10 FIGURE CAPTIONS

Fig.5.l: Vacuum system for fusing the ampoule.

Fig.5.2: Constant temperature furnace.

Fig.5.3: Experimental set up for the growth of crystals by
PVD method.

Fig.5.4: Experiental set up for the growth of crystals by
HZL method.

Fig.5.5: Perkin-Elmer Delta Series Differential Scanning
Calorimeter.

Fig.5.6: Carl Zeiss Jena Epityp II microscope.

Fig.5.7: Union Versamet-2 microscope.

Fig.5.8: Vacuum system for thermal etching.

Fig.5.9: Experimental set up for microindentation
analysis.

Fig.5.lO: Schematic diagram of the metallic chamber for the
measurement of electrical conductivity.
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Fig.5.ll: Schematic diagram of the measurement of
electrical conductivity.

Fig.5.l2: Experimental set up for the measurement of
electrical conductivity.
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GROWTH AND MORPHOLOGY OF VAPOUR-GROWN

Te1_XSeX, Bi2Te3 AND In2Te3 CRYSTALS
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6.1 INTRODUCTION

Owing to the potential applications of tellurium,

selenium and Tel_xSex alloy crystals in various devices, a
widespread interest has evolved in studying their
properties. Tellurium and selenium are VI group chalcogens
and share ea peculiar hexagonal crystal structure. Within
the chains the bonding is covalent, but cross-linking the
chains it is partially van der Waals and partially metallic
in nature [l].. Consequently, the physical properties are
anisotropic.

Keezer en: al. [2] have investigated the crystal
growth from the liquid and vapour phases over the full
range of the Se—Te system. Shih and Champness [3] have
reported the growth of Se—Te mixed crystals using the
Czochralski "method. Also Quang' et al. [4] have <grown

monocrystalline Te—rich SexTel_x alloys using the
Czochralski method. Shiosaki and Kawabata [5] have used a

Te seeding Bridgman method to grow SexTel_x single crystals
containing 70 to 100 at % Se at growth rates of 0.2 to
1.5 mm/h. Using the Bridgman method and a zone levelling
technique, single crystals over time whole range of
composition were obtained by Beyer et al. [6]. Bhatt and

Trivedi [7] have grown Se9O-Telo crystals from the melt by
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the Bridgman technique using thallium as an impurity.

Vapour growth of hollow Se9O—TelO whisker crystals using a
vertical gradient furnace and their morphological studies
have been carried out by Bhatt et al. [8,9].

Bismuth telluride is a narrow-gap semiconductor

(Eg = 0.16 eV) belonging to V-VI family and finds
application in thermoelectric devices [10,11]. Crystallo­
graphic data for this compound were originally published by
Lange [12] who described the structure as rhombohedral with

the space group Dgd(R§m). Later, from the measurements on
annealed powder samples cflf the stoichiometric compound,
Francombe [13] obtained accurate values of structure-cell
parameters, ie.,

aR = 10.473 R, o(R = 24°9'32"

The atoms of the Bd2Te3 structure are arranged in layers
which are stacked imm the rhombohedral [lll] direction in
cubic close—packing. It can schematically described by the
layer sequence,

...|Te—Bi-Te—Bi-Te|Te-Bi—Te-Bi—Te|Te-Bi—Te—Bi-Te-|...
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It is seen that tellurium occurs in two different(1) (2) (1)positions, namely Te and Te sites. Te represents
the atom sites limiting the five layered lamellae and Te(2)
the sites in the centre of these lamellae.

A striking feature of Bi2Te3 crystals is the ease
with which they can be cleaved along the basal (0001)
planes (referred to hexagonal axes). It has been reported
by Drabble and Goodman [14] that the bonding between Bi—Te

].ayers is predominantly covalent and partially ionic in
character, while that between Te—Te layers is of the van
der Waals kind and that cleavage occurs between the weakly
bonded Te layers. iBecause of "the inherent chain type
structure these crystals mainly grow as needles.

The growth of Bi2Te3 crystals by melt methods was
carried out tqraa number of authors [l5—23]. Arivuoli et
al. [24] have reported the growth of single crystals of
V—VI group compounds from vapour. They obtained platelets

and needle crystals of Sb?Te3 and As2Te3. But the growth0

conditions for Bi2Te3 needles have not been reported.

Indium telluride belongs to III-VI group
compounds. It is receiving increasing attention due to
their important optical [25], thermoelectric [26] and
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photoelectric pmoperties [27] and their possible applica­
tions in switching and memory devices [28]. The structure
determination for indium telluride crystals was performed

by Zaslavskii et al. [29—3O]. They have found that In2Te3
exists in two modifications: a low temperaturec{&form and a

high temperature‘5—form. The dbnmdification exists below
550—600°C and pmssesses a statistically ordered fcc
structure vdlfii lattice constant a.== 18.486 3. The space
group of this modification is F21-3m [30]. In the p—modi­
fication, the indium .atoms ‘and the ‘vacancies are
distributed at random leading to a sphalerite structure
with lattice constant ao = 6.158;. and space group F£3m.
Most of the physical properties of this compound have been
carried out cni samples prepared by melt growth techniques

[31-34]. Verkelis [35] has grown p—modification of In2Te3
crystals by the chemical gas-transport method and obtained
needle shaped crystals bounded by (lll) planes. Not much
work has been reported on the growth and characterization

of In2Te3 crystals.

6.1.1 Hollow Crystals

Growth cflf crystal whiskers has been of scientific
interest for several hundred years, because their strength
approaches time theoretical strength <1f perfect crystals.
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The academic interest in whiskers has been centered around

the different growth mechanisms responsible for the growth
of whiskers. Investigations into the morphology of the
growth surface suggest important conclusions about the
growth mechanism. Moreoverq hollow' crystals find
importance for the fabrication of certain devices using
electrodes attached to time inner and outer surfaces with
favourable geometrical arrangement [36]. As a consequence,
extensive studies have been reported on the morphology and
growth mechanism of whiskers grown from various substances

[37—4l]. Hollow crystals of II-VI compounds have been studied

by many authors [42—44]. Hollow crystals in V-VI family

like As2Te3 and Sb2S3—Sb2Se3 system were also reported
[45,46]. However, very little information is available in
the literature on the observation of hollow needles of

Bi2Te3 and In2Te3. Hence, in view of the research interest
to understand the mechanism responsible for the growth of
hollow whiskers, an attempt has been made to <grow and

examine whiskers of Tel_xSex at compositions;;= Q tQ:K)at %
Se, Bi2Te3 and In2Te3 by physical vapour deposition (PVD)
method. Morphological studies of these whiskers have been
done anui are reported here. The presence of constituent
elements in the grown whiskers was analysed using ESCA.
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X—ray analysis has also been made to determine the
structure and lattice constant.

6.2 EXPERIMENTAL

For the synthesis of T@1_xSex alloy containing

0 to 10 at % Se, Bi2Te3 and In2Te3, high purity elements (99.999%)of
tellurium, selenium, bismuth and indium were used. A
constant temperature furnace described in chapter 5 was
used for mixing the melt of respective samples.

In order to prepare homogeneous alloys of
Tel_xSex, appropriate quantities of the materials were
vacuum sealed at ea pressure of 10-5 Torr iJ1 thoroughly
cleaned pyrex glass ampoules of length l0 cm and diameter
10 mm. The sealed ampoule was kept in the furnace at 500°C
for about 24 h. The» melt was stirred mechanically' for
proper mixing of the constituents and it was slowly cooled
to the room temperature.

In the case of Bi2Te3 and In2Te3, the materials
were vacuum sealed in quartz ampoules of length 10 cm and

diameter 12 mm. For Bi2Te3, the furnace temperature was
raised to 700°C for 24 h and the ampoule was periodically
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rotated for homogenization. In the case of In2Te3, the
temperature was slowly increased upto 750°C to avoid
breaking of the ampoules. The melt was held at this
temperature for 48 h and kept for proper mixing of the

components. For preparing<£rIn2Te3, the melt was allowed
to cool slowly txa room temperature at ea rate of 10°C/h,

whereas for 8-In2Te3, the melt was slowly cooled to 480°C
and then quenched to ice temperature. Identification of the
compounds was made using a philips 1710/00 X-ray powder
diffractometer with Cukoc radiation as the X-ray source.
The powder diffractogram of the samples revealed that

Bi2Te3 and<£.and Q-forms of In2Te3 had been formed.

About 10 g of the charge thus obtained was used to
grow whisker crystals using the PVD method. The charge was
sealed in pre—cleaned ampoules at a pressure of 10-5 Torr.
Growth experiments were carried out in a two zone
horizontal gradient furnace which is described in
chapter 5. Before starting growth, the growth zone was
cleaned by subjecting the ampoules to reverse transport, so
that any trace of materials at the growth. end of ‘the
ampoule would be removed. For growth of Tel_XSex crystals,
ampoules of pyrex glass having 19 cm length and 18 mm outer
diameter were used. The source temperature was maintained
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at 500°C and the growth temperature was varied from 250 to
300°C. Quartz ampoules of length l9 cm and diameter 15 mm

were used for growing Bi2Te3 crystals. The temperature of
source and growth zones was changed to different values and
kept constant during growth to an accuracy of 1 1°C. The

deposition time was around 72 hours. Forixjand fi—In2Te3
crystals, quartz ampouls of length l9 cm and diameter 10 mm
were used. The temperature difference between, the two
zones was varied from 80°C to 100°C and kept controlled for

about 120 h for the growth of=(eIn2Te3 crystals. In the
case of B—In2Te3 crystals, the growth zone temperature was
kept at 450°C. The growth time was around 140 h. The
crystals obtained were in the form of hollow whiskers
bounded by smooth prism faces. The as-grown surfaces of
the crystals were observed in reflection using Carl—Zeiss
Epityp II and Union Versamet—2 metallographic microscopes.
XPS analysis was carried out using an ESCALAB MK II
spectrometer (VG Scientific Ltd., UK). The experiment was
performed using a Mgkx.(hv = 1253.6 eV) source.

6.3 RESULTS AND DISCUSSION

6.3.1 Te Se Whiskersl—x x
The effect of source temperature and growth

temperature was studied for the successful growth of
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crystals. When the source temperature was kept at 500°C
and growth temperature at 250°C, thick needle type crystals
were obtained (Fig.6.l) after a growth time of about 100 h.
Fig.6.2 shows the whiskers formed when the source
temperature was maintained at 500°C and the growth
temperature at 300°C. The growth time was about 72 h. The
crystals obtained were about]_cmIhx@ with l to 2 mm2 cross
section. Further increase in growth time resulted in no
significant change of length, but only the thickness was

found to be increased. The XPS survey scansof TeO.99SeO_Ol

and TeO.95SeO.O5 whiskers are depicted in Figs.6.3(a) and
6.3(b) respectively. Both tellurium and selenium peaks are
clearly visible. As shown in these figures, the Te 3d
levels are sharp.

It has been observed that whiskers with small
concentrations of Se grow along the c—axis and are bounded
by (l0l0) prims planes. The whiskers obtained were hollow
with three or four well developed prism faces [47]. Most
of the crystals were deposited on the wall of the ampoule
between the two dimples. The SEM photograph of a typical
whisker is depicted in Fig.6.4(a). Figs.6.4(b) and 6.4(c)
show the higher magnification of the tip and prism face of
this whisker, where the hollow morphology can be clearly
seen.
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Many interesting observations have been found on
the whiskers grown for various concentrations of Se during
the present investigations. The outer surfaces cnf the
grown hollow' whiskers are usually smooth and time inner
surfaces are stepped. Characteristic step like growth
layers on the inner side of the prism face of a
TeO.98SeO.O2 whisker are shown in Fig.6.5. Fig.6.6
indicates time numerous striations on the inner surface of

the prism plane of a TeO_9.7SeO_03 whisker. The growth
features are lying parallel to the c-axis. The sides of
the whiskers are further developed by the layer mechanism.

On examining the upper flat surface of the
whiskers, it has been observed that a cavity is spreading
from one edge of the whiskers. This is shown in Figs.6.7
and 6~8. This leads to the conclusion that the whiskers
are grown from the tip. Fig.6.9 shows a hollow
TeO_97SeO_O3 whisker with a small whisker lying on its
prism face. The irregularities ixl the growth conditions
are responsible for this. when the growing surface is not
perfectly planar, small spurs may form on the surface and
join together with some mismatch, due to some local super­
cooling cn: irregularity imm growth rate. Observations on
the prism faces of some whiskers showed growth of short
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side whiskers (Fig.6.lO). Some of the whiskers also showed
rough surfaces due to insufficient material supply or due
to temperature fluctuations. Fig.6.ll shows such a surface

of a TeO_9OSeO.lO whisker.

6.3.2 Bi2Te3 Whiskers

Most of the crystals grow as needles when the
growth zone temperature ‘was kept at 20°C less than ‘the
melting gxfixnz of the compound [48]. A single source may
produce thick hollow needles of about l0 mm long as shown
in Fig.6.l2.

Fig.6.l3 shows the X—ray diffraction profile of

Bi2Te3 whiskers. The calculated d—values are presented in
Table 6~l. The rhombohedral LHUI1 cell dimensions
calculated from the X-ray powder analysis are found to be

aR == 10.470 K and ¢%{== 24°9'45". The values agreed well
with that reported in the literature [13]. Surface
composition of Bi2Te3 whiskers was analysed using ESCA and
the XPS spectrum is shown in Fig.6.l4.

Fig.6.l5 shows the prism face of a well developed
crystal. When the prism faces were not developed, axial
cavities extendimg parallel tx> the c—axis were observed.



0

“T

‘Q

O5

CD

Q

(‘W

Q:

Ov-I

O.
N

0,0J8

LO

C)
OJ ca­

P‘

O.,_.,­ ,­§\O‘\F -1­

\
.<‘32'3<

an­

JO _ \ \

Sj<.1

<0
v-O

Io
LO

K1!Su=>1\I1 91\!1BI9H

‘; _ _ 1_ IOJO!

20 (Deg.)

GO1­
CD

.9.”
r.:..



Table 6.1 X—ray powder data for bismuth telluride crystal
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*
hkl

Standard Pattern Grown Crystal
d I/Io d I/Io(Z) <3)

1,0,1

1,0,5

1,0,8

1,0,10

l,0,11
1,1,0

0,0,15

1,0,13

2,0,5

0,0,18

2,0,l0

3.780

3.220

2.694

2.378

2.237

2.191

2.032

1.995

1.810

1.694

1.610

8

100

5

55

11

35

40

6

20

5

16

3.769

3.218

2.692

2.376

2.232

2.191

2.029

1.998

1.810

1.692

1.609

7

100

6

54

11

19

60

36

13

13

14
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The presence of axial channels indicative of hollow growth
are shown in Fig.6.l6. Fig.6.l7 reveals clearly the hollow

nature of a Bi2Te3 ‘whisker; The hollow crystals with
partially developed prism faces had been used to study the
growth features inside the prism faces. Fig.6.l8 shows
growth layers on the prism face of a whisker. Here layers
of different thicknesses are advancing in the direction of
c-axis. This is due to the consecutive deposition of
layers by tangential motion of steps. Microscopic observa­
tion on the inner surface of whiskers showed growth
strkitions parallel to the c—direction (Fig.6.l9) which are
forming the walls of whiskers. Growth layers propogating
from the cavities near the edge of a whisker is shown in
Fig.6.2O. From this figure, ii: is seen that thick steps
are more near time cavities and become thinner as ‘they
approach the base end of the whisker.

Bismuth telluride crystals exhibit different forms
due to the anisotropy of supersaturation in time growth
region. In some cases it zns found that two independent
whiskers meeting at a point and still continued their
growth forming an X-shape and a Y—shape (Fig.6.2l). This
suggests that eventhough the tip of a growing whisker met
another whisker, the growth continued further. A large
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number of microcrystals were also found overgrowing on some

whiskers (Fig.6.22). The overgrowth may kn; developed
during the later stage of growth. Another interesting
observation revealed the formation of irregular twisted
growth of these whiskers. A more characteristic defect is
a sharp kink in the axis of a whisker. Fig.6.23 shows a
kinked whisker, the growth kink has an angle of about 30°.
This type of growth kinks were observed by Baker [49], who
measured the angles between the kink segments in zinc
whiskers and suggested that they are the possible angles
between the orthohexagonal axes of a single crystal. The
kinking phenomenon reflects a fluctuation during growth at
the site of the origin of the whisker, that is, in the
nucleating grain.

6.3.3 <>( —In2Te3 Whiskers

Hollow crystals of QC-In2Te3 were obtained after
120 h [50]. Fig.6.24 illustrates some typical needle
shaped crystals grown during the present study. A few
platelets were also observed. In Fig.6.25 the as—grown
faces of the crystals are depicted. The X-ray diffraction
pattern of these crystals is shown in Fig.6.26. The
calculated d values were critically compared with standard
d values given by Mamadev et al. [34] and are listed in
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Table 6.2. From this, it is fairly clear that the present
crystals correspond to the<£-modification of In2Te3. This
fact is also confirmed by the determination of lattice
constant, which is found to be a = 18.471 Z. The chemical

composition of In2Te3 crystals has been examined using ESCA
(Fig.6.27).

The prism faces of whiskers showed many character­

istic growth patterns. Fig.6.28 shows the channel
formation observed on the side of a whisker. On some of
the needle surfaces, layer growth fronts were also formed
(Fig.6.29). In Figs.6.3O(a) and 6.30(b), growth steps
propogating from the tip of whiskers can be seen. From
these observations, it can be inferred that the growth of
whiskers is accelerated from the tip. A hollow cavity
spreading from one edge cnf the whisker is depicted in
Fig.6.3l. Fig.6.32 shows the deposition of micro­
crystallites on the wall of the tube. As seen the hollow
cavities are present on all the surfaces.

6.3.4 p—In2Te3 Whiskers

Fig.6.33 shows time X-ray diffraction pattern for

p—In2Te3 whiskers. The results cnf indexing this pattern
are listed in Table 6.3, which is found to be quite
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Table 6.2 X-ray Powder Data for o¢—In2Te3 Crystal

Bragg (3) dangle,6<deg.> <5)Calculated, d Reported [34], I/Io hkl

12.54

13.67

16.12

20.17

22.36

25.22

28.55

31.04

36.63

38.99

3.550

3.260

2.775

2.235

2.026

1.809

1.613

1.495

1.292

1.225

3.552

3.264

2.772

2.232

2.024

1.808

1.611

1.493

1.293

1.226

100

30

55

35

60

10

7

16

8

15

3,3,3

4,4,0
6,2,2

6,4,4
9,1,1

10,2,6
9,7,1

10,6,4

13,5,3

15,1,1
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Table 6.3 X-ray powder data for B -In2Te3 crystal

Bragg Calculated, d Reporged [35], I/Io hkl
Oangle,9(deg.) (A) 0

(A)

12.51

14.57

20.71

25.68

30.07

33.00

40.56

3.558

3.064

2.179

1.778

1.538

1.415

1.185

3.548

3.069

2.178

1.779

1.539

1.415

1.186

100

10

65

92

21

70

62

1,1,1

2,0,0
2,2,0
2,2,2

4,0,0

3,3,1

3,3,3
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consistent and reproducible with that reported in [35].

The value of lattice constant is found to be ao = 6.164 3.

Fig.6.34 depicts needle type whiskers deposited on
the wall of the tube. In this case also, almost all the

whiskers were grown hollow [51]. B-In2Te3 crystals are
also interesting from the point of their sur’ace features.
Growth patterns indicative of layer growth were observed on
the prism face of whiskers (Figs.6.35(a) and 6.35(b)).
Fig.6.36 shows the propogation of steps from the tip of a
crystal. In most cases, the inner surfaces of the crystals
were covered with numerous striations and ridges as shown
in Fig.6.37. In Fig.6.38, an irregular shaped needle
clearly depicting the hollow nature can be seen: the hollow
cavity is wider at the upper edge of the needle and tapers
along the prism facew .A smooth well developed crystal is
shown in Fig.6.39. In some whiskers, the tips were kinked
as shown in Fig.6.4O.

6.3.5 Growth Mechanism of Crystals

There are different growth mechanisms responsible
for the growth of ‘whiskers. Some theories of ‘whisker
growth require time presence of ea screw dislocation lying
along the axis of the whisker. when a crystal grows by the
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addition of atoms or molecules along a step provided by
screw dislocation, the step will wind itself into a
helicoid. Hence the surfaces of crystals grown by screw
dislocation mechanism are often covered with growth spirals
oY other distinctive features relating to screw dislocation
[52]. But ixm the present case, ru> such observations are
found, which indicates that screw dislocation mechanism is

not active in the growth of Te Sex, Bi2Te3 and oC and1-x

B-In2Te3 whiskers.

Another mechanism responsible for the growth of
whiskers iii vapour—liquid-solhd (VLS) mechanism. If the
growth of crystal is taking place by this mechanism, a
small globule is usually revealed at the tip of whiskers.
The observation on the tip part of the grown whiskers has
not found any globule formation. This also suggests that
in the present case, the whiskers are not grown due to VLS
mechanism.

Layer-by-layer growth of atomically smooth surface

is an important mechanism by which the crystalline lattice
is built. In layer-by-layer growth, the kinks are
concentrated at steps only. Elementary steps are separated
by atomically smooth areas. The growth of stepped surface
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is further achieved only by the motion of existing steps,
and the formation of fresh nuclei. As mentioned earlier, a
number of whiskers grown ixa the present work have shown
characteristic growth patterns lying parallel to the
c—axis. The growth features of Tel_xSex whiskers
indicative of layer growth are seen in Figs.6.5 and 6.6.

In the case of Bi2Te3 whiskers, growth layers spreading on
the prism faces were observed (Figs.6.l8, 6.19 and 6.20).
From these figures, it is seen that the step height of the
layers is decreasing during their tangential motion.
Growth steps forming the walls of whiskers are visible in
Fig.6.l9. Layer growth fronts were also observed on the

prism faces of dI—In2Te3 (Figs.6.28, 6.29, 6.30(a) and
6.3O(b)) and $—In2Te3 whiskers (Figs.6.35(a), 6.35(b), 6.36
and 6.37). From all these observations, it is clear that
the whiskers grown in the present case grow by spreading of
layers on their prism faces due to layer growth mechanism.
The source of growth steps is provided by two—dimensional
nucleation, which determines the growth rate of whiskers.
The observations on layer growth are similar to those
reported for BiSeI [53].

During the present investigation, the formation of
hollow crystals has been observed in all cases. For
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Tel_xSex crystals, hollow cavities are observed from the
tip (Fig.6.?) indicating that the crystals are growing from
the tip. The theory developed for whiskers growing at the
tip parallels to that cnf bulk crystals. If the axis of
whisker growth is the direction of high density and if the
faces that bind the whiskers are low energy surfaces, the
nucleation on the tip will be easier compared to the other
faces. Once a layer is completed on the whisker tip,
subsequent growth will be favoured only by having
additional energy. At higher supersaturations, the
nucleation rates at apexes and edges are the highest due to
the enhanced heat transfer and supersaturation. This mode
of growth results in hollow regions with steps inside.

For Bi2Te3 whiskers, axial channels due to hollow
growth were observed. When the prism faces surrounding the
axial cavities (Fig.6.l6) have started to grow, the
tendency of these faces to grow in any direction other than
the c—direction slows down and the crystal increases in
length. After growth along the c—direction for a consider­
able length, it stops growing in the c—direction also. At
this stage, the periphery of the cavity in the edge
(Fig.6.2O) becomes the preferential growth site and starts
growing from the edge.
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In the case ofaC—In2Te3 whiskers, hollow cavities
are formed on all the surfaces (Fig.6.32). It is due to
the fact that when the vapour from the source arrives in
the colder portion of the tube during growth it condenses
and forms extremely minute microdrops on the wall. At the
instance of solidification, a very minute hollow cavity is
created on the top surface of the crystallite. The process
of filling the cavities forms the sides of whisker. This
give rise to the formation of hollow nature on the inner

prism faces. The edge of hollow 5-In2Te3 whiskers also
showed cavities (Fig.6.38). Since the formation of two­
dimensional nucleation at the edges is more than at the
centre of the face, the layers from time edges of the
growing faces move towards the centre.

6.3.6 Observation of Stacking Faults on the Basal Plane of
Bi2Te3 Crystals

Stacking faults and the associated partial dis­
locations have been observed by several workers. The first
direct observation of prismatic loops in aluminium was made
by Hirsch et al. [54]. Eikum and Thomas [55] have reported
the formation of diamond-shaped prismatic loops in quenched
fcc metals. Ning and Ye [56] have observed intrinsic
stacking faults closed by two shockley partial dislocations
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in the (lll) plane of SiC by high resolution electron
microscopy. Tendeloo et al. [57] have observed Frank type

sessile dislocations in YBa2Cu3O7. The nucleation of
dislocation loops from vacancies has been studied by
Jackson [58]. The formation of dislocation loops is also
pronounced in crystals with layer type structures. The
weak binding between layers can result in stacking faults
of low energy auui hence unit dislocations are ‘usually
widely dissociated into partial dislocations [59].
Grigoriadis and Stoemenos [60] have observed dislocation
configurations due to stacking faults in silicon
ditelluride single crystals. Delavignette and Amelinckx
[61] observed large hexagonal loops on the cleavage plane

of Sb2Te3 crystals slowly grown from the melt. Their
observations indicated that these are prismatic loops
resulting fnmn deviations cm? the stoichiometric composi­
tion. But the observation of stacking faults on the basal

(0001) planes of Bi2Te3 crystals grown from vapour phase
has not been investigated so far.

The temperature difference between the source zone
and growth zone ( AT) was found to have a strong effect on
the growth of crystals. At low values of £>T, the growth
was slow and resulted in whiskers of stochiometric composi­
thmi whose morphological studies have already been
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described in section 6.3.2. But atlarge values of,AT, the
whisker crystals were found to be developed with all their
six sides. As a result, short hexagonal prisms (Fig.6.4l)
having pyramidal tips were formed. During the growth,
stacking faults were created on the basal planes of all
crystals bordered by partial dislocations as a consequence
of condensation of excess vacancies. Since the bonds are
weakest and diffusionfseasiest between two» Te(l) layers,
vacancy loops will preferentially nucleate in the basal
plane. Due to the preferential occupation of the Te layers
by vacancies during slow cooling, the crystals become
enriched with these point defects and resulted into the
formation of non—stoichiometric crystals. Similar results
were reported by Delavignette and Amelinckx [61] on the

cleavage plane of melt grown Sb2Te3 crystals, who explained
the reason for their occurence on the basis of deviations
from stoichiometry. To support this point of view, they

examined cleavage planes of melt grown Bi2Te3 crystals
which are nearer to stoichiometry but couldn't observe any
dislocation loops. In the present work also, such type of
prismatic loops were not observed on the cleavage plane of

stoichiometric Bi2Te3 crystals grown by horizontal zone
levelling method. From these facts, it is clear that the
loops were formed due to the deviations from stoichiometric
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composition of the crystals [62]. Tendeloo et al. [57]
also concluded that non—stoichiometry can be accommodated

by means of Frank type sessile dislocations.

Fig.6.42(a) shows the hexagonal cross section of
another crystal, showing the precipitation of Te vacancies
in the form of prismatic loops. The angle between the
adjacent sides of the hexagonal cross section being about
120°. The vacancies formed migrate to the dislocations in
their vicinity and become absorbed due to the fact that the
stress field of the dislocations exert an attraction on the
point defects [63]. In the present case, the region of
attraction is mainly cum the central part, of the- basal
plane. As a consequence of elastic interaction between
vacancies and dislocations, the centre of a prismatic loop
is the preferred site for nucleation of a new prismatic
loop [64] which may lead to the formation of pairs of
loops. The higher nmgnificathmi of the central part of
Fig.6.42(a) is shown in Fig.6.42(b), which reveals the
formation of concentric pairs of circular prismatic loops.
The loops are formed due to Frank partial dislocations and
are sessile, since they cannot move by glide. In order to
confirm whether the loops are formed by condensation of Te

vacancies, the crystals were etched in the etchant lO mg I2
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+ 7 ml H2804 + 10 ml CH3OH at an elevated temperature lOO°C
for 2 ndn. All the prismatic loops vanished and closed
hexagonal loops exhibiting the hexagonal symmetry of the
basal plane were observed. Fig.6.42(c) is the etched face
of the crystal shown in Fig.6.42(a) showing such features.

Since the basal plane of Bi2Te3 is a glide plane,
nucleation of glissile dislocations due to shockley
partials were also observed on some basal planes along with
Frank partials (Fig.6.43(a)). Since the patterns are not
clearly visible at lower magnification, they are observed
under higher magnifications. Fig.6.43(b) depicts the full
view of sessile loops and glissile dislocations on the
basal plane shown ll! Fig.6.43(a). The splitting cnf the
total dislocation lying in the basal plane into an extended
dislocation consisting of a pair of Shockley partials
connected by a strip of fault is also visible in the
figure. It is interesting to note that all the dislocation
lines are parallel to the adjacent sides of the hexagonal
plane. The higher magnification of the regions marked A, B
and C in Fig.6.43(b) is shown in Figs.6.43(c), 6.43(d) and
6.43(e) respectively. In Fig.6.43(c) concentric pairs of
perfect hexagonal loops can be seen. The change in shape
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of the loops observed in Figs.6.42(b) and Fig.6.43(c) may
be attributed to the change in cooling rates of the
crystals. The interaction between sessile loops and
glissile dislocations is also seen in Fig.6.43(c). Various
interactions among several types of dislocations in zinc
have been described ix: detail, by' Fourdeux et ail. [65].
They observed loops of sessile dislocations formed by
condensation of point defects and partial glissile disloca­
tions by electron transmission microscopy and tqr X—ray
diffraction microscopy. The reaction of three dislocations
intersecting one another to form nodes is also observed.
E‘ig.6.43(d) depicts a typical node created by the inter­
action of extended dislocations. In Fig.6.43(e) the
interaction of parallel dislocation segments forming steps
and kinks are shown. Fig.6.44(a) represents time basal

plane (shown in Fig.6.43(a)) after etching in 1O mg I2+7 ml
H2504 + 10 ml CH3OH solution at 100°C for 2 min. In this
case also, the prismatic loops disappeared. On comparing
Figs.6.43(a) and 6.44(a), it is seen that the contrast of
the dislocation lines was considerably increased after
etching. Moreover, rows of etch pits and etch grooves were
formed along the dislocation segments (Figs.6.44(b),
6.44(c) and 6.44(d)). Fig.6.44(d) is the higher magnifica­
tion of the region marked D in Fig.6.43(b) after etching.
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From these observations it is evident that all the lines
formed in the basal planes are associated with disloca­
tions. The region marked E in Fig.6.43(b) after etching is
shown in Fig.6.44(e). The creation of a pair of kinks in
the straight dislocation segment is clearly revealed.

6.4 CONCLUSION

Hollow whiskers of Tel_xSex, Bi2Te3 and ¢( and
I5-In?Te3 have been grown by PVD method. The growth
features observed cum the prism faces indicate that layer
growth mechanism is responsible for the growth of whiskers.
A possible explanation is given to account for the hollow
nature <1E crystals considering the inn) dimensional
nucleation.

Concentrhc pairs of prismatic loops are observed

on the basal plane of short hexagonal prisms of Bi2Te3, due
to the deviations from stoichiometric composition resulting
from the condensation of Te vacancies. Interactions
between sessile loops and glissile dislocations are
observed.
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6.5 FIGURE CAPTIONS

Fig.6.l: Needle type crystals of Te1_xSex.

Fig.6.2: Whiskers of Te Se .l—x x

Fig.6.3(a): X-ray photoelectron spectrum of TeO.99SeO.Ol
whisker.

Fig.6.3(b): X—ray photoelectron spectrum ‘of Te0_95SeO_O5
whisker.

Fig.6.4(a): SEM photograph of a TeO_99SeO_Ol whisker.

Fig.6.4(b): SEM photograph showing the tip of whisker in
Fig.6.4(a).

Fig.6.4(b): SEM photograph showing the prism face of
whisker in Fig.6.4(a).

Fig.6.5: Step-like growth features on the prism face of

a TeO.98SeO_O2 whisker.

Fig.6.6 Parallel striations on the inner prism face of
a TeO.97SeO.O3 whisker



Fig.6.7

Fig.6.8

Fig.6.9

Fig.6.lO

Fig.6.ll

Fig.6.l2

Fig.6.l3

Fig.6.l4

Fig.6.l5

Fig.6.l6
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Formation of a cavity from the tip of a
TeO.96SeO_04 whisker.

Formation of a cavity from the tip of a
TeO.94SeO_O6 whisker.

A hollow TeO.97SeO.03 whisker with a small
whisker lying on it.

Growth of short side whiskers on a Te0.92SeO.O8
whisker.

Rough surface of a TeO.9OSeO lo whisker.

Needle crystals of Bi2Te3.

X—ray diffraction profile of Bi2Te3 whisker.

X-ray photoelectron spectrum of Bi2Te3 whisker.

Prism face of a Bi2Te3 whisker.

Channel formation on an incomplete prism face

of a Bi2Te3 whisker.



Fig.6.l7

Fig.6.l8

Fig.6.l9

Fig.6.2O

Fig.6.2l

Fig.6.22

Fig.6.23

Fig.6.24

Fig.6.25

Fig.6.26
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A hollow Bi2Te3 whisker.

Growth layers on the prism face of a Bi2Te3
whsiker.

Growth striations on the inner surface a Bi2Te3
whisker.

Propogation of growth layers from the edge of a

Bi2Te3 whisker.

Whiskers of Bi2Te3 meeting together to form an
X—shape and Y-shape.

Surface of a Bi2Te3 whisker showing overgrowth
of microcrystals.

A kinked Bi2Te3 whisker having 30° growth kink.

Needle crystals ofq}In2Te3.

As—grown faces of<K%In2Te3 crystals.

X—ray diffraction profile ofcLJn2Te3 whisker.



Fig.6.27

Fig.6.28

Fig.6.29
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X-ray photoelectron specrum of In2Te3 crystals.

Channel formation on the prism face of a
0QIn2Te3 whisker.

Growth patterns on the prism face of a=(~In2Te3
whisker.

Fig$,6.3O(a) Growth steps propagating from and the tip of

and 6.30(b) d&In2Te3 whiskers.

Fig.6.3l

Fig.6.32

Fig.6.33

Fig.6.34

Fig56.35(a)
and 6.35(b)

d}In2Te3 needle showing hollow cavities in the
tip.

Hollow structure on the surface of microcry—

stallites of<&—In2Te3.

X—ray diffraction profile of G-In2Te3 whisker.

Needle type whiskers of B-In2Te3 deposited on
the wall of the tube.

Growth layers on the prism face of {B-In2Te3
whiskers.



Fig.6.36

Fig.6.37

Fig.6.38

Fig.6.39

Fig.6.4O

Fig.6.4l

Fig.6.42(a)

Fig.6.42(b)

Fig.6.42(c)

Fig.6.43(a)
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Propagation of steps from the tip of a 5-In2Te3
whisker.

Striations and ridges on the inner prism face

of a B—In2Te3 whisker.

A hollow $—In2Te3 needle.

A well developed p—In2Te3 crystal.

A kinked B—In2Te3 whisker.

SEM photograph of a short hexagonal prism of

Bi2Te3 whisker.

Hexagonal cross section of a Bi2Te3 crystal.

Cricular prismatic loops cum the basal plane
shown in Fig.6.42(a).

The basal plane shown in Fig.6.42(a) after
etching.

Another basal plane of a Bi2Te3 crystal.



Fig.6.43(b)

Fig.6.43(c)

Fig.6.43(d)

Fig.6.43(e)

Fig.6.44(a)

Fig.6.44(b)
and 6.44(c)

Fig.6.44(d)

Fig.6.44(e)
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Formation of sessile loops and <glissile
dislocations on the basal plane shown in
6.43(a) [Marker, 1 div. = 10pm]

Higher magnification of the region A shown in
Fig.6.43(b) [Marker, 1 div. = 1 pm]

Higher magnification of the region B shown in
Fig.6.43(b).

Higher magnification of the region C shown in
Fig.6.43(b).

Basal plane <mf Bi2Te3 crystal shown in
Fig.6.43(a) after etching.

Photograph showing the regions in Figs.6.43(d)
and 6.43(e) after etching.

Higher magnification of the region marked D in
Fig.6.43(b) after etching.

Higher magnification of the region marked E in
Fig.6.43(b) after etching.
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7.1 INTRODUCTION

Chemical etching studies of tellurium single
crystals have been carried out by many authors. Chemical
etchant to reveal dislocations on cleaved (l0l0) faces
of tellurium was first reported by Lovell et al. [1]. Blum
[2] used concentrated nitric acid to etch the same face
and found that it produced a large number of pits. He also

developed an etchant composed of 49 gm H3P04, 1 c.c. conc.
H2804 and 5 gm crystalline CrO3 "which. produced isolated
pits on the skull parallel to c—axis. Blakemore et al-[3,4]
reported the formation of etch pits at dislocation sites
on (l0l0) cleavage faces of melt grown tellurium crystals
by using hot concentrated sulphuric acid as the etchant.
The pits had a very characteristic shape and were found
to be asymmetric about the c-axis. Blakemore» and 'Nomura
[5] and Herrmann [6] observed two kinds of etch pits which
were mirror images of each other. These were attributed
to the dextro—and laevo—rotatory forms of tellurium.
Koma et al. [7] have proposed a microscopic model for the
formation of each pits and studied the shape of pits
produced by hot sulphuric acid.

Etching experiments on the (0001) basal plane
of tellurium crystals were also reported [8—l0]. Azab et al
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[ll] tested the etchant consisting of 5 gm I-I3P04 + l gm
CrO3 and reported triangular" as well as hexagonal etch
pits. Kalinski and Lehmann [12] found that hexagonal etch
pits become triagonal after prolonged etching .in 200 gm

H3P04 + 3 gm Cr03 at 160°C for about 20 min. Later Shih
and Champness [13] studied the basal plane etch pit orient­
ation effect in tellurium crystals grown by the Czochralski
method. They found that the etch pits on the (0001) surface
facing the melt end are oriented differently with respect
to the ingot prism faces from those on the (0001) surface
facing the seed end.

A few workers have reported etchants for Se-Te
alloy crystals. Trivedi and Bhatt [14] studied the etching

on the prism faces of Se9OTelO whisker crystals grown from
the vapour phase using ll part conc. HN03 4--4 parts conc.
H2504 as the etchant. The etchant produced well defined
etch pits and they showed that the dislocation density
was greatest near the root of a whisker and lower in the
central part and near the tip. Later the same authors [15]
have reported another etchant containing iodine in methanol
to reveal the dislocation sites on the prism faces of
Se9OTelO whisker crystals. Bhatt and Trivedi [16] also
studied the etching of (l0-l2) cleavage plane of Se9OTelO
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crystals grown from the melt using two etchants namely

(1) 1 part conc. HN03 + 4 parts conc. H2804 and (2) Bromine
in methanol + conc. HC1. They found that these etchants
were capable of revealing dislocations intersecting the
cleavage plane.

Weintroub and Ahmed [17] were carried out thermal

etching on the (1010), (0001) and (1150) planes of tellurium
crystals. They observed hexagonal pits cum (0001) planes
and rectangular pits on (1010) and (1150) planes. Azab
et a1 [11] have observed hexagonal and long sided thermal
pits on (1010) planes. Bhatt and Trivedi [18] have done
a systematic study of thermal etch pits on the (1010)
cleavage faces of tellurium crystals at various temperatures
under a vacuum of the order of 10-3 Torr and suggested
a simple model based on the crystal structure and bonding
of the atoms to explain the shape of etch pits. Thermal
etching studies on the prism faces of Se9OTelO whisker
crystals grown from the vapour phase» have been reported
by Bhatt and Trivedi [15] and showed that thermal pits
were not formed at dislocation sites but were due to
impurities in the crystal.
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Not much data is available in the literature
on the chemical and thermal etching studies of Te—rich
whiskers containing small concentrations of Se. Also no

such studies were made on the as—grown faces of Bi2Te3,
aflandm B-In2Te3 whiskers grown from the vapour phase.

Therefore it was intended to carry out a detailed study
on the chemical and thermal etching characteristics of
these whiskers. The results of these studies form the
subject of this chapter.

7.2 EXPERIMENTAL

The whisker crystals grown by physical vapour
deposition method were used for etching studies. The as­

grown prism faces of Tel_xSex whiskers were etched in conc.
H2804 at 120°C for about 3-4 min and the dislocation
density for various concentrations of Se was determined.

Etching of Bi2Te3 whiskers using a number of chemicals
were tried and three etchants were developed:

HNO3—H2SO4 — H20, I2 — H2504 — CH3OH and I2 — HNO3 — CH3OH.

Freshly grown whiskers with well developed plane faces
were etched in these solutions. This was followed by washing

the crystals in CH3OH and finally drying in air. For each
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etchant, the time of etching to produce good etch pits
was obtained by trial and. error. ‘The etchant comprising

5 ml HNO3 + 0.1 ml HF + l0 ml H20 was found to be capable
of revealing dislocations intersecting the prism faces
of <;Qand ]'3,—In2Te3 whiskers. Hence these whiskers were
etched in this etchant under controlled etching conditions.

For thermal etching, freshly grown whiskers were
etched under high vacuum (rvlO-5Torr) using the vacuum
system as described in Chapter 5. The etching was carried
out at different temperatures and time.

The chemical and thermal etched crystal surfaces
were examined under reflection mode using Carl Zeiss Jena
and Union Versamet-2 metallographic microscopes.

7.3 RESULTS AND DISCUSSION

7.3.1 Chemical Etching studies

(a) Tel_xSexwhiskers
The present investigation on Tel_xSex whiskers

was undertaken with a view to study in detail the effect
of addition of Se as impurity on the pit morphology and
dislocation density.
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When the crystals were etched in conc. H2804
at 120°C for l min. very small etch pits of irregular shape
were observed. But after etching for 3 min, four-sided
pits with asymmetric angles and sides were developed. So
this was found to be the optimum condition for obtaining
visible etch pits. The effect of increasing the temperature
of the etchant on the etching characteristics was also
tried. But the etch rates is found to be increased consider­
ably; ‘The distribution of four-sided etch pits on the
prism face of a Te whisker etched at 120°C for 3 min. is
shown in fig.7.l(a). One of the sides of the pit is parallel
to the c-axis. A few flat bottomed pits are also seen.
The point bottomed pits are slightly eccentric. The same
face had been etched further for l min in conc. H2804
at the same temperature. That is for a total time of 4
min The pit size is increased as seen from fig.7.l(b).
This indicates that the pits are formed at the dislocation

sites. The etched region of a 'TeO_98SeO_O2 whisker for
3 min is depicted in fig.7.2. Fig.7.3 is the photograph
of the prism face cnf a TeO_97SeO_O3 whisker after etching
it for 3 min In fig.7.4, the etched prism face of <a
TeO_94SeO.O6 whisker is shown. Here the etch pits are found
to lose the sharpness‘ of their edges. Fig.7.5 represents
the etch patterns of a TeO_92SeO_O8 crystal, where the



change in shape of the pits is quite clear. The morphology
of etch pits has been changed markedly in the case of
whiskers containing 10 at. % Se. Fig.7.6ka) shows the prism

face of a TeO_9OSeO_lO whisker after etching for 3 min
The sides of the pits become rounded and hence the pits
developed have rua well defined shape. Moreover ii: is seen
that they are of different sizes. On sequential etching
for l min, (Fig.7.6(b)) the pits become so large that they
form clusters. The number and position of the pits remain
practically the same. Fig.7.? shows the variation of dis­
location density as a function of Se concentrations.

In many cases, it has been found that successive
etching of the same face neither produces new pits nor
changes the orientation of earlier pits. On further etching!
only the size is increased. Rows of pits are also formed
along the slip lines (Fig.7.8). This indicates that pits
are formed at the emergence points of dislocations. It
is also interesting txa note that, at different concentra­
tions of Se, the dislocation density is found to be increas­
ing where as the pit size is decreasing. The change in
shape of the pits indicates that the dissolution directions
change with the addition of Se [19].



Q.

j L I I H I

__J CDP

-\O\

-~®

-_-N

-no

.-.LIT

in

in

ci­

il­

Q‘

(‘*7

r\l

F

4

2

10

F (;w:>ZQ[ x) Mgsuap uog103o|sgq

00 a0 \1 N O

°/¢ )

0

Q-I
O

cu
U7

D­
[\­

09:0
I-I-4



178

(b) Bi2Te3 whiskers

During the present study various chemicals were
tried to find out a suitable etchant for delineating the
dislocations in Bi2Te3 whiskers. The dislocation studies
using the different etchants are presented below:

Teramoto and Takayanagi [20] have employed the

etchant composing 30% HN03 to obtain etch pits on the
cleaved (0001) planes of melt—grown Bi2Te3 crystals. Sagar
and Faust [21] used this etchant on the cleavage planes

of Bi2Te3 crystals grown by horizontal zone levelling
method. But they observed a black coating on the surface
and so they could not establish the reliability of this
etchant to produce pits corresponding to dislocation sites.
In the present investigation, the suitability of this
etchant was examined on the prism faces of Bi2Te3 whiskers
which were grown from the vapour phase. The etching time
was varied between 30 sec to 3 min. But only very small

pits were formed which were not well defined and contrast­
ing. Hence to produce etch pits on the prism faces, small

amounts of conc. H2804 was added. It was found that the
mixture containing 7 ml HNO3 + 3 ml H2504 + l0 ml H20 could
reveal dislocation etch pits on the prism faces. Fig.7.9
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shows the etched surface of a Bi2Te3 crystal for 10 sec.
On etching for 2 min, well developed triangular etch pits
were formed as sflunnm in fig.7.lO. At higher etching time,
the crystal surface was corroded.

The second etchant used for revealing dislocation

sites is composed of iodine, methanol and conc. H2S04.
Some interesting results were obtained using this etchant.
When the crystals were first etched in a solution containing
iodine in methanol, no dislocation etch pits were formed

on the prism face. But addition of conc. H2504 to iodine
solution produced contrasting etch pits. The effect of
varying the composition of etchant was studied on a number
of samples and it has been found that well defined and
visible etch pits are formed for ea composititnm of 50 mg

I2 + 5 ml H2804 + 10 ml CH30H. Fig.7-ll(a) shows the etched
pattern <of ea prism face obtained after an etching time
of 10 sec. The sides of the pit are curved. The higher
magnification of the region marked A in Fig.7.ll(a) is
shown in fig.7.ll(b). The etchant produced larger pits
which retain their shapes on further etching. Figs.7.ll(c)
and 7.ll(d) show the photographs of the same prism face
at lower and higher magnifications respectively after
successive etching. Rows of etch pits running parallel
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sizes (Fig.7.l5). ifiua etch rate is increased considerably
and the pit morphology is changed. Moreover, precipitation
of iodine occurs on the surface after etching, in the form
of irregular line markings.

The third etchant used zhi the present study
is composed of iodine, methanol and conc. HNO3. The relia­
bility of the etchant comprising 50 mg I2 + 8 ml I-INO3 +
10 ml CI-l3OH was examined in relation to the morphology of
dislocation etch pits. When the crystals were etched in
this solution for 10 sec, the surface was covered with a
film formation. So further etching was carried out by adding

more amounts of CI-13OH. Fig.7.l6(a) shows the distribution
of etch pits formed after etching in 50 mg I2 + 8 ml I-INO3
+ 20 ml CH3OH for 20 sec. The pits are truncated and are
oriented towards the edge of the pmism face. On subsequent
etching, these pits become flat bottomed (Fig.7.l6(b)).

(c) In2Te3 whiskers

As no etchant has been reported so far for
In2Te3 crystals many etchants with different reagents were
tried. A new etchant capable of revealing the sites of
emergence of dislocations on the prism faces of In2Te3
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whiskers was developed. It was found that etching of the

crystals in a solution of conc. HN03 and H20 had no effect
on the crystal surface. On adding small amounts of conc.

HF to conc. HN03 and H20, it could produce etch pits on
the prism face. The ¢C.—In2Te3 whiskers were first immersed
in a solution of 2 ml HN03 + 0.1 ml HF + 10 ml H20. No pits
were formed even after etching for about 3 min. When the

crystals were etched in a solution of 3 ml HN03 + 0.3 ml
HF + 10 ml H20 for 15 sec, etch pattern as shown in
fig.7.l7(a) is obtained. It is seen that quite a large
surface of the whisker is devoid of pits which indicates
the relative perfection of the grown whiskers. The pits
[marked A and B in fig.7.l7(a)] have different morphologies.
In fig.7.17(b) the higher magnification of pit at B is shown.
The bright feature seen inside the pit boundary is not formed
at the geometrical centre of the pit. This indicates that
inclined dislocations are intersecting the prism faces.
Etching further for 10 sec produced circular point bottomed
etch pits [Fig.7.l7(c)]. From Figs.7.l7(a) and 7.l7(c),
it is clearly seen that there is no increase in the number
of pits but a one-to-one correspondence in the position
of pits is observed. This indicates that the pits are formed
at dislocation sites.
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The above mentioned etchant could also produce

dislocation pits on the prism plane of fi—In2Te3 whiskers.
Fig.7.l8(a) shows the prism face of a B--In2Te3 whisker
after etching in 3 ml HNO3 + 0.3 ml HF + 10 ml H20 for l5
sec. The pits have different morphology compared to those

of QC-In2Te3. Circular shaped pits are seen and are aligned
in the form of a closed structure. On successive etching
these pits become shallower as shown in Fig.7.l8(b). This
indicates that the pits are formed mostly at the sites of
intersection of shallow dislocations.

For the above etchant, the etch rate was found
to be very fast. Therefore this can be also used as a polish­
ing agent. No attempt was made to modify this etchant so
as to obtain a desirable etch rate. The pit density of
15-In2Te3 whiskers is more than that of QC-In2Te3 whiskers.

7.3.2 Thermal Etching studies

Apart from chemical etching studies, particular
attention has also been made to understand the thermal etch­

ing characteristics of Tel_xSex, Bi2Te3, and dland E>-In2Te3
whiskers. A number of experiments were carried out on thermal
etching of these whiskers at low and high vacuum conditions.
It is found that as the order“ of ‘vacuum increases, the
temperature at which etching takes place can be conveniently
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reduced. Since the etch rate also enhances at high vacuum,
it also makes possible to give better results at lower etch­
ing time. In view of these facts, all the whiskers were
etched under a vacuum of the order of 10 5 Torr.

(a) Tel_xSexwhiskers

Fig.7.l9(a) shows the formation of thermal
etch pits on the prism face of a Te whisker etched at 150°C
for 10 min. The gdts formed have nearly four or five sides
with their longer side parallel to the c-axis. Some pits
have tapering ends, whereas others have slightly rounded
edges. A few shallow pits are also clearly visible in the
photograph. On etching further for another 5 min, the pits
were enlarged as shown in 1?hg.7.19(b). The edges of the
pit lost their sharpness and changed into a curved nature.
The shallow pits seen in Fig.7.l9(a) become more deep and
visible after successive etching. Fig.7.2O(a) is the photo—

graph of a TeO_97SeO_O3 whisker which had been etched for
10 nfixl at the same temperature. In this case, most of the
pits were first developed as shallow and grown larger with
well developed sides after successive etching for E5 min.
[Fig.7.2O(b)]. Thermal etch grooves also developed clearly
due to the increase in size of_ the etch pits. The etch
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pattern of a TeO_94SeO.o6 whisker after etching for 10 and
15 rmhn is shown in E&gs.7.2l(a) and 7.2l(b) respectively.
Here some pits have six sides with their alternate sides
parallel to each other. The size of the pits was increased,
but their edges became rough on successive etching. At higher
Se concentrations, thermal etch pit density is found to
be increased markedly. Fig.7.22(a) is the photograph of
an etched TeO_9OSeO_lO whisker. Some pits are irregular
shaped whereas some are well developed. Pits which are
aligned along a Jjmmeform etch grooves. In Fig.7.22(b) the
higher magnification of pits is shown. The increase in the
formation of small pits is due to higher concentrations
of Se in the whiskers. Fig.7.22(c) shows the same region
after successive etching for“ 5 min. All the pits were
covered with some irregular markings and become roughened.
The pit density was determined for various Se concentrations
and the variation is plotted in Fig.7.23.

(b) Bi2Te3whiskers

The. thermal etching of Bi2Te3 whiskers has
been performed by trial and error under different etching
conditions. It was found that distinct etch pits could be
obtained at 190°C for 15 min. Below this temperature no
etch pits ‘were observed even after etching for' a longer
time. E‘igs.7.24(a) and 7.24(b) show rows of etch pits on
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the prism face of a crystal at lower and higher magnifi­
cations respectively. The pits that appeared have a rod
like shape with rounded edges. They are almost symmetrical
about the c-axis and their longer sides are parallel to
the c—axis. On further etching for another 4 min, it is
observed that the pits enlarged and diffused into each other
leaving large complex pits as shown in Fig.7.24(c). The
smaller etch pits seen in Fig.7.24(b) also <grown larger.
At temperature above 190°C, surface roughening is observed
due to the onset of general evaporation. Fig.7.25 shows

§

the photograph of the whisker surface after etching at 230°C
for 5 min. It is seen that, evaporation of atoms occurs
very fast in this surface.

(c) In2Te3whiskers
The optimum condition for obtaining well defined

thermal etch pits on the prism faces of o(and Q,-In2Te3
whiskers was found after' a systematic analysis. When the
crystals with good plane prism faces were thermal etched
at 180°C for 6 min, only a few irregular shaped etch pits
were observed. On increasing the etching time to 10 min,
well developed square and rectangular shaped etch pits were
observed [Fig.7.26(a)]. Some of the pits have steps and
kinks on their boundaries“ It is also seen "that thermal
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etch grooves are nucleated from the edges and are propagated
towards the center of the prism face. Etching the same face
for l4 min resulted in the development of loop formation
in and around the earlier pits [Fig.7.26(b)]. The morphology
of etch gfiixs at higher magnification [Fig.7.26(c)] clearly
shows the loop structure.

The etching behaviour of ,3 -In2Te3 whiskers
was. same as that of o(—In2Te3 whiskers when etched under
the same conditions. Figs.7.27(a) and 7.27(b) show the prism

face of ea F5 —In2Te3 whisker after thermal etching at 180°C
for 1O anui 14 min respectively. In this case, the number
of etch pits was increased.

The thermal etching studies of Te Se , Bi Te1—x x 2 3
and o(and ]E>—In2Te3 whiskers showed an increase in the
size of etch pits after successive etching. The persistence
of etch pits upon longer etching time reveals that thermal
etch pits are produced at dislocation sites.

Thermal etch pits are known ix: be formed by
local sublimation of atoms from crystal surfaces. The import­
ance of this method to reveal dislocations and to understand

the mechanism responsible for etch-pit formation have been
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the subject of many research papers [l5,23,24]. The theory
of evaporation mechanism is based on the terrace-ledge-kink
(TLK) hypothesis of the crystal surface which gives a
detailed consideration of kink nucleation and ledge motion
[25].

It has been found during the present study
that the edges of smooth prism faces were etched faster
than the center of the face and hence more pits were found
deeply in the regions nearby to the edge parts. The stepped

regions of Te3§exwhiskers were attacked very readily compared
ta) the smooth prism faces. 131 the case of Bi2Te3 whiskers,
long etch pits were formed only near the edges. Similar
behaviour has been observed in In2Te3 whiskers where etch
grooves were originated from the edges and are propagated
towards the center of the face. Moreover, the pits formed
have steps and kinks on their boundaries. This leads to
the conclusion that the thermal etch pit formation of
Tel_xSex, Bi2Te3,c(,and #5-In2Te3 whiskers follows the
TLK theory.

7 . 4 CONCLUSION

Chemical etching studies on the prism faces
of Te1_xSex whiskers using H2804 etchant show that the dis­
location density is ,increased with an increase in the
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concentration of Se. The change in morphology of pits indi­
cates that the dissolution directions change with the
impurity concentrations.

The etchants developed for the etching of Bi2Te3
whiskers could produce dislocation etch pits on their prism
faces. The morphology* of etched pattern is <different for
all these etchants. The formation of terraced pits is due
to the enhanced rate of dissolution on the crystal surfaces.

The etchant employed for ¢Xjand BrIfl2T€3
whiskers is very reliable for revealing dislocations on
their prism faces. The etchant produced shallow dislocation

loops on the surface of f5—In2Te3 whiskers.

The thermal etching studies of Te1_xSex whiskers
showed an increase in the size of etch pits on successive
etching. Array of thermal etch pits were formed along etch
grooves which indicates that the pits are formed at dis­
location sites. The dislocation density due to thermal etch
pits increased with Se content.

In the case of Bi2Te3 whiskers, rod shaped
pits are formed which grown larger' on prolonged etching.
The thermaal etch pits on the prism faces of Qfi and
ErIn2Te3 whiskers become doubly looped on successive etching.
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Fig.7.l(a)

Fig.7.l(b)

Fig.7.2

Fig.7.3

Fig.7.4

Fig.7.5

Fig.7.6(a)

Fig.7.6(b)

Fig.7.7
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CAPTIONS

Chemical etch pattern on the prism face of a Te

whisker produced after etching in conc. H2804
at 120°C for 3 min.

The same face after repeated etching.

Distribution of etch pits on the prism face of

a TeO'98SeO_O2 whisker.

Etch pits on the prism face of a TeO_97SeO_03
whisker.

Etched prism face of a TeO.94SeO_O6 whisker.

Etch patterns on the prism face of a
TeO_92SeO.O8 whisker.

Etch patterns on the prism face of a
Teo 9OSeO lo whisker.

The same face after etching.

Variation of chemical etch pit density as a
function 3f Se concentration.



Fig.7.8

Fig.7.9

Fig.7.l0

Fig.7.ll(a)

Fig.7.ll(b)

Fig.7.ll(c)

Fig.7.ll(d)

Fig.7.l2
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Etch patterns on the prism face of a
TeO_95SeO_O5 whisker.

Etch patterns produced on the prism face of a

Bi2Te3 whisker by 7 ml HN03 + 3 ml H2S04 + 10
ml H20 after etching for 10 sec.

The same face after repeated etching.

Etch patterns produced on the prism face of a

Bi2Te3 whisker by 50 mg I2 + 5 ml H2804 + 10 ml

CHb0H after etching for 10 sec.

Higher magnification of the region marked A in
Fig.7.ll(a)

The face shown in '7.ll(a) after etching for
20 sec.

Higher magnification of the region marked A in
Fig.7.ll(c).

Low angle grain boundaries observed on the

prism fave of a Bi2Te3 whisker.



Fig.7.l3

Fig.7.l4(a)

Fig.7.l4(b)

Fig.7.l5

Fig.7.l6(a)

Fig.7.l6(b)

Fig.7.l7(a)
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The tip of a Bi2Te3 whisker after etching in 50
mg I2 + 5 ml H2504 + 10 ml CH30H for l0 sec.

Formation of terraced etch pits on the prism

face of a Bi2Te3 whisker after etching in 50 mg
I2 + 6 ml H2804 + 10 ml CH30H for 10 sec.

The same face at higher magnification.

Etch pits formed on the prism face of a Bi2Te3
whisker after etching in 100 mg I2 + 5 ml H2804
+ 10 ml CH30H for l0 sec.

Etch pits formed on the prism face of a Bi2Te3
whisker after etching in 50 mg I2 + 8 ml HN03 +
20 ml CH30H for 20 sec.

The same face after successive etching for 30
sec.

Etch patterns formed on the prism of ac£—In2Te3

whisker after etching in 3 ml HN03 + 0.3 ml HF
+ 10 ml H20 for 15 sec.



Fig.7.l7(b)

Fig.7.l7(c)

Fig.7.l8(a)

Fig.7.l8(b)

Fig.7.l9(a)

Fig.7.l9(b)

Fig.7.2O(a)

Fig.7.2O(b)

Fig.7.2l(a)
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Higher magnification of the pit marked at B in
Fig.7.l7(a)

The face shown in Fig.7.l7(a) after repeated
etching.

Etch patterns formed on the prism face of a

B-In2Te3 whisker after etching" in 3 ml HNO3 +
0.3 ml HF + 10 ml H20 for l5 sec.

The same face after repeated etching.

Thermal etch patterns formed on the prism face
of a Te whisker after etching at 150°C for 1O
min.

The same face after repeated etching.

Thermal etch patterns formed on the prism face

of a TeO_97Se0_05 ‘whisker after etching at
150°C for l0 min.

The same face after repeated etching.

Thermal etch patterns formed on the prism face
of TeO_9*SeO.Cm5whisker after etching at 150 C
for 10 min.



Fig.7.2l(b)

Fig.7.22(a)

Fig.7.22(b)

Fig.7.22(c)

Fig.7.23

Fig.7.24(a)

Fig.7.24(b)

Fig.7.24(c)

Fig.7.25
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The same face after repeated etching.

Thermal etch patterns formed on the prism face

of ar‘TeO 9OSeO lo 'whisker,' after etching at
150°C for 10 min.

Higher magnification of the pits shown in
Fig.7.22(a).

The face shown in Fig.7.22(a) after repeated
etching.

Variation of thermal etch pit density as a
function of Se concentration.

Thermal etch patterns formed on the surface of

a Bi2Te3 whisker after etching at 190°C for 15
min.

The same face at a higher magnification.

The face shown in 7.24(b) after repeated
etching.

Prism face of a Bi2Te3 whisker after etching at
230°C for 5 min.



Fig.7.26(a)
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Thermal etch pattern formed on the surface of a

°C-In2Te3 whisker after etching at 180°C for

Fig.7.26(b)

Fig.7.26(c)

Fig.7.27(a)

Fig.7.27(b)

10 min.

The same face after repeated etching.

Higher mangification of the region shown in
Fig.7.26(b).

Thermal etch pattern formed on the surface of a

B—In2Te3 whisker after etching at 180°C for
10 min.

The same face after repeated etching.
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MICROINDENTATIUN ANALYSIS OF VAPUUR-GROWN

Te1_XSeX, Bi2Te3 AND In2Te3 CRYSTALS
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8.1 INTRODUCTION

Microindentation studies of Te—Se crystals have
been done by a few workers. Boyarskaya et al. [1] studied
the microhardness anisotropy of tellurium crystals grown by
Bridgman method using the scratch method. They found that
the hardness along the c—axis is lower than at right angles.
But the microhardness measurements in Te—Se alloys were
first studied by Lange and Regel [2] and the anomalies in
the microhardness values with changing chemical composition
of the material had been reported. Their results showed a
minimum in the hardness value when doped with small amounts

of Se additives. They interpreted this result by precision

measurements of density}/concentration relationship and
observed a corresponding density minimum while doping with
Se. The anisotropy of microhardness measurements was
explained on the principle of the truncation of the chains
of Te lattice [3]. However, no systematic investigation on

the hardness anisotropy characteristics of Tel_XSex whiskers
at compositions O to 10 at % Se has been made.

Arivuoli et al. [4] have reported the microhardness
studies of V—VI group chalcogenides grown from vapour. But

only a little information is available regarding the
microhardness studies <3f Bi2Te3 whiskers. In time case of
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In2Te3 whiskers, no data is reported in the literature in
connection with their mechanical behaviour.

This chapter presents the microhardness studies on

the prism faces of Tel_xSex, Bi2Te3, djand P-In2Te3 whiskers
grown by physical vapour deposition (PVD) method. In the

case of Tel_xSex whiskers, the variation of hardness with
applied load was studied at different compositions of Se
(x = O to 10 at %) additives. The work hardening exponent
has also been computed for all samples and the results have
been discussed.

8.2 EXPERIMENTAL

Whisker crystals of Tel_xSex, Bi2Te3pq§and P—In2Te3
were grown by PVD method as already described in chapter 5.
Crystals with good plane prism faces were chosen for
microindentation studies. The measurements were made using
a Hanemann microhardness tester (Model D32) fitted with a
diamond pyramidal indenter attached to a metallurgical
microscope (Epityp II Carl-Zeiss, Jena). After proper
mounting of the crystals on glass slides, the selected
surfaces were indented for various loads ranging from 2.5 to
40 g. The time of indentation was kept at 15 sec throughout
the work. Subsequent impressions were made after a time



201

lapse of 30 min to allow for any elastic recovery.
Indentations were carried out in the low load region at
different sites such that the distance between any two
consecutive indentation nmrks zhs greater than three times
the diagonal length. This was done to avoid any mutual
influence of the indentations. All the measurements were
made at room temperature. The length of the indentation
diagonal was measured using the micrometer eyepiece of the
microscope. Performing 10 trials of indentations for each
loading, the mean value of the diagonal lengths was found.

From these measurements, the values of microhardness HV were
computed as described in chapter 4,

8.3 RESULTS AND DISCUSSION

8.3.1 Te Se whiskersl—x x

Figs.8.l to 8.3 show the relation between
microhardness Hv and load P for Te, TeO.95SeO.O5 and
TeO_9OSeO.lO ‘whiskers respectively. The» inset shows the
respective variation of log P with log d. In all cases, it
is seen that the value of hardness first increases, reaches
a maximum and then decreases. The peak value is observed at
17.5 g load. The increase in hardness has been attributed
to the effect of elastic recovery which results in the
reduction of time diagonal length. The decrease» in the
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hardness value at higher loads is associated with the slip
mechanism, which arises (hue to the special nature of the
structure and the character of the chemical bond in Te
crystals. The tellurium lattice consists of spiral chains,
each spiral having three atoms per turn. The chains lie
parallel to one another with the corresponding atoms in each
chain forming hexagonal nets. The bond between atoms on
each chain is covalent whereas between the chains it is weak

van der Waals forces. Due to the anisotropy in the atomic
arrangement, on applying high stresses slip occurs along the
spiral chains and hence» hardness decreases due to
deformation on the crystal surface.

The variation of microhardness with load can be
represented by Meyer's equation,

P = adn (8.1)
where P is the applied load, d is the diagonal length, a is
the material constant and n is the Meyer index. The value
of n represents the capacity for work hardening. The slope
of inset figures gives the values of n = 2.111, 2.166 and
2.088 for Te, Te Se and Te Se whiskers0.95 0.05 0.90 0.10
respectively. According to Ckdtsch Iffl the workhardening
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coefficient n is greater than 2 when the hardness increases
with increase of load and is less than 2 when the hardness
decreases with load.

During the present investigations, some interest­
ing results were obtained in "relation to the change in
anisotropy of the microhardness values with changing chemi­

cal composition of Tel_xSex whiskers. The composition
dependence of the microhardness of Te1_xSex whiskers is
depicted in Fig.8.4, whose behaviour resembles the typical
hardness-composition curve for a binary solid solution
system [6]. But the curve deviates from the ideal solid
solution behaviour in the low' x—region. Such deviations
are attributed to the fact that distortion of tellurium
lattice takes place as a result of doping tellurium with
selenium. The fall in microhardness value is due to the
loosening of the structure and the weakening of the bond
between the structural units. At higher Se concentrations,
the covalent bonds between the atoms in the chain are more

saturated since the Te-Se bond is stronger than Te—Te bond
and hence cause an increase in hardness value. The hardness

anisotropy' characteristics observed in tflua present study
are seen to be similar to those reported by Lange and Regel
[213]­
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8.3.2 Bi2Te3 whiskers

The hardness values of Bi2Te3 whiskers are found to
increase with increase in load as seen from Fig.8.5. The
indentation response to load is in accordance with Meyer's
law. The graph of log P against log d is shown in the
inset, which yields a straight line with slope n = 2.5. The
work hardening exponent is higher when the indenter load is

increased agreeing with the results of Onitsch[5]_

In the present study, the increase of microhardness

with load can be explained as follows. Bi2Te3 crystals have
a peculiar layer structure [7]. The five layers form a more
tightly bound sandwich and the smructure results in inert
and atomically smooth surfaces. Since the bonding between
Bi—Te layers iii predominantly' covalent jJ1 character, the
resistance to plastic flow is primarily determined by the
increasing bond strength and the interactions between
dislocations. The dislocations in the grown crystals offer
a resistance to tflua fresh dislocations due txn interaction
which causes an increase in the hardness. The hardness

values obtained for Bi2Te3 whiskers are found to be greater
than that reported in [4].
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8.3.3 In2Te3 whiskers

Fig.8.6 represents the variation of ndcrohardness

with applied load for<£}In2Te3 whiskers and the inset shows
the corresponding log P versus log d plot. It is seen that
the hardness first increases as the load increases, becomes
a maximum, then slowly decreases and finally attains a
constant value» This behaviour resembles the Grodzinski's

general concept [8] of dependence of hardness on the applied
load. Due to the application of mechanical stress by the
indenter, dislocations are generated locally at the region
of indentation and hence the microhardness increases
initially with the increase of load. The small decrease in
hardness from the peak value may be due to the deformation
occuring by slip on the crystal surface. The rearrangement
of dislocations and their mutual interactions increased with
the increase in load and results to attain a constant value
of hardness beyond a threshold load of 22.5 g [9].

During indentations on the prism faces of p—In2Te3
whiskers, some interesting radial crack patterns were
observed (Fig.8.7). Radial cracks develop during
indentation, due to the fact that the diamond point produces
an inelastic deformation—induced flow stress. In the
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present study, values of load upto 40 g were used, since the
development of cracks does not seem to influence the
deformation mechanics as long as the impression remains
reasonably well-defined and the crack does not extend
considerably compared with the impression diagonal [10].
The variation of hardness with load is shown in E‘ig.8.8.
The inset of this figure shows the corresponding graph
connecting log P and log d. The special feature of the
variation is that hardness attains a constant value after a
steady increase. The major contribution to the increase in
hardness with load is attributed to the high stress required
for homogeneous nucleation of dislocations in the small
dislocation—free region indented [ll]. After a particular
load, the hardness attains a constant value, due to a
decrease in the resistance to the movement of the
dislocations [12].

The hardness numbers obtained for ¢¢and p-In2Te3
whiskers are found to be in good agreement with those
reported in [13]. The graphs of log P against log d yield
straight lines with slope n = 2.079 and n = 2.163 for qfiand

p-In2Te3 crystals respectively which proves the validity of
the Meyer's relation (8.1).
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8 . 4 CONCLUSION

For each composition (x = O to 10 at %) of Te1_xSex
whiskers, the hardness number reaches a maximum at 17.5 g
load. Further increase ixm load causes an slow decrease in
the hardness value. The hardness—composition curve exhibits
the typical behaviour of ea binary" solid—solution system.
The deviation from the ideal solid solution behaviour in the

low x region is due to the anisotropy caused in the
tellurium lattice due to the addition of selenium. The

microhardness of Bi2Te3 whiskers is found to increase with
increase in load. In the case of a¢-In2Te3 whiskers, the
microhardness increases with load, becomes a maximum,
slightly decreases and then attains a constant value. For
F-In2Te3 whiskers microhardness is independent of load after
a steady increase. The log P versus log d plots of the
whiskers of all materials yield straight lines, satisfying
the Meyer's relation.



Fig.8.l

Fig.8.2

Fig.8.3

Fig.8.4

Fig.8.5

Fig.8.6
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8.5 FIGURE CAPTIONS

Variation of hardness with load for Te whiskers.
The inset shows the plot of log P with log d.

Variation of hardness with load for Te0-95Se0.o5
whiskers. The inset shows the plot of log P with
log d.

Variation of hardness with load for Teo.9oseo.1o
whiskers. The inset shows the plot of log P with
log d.

Hardness curve of Tel_xSex whiskers as a function
of composition x (Load P = 17.5 g).

Variation of hardness with load for Bi2Te3
whiskers. The inset shows the plot of log P with
log d.

Variation of hardness with load for oQ—In2Te3
whiskers. The inset shows the plot of log P with
log d.
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Fig.8.? Typical indentation mark and crack pattern on the

prism face of ‘5-In2Te3 whisker.

Fig.8.8 Variation of hardness with load for p—In2Te3
whiskers. The inset shows the plot of log P with
log d.
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9.1 INTRODUCTION

Crystals of bismuth telluride are usually grown by
melt methods [l—9]. Satterthwaite and Ure [5] have reported

the growth of Bi2Te3 crystals using a vertical crystal
furnace. The growth of large crystals of Bi2Te3 by zone
melting method has been described by Shigetomi and Mori [6]
and Drabble et ail. [7]. Yang and Shepherd [8] have grown

Bi2Te3 single crystals by the Czochralski method at pull
rates of 0.2 to 20 cm/h. Also Laudise et al. [9] have used
Czochralski method for the growth of doped single crystals

of Bi2Te3. They performed the growth both in H2 and inert
atmosphere with a seed rotation speed of 30 rpm and a pull
rate of l2 mm/h. One of the most striking features of
layered type Bi2Te3 crystals is the existence of easy
cleavage along the (0001) basal planes. Since the cleavage

plane of Bi2Te3 crystals is easy to glide, some deformation
may accompany the cleavage step formation process.
Amelinckx and Delavignette [10,11] have observed extensive

dislocation patterns in thin foils of Bi2Te3 by transmission
electron microscopy. But none of the earlier reported
workers has done the fractographic analysis of cleavage

steps in Bi2Te3 crystals.

Indium telluride crystals exist in two forms: a low
temperature oQ—form and a- high temperature 15-form [12].
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These crystals have'been grown by many researchers [l3—l8].

Inuzuka and Sugaike [LI] have grown In2Te3 crystals in
sealed silica crucibles using Lawson's double furnace
technique and showed that the crystals have ea perfect
cleavage along (lll) planes. Woolley and Pamplin.[14] have

prepared In2Te3 using the directional freezing technique.
Janowski [15] has designed a Czochralski technique crystal

puller for tin; use of growing QQ and @—In2Te3 and obtained
needle shaped crystals. Zaslavskii et al. [16] have also
prepared In2Te3 crystals from stoichiometric amounts of high
purity indium and tellurium. Mamedov et ail. [17] have

obtained<£kIn2Te3 samples using synthesised charge. Using
the chemical gas transport method, Verkelis [18] has grown

p—In2Te3 single crystals in the form of pyramids, prisms and
needles bounded by (lll) planes. However, the study of
cleavage patterns formed on the fracture surfaces of In2Te3
crystals has not been reported so far.

In this chapter the growth of Bi2Te3 and o(and
fi—In2Te3 crystals by horizontal zone levelling (HZL) method
is described. The structure and lattice parameter of these
crystals have been investigated by X-ray analysis. DSC

studies have been performed in In2Te3 crystals to identify
the phase transition temperature. Fractographic analysis of
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In2Te3 crystals at a scanning rate of 5°C/min during
heating using a Perkin-Elmer delta series differential
scanning calorimeter model DSC-7.

The crystals obtained ‘were carefully cleaved at
liquid nitrogen temperature and time cleaved surfaces were

observed ix: reflection using ea Union Versamet—2 metallur­

gical microscope.

9.3 RESULTS AND DISCUSSION

9.3.1 Bi2Te3 Crystals

Fig.9.l shows the X—ray diffractogram of a typical
bismuth telluride crystal. The standard values of the X—ray
powder data along with the data obtained in the present case
[19] are given in Table 9.1. The calculated values of the

rhombohedral unit cell parameters» are aR == 10.473 Z. and
d%h= 24’9'44" which are found to be in good agreement with
Francombe's result [20].

The propogation of cleavage cracks in a wide range
of solids has been the subject of a number of previous
investigations [2l—23]. Because cleavage surfaces are nevey
atomically smooth, it is important to understand their
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Table 9.1 X—ray diffraction data for bismuth telluride
crystal

*
hkl

Standard pattern Grown crystal
O

d,(A) I/Io a,<Z> I/Io

1,0,1
1,0,5
1,0,8
1,0,10

1,0,11

1,1,0
0,0,15

l,0,13
2,0,5
0,0,18

2,0,l0

3.780

3.220

2.694

2.378

2.237

2.191

2.032

1.995

1.810

1.694

1.610

8

100

5

55

11

35

40

6

20

5

16

3.770

3.220

2.690

2.374

2.232

2.191

2.030

1.993

1.810

1.693

1.610

8

100

7

53

15

22

88

9

13

16

16

* The hkl indices are referred to the hexagonal structurecell.
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irregularities. In actuality, they present a system of
steps very nearly parallel to the cleavage direction. These
steps converge to form higher steps or rivers. Such a
typical river pattern observed on time (0001) face of a
Bi2Te3 crystal is shown in Fig.9.2. It is formed due to the
forest of dislocations which pierce the cleavage plane [24].
The crack propagation through grain boundary is clearly seen
in the figure. The height of the river pattern is found to
increase with distance from the grain boundary. Cleavage
steps formed characteristic river patterns nucleating from
different parts of the same surface and crossing at
different boundaries are shown in Fig.9.3.

Interesting features relating to fracture produced
by twins were sometimes observed (Figs.9.4(a) and 9.4(b)
Fracture occurs as soon as twins with a thickness larger
than a few microns stop within the crystal. This is due to
the fact that the concentration of the applied stress
produced on the edge of the twin by the piling up of
twinning dislocations is sufficient to separate the crystal
along the cleavage plane. The twin pattern shown in
Ejg.9JHa) is very similar to that given in [25].

Dislocation patterns were also observed due to the
deformation produced during cleavage of the samples.
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Fig.9.5 depicts network of dislocations formed on a cleavage
face. Similar result was reported by Amelinckx and
Delavignette [10,11] in thin foils of Bi2Te3 prepared by
repeated cleavage. They suggested that hexagonal grid—like
patterns could be revealed in the plane of observation since
the main glide plane coincides with the cleavage plane.

9.3.2 In2Te3 Crystals
Sko W

Figs.9,6(a) and 9,6(b),\the X-ray powder diffracto­
meter traces of <>( and p—In2Te3 crystals. The unit cell
parameter of<x—In2Te3 crystals is found to be a = 18.455 X
and that of ]3—In2Te3 crystals is ao = 6.161 Z [26]. The
results obtained (Tables 9.2 and 9.3) are found to be in
good agreement with that reported earlier [17,18] for afand
p-phases respectively. Fig.9.7 shows the DSC spectrum
recorded for In2Te3 samples in the temperature range 400 to
500°C with a scanning rate of 5°C/min. The spectrum shows a
variation iml the heat flow indicative cnf the occurence of
phase transition at 458.279°C.

The topography of the surface layer of some ingots

of In2Te3 was observed to be of dendritic relief as a result
of solidification process. when the melt was cooled slowly,
the type of structure as shown in Fig.9.8 as obtained. The
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Table 9.2 X-ray diffraction data for o(-In2Te3 crystal

Bragg Calculated Reportedangle,0 Q [17], d(deg-) d,(A) <3)

I/Io hkl

12.53

13.65

18.30

20.80

24.70

25.10

28.55

30.20

32.50

33.25

34.15

37.90

3.553

3.266

2.455

2.170

1.844

1.817

1.613

1.532

1.434

1.405

1.373

1.255

3.552

3.264

2.460

2.176

1.854

1.808

1.611

1.539

1.439

1.410

1.375

1.255

82

23

19

100

67

13

11

17

15

35

14

33

3,3,3

4,4,0
6,4,2

6,6,0
9,3,3
10,2,6

9,7,1
12,0,0

12,4,2

9,9,3
l2,6,0
l2,6,6



Table 9.3 X-ray diffraction
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data for Q,-In2Te3 crystal

Bragg Calculatedangle,9 Q(deg_) d,(A)
Reported

d[18],
O

(A

I/I hkl

12.55

14.55

20.75

24.50

25.65

30.05

37.80

40.58

3.547

3.068

2.176

1.858

1.780

1.539

1.257

1.185

3.548

3.069

2.178

1.857

1.779

1.539

1.259

1.186

100

20

89

57

70

30

79

55

1,1,1

2,0,0
2,2,0
3,1,1
2,2,2
4,0,0
4,2,2
3,3,3
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change in supercooling conditions during growth are
responsible for this. An explanation for the crystallo­
graphic features of dendritic growth is given in detail by
Chalmers [27].

The (111) cleavage plane of In2Te3 crystals showed
characteristic patterns of cleavage steps. In Fig.9.9
parallel cleavage steps terminating at different points of

the surface of ¢Q—In2Te3 crystals are shown. Kaufman and
Forty [21] have reported such type of features on the
cleavage surface of silicon. Fig.9.lO shows a large step
formed tnr the combination of much smaller parallel
elementary steps. This is attributed to the fact that when
a cleavage crack crosses sub-boundaries, it takes a large
density of elementary steps, resulting from the crossing of
the parallel dislocations of the boundary. From the figure,
it is seen that the steps are converging to form rivers at
the tip of the crack. The formation of transverse step—like
features within a cleavage step is shown in Fig.9.ll. These

are generated by the fracture on the (lll) plane of¢£rIn2Te3
crystals.

The fractographic studies on the cleavage plane of

B-In2Te3 crystals showed patterns which strongly resemble
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the lamellar structure (Fig.9.l2). ‘Fig.9.l3 shows a zone
where different grains with cleavage lines oriented in
different directions meet.

9 . 4 CONCLUSION

Single crystals of Bi2Te3 and dland B-In2Te3 have
been grown by HZL method. X-ray diffraction studies show

that Bi2Te3 crystals have the rhombohedral unit cell
parameters as aR = 10.473 3 and OCR = 24o9'44'. The lattice
constant of 0Q-In2Te3 crystals is found to be a = 18.455 X
and that of }3—In2Te3 crystals is ao = 6.161  Fracto­
graphic analysis of the crystals is useful to study the
imperfection structures. Cleavage faces <rf all. crystals
show river patterns, twin formation, dislocation networks,
parallel cleavage steps and lamellar structures.
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9.5 FIGURE CAPTIONS

Fig.9.l

Fig.9.2

Fig.9.3

Figs.9.4(a)
ami9.4flfl

Fig.9.5

Fig.9.6(a)

Fig.9.6(b)

Fig.9.7

X—ray powder diffraction pattern of Bi2Te3
crystal.

A river pattern observed CH1 the cleavage face

of B12Te3 crystal.

Rivers crossing at different boundaries on the

cleavage face of Bi2Te3 crystal.

Micrographs showing twin patterns on the
cleavage face of Bi2Te3 crystal.

A cleavage surface of Bi2Te3 crystal containing
hexagonal network of dislocations.

X—ray powder diffraction pattern of <>(,—In2Te3
crystal.

X—ray powder diffraction pattern of IZ>—In2Te3
crystal.

DSC spectrum of In2Te3 sample.



Fig.9.8

Fig.9.9

Fig.9.lO

Fig.9.ll

Fig.9.l2

Fig.9.l3
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Surface dendrites of In2Te3 crystal.

A typical cleavage surface ofoQIn2Te3 crystal.

Mircograph of a region where parallel
elementary steps have combined to form one

larger step of<£rIn2Te3 crystal.

Transverse step like features within a cleavage

step of o(—In2Te3 crystal .

A cleavage surface of B—Injre3 crystal showing
the lamellar structure.

Different grains on a cleavage face of firIn2Te3
crystal.
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10.1 INTRODUCTION

Dislocation studies on the (0001) cleavage planes
of bismuth telluride crystals tn; etching technique have
been reported tnr various groups. Etching experiments on

iodine doped Bi2Te3 crystals were studied by Drabble et al.
[1]. They reported triangular and hexagonal etch pits on

the cleavage surfaces using a dilute solution of HCl, HNO3
and H20 as the etchant. Teramoto and Takayanagi [2]
observed hexagonal etch pits with alternating long and

short sides on the cleavage surfaces of Bi2Te3 not doped
with iodine. The etchants used for this study were 30%

HN03 and a solution composed of two parts HNO3, one part
HCl and six parts H20. They also produced triangular etch
pits using the etchant consisting of 10 ml HNO3, 10 ml HCl,
40 ml H20 and l g iodine. The pits had an eccentric shape.
Sagar and Faust [3—6] also studied dislocations in Bi2Te3
by etching techniques. They reported [3] the formation of
perfect triangular and hexagonal etch pits of <different
sizes, etch grooves and networks of dislocations using the
etchant consisting of a solution of bromine in methanol.
From the observation of etched surfaces they suggested that
bending of the dislocations within the crystal is
responsible for some of the flat bottomed pits and the pits
of different sizes. The structural perfection cnf single
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crystals of Bi2Te3 has been carried out by Vasil'eva et al.
[7] using selective etching and X—ray diffraction
techniques. They found that the basal planes are less
perfect and reported the value of dislocation density to be
equal to (O.5—l).lO5 cm-2. In all these studies, there is
no information about the morphology of etched surfaces
relating to terracing and bunch formation of etch pits.

Plastic deformation of crystals its usually
associated with the movement and multiplication of disloca­
tions. But only a few results are available regarding the

movement and multiplication of dislocations in Bi2Te3
crystals. Amelinckx and Delavignette [8-9] have applied
transmission electron microscopic technique to study
dislocations in thin foils of Bi2Te3 crystals prepared by
repeated cleavage. Since the c-plane is simultaneously the
easy glide and cleavage plane, they observed the presence
of extensive dislocation patterns in the c-plane of the
foils. They also observed extensive movement of disloca­
tions in the c-plane giving rise either to elimination of
dislocations or to the formation of networks by heating the
samples in the electron beam. But they reported that they
were not able to observe any evidence of Frank-Read sources
in the foils. Using the etch—pit technique, Sagar et al.
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[6] observed concentric dislocation loops anui multiturn
spirals on the basal planes in heat treated and quenched

Bi2Te3 crystals grown by horizontal zone levelling from a
non-stoichiometric tellurium—rich melt. They haven't
mentioned the pmecise concentrations of the etchant
consisting of bromine in methanol for the formation of such
loops. The exact mechanism responsible for the formation

of dislocation loops in Bi2Te3 crystals has not, however,
been clearly established.

Plastic deformation plays ea still more important
role in fracture and surface damage of crystals prepared by
cleavage operations. At places with weakened bonds, cracks
arise whose development leads to fracture. No work has
been reported in the literature regarding the investigation

on cracks formed on the cleavage surfaces of Bi2Te3
crystals. It is therefore of interest to study the
development of cracks on the (0001) cleavage plane of

Bi2Te3 crystals by etching method.

The dislocation etch studies on the cleavage faces

of xjand §—In2Te3 crystals have not been reported so far.

This chapter contain the dislocation studies on

the cleavage faces of Bi2Te3 and.<£ and B-In2Te3 crystals
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grown by horizontal zone levelling method. The formation

of terraced etch pits on the (0001) face of Bi2Te3 crystals
have been investigated knr employing' different etchants.
The direct observation of regenerative multiplication of

dislocations by Frank-Read sources cum the (0001) face of
Bi2Te3 crystals has been reported for the first time. New
etchants have been developed to investigate the nature and
distribution of dislocations on the cleavage faces of¢£,and

g-In2Te3 crystals. The formation of cracks on the cleavage
faces of Bi2Te3 and dLand B—In2Te3 crystals has also been
studied by a new etchant. 0n the basis of microscopic
observations, the possible mechanism responsible for the
nucleation and development of microcracks has been
suggested and is reported here.

10 . 2 EXPERIMENTAL

The crystals were grown by the horizontal zone
levelling method as described in chapter 5. The crystals
were carefully cleaved an: liquid nitrogen temperature and
were thoroughly cleaned for etching studies. Etching of

Bi2Te3 crystals was done at room temperature in various
etchants: HN03—H20, HN03—H2S04—H20, HN03-HF-H20, I2—H2S04—

CH30I-I and IiHN03—CH30H. The effect of etching time and
concentration of particular etchant components on the shape
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of etch pits was examined. A stock solution of bromine in
methanol (10% by volume) was found to be capable of
revealing dislocation spirals and loops due to Frank-Read

sources ix: Bi2Te3 crystals. The etchant HNO3—HF—CH3C00H
system was found to be very reliable for the revelation of

cracks. The dislocation studies of<£ and p-In2Te3 crystals
were also done as in the case of Bi2Te3 crystals using
the etchants, HNO3-HF, HNO3-HF—H2O and HNO3—CH3COOH—HF.

The etched surfaces were observed under reflection using
metallographic microscopes (Union Versamet—2 and Carl
Zeiss, Jena).

10.3 RESULTS AND DISCUSSION

10.3.1 Bi2Te3 Crystals
(a) Investigation on the Morphology of Etch Pits

The revelation and morphology of dislocation etch

pits on the (0001) plane of 1Bi2Te3 crystals have been
investigated in relation to the nature and concentration of

components in various etchants ie., HN03—I-I20, HN03—H2SO4­

H201 I-IN03—HF—I-120, I2—H2SO4—C[-]3()H and I2—I-IN03-CI-l30H. The
results obtained are reported as below:

HNQ3:_E29

Fig.l0.l shows ea photograph of time etch pattern
formed at dislocation sites on the (0001) cleavage face of
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a Bi2Te3 crystal etched in 3 ml HNO3 + 10 ml H20 for 5 sec.
It is seen that the etch pits are arranged in parallel rows
from the cleavage steps on the surface. When the etching
of crystals was carried out on another crystal for 10 sec,
well defined etch pits were produced (Fig.lO.2). The pits
were uniform in size and had hexagonal shape. Some of the
pits were flat bottomed. These results agreed with the
earlier findings by Teramoto and Takayanagi [2]. But their
etchant didn't show much contrast and terracing as obtained
in the pmesent case. It was found that the pits formed
exhibited many pmenomena associated with dislocation
pits. For example, on prolonged etching, the pits
grown larger, retaining their shape. Etch grooves
also revealed cnm the surface, (Fig.lO.3) whose ends
marked with shorter sides of hexagonal etch pits.

etch

were

were

were

The

orientation of the pits lying on and near the edges of
these grooves is similar to that of individual pits lying
in the same plane. The fact that the etch pits are
preferentially formed on the sides and at the termination
points of the etch grooves strongly suggested that the
etching can reveal the sites of the dislocation.

HN°3'H2S°4i29

The addition of H2504 to HNO3-H20 system leads to
an increase in etch rate and hence the etch pits formed are
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terraced on a macroscopic scale. The pits have a
crystallographic orientation an: a lower concentrations of

H2804 but at higher concentrations, a macroscopic build up
of steps distributed evenly across the surface were
observed resulting into bunch formation.

On etching the crystals iml 3 ml HN03 4- 0.1 ml
H2504 + 10 ml H20 solution for 10 sec, the pits started
losing their hexagonal symmetry and showed ea tendency to
rounding off (Fig.l0.4). The change in the morphology of

dislocation etch pits due to the addition of 0.1 ml H2S04
is quite clear from comparing Figs.l0.2 and 10.4. At
relatively higher concentrations of HZSO4, the sides of the
pit were almost rounded and showed more terracing.
Figs.10.5(a) and l0.5(b) depict the formation of conical

shaped etch pits after etching for l0 sec- in 3 ml HN03 +
0.3 ml H2504 + 10 ml H20. In point bottomed pits the
bottom of the gfil: Ls not at its geometrical centre which
reveals that the pits were formed at inclined dislocations.
In Fig.l0.6 the formation of terraced etch pits along with
etch grooves is shown. Due to high etch rate, the ledges
of neighbouring enxfii pits were combined together to form

macroledges. When 0.4 ml H2804 was added to 3 ml HN03 +
l0 ml H20, the etch rate was so high that bunches were
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developed at the dissolution steps generated by the
dislocations. Fig.l0.7 represents a cluster of point
bottomed etch pits due to the fast reaction of the crystal

surface in 3 ml HN03 + 0.4 ml H2804 + 10 ml H20 after
10 sec etching. In Fig.l0.8 a typical bunch formation is
shown, where the steps were piled up one after another on a
low angle grain boundary. Bunches were also formed with
high density of etch pits (Figs.lO.9(a) and lO.9(b)) after

l0 sec. etchimg in 3 ml HN03 + 0.6 ml H2804 + l0 ml H20.
Etching of the crystals at a still higher acid concentra­
tions leads to the formation of etch pits as shown in
Fig.l0.10. The etchant composition employed was 3 ml HN03
+ 0.9 ml H2304 + 10 ml H20 and etching time was 5 sec. The
irregular markings seen inside the pits were formed due to
the fast dissolution reactions. Above this acid concentra­
tion, surface roughening chm: to corrosion occured within
2 sec (Fig.l0.ll). In all the studies mentioned above it
has been observed that with a change in the concentration

of H2504 in the etchant system HN03—H20, the morphology of
dislocation etch pits was changed.

During the present study, attempt has also been
made to understand the change in morphology of etch pits by

changing the concentration of HN03, keeping the H2804
concentration as constant. At low concentrations of HN03,
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small circular etch pits were formed, whereas at high
concentrations, terraced circular etch pits were formed.
Fig.l0.l2 shows the etch—pit pattern produced by the etchant

0.2 ml HNO3 + 0.5 ml H2804 + 10 ml H20 after l0 sec. In
Fig.l0.l3, circular etch pits aligned on opposite sides
of an etch groove are seen which indicates that the pits
were formed at dislocation sites. In this case the pits
were formed by 0.4 ml HN03 + 0.5 ml H2504 + 10 ml H20 for
10 sec. Fig.l0.l4 is the morphology of an etched surface

produced after etching in 0.6 ml HN03 + 0.5 ml H2804 +
10 ml H20 for 10 sec. When the concentration of HN03 was
increased, the increased dissolution at dislocations caused
terraced etch pits (Fig.l0.l5). The morphology change has
been attributed to the difference in the rate of removal
of atomic layers from the dislocation sites at low and
high acid concentrations and directional dissolution. The
geometry of etch pits clearly reveals that they are at
the dislocation sites intersecting the crystal surface.

HNO3—HF—H2O

It has been found that HF increases the etch

rate more rapidly than H2504. The etched surfaces of the
crystals after etching in 3 ml HN03 + 0.1 ml HE‘ + 10 ml
H20 for l0 sec produced macroledges as shown in Fig.l0.l6.
It is seen that the pits are terraced and the etched surface
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revealed dissolution layers. The increased nucleation and
motion of kinks due to an enhanced etch rate is responsible
for this type of morphology. Similar results were reported

by Desai et al. [l0] on the (lll) face of CaF2 by etching
in HCl vapour at room temperature. When the concentration
of HF is increased, etch pits were observed in the form of
a macroscopic bunching of <iissolution steps. Fig.lO.l7

shows such pattern produced by 3 ml HNO3 + 0.2 ml HF + 10
ml H20 after etching for 10 sec. At higher concentrations
of HF, the surface is overetched and the pits loose their
circular morphology (Fig.lO.l8). Cabrera and Coleman [ll]
have explained the formation of macroscopic steps in terms
of the processes occuring between steps of monoatomic
height. If two steps happen to meet as a result of
encountering an imperfection of the crystal, or due to an
instability of the equidistant step spacing, they will have
a tendency to join together, since steps on surfaces
neighbouring a singular face have an attractive interac­
tion. More monoatomic steps join this combined step and
form a macroscopic step. Mullins and Hirth [12] also found
that in some cases one step may overtake the preceding one
and form a double—height step.

The formation and development of bunches and

terraced etch pits on the (OOOl) face of Bi2Te3 crystals
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may be explained by the kinematic theory of step motion
[12]. As the etch rate is high at high reactant concentra­
tions the train of steps is unstable against disturbances
in their motion. Since the velocity of individual steps is
also higher, fast steps collide withijme whole group to
develop a visible macroscopic bunch. In the present case,
since the etch rate was very high even for an etching time
of 10 sec, bunches were developed not only on the surface,
but also at the dissolution steps generated by the disloca­
tions. The increased dissolution at dislocations also
caused terracing of etch pits.

According to the kinematic theory, the interpreta­
tion of the terracing of etch pits is based on the presump­
tion that the etching surface is misoriented with respect
to the crystallographic face. The misorientation
determines the step density. The larger the inclination of
a dislocation with respect to the surface, the greater the
step density. hn this condition, terraced etch pits are
formed. This mechanism is operative in the present case,
where the dislocations are inclined to the surface.

A detailed investigation of the etching on the
(0001) faces of Bi2Te3 crystals has also been made in the

O
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present study using two newly developed etchants ie.,
I2-H2804—CH30H and I2-HN03-CH30H. In these etchants, the

role of I2 is to oxidise the crystals, while the reagents
H2804 and HN03 help to dissolve the oxides formed during
the dissolution process. The third component CH30H serves
as a medium for the reaction. The influence of the
concentration of particular etchant components on etching
and on the shape of the crystal surface was examined.

12—H2SO4—¢H3@H

When the Bi2Te3 crystals were etched in the
I2-CH30H solution, dislocation etch pits were not observed
on the surfaces. This is possibly due to the deposition of
insoluble oxide layers on them which will passivate
dissolution. However, well defined and contrasting etch
pits were readily formed by the addition of small amounts

of H2804. Hig.lO.l9 depicts the distribution of etch pits
produced using a mixture of l g I2 + 0.5 ml H2804 + 10 ml
CH30H for 10 sec. Flat bottomed and shallow triangular
etch pits were observed. 0n further etching for an
additional lO sec, the pit geometry is found to be
distorted due to high etch rate. In order to slow down the

etching reaction, the concentration of CH30H has been
increased, so that the etchant of composition l g I2 + 0.5
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ml H2504 + 20 ml CH30H was found to be capable of revealing
dislocations on the cleavage face. When the crystals were
immersed ima this particular composition for 30 sec, deep
triangular etch pits were prevailed all over the surface
(Fig.lO.20(a)). So this was found to be the optimum
condition for obtaining visible etch pits. Fig.l0.20(b)
represents the distribution of etch patterns on the same
region after etching for 60 sec. It can be seen from
Figs.lO.20(a) and lO.20(b) that the pit size become larger,
while the number and position of pits remain practically
the same. This shows that the pits are formed at the sites
of emergence of dislocations. The difference in pit size
at different sites on the same surface (Figs.l0.l9,
lO.20(a) and lO.20(b)) may be attributed to the different
strengths of dislocation and the inclination of dislocation
lines with the surface. From the above studies, it is
found that acidification of etching medium is essential for
the etch—pit formation.

On increasing the concentration of iodine in the
etchant, the etch rates have been increased markedly.
Figs.l0.2l(a) and lO.2l(b) show the photographsof the etch

pattern produced by 2 g I2 + 0.5 ml H2504 + 20 ml CH30H for
30 sec. at lower and higher magnifications respectively.
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The distribution of row of etch pits from either sides of
the cleavage step indicates that this etchant reveals
dislocation sites in Bi2Te3 crystals. The change in
morphology of etch pits due~tx> the addition of iodine is
quite clear from Fig.l0.2l(b).

£2-HNQ3-¢H3OE

Fig.10.22(a) shows a (0001) surface etched in 1 g

I2 + 10 ml HN03 + 10 ml CI-I30H for 3 min. The higher
magnification of the region marked A in Fig.l0.22(a) is
shown in E&g.l0.22(b). In Figs.l0.22(c) and l0.22(d) the
same surface after successive etching for 5 min is shown
at lower zmui higher magnifications respectively. It is
seen from Figs.l0.22(b) and l0.22(d) that the etch groove
iJ1 the area indicated E5 in Fig.10.22(b) has grown larger
and joined to the arms of the intersecting etch grooves.
Fig.l0.23 shows the formation cHE.a row of triangular etch
pits inside one of the enxflm grooves. Etch grooves were
also developed from cleavage cracks (Fig.l0.24). When the
iodine content is increased in the etchant, well developed
etch pits were observed. Fig.l0.25(a) shows the morphology

of etch pits observed after etching in 3 g I2 + 10 ml HN03
+ l0 ml CH30H for 2 rmh1. The pits ‘were formed ‘with
different sizes and shapes on the same surface. Some of
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the pits has straight sides while others have cuaéd sides.
It is also seen that some pits were aligned in the form of
a loop structure. The higher magnification of such pits
(marked A in Fig.lO.25(a)) is shown in Fig.lO.25(b) where
the loop structure is clearly visible. The peculiar
morphology of etch pits obtained in the present case is
associated with the etchant composition. The etch pits
observed by Twramoto and Takayanagi [2] using the etchant

containing 10 ml HNO3, l0 ml HCl, 40 ml H20 and l g I2 have
almost equal sizes and the steps of the inner pits were
parallel to the corresponding sides of the outer pits. But
ixm the present case, the etch pattern is entirely
different. The innermost pits are sdtuated at different
positions on the outer pits. On prolonged etching the
etch pits have grown larger so that they combined with
each other to attain the loop structure as shown in
Fig.lO.25(c). It is seen from this figure that the curved
edge of time pits become straight and steps were formed on
their sides. In Fig.lO.26(a) a typical four sided etch pit
is shown, which has a black dot in the centre. The dot
become larger in size and developed into a triangular etch
pit after prolonged etching (Fig.lO.26(b)). The straight
sides of the pit become changed and acquired the geometry
as shown in Fig.lO.26(b). Since the triangular pit did not
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vanish on successive etching, it seems that, it is formed
at dislocation sites on the crystal surface.

(b) Investigationuon_multiplication of dislocations_due to
Frank—Read sources

Br—CH3Q§

The multiplication of dislocations is of
importance to the plasticity of crystals. Frank and Read
[13] proposed the classical multiplication. mechanism in
which a dislocation, anchored at each end, expands in its
slip plane. This was first observed by Dash [14] in
silicon samples plastically deformed at lOOO°C, using
infrared transmission microscopy. During the present
study, special attention has been paid to understand the
movement and multiplication of dislocation, by employing
bromine lJ1 methanol as etchant. Dislocation spirals and
loops due to Frank—Read sources have been observed on the
basal plane. This section describes the report of such
observations.

When the cleavage faces of the crystals were
etched in 5 ml' of 10% bromine in methanol by volume for
30 sec, small shallow pits of undefined shape and prismatic
loops were observed. Further etching of the crystal for a



244

total time of l min. resulted in the development of spirals
and closed loop patterns. Etching for longer times made
the crystal surface corroded. So this composition of
etchant and etching time was found to be the optimum
condition for obtaining visible multiturn dislocation
spirals and loops. This can be seen from the optical
micrographs (Figs.l0.27 to 10.37). From these figures, it
is fairly clear that the multiplication mechanism [13] is
responsible for time present observations. According to
this slip mechanism, the most suitable explanation for the
large amount of slip occurring on a single slip plane can
be obtained by a pmocess of expansion and subdivision due
to simple motion of dislocation [15].

Although the origin of the loops is not completely
understood, the reason for their occurrence has to be

sought in the stoichiometry of Bi2Te3. This point of view
is based on the fact that similar types of closed loops do

not occur in the Te-rich Bi2Te3 crystals of Sagar et al.
[6]. They have observed spirals and concentric loops only

in the heat treated and quenched Bi2Te3 samples grown from
the non—stoichiometric Te-rich melt. When these samples
were heated at 500°C for a few days in vacuum, there may be
a possibility' of the removal of excess Te ‘atoms, thus
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rendering these samples nearer to stoichiometryu This
supports the present observation of ideal Frank—Read
dislocation mill on the basal plane of stoichiometric
Bi2Te3 crystals without any heat treatment. Moreover, the
different shaped pyramidal pit formation in the Te—rich
samples [3,6] is not at all found in the present case.
Hence this implies that, deviations from the stoichiometric
proportions of the constituent elements may have an
important effect on the dislocation pattern of Bi2Te3.

An example of Frank—Read spiral due to a section
of dislocation that lies in the (0001) slip> plane and
leaves that plane at a point in the interior of the crystal
is shown in Fig.l0.27.

The various events ix: the development of Frank­
Read sources are quite clear from Figs.l0.28—10.3l. In
this case the dislocation line connects two interior points
on the two arms of Lwshaped dislocation. The pinning of
these anchor points may be due to other dislocation inter­
sections. When this dislocation leaves the slip plane at
these points under the action of shear stress it will bow
out as stress increases and the expanding loops double back
on itself. Thus a large kidney shaped loop ‘will be
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observed (Fig.l0.28). It is seen that the length of dis­
location line is Q! l0-3 cm. This is in agreement with
the value (l:z1O'3 cm) corresponding to the experimental
elastic limit, which is the order of magnitude of the Frank
network [16]. The~ very' same type of behaviour" has been
observed in silicon using decoration technique [17]. Fig.
10.29 shows the two parts of slipped area, which have almost
doubled back on itself. Finally the sections of dislocation
join and annihilate one another (Fig.lO.30). This occurs
because the two segments moving in opposite directions
under the same stress have the same burgers vector but
opposite line sense. Further formation of closed loops
of dislocation and their expansion is as shown in Fig.
10.31. Fig.l0.32 depicts the expansion of a single closed
loop with two emerging points of circular dislocation sites.
These Frank-Read sources can also be considered as two
oppositely winding spirals joined together.

Many other interesting observations of dislocation

loops were revealed on the basal plane of Bi2Te3. Fig.
10.33 represents the expansion of closed loops from
multiple dislocation sources of various orientations lying
ixa the same plane. This implies that the ‘neighbouring
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parts of the same crystal plane have undergone slip in
different directions. Further, ii: is also observed that
the various sections of dislocation have been bulged in
different proportions. This may be due to the fact that
the stress required for the expansicna of each pair of
unlike dislocation sources is not the same. Fig.lO.34
illustrates the unequal spiralling of the two pivot points
of dislocation. The lack of stable pinning of anchor
points and the interference from other dislocations can
result in the formation of slightly asymmetric closed
loops. Dislocation loops expanding around two Frank—Read
sources (A and B) oriented face to face and sweeping out
the whole plane are depicted in Fig.lO.35. Fig.lO.36
represents a dislocation spiral resulting from the
operation of more than one pair of sources. Fig.lO.37 is
an example of a single closed loop formed by the successive
interaction between three Frank—Read sources. The
individual nature of the central part of the sources could
not be resolved in this photograph.

In many cases, the successive arms of the loops
originating from different dislocations are observed to
join with each other. This can be explained only if the
heights of the different series of steps are the same, ie.,
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the dislocations are cnf the same strength. The disloca­
tions spirals and loops observed on the basal plane of
Bi2Te3 are due to Frank—Read dislocation multiplication
mechanism and the shape of these are shown to be in
accordance vdifia the theory [18]. The internal stresses
produced in this sample may be related to the constraining
of neighbouring regions due to the thermal gradient. The

stoichiometry of Bi2Te3 is of primary importance for the
occurrence of dislocation loops. The dislocation density
is found to be A1103 cm-2.

(c) Investigation on cracks formed by cleavage process

HNO3_CH3COOH_HF

Crystal surfaces prepared by cleavage operations
often lead to damaged surfaces. The etching of cleaved
samples provides a simple method for investigating the
nature and distribution of defects in the damaged layer.

Since cleavage of Bi2Te3 crystals takes place between two
tellurium layers and the bonds are also weakest there, some
damage was produced depending on the care taken during the
cleavage process. Hence it was thought useful to make a
study on the effect of deformation on the cleavage surface
by etching method.
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Fig.l0.38 shows the nucleation of cracks on a
(0001) face of Bi2Te3 crystal after 10 sec etching in 6 ml
HNO3 + l ml CH3COOH + l ml HF solution. This is the
optimum condition for revealing cracks CH1 the» surfaces.
Dark etch pits were formed near the edges and on other
parts of time same surface, which represents the disloca­
tions introduced at the sites of cracks. Fig.l0.39 depicts
the formation of well developed cracks propagating parallel
to the edge of the cleavage face. From E‘igs.l0.38 and
10.39 it is seen that the surface microstructure is
enriched with alternate bright and dark regions in between
the crack channels. This occurs because the dislocations
approach each other forming a dark area in the slip plane.

Dislocations created in the form of cflosed loops
were also observed as shown in Fig.l0.40. In Fig.l0.4l,
the cracks revealed on cleavage steps are shown. No deep
cracks were formed on the neighbouring parts of the
surface, which indicates that the passage of crack around
the cleavage step did run: produce new dislocations in the
crystal. When the crystal is highly plastic, plastic zones
may be formed at the crack tip. The propogation of such a
crack was often retarded by the large number of disloca­
tions near the tip and hence the crack tip rounds off.
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This is shown in Fig.lO.42. The shape of these cracks is
in agreement with the structure of cracks described in
[19]. The depth of cracks ranges from 5O to 100 Pm.

Crack nucleation in crystals has been studied by
several workers [20-22]. Sangwal and Arora [22] investi­
gated the nature and depth of surface damage of nmchani—
cally abraded surfaces of MgO crystals and revealed surface
cracks by chemical etching on the (lll) faces. In the
present study the nucleation and development of cracks may
be explained as follows.

The basic mechanism of growth of a crack is the
input of dislocations to it. When the crystal is subjected
to mechanical stress, a dislocation source is generated on
it. The stress applied to the sample tends to deform it
gradually. In the course of deformation, the dislocations
move along the slip plane as long as they are not pinned by
any obstacles. Obstacles capable of slowing down whole
groups of dislocations may be Sessile dislocations,
dislocation dipoles (pairs of parallel, dislocations with
opposite iBurgers Vector) low——misorientation——anglee block

boundaries, grain boundaries and other defects. _The
generation of dislocations was increased under the effect
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of increasing stress and thus caused an increased in
dislocation density in the slip planes. When the stress is
raised above a particular level, the dislocations interact
with each other very closely and a stress concentration
arises in different regions of the surface. Further
increase in the applied stress leads to the growth of well
developed cracks. Similar scheme of crack nucleation was
proposed by Mott [23]. According to this scheme a crack
nucleates in front of a dislocation pile up and develops in
the plane with maximum normal stress.

10.3.2 In2Te3 Crystals
(a) Investigation on_the morphology of etch pits

Various chemical etchants were tried to delineate

dislocations in In2Te3 crystals. Finally' two» etchants:
HNO§+§‘ and HNO3-HF—H2O were selected to study the
morphology of etch patterns.

52123115

Fig.lO.43(a) depicts the etched surface of
d}In2Te3 crystal after etching it in 3 ml HNO3 + 0.5 ml HF
for 10 sec. Fig.lO.43(b) shows the higher magnified view
of the etch pit marked B in Fig.lO.43(a)- After repeated
etching for 20 sec, a one—to-one correspondence» in the
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position of pits was observed (Fig.lO.43(c)). Moreover,
there was no increase in the number of pits. The above
observations strongly suggested that the etch pits were
produced at the emergence points of dislocations.

The etching of p~In2Te3 crystals was carried out
in the same etchant for 10 sec and the resulting pattern
is as shown in Fig.lO.44(a). The- etch pits exhibited
different morphologies like A—type, B—type and C—type pits
as indicated in the figure. Figs.lO.44(b) and lO.44(c)
show the mo'rphology of A—type and B-type pits at higher
magnifications. On successive etching (Fig.lO.45(aD both
pits came close together due to the increase in their size
and acquired the morphologies as shown in Figs.lO.45(b) and
lO.45(c). The outer layers of the pit become flattened
whereas the interior parts become deepened, The increased
size and depth of the pits may be due to a larger Burgers
vector. The C-type pits seen in Edgs.lO.44(a) developed
further cn1_successive etching, whereas» the smaller etch
pits vanished, which indicates that they were formed due to
the segregation of impurities. Fig.lO.46 depicts a typical

etch pit formed by etching in 3 ml HNO3 + 0.6 ml HF for 10
sec. The change in morphology of etch pits is quite clear.
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From the above observations, it is clear that the
etchant is capable of revealing dislocations [24]. Of the
various factors, the morphology of etch pits observed in
the present case is sensitive to the nature and composition
of the etchant, etching conditions, nature of the crystal
face txa be etched, character of dislocation lines running
into the body of a crystal as well as on the precipitation
of impurities along dislocation lines and at random sites
in the crystal.

HNO3'HF_H2Q

Fig.lO.47(a) shows the morphology of etch pits on
'F0\CQ.

the cleavage of OC-In2Te3 crystal produced by the etchantA

7 ml HNO3 + 0.1 ml HF + 3 ml H20 for 15 sec. Three types
of etch pits were observed on the same face: (l) Etch pits
exhibiting circular pattern :h1 the ,centre (marked IX in
Fig.lO.47(a)). (2) Etch pits having an elongated pattern in
the centre (Marked B in Fig.lO.47(a)) and (3) Etch pits
having a tail (marked C in Fig.lO.47(a)), Pits of type A
and B persisted and got enlarged on prolonged etching.
Hence they may be formed at the sites of emergence of
dislocations on the crystal faces. The difference in
orientation of bright feature in the center of pits A and B
indicates that the dislocations are inclined at different
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angles an: both sites. In the C—type pits (Fig.l0.47(b))
the tail disappeared on subsequent etching. These pits may
be formed at sites where the impurities had segregated or
where the dislocations had moved away by abrupt bending.
In Fig.l0.48 a peculiar morphology of etch pits was
observed, when the crystals were etched in 7 ml HNO3 +
0.2 ml HF + 3 ml H20 for 15 sec. Both pits were
distributed along a line and developed continuously upon
etching.

On etching H-In2Te3 crystals in 7 ml HNO3 + 0.1 ml
HF +-I3 ml H20, spiral type distribution of etch pits were
obtained as shown in Fig.l0.49. In addition, etch grooves
were also observed as shown in Fig.l0.50.

The morphology of etch patterns observed on the

(lll) faces of In2Te3 crystals are similar to those
reported on the (lll) faces of InSb crystals [25].

(b) Investigationon cracks formed by_cleavage process

HNO3-CH3C0OH-HF

The dislocation etchant 6 ml HN03 + l ml CH3C00H +
1 ml HF employed for the revelation of microcracks on the

cleavage faces of Bi2Te3 crystals was found to be reliable



255

for the same studies in In2Te3 crystals. Since the
cleavage of In2Te3 crystals didn't cause much damage, only
a few crack patterns were observed on their cleavage faces.

In Figs.lO.5l(a) and lO.5l(b) the formation of a
long crack on the cleavage face ofoQIn2Te3 crystal is shown
at lower and higher magnifications respectively. The
cracks formed along the cleavage steps of a ;5—In2Te3
crystal is depicted in Fig.l0.52. It is found that a large
area of the surface was free of dislocations which
indicates that only a small amount of deformation was
produced during the cleavage process.

10.4 CONCLUSION

The morphology of dislocation etch pits on the

(0001) plane of Bi2Te3 crystals has been studied using
different etchants like HNO3-H20, HNO3-H2SO4—H2O, HNO3-HF­

H20, I2—H2S04—CH30H euui I2—HN03—CH30H. The terracing and
bunching of etch pits were studied by changing the
concentration of acids. Dislocation spirals and loops due
to Frank-Read sources have been observed on the basal plane
by using bromine in methanol as the etchant. The density

of dislocations interesting the (0001) face of Bi2Te3
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crystalsis fimrd'UJbervl03 cm 2. The etchant consisting of

6 ml HN03, l ml CH3C00H and 1 ml HF is found to be capable
of revealing cracks on the (0001) faces. It is also
reliable for detecting cracks im1c£.and p-In2Te3 crystals.
HN03—HF and HN03-HF-H20 are reliable etchants for the
observation of dislocation etch pits in Q(_ and p—In2Te3
crystals.



10.5 FIGURE

Fig.l0.l

Fig.l0.2

Fig.l0.3

Fig.lO.4

Figs.l0.5(a)
and l0.5(b)

Fig.l0.6
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CAPTIONS

Etch pit patterns produced on the (0001) face

of a Bi2Te3 crystal by 3 ml HN03 + l0 ml H20
after 5 sec.

Etch pits produced on the (0001) face of a
Bi2Te3 crystal by 3 ml HN03 + 10 ml H20 after
10 sec. (Markerzl div. = lcprfl.

Etch pits accompanied tnr etch grooves on the

(0001) face of a Bi2Te3 crystal by 3 ml HN03 +
10 ml H20 after 10 sec.

Etch pits produced on the (0001) face of a

Bi2Te3 crystal by 3 nd.EHM%3 + 0.1 ml H2804 +

10 rml H20 after 11) sec. (Marker: 1. div=lO
pm.)

Etch pits produced on the (0001) face of a

B12Te3 crystal by 3 nd.EHM%3 + 0.3 ml H2504 +

10 ml H20 after l0 sec at lower and higher
magnifications respectively.

Formation of terraced etch pits along with
etch grooves on the (0001) face of a Bi2Te3
whisker by etching in 3 ml HN03 + 0.3 ml H?S04
+ 10 ml H20 after 10 sec.



Fig.l0.7

Fig.lO.8

Figs.10.9(a)
and l0.9(b)

Fig.l0.l0

Fig.l0.ll

Fig.lO.l2
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A cluster of point bottomed etch pits formed

on the (0001) face of a Bi2Te3 crystal by 3 ml
HN03 + 0.4 ml H2804 + 10 ml H20 after 10 sec.

Bunch formation on the (0001) face of Bi2Te3
crystal after etching in 3 ml HN03 + 0.4 ml
H2504 + 10 ml H20 for l0 sec.

Bunches observed on the (0001) face of a

Bi2'I‘e3 crystal etched in 3 ml HN03 + 0.6 ml
H2804 + 10 ml H20 after 10 sec.

Etch pits produced on the (0001) face of a
Bi2Te3 crystal after etching for 5 sec in 3
ml HN03 +-(DJ? ml H2504 + 10 ml H20 (Markertl

div.==_5Fm.

Etch pits formed on the (0001) face of Bi2Te3
crystal due to high etch rates after etching
in 3 ml HN03 +-ll ml H2504 + l0 ml H20 for 2
sec.

Etch patterns produced on the (0001) face of a

Bi2Te3 crystal by 0.2 ml HN03 + 0.5 ml H2804 +
10 ml H20 after etching for 10 sec. (Marker;

1div.==IOPm).



Fig.lO.l3

Fig.l0.l4

Fig.lO.l5

Fig.l0.l6

Fig.lO.l7

Fig.l0.l8
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Etch pits formed on the (0001) face of a
Bi2Te3 crystal by etching in 0.4 ml HN03 + 0.5
ml H2804 + l0 ml H20 for l0 sec. (Marker;

idiv. = lopm).

Morphology of etch pits formed on the (0001)

face of a Bi2Te3 crystal by 0.6 ml HNO3 + 0.5
ml H2S04+l0 ml H20 after etching for l0 sec.
(Marker 1 div. = lOPm§.

Formation of terraced etchpit patterns on the

(0001) face of a Bi2Te3 crystal after etching
in 0.8 ml HNO3+0.5 ml H2804 + l0 ml H20 for 10
sec.

Etch pit pattern formed on the (0001) face of

a Bi2Te3 crystal after etching in 3 ml HN03 +
0.1 ml PH‘-+ l0 ml H20 for l0 sec. (Marker;

idiv. = 5|.1m) .

Bunching <mf etchpits observed cnu the (0001)

face of a Bi2Te3 crystal after etching in 3 ml
HN03 + 0.2 ml HF + l0 ml H20 for 10 sec.

Etchpits produced on the (0001) face of a
Bi2Te3 crystal by 3 ml HN03 + 0.3 ml HF + 10
ml H20 for 10 sec.



Fig.l0.19

Fig.l0.20(a)

Fig.lO.20(b)

Fig.10.2l(a)

Fig.10.2l(b)

Fig.l0.22(a)

Fig.l0.22(b)
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Ethch pit pattern on the (0001) face of Bi2Te3
crystal after etching for 10 sec. in 1 g I2 +
0.5» ml H2804 -+ l0 ml CH30H (Marker 1. div.
= lOpm).

Formation of etch pits on the (0001) face of a

Bi2Te3 crystal by ].<g I2 + 0.5 ml H2504 + 20
ml CH30H solution after etching for 30 sec.
(Marker 1 div = iolnn)

The same area after prolonged etching (Marker

l div = K>pm).

Morphology of etch pits on the (0001) face

produced by etching in the 2 g I2 + 0.5 ml
H2804 + 20 ml CH30H solution for 30 sec.

Higher magnification of the pits in 10.2l(a)
(Marker l div = lopm).

The etch grooves on the (0001) face of a
Bi2Te3 crystal produced by etching in l g I2 +
10 ml HN03 + 10 ml CH30H for 3 min.

Higher magnification of the region marked A in
Fig.l0.22(a).
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Fig.lO.22(c) The area shown in Fig.lO.22(a) after success­
ive etching.

Fig.lO.22(d) Higher magnification of the region marked A in
Fig.lO.22(c).

Fig.lO.23 Formation of a row of triangular etch pits
inside one of the etch grooves.

Fig.lO.24 Etch grooves developed from the cleavage
cracks on the (OOO1) surface of Bi2Te3
crystal.

Fig.lO.25(a) Morphology of etch pits produced after etching

in 3 g I2 + 10 ml HNO3 + 10 ml CI-I3OH for 2
min. (Marker 1 div = HD}nd.

Fig.lO.25(b) Higher magnification of the region marked A in
Fig.lO.25(a).

Fig.lO.25(c) The distribution of’ etch pits shown in
Fig.lO.25(a) after prolonged etching. (Marker
1 div = IO pm).

Fig.lO.26(a) Etch patterns produced by 3 g I2 + 1O ml HNO3
-+ 10 lnl CH3OH solution after etching for 3
min.



Fig.lO.26(b)

Fig.lO.27

Fig.lO.28

Fig.lO.29

Fig.lO.3O

Fig.lO.3l

Fig.lO.32

Fig.lO.33

Fig.lO.34
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The same face after prolonged etching.

A. circular' spiral. originating from ea single
dislocation.

Configuration <mE dislocations resulting from
the operation of a Frank—Read source of the

double ended type (Marker: l div = 5»pm).

Formation of an unstable dislocation loop
where the two segments have almost joined.

Mutual annihilation of two dislocations of
opposite sense.

Formation of closed loops from a pair of
unlike dislocations.

Emergence points of two dislocations inside a
single closed loop.

A group of interacting dislocation spirals and
loops.

Unequal movement of two dislocations.



Fig.l0.35

Fig.l0.36

Fig.10.37

Fig.lO.38

Fig.l0.39

Fig.lO.4O

Fig.l0.4l

Fig.lO.42
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Expanding loops from two Frank-Read sources (A

and B) of opposite sign.

An expanding spiral spreading from multiple
sources.

A single closed loop formed by the interaction
between three Frank-Read sources.

Nucleation of microcracks on a (0001) face of

a Bi2Te3 crystal produced after 10 sec.
etching in 6 ml HN03 + l ml CH3C00H + 1 ml HF
solution.

Propagation of cracks parallel to the edge of

the (0001) face of a Bi2Te3 crystal.

Nucleation of dislocations in the form of
closed loops.

Revelation of cracks on the cleavage steps of

a (0001) face of Bi2Te3 crystal.

Rounding of crack tips on a (0001) face of

Bi2Te3 crystals.



Fig.lO.43(a)

Fig.lO.43(b)

Fig.lO.43(c)

Fig.lO.44(a)

Figs.1O.44(b)
and 10.44(c)

Fig.lO.45(a)

Figs.lO.45(b)
and lO.45(c)

Fig.lO.46
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Distribution of etch pits produced on cleavage

face of a oCIn2Te3 crystal by etching in
3 ml HNO3 + 0.5 ml HF for 10 sec.

Higher magnified view of the pit marked B in
Fig.1O.43(a).

The face shown in Fig.lO.43(a) after repeated
etching.

Etch pattern formed on the cleavage face of

P-Ifl2Te3crystal after etching in 3 ml HN03 + 0-5 ml
HF for 10 sec.

Higher magnified view of the A-type and B—type

pits shown in Fig.lO.44(a).

Successive etching of the face shown in
Fig.lO.44(a).

Higher magnified view of the A-type and B—type

pits shown in Fig.lO.45(a) respectively.

Morphology of a typical etchpit formed by

etching in 3 ml HNO3 + 0.6 ml HF for lO sec.



Fig.lO.47(a)

Fig.lO.47(b)

Fig.1O.48

Fig.lO.49

Fig.lO.5O

Figs.lO.51(a)
and lO.5l(b)

oC—In2Te3 crystal at lower and higher magni­

Fig.lO.52
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Etch patterns produced on the cleavage face of

a oC_—In2Te3 crystal by etching in 7 ml HNO3
0.1 ml HF + 3 ml H20 for l5 sec.

Higher magnification of the pit marked C in
Fig.lO.47(a).

Etchpits cn1 the cleavage face of ¢K}In2Te3
crystal by etching in 7 ml HNO3 + 0.2 ml HF +
3 ml H20 for 15 sec.

Distribution of etch pits on the cleavage
faces of a p—In2Te3 crystal after etching in 7
ml HNO3 + 0.1 ml HF + 3 ml H20 for 15 sec.

Etch grooves observed on the cleavage face of
-In Te crystal.2 3

Formation of a crack on the cleavage face of a

fications respectively.

Cracks formed along the cleavage of a p-In2Te3
crystal.
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11.1 INTRODUCTION

Tsypin et al. [1] studied the mechanical properties

of monocrystalline Bi2Te3 and reported that P—type Bi2Te3
crystals are less strong than solid solutions based on it.
Leonov and Chunarev [2] carried out measurements of the over

all microhardness of oriented eutectics Te—Bi2Te3 and
Te-Sb2Te3 and the minimum period of the distribution of
their constituent phases. They have also reported [3] the
interrelation <of microhardness auui electrical conductivity
of these eutectic systems. The influence of second phase of

deformation and recrystallization of Bi2Te3 based alloys was
carried out by Dubrovina et al. [4]. Arivuoli et al. [5]
have reported the microhardness studies of Bi2Te3 crystals
grown from vapour.

Goryuniva [6] has first investigated the
microhardness of semiconducting materials with the zinc
blende structure. They determined the hardness numbers with
loads between 10 and 50 g and estimated the hardness of

In2Te3 to be equal to 180 kg/mm2 for a load of 20 g.

Not much data has been seen reported on the
mechanical behaviour of Bi2Te3|oC, and p-In2Te3 ¢rySta1s grown by
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horizontal zone—levelling (HZL) method. So it was thought
useful to make a microindentation analysis to study the
hardness, toughness and brittleness of these crystals. The
work hardening exponent n has been determined from the
dependence of hardness on applied load. Attempts have also
been made to understand the nature of crack system developed
around the indented impressions.

11.2 EXPERIMENTAL

The crystals used in the present investigation were
grown by the HZL method. Freshly cleaved crystals with

highly reflecting (0001) cleavage planes of Bi2Te3 and (lll)
planes Qf 1n2Te3¢;—ys1;a1s (~l0x3x2 mm) were selected for
indentation purposes. The samples were mounted on to glass
slides with the cleaved face parallel to the slide surface.
The indentation study was performed at room temperature
using a microhardness tester as described in chapter 5. All
investigations have been done in the load range 2.5 to 50 g,
above which intensive cracks were observed. For each
sample, several trials of indentations vdifll each loading
were carried out. Since the area of the impression did not
bear any observable dependence on loading time for the
constant load used, the time of indentation employed was



l5 sec for all subsequent trials. The indentation-induced
crack patterns around the indented impressions were viewed

under the microscope. The microhardness Hv wasficalculated
as described in chapter 4, Fracture toughness Kc has been
calculated from the observed crack lengths. The values of

brittleness Br were determined using Lawn and Marshall's [7]
proposal that brittleness is equal txn hardness divided by
toughness. Chemical etching technique was employed with the

etchant comprising 6 ml HN03, l ml CH3C0OH and l ml HF to
delineate the development of cracks formed under different
loads.

11.3 RESULTS AND DISCUSSION

11.3.1 Bi2Te3 crystals

The microhardness on the (0001) cleavage plane of

Bi2Te3 crystals strongly depends on plastic deformation and
their greater tendency towards crack formation and easy
cleavage. So during the present investigations, special
attention has been made to understand these characteristics
while measuring the microhardness. Fig.ll.l shows the
dependence of microhardness on load for Bi2Te3 crystals,
where a sudden decrease is observed at increasing loads.

This is due txa the fact that the cleavage plane of Bi2Te3
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crystals is consisting of weakly bonded Te layers, which
have a substantially large bond length equal to 3.74 g [8].
As this bond is primarily of the van der Waals kind, the
cleavage plane is easy to glide and hence it will slip
during indentation process. Indentation produces plastic
deformation which must be accompanied by movement and
multiplication of dislocations. Hence as the load is
increased, the amount of plastic strain is also increased,
which in turn reduces the microhardness values. The average
value cnf hardness is 0.305 GPa. (M1 comparing this result

with that obtained for Bi2Te3 whiskers it is found that the
hardness of melt grown Bi2Te3 crystals is less than that of
Bi2Te3 whiskers. The inset of Fig.l1.l represents the plot
of log P versus log d whose slope(n)is found to be equal to
1.656. This supports the concept of Onitsch [9] who
reported that the value of n is less than 2 when the
hardness decreases with load.

The cracks which form around a sharp indentation
have been the subject of many investigations [10-12]. These
studies allowed the cracks to be viewed not as a cause of
perturbation of hardness measurements, but as a new
possibility for toughness determination. In Bi2Te3 crystals
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cracks were propagated from the corners cnf the indented
impressions at increasing loads. Loads beyond 50 g were not
used for the evaluation of toughness as chipping of the
material occured above this load. The mean value of

toughness is CMIO6 MPa m% and the brittleness of Bi2Te3 is
->

2.877 Pmz.

The deformation pattern around the indentation
marks on the crystals was detected by chemical etching
technique, from which the crack system can be easily

observed. In the present study, the etchant comprising 6 ml HNO3 + l ml

CH3COOH + l ml HF (previously employed to investigate cracks
formed by cleavage process) is found to be very reliable to
understand the deformation formed during the indentation
process. Some interesting results were obtained by
employing this etchant on the indented samples at different
loads. Fig.ll.2(a) shows the micrographs of Vickers
indentations made :h1 Bi2Te3 crystals at increasing loads.
The indentation mark at the site A is for 5 g and that at B
is for l0 gu The same surface after etching for 10 sec is
shown in Fig.ll.2(b). At 5 g load, rosette patterns were
formed cum the indentation mark, while at the load of 10 g,
extensive cracks were formed. IFrom these features, the
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effect of surface damage produced by subjecting to different
loads can be clearly seen. Figs.1l.3 to 11.5 represent the
indentation marks at loads 7.5, 15 and 20 g respectively
after etching for 10 sec. In this case also, it can be
found that at low loads, less deformation was produced due
to indentation, whereas at higher loads, lateral and
interior cracks were rewealed which indicates that higher
deformations were produced. On etching, the damaged surface
layers were removed very fast from the marks at higher
loads. From these observations it is clear that the etchant
employed in the present study is very reliable to reveal the
surface damage extending on the surface due to cracks caused
by indentation.

11.3.2 In2Te3 crystals

The variathmq of hardness with load cum the (lll)

cleavage faces of xj and F—In2Te3 crystals is shown in
Figs.l1.6 and ll.7 respectively. The inset shows the log P
versus log d plot for these crystals. The average value of

hardness of ¢C—In2Te3 crystals is 1.509 GPa and that of
p—In2Te3 crystals is 1.470 GPa. The values are found to be
less than that obtained for ¢;and p-In2Te3 whisker crystals.
This is due to the fact that, on the cleavage faces of
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In2Te3 crystals, as a load sufficient to cause plastic
deformation is first applied, atomic planes which are
suitably oriented will slip more readily than that of
whiskers. The hardness numbers obtained are fairly in good
agreement with those reported in [6]. The values of work

hardening exponent for xjamd p-In2Te3 crystals are found to
be 2.083 and 2.174 respectively.

In In2Te3 crystals, no cracks were formed upto a
load of 12.5 g. (M1 increasing the loads, distinct radial
cracks appeared. Figs.ll.8 and 11.9 are the micrographs of

dland p—In2Te3 crystals showing the cracks induced by the
indentation for a load of 30 g. It is seen that for
p-In2Te3 crystals, the cracks propagated through a long
distance. Also the cracks are not extended deep into the
crystal. The absence of any bulk median cracks on the
surface of these crystals indicate the low damage of the
surface. The average values of toughness Ofcfi and p-In2Te

~\"' U)

L
crystals are found to be 0.437 MPa ma and 0.366 MPa m

respectively. The brittleness values of <=<; and p—In2Te21 1L L
crystals arejL453 pmz and 4.016 pmz respectively[13],

11.4 CONCLUSION

Microhardness studies on the cleavage plane of

Bi2Te3 crystaLs showed decrease ixm the hardness values at
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increasing loads. This is due to the existence of weak bond
between Te-Te layers jJ1 the cleavage plane. The value of
work hardening exponent is equal to 1.656. The deformation
produced on the surface by indentation is revealed by
etching technique. ‘The ihardness of In2Te3 crystals are
found to vary with load. The work hardening exponent
calculated from the log P versus log d plot for cf and
p-In2Te3 crystals is equal to 2.083 and 2.174 respectively.
Radial cracks are formed around the indentation marks at
higher loads.

Hardness, toughness and brittleness values of
L

Bi2Te3 crystals are found to be 0.305 GPa, 0.106 MPa ma and
-L

2.877 pmz; that of ¢!—In2Te3 crystals are 1.509 GPa,L —1/
0.437 MPa ma and 3.453 Pm’ and that -In2Te3 crystals are

o
l'h

~\'“ "tn

1 _
1.470 GPa, 0.366 MPa IE5 and 4.016 Pm respectively. The
hardness values obtained for the cleaved surfaces are less
than that of whiskers.



11.5 FIGURE

Fig.ll.l

Fig.ll.2(a)

Fig.ll.2(b)

Fig.ll.3

Fig.ll.4

Fig.ll.5

Fig.ll.6
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CAPTIONS

Variation of hardness with load for ‘Bi2Te3
crystals. The inset shows the plot of log P
_with log d.

Indentationrmnkscxaa cleavage face of Bi2Te3
crystals at two different loads, 5 g (A) and
10 g (B).

The same face after etching.

Etch figure of the indentation markgn a
cleavage face of Bi2Te3 crystals at 7.5 g
load.

Etch figure of the indentation mark Ofla
cleavage face of Bi2Te3 crystals at 15 g load.

Etch figure of the indentation mark on a
cleavage face of Bi2Te3 crystals at 20 g load.

Variation of hardness with load for QQ-In2Te3
crystals. The inset shows the plot of log P
with log d.
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Fig.l1.7 Variation of hardness with load for p—In2Te3
crystals. The inset shows the plot of log P
with log d.

Fig.ll.8 Indentathm1 mark at IN) g load showing crack

patterns on a cleavage face of <fij—In2Te3
crystals.

Fig.l1.9 Indentation mark at 3O g load showing crack

Patterns 0n~a cleavage face of p—In2Te
crystals.

3
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12.1 INTRODUCTION

Electrical conductivity studies have pmovided
valuable information regarding the motion of charge arriers
in various materials [1-4]. It can also yield sufficient
knowledge of the defect levels as well as the band gap
in solids.

This chapter deals with the basic theory of
eleCtriCal mmtkmtfixm and the study of conductivity of Bi2Te3

and In2Te3 crystals. Special attention has been given
n

to analyse time dependence of annealing temperature on the

conductivity of ErIn2Te3 crystals. The values of activation
energy of charge carriers are also estimated.

12.2 MECHANISM OF ELECTRICAL CONDUCTION IN SEMICONDUCTORS

The term semiconductor implies that it is a
material having an electrical conductivity intermediate
between that of metals and insulators. Metallic conducti­
vity is typically between lO6 and lO4_()3'cm 1, while for
insulators the conductivity is less than 10 lO,CLlcm 1.
Some solids with conductivities between 104 and
lO_lO,Q:lcm—l are classified as semiconductors. The semi­
conducting properties are brought up by thermal excitation,
impurities, lattice defects etc. Semiconductors in which
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conductivity is controlled by valence electrons are known
as intrinsic semiconductors and those in which conductivity
is controlled by impurities are called extrinsic semi­
conductors.

Electrical conduction in an ideal semiconductor
consists of motion of electrons in the conduction band
under the influence of an electric field and holes in the
valence band. Thus the basic idea of electrical conduction
in a semiggndugtgr is that the electrons occupying donor
levels (or holes occupying acceptor levels) may contribute
to the electrical conductivity iJ1.a manner other than the
usual process of thermal excitation followed by band condu­
ction.

The transport of carriers under the influence
of an applied electric field produces a current I

The resistivity Qof the material is defined as
a proportionality constant between the electric field inten­
sity E and the current density J

E = QJ (12.1)
The conductivity 6' is the reciprocal of resistivity Q
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J = 6“E (12.2)
The current density can be expressed by

J=@“Y3 (us)
where n is the carrier density, e is the carrier charge
and Vd is the drift velocity.

Substituting Va == uE into (12.3), equating (12.3)
and (12.2) and solving for conductivity leads to

6“ = epn (12.4)
The electron conductivity' qrh and hole conductivity 6’
can be expressed as

6"n = enpnn (12.5)
and 6* = 12.6p epppp ( )

The total conductivity of the semiconductor must
be expressed by

67$ =6*n +crp = enunn + epppp (12.7)

P
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Often either n or p dominates and one of the terms
on the right hand side of the equation (12.7) may be
neglected [5].

The temperature dependence of the conductivity
of semiconductors is one of the most striking chara­
cteristics of their properties. The conduction mechanism
can be determined by measuring the variation of current
in a semiconductor with temperature. The conductivity of
a semiconductor depends on two factors such as the number
of current carriers per unit volume and the mobility of
carriers through the substance under an applied electric
field. As the temperature is increased from absolute zero,
the electrons in the defect level get excited to the condu­
ction band (or to the valence band in the case of holes)
and contribute txa conduction. This process continues until
aL1 the defect levels are exhausted. The conductivity may
decrease with further increase of temperature due to the
decrease in mobility of the charge carriers. At still higher
temperatures, the electrons are excited from the valence
band to the conduction band and yield to intrinsic
conduction.

The variation of condutivity with temperature
can be given by
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-65G” = <5- exp -- (Intrinsic conduction) (12.8)° izkT
and

<5“ = 6“ exp -fig (Extrinsic conduction) (12.9)O 2
,-aT'

where 6'0 is a constant, k is Boltzmann constant, T the
absolute temperature and €.is the activation energy of
charge carriers.

The exponential increase in conductivity with
temperature is simply associated with the activation energy
required for the thermal motion of charge carriers. The
value of the activation energy" for* the donor level can
be determined from the slope of the (oi-T) curve. The slope
of the intrinsic region of this curve represents the acti­
vation energy required for an electron to go from the
valence band to the conduction band and this must be equal
to the band gap of the material.

1 2 . 3 EXPERIMENTAL

The crystals were grown by HZL method as already

described ixl Chapter 5. F>—In2Te3 crystals were annealed
in vacuum for 30 min at temperatures 323 and 343 K. Samples
of typical sizes 5x5x2 mm3 with their cleavage faces coated
with silver paint were kept ix: the sample holder and the
measurements were made in an evacuated metallic chamber

as discussed JU1 Chapter 5. The conductivity' measurements
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were carried out by applying a steady voltage of 9 V across
the crystal and the resulting current was measured using
an electrometer. During the measurements, the temperature
of the crystal was controlled by the current applied to
the heater frem 8 stabilized voltage source Tempera­
ture of the sample was measured using a chromel-alumel
thermocouple kept close to the sample. Details of the sample
holder and the chamber used for the conductivity studies
have been already described in 'Chapter 5. The thickness
of the crystals used in this study was measured using a
micrometer.

12.4 RESULTS AND DISCUSSION

12.4.1 Bi2Te3 crystals

The electrical Qonductivity of Bi2Te3 crystals
as a function of temperature is measured to determine the
energy gap of this material. Fig.l2.l shows the temperature
dependence of the conductivity. It is found that the
material is extrinsic in the temperature region 166-333K.
The decrease ix: conductivity with increase lJl temperature
from 166 to 333K is due to the decrease in the mobility
as the temperature increases [6]. Above 333K, conductivity
increases with temperature and this is typical of an
intrinsic conduction. The slope cnf the intrinsic region
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gives an energy gap of 0.158 eV and this value is in good
agreement with that reported in [7—9].

12.4.2 In2Te3 crystals
Figs.l2.2 and 12.3 show the variation of electrical

conductivity as a function of 103/T for oCand ,Z—In2Te3
crystals respectively. This type of behaviour has been
reported by Dmitriev et al- [10]. The effect of annealing
at different temperatures cum the electrical conductivity

of @—In2Te3 crystals is also shown inFig.12.3. It is Seen
that for In2Te3 crystals, the conductivity first rises
slowly in the temperature range lOO—25OK and thereafter
it increases sharply upto 333K. The process of conduction
in the lOO—25OK temperature region is indicative of the
release of charge carriers from the shallow acceptor levels
and the abrupt increase in conduction of the samples above
250K is attributed to the fact that the number of carriers
from time next deep acceptor levels are considerably
increased as the temperature is increased.

From the figures it is clear that the conductivity

of I5—In2Te3 crystals is found to be higher than that
of<>Q-In2Te3 crystals. This is due to the increase in the
concentration <1f lattice vcancies ix: the disordered
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material. The effect of annealing on the conductivity of

B-In2Te3 crystals is also performed and the result obtained
is presented in Fig.12.4. It should be noted that annealing
at 323K resulted in a low value of conductivity and this
may be explained on the basis that annealing reduces the
number of defects present in the crystal. But annealing
of the samples at 343K increased the value of conductivity
due to the creation of defects and the increase in carrier
concentration [11].

Table 12.1 shows the values of electrical conductivity

of In2Te3 crystals at 100, 303 and 333K. It is also clear
from this table that the conductivity of ]'f>—In2Te3 crystals
responds sensitively to the changes in the annealing tempe­
rature. In Table_12,2 the values of activation energy cal­
culated for all samples are listed. The results are found
to be in good agreement with that obtained by Sen and Bose
[12]. Since the electrical conductivity of these samples
is governed mainly by the hole concentrations, the values
obtained here correspond to the activation energy of the
acceptor levels.

12 . 5 CONCLUSION

The energy gap of Bi2Te3 crystals determined from
the slope of "he intrinsic regitvn of log=5‘vs. 103/T plot
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Table 12.1 The values of electrical conductivity 6" of
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In2Te3 crystals

6'at <5'at CF atSample 100 K 303 K 333 K-1 -l -1 -l —l -1;1.cm ;1.cm 41_cm

OC—In2Te3 2.5llxlO-14

{B-In2Te3
303 K (Unannealed)

323 K (Annealed)

343 K (Annealed)

6.310x10'14

3.l62xlO_l4

2.512x10‘l3

2.5l2xlO-7 l.584xlO_

1o'6 6.3l3xlO—

5.Ol2xlO-7 3.l6OxlO_

l.58OxlO_6 l.585xlO_
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Table 12.2 The values of activation energy at dlfferent
temperature ranges in In2Te3 crystals

Activat

Sample
100-25

eV

ion energy in the temperature
range at

0 K 250-333 K
eV

°C—In2Te3 0.1656

F3 —In2Te3

303 K (Unannealed) 0.1589

323 K (Annealed) 0.1622

343 K (Annealed) 0.1490

0.5860

0.5564

0.5660

0.5464
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is 0.158 eV. The conductivity of[}ln2Te3 crystals is found
to be higher than that of<K}In2Te3 crystals. Annealing
of E-In2Te3 crystals at 323K decreases the conductivity
whereas annealing at 343K increases the value of
conductivity.
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12.6 FIGURE CAPTIONS

Fig.12.l

Fig.l2.2

Fig.l2.3

Fig.l2.4

Variation <yf electrical conductivity with
reciprocal absolute temperature for Bi2Te3
crystals.

Variation of electrical conductivity with
reciprocal absolute temperature for <X}-In2Te3
crystals.

Variation of electrical conductivity with
reciprocal absolute temperature for 13-In2Te3
crystals. (0) 303 K (Unannealed), (+) 323 K
(Annealed) and (o) 343 K (Annealed).

Plot cflf log 6'against annealing temperature for

B—In2Te3 crystals at <different temperatures.
( O) 100 K, (X) 303 K and (<0) 333 K.
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