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CHAPTER - 1

GENERAL INTRODUCTIOK.

The importance of vacuum deposited films in research
as well as in Industry has been well recognised for some
time past. In recent times the applications of these films
in diversified fields such as reflectors, antireflectiocn
coatings, paper capacitors, sclid state devices, printed
circuits, microminiaturisation, decorative finishes on
plastics and textiles etc. have led to more detailed studies
of these {ilms from practical as well as fundamental point
of view. Recently these thin {ilm-devices have become
essential components in space flight tecniques. All these
uses of thin films have given a new impetus to the study of
their structural properties.

It is well known that the properties of thin films
and of surface layers differ considerably from those of the
bulk materigl. Hany of the properties such as thermionic
emission, adsorption catalysis etc. are characteristic of
surface layers. Even a thin metal film can exhibit semi-
conducting properties, whereas the bulk 1s metallic in
character. As many of the physical properties are structure
sengitive, it is of great importance to study the structure
of thin films, development of thelr orientations, crystal

growth process, phase transition etc. to correlate them
with optical, electrical and other properties. Further,



it is known that by vacuum deposition a wide variety froa
disordered or amorphous state to highly ordered single

crystal form can be obtained in thin film state by an

appropriate control of the substrate temperature, the rate
of evaporation, the vacuum ccnditions ete. single crystal
films of any desired size, shape and orientation can also
be prepared by the epitaxial growth, using suitable single
crystal substrates and controlling the deposition process

under sppropriate vacuum conditions.

Most of the solids can be classified into two
categories namely crystalline or non-crystalline (amorphous).
In the erystalline form a material can also exist in single
crystal state or polycrystalline state with or without a
preferred orientation. In a single erystal, atoms or ions
are arranged regularly in three dimensions. Lach repeating
unit known as a unit cell, is characterised by three
different cell dimensions as well as three angles. Depending
on the crystal system these dimensions or angles can be
equal or different or partly so thus leading to innumerable
unit cells. Despite of these different cell dimensions it
has been possible to divide these crystals intc definite
space groups and point group symmetries, thus leading to a
systematisation in the crystal structure. It has been found
that elements belonging to a particular group of the periodic
table generally have similar structures. same is the case
of binary compounds where the nature of the binding force

between the elements are also similar. .morphous materials
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have no such regular arrangement of atoms or ions and these

behave a8 superccoled liquids, when considered from structu-

ral point of view.

4 historic:l outline of the study of erystal struct-
ure can broadly be summarized as follows:
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Identification of salts in aineral
waters by crystal shapes.

Constancy of interfacial angles in
crystals of one substance.

Cleavage and double refraction of
caleite.

Polarisation of light by crystals.
Accurate measurement of crystal
angles and their characteristic
values for substances.
Constructibility of crystals from
elezentary building blocks, the
six erystal systems.

Un latent heat of melting.

Etch figures on meteoric iron.

Rotation of the plane of polarisa-
tion of light in quartz.

Relation between optical properties
and syaasetry.

Isomorphism and polymorphism.

The thirty two crystal classes.
Plezoelectric effect.

X-ray diffracticn by crystals.
Electron diffraction by thin films.



The discovery of the phenomenon of diffraction of
X-rays by erystal lattice (Friedrich, ‘mipping and Lane 1912),
for the first time showed that atoms or ions are regularly
arranged in a crystal lattice, 3ince then ZI-rgy diffraction
technique has become an important tool in the hands of
sclentists to determine the structure of solids, thus leading
to the foundation of a new science of X-ray crystallography.
Despite of the great advantage of this new technique for
bulk structure determination, it has become quite ineffective

for structures of thin films as well ss of surface layers.

The diffraction of electrons by crystal lattice was
observed almost simultaneously both by Davison and Germer
(1227) and by Thomsen (1928). 3ince then electron diffraction
technique has become a versatile tocol and been advantageously
used by msny workers to elucidate the structures of thin
filas and of surfsce layers (Finch and wWilman, 1937; Thoason
and Cochrane, 1939; Raether 1901, 1957; Pinsker, 1953;
Cowley und Rees, 1968; Vainshtein, 1964).

X-rays are scattered by electron shells of the atons
and a picture of the electron density distribution within
the crystal can be obtained by the Fourier analysis of the
experinental data, the peak in the electron density map
corresponding to the atoms of the crystal lattice. In the
Fourier treatment of electren diffraction data also,the
maxima in the potential distribution maps coincide with the
miclei. eattering of X-rays by atoms is approximately
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proportional to the atomic number and hence light atoms In
the presence of heavy atoms present difficulties in resolving.
In the case of electrons the scattering amplitude 1s less
dependent on the atomie number and hence lighter atoms are
easily resclved. The average sbsolute magnitude of the
atomic amplitude of scattering for X-rays is about 1071 on,
and that for electroms 1s about 10 ° cm. and hence the
intensities of scattered waves of X-rays and of electrons

are sbout 1:10°. In the case of X-ray comparatively thicker
gsanples of about 0.1 to 1 ma. are necessary to get sharp

and clear diffraction patterns, whilst for electron diffract-
fon the thickness of about 10™% to 10™° mm. 1s sufficient.
The thickness is however limited by the increase of effects
due to inelastic and Incoherent scattering, secondary
scattering ete. Zlectrons with accelerating voltage of

about 50 to 65 XV can penetrate films of a few hundred
angstroms thickness, depending on the atomic weight of the
constituent atoms of the materiasl. During this process
electrons do not lose appreciable amount of energy and hence

the scattering is elsstic snéd coherent.

Electron diffraction technigque can be employed both
by transmission as well as by reflection methods. In the
case of a study by reflection, a surface layer of a thickness
of 5 to 10 3 is good enough to yield sharp patterns.
Transmission examination brings forth information which is
characteristic of the total thickness and hence provides a



-6-

knowledge of the deposit as a whole. Since during the growth
of a erystal, often many changes such as phase transforamaticn,
orientation and ordered state of the crystal may take place.
It is possible to investigate them by using both reflection
gnd transmission techmiques. The later method gives the
overall picture of the growth state, whereas former only of
the surface layers. Temperature sensitiveness of the deposit
structure can also be revealed by the electron diffraction
studies at different temperatures. Thus electron diffraction
technique can be profitably employed for studying any changes
associated with the growth process of vacuum deposits, anodic
or cathodic deposits, solid-liquid or solid-gas reaction
products and in many other wide fields.

Crystal Growth

In an ideal crystal, atoms or ions occupy the minimum
potential energy configuration. Due to the action of the
inter atomic forces the atoms or ions are clustered together
to pack themselves closely, thus forming a three dimensional
pattern. The crystal grows atom by atom, layer by layer,
though the growth of succeeding layers may generally start
before a layer is completed. Each atoam or ion as it
deposits on the surface of the erystal, takes up a position
comparable in terms of potential energy, with the surrounding
conditions. The sites of the deposited atoms or ions are then
principally determined by the positions of atoms or ions in
the initial surface and subsequently by the positions of the
atoms or ions in the surface of the crystal. The nuclel
thus formed over the substrate surface begin to grow and the
further growth of the film, in general, is no longer
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directly influenced by the substrate. Since the growth
taes place similtaneously either on the same or different
layers, the atoms at the junction are not in their maximum
stability conditicns, thus giving rise to erystal defects
such as dislccaticns, stacking faults, twinning snd
rotaticngl slip etc.

Gibbs (1872) on thermodynamical ground suggested the
first quantitative theory of the crystal growth process.
Curie (13885) and wulff and others followed it. The stomic
theory of crystal growth has been developed by many workers
(Kossel, 1927, 1928; Volmer, 1939; OGtranski, 1928, 1949;
Beker and Doring, 1935, 1949; and Iirenkel, 1945, 1946).
Later on by taking into consideration the presence of
imperfections and dislocations, Burton and Cabrera (1949),
Burton, Cabrera and Frank (1951) developed the disloeation
theory of crystal growth. Most recently Hirth, Hruska and
Pounds (1964), Rhodin and Welton (1964), Bauer (1964) and
van der Yerwe (1964) and others have discussed the theories
for vapour phase deposits of thin films, their initial
nucleation, growth process znd effects of interfacial

misfits etec.

The presence of impurities during the growth of a
erystal may considerably modify the morphology of it. r1‘!11;
is illustrated by the growth of sodium chloride crystals
which are cubie in nsture if grown from a neutral sclution.
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But in the presence of a little urea octahedral crystals are
formed whilst a little of gum-arabic causes dendritiec growth
of crystals. In all these cases, however, the atomic
arrangesent in the erystals remains the same.

Epitaxy

The term epitaxy was used first by Hoyer (1928) to
signify the oriented over-growth of a erystal over another.
an epitaxial growth on s crystalline substrate means the
formation of a single cmial film, the crystal lattice of
which has a definite orientation relationship with respect
to that of the substrate. 3Such a growth of films over another
substance is known as oriented over-growth or epitaxy
(epitaxy-armrangement on). 4 comprehensive review of the
epitaxial growth of crystals observed in nature was given by
Wallerant (1902) and by Mugge (1903). Royer studied a number
of cases of epitaxial growth; his conclusions can be
sumsarized as follows:

The deposit atoms or ions took up orientation as to
follow the substrate structure such that there was a close fit
between the twe dimemsional network at the interface of the
deposit-atoms and the atoms of the substrate. In the cases
of epitaxy there was a densely populated lattice row in the
deposit parallel to one of the substrate rows, provided their
relative identity spacings did not differ by more than 15%.
This view was supported by the work of Frank and van der Herwe
(1949) who found a similar limit, for the formation of
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epitaxial layers, by treating the substrate surface as a

two dimensional network. The difference between the network
spaeing of the substrate and the deposit layer of atoms is
generally expressed in terms of percentage misfit. Thus if
2 and b are the corresponding network spacings in the
substrate and overgrowth respectively, then the percentage
ulsfit is given by 100(d-a)/a. From the vast experiences

in the study of epitaxy, it can be said that epitaxy of a
given deposit can occur on & variety of substrates and it
does not necessarily depend on a close crystallography
registry between the substrate and the deposit. The epitaxial
growth of a crystal can take place even if the lattice misfit
is as high as 50% or more (Goswami, 1964; Pashley, 1956)
suggesting that van der Merwe's ideas are not strictly
fitting to the experimental evidence. Genersl understanding
of epitaxial growth in the case of vacuum deposits depends
on a detalled knowledge of the mode of nucleation and growth
characteristic of each vapour-solid combination. Further
other factors such as the substrate-temperature, rate of
deposition etc. have great influence on the growth process
of the erystal.

Phase Transition and Polymorphisa

A material in bulk form may not show any polymorphisam
baut this phenomenon is often observed when it is in the thin
film state. Thus in electrodeposited nickel a hexagonal
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rhase often along with f.c.c. has been observed (Finch,
/ilman, Yang, 1947). A new b.c.c. form has also been reported
in vacuum deposited nickel on rock salt under suitable condi-
tions (#inch, 3inha and Goswami, 1955). Rubidium bromide
w1ich has noraally NaCl type of structure was found to have
CsCl type structure when deposited on silver substrate
(schmlz, 190la) the nisfit being zero, while cesium and
thallium halides in the thin film form often possessed NaCl
type of structure (3chulz, 1951b). Bublik (1962) studied

the structures of thin films of chromium, ﬁickol, beryllium
and cobalt by elsectron diffraction and found that these
strmctures were dependent on the thickness of the filas.
Figgott and Wilman (1958) observed some super structures of
sulphides. Goswami and Trehan (1959) observed polymorphiss
in Cuos during their study of the reaction of sulphur vapour
on copper single crystals. Aggarwal and Goswami (1963)
observed that cubic ZnS or Cd3, when vacuum deposited, trans-
formed inteo a hexagonal phase depending on the substrate
temperature.

Present dork

In recent times antimony bismuth and their compounds
such as selenides and tellurides as well as the Bi-3b alloys
have gained much importance because of their thermoelectric
snd semiconducting properties. There is a considerable
interest in the growth of epitaxial films of semiconducting
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materials, due to the application of these technigues in
the manufacture of mltilayer devices and various types of
microcircuits., But as yet there is very little work
carried out on the orientations and epitaxy of rhombohedrsl
gsystems. 3inee moqt of these elements and ccmpounds belong
tc the rhombchedrsl system, it would be of great interest
to study the epitaxy on rock salt substrates, since the
lattice fit would not likely to be so simple., Further the
existence of scme of these compounds have not yet been
proved beyond doubt. with this idea in view, the following
studies on the structure and orientations of the vapour
phase deposits of antimony, bismuth, the Bi-3b system,
oxides of bismuth and antimony as well as selenide and
telluride of antimony have been undertaken. 4 detailed
study has zlsc been made on the oxidation of epitaxially
grown bismuth and antimony ICilms, under various conditions
of pressures so as to reveai the existence of suboxide and
other oxidation states of bismuth and antimony films and
also to study their growth process.

LR L



EXPZR IMENTAL TECHNIQUE

(=) daterials deposited

Bismuth and antimony metals of analytical grade (a.R.)
were used for vacuum doposiéion. The compounds such as
bismuth suboxide, asntimony selenide, antimcny telluride
snd the alloy Bi-Sb, were prepared in the laboratory.

The details of the methods are described in later

chapters in the corresponding experiasental parts.
(b) Substrates

Both erystalline as well as amorphous materials were
ugsed as substrates for deposition. Crystalline substra-
tes used were different faces of rock salt, éleaVage
faces of mica and polyerystalline sodium chloride
tablets. Ceollodion films and glass pieces were used as

amorphous substrstes.

(e) Prepsration of substrates

(1) Roek salt

(100) faces of rock salt were obtained by cleaving
the crystal with a razor-blade or a clean knife edge
by applying slight pressure. (110) and (111) faces of
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rock salt were obtained by careful grinding of the
crystals in presence of benzene, at appropriate angles
with emery papers upto CCOC grade. The faces were then
cleaned by a camel hair brush, etched with running
distilled water and finally dried by pressing immediately
between clean filter papers. The faces thus prepared
were examined by electron diffraction metnods, and 1if

necessary were reground to get appropriate faces.

(ii) Polycrystslline sodium chloride

Jodium chloride tablets were ground with emery papers
successively upto 0000 grade in the presence of benzene.
The surfuces were then cleaned by a camel hair brush
followed by an etch in running distilled water. These
were then dried by pressing between filter papers in the
usual way.

(111) Mieca

(0001) face of mica was prepared by cleaving gecod
quality mica sheets. PFreshly cleaved faces were used
for deposition.

(iv) Collodion

Thin filas of collodion were prepared by adding drops
of C.25% sclution of collodion (in amyl acetate), on the
surfeace of distilled water in a petri dish. The filas

floating on water were then picked up on clean wire
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gauzes with the help of tweezers. These were then dried
in a hot oven for about half an hour and preserved in a

desiccator.
(v) Glass

Microscope slides of good quality were cut so as to
give small plates of a size of about 1 cm. x 2 cm. They
were then cleaned in chromic acid solution, washed
successively with distilled water, alcchol and finally
dried in sn oven at about 80-100°C.

Method of deposition

In most of the cases the specimens were prepared by
the deposition of the materials from the vapour phase on
the different substrates.

Filaments used were either of Kanthol or of Tungsten
wire of appropriate sizes. Conical baskets of these
wires were initially made and then they were flashed in
vacuo with high current to remove the surface impurities.
Materials were then put in these baskets and evaporated
in vacuo (better than 10 % ma of Hg), on different

substrates at different temperatures.

The evaporation chamber ccnsisted of a pyrex glass
tube, having rubber stoppers at the two ends. Four

terminals, two for filament and two for a thermocouple,
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were put through one of the rubber bungs. The whole
chamber was evacuated from the other end by means of
rotary snd diffusion pumps. A Pirani gauge and an
ionisation gauge were also included in the systeam for
measuring the vacuum. In order to heat the evaporation
chamber a tubular furnace was placed around the pyrex
tube, so that the temperature of the pyrex tube could
be ralsed to about 500 C by controlling the heating of
the tubular furnace.

Before deposition, the whole chamber along with the
substrates as well as the charge Inside the basket, was
evacaated and then the temperature of the furnace was
slowly raised to the appropriate value. wWhen equili-
brium was established, the deposition was carried out
at an appropriate rate for a few seconds or more. The
temperature of the chamber was maintained for some time
zore, before it was cooled to room temperature. The
specimens were then taken out and immediately examined
by reflection or transalssion or by both the methods,
for the nature of the surface layers as well as their

orientations ete.

(e) Removal of deposit films from the substrate

For transmission, the films deposited on the substrate
surface were normally removed by slowly dipping the
substrate in distilled water in such a way that the
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substrate surface layers underneath the deposit films
were dissolved and the {ilm could float on water surface.
The films were then washed very carefully with distilled
water several times before exaamining by electron
diffraction. Often it was found that due to the rapid
dissolution of the rock salt substrate the (ilms broke
into pieces. In order to avold this a special technique

was evolved.

A nearly saturated sclution of sodium chloride was
prepared and put in the petri dish instead of pure
distilled water. It was found that because of low
disscolution rate of the substrate due to the nearly
saturated condition of the sclution very thin films of
the deposit could alsc be removed from the substrate
without much difficulty. These [ilms were then washed
carefully, seversl times with distilled water as
mentioned before znd further examined in the camera.

Zxamination of specimens by electron diffraction

The specimens were examined by using a Finch type
(cold cathode) electron diffraction camsera, fabricated
at the National Chemical Laboratory, the accelerating
potential being 45 to 60 XV. The specimens were
exasined by transmission as well zs by reflection
methods. In order to measure the d-values accurately,
graphite ring (1120 = 1.23 i) was used as standard.
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Farther to facilitate

orientation relaticnship between the substrate and the
depcsits especlally in transmission patterns, the
detached films of the deposits were placed in the camera
in such a way that one of the edges of the deposited
film, corresponding to one of the principal axis of the
substrate, was kept parallel to one of the zidesof the
photographic plate. In this way it was possible to
correlate the diffraction patterns with respect toc the

substrste.

Hetheds of interpretation of
Electron Diffraction Patterns

The patterns obtained were interpreted by the methods
deseribed by previous workers (Finch asnd Wilman, 1937;
Beeching, 1936; Thomson and Cochrane, 1939; wilman,
1948a % b, 1949, 1962; Raether, 1951; Pinsker, 1953;
Cowley, 1953, 1956; Vainshtein, 1964). The use of
charts for hexagonal and rhombohedral lattices and other
systems was made to identify the indices of different

planes.

The diffraction patterns can be conveniently classi-
fled Into three categories i.e. (1) single erystal or
two degree (2-d) oriented patterns consisting of spots
which changed with the azimuthal direction of electron
bear. Sometimes the spots showed a slight elongation,

GAD
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spreading etc. depending on the degree of perfection of

a single crystal or of the orientation ete. of the
deposit film. (11) Ring patterns indicating the poly-
erystalline nature of deposits. The rings not showing
any change of intensity on changing the beam direction
were characteristie of a random disposition of crystal-
lites. (111) Patterns consisting of ares which did not
change on changing the beam direction. These were due

to the polycrystalline deposits with a preferred orienta-
tion. JSometimes ring patterns with a few rings of
unususl Intensity were observed in transmission method.
These however broke into ares by tilting the specimen.
The above features suggested that the deposits had
developed a one degree (l-d) orientation sometimes referred
as ceposits having "textured structure® or "fibre axis"”.



CHAPTER - III

STRUCTURE AND GROWTH OF BISMUTH AND
ANTIMONY FILMS

A. INTRODUCTION
(2) Bismuth

Structure of bismuth was first studied by Xahler
(1921) by X-ray diffraction of sputtered films and found
then to consist of crystalline bismuth, mixed with a little
of amorphous variety of bismuth and a small amount of the
oxide of bismuth. /e also evaporated the metal in an
evacuated pyrex tube snd found that the films deposited on
the colder parts of the tube were amorphous in nature.
Gross (1930) studied the resistance of thin bissmuth filas
in & magnetie field. Bunsen and Gross (1930) studied the
structure of thin films of bismuth and found two modifica-
tions to be present, namely, a grey modification with
rancomly deposited crystals and another, a bright thin layer
deposition with one degree orientation. Goetz and Dodd
(1933) evaporated bismuth In vacuo and deposited it on a
water cooled pyrex surface. The initial deposit of about
10™” mn thickness had a microcrystalline structure and with
an increase of thickness these suddenly changed to macro-
crystalline form with a fibre texture. This they claimed
to be due to less efficient cooling with the increase in the
thicimess of deposit. Bound and Richards (1939) prepared
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thin ilas of bismith by evaporation on collodion and glass
and found that the deposits developed a {111} orientation,
presumably 1-d, of the rhombohedral structure. A similar
observation was also made by Xirchner (1932). Hume-

Rothery (1945) reported a rhombohedral cell for bismuth,

the lattice paraseters being a, = 4.7364 2 and ol = 57° 14’
13", acharya (1948) assumed a pseudo cubic structure of
bismth for the ease of Interpretation of the spots obtained
in electron diffraction patterns. Bryant (1954) suggested
that the asction of an electron beam on bismath films was to
enhance the aggregation of crystallites by extremely locali-
sed melting, evaporation and recrystallisation. Takagi
(1956) and Bublik (1957) worked on the structure of liguid
bismth films near the melting point and showed that there
was a tendency of close packing in the liquid state but at
higher temperatures the packing became more demse. Aggarwal
and Goswami (1958) studied the oxidation of bismuth films
and observed 1-d {01.1} and 1-a {10.2} orientations of
Bi films. Most of the recent work on bismuth concerns

with the structure study at low temperatures upto 4°X.
Capella (1962) has studied the epitaxy of As, Sb and Bi on
Pb3, CaFy and on (100) faces of five alkalihalides, and found
that 11.0 face of bismath grew on a (1C0) face of support.

4 new eublc phase of bismith with a, = 3.177 4 has been
observed by Jaggl (1964) by subjecting bismuth to a very
high pressure of about 25,000 atmospheres.
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(b) antizony

“irchner (1932) studied evaporated films of antimony
on collodion but obtained diffuse ring patterns while Dixit
(1933) obtained 1-d oriented patterns. Jette and roote
(1935) reported antimony to have a rhombohedral 47 type
structure with a, = 4.4976 ?& and o = 570 6' 27". Practically
the same values of parumeters were also reported by
Trzebiatowski (1938) and Im and Chang (1941). Bound and
Richards (1939) however treated the oriented ring patterns
obtained, on the basis of & deformed face centred cubic
lattice with a, = 6.23 4 and oC = 87°24'. Wilman (1952)
studied the orientations of antimony deposits {ormed from
vapour phase snd found that these corresponded to 1-d ;_211' }
and {_llf} orientations of the pseudo cubic phase of antimony.
Zzorll (1954) studied the films of antimony formed on collodion
end found that their (111) planes were parallel to the
substrate. The films were textured and reflections were
arranged on a system of straight lines, ellipses or
hyperbolase. Xrebs et al. (1955) studied mainly the structure
of explosive antimony and suggested on the basis of chemical
arguments that it was a mixed polymer. He also studied the
structure of antimony films by electron diffraction and found
that antimony has & hexagonal (rhombohedral) structure with
a, = 4.296 i, Co = 11.26 ?\. Stoyanova (19566) has shown by
electron diffraction that the so c¢alled amorphous films of
antimony contain fine crystals of size 30 to 35 ?\. A number
of workers have studied the other properties of antimony
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such as, use of amorphous sntimony films as semiconductors
(Mooser, 1957), relation between phase change and electrical
properties (Xurov, 1956), eleectric and magnetic properties
(Colombani, 1956%), concductivity of antimony {ilms
(Bonfiglicli, 1959) etc., The electron microscopie and X-ray
studies of the dislocations on the (1l1l) cleavage planes by
etching were carried out by Soifer (1960), Lavrentev (1960)
and Kogevich (1961). The erystallisation process of antimony
has also been studied by many workers such as Palatnik (19604)
who showed two types of transformations in antimony films.

The first is a slow change from amorphous to crystalline (o< )
and the second a suddem change from asmorphous to crystalline
(3). He has also shown that addition of il, Cr, Be increases
stability of amorphous phase (196CB) Ruedl (19569) has found
that very thin films of antimony are amorphous, but as the
thicimess Increases they become crystalline, apsrt from

these, scme films are also heterogeneous. Capella (1962) has
worked on the epitaxy of Sb films on Pb3, CaF2 and alkali
hzlides as substrates but he has obtained the films by the
reduction of the vapours of Sb233 and not by direct evapora-
tion of the metal. Bsux (1963) deposited 3b from vapour
phase on freshly cleaved Sb and found that the films are § 111]
oriented snd this rearranged to {111} orientation by
electron bombardment. Electron microscopie studies of the
growth of Sb erystzls have been done by Pandya (1963) and
Bolotov (1968) and they have noted variocus types of growth
triangles and spherulites and the triangular faces sre (111)
faces of antimony.
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Facon (1964) calculated the erystallographic angles for Bi
as 87°3‘2', 5b as 87°25'. Mesnard (1964) described an equip-
ment for simultaneous deposition of severul layers of
varying thickness =nd has shown that in case of sntimony
various structures are possible by changing the evaporation

technicue.

“rom the above study it 1s seen that no systematic
work has yet been carried out on the epitaxial growth,
ocrient:tion relationship, phase changes if at all, etc. of
bismuth and antimony filas on different single crystal
substrates. Purther whatever work has been done on thin
films by electron diffraction, the interpretation was generally
done cn the basis of a pseudocubic structure. This is not
likely to give & clear infeormation about the erystal growth
process as well as the orientation relationships. In the
following work a detailed study has been made on the erystal
growth process, epitaxy, orientation ete. of their deposits
on different faces of reeksalt, (0001l) face of mica and also
on amorphous as well as pelyerystalline substrates.

B. EXPERIMENTAL

Bismuth and antimony metals of analytical grade (4i.R.)
were vacuum deposited separately on the different substrates
such as colledion, glass, (100), (110) and (111) faces of
rock salt as well as on cleavage faces of mica in vacuo

(= 107% ma of Hg) at various substrate temperatures. The
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TABLE ~ 1
(Ref. page 24)

eng_lzsia of the pattern

Figure-1
/1g a hil 1/ 14
cbserved X~ray
Ae3.T.M. Card
No. 6~0519
wvf 3.71 0l.1 3
ms 320 10.2 100
vs 2,28 11.C 4l
¢ 1.94 20.1 23
o 1.86 02.2 23
vt 1.62 20.4 9
8 1.43 21.2 1o
ms 1.32 12.4 11
vvf 1.25 21.5 2
vl 1.13 22.0 4
4 1.07 30.6 2

- —-—— - —————— -~~~ ——— -~~~ —— -

s - strong as - mediua strong
m - mediua vf - very faint
£ - faint vvl - very very faint
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detailed method of deposition has already been discussed in
the Chapter II. The deposits were them examined both by
reflection and transmission methods in the usual way as

mentioned before.
C. REZSULTS
(a) Deposition of Bismuth

(1) Cn collodion and on pelyerystalline
sodium chlcoride

Bismuth films deposited on collodion as well as on
polyerystalline sodium chloride at room temperature
yielded patterns (Fig.l) consisting of continucus rings
due to the polyerystalline nmature of the deposits. (n
analysis of these patterns (Table 1), it was found that
the d-values for the various reflections agree with
those given In the X-ray data (4.3.T.M. Card No.5-0519),
corresponding te a (modified) hexagonal structure for
bismuth (a, = 4.5464 4, ¢, = 11.86 1), having a basic
rhosbohedral unit cell (a, = 4.736 2, o< = 57° 14' 13").
It was, however, found that the intensities of the
different reflections of electron diffraction patterns
differed considerably from those of X-ray data. On
tilting the specimens say by about 300, it was observed
that the new diffraction pattern (Fig.2) now consisted
of broken ares and rings, thus suggesting that the
deposits had developed a preferred orientation. such

an orientation was also observed even when the deposition
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was mede only for a few seconds. Patterns from deposits
formed on collodion and also on polyerystalline socdium
chloride at 100°C or slightly higher temperatures were
similar in nature, except that the rings were sharper,
thereby indiecating an increase in grain size of the
crystallites.

(11) (n _glass

Depesits of bismth formed on glass at room teampera-
ture or at higher temperstures had a blackish-red
motallic lustre. These specimens when examined by
electron diffraction produced ring patterns (Fig. 3)
characteristic of the hexagonal (rhombohedral) structure.
Thicker deposits obtained at room temperature, however,
produced are patterns, which did not change even on
rotating the specimen with respect to the beam direction.
It can be seen from the pattern (Fig. 4) that reflections
such as Cl.1l, 02.2 are in the plane of incidence, thus
suggesting the development of 1-d {01.1} orientation of
the deposit films.

(1i1) on (100) face of rock salt

Deposits formed on this face at room teaperature were
polyerystalline in nature. At a higher temperature of
about 100°C, deposits ylelded patterns (Fig. 5) consist-
ing of spots lying on various rings when examined by
transaission. A careful examination showed that the
spot patterns arose from twe basic units namely (a) appro-

ximate square network of spots and (b) centred rectangular
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network of spots with the sides of the rectangles nearly
in the ratioy/ T W , suggesting 2-d {100} + 2~a {111}
orientations of a pseudo-cubic structure of the deposits.
It was zlso found that the spot patterns due to {111}
orientation were rotated by 30°, no doubt, due to the

rotation of the crystallites.

It may be mentioned here that even though bismuth
films have & hexagonal cell (a, = 4.5464 3, o = 1l.8¢ 3),
it 1s possible to make an approximate analysis of the
diffraction patterns, especially the single crystal
patterns sssuming a pseudo cubic structure with
8y = 6.54 4 and ol= 87° 48'.

The deposits formed at about 150°C znd 200°C, when
examined by reflection yielded patterns (fig. 6), when
beam vas along <100 > of rocksalt. These patterns,
at first sight appear tc consist of a square type of
network with 10.2 and its higher order reflections in
the plene of incidence thus suggesting a 2-d {10.2}
of the hexagonzl or a 2=d {_lw}orientation of the
pseudo-cubic structure of the deposits. A closer
examinztion of the patterns, however, revealed that the
simple Interpretation, on the basis of a pseudocubic
structure, cannot account for the existence of many
other spots which are lying close to one another.

For a complete understanding of these patterns, it was
found essential to interpret thea from the hexagonal
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(rhombohedral) structure, rather than the simplified
pseudocubic lattice.

The same specimen (ef. Fig.6) when examined by
transaission yielded patterns (Fig.7) which consisted
of a nearly sguare network of spots as was observed

in the reflection pattern.

From the considerations of the d-values of the
hexagenal structure, the above square network is formed
by 000, 11.2, 12.0 and 0I.2 reflections. It is also
seen that there is another spot just inside the 12.0
reflection with a 'd' value = 2.39 A, corresponding
to 01.4 reflection. 3Such a disposition of spots
cannot be expected from a pseudocubic structure. In
order to have a better understanding of the patterns,

a detuiled analysis was carried out from the
reciprocal lattice considerstion of hexagonal structure,
conforming to the basic rhomubohedral cell.

For the interpretation of spot patterns of bismth
as obtained by the transmission method, it is necessary
to identify {irst the reciprocal lattice rows [h1k1.11] '
»

and [h,k., 12] in two different directions, preferably
at right angles to sach other.

The condition for th( noraality for a hexagonsl
system that the value of cosf, given by the following
equation



2 i .
hilg ¢ kiky + ¥ (hiky+ hyky) + ‘%‘"‘ -k
wef = 7 cncacms
2 a 2 2 2, 3 a“ ;2
\/-““1+ hikgt k1t T A (Mpthgkar kpr T 3 4o
= (\ o s (I)

Thus the condition for perpendicularity of the recipro-
* ' % '
cal lattice rows [hlkl.l:l] and [hgkz.lz] is that

3 a2
By + kykg ¢ ¥ (Bykg ¢ Bgky) ¢ = -—gl1l2 = O

.Lk$(&]* ..
Now Xnowing [hl 11 ana {hzk.z.lg] $

with their appropriate signs it is

(I1)

—Y

pessible to find out the reciprocal

) lattice plane (uwvw)*, by the generzl
D’ ks f‘] condition true for zll systems viz.
h | x% 1 hh k| 1
Aiviw = ){‘ x x
f.e.

]

uiviw (k]_lz’llkz) S(llhg"hlla) ] (hlkz-klh?.) esee (IID)

Thus the patterns corresponding to (uv.w)* reciprocal

lattice plane {8 due to beam along <u&v.w> of the

real axis which has {hk.l} plane noraal to 1it.
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Having found out the bean direction <uv.u> ; the

orientation plane (hk.l) is found out by the expression

v u 02
hek:l = (U'T):(V‘T)z (‘U'-—-g*) eeee (IVW)
- o a-‘

In the case of a basic rhombohedral cell expressed
in the hexagcnal notation the criteria for reinforce-

ment of diffraction are given by

i

h~-%k+ 1 3n
&l cscae (V)

“Zh - k+1 = 3n

h+2k + 1

where n i3 a whole number including zero.

In order to interpret the transmission pattern (iig.7)
we have to satisfy the different conditicns as already
mentioned above. Taking this spot pattern into considera-
tion, it is seen that spot rows containing 11.2 and 01.2
reflections but passing through the central undeflected
spot, appear to be at right angles. These hk.l
reflections also satisfied the rhoabohedral conditions
given above by the equation (V). The actual angle
calculated with the help of equation (I) was found to be
37°48".

Now with the help of the relation (III) the reciprocal

lattice plane (uv.w)* becones,




1| T2 11 2

uiviw = KooK K| | = 42
o 12 c1| 2

f.e. (uv.w)¥ = (42.1)*.

With the help of equation (IV) and also knowing c¢/a
for bismith —~< 2.61, the plane (hk.l) noramal to the
above dircction <4?..1> can be calculated as below:

hikil = (4 - $9: (2 - £ 1120017
= 3:0:6.8

Thus the deposits developed a 2-d {30.7} orientation

on a cube face of rock salt. u.s mentioned earlier the
angle between []I.é- ] * and [_OI.Z’] * was 87°48' ana &
reciprocal lattice was constructed as in F1g.8 to verify
the disposition of spots with respect to the theoretical
diagram. It can be seen that such a lattice is
unsymmetrical while the actual pattern was symmetrically
disposed. It ean further be seen that by interchanging
the positions of 11.2 and 11.2 reflections another
unsymuetrical reciprocal lattice is produced. when
these two reciprocal lattices are superimposed, the
mixed reciprocal lattices formed (¥1g.9) conforam in all
respects to the eleetron diffraction patterns observed.
Thus it appears that the deposits developed both

norazal and anti 2-d {30.7} orientation. With the above
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interpretation the appearunce of the Cl.4 us well as
11.0 reflections in the pattern (F1g.7) as doubled

spots 13 also well explained.

In the light of the sbove treatment it is now
possible to interpret fully the disposition of spots
even in the reflection pattern (¥F1g.6), when beam was
along <100> of rock salt by drawing a reciprocal
lattice (Fig.10) for a 2-d {10.2} orientation of the
hexagonal structure. The double spots due to Cl.4 and
11.0 appearing very near each other can be explained con
the basis of normal and anti orientations of the deposit
crystals (ifig.1l).

#hen the beam was along <110> of rock szalt the
patterns (Fig.12) obtained consisted of rectangular
network due to 000, 10.2, 02.2 and 11.0 reflections. The
10.2 and 11.0 reciprocal points after giving appropriate
signs as 10.2 and 12.0 and testing for rhombohedral
éonditions (Squation (V)), were found to satisfy the
condition for normality as in equation (II). The
reciprocal lattice constructed (¥ig.l3) shows that as
the angle between (hyk;.1;)* and (hgky.ly)* 1s 90°, so
the interchanging of the positions of 10.2 and 10.2
will cause nc change in the disposition of spots, and
hence doubling of spots is not possible at 11.0
reflection. This is also confirmed from the actual
pattern (Fig.12). The presence of 10.2 reflection in
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the plane of incidence also shows the formation of a

2-d {10.2} orientation of the deposits. However a

fauint spot in the plane of incidence due to 0Ol.l1l refle-
ction shows that the deposits also developed a 2-d {01.1}

crientation.

(n (110) face of rock salt

The deposits formed at room temperature and also at
sbout 50°C were polyerystalline in nature. The deposits
formed at 100°C were partly polyerystalline and partly
single erystal type. The disposition of strong spots
can Pougnly be cxplained on the basis of a 2-d {uc}
orientation of the pseudocubic structure of the deposit
films.

The deposits formed st about 150° and 200°C when
exanined by reflection with beam along {100) of
rock salt produced patterns (Fig. 14) with 11.0 reflect-
fon in the plane of incidence thus suggesting a 2-d {u.c}
orientation of the hexagonal structure. The same
specimen when examined by transmission yielded patterns
(#1g.18) consisting of nearly\/ 3 type rectangles formed
by the arrays of spots, thus suggesting a 2-d {110}
orientation of the pseudocubiec structure. However it
is not possible to explain all the reflection spots
merely with the help of a pseudocubic structure.
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The main pattern (nearly./ 2 type of rectangles) is
formed by 000, 10.2, 02.2 and 11.0 reflections. With
appropriate signs of hk.l permissible by rhombohedral
cenditions, the network has the following indices CCC,
10.2, 02.2 and 12.0 such that the spot rows containing
10.2 and 12.0 reflections passing through the central
undeflectedszzii at right angles to each other. The
beam direction as calculated by applying the expression
(111) comes ocut to be <‘.21.T> sy and the plane perpendi-
cular to this becomes (30.14) i.e. nearly (10.5). Thus
the bismth films developed a 2-d {10.'5'} orientation on
a (110) face of rocksalt. The reciprocal lattice
diagram (F1g.16) constructed for this orientation shows
that there are still many more spots in Fig.l5, which
resain unidentified. A closer exaamination shows that
there are two more orientations. One of these is
represented by rectangles formed by reflections such as
00Cy 00.6, 11.6 and 11.0. The calculations show that
the beam direction for such disposition of spots is <I1.C>
and hence the plsne of orientation is (33.0) i.e. (11.0).
Thus the deposit also developed a 2-d {ﬁ.o} orienta-
ticn. The other was revealed by the rectangles formed
by the reflections such as 000, 10.2, 30.0 and 21.2.
These with appropriate signs become 0C0, 10.2, 33.0 and
23.2. The angle between 10.2 and 23.2 reflections is
22°54' . The beam direction then comes out as <221 )

and then the plane of orientation as (117). Figures 17
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and 18 respectively show the reeiprocal lattice diasgrams
for 2-a {T1.0} and {11.7} ortentations. It may be
nentioned that the pattern in Fig.18 is unsymmetrical,
whilst those obtained in the diffraction were symetrical.
This could be explained by the normal and anti develop-
ment of the crystallites with {11.7 } orientation. The
F1g.19 showing all these orientations together, resembles
the actual patterns. 3Still then a few reflections remain
unidentified which may be due to the double scattering.
Thus bismath film developed s mixture of two degree
{105} +{T1.0} +{11.7} ortentations en (110) face or
roeksalt. In the last case both normal and anti type
erystals were present.

on (111) face of rock salt

The deposits on a (111) face did nct yleld any
patterns by reflection. when examined by transaission
the deposits formed at 100°C end higher temperatures
yielded sharp spot patterns (Fig.”20). It 1s seen that
there is a hexsgonzl network of strong spots, such that
six 11.0 type of reflections are closest to the
undeflected beam. This arrangement suggests the develop-
ment of a 2-d {O(?.l} orientation of the hexagonal
structure. It 1s further seen that there are many other
spots which cannot be explained from the 2-d {'Oc.l}
crientation alone. These additional spots, which are
not so strong ss those from {00.1} orientated crystal-
lites form a rectangular network by means of CCC, 11.0,
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20.1 and 1T1 reflections. On further considerations it
wzs found that the beam direction normal to the reeci-
procal lattice was <1'1-.§> and hence the deposits
developed a 2-0 {11.5] orientation. Figures 21 and

22 respectively show the reciprocal lattices for

2-¢ {00.1] ortentation snd 2-a {11.5 } orientation with
crystallites rotated by 60°. when a combined reciprocal
lattice diagram (F1g.23) is constructed and the patterns
compared, it 1s seen that practically all the reflections
can be explained by rotation of this {lij}orientated
crystallites through 60°. Thus the deposits developed
twe degree {00.1} + {lf.i} orientated crystallites
rotated through 60°.

The patterns (Fig.24) obtained from deposits formed
at about 160°C also revealed the presence of both these
orientations. But in this case the reflections due to
{C(-.l}ori.ntation were more prominent while reflections
due to {1’1’.5’ } orientation were fainter. The patterns
yielded by deposits formed at about 2000-250°C consisted
only of a 2-d {00.1} orientation. It thus seems that
at higher temperature only a 2-d {m.l} orientation was

favoured.

On _eleaved face of mica

The deposits of bismath formed at room temperature
on cleaved faces of mica ylelded diffuse ring patterns.
The deposits formed at about 100°¢c produced {aint are
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patterns characteristic of a 1-d {’10.2} and {01.1}
orientations. The deposits formed at about 150°C and
200°C yielded patterns (¥igs. 25 and 26) taken at
azimaths of 30° to each other, show a change in the
disposition of spots, suggesting a 2-d orientation of
the deposits, From the disposition of spots in the
patterns, apparently a 2-d {lll} orientation of the
pseudocubic can be suggested.

A closer study of the patterns showed that redangles
wvere formed by 0CC, 00.3, 03.3, 03.0 reflections of the
hexagonal structure with spots at 173" distance along
the diagonal corresponding to Cl.1 and 02.2 directions.
This showed that the deposits developed a 2-d {00.3}
f.c. {00.1} orientation of the hexagonal structure
with the beam along <.f0.0> with respect to the deposit.
The pattern at 30° azimuth slso consisted 00.3 reflection
in the plane of incidence, and rectangles were formed
by 000, 00.3,11.3 and 11.0 reflections confiraing the
2-d {00.1} orientation. Heciprocal lattice diagrams
for 2-d {00.1} oriantation corresponding the bean
directions (10.0) and (11.0) respectively are shown
in Flgures 27 and 28.

(b) Deposition of antimony

Depositicn of antimony was in general very difricult,
especlally when the epitaxial growth was desired. At a
slow rate of depositicn the deposits were found to be
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ANTIHMORY

TABLE - 2
(Ref. page 3%)

inalysis of the pattern

Figure-3l
/1, d hkl /1y
observed X-ray
A.3.T.M, Carcd
____________________________________________ No. 5-05?2 L
v 3.956 0l.1 47
s 3.12 10.2 1c0
v 2.26 0l.4 7C
s 2.16 11.0 5S¢
vvf 1.92 10.5 12
vf 1.87 00.6 35
m 1.77 02.2 20
vvf 1.57 20.4 15
by 1.4 11.6 63
@ 1.38 21.2 67
1.32 10.8 40
by 1.27 12.4 30
........................ ;-----_--------_--------------__-

3 - strong vf - very faint
n - mediun vvf - very very faint
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patchy znd often so thick that the electron beam could not
pass through. At a high rate of deposition, the (ilms were
normally polyerystalline even at 200%. It was,y however,
observed that with a flash evaporaticn under appropriate
econditions, it was possible to get epitaxial growth only

at a temperature of about 200°C. Further, because of high
rate of re~-evaporation of 5b at higher substrate teamperature
the deposition above 250°C was not possible and in some
cases the deposits initially formed on substrates were re-

evaporated during ccoling in vacuo.

(1) On _co ion and erystalline
sodium chloride

+hen the deposition was carried out at room teapera-
ture on eollodion or on polyerystalline sodium chloride
the deposit {ilus showed a considerable varistion of
intensity for different rings when seen by transmission
(Fige 29) and the effect was more pronounced when the
specimen was tilted. These features are, no doubt,
due to the development of z one degree orientation of
the deposits. 'hen the same {ilm was subsequently
heated at 20000 for about an hour in a vacuum of about
10°% ma Hg the srcing effects were reduced and the filas
showved a tendency to form continuous rings (Fig. 30),
presumably, due to the rearrangement of the deposits

due to heating in vacuo.
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Even a very thin fila forued at room temperature
yielded continucus ring patterns by transmission (Fig.3l)
but showed arecing of rings on tilting the specimen,
thus suggesting the development of a 1-d orientation.
Deposits formed at higher temperatures say at about
100°C or 200°C, also had similar features. inalysis
(Table~2) of the pattern (Fig.3l) shows that the
reflections correspond to the hexsgonal (rhombohedral)
structure of antimony (a, = 4.307 2, ¢, = 11.273 g).

Cn glass

Deposits formed on glass at room temperature showed
some peculiar features, which were not observed so
predominently in the case of bismuth. Figure 32 shows
a pattern obtained from antimony formed on glass when
deposited at room teamperature. The pattern consists of
many spots, a little extended, and through which faint
rings are passing. This spot type of pattern apparently
suggests the development of a 2-d orientation of
antimony. It was, however, found that this pattern did
not materially change with the chenge of beam direction
with respect to the substrate. These characteristiecs
show that even though the diffraction patterns were of
a spot type, these were really due to the development
of a 1-d orientation of the deposit erystallites.

It is further seen from the pattern that there can be
three strong reflections such as 12.4, 0C.9 and 30.0 which
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are very near to each other (d;5 4 = 1.261 ?\, dpo.9 =
1.262 %, dgp.0 = 1.243 1) lying in the plane of
incidence, thus suggesting that elther one, or two or
all of these planes were lying parallel to the substrate
surface. In order to decide the orientation and to
compare the position of the reflections with the
observed ones, theoretical patterns for these three
orientations were drawn in the manner described below,
keeping in mind that only those reflections which
satisfy the rhombohedral conditions given previously
(page 29, equation (V)), would appear in the pattern.

Caleulations for theoretical
patterns with 1-d orientation

The theoretieal pattern has been calculated by the
method developed by Wilman as described below:

For a lattice row l:mr.w]4< to be noraal to sny plane
(hil) it must have

uiviw =

i

.‘Q‘ : &‘_2‘ : 50'20
o b 4 B 2 X -
o {( 2 sin K+ ( S )(eonaC.eoa/3 cosY )

. —'%— (eos occosY -cos /3 )}

..

-‘1;- {(—2—) (wsxwlﬁ-wl Y) + (-‘-;—) ningﬁ

+ -‘%—- (eosﬁ eosv-eosac)}
L {25 (cosoteos y-cos) + ()

(oos/&eos Y-cos () + (%-) smzf}

eeee (VI)
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In the case of a hexagonal lattice the above condition
reduces to

L

(e/a)2

atviw = (2h + k) s (h + 2k)* g .

esee (VII)

The diffraction spots, in the case cf a 1l-d orienta-
tion will lie on the layer lines of the order h', given

by the expression
h' = hu + «v + lw eres (VIII)

The values of h' are worked out for each ring. taking

into account all the equivalent planes. Ring radiil (T )
of different reflections can now be calculated from the
relation R = );L , after assigning any arbitrsry value
and also knowing 'd' for each hkl reflection. The points
of iIntersection of the rings and layer lines indicate

the positions of spots In any 1-d oriented pattemn.

Thus for a 1-d {10.0}" orientation of antimony,which has
hexagonal (rhombohedral) structure, 3C.0 reflection will
be in the plane of inecidence.

Hence {(hk.1l) = (30.0)
uiviw = ©:13:0
h' = 18
L] (]
4300 = 1283 as AL = 10 i-ca.
R = 8,04 ca.

¢ o h' unit = 0,447 ca.
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Equivalent planes satisfying rhombohedral conditions

are 30.0, 30.0, 03.0, 03.0. h' values are also calcula-
ted for all these planes and layer lines are drawn to
get the positions of the spots.

Now comparing the position of spots in the theoreti-
cal patterns as well as in the cbtained pattern, one
can see that if both for 30.0 and 0C.9 reflections are
to be in the plane of incidence, all the calculated
spots will lie on a set of parallel lines, represented
by the layer lines (Figs. 33 and 34) which will be quite
far off. In the actual pattern these are however very
close. When the obtained pattern is compared with the
theoretical diagram for 1-4{12.4} orientation
(Fig. 38), %thst the dispositicn of spots in both of
then agreesclosely. This saggests that the deposits of
antimony formed on glass developed a 1-d {12.4}' orienta-

tien.

Patterns produced by films deposited on glass at
100°C or higher temperatures consisted of contimuous
rings, thus suggesting the polyerystalline nature of
the deposits.

Oon_(100) face of rock salt

Deposits of antizony formed on a (10C) face of
rock salt, between the temperature range of rcom tempera-
ture and about 150°C were polyerystalline in nature.
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The depesits formed at 200°C of the substrate temperature
were epitaxial in nusture as shown by electron diffraction
patterns (Figs. 36 and 37), when the beam was grazing
respectively along {100 and {310) direetions of rock
salt. The general disposition of the spots suggests a
2-d {_1(‘0} orientation of the cubic form. i careful
measurement of the sides of rectangles in Figure 37 showed
that they are in the ratio 1:1.45 instead of 1l:/3 .
Lven in Plgure 36, it was found neither the sides were
exactly in the ratio 1:1 nor the angle between thea was
exactly 90°, These observations suggest a nearly cubiec
(pseudo-cubic) structure of antimony as observed before
for bismath.

For a complete analysis hexagenal structure should be
taken into consideration. It is seen that in both the
patterns, 10.2 reflection and its higher orders are in
the plane of incidence, thus indicating that the deposit
erystallites developed a 2-d {10.2} orientation of the
hexagonal structure. The transmission patterns (r1g.38)
from the same specimen were also similar to those of
bismath (ef. F1g.7). In the above the reflcctions such
as 11.2 end 0T.2 which appeared to be at right angles
were actually at about 87°10'. The reciprocal lattice
networks were constructed both for reflection snd truns-
mission patterns in same vay as were In the case of
bismath (ef. Figs. 3 and 9) and the positions of (hkl)*
corresponded exactly to the observed pattern. It was
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found that the beam direction was <{42.1) and the deposits
had developed & 2-d {m.z} or a 2-a{30.7} orientation.

(iv) Cn (110) face of rock salt

Deposits of antimony formed upto 150°C on a (110)
face of rock salt were polycrystalline in nature. The
deposits formed at about 200°C when examined by reflect-
ion yielded patterns (Fig. 39) when the beam direction
was along {100) of rock salt. On rotation of the
specimen the pattern changed considerably, but in all
cases the 11.0 reflection remained in the plane of
incidence, thus suggesting a 2-d {11.0} orientation of
the deposit films. Faint spots corresponding to 0Ol.4
reflection are also noted in the plane of incidence which
suggest that a few crystallites also developed a 2-d {c1.4}
orientation of the hexagonal structure. The transmission
pattern (Fig. 40) produced by the same specimen showed a
network of centred rectangles formed by the 00C, 10.2,
02.2, 12.0 reflections as in the case of bismuth. From
the consideration of a hexagonal structure the beaa
direction was along {21.1 ) and the deposit filus deve-
loped a 2-d {m.ﬁ} or nesrly a 2-d {10.5 ] orientstion.
There were a few more reflections in the pattern, thus

suggesting an additional orientation.

(v) tn (111) face of rocksalt

Films deposited from room teaperature to about 160°¢c
on a (111) face of rock salt were polycrystalline in
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nature, with or without a preferred orientation. The
patterns (Fig. 41) obtained from deposits formed at

about 200°C showed an epitaxial growth. The hexagonal
disposition of spots corresponds to the reflections such
as 11.0 and 3C.0 and their higher orders suggest a

2-d 4[()().IL}or!cmtat:iom of the deposits. It msy be pointed
out that the above orientation aslone cannot explain all
the spots in the pattern. On a consideraticn similar to
bismuth it was found that 00C, Ol.1l, 2C.1 and 11l.C
reflections formed rectangular network of spots thus
suggesting a 2-d {ﬁ.b‘} orientation of erystallites
rotated by 60°. These twe orientations fully account for
all the reflections observed in the pattern (Fig. 41).

(n_cleaved face of mica

The deposition carried cut upto 15¢°¢ produced poly-
crystalline films of antimony. Deposits formed at 200°C
yielded patterns (Fig. 42) only in cne trial out of many.
The pattern remained unchanged even on rotating the
specimen, while Cl.1l reflection and its higher order
remained in the plane of incidence thus suggesting a
1-d {01.1} orientation of the antimony deposits.

DI13CUL3 ION

X-ray studies of bulk structure of bissuth show that
5

it has a rhombohedral structure (spesce group Dy, ~R3M) with
ag = 4.736 2 and K= 57014'13". The corresponding hexagonal

c ©
parameters are Sp = 4.546 A and ¢p = 11.86 4 (4.5.T.M. Card
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Ne. 5-0519). Antimony has also a similar structure with
lattice parameters ss a_ = 4.4976 A and ot = 57°6'27". The
corresponding hexagonal parameters are a, = 4.307 ﬁ and

¢o = 11.273 2 (A.3.T.M. Card No. 5-0562).

*

The present study revealed that even in the thin {ilm
state, whether formed at low temperatures or high tempera-
tures, there was no phase change for Bi or 3b films and the
dpy) Observed for these films were the same as those for the
bulk. The discrepancy observed in the intensity distribution
of different rings was, however, due to preferred orienta-
tions, which were easily developed during the growth process.
The results obtained on single crystsl substrates at various
substrate teamperatures revealed that the epitaxial growth
was favoured at higher substrate temperaztures. At low tempe-
ratures, however, the deposits had a tendency to become poly-
erystalline with or without a preferred orlentation. It was
also noted that even at high teaperatures deposits had a
tendency to become polyerystalline provided the film thickness
was high.

Crientations and epitaxy of
bismuth and antimony f1lms

For interpreting the results, orientations obtained
beth by reflection and by trensaission were taken into
considerstion. Zven though it is comparatively easy to
treat the patterns from the pseudocubic point of view, as

has been done by some previous workers, the treatment in
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this work was given from the hexagonal (rhombohedral) point
of view as this method gives more accurate inforamation about
the growth process, the orientation relationship ete.
betwcen the deposits and the substrates.

During the epitaxial growth both Bi and 3Sb developed
one or more two-degree corientations depending on the nature
of the substrate aznd also on the temperature. The planes of
the deposit films, lying exactly parallel tec the substrate
surfaces were often high indexed ones and sometimes with
fractional indices. These fractional indices were, however,
simplified by taking the nearest whole numbers.

Petailed considerations of the reflection patterns of
Pi on the cube face of rocksalt revealed that the deposits
developed mainly 2-d {10.2} normal and anti orientations
with a trace of a 2-d {01.1}- orientation, but by transmis-
sion 2-d {30.7} normal snd anti orientaticns were noted.
Similar results were also obtained in the case of 3b. (mn the
(110) face of rock salt Bi developed a 2~d {110} orientation
of the pseudocubic form. Wwhen considered from the hexagonal
point of view the orientation was 2-d {m.ﬁ} or nearly
{10.5} . At higher temperatures say at about 150° to 200°C
additional orfentations nasely a 2-d {11.0} end 2-a {11.7}
(both normal and anti) also developed. In the case of 3b
only a 2-a {10.5} orientation was observed. On the octa-
hedrsl face of rock salt both Bi and 3b developed 2-d {00.1}
as well as N{ﬁ.i} orientations, but for the later
orientation the deposit erystals were rotated by 60°. o(n the
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cleavage face of mica the Bi deposits developed iIn such a
way that the basal plane of hexagonal was parallel to the
substrate surt&co. In the case of 5b, however, in spite of
several trials no 2-d orientation could be obtained but the
deposits had a tendency to develop a 1-d {01.1} orientation.

when substrates were not of single crystal nature or
when the deposits on single crystal substrates were thick,
the top surface layers of deposits became polyecrystalline
often with a preferred orientation. Thus Bi and b developed
respectively 1-d {01.1} and 1-a {12.4]} orientations on
glass substrates. The ultimate 1-d orientation may, however,
change depending on various evaporation conditions especially
the rate of deposition, inclination of the substrate with the
evaporating filament i.e. the angle of incidence of vapour
(Evans, 1950).

48 already pointed out more than one orientations
developed simultaneously on the same substrate face such as
(100), (110) and (111) faces of rock salt. This appears to
be related to the possibility of different planes having a
similar disposition of atoms conforming to the surface
structure of the substrate. It is now well known that
accurate matching of atoms In the substrate and deposit
contact layers need not always be an essential condition for
the epitaxial growth. Even on considering the dispositiocn
of atoms in the contacet region, the matching cof atoms can
be possible only at a long range. Hence epitaxy due to a
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good it of atems does not seem to take place in this case.
Lffects of temperature and alse of the nature of the
deposited material on the epitaxial growth were clearly shown
by an casy epitaxial growth of Bi films even at 100°C whilst
for Sb, temperature was only in the neighbourhced of ZOOOC.

The apparent discrepancy in the nature of orientations
on the same face by reflection and by transaission methods
viz. 2-d {10.2} and¢ 2-d {30.7} cen eastly be explained.

It has slready been seen in the reflection pattern that 10.2
reflection was not exactly in the plane of incidence but
slightly away. This wss more clesrly visible while consider-
Ing the higher orders of this reflection., This shows that
the plane of orientation was lying very close to (10.2) plane.
Considering the orientation from the transmission pattern the
angle between (1C0.2) and (30.7) planes was found to be about
3°. This shows why an approximately (1C.2) plane appears as
the plane of incidence in the reflection patterns. In many
of the patterns both normal and anti type of orientations of
deposit crystals were observed. These were, no doubt, due
te alternative ways in which these planes could grow on the
substrate without affecting the matching arrangement.

Even though the interpretations were on the basis of
hexagonal structure of Bi or Sb, it was observed that many
of the patterns were very mich akin to those having nearly a
cubic structure (pseudocubic). In faet many of the previous
workers have carried out the interpretation of 1-d oriented
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patterns from b deposited on glass from the pseudocubic
point of view. If that is done it wes found that Ol.l1,

10.2 and 11.0 reflections of the hexagonal structure
correspond to 111, 200 and 220 of the pseudocubic. Thus a
1-d {211} orientation of the pseudocubic structure as
observed by Wilman (1952) corresponds to a 1-d {_12.4} orien-
tation of the hexagonal form, which was observed in this work.
The reason why pseudocubic structure 1s often adopted for
interpretation of Bi and 3b is that an ideal f.c.c. has a
primary rhombohedrsl structure with o(= 60°, whilst angles
in the present case are nearly so i.e. about 57°14' and

57%6" respectively for Bi and 3b. Though the patterns from
a pseudocubic structure will be approximately similar to
those from a f.c.c., the angles between the three axes not
being 90° any more, the reciprocal lattiecs rows therefore

for two parallel but opposite beam directionsmay not eoincide
thus giving rise to normal and anti-orientations as observed

in many cases.

Cﬂstal lrowth process

From the zbove study of the growth of deposits on
different substrates at various substrate temperatures, with
varying film thickness it can easily be seen that the growth
process of deposits observed especially on single crystal
substrates consisted of three stages in sequence viz.

(1) epitaxial layer conforming substrate structure, (ii) poly-
erystalline deposits indicating change from the influence of
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the substrate to the iInfluence of evaporating conditions and
teaperature, and finally (i11) one degree oriented layer
conforming only to the evaporating conditions. A change of
conditions in (11i) may lead to a new one-degree orientation.

Effect of heating

4 significant difference in the behavicur of Bi and
5b in the thin film state was observed when these were heated
to about 200°C in vacuum for some time. whilst bismuth filus
retained their one degree 6r1mted chzracteristics even when
heated,antimony (ilms on the other hand had a tendency to
become randomly disposed though these were initially one
degree oriented. It 1s normally expected that the effect of
heating inter alia would generally be to increase the grain
size, thus yielding sharper diffraction patterms. The so
called "disorientation effect"” observed in the case of anti-
mony films suggests that the heat energy was either (1)
disturbing the deposit film in such a way 8o as to cause
the at:ova effect (1i) or removing the top deposit layers
cenforaing to 1-d oriented growth leaving behind only the
randomly disposed layers over which the one degree oriented

layers were formed.

The later alternative appears to be more likely since
it 1s well Xnown that Sb metal sublimes easily whilst Bi
does not. PFarther this sublimation process will be much more
facilitated when the metal is in the thin film state. This
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is also in asccordance with the observations made during
different experiments that 3b was difficult te deposit at
higher substrate temperatures and even when the depeosits were
formed, these sublimed easily during the cooling period.
3ince during the growth process one-degree oriented layers
are formed over the randomly disposed polycrystalline layers.
Thus due to sublimation the top layers corresponding to 1-d
oriented 3b were gradually removed, leaving behind the
randoaly disposed layers. The above suggestion is in agree-
ment with the general understanding of the crystal growth

process.



CHAPTER - IV

STUOISS ON THE SURCXIDE OF BISMUTH (BiO)

(A) INTRODUCTION

Bismath forms two well ¥nown oxides namely 81203
and Bi,05. The existence of the suboxlde of bismath has
occasionally been reported but s structure haes not yet
been fully established. Tanatar (1901) obtained the sub-
oxide by heating the basic oxalate of bismuth which decoaposed
into bismuth suboxide and carbon dioxide. This compound was
previously reported by ichneider (1863 and 1898) but its
existence was not confirmed by other vorkers. Brislee (1908)
claimed the formation of Bi0 by the reduction of BijO; with
carbon monoxide. Treubert and Venino (1914) assumed it to
be a mixture of Bi and BisCy. Herz (1915), however, did not
agree with this view. Bhatnagar (193C) observed that both
powder and colloidal bismuth contained bismuth suboxide,
which was weakly diamagnetic or even paramagnetic. Jenkins
(1935) when studying the oxide films of bismuth by electron
diffraction method, observed a new hexagonal structure with
g = 4.02 2 and co/ap = 1.57). Bound and Richards (1939)
studied by electron diffraction the films of bismuth heated
at 300°C and obtained a face centred cubie structure with
ag = 5.7 4. Acharya (1943) also obtained a face centred
cubic oxide of bismath but having a, = 5.4 4. Bridge and
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Howell (19564) measured the absorption spectrua of bismuth
vapour st 1500°C and they attributed the spectrum to BiC.
Semiletov (1957) studied the oxidation of Bigie, and Bigle,
filss in air, and revealed the presence of a new phase with
face centred cubie latt;cc (qo = 5.5 to 0.6 g), and this he
attributed to the fermation of BiC, with NaCl type structure.
Aggarwsl and Goswami (1958) studied the oxidation of

bismith films and obtained new forms of bismuth oxide with
8p = 5.66 3 and 7.02 %, both of thea being cubic in structure.
Recently Zavyalova and Pinsker (1964) have studied the
bismuth-oxygen system by electron diffraction and found a
new tetragonal varilety with 8 = 3.85 X and ¢, = 12.25 2,
with a composition 81202.7 to 2.8° The same workers (1965)
have claimed a hexagonal (rhombohedral) phase of the composi-
tion B10 with a, = 3.38 A and o= 9.71 a.

The above studies by different workers suggest the
formation of new phases of bismuth oxide but whether the
oxides with cubic or hexagonal structure obtained by different
workers were really bismuth suboxide or not has not yet been
proved. In the following work, an attempt has been made to
prepare the compound in a suitable way and examine the
structure of the compound by electron diffraction methods.

(B) EXPERIMENTAL

(a) Preparation of Bismuth Suboxide

Bismuth nitrate was dissolved In water and any
opalascence observed was cleared by adding a few drops of
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concentrated nitric acid. To the sbove sclution finely
powdered oxalic acid was added, when bismuth oxalate was
formed. The mixture was further boiled for a few minutes
to ensure complete reaction. The precipitste was then
washed thoroughly with distilled water to make it free from
oxalic acid, then dried at about 60°C and fin:lly preserved

in a desiccator.

The above powder of bismuth oxalate was heated to
about aoe°c at about 0.2 mm of air pressure, when coplous
evolution of gases took place and the white powder of oxalate
decomposed into the suboxide having s black colour. The
above temperature and pressure was maintained for some time

more to assure the completion of the reaction.

In order to test the BiC content in the above preduct,
a known weight of the powder was taken in a crucible and
very cautiously heated by means of & bunsen burner for a
sufficiently long time, to convert it into 31203. After
ooollng, the weight of 31203 formned was found cut. From the
above analysis it wss observed that the BiC content of the
specimen was more than 98%. This suggests that at least
chemically, the ratio of Bi:0p was nearly the same as
calculated with the formula BiO.

{v) Study of BiO by Electron Diffraction

(1) The above black powder was then finely ground in an
agate morter and sprinkled over distilled water in a
petri dish. The fine layer of sample was picked on a
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BISMUTH SUBOXIDE (BiO)

TABLE - 3
(Ref. page 58)

inalysis of the pattern

Figure-43
1/1y d hkl (cubie) a,
()

(A)
m 3.28 p b & § 5.69
8 2.85 200 2.7
2.01 220 .68
4 1.72 311 8.71
m 1.65 222 8.72
vvf 1.43 40 0.72
ns 1.27 420 5.70
m 1.16 422 5.68

°

average a, = 0.70 a

8 - strong f - faint

ms ~ medium strong vvf - very very faint

m ~ medium
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ecollodion and examined by transmission in the electron

diffraction camerasa.

(11) The sample was also e¢vaporated froam a kanthal filament
(basket) on different substrates at different tempera-
tures such as glass, ccllodion, different {aces of rock
salt as well as mica at different temperstures in the
usual way and then studled by electron diffraction.

(C) RESULTS

(a) tn Cellodion by Fine Powder Method

Specimens prepared by the method as described above
(experimental = 'b(1)'), yilelded patterns as in Figure 43.
The pattern consisted of rings, which even on tilting of the
specimen with respect to the beam, did not show any change
in the intensities of rings or arcing of theam, thus suggest-
ing that the rilas were polyerystalline in nature without
any preferred oriantation. It is also noted that the
diameters of the rings are in the ratio V3 V1 :VE8 :VIL
etec. confirming only to all odd or all even indices, thus
suggesting & cublc structure with a, = 5.7CA Table-3 shows
the analysis of the pattern (Fig. 43). Intensity distri-
bution of the different hkl rings, however, suggests NaCl
type of structure.

(b) Deposition of Bismath suboxide
from V e

(1) tn _collodion

when Plo was deposited on this substrate either at
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room tempersture or at sbout 50°C frem a Xanthal filasent
which was giouing red hot, the depesits obtained yielded
patterns as in Figure 44. These patterns de not conform
to the cubic pattern as seen in Figure 43. Figure 44,

on the other hand, appears to be due to bismuth (ef. Fig.1i)
Repeated experiments with red hot filament condition
always ylelded patterns due tc bismth instead of the
suboxide. Evaporation of bismuth oxalate under similur
conditions also led to the formation of bismwuth.

Preliminary experiments showed that the formation of
bismth was linked with the red Mot condition of the
filament i.e. the temperature to which bismth suboxide
wvas subjected before evaporation. In order to avoild the
excessive heat and hence the decomposition of BiC to
metallic bismth, evaporation was carried out at a
comparatively lower temperature as for instance only at
dull red hot condition of the ilament or even below that.
Figure 45 shows the patterns obtained at dull red hot
condition or below. This pattern is exactly similar to
the pstterns yielded by the films of BiC (ef. Fig. 43).
This clearly shows that BiC can be obtained even by
evaporation if the temperature of the filament was less.
Similar results viz. the formation of Bi0 was also
observed by a direet evaporation of bismuth oxalate
under the same condition. It may be mentioned here that
in the above Figure 45, there is an additional ring
(d = 2,28) which appears to be due to 11.0 reflection
of Bi.
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It was also found that when bismath oxalate was
slightly heated In situ in the diffraction camers a
similar pattern due to a cuble structure of BiC was
observed.

tn (100) face of rock salt

The deposits formed upto 100°C of substrate teapera-
ture were polycrystalline in nature (ef. Fig. 43). Above
this temperature the deposits grew epitaxially on the
substrate. Deposits formed at abcut 200°C yielded
patterns (Figs. 46 and 47) by reflection when the bean
was along {100) and <{110) of the substrate respective-
ly. The disposition of spots in Figure 46 was such that
they form a square network with 200, 40C ete. reflcctions
in the plsne of incidence. With the besa along (110>
the pattern changed into centred./ 2 type of rectangles,
again with 200, 40C etec. reflections in the plane of
incidence, as seen in Figure 47. These clearly show that
the deposits developed a 2-d {100} parallel orientatien
with respect to the substrate. Transaission pattern
(Fig. 48) of the same film also confirmed the above

results.

On (11C) face of rock salt

Deposits formed at rcom teamperature and alsc at about
50°C yielded polyerystalline patterns similar to those
in Figure 43. Patterns from deposits formed at 100°c,
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consisted of rings as well ss spots showing epitaxial

growth of BiC. These patterns werc not so sharp.

Deposits formed at about 20000 of substrat;g tempera-
ture, yielded patterns (Fig. 49) consisting of spots
as well as rings. Centred \/2 type rectangles formed
by strong spots sug est the development of a 2-d {_110}
orientation of the deposit crystals. It was further
noted that there were additional faint spots, which
also forued centred \/ 2 type rectangiss, but rotated
by about 45° with respect to the strong spots. These
suggest ths;t the deposits developed a 2-d {110} orienta-
tion but some of the crystallites were rotated by about
46°. The ring patterns passing through the spots sre,
no doubt due to the polycrystalline nature of some of
the depecsit. There are additional rings whlcp are due
to bismath formed during the vacuum decomposition of BiO,

as observed previously.

On cleaved face of mica

Deposits foramed at room temperature produced diffuse
patterns. Deposits formed at about 50°C and 100°C were
polycrystalline in nature as revealed by the ring
patterns. The films formed at about 200°C when examined
by reflection method yielded spot patterns (Fig. 50)
forming /3 :v/24 type rectangles with spots at 1/3 and
2/3 distance along the diagonals. The strong spots in
the plane of incidence were due to 111 reflection and
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its higher orders. The pattern changed considerably by
changing the beam d irection. Wwhen the specimen wes
rotated through 300, the pattern (Fig. 51) thus olitained
ecnsisted of \/3 /T type rectangles with 111 reflect-
ifon and its higher orders still in the plane of incidence.
This sug.ests that the deposit has developed a 2-d {111}
orientation, both normal and anti. Additional faint
reflections such as 22C were also noted in the plane of
incidence suggesting a 2-d {110} orientation of the
depcsit. It will be seen that there are a nusber of
additional spots, comparatively weaker present in the .
patterns. The main spot row along the horizontal
direction amd 1s divided iInto four equal parts by these
faint spots, thus giving rise to a superstructure

(Fig. 51). The lattice parameter of this superstructure
was found to be 22.84?; i.e. about 4 times the lattice
parameter of the cubic structure (a; = 5.7 ?‘a) of BiO

as mentioned previously.
(D) DISCUSSICH

Previous workers pootulatod the presence of a suboxide
of bismuth (Bi0) either from the physical and chemic:l
properties (schneider, 1353, 1898; Brislee, 1908; Bhatnagar,
1630; Bridge and Towell, 1954), or from the structure study
of the oxidised bismuth films (Jenkins, 1935; Bound and
Richards, 1939; Acharya, 1948; sSemiletov, 1957; Goswani,
1852). MNone of these studies give any idea about the coupo-
sition of the postulated suboxide, which according to
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Zavyalova and Pinsker (1964), can have intermediate compo-
sitions like 81202.7'2.8'

In the present work the suboxide was prepared by the
method described in the experimental part. The method used
was that of Tanatar (1901). The suboxide (B10) thus prepared
was studied in the form of fine powder, which avoided the
possibility of any decomposition or phase change which is
likely to take place when the deposition is carried out from
the vapour phase. The intensity distributicn of the ring
pattern shows that Bi10 thus obtained has a NaCl type structure,

with a, = 5.70 4. Similar patterns were also observed from
films obtained by vapour phase deposition. This structure
was further confirmed by the disposition of spots in the
patterns obtained from epitaxially grown deposits on rock
salt (100), (11C) faces and also on cleaved face of alca.
During the diffraction of electrons by BiO, the scattering
of electrons will be more predominent by Bi atoms than by
oxygen atoms becsuse of the large difference in atomic
numbers. Hence even for the 111 reflection intensity will
be sufficiently strong, as observed in the pattern (Fig. 43).

As already mentioned before, at a high temperature
of the filament and in a high vacuum Bi0O decomposed into
Bi. This i1s similar to the observations made by Herz and
Guttmann (1907). Bound snd Richards (1939) obtained an
oxide by the oxidation of Bl films, which they presumed
to be Bi0. The reaction mechanism may be expressed as,



2B1 + 0y T=o=== 2B10

By the law of mass action, the reverse process i.e. the
decomposition of BiC will be favoured at a low pressure of
oxygen and bismuth will be formed. Under high vacuum
conditions, pressure of oxygen becomes very low hence csusing

the conversion of P10 into Bl even at a comparatively low
temperature.



CHAPTER - V

STRUCTURE AND GRCWIH OF OXIDE FILMS COF

BISMUTH AND ANTIMONY

PART-1 : OXIDATICN OF BISMUTH FILMS

4. INTRODUCTION

Three different oxides of bismuth viz. B1C, Bis0Og,
Bi,Og have been reported. The structure-study of the
suboxide (BiC) has occasiocnally been attempted. A detailed
study of the suboxide has already been presented in the
previous chapter. In this chapter a study of the oxidation

of Bi films under various conditicns is reported.

A survey of literature for the oxidation of bismuth
films has already been given in the previocus chapter.
Various workers have proposed different structures for the
oxidised filas. Jenkins (1935) has given a hexagonal
structure with a, = 4.02 ?l, ¢/a = 1.57, and Bound and Richards
(1939) in the oxidation of Bi films at 300°C observed a cubic
oxide (a, = 5.7 4). Sillen (1937), Schumb and Rittner (1943),
Aarivilliisms and 3illen (1945) reported the existence of
polymorphisa in B1,0,5. oC -Bis05 1s monoclinic and stable below
710°C and has parameters &, = 5.3 %, by = 8.14 4, ¢, = 7.43 %,
f3= 67°7'. [ -fora of Biz0z 1s a high temperature modifica-
tion and has tetragonal structure with a_ = 10.93 2,
¢, = 5.63 2. The Y -Bis05 has b.c.c. type structure
( 8y = 10.09 & ) and probably contains BipOzo. In addition
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a fourth simple cublc modification with ag = 5.525 A

(311len, 1936-38) also exists. Acharya (1948) obtained a
f.c.c. oxide of bismuth,with a, = 5.40 ?‘.,during the oxida-
tion of bia.-zth single crystals. Glemser and Filcek (1952)
studied the foraation of oxides under various conditions
such as (i) heating stoichiometric mixture of Bl and 81203
at various temperatures, (i1) thermal decomposition of
(B10)oCr04 or Biy0(Croy)y, (111) reduction of Bi(CH)4 by
sodius stannite, and in all cases obtsasined a mixture of Bi
and 81203. Aggarwal and Goswami (19568) have studied the
thermal oxidation of bismuth films on glass and observed

two new f.c.c. modifications with a, = 5.65 % and a, = 7.02 .
They have alsc suggested that the tetragonal variety of EigCg
( o8 = 10.93 g, .- 5.63 g) could be taken as a super-
structure of the oxide with a = 5.65 g. It seems froa the
above survey of the literature that there 1s a lack of a
systematic study of the oxidation process of bismuth. No
attempt has been made to study the formation of bismuth sub-
oxide (210) by direct oxidation of bismuth films and also
the mechanisam of oxidation process. In the following work

a detalled study has been made to elucidate the above points.

B. EXPERIMENTAL

Bismuth films vere initially deposited in vacuc, on
different faces of rock salt at about 150°C and on collodion
at room temperature, in the manner already described in
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Chapter-I1l. These deposits were epitaxial i.e. two degree
oriented as well as polyerystalline in nature. These films
were then subjected to oxidation at abeut 300°-350°C under
various conditions of air pressure, as mentioned below and
then examined by electron diffraction, in the usual way as
deseribed in previous chspters.

Cs RESULTS

In order toc set up the appropriate condition of tempe-
rature for oxidation at various pressures, prelisinary
experiments were carried out. It was found that bismuth
filns formed on collodion when heated in open air at 100°¢
for about an hour did not show any sign of oxidation as
revealed by electron diffraction. On railsing the temperature
to 200°C and heating in open air it was observed that after
heating for abocut 2 to 3 hours the films were partially
oxidised. At a higher temperature say at about 250°C the
results were inconsistent in the sense that only thinner
films got oxidised even at pressures as low as (.03 mm of Hg
in about an hour's time, whereas thicker filas did not,
even at higher pressure of sbout .2 ma to 0.3 mm of Hg.
when the temperature was in the range of 300°-350°C, it was
found that most of the films were oxidised within a short
duration of time, even at a low pressure of about C.02 am of
Hg. Since oxidation could be esasily contrelled st this
temperature, by varying the pressures, all the study was
carried out in the range of aoo°-3ao°c at various pressures.
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BISMUTH SESQUI CXIDE (Big03)

TARLE - 4
(Ref. page 69)

inalysis of the pattern

Fig&_x_-_g—s?.
/1 da hicl hicl
visual (beceCe) (f.cec.)
vs 3.22 310 111
m 2.72 400 200
m 1.92 440 220
mf 1.66 541 311
mf 1.61 622 222
f 1.256 322 331
a -
DeCeCe a, = 10.88 A f.CeCo a, = 0.44 X
vs - very strong
m -~ medium
af - mediua faint
f - faint



(a)

(b)

-“-

(1) ¢n Collodion

Oxidation at atucspheric pressure

Deposits of bismuth formed on ccllodion at rcom teape-
rature, were heated by increasing the teapersature slowly
to about 300°C and these were then aaintained for various
durations of time ranging between 15 ainutes and 2 hours.
During the oxidation it was found that the original
shining colour of the metal filam changed to yellow.

These films when examined by electron diffraction yielded
pattems (Fig. 52) the analysis of which is given in
Table-4. It was found that even though the dhkl caleunia-
ted from the pattern corresponded to 31203 {A3TM Card
No.5~-0312), the disposition of the rings in the pattern
and the visual comparison of the intensities, however,
suggest o cubie structure of B1,0, with a, =2 5.44 i.
Deposits of 51 and of Bi0 formed on glass were also
oxidised simultanecusly and yielded patterns as shown by
Pigures 53 and 54 respectively, suggesting a cuble

structure with the same parameters as sbove.

Oxidation under reduced pressure

when bismath films formed on collodion were heated at
about 300°-350°C under a reduced pressure of 2.0 ma of Hg.
the deposits of oxide formed yielded patterns siamilar to
those yielded by films oxidised in open air (ef. Fig. 52),
thus suggesting the cubic type structure of Bis0,.
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BISMUTH 3ESQUI OXIDE (BigOg)

TABLL - &

(Ref. page 66)

inalysis of the pattern

Q m/‘\,[/'/)
Flgure-57 St
I/IO d hkl
visual (be.c.c.)
vvf 4.18 211
vl 3.74 220
vs 3.23 310
8 2.74 400
nf 2.38 420
m 1.95 440
mf 1.84 530
n 1.66 640
vvfl 1.52 443
£ 1.29 2322
]
average ag = 10.72 A
vwvi -~ very very faint s - strong
vl - very faint af - medium faint
£ =~ faint m - mediunm
va - very strong
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It was found that even at low pressure cof 1.2 and 1.0
mm of g, results similar to the above were obtained.
When the pressure was reduced to about C.5 to 0.7 mm of
Hg, the oxide film obtained by heating bismuth depecsit
for about one hour yielded pattern (Fig. 55) consisting
of some additional reflections which did not fit in the
usual f.c.c. structure but conform to a b.c.c. structure
with a, = 10,78 §. The same film, on further heating,
for 1 or 2 hours more under the samse conditions of
temperature and pressure, yielded patterns again showing
the f.c.c. structure. The deposits of bismuth oxidised
at still lower pressures when examined by electron
diffraction (Fig. 56) were found to correspond to the
b.c.c. structure, tms sauggesting the foramation of
Y-Bi,0,. At a pressure of 0.C3 mm and when the duration
of heating was about half an hour or more, the oxide
films yielded patterns (Fig. 57, Table~5) mainly due to
Y-BIZGS. #han the duration of heating was ahorton;d to
about only 15 minutes keeping other conditicns unchanged
a sudden change was observed in the patterns (Fig. 53).
They consisted of a very large number of rings, which on
analysis were found to be due to a mixture of y -Biglg
(baese.) +o( ~Biy0j (monoclinie). With the time of oxida-
tion of about 15 minutes and a temperature about 3CC°-
350°C but with the pressure as low as 0.015 to 0.02 ma.,
it was found that a number of reflections in these
patterns were reduced but the reflecticns could still be
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accounted for a mixture of OC-Bigls + ¥ ~Biyg03. Further
reduction in pressure to C.C1C and C.0CC5 mm Hg produced
oxide films ylelding patterns (Fig. 59) which were
entirely different from the previous ones. It was found
that the reflections due to < or Y —31'203 practically
disappeared, whilst some new strong reflections appeared.
It was found that the strong reflections correspond to
111, 200, 220 etc. of the suboxide of bismuth (Bi0).

This showed that bismuth could be dxidised to the inter-
mediate stage of BiC by appropriate adjustment of the
conditions of temperature and low pressures. The results
of the oxidations carried ocut under reduced pressure are
suamarised in the Table-6.

Cxidation at very low pressures (sbout 10 > mm.)

Bismath [ilas deposited on colledion support were then
heated at aboat 350°C in a vaewum of sbout 4 x 10™° ma.
for about 20 minutes. It was found that the metallie
Justre of the filus was completely lost and the colour
turned grey. The specimens when ecoled in vacuc and then
examined by electron diffraction, yielded pattern (Pig.60C)
consisting of rings. The disposition of the reflections
wvas found to be different from that of Biglg (ef. Fig. 56).
(n analysis it was found that the pattern was entirely due
to bismuth suboxide (E10), the structure of which has
already been established in Chapter-IV. These experi-
ments conclusively proved that the suboxide was formed



TABLE - 6

(Ref. pages 65,66,67)

Oxidaticn of bismuth films at different pressures

at about 300°C

(On collodion support)

1l1.

12,
13.

14.

Pressure

Atmospheric
pressure

Atzmospheric
pressure

2.0 mm of Hg
1.5 mm of Hg
1.0 mm of Hg
0.6 to 0.7 mm of Hg

0.5 to 0.7 ma of Hg

0.2 mm of ¥g
0.1 =m of Hg
C.03 m= of ¥Hg

0.03 am of Hg

0.C15 to C.02 mm Hg
0,008 o 0.01 mn Hg

sbout 1o'°mr Hg

and about C

Duration

3 hours

1 hour
1 hour

30 minutes

15 aminutes

15 minutes
15 ainutes

About
20 ainutes

Results

o
b.c.c. ( 7'31203, 30310.8313)
or f.C.Ce. = 5.44
(Figure 52).

Mixture of b.c.c. and
fecec. (Fig. 59).
becec. Or f.c.c. structure

(ef. Fig. 62).
boc.c. (Fi‘. 50)- 7-31203-
..... [ P,

¥-Bi,05 Sharp patterns
(Fig. gl).

Y"BleOa i.e. b.c.c. +

00-81203 i.e. monoclinic
(Fig. 58).

Mixture of O&BiCq +
presumably Bi0 (Fig. 59).

Bi0 with f.c.c. structure
(Fig. o0)
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at low pressure, provided that the temperature was

favourable for oxidaticn.

(i1) on (100C) Face of Rock 3alt

(a) Oxidation at atmospheric pressure

Epitaxially grown bismuth films on (100) faces of
rock salt, were heated in air for different durations of
time varying from 15 minutes to 2 hours. The oxide
films forumed were invariably yellow in colour. when
examined by electron diffraction all these yielded
continuous ring pattern (Fig. 61) because of the poly-
crystalline nature of the oxide films. The disposition
of rings and their intensities did not correspond to
b.c.c. type of structure. From the visual comparison
of intensities and dispoutionf;frominont reflections it
can be suggested that Big0Og may have formed a new
f.c.c. NaCl type structure with a 2 5.84 i.

(b) Oxidation at reduced pressure

Bismuth films grown epitaxially on (100) face of
rock salt vere heated at about 300°-350°C at a pressure
of about 0.2 ma for about an hour. The transmission
pattern (Fig. 62) obtained from the oxide film consisted
of few rings and a centred square type of network of
spots suggesting a b.c.c. type structure of the oxide
film ( Y -Big0s) which had developed a 2-d {100
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orientation. Eight additional spots on 400 and 440
reflections suggest that this orientation was rotated

by 30°, when the oxidation was carried out at about
0.5 mm pressure for about an hour the {ilms yielded
pattern similar to Figure ©62. But when these films were
further oxidised for one or two hours more it was found
that the nature of oxide film was changed and they
yielded pattern as in Figure 63. It can be noted that
those spots of the centred square networks, which were
situated at the corners have become more prominent
whilst twose at the centres have practically disappeared,
suggesting a phase change from b.c.c. to f.c.C.

(e¢) Oxidation at very low pressure (about 107% um.)

Bismith filas deposited on (100) face of rock salt
were heated to about 350°C in a vacuum of about 1072 ma.
for about 20 minutes. The film lost the metallic lustre
and turned grey and yielded pattern (Fig.- 64) which on
analysis was found to be due to the formation of bismuth
suboxide (BiC). From the pattern it is clear that BiO
films grew epitaxially on rock salt producing a 2-d {100}

orientation.

(111) On (110) Face of Rock Salt

Bismuth filas epitaxially grown on (110) face of
rock salt were oxidised at 300°-350°C for about 2 hours at
a pressure of about 0.5 mm Hg. The pattern (Fig. 65)
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obtained from the oxide film consisted of spots and rings.
The\/? type centred rectangles forumed by the spots suggest

a 2-d {110} orientation of the oxide ( Y -Bi,0,) filas.

The ring pattern, however, corresponds to the f.c.c. structure
k- as the spots are lying on the rings due to 111, 20C, 220
and 222 reflections.

(iv) On (111) Face of Rock Salt

Bismauth rilms epitaxially grown on (111) face of
rock salt were oxidised at about 0.2 mm. pressure between
300°-350°C for two hours. The patterns (Fig. 66) apparently
complicated, arose from a 2-d {100} orientation of Y-Bi,Cg
(b.c.c.), the erystallites being rotated by 3c°. This is
further confirmed by the construction of the reeciprocal
lattice, rotated by 30° (Fig. 67) and it is seen that almost

all the reflections are thus accounted for.

(v) Vacuua Treatment of Bi&?ﬂm

Pismath {ilms formed on collodion and on cleavage
faces of rock salt were initially oxidised to BigUj, by
heating the films for about two hours at about 0.2 mm. pres-
sure and at a temperature of about 350°C. Films on both
these substrates were yellow In colour and when examined by
transmission, ylelded patterns corresponding to 81203
(ef. Figs. 56 and 62).
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These films were then subjected to a vacuum of about
1075 mm of Hg, at a temperature of 350°C, 1t was found that
the colour of original oxide films changed from yellow to
grey, in a short time. The heating was, however, continued
for 20 ainutes or little more. The specimens when cooled in
vacuo snd examined by electron diffraction yielded patterns
of bismth suboxide (Figs. 68 and 69). The pattem in
Figure 68 was obtalned by the reduction of Big0Oz on collodion
in vacuo, whilst Figure 69 comes from a 2-d {100} orientation
of Bi0 under similar conditions,by the reduction of epitaxial-
ly grown BigO3 on rock salt.

(vi) oxidation of Bismuth During Deposition

It was observed that if bismuth was deposited in poor
vacuus, the deposits instead of having a metallie lustre,
developed yellowish colour presumably due to oxidation during
evaporation. To test these, the metal was evaporated at
about 0.3 mm. of Hg on rock salt at about 200°C for & few
minutes. Figure 7C shows the pattern consisting of spots
and rings, obtained from such film. It was found that the
pattern was due to b.c.c. i.e. ¥ -BiyUg which developed a
2-d {100} orientstion on the cube face of rock salt. The
presence of four strong and eight faint spots on 4CC and
440 rings suggest that a few crystallites have been rotated
by 30°. It can be further noted that there are also a few
very faint reflections, which appear to be due to unoxidised
bismuth film.



PART-2 : OXIDATICN OF ANTIMONY FILMS

4. INTRODUCTION

intimony foras three well mown oxides namely 5boCg,
3bol4, Sbo0s. The existence of the suboxide sbC has
recently been reported by Shimaushi (1960) and he has claimed
that absorption and emission spectra of SbC were photographed
for the first time. The pentoxide is nct formed by the
direct oxidation of antimony metal. The tetroxide is formed
when 3bg0g3 1s heated in air or oxygen to red heat. Dehlinger
(1927) and Natta (1933) found that 5bg04 has a cubic
structure. Dihlstrom (1937, 1938), however, proved that
this cublc phase was due to 3b50g0H and not due to 3bgly,
and also showed that SboC4 has orthorhombic structure
(ap = 4.804 3, by = 5.424 1, o = 11.76 1). According to
Wyckoff (1931) the oxides of antimony present a striking
case of several conpounds of very different compositions but
almost of identical (-ray diffraction patterns. The X-ray
patterns from four oxides namely 5bgy0g5; Sbgl4qs 3bgly3, Sbols,
have been obtained. Except 35by0y4 all are cublc and these
yield similar X-ray patterns with similar positions of
reflections. The oxide 5by 013 gives in addition some faint
lines which are not due to the cuble structure.

The trioxide (Sb203) also known as sesquioxide is of
common occurrence and exists In two different forms. This

dimorphism was demonstrated experimentally by Tutton (1926).
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(ne form known as VYalentinite, 1s stable above 670°C and

has an orthorhombic structure with a, = 4.92 ?’;, b, = 12.40 i,
Co = D.42 ?., as deterained by Buerger (193v, 1937-38) froa
examination of single crystals. The other form known as
senarsontite, is stable below 570°C and has a cubic structure
as found by Bozorth (1923) by i-ray examination. This wus
further confirmed by Almin and Westgren (1941-42) and found
4 = 11.13 4. Bound and Richards (1939) oxidised the
antimony films formed on collodion in vacuo and found that
no detectable oxidation took place upto 250°C znd above this
the patterns were due to a cubic structure with a, = 1l.1 3,
which was quite well in agreement with szoa seen above.
Acharya (1948) has studied the oxidation of cleavage face
(111) of antimony single crystals by heating in open air

and found to yield only a cubic form of 3by05 with

8y = 11.12 ?\. The structure of valentinite was studied
again by Bystrom (1951) and he supported the observations

of Buerger (1938) and observed the same lattice parameters
for the orthorhombic 3bgCl3. In the drcular published by
the Nstional Bureau of 3tandards, swanson et al. (1883) have
given 3by05 as cubic with ag = 11.152 4 at 25°-27°C. Sawaxi
(1958) has shown that thin films of 3bg0, formed by vacuum
deposition are useful as achromatic anti-reflection coatings.
Akishin et al (1962) have given an account of the molecular
structure of SbpU3 in gaseous state using electron and
neutron diffraction methods.

This survey of the literature shows that nobedy has
gone into much detalls of the oxidation process of antimony
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films or of the study of opitgxy of antimony oxide. 3imilarly
no attempts have been made to check the existence of the
newly reported suboxide (5bC) during the oxidation process
or its preparation by other methods. Taking these points
into consideration the present work has been carried out

to study the oxidation process of antimony films and to
study the epitaxy of antimony oxide and to test the possibi-
1ity of the existence of the suboxide (Sb0).

. BEXPERIMENTAL

mtimony films were initially prepared on collodion
at room temperature and on rock salt at about 200°C in the
usual way. These films were then subjected to oxidation at
about 350°C under different conditions of pressures,varying
from atmospheric pressure to 0.2 mm. pressure,as mentioned
below, and then examined by electron diffraction in the
usual way as discussed in previous chapters.

C. RESULTS

Preliminary experiments showed that antimony filas
formed on collodion when heated In open air for about an
hour at 100°C. did not show any sign of oxidation, as reveal-
ed by electron diffraction. On heating the specimen to the
higher teumperatures it was found that the films were
completely oxidised in open air at about 300°C in about half
an hour. (n heating at lower pressures, susy at about C.d am.,
even at 300°C the rilms were only partially oxidised. (nm
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ANTIMCNY TRIOXIDE(5bo0g)

TABLE - 7
(Ref. page 78)

inalysis of the pattern

Figure-71
V1, d hkl
visusl (f.coca)
m 6. 45 111
wi 3.92 220
vs 3.22 222
2.78 400
m 2.04 331
vi 2.28 422
vt 2.14 811
s 1.97 440
ns 1.68 622
f 1.55 711

m =~ medium vf - very faint
vvi =~ very very faint ms - medium strong
vs ~ very strong f - faint
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increasing the temperature to about 350°C 1t was found that

oxidation was possible in most of the cases even at pres-

sures of (.5 ma. in a short duration of sbout 15 ainutes.

Oxidation of antimony films wes hence further carried out

at about 35C°C under varying conditions of ailr pressure.

(a)

(b)

(i) On Cellodion

Cxidation at atmospheric pressurs

sntimony films when heated in open air at about 350°C
for about 15 minutes, lost their metallic lustre and
changed to grey colour. These when examined by electron
diffraction yilelded ring patterns (Fig. 71), the analysis
(Table=7) of which clearly indicated the form:tion of
Sbyl3 having a caubic structurs. Even when the filums
were heated in open air at 35C°C for longer periods, the
patterns were similar in nature. It was observed that
not only thicker films of antimony were highly oriented
but also the corresponding oxide films obtained from
then were preferably oriented (Fig. 72). This reseables
epitaxisl growth on a substrate having a preferred

orientation.

Oxidation of antimony at low pressures
between 2 mm. to C.2 ma.

Oxidation of antimony at varying pressures from 2 aa.
to lower ranges was also studied. The oxide filus formed
between 2 mm. to 0.5 mm. of alr pressure when examined
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by electron diffrzction, consistently yielded patterns
as in Figure 73, thereby suggesting the formation of
3by04 with cuble structure. At about 0.2 mam. of air
pressure, the film did not show any sign of oxidation
even after heating for 2 hours, but after abcut 3 hours
of heating only two strong reflections namely 400 and
440 of 5bo0z appeared in the pattern. Heating at still
lower pressures did not show any sign of oxidation

even after heating for a longer pericd. The following
Table-8 sumizu the different conditions of oxida-
tion and the results obtained.

(11) on (100) face of Rock 3alt

Cxidation at atmospheric pressure

intimony films grown epitaxially on rock salt were
heated in copen air at about 350°C. The specimens when
examined by reflection did not yield clear patterns.
It was observed that spots corresponding to 222 gnd 40C
reflections were in the plane of incidence, t'ms suggest-
ing the development of 2-d {111} and 2-d4 {100} orient-
ations. when exazmined by transmission the specimen
yielded patterns (Fig. 74) consisting of a large number
of spots. On agnalysis it was found that the patterns
were due to two types of networks of spots viz. (1)
consisting of centred rectangles with 000, 220, 044, 224
reflections at the corners suggesting a 2-d {_111}
orientation, and (ii) rectangles formed by 000, 111, 311,



TABLE - 8
(Ref. pages 75,76)

Oxidation of antimony films at different pressures
at about 350°c

(On collodion support)

Pressure Duration Results
g:atmg
1. Atmospheric 15 minutes Patterns correspond
pressure to f.c.c. structure
of Sbglgz (Fig. 71).
2. Atmospheric 3 hours —e=leee  (Flg. 71)
pressure
3. 2.0 ma of Hg 1 hour weelcws  (Hig. 73)
4. 1.0 ma of Hg 3 hours wwelocs TN
5. 1.0 mm of Hg 2 hours SSSRSER—— ———————
6. 1.0 am of Hg 1 hour s s
7. 0.5 mm of Hg 1 hour s i gy
8. C.2 mm of Hg 1 hour No oxidation
9. C.2 mm of Hg 2 hours wn—Bnmo
10, C.2 mm of Hg 3 hours Only 400, 440 of 3bglg
developed.
1l. 0.1 mm of ¥Hg 4 hours No oxidation




Ry T5) (Rq76)
«Q—»»T‘vwm«? Y ow (100)4 Aotk sl M:mmt Jstm. o (108) JAcck soll”
diclad aociesaltomd headd: Oxidised al dmam.
9 {1 A N Y Al 30T 2dfpndaddd 130"+ 2 {wh {55
4 54,03

(ch 1) (Feq78D
Pl meney ibon oy 76 haaded Sb,04, fovmsd dawning dafenlflon
%G\WWWA&W 015(, Mﬂwmmm(‘m)“
oaddTranedl 24U doun 450,05 Rokaalt 2-4{100} ovn. Baam N0



-77-

220 reflections due to a 2-d {211} orientation. It was
farther noted that there vere many additional spots
which could be explained on the basis of the rotation of
the sbove erystallites by 30°.

wWhen the film of antimony deposited epitaxially on
rock salt as in Chapter-IIT (ef. Fig. 38) was removed
from rock salt and then heated in open air at 350°C for
about an hour yielded patterns (Fig. 78). The disposi-
tion of spots showed that the oxide deposits developed
2-d4 {111} + 2-a¢ {211} orientations, both being rotated
by 30°, along with an additional 2-d {100} orientation
of 5byl; (cubie). This clearly showed that the nature
of the epitaxial oxide layer formed on antimony film was
influenced more pronouncedly by the orientation of the
metal fila than by the original substrate of rock salt,
on which metal film was grown. This observation was
similar to that in the case of oxidation 9r epitaxial
bismuth films.

(b) Oxidstion at reduced pressures

The deposits of antimony on (100) face of rock salt
were heated at about 350°C at a pressure of 1 mm. for
about an hour. when examined by transaission the specimen
yielded patterns (Fig. 76), consisting of a network
of spots which on analysis were found to be due to
2-d {100} orientation and a 2-d {211} orientation
(erystallites rotated by 30°) of the cubic 5bs03. When
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the same specimen was heated .ror about one hour or more
yielded pattern (¥Fig. 77) consisting of additional
reflections due to a 2-d {_111} oricntation, the crystal-
1ites being rotated by 30°. The specimen when heated
further for zn hour the pattern did not change.

On lowering of pressure of oxidation upto C.5 mm.
it wvas found that patterns as above with similar orien-
tations were produced. when the air pressure as low as
€.2 mm, was employed for oxidation, the film remained
unoxidised even after heating for about two hours, as
seen previously in the case of oxidation of antimony
deposits on' ccllodion. 4t a lower pressure nc oxida-
tion was obiorvod.

(i11) oxidation of intimony During Deposition

Deposition of antimony was attempted rather at a low
vacuuz of about 0.3 mm. on various faces of rock salt at a
substrate temperature of about ?.50°C, and it was found that
very complicated patterns due to various orientaticns of

the deposits of Sbylg resulted.

(a) On (100) face of rock salt

The deposits formed on this face, on examination by
reflection yielded pattern (Fig. 72) when beam was along
(110} of rock salt. The disposition of spots was such
that a network of\/3 type centred rectangles was formed
with higher orders of 100 reflection in the plane of
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ineidence suggesting a 2-d {100} orientation of Sby0;
film. when the same specimen wus examined by transmis-
sion yielded apparently highly complicated patterns
(Fig. 79), which consisted of networks of spots foraing
picturesque designs. Figure 80 shows an enlarged
photograph of the same pattern. On a very careful
study it was found that the patterns consisted of net-
works of spots due to a mixture of a 2-d {‘100} and a
2-d nglll) orientations of 3by05 crystallites, which
were rotated through 30°. 4 reciproeal lattice network
(Pig. 81) constructed for these mixed orientations when
cospared with the pattermms accounted for almost all the
reflections as seen in the diffraction patterms. The
apparent complexity of the patterns observed In the
present cszse, is due to the appearance of a number of
higher order reflections of 5by04 because of the high
lattice parameter of .szoa (gg = 11.15 3).

(b) n (110) face of rock sslit

Deposits formed on this face under the above mentioned
econditions when examined by transmissiocn yielded pattern
(F1g. 32) which consisted of a network of spots formed
due to 2-4 {100} sna 2-a {111} oriented crystallites
rotated by 30°. Though these orientations were similar
to those on a (100) face the patterns however appeared
to be different from those yielded by the deposits on
(100) face. A closer ex:mination revealed that the
reflections due to a 2-d {111} orientation in this
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pattern were very strong whilst those due to a 2-d {.100}
orientation were weaker, thus making the pattern appar-
ently look different.

(e) tn _(111) face of rock salt

Deposits formed on this face yielded spot patterns
(Fig. 83) by transmission which appeared to be compli-
cated. On a closer examination it was possible to
explain the pattern to be due to two different orienta-
tions of 3bg04 erystallites. There was a network of
very faint spots due to 2-d {100} orientation, whilst
the network formed by very strong spots produced by a
2-d {211} orientation of crystallites. Both these
oriented crystallites were rotated by 30°.

(iv) Existence of Suboxide of intimony

From the work described above it was found that oxida-
tion of antimony at and above 0.5 mm. led to the formation of
Sbglg (fec.ce ag = 11.15 ?.). There was nc evidence, either
for the existence of any other phase of SbgC3 or for the
suboxide of antimony just as for the suboxide of bismuth.

At low pressures say at about (.2 mm. nc oxidation of
antimony was noted even after 2 hours of heating at about
350°¢. /n attempt was made to prepare suboxide of

antimony, in the same way as of bismth. aintimony oxalate
was prepared wvhich was white in colour. This when heated at
about 200°C in a vacuum of 0.2 mm. decomposed into a grey
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black powder. This was finely ground =znd when examined by
electron diffraction yielded pattern (rig. 34). On
analysis, the pattern was found to be due to the formation
of 3bo03. The decomposition of oxalate was tried a few
tises by changing the conditions of temperature and pressure,
however, It was found that the oxide in every case to be
Sbols and not any other type of oxide of antimony.

L I5CUS5 ION

Fismath sesquicxide (BiyOy) exists in different
foras viz. monoelinic or o<~ Biglz (ay = 5.83 %, by = 8.14 &,
o= 7.43 4y B = 67.7°, 5.0, CP2/C a5 T.i. Cara
NO.0-0294); cubic b.c. (8y = 10,09 R a.s.T.4. Card No.6-0312)
as revesled by X-ray studies. In addition, other structures
such as tetragonal (s, = 10.93 %, ¢, = 5.63 %), cubic with
different parameters (a, = 5.65 ?\, Goswaai, 1963; s = 5.4 ?"\
ischarya, 1942 etc.) have also been reported to be foraed ;
under special conditions.

Epitaxial Bi or 5b films formed on different faces
when oxidised under different conditions were also epitaxial
in nature depending on the thickness of the film. Lven when
the metal films were detached from rock salt and oxidised,
the oxide layers were two degree oriented as were revealed

by the spot patterns.

Oxfdation of Bi or 3b was not noted at about 200°C

even at a pressure of 0.5 ma. But when these elements were
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deposited at about a temperature of 200°C of the rock salt
substrate in a low vacuum of about C.3 am., the films thus
obtained consisted of oxides of Bi and 5b. The patterns
produced by these deposits were extremely sharp and
plcturesque. The apparent euse of oxidation during deposi-
tion at low vacuum is due to the fact that at the red hot
condition of the filasent under the poor vacuum the metals
themselves were oxidised during their vapourisaticn before
condensing on the substrates. The oxides thus formed grew
epitaxially if the substrate temperature was suitable.

Thus the deposits had a better chance of growing epitaxially
than in the usual oxidation method, where the oxide had to
grow on the substrate metal films which were not usually
perfectly 2-d oriented.

Orientations of oxide-filas of Bi and 5b

Bismuth films epitaxially grown on a cubic face of
rock salt when heated in open air invariably produced poly-
crystalline oxide deposits. Antimony oxide, on the other
hand, developed 2-d {211} , 2-a {111} ena 2-a {100}
orientations, under more or less the same conditiocns of

experisent.

Deposits of Bi on a (100) face of rock salt on
oxidation at low pressures produced 2-d {100} orientations
of the b.c.c. structure whilst on prolonged hesting there
was a tendency of this orientation to change Into a 2-d {10(‘)
of the f.c.c. type. In the case of 3b the oxide film formed
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at low pressures consisted of crystallites with 2-4 {211}
(rotated by 30°) + 2-d {100} while prolonged heating
produced an additfonal 2-d {111} orientation (rotated by
30").

Deposits of Bi on a (110) face on oxidation produced
2-d {110} orientatien of BigOgz while on a (111) face .
produced 2-d {100} (rotated by 30°) with a b.c.c. structure.

wWhen the deposition of Bi was carried out in a low
vacuum, at about 200°C the pattern was of a 2-d {100}
oriented Bily05 with a b.c.c. type of structure, a few erystal-
lites being rotated by 3¢°. In the case of 3b on a (1C0)
face of rock salt the orientations were 2-d {111} + 2-a {100}
for the cuble 5bs03 (both rotated by 30°). On a (110) face
the saae two orientations were produced mnd were also rotated
by 3¢°. The deposits thus formed on the octahedral face
consisted of 2-d {211} + 2-a {100} oriented crystallites,
both being rotated by 30 .

Phase changes in the oxidation process

From the study of the oxidation of Bi films carried
out in this work It appears that the products of oxidation
as well as their struetures depend on the eonditions of
oxidation. The oxidation of Bi films formed on collodion
revealed that at very low pressures of about 10 2 ma. the
films were oxidised to BiC (suboxide) with a f.c.c.
structure having a, about 5.7 .. The patterns from deposits
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of oxide formed at about 0.005 ma. consisted of a mixture
of Bi0 and probably a moncoclinie BigU,. At a little
higher pressure say at about C.015 ma. oC-Bigly 1.e. the
aonoeclinic oxide was produced. The d-values of sowe of
the reflections of Y -Biy03 (b.c.c.) and oK -Biglg
(monoelinic) being very near it was difficult to decide
unequivocally the definite structure. inyhow the overall
disposition of the reflections suggested mainly s mono-
eclinie structure. This phase was also observed upto a
pressure of (.03 ma, depending upon the oxidation time.

AS the pressure was in the range of 0.03 to 1.2 mm. the
patterns were due to the formation of a b.c.c. type struct-
ure. At still higher pressures the patterns again showed
a change from b.c.c. to f.c.c. as previously observed.
This observation was alsc supported by results obtained
on roek salt as substrate. Bi films on collodion when
heated in open air produced patterns due to a f.c.c.
strueture with 5, = 5.42 4, whilst the oxide films foramed
on a rock salt cube face revealed an entirely different
f.c.c. type of BiyOz with a, = 5.84 a. Seailetov (1957)
reported a NaCl type structure for the oxide of bismth
with a, = 0.6 ﬁ. This may be due to the presence of BiO
for which an f.c.c. NaCl type structure with a, = 5.7 2
has been e¢stablished in this work. The above study revealed
that depending on the air pressure, not only different
oxides of bismuth such as (Biy03 and BiC) were formed, but
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also different phases of the same oxide (Big03) developed.

In the case of antimony, however, only one cubic type of
o

oxide (SbyC3 f.c.c. a, = 11.12 A) without any phase change

was noted.

Mdechaznisa of oxidation of bismuth

In Chapter-IV it has been shown that Bi0 when heated
strongly in vacuum during deposition decomposed to Bi by
the heat of the filament. Oxidatiocn of vismuth films at a
very low pressure shows the formation of BiC. Thus the

oxidstion reaction can be represented as.

when deposits of Bi0 on glass were heated in sir,
BlgOg was formed. A high vacuum treatment (about 107 am Hg)
of Biy05 films at about 35C°C transformed them into B1C.
Bi{ films under the similar conditions were oxidised to BiC.
Thus a temperature of 350°C and pressure of about 4 x 10°° an.
seem to be reasonsble conditions for the formation of the
suboxide BiO.

BY film can be oxidised in stages to BiO and Bigls.
In high vacuum and at suitable temperature, on the other
hand, the reverse process i.e. successive decomposition of
Biglg into Bi0 and Bi is favoured (according to the law of
mass action). The overall process can be represented by

an equilibrium reaction.

Bi == B10 T== Big(3

<
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Farther the structure of Bis(5 formed depends on the condi-

tions of reaction.

The above vacuum treatment was not successiul in the
case of 3bpl3 In producing any other lower oxide or suboxide

presunsbly becsmuse of non-existence of them.



CHAPTER - VI

BISMUTH-ANT IMORY~-SYSTEM (Bi-Sb)

A. INTRODUCTION

Bismuth and antimony both belonging to 5th group of
pericdic table, form a continuous solid solution. This
system was first studied by Bowen and Morris-Jones (1932)
who calculated the lattice spacings in terms of {.c.
rhombohedrazal unit cell. LChret and Abramson (1934) preparec
alloys of bismuth and antimony with varying proportions
ranging between 0 to 100 %. They found the lattice para-
meters on the basis of rhombohedral unit cell, which vary
from a, = 4.492 4 and o= 57°5' for 100 % Sb to ag = 4.749 4
and oL = 57°16' for 100 % Bi1, the results being fairly in
agreement with those of Bowen and Morris-Jones. The
variation of the (110) interplaner spacing of Bi-Sb systen
with concentration was studied by Hofe and Hanemann (1940).
Thermoelectric properties of Bi-Sb were studied by wright
{1988). Electrical reaistivity and Hall effect of single
crystals of Bi-Sb were measured between 4.2°X and 300°K by
Jain (1959). He has also measured by X-ray methods, the
lattice parameters in terms of hexagonal (rhombohedral)
structure for the entire range of solid solution. Tanuma
(1959) zlso studied the same properties but for 4% to 50%
of Sb. Because of the growing interest in semiconducting
materials, the semiconducting and electrical properties of
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Ei-3b have been studied in details by Ramazanov (196l),
smith and Wolfe (1962), using various compositions of the
alloys, and found that these behave as the small energy

gap semiconductors. 48 regards the structural studlies of
the =1-3b alloys, recently Cucka and Barrett (1962) measured
the lattice constants and also the atomic positiocnal para-
meters for bismuth rich binary solid solutions. They found
that lattice constants of Bi-5b alloys vary linesrly in

the composition range x = 0 to 30 % Bi and suggested the
equations a, = 4.546-23.84 x 10™%. X and ¢, = 11.863- 51.66 X
107% «x at 298 £ 3°¢, n electron microscopic study of the
structure of the 21-3b 2lloys has been done by 3ella et al.
(1964). HRecently short and schott (1965) have reported the
constructicn of a special instrument for the preparation

of highly homogeneous single crystals of Bi-5b alloys.

It is evident from the survey of the literature that
very little attention has been paid to the structural study
of Bi-3b alloys in the thin film states, their crystal
growth process, epitaxy and orientation relationship. In
the following work scme of the above properties have been

studied.

B. EXPERIMENTAL

(1) Preparation of the Alloy

Analytical grade bismuth and antimony were taken in
stoichiometric proportion (1:1) in a silica tube, which
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BISMUTH ANTIMONY SYSTEM (Bi-3b)

TABLE - 9
(Ref. page 90C)

inalysis of the pattermn

Figure-85
74 8 a hkl
(hexagonal)

vvf 3.64 Cl.1
m 3.18 10.2
vvf 2.29 Cl.4
8 ' 2.20 11.0
vvf 1.87 2c.1
m 1.81 c2.2
wvfl 1.58 20.4
vvi 1.43 11.6
m 1.39 21.2
vf 1.31 12.4
1.28 00.9
1.26 30.0

-~~~ ——— . - —

s = strong : vi - very faint
a - medium vvi - very very faint
£ - faint
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was then evacuated and sealed. It was then slowly heated
in a furnace to about 300°C snd maintained at this tempera-
ture for about twenty four hours. The tube was then
quenched by dropping in water and the alloy thus formed was
used for deposition.

(11) Deposition of the illoy Films

Bismith-antiasony alloy (Bi-Sb) thus obtained was then
vacuum deposited at about 10™% ms of Hg on different substra-
tes such as ecocllodion, polyerystalline sodium chloride, glass,
various faces of rock salt, as well as on cleavage faces of
mica at various temperatures. The deposits were then exaained
in the usual manner. During the preliminary experiments it
was, however, noticed that when the deposition was carried
in the usual way, the patterns consisted mostly of antimony.
On the other hand if flash evaporation method was adopted,
the patterns were due to Bi-Sb films. l!ence in all the

subsequent experiments this technique was followed.

C. RESULTS

(1) On Collodion and Polyerystalline
Sodiua Chloride

Deposits formed on the above substrates between the
range of room temperature to 200°C, yielded patterns (Fig.85)
consisting of continucus rings, which did not break even on
tilting the specimen, thus suggesting that the polyecrystal-
line deposits did not develop any preferred orientation. -
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The d-values of the rings were calculated using
graphite (1150 reflection, d = 1.23 4) as standard (Tsble-9).
From the earlier studies of Bi-3b system by X-ray, it is
known to have a rhombohedral unit cell or medified hexagonal
structure. The d-values as obtained froa the above electron
diffraction patterns were therefore compared with a chart
for hexagonal structure and it was found to correspond very
well for a ¢/a ratio about 2.65. Aill the observed reflect-
ions were then given provisional indices, satisfying the
rhozbohedral conditions (expression (V), page-29). Lattice
parameters were however determined from single crystal

patterns as explained later on.
(11) On Glass

Deposit of Bi-5b on glass at room temperature produced
polyerystalline films with or without a preferred orienta-
tion, depending on the thickness of the rilms. Figure-86
shows a pattern from thicker deposits having a preferred
orientation. The presence of 02.2 reflection in the plane
of incidence suggests the formation of a 1-d {01.1} orienta-
tion of the hexagonal (rhombohedral) structure. 7he films
formed at 100°C and 200°C of the substrate temperature,
nhowever, developed a 1-d {10.2} orientation (Fig. 87).

(111) on (100) Face of Rock 35alt

Deposits formed at room temperature and also at 100°c
on this face were polycrystalline in nature, as revealed by
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the diffraction patterns. Bi-3b films deposited at 200°C
and 300°C of substrate temperatures yielded patterns

(Figs. 83, 89) by reflection when beam directions were
respectively along 100> end <110) of rock salt. Assum-
ing that the provisional h,k,l indices assigned to the
different d-values were correct, it was observed that strong
10.2 and faint Cl.l1 reflections were in the plane of inci-
dence thus suggesting a 2-d {10.9.} + 2-d {01.1}» orienta-
tions of the deposit crystals. These observaticns were

similar to those observed for bismuth or antimony films

formed over rock salt.

These specimens when examined by transamission ylelded
patterns as shown in Figure-9C. The d-values for different
spots and rings were found out by using graphite as standard.
It was seen that the pattern consisted of reflections of
various types such as hk.C, Ok.l, hC.l. The values of
lattice parameters for the hexagonal structure were found

from the different observed reflections (hk.l) using the

relations,
r"‘ = 1/d2 = (hq+hk+k2) a*g + 12c*?‘ eses (IX)
2
a. = oee s (x )
av 3
e (XI)

e = 1/e¢-

With the help of expressions (IX) and (X), a* and a, were
caleulated from hk.0 type reflections. Using the value of
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a* in expression (IX), c* was found out with the help orf
Ok.1l, h0.1l, 00.1 or hkx.l type reflections, and hence c, was
calculated by expression (XI). It was thus found that the
hexagonal psrameters were a, = 4.3% 3 and ¢, = 11.52 2.

Tging the above values of a and ¢ the i1 values for various
reflections were calculated using the formula given below,

dpkrl = - ceee (XID)
4 .02+ nk v k2 12
3 a2 o2

and were found to be in good agreement with observed values.

From the hexagonal parameters a, and ¢, the rhombo-

hedral parameters were also evaluated using the expression,

s, %o

2 = o ens

ap 2" o esee (XIII)
smf = sen e (XIV )

o
w
+ (68
1]
o‘?ulo

(&)
and found to be ag = 4.63 4 and oC= 56°60'. These parameters
were also confirmed with the help of patterns ylelded by
deposits from (110) and (111) faces.

When the Indices were confirmed in this way, it was
found that nearly a square network was formed by reflections
such as 00C, 11.2, 12.0, 01.2. On detalled consideration of
the positions of the reflection spots as was done in case of

deposits
bismath, it was concluded that Bi-3b/had their (30.7) plane
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parallel to (10C) face. Hence a 2-d {30.7} or approxima-
tely a 2-d {10.2] orientation was developed. Similarly
the presence of Cl.4 reflections which were just inside

the 11.0 reflections was due to both the noraszl and antil
orientations. These orlientations alone cannot explain the
eight extra spots lying on 11.0 ring. A closer exaainaticn
revealed that faint spots (ares) due to 30.0 reflections
were also present. The hexagonal network of spots formed
by different reflections such as 11.0 and 30.0 were no
doubt, due to a 2-d {oc.l} orientation, but the presence
of 12 spots on 11.0 and 30.0 rings can be explained by a
rotation of the {_00.1} oriented crystallites through ac°.
The deposits formed at 300°C of the substrate temperature
yielded transmission patterns, which on analysis were found
to be only due to a 2-d {30.7}- or approximately a 2-d {10.2}

orientation.

{iv) n (110) Face of Rock 3alt

Deposits formed upto 100°C of substrate temperature,
yielded patterns due toc randoaly disposed erystallites of
Bi-Sb. Deposits formed betwecen the temperature range of
200°C and 300°C, yleided faint spot patterns (iig. 91) by
reflection, with the 11.0 reflection of the hexagonal
structure, in the plane of incidence when the beam was
along <106> of rock salt substrate. This suggested a
2-a {11.0} ortentation of the hexagonal (rhombohedral)

structure.
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The above specimens when studied by transmission
yielded patterns (Fig. 92) consisting of rings and spots.
The disposition of the spots wss such that they produced
nearly\/ 3 type centred rectangles with 000, 10.2, 02.2, 12.0
reflection spots were at the corners while 01,1 reflection
was at the centre. This disposition of spots, as was in the
case of bismuth snd antimony, suggests that the beam direct-
ion was <213> and the plsne perpendicular to this direct-
fon was (30.14). These observations show that B1-3b films
developed a 2-4 {30.T4 jor approximately a 2-d {10.5 ]
orientation of the haexagonal (rhombohedral) structure. Thus
the deposits developed both {11.0} and {10.B} ortentations.

(v) On (111) Face of Rock Salt

Deposits formed upto 10¢°C of substrate temperature
were polyerystalline in nature as revealed by the diffract-
ion patterns. Deposits formed at about 200°C and 300°%
yielded patterns (¥ig. 93) which were very similar to those
of bismath and antimony. The patterns showed two distinct
networks of spots viz. (i) a hexasgonal network formed by
000, 11.0, 30.0 reflections suggesting a 2-d {00.1} orienta-
tion, (11) a rectangular network rotated by 60° formed by
spots due to reflections such as 000, 11.0, 20.1, Ol.1 as a
result of a 2-d { 11.9 }orfentation. In the patterns from
deposits formed at 200°C, reflections due to both these

orientations were prominent, but in the case of deposits
formed at 300°C, reflections due to {_ﬂ.g}orimtaum were

comparatively weaker.
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{vi) Cn Clezved Fuces of Hica

Patterns yielded by the deposits of Bi-5b formed
upto 100°C on mica, were mainly poclycrystalline in nature
with a little preferred orientation of the (10.2) type
planes. Deposits formed at 200°C, yielded patterns (rig.94),
consisting of rather elongated spots, with 10.2 and its
higher order reflections in the plane of incidence. The
pattern, however, did not change on changing the beam
direction, suggesting that Bi-sb films developed a 1-d {10.2]

orientation on mica.
D. DI5CU35ION

Both Bi and 3b belong to the V" group of the periodic
table and are mutually scluble for all compesitions. It
appears that these do not form any distinect intermetsllic
compound. X-ray studies of the bulk structure of Ei-3b
system have shown that these alloys have also rhombohedral
structures, but the lattice parameters varied with the
composition of the alloy. Thus the parameters ap end anglec
vary gradually from 4.492 A and 57°6' for 100% Sb to
4.749 ?\ and 57°16' respectively for 100% 81i. These varia-
tions were studied by Ehret (1934) in teras of rhombohedral
parameters while by Jain (1969) in terms of the correspond-
ing hexagonal structure and has shown graphically the
varistion of lattice parameters with percentage composition
of Bi-Sb. From these observations an alloy with 50%
composition (1l:1 atomic proportion of Bi and 3b) would have
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o
lattice parameters a, = 4.42 4 and ¢g = 11.57 % in teras of
the hexagonal structure.

tven though the alloy taken was of nominal 5C% compo-
sition, it was observed as mentioned before that the deposit
film might consist of sither one of the components or of the
alloy depending on the method of deposition. 3low rate of
depesition yielded films consisting mostly of 5b. This
appears to be due to the high volatility of Sb in preference
te Bi. The flash evaporation technigue i.e. evaporating all
the material suddenly at high filament teamperature, however,
favoured the retention of the compositicn similar to that

of the bulk evaporated.

The lattice parameters for Bi-sb filas by electron
diffraction method were found to be a, = 4.33 4 and
¢o = 11.52 4 corresponding to a I1lm having sbout 56% of 5b
and 44% of Bi. Lattice parameters cobtained for different
films of Bi-3b in different experiments wvere nearly of the
above value, though occasionally there wes a little deviation.

The Bi-3b alloy invariably produced polycrystalline
patterns without a preferred orientation on collodion as
substrate. On glass the deposits were l-d {91.1} or {10.2}
oriented depending on the conditions of evaporation.

On 2 single crystal substrate of micz, the alloy
formed a 1-4 {10.2} oriented deposits at about 200°C. On
all the faces of rock salt, the alloy grew epitaxially,
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provided the substrate temperature was suitably high i.c.
about 200°C. 4t lower tesperatures even on these faces the
deposits were polycrystalline in nature with or without any
preferred orientation. During the epitaxial growth on a
(100) face the surface layers of the deposits developed

2-a {10.2} ana 2-a {01.1} orientations, whereas the bulk
film as seen by transmission consisted of 2-d {3«0.7} and
2-d {MI} oriented crystallites, the latter being rotated
by 3¢°. it higher temperatures only 2-d {10.2} by reflect-
fon and 2-d {30.7 by transmission were observed. On a
(110) face the deposits developed 2-d 130.14 }or roughly
2-a {10.5 Jorfentstion. Cn the octshedral face of rock salt
the deposits developed 2-d {00.1} and 2-d {1‘1‘.‘6}0:-1“&-
tions for the bulk of the film. Thus the orientations of
the Bi~-3b filas on rock salt faces were practiecally siamllar

to those of' Bf and 5b on these faces.



CHAPTE K - VI1

STRUCTURL AND CRYSTAL GROWTH OF ANTIMCRY

TELLURIDE AND ANTIMONY SELENIDE

A. INTRODUCT ION

The 3b-Te system contains an intermediate phase
5byTes having m.p.=< 620°C. Dénges (1951) was the first
to report the structure aznalysis of this phase by X-ray.
He showed that SboTeg had an ordered hexagonal unit cell
(8p = 426 %, ¢o = 5 x 6 4 cy/ ag = 5 x 1.43), there being
3 ateoms In the pseudo hexagonal cell and 19 in the super
lattice. Harman et al. (1956) prepared 3bpTez by the
sintering and annealing technique and otudiod_ the electrical
properties like Hall coefficient, resistivity, thermo-
electric power etc. Semiletov (1956) also reported a
hexagonal ecell (ay = 4.24 £, ¢, = 29.9 ), by electron
diffraction studies ancd suggested that there would be three
molecules in the unit cell and it would be isotypiec with
512303 and BioTez. He indexed the diffuse ring photographs,
however, with a hexagonal cell having a, = 4.25 2 and
ey = 5.99 ﬁ. Thermoelectric properties of 3bsTeg and solid
solutions of Sbgttoa and BioTez were studied by Benel (1958)
and ¥okosh et al. (1960). Electron microscopic study of
the disloestions of sztos and BloTej was done by Amelinckx
et al. (1960, 190l) and they have shown that SbyTey contains
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large hexagonal loops. Various workers have studied the
electrical properties, thermoelectric properties, Hall
coefficients, resistivity ete. of SbpTeg and Blpley, either
alone or of their sclid sclutions, in the form of thin
films as well as iIn the form of single crystals, since
these were important semiconductors (Rodot, 1960; Borecdovyi,
1961; Ghosh, 1963; Garachuk, 1965). The structures of
the amorphous {ilms of the selenides and tellurides of Ga,
In and 3b were studied by andrievskii et al. (1963) using
electron diffraction methods and they have shown that these
compounds do not have a constant structure over the whole
range of existence of the amorphous state but the structure
depends on the temperature.

intimony selenide (:3b2a‘ea) has an orthorhombic
structure with a, = 11.68 3, by = 3.98 4, ey = 11.58 &
having 4 molecules in the unit cell and a space group Fnma
as reported by Dénges (1953), but Tideswell et al. (1957)
observed the unit cell diamensions to be as ay, = 11.77 g,
by = 3.962 4, ¢, = 11.62 . Kolomlets (1965) studied solid
solutions of Tlg3e and Sbpley for their electrical and
thermoelectric properties and found that these were p-type
semiconducters. Pinsker et al. (1956) prepared the sume
compound and examined its structure by X-ray and electron
diffraction and found it to be orthorhombic. Xolomiets
et al. (19594, 1959B) has also carried cut work on photo-
conductivity and photosensitivity of thin Sboieg filas
formed in vacuc. The work of Tatarinova (196C) by electron



_lm-

diffraction has proved that amorphous layers and crystalline
layers of Sbp3eg have the same configuration. Skubenko (1960)
has suggested special methods for the preparation of single
erystals of SbgSz and SbpSeg. Makedonskil (1963) has earried
out researches on the secondary electron emissicn of antimony
chalcogenides. The study of amorphous films of :a'b2303 end
Sb2103 by indrievskii (1963) has already been referred above.
Recently Coults and Levin (1967) have shown by electron
diffraction and electron microscopy that on heating amorphous
films of 5bgleg and of mixtures of Asgieg with 3bgieg,
produce small single erystals which developed a 2-d {010}

or 2-d {100} ocrientation.

From the zbove survey of literature it is clearly
seen that the work done on szl'oa and Sh2503 is mainly
regarding their electrical properties, whilst very little
work has been carried out on the epitaxy, crystal growth
ete. of the thin films of Sbyleg and Sbosegz. In the
present work a detailed study has been made on the epitaxial
growth, phase transition, orientations etc. of the deposit
films of sz\;es and 3boTeg, on different single crystal

substrates at various temperatures.

B. EXPERIMENTAL

(1) Preparation of Antimony Telluride (SM
and antimony Selenide (Slgg_s_éa_)_

intimony telluride (SbpTeg) was prepared by mixing
antimony and tellurium in stoichiometric proporticns
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(2:3 atomic proportion) in a silica tube which was then
sealed under vacuum ( ~ 10™° mm of Hg). The silica tube
with the contents was then heated in an electricsl furnace.
The temperature of the furnace was Increassed slowly to
500°C, maintained at this temperature for sbout an hour snd
then further raised to sbout 750°C. The sample was hested
for about eight hours at this temperature (the melting
point of the compound is about 670 C). The tube was then
taken ocut of the furnace and gquenched by imwersing in cold
water. The alloy was then removed froam the tube asnd used
for deposition. intimony selenide (Sbyle;) was also
prepared under similar experimental conditions by mixing
antimony and selenium in stoichiometric proportions (2:3
atomic proportion).

(11) Depesition of SboTeg and Sbaseg films

The compounds prepared above were exaanined by A-ray
powder method to know their bulk structures. Flgures 95
and 96 represent the patterns for 3byTe; and 3boieg
respectively. The dispesition of varicus reflections and
their d-values agreed with a hexagonal (rhombohedral)
structure for 5bsTez and an orthorhombie structure for
Sbgieg. intimony telluride (3bgTey) and antimeny selenide
(SbgSeg) thus obtained were vacuum deposited (=2 :LO""l om Hg)
on different substrates such as collodion, glass, (100),
(110) and (111) faces of rocksalt as well as on cleavage

faces of mica at various substrate temperatures. The
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ANTIMORY TELLURIDE (SboTeg)

TABLE - 1C
{(Ref. page 102)

inalysis of the pattern

Figure~-97
/1, d hkl
(hexagonal)
s 3.14 Oi.1l
vvf 2.31 10.2
m 2.12 11.0
1.76 20.1
Wf 1.57 02.2
by 1.37 21.2
vf 1.24 30.0
8 - strong
vvf - very very fasint
m - medium
£ - faint
vi - very faint
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deposits were then examnined both by reflection and transais-~
sion methods as previously described in Chapter-IT.

C. RESULTS

PART~1 3 ANTIMONY TELLURIDE (Sbg’l‘eé)

{1) ¢n Colledicon

Specimens preparsd by the deposition of 5bgieg on
colledion support at room temperature or at higher tempera-
tures upto 150°C yielded patterns (Fig. 97) consisting of
continucus rings which did not bresk sven on tilting cof
the specimen, thus suggesting the polycrystalline nature
of the deposits. Table~10 gives the analysis of the pattern
(Fig. 7). The d-values of different reflections fit in
" well for a hexagonal (rhombohedral) cell with ag = 4.25 4,
ey = 6.C ?s, as was suggested by Semiletov (18866).

(11) On Glass

Deposits formed on glass upto 100°¢ aid not yield
clear patterns, while those formed st 200%¢ yielded patterns
(Fig. 98) consisting of continuous rings which did not
change with z change iIn bean direction thas suggesting the
pelyerystalline nature of the deposits. Deposits formed at
250°C and 3000(1 of substrate temperature yielded patterns
(Fig. 99) consisting of well defined spots and rings thus
apparently suzgestixfg a 2~d orientation of the deposit.

It was further found that the pattemms did not change st
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all even by the change of beam direction. Nence the deposits
developed a 1-d orientation. Appearance of strong refiect-
ions such as Cl.1 and 11.0 and somewhat wesk ones as 20.1 in
the plane of incidence indicated the presence of various cne
degree orientations of the deposit films. It was noted thsat
pecualiarly enough patterns from deposits at 250°C were
sherper than those formed at 300°C and the deposits foraed
at 350°C were again polycrystalline in nature.

(111) On {100) face of reock salt

Jeposits formed at room temperature were polycrystsl-
line in nature. Deposits formed st 100°C,when examined by
transnission, yielded patterns (#ig. 100) which consisted
of mainly rings and s few spots. The presence of 12 spots
both en 11.C and on 30.0 type reflections forming = hexa-
gonal network of spots In each case suggests a 2-d {001}
orientation of the deposits, which were mutuslly rotated by
30°. Purther there is an additionsal square type (approxi-
mately) network of spots due to 00C, 0l.1, 11.C, 11.1
reflections with extra spots just inside the 11.C reflections.
This disposi