AN ELECTRON DIFFRACTION STUDY OF THE

DEVELOPMENT OF PREFERRED ORIENT.LTIONS

IN VACUUM~CONDENSED DEPOSITS.

By

KANDARPA KUMAR KAKATI

THESIS SUBMITTED FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY OF THE UNIVERSITY
OF LONLON.

APPLIED PHYSICS AND CHEMISTRY OF SURFACES LABORATORY,
DEPARTMENT OF CHEMIC.L ENGINEERING .AND CHEMICAL TECHNOLOGY,
IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY,

IONDOW, S8.7.7.

FEBRUARY, 1969,



ii.

ACKNOWLEDGEMENTS .

I am extremely grateful to Dr., H, Wilman, D.Sc.,
P.Inst.P, Reader in Applied Chemical Physics, Imperial
College, London, for kindly giving me the opportunity to
carry out this work and for his constant and abiding interest
in it, his most valuable suggestions and guidance

throughout the course of this research investigation,

I am also grateful to the Ministry of Education,
State Government of Assam, India, for providing me with a
maintenance allowance which enabled me to devote my full

time to carry out this investigation.

I also thank my friends and well-wishers for their
inspirations in the completion of this work.
Thanks are also due to Dr. A E.B.Presland and

Mr.P,Marlow for kindly supplying the electron-micrographs,



iii.
ABSTRACT .

The surface orientations of the deposits of spec-
pure gold, silver, copper, 2inc and cadmium condensed in
vacuum on stainless-steel and glass substrates at room
temperature:z were investigated by the grazing ineidence
electron~-diffraction technique.

Au, Ag and Cu were deposited (at~30A/sec. for Au
and Ag and~20A/sec, for Cu) within the range of 1072 %o
10”8 torr of residusl air. Zn and Cd were deposited at
pressures down to 10™° torr and 1077 respectively at rates
up to~1000 A/sec.

In all the metals, the surface orientations showed
systematic variation in relation to thiclmess and pressure
of the residual air,

For Au, Ag and Cu, at all pressures, thin deposits
showed random orientation but with increasing film thickness,
this was followed by (111) orientation due to the strong
development of octahedral faces, further followed by (110)
in Ag or (211) in Au and Cu due to the twinning of the
crystals on the §111} planes.

The film thickness at which a change to a different
orilentation occurred, was maximum at a certain pressure,
which was related to the chemical reactivity of the metal

with the residual gases (especially oxygen and water vapour)



iv.
present in the system.

Thin deposits of Zn and Cd showed (001)
orientation at high rates of deposition, which was mostly
followed by (100), (101) and (112). In some rare cases
of Zn deposits, (135), (114) and orientation intermediate
between (101) and (112) were observed. These orientations
were again caused by development of faces and more rapid
growth of crystals oriented with such a face nost nearly
‘normal to the vapour stream.

When the vapour was incident obliquely, the tilt
of the orientation axis in the case of Au and Cu showed
systematic variation with the film thickness at pressures

higher than 1072 torr for gold and 107°

for copper.
At lower pressures no appreciable tilt was observed,

Thin deposits of Zn and Cd (a few hundred A) diad
not show any tilt of the orientation axis, although thicker
ones showed such t1lt accompanieé& oy asymmetrical

distribution of arc positions and/or intensity, and strong

development of faces.
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SECTION 1.

INTRODUCTION

1.1, General Introduction:

In the present work, the crystal growth and
structure of one-degree oriented thin metal films, prepared
by the condensation of the metal vapour on glass and polished
stainless~steel substrates have been investigated. In the
last few years interest in the study of the thin metal films
formed by different processes has increased considerably.

The usefulness of thin netal films in industry and research
has also nuch increased. In the fields of semiconductors,
superconductors, magnetics and in space-research applications,
thin nmetal films are significantly important today. In a
thin film, since one dimension is greatly reduced, the
surface effects should be gignificant in causing slip on a
larger fraction of the slip planes, and the study of the
mechanical properties of some films has reached a stage where
it may throw light on the theory of work hardening of
crystals and nmechanism of fatigue,

In the growth phenomena of a thin film the
deposition parameters such as rate of deposition, thickness,
nature of substrates, residual air pressure, etc. have

significant roles. It is extremely difficult to control



all these parameters closely during the growth of the filnm,
However, attempts have been made to establish the
relationship between the structure of a film and the
deposition parameters under which it was prepared, The
progress has been made possible due to the improved
experimental set up for preparing the specimen and then its
subsequent examination by electron diffraction. Thomson's
(1927) photographic technique has led to the extensive use
of high energy electrons as a means of investigating the
atonlc structure of matter in thin films, Owing to the
scattering and absorption of electrons by matter being very
much greater than that of X-rays, even films only a few
atoms thick can give clear diffraction patterns, and the
immedlate surface regions of massive materials can be
studled without the diffraction pattern being confused by
features cortributed by the underlying material, The
method of electron diffraction is thus an ideal one for the
study of some of the fundamental problems of crystal growth
in surface layers, Various workexs have applied the
technique of electron diffraction to the study of the
structure of films deposited on solid or ligquid substrates,
molecular structure, catalysis, friction, wear and
lubrication, anodic process, photo-electric processes,

chemical reacwvion, etc.



Neutron diffraction and electron microscopy have
also reached a very high standard of precision in studying
growth and structure of thin films. The ion~-field emission
microscope, in some cases allows us to observe directly the
surface arrangement and movement of individual atoms during
the crystal growth.

In the present work, however, reflection electron
diffraction technigue has been adopted to study the surface
structure of the metal films of spectroscopically pure gold,
silver, copper, zinc, cnd cndniun, This was
because electron diffraction gives much the most definite
and detailed information as to the chemical nature of the
materials present and their crystalline form, orientation,
crystal habit and twinning, while also providing general
information as to the degree of surface roughness on'the
atomic scale,

The penetration of the 50-60 KV. electron bean
in the primeary beam direction is only a few thousand angstrons
even when the atonic weight of the waterial is low (C, Si,
0, A1, etc.)., For such electron beams at grazing incidence
the penetration along the normal to the surface under
conslderation is thus only 50 to 100 A, ecven in materials
of low atomic weight. The penetration is further reduced

to a few angswroms only in & denser material, especially if



the surface is atomically smooth, e.g. & highly polished
surface.

The principal nethods of preparation of thin solid
films on nmetallic and non-metallic substrates are:

(1) condensation from the vapour in vacuum; (2) electro-
depositions (3) chemical precipitation; (4) explosion of
metal wires in an inert gas; (5) cathodic sputtering and
(6) thermal decomposition. In the present work, the
vapour—-condensation technique has been adopted throughout.
Vapour condensation is normally carried out at reduced
pressures and it is possible to evaporate a wide range of
metals and compounds in vacuum,.

Most of the works so far carried out on the
structure of thin films have been the investigation of the
growth phenomena or the initial nucleation, without nmuch
relation to the deposition parameters. In spite of much
progress in the experimental techniques and numbers of papers
being published every day, there is not yet any unifying
quantitative theory of film growth and the relationship
between deposition parameters, film structure and physical
properties. In the present work, attempts have been made
to throw more light on the relation between the f£ilm

structure and the various deposition paraneters.
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1.2. Condensation, Nucleation and Growth of Thin Pilms:

1.2(a). Theory of Nucleation and Condensation:

Most of the studies on the nucleation and growth
of thin metal films have been made by examining the deposits
prepared by oondensation from vapour in vacuum. Such a
deposit is built up essentially atom by atom. The crystals
grow from initially small nuclei formed by atoms meeting at
isolated nucleation sites on the substrate. A sheet of atoms
is first built up whibh expands sideways till another sheet
begins to grow on its surface.

Wood (1916) showed that the initiation of
nucleation and growth of a metal film in vacuum depends upon
/a critical density of the vapour beam, below which, at any
particular substrate temperature, no condensed film could be
formed, Conversely, there is a critical substrate
touperature for a given vapour stream density, above which no
deposits can be obtained. In other words, the critical
density of the vapour stream is a function of the substrate
temperature., Many early workers like Knudsen (1909),
Langmuir (1917), Semenoff and Cha¥rton (1924), Estermann (1925)
and Cockeroft (1928) have supported the above theory from
their experimental findings. They all observed that the

critical densi%y of the vapour stream is different from metal



to metal and has widely varied values for different
substrate temperatures.

The observations are best explained by the more
recent idea of condensation and re-evaporation of metal
atoms, where the vapour atoms are supposed to have an average
lifetime on the surface of the substrate. This idea
replaces the classical theory of reflection of the atoms from
the substrate surface.

Volmer (1921) observed that the growth rate of a
film cannot exceed a certain maximum value - which is reached
when every atom incident on a substrate is condensed. From
his experiments with mercury condensed on a cooled surface
he was able to show that the velocity of growth of a crystal
in a certain direction is much greater than in other
directions. He postulated that when an atom or molecule
strikes a face of a crystal, it is bound with an energy which
is less than the equivalent energy of the molecular or atomic
heat of evaporation. He further concluded that such an atom
is only adsorbed on the surface of the substrate and can
migrate towards the edges thus leading to the growth of
extended facets. Such an atom cannot re—evaporate again
because it is bound by the energy given off in the heat of
adsorpiion.

Estermann (1923) provided support for this theory



by condensing silver onto polished quartz at room
temperature and observing that when the average thickness of
the deposit was less than that of the corresponding monolayer,
the film consisted of scattered crystallites instead of being
homogeneous. This phenomenon can only be interpreted as
due to migration of the silver atoms (incident uniformly on
the quartz surface) until they meet and adhere to another
silver atom to form a less mobile aggregate.

A very successful theory of nucleation Yas put
forward by Frenkel (1924). According to this theory,
vapour atoms after arriving at the surface move over it
during their lifetime on the substrate, at the end of which
they re-evaporate. The activation energy of an atom for
its surface migration is much less than its evaporation energy.
However, if the average lifetime of such an atom incident on
the substrate surface is sufficiently long for another atom
t~ collide with it, then an atom-pai~ can be formed and the
average lifetime of the 'doublet' is increased. Consequently,
the energy required to re-evaporate the pair is also
consideradbly increased. Such an atom-pair may become a stable
nucleus of condensation. The probability of the average
lifetime of the atoms on a substrate will be more and hence
condensation more likely, tThe more intense the force binding
the atoms to the substrate and the lower the substrate

temperature, Further, the greater is the number of atoms



reaching the substrate/unit area in a given interval of
time, the greater will be the probability of nuclei of
condensation being formed.,

The above phenomenon can be observed with some
hexagonal metals like Zn, Cd, ete. with the substrates at
room temperature. The forces between the condensed atoms
and those of the substrate are very weak in these cases.
The same thing may be expected with other metals of higher
melting point also when the substrate is at a raised
temperature.

Semenov (1930) proposed another condensation
mechanism, according to which atoms of the condensing metal,
migrating on the substrate, can be regarded as a two-
dimensional vapour passing at the 'saturation point' into
a two~dimensional ligquid (vapour — liquid), which
constitutes the basis for further condensation,

Picard and Duffendack (1943) and Levinstein (1949)
observed isolated crystals of cadmium and zinc which later
acted as nuclei for other atoms. ILevinstein (1949)
concluded that the kinetic energy of the vapour particles
has no influence upon the condensation process. This he
attributed to the random nature of collisions and the

inelastic collisions of the vapour atoms with the substrate.



From his velocity spectrum experiments with Sb, Au and Bi,
it was found that for low velocity regions the aggregates

were larger in size due to larger nuclei of condensation,

while the phenomenon for the high velocity region was the

reverse,.

Sennett and Scott (1950) concluded from their
experiments on silver deposited on formvar at different rates
(from 0.15 A/sec to 90 A/sec) that deposition rates
influence the initial stages of condensation.

Sennett, McLauchlan and Scott (1952) evaporated
zinc and cadmium within an electron microscope and observed
that particles often as large as 200 A appeared on the
substrate instantaneously. This was in contrast to what
gold and silver exhibited.

The analysis of numerous experimental results
(Rozenberg, 1952: Konozenka, 1954) on Zn, Cd, Sn and other
condensates suggests that according to the nature of the
metal and the conditions of condensation, the condensation
of metals may proceed by either 'vapour— crystal' or 'vapour
liguid!' mechanism,

Pashley (1956) has remarked about two possibilities
of nucleation, viz., 'gradual nucleation' and 'spontaneous
nucleation', In the 'gradval nucleation' mechanism the

deposit atecms are mobile over the substrate until they lose
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sufficient thermal cenergy and become trapped on the surfoce
either at a random lattice site or at some preferred place
such as a hole, edge or step. The trapped atom acts as a
preferential point for the trapping of other incoming atonms,
so that a nucleus which may be very often oriented, is built
up. In the case of 'spontaneous nucleation',
crystallisation occurs via an intermediate stage, which could
be one of an amorphous or liquid state, When the amount of
the deposit material is increased to a certain value, a
crystallisation process occurs and nuclei are spontaneously
formed.

Palatnik and Komnik (1959) suggested that the
mechanism of condensation of metals in vacuum is determined
by the existence of two critical temperatures, Tl and T2c
The temperature of the substrate T1 corresponds to the
passage of the condensation mechanism from vapour> crystal
vo vapour-» liquid type. In terms of the kinetics of
formation of the condensate one can assune thot the
condensation of the metal occurs by the creation and growth
of liquid on crystalline two-dimensional nuclei, The
decisive factor is the process of formation of nucleil which
takes place at the initial stage, when the atoms of the
condensing metal adsorbed on the substrate represent a

two-dimensional vapour. Further rapid growth of the nuclei
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is ensured by a considerable overcooling and supersaturation
of the vapour. The temperature T2 is the critical
condensation temperature above which the condensation of the
metal can occur only as a result of the effect of impuritiés
present on the surface of the neutral substrate. They made
these observations from experiments with Bi,

Hirth and Pound (1963, 1964) reviewed the
treatment of Prenkel as follows. The atoms or molecules
incident from the vapour stream are adsorbed on the subsitrate
and rapidly reach thermal equilibrium. These 'adatoms’
diffuse on the substrate and interact to form polyatomic
clusters or embryos through thermal fluctuations in local
concentration. In a supersaturated system some clusters
will grow and form embryos of a critical size which condense
out as stable nuclei. There is a critical supersaturation
above which the nucleation rate is very large and below
which it is very small.

Melmed (1965) has reported about nucleation and
growth of copper on tungsten from the vapour phase, in the
temperature range from -195°C to 750°C for a limited range
of rates of deposition. Nucleation occurs in patches,
rather than homogeneously, the sites of nucleation varying
with substrate temperature. He concludes that the impinging

copper atoms have sufficient energy to diffuse a short
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distance (about 50 A) on the substrate and thus agglomerate
to form small nucleii.,

In addition to the above, very many workers
[Ptushinskii (1958), Moazed and Pound (1960), Chirigos et al
(1957), Mayer 2nd Gohre (1963), Gunther (1957), Fray and
Nielsen (1961), Matthews (1961), Bryant et 2l (1959), etc.]
have published quite a number of papers on the nucleation
and condensation theories. Only a short and brief account

hag, however, been presented here on this topic.

1.2(b). Atomic Mobility, Island Structure and the Tnitial
Growth Process:

Evidence of the atomic mobility of condensed atoms:

As already described above, Volmer's (1921) work
first made it clear that atoms or molecules can often migrate
considerable distances after their condensation on a substrate.
e migrated atoms prolong the faces of a growing crystal
as the deposition process proceeds.

The evidence of atomic mobility of very thin films
at temperatures far below the melting point of the metal were
also noticed by early workers such as Estermann (1925),
Cockeroft (1928), Andrade and Martindale (1936), Ditchburn
(1933), etc.

Lidrade and Martindale (1936) found that when
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gputtered silver and gold deposits were heated, aggregation
took place at about 280°C and at below 400%¢ respectively.
According to them, this shows that the atoms of the film must
be freely mobile at temperatures very far removed from the
melting point. The fact that during the earlier stages there
was little sign of any decrease of intensity of colour in the
film, as sgeen by transmitted light, indicated that only the
surface layers were concerned and that atoms moved in from
distances which were many times the linear dimensions of the
aggregates. Eventually small octahedra were visible in the
optical microscope.

The mobility is dependent on the melting point
of the metal. The lowest temperatures for which it was
observed with mercury (-50°C) and cadmium (-120°¢) (Volmer,
1921; Estermenn, 1925), were much lower thaon that found by
Andrade and Mgrtindale for silver and gold.

Mayer (1955) stated that although the surface
mobility of the atoms depends on the one hand upon the energy
of condensation and the thermal energy corresponding to the
subgtrate temperature, it also depends on thce forces between
the deposited atom and the substrate.

Campbell (1962) observed that the mobility of the
gold atoms varied considerably when condensed on to diffsrent

substrates. He deposited gold in vacuo on single crystal
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LiF, freshly cleaved mica, carbon film, glass and single
crystal silicon and found that mobility was least on carbon

film and greatest on LiF,

Observations of "island" structure of thin deposits:

Picard and Duffendack (1943) from their electron
microscope investigations of the nature of metallic films
(A1, Au, 2n, C€d, Cu, Mg) prepared by vacuum (vﬂ10—6 torr)
condensation on collodion substrates observed that these
deposits at the initial stage showed surfaces made up of
agglomerates (Y"islands") with channels between them.  The
films of aluminium condensed on a liquid-air cooled surfoce
exhibited no new characteristics.

Similarly they found that gold and copper films
initially consisted of isolated patches, which on thickening
showed disapvearance of the interstices.

Zinc condensed at room temperature showed large
blank spaces with occasional. crystals of the metol, olugters
of crystals and irregular particles resembling droplets.
They observed splotchy surface of the Zn deposits even on
the surface of the glass of the apparatus. Zinc condensed
on collodion cooled with liquid air in thc vacuum of the
electron microscope, still showed isolated crystals, and so

did cadmium and magnesium.
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ILevinstein (1949) observed that the rate of
deposition affects the grgin size of the deposit. When
antimony was evaporated rapidly, small isolated patches or
islands were formed which at first exhibited amorphous
struecture. With slower rate of evaporation, larger islonds
with more stability were obtained, and they were
crystalline in nature.

He explained the dependence of the antimony
particle size on the rate of evaporation by introducing two
basic assunptions to Frenkel's concept of surface mobility,
viz., that (1) the number of atoms in motion on the surface
is proportional to the number of atoms arriving ot the
surface per unit time, and (2) atoms or molecules will move
over the surface until they suffer a collision with other
atoms or molecules and thereby lose their mobility.

He stated that after the start of condensation
there will be a few atomic groups on the substrate. Further
newly arrived atoms will either collide with these
aggregates, thereby increasing their size, or collide with
each other forming new nuclei and increasing the number of
such patches. If the rate of arrival of the atoms on the
substrate is high, the latter possibility is higher, since
the probability of collisions between the migrating atoms is

grecter than that between atoms and alrecdy existing
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aggregates. Thus, many small nuclei are formed. On the
other hand, if the rate of arrival of the atoms is low, they
will more frequently collide with the already existing
aggregates, thereby extending the size of these.

As mentioned earlier, Sennett and Scott (1950)
obgserved on thin silver films (50 to 175 A thick) condensed
on formvar at room temperature, well separated aggregotes
which increase in size with increasing thickness and finally
join and merge together leaving only o few cracks which in
turn are finally obliterated.

Saikia (1961) while depositing tin on glass
substrates in vacuum at room temperature, observed the
appearance of such isolated patches at the initial stage,

Motthews and Wronski (1962) deposited tin in vacuo
on Si0 films at 15000, and the electron micrographs showed
discrete crystallites of mean radius from 25 to 200 A,
tnese particles were spherical or ovlate spheroids in shape
as indicated by the circular images in the micrographs.

Campbell (1962) showed from his investigations of
lithium fluoride deposited upon carbon films that for a
constant rate of deposition, the size of the islands in the
initial stages of growth increases with thickness up to a
certain point above which the size decreases. Although

the effect was very much pronounced with lower rotes of
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deposition, the phenomenon could not be observed when he
tried to repeat the experiment for gold films deposited on
carbon substrates, He further observed that fast
deposition rates gave rise to smaller island formation.

Preece, Stoddart and Wilman (1967) and Preece and
Wilman (1966, 1968), investigating the structure of tin
films condensed on glass at room temperature at 10 ° torr
of air and in oxygen at 107 torr, observed that ot 1070
torr the deposits were electrically discontinuous until the
thickness exceeded about 2000 A, whereas deposits prepared
at :'LO"5 torr of oxygen were electrically continuous even at
200 A, The electron micrographs of these deposits

8

condensed at 10 ° torr of air revealed discontinuous -

surface structures with discrete island formation.

The first appearance of the initial nuclei:

Liguid ain
Was (1939 ) while condensing gold on glass at(reen

temperature at less than 108 torr of sir found that the
but erystallised on wanming to room tempr , af
deposits were amorphousﬂun&&a the thicknesses did net
exceed 50 A,
Schultz (1952 ) found that deposits of alkali
halides gave observable electron diffraction patterns for
average thicknesses as low as 2 A, The linear size of the

nuclei at this stage was at least 100 A.

The sudden appearance of nuclei of finite size



were observed by Newman and Pashley(1955) for copper films
condensed on smooth (111) faces of silver single-crystals
substrates at room temperature and also by Newman(1957) for the
growth of tin on a (111) face of a silver single crystal at room
temperature. Newman observed nucleation to occur at an average
thickness of ahout 10A,

Bassett, Menter and Pashley(1959) observed gold films
condensed on cleavage surfaces of rocksalt at ~300°C that the
initial stages of film growth often involved the formation of

three-dimensional nuclei, even when the thickness of the deposit
was less than one atomic diameter. .

Bassett, Newman and Pashley(1959) concluded thaet the
earliest observable stage of growth of a metallic film condensed
from the vapour is in general the formation of discrete nuclei.
These can occur when the total amount of deposit is insufficient
to form a continuous monatomic layer, They supplemented Frenkel's
theory by adding that once a sufficiently stable and high density
of initial nuclett is formed on the substrate, further deposition
gives rise to growth in three ways: (1) by direct deposition on
to the nuclei; (2) by interchange of atoms between neighbouring
nuclei causing large nuclei to grow at the expense of smaller
nuclei; and (3) by physical growing together of the neighbouring
nuclei.,

As mentioned earlier, Campbell(1962) observed from the
fragtional areas covered by the gold films deposited on carbon
substrates that nuclei of finite size (50-100A) suddenly appear.

Pashley, Stowell, Jacobs and Law (1964) supported
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qualitatively the above views. They observed that in the
condensation of gold on MoS2 (001) cleavage faces at 40000,
a sudden burst of nuclei of fairly uniform size was seen and
no further nucleation occurred until a much later stage of
growth. The smallest nuclei detected had diameters of
20-30 A and at the least deposition rates (rates not
mentioned), sufficient materinal was deposited within a
fraction of a second in order to allow nuclei of this size
to be formed at this observed average separation of about
500 A. They held that the growth of the nuclei was three-
dimensional and that their growth parallel to the substrate
was greoter than that normal to it.

Ogawa, Ino, Kato and Cta (1966) observed
diffraction patterns from gold films of mean thickness 1 A,
prepared on potassium chloride (001) cleavage faces ot about
300°C.

Ino and Ogawa (1966) obtained diffraction patterns
from Pd 10 A thick condensed on KC1 at 300°C, and of Ni 10 A
thick condensed on NaCl cleavage face ot 200°C,

Ino (1966) observed multiple-~twinned particles
in the earliest stage of gold films (5 A) condensed on &
(001) face of NaCl at 300°C at 10-50 A/min. He aleo
pointed out that the multiple-twinned particles are already

formed before the beginning of appreciable coalesgcence of



20

nuclei, This, he suggested, indicated that the multiple-
twinned particles do not result from the coalescence but are

formed by the twinning in themselves.

The location where the nuclei are formed:

Bagsett (1958) observed that when gold was
deposited in vacuum on the cleavage surface of rocksalt at
about 400°¢, nucleation started at the step edges even when
the average thickness of the deposit was only monatomic,

Gold atoms had a certain mobility on the surface after
arrival. Nucleation apparently occurred more readily along
the edges of steps and gave rise to o smaller spacing between
nuclei than on other parts of the substrate. The sizes of
these nuclei were less than those formed on the flat parts

of the crystal substrate. He determined the size of the
nuclei along the step edges to be from 25 A to 10 A for a
film thickness of 3 A, For the same film on the flaot areas
the crystal nuclei ranged down in size from about 60 A, It
was also observed that the nuclei formed along the terminal
step of a cleavage "staircase" (i.e., the step adjoining a
flat region of o crystol) were intermedinte in size between
nuclei formed on the flat crystal and in the centre of the
cleavage step. Basgsett explained it as due to the facet that
the mobility of the gold atoms on the erystal surface permits

this terminal step to draw upon mobile materinl on the flat
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surface on one side of the step.
| From thc consideration of the wandering steps on
the crystal surface Bassett could measure the distance that
the gold atoms could migrate on the crystal surface, When
two such steps were separated by a distonce greater thon sonme
eritical distance, gold nuclei were formed having density and
gize corresponding to the flat reglons of the crystal. As
the steps got closer together than about 150-200 A all the
arriving gold atoms were able to migrate towards the sites
of nuecleation along the step edges.

Independently, Sella, Conjeaud ond Trillot (1958,
1959) found that gold condensed on ecleavoge faces of KC1,
NaCl ond KBr, (at about 40000), formed crystal nuclel on the
cleavoge edges, slip lines, dislocations and the other
faults on the surfaces of these crystals. They did not
observe such "decorations” while depositing at room
semperature, which was due to the relatively lower mobility

of the crystal nuclei at room temperature.

The gize and form of the erystal nuclei:

As mentioned earlier, Schultz (1952), found that
on & 2 4 thick deposit of alkali halides on alkali haolides
the linear size of the nuclei was at least 100 4.

Newman and Pashley (1955) condensed silver bromide

and copper in vacuum (»-«10"4 torr) on to (111) surfoces of
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silver single crystals at room temperature. They observed
that the copper nuclei were plate-like and were formed on

the surface of the silver. The measurement of the nuclear
size was uncertain because of refraction effects. They also
observed that the silver bromide nuclei have no well-defined
shape and were partially embedded in the metallic silver.
They stoted that the deposits grew as oriented three-
dimensional nuclei. As the deposit thickness was increased
(thickness not stﬁted) the sige of the nuclei remained

almost unchanged and the nunber of the nuclei increcsed,

Bassett, Menter ond Pashley (1959); like previous
workers, found in their investigations of growth phenomena
on crystalline substrates that tne initial stages of growth
very often involve the formation of three-dimensional nuclei
even when the average thickness of the deposit is less than
one atomic diameter. The deposit of rhodium formed on a
{111} silver crystal surface had well oriented nuclei with
a triangular outline which was probably pyramidal.

Bagsett (1960), examining the growth of silver
deposits on to M082 cleavage faces at raised temperature
found thet nuelei approximately 100 A in dicmeter were
initially observed and growth then occurred laterally.

Poshley and Stowell (1966) recently mode some

interesting studies on the nucleation and growth of gold
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and silver films deposited in vaéuo on MoS2 cleavage surfnce
at about 400°C. They observed that these metal deposits

are initially in the form of geparate crystalline nuclei
distributed over thc substrate surface. These nuclei can

be 10 A in diameter or even less when first observed and
their density is commonly in the range 1010~10i2?cm2, Further
deposition leads to an increase in size of the nuclei or
islands and then further increase in size is accompanied by

a decrease in numbers, '

Matthews (1967) observed thot information about the
shape of nuclei can be obtained from the images of stacking
faults on their twins that extend through some of the lorger
nuclei. According td hin unuoliei. greater than 100 A or so
in dicmeter usually have facets parallel to low-energy

surfaces,

Coalescence of islands during deposition:

Ag mentioned already, the initial three-
dimensional islands or nuclel grow in size with the addition
of more material and gradually they coalesce, thus moking a
continuous film.

Mention has already been made to Scott ond Semnett
(1950) who observed the coalescence phenomenon of island
structures of silver deposits on formvar.

Sella, Conjeaud and Trillat (1958, 1959) also
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noticed such growth process in gold nuclei condensed on
K01, NaGl and KBr at 400°C.

Bassett (1961) made direct observotion of such
a growth process in silver deposits condensed in vacuo on
M082 cleavage faces at raised temperatures. Nuclei about
100 A in diometer were initially observed which then grew
laterally. As the islands grew the nuclei joined together
with sufficient relative rotation not to introduce
detectable imperfections at the joining interfaoces.

The coalescence of the nuclei were also studied
in detail by Pashley and Stowell (1962), Pashley, Stowell,
Jacobs and Law (1964), Poppa (1964), Jacobs, Paskley and
Stowell (1966), etc. in recent years.

Pashley, Stowell, Jacébs and Iew (1964)
investigated the behaviour of gold films during deposition
onto M082 at 400°C inside an electron microscope. The
adjacent nuclei grow until they appeoar to touch gnd then
coalesce very rapidly in o liquid-like monner, i.e, as if
there were o surfoce tension and high mobility of ctoms.
The event toakes place in less than 0,1 sec. for small nuclei.
They olso noticed thot nuclei having well-defined
crystallographic shnpes before coalescence became rounded
during the event.

They observed that the liquid-like character of
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the coalescence leads to enlargements of the uncovered areas
of the substrate, with the result that the secondary nuclei
later form between the isglands. This effect becomes
noticeable when the primary islands have grown to about

1000 A and continues until the final hole-free film is formed.
A secondary nucleus grows until it touches a neighbour and

if this happens to be o much larger island, the secondary
nuclei may coalesce very rapidly and may become completely
inhcorporated in the loarge islands. They also observed that
the islonds become elongoted and Jjoin to form a continuous
network structure in which the deposit materinl is

seporated by long irregular and narrow "channels" of width
50-200 A, Ag the deposition coatinues, re-nucleation occurs
in these "channels" and these are bridged at some points

and £ill in rapidly in a liquid-~like manner,

Pashley and Stowell (1966) in their investigntions
of gold deposits on MoS, (mentioned earlier), further
reportzd that the islands join to form 2 continuous network
gstructure, ond the structure which occurs immedintely before
a continuous hole-free film is formed consists of o
continuous film containing a maze of irregularly-shoped and
terminating channels about 100~300 A across.

They arrived ot the following conclusions:-

(1, Appreciable mass transfer of olready deposited
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material occurs by the surface migration of the deposit atoms
over existing deposit islands and this gives rise to the
so—-called liquid-like coalescence behaviour.

(2) Considerable recrystallisation or grsin-growth
occurs as the film growth proceeds, and this ean have an
important influence on the orientations and grain size of
the deposits.

(3) Iaottice defects are introduced into the
growing film to accommodate the rotational and tronslational
displocement misfits that exist between coalescing islands,

Matthews (1966, 1967) has also expressed almost
similar views, He further observed that nuclei of nickel,
palladium and platinum (deposited in vecuo (10~C to 1072 torr))
on NaCl cleavage foces at 360°C, coalesced to form
continuous films at o much earlier stage of film growth
than did nuclei of gold, silver or copper under identical
conditions. He noticed marked earliy coalescence in nickel
deposits, which completely covered the rocksalt surfoce

before their thickness reached 200 A,
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1.3. A General Outline of the Main Pactors Affecting

the Structure and Orientation of Thin Filnms

Condensed in Vacuum:

Atoms arriving from the source on & substrate
surface aggregate together to arrange themselves in a ranner
depending upon a number of factors or perameters. These
are meinly (1) the nature of the substrate (amorphous,
polyecrystalline, single crystal; degree of roughness, degree
of cleanliness, etc); (2) the temperature of the subgtrate:
(3) rate of deposition; (4) pressure and nature of the
residual gas in the vacuun; (5) thickness of the deposite;
(6) obliguity of the vapour stream; (7) emnealing, cte.

A1l these parameters can influence the structure
and orientation of the crystal nuclei in the initial growth
process and at the surface of a deposit. The effects of
the individual faciors are of great interest, and such
individual cffects on crystal growth can be studied while
keeping the other variables constant - which is by no means
an easy task,

The effects of these parameters on the structure
and orientation of deposits are outlined helow under

separate headings.,
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1.,3(a). The Effect of the Nature of the Substrate -
Epitaxy:

It was realised by early workers that the atonmic
arrangements in an amorphous substrate do not affeet the
orientation of the crystal growth. On the other hand, it
has also been realised for a2 long time that the growth of
netal films is greatly affected by an "active substrate!,
i.e, one in which the atoms are arranged in a regular
periodiec lattice. At a raised temperature the crystels
depogited on such a single~crystalline substrate grow
parallel to one another in one or more definite orientations
with one or more particular lattice rows parallel to & well-
defined crystallographic direction of the substrate surface.
Such a phenomenon is known as "epitaxy" and the
corresponding growth as "epitaxial growth".

Several reviews have been published on this topic
by many workers, and here only a short account will be
presented.

The lattice~dinension relationships reguired for epitaxy
to occur:

Barker (1908) concluded that for epitaxial
overgrowth of crystals on an isomorphous crystalline
substrate, the moleemlar volumes of the two nust not be too
dissimilar,
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Royer (1928) from his studies of epitaxial growth
of alkali halides and other crystals from solutions concluded
that at the interface between the substrate ond the deposit
crystals there nust be o two-~dimensional network almost
identical in axial dimensions (within 2 difference of 15%).

This early theory of Royer can, however, be
regarded as not too significant. In this loboratory,
Acharya (1948) showed that a misfit of as much as 90% occurs
in the epitaxy of Sb203 on (111) Sb, and Elleman (1949)
observed about 50% misfit in Ag,S on Ag.

Wilman's (1950, 1951) observations on crystal
groupings led him to the conclusinn that gtnble preferred
orientation relationships (incluuing epitaxy) between two
crystals involve essentially only a correspondence of x
lattice spacings of one lattice to y spacings of the other
lattice (x and y, small integers) in one or more direciions
at the interface. It appears to be not necessarily a 1:1
relation that need be involved.

Schultz (1952) similarly showed that epitaxial
growth can occur for misfits in the range from -39% for LiP

on KBr to +90% for CsI on LiF, where the percentage of misfit

b - a
a

substrate and the epitaxially grown film respectively).

X 100 (o and b are the lattice parameters of the

is

Bassett, Menter and Pashley (1959) recorded misfits
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up to 90% in epitéxial growth and they found no strong

indication of "pseudomorphism",

The effect of the type of bonding:

Royer (1928) pointed out that the binding nature of
the constituents of the deposit and the substrate must be of
the same type to favour epitaxial growth.

This rule is not always important as it was shown
by Kirchner and Iassen (193%5) and Bruck (1936) that metallic
singlewcrystal films can be grown successfully on ionic
crystals,

Royer (193%6) himself later concluded thot it was
a ginilarity in spacing of one pair of parallel lattice rows
rather than a lattice network which was of importance in
favouring epitaxy.

Willems (1943, 1944, 1948) made extensive studies
of epitaxial growth of many organic materials and observed
that the dipole vector of the polar materials tends to
coincide with the long axis of linear molecules or to be
parallel to the plane of planar molecules.

Recently Bicknell et al (1966) pointed out that
in each of the epitaxial relationships observed on the growth
of silicon on alumina, there is always a coincidence of
certain symmetry elements normal to the surface. They

suggested that when no definite type of bonding arrangement
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(Nodler and Cadoff, 1965) appears possible, the epitaxial
arrangemnent is determined by the two-dimensionol symmetry of
the surface, the substrate in the effect transferring the

symmnetry to the epitaxial layer.

Pscudomorphism in epitaxy:

4 further early concept in epitaxiel growth was
thot of "pseudomorphism" (FPinch and Quarrell, 1933, 1934)
which considered that in the early stages of growth of an
oriented layer, the deposit crystal lattice is constrained
to fit that of the substrate in their common contact plane.
They observed that aluminium deposited on orystalline
platinum_sometimes showed 2 remarkable change in structure
from f.c.c. to f.c.tetragonal lattice. - They concluded that
when aluminium vapour is deposited on f.c.c. platinun, the
platinun atoms exerted attractive forces on the aluminiunm
atoms arriving to form the first plane, thus cousing then
to toke up positions in the lattice similar to those which
would have been occupied by the platinum atoms had the vapour
been of this metzl. The fact that a sufficiently thick
aluninium leyer did not exhibit any change from its normol
f.c.c. structurc, showed that the effect of the above-
nentioned pseudonorphic strain upon the surfoce layers
disappecred with sufficient film thickness.

Subscquent work made it clear thot this effect is
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difficult to detect and that the cristal structure of the
deposit has spacings which agree fairly closely with thot
of the deposit moterial in the bulk. Nevertheless, the
concept is widely accepted and forms the basis of many
theoretical works on epitaxy.

Frank and Voan der Merwe (1949) developed a theory
of epitaxy which also assumes the initial formation of a
pseudonorphic layer. They postulated that the atoms of o
deposit are regularly arranged in the potenticl trough of
the substrate surface and thus form a two-dimensional
pseudomorphic lattice as suggested by Finch and Quarrell
(1933, 1934).

Smollett and Blackman (1951) postulated that the
atoms of the deposit are regularly arranged in potential
wells of the substrate and thus form & two-dimensional
'pseudomorphict! lattice. This arrongement can often be
fulfilled with a low misfit betweewn the surface lattice of
the substrate and a porticular low-index crystal plane of

the film material.

Factors which determine the type of epitaxicl orientation:

Wilman (1940) suggested from his observations of
the growth of some of the silver halides on silver that a
preferred two-degree orientation of crystals grown on a

single-crystal substrate depends fundamentally on their being
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a similarity of spacing (with a difference less than 15%)

in at least one row of closely spaced atoms in each lattice.
Thus, in the initial deposition of atoms on the substrate
such an atom row of the deposit lattice would neturally tend
to be built up most readily and parallel to the corresponding
row of the substrate, since a single atom of the deposit
would tend to occupy & potential trough of the substrate.
Further addition of atoms at the side of such & row would
then most likely take place so that a small crystal would be
formed with one of its planes of closest atomic packing
oriented parallel to the mean substrate surface. Or, if a
densely populated plane occurred in which atom=-rcws in one
direction could simultaneously fit in with the periodicity
of the substrate lattice, then the plane containing this and
the former atom-row would preobably tend to grow parallel to
the substrate surface.

Seifert (1935, 1953) emphasised. that the local
atomic matching of the deposit and substrate structure must
enter into the first nucleation of the epitaxial growth.

Ellemon and Wilmen (1949) erphasised that epitaxy
must be initiated by local matching of atomic arrangement
by the deposit nucleus on the substrate and that lattice
relationships arise only as a secondary feature as growth

proceeds, The orientations observed in the case of the
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growth of Pb012 on PbS conform to the general observation
thaot when strong epitaxial orientation occurs there are at
least one or more lattice row types which are parallel to
the substrate and overgrowth crystals with nearly equal
lattice spacings along parallel directions.

Drabble (1949) considered epitaxial growth from
the point of view of co-ordination, He pointed out that in
various cascs where the orientation is such that large
misfits occur, the deposit orientation corresponds to the
build-up of the deposit on the substrate, so that the atoms
or ions have their normal co-ordination with their necrest
neighbours in the substrate surfoce.

According to Vilman (1951) the epitaxial growth is
determined by the tendency of the atoms (or ions or molecules)
on arrival on thesubstrate to be held in the potential
troughs which exist in a periodic array on a flat substrate
crystal feoce, though the deposit otoms haove on arrival an
initial kinetic energy and they retain on the average a
certain nobility over the substrate,.depending upon the
nature of the deposit and substrate and temperature of the
surface, He further stated that the oricntation is
determined by the crrangement of the first layer or so of
the deposit atoms or molecules in positions of lowest

attainable potential energy on the substrote.
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Lccording to Turnbull and Vonnegut (1952) the
nucleation theory for epitaxial growth is that the critical
nucleus of minimum Gibbs' free energy of formation will be
the one in which the actual lattice parameters of the stable
crystalline phase has changeq such that the resulting
nismatch between the nucleus and the substrate will be
smaller than the misfit, resulting in a lower value of the

crystal-substrate interfacial energy.

pisorientaltions

Pt e i
e B 2 e D a2 00l

in epitaxicl growth:

Evans and Wilman (1950) pointed out that there is
often a disorientation of the deposit crystals, They showed,
however, that this con sometimes be recognised as consisting
of & range of rotation about a main lattice row, which they
thought probably due to epitaxial misfit causing stress and
slip.

After thin epitaxial films have been isoleted from
the substrate, the transmission electron diffraction patterns
often show a rotational disorientation which is attributable
to partial breaking of the f£film followed by bending about o
densely populated lattice row (Goche and Wilman, 1939;
Elleman and Wilmon, 1948, 1949; Wilman, 1949).

The effect of residual air pressure in the vacuum:

Vurr and Inman (1966) from their work on



36

epitaxial growth of gold, silver, nickel and aluminium on
NaCl substrate arrived at the following conclusions:

(1) The pressure of the air in the evaporation unit
has a significant effect on the epitaxial growth of these
netals.

(2) The epitaxy of f.c.c. metals is enhanced by high
evaporation retes.

(3) The epitaxy and the effective grain size of these
metals is enhanced by lowering the nominal vapour pressure
before deposition on to the NaCl substrate.

(4) The structure of the vapour-deposited f.c.c. metals
is altered with film thickness.

(5) PFilm growth is influenced by the condition of the
substrate surface with reference to adsorbecd impurities and

the vapour environment surrounding the substrate.

1.3(b). The Effect of the Tempera*nre of the Substratec 3

In addition to the nature of the substrate, another
important factor influencing the film structure is its

temperature.

Inert substrates:

enough
On a cool[inert substrate like cellulose, carbon

or a snmooth glass surface, the crystal size in thin deposits

small ( 50-100 A) and orientation weak or absent.
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If the temperature of the substrate is raised above the room
temperature during the condensation of the vapour atoms, the
erystals formed are larger in size and at a sufficiently
raiscd temperature, tend to grow in a more or less strongly
developed preferred orientation.

When the temperature of the substrate is raised,
the atoms arriving on it become more mobile. . Further, the
vibration amplitude of the surface atoms in the substrate
is increased due to gain in energy and this facilitates easy
migration of the vapour atoms. Thus, the deposit atoms can
move to positions of low potential energy on the substrate
and et the some time aggregate together in close packed
sheets so that densely-populated planes tend to grow
parallel to the substrate surface.

Dixit (1933) suggested that the kind of
orientation developed in metal deposits might be expected to
depend on the temperature of the s.ostrate. He attempted
to fornulate o theory based on the concept of the initial
thin deposit layer of atoms behaving in effect as a two-
dimensional gas, His experimental evidence provided no
clear support for the above expectations.

Unanskii and Krylov (193%6) observed that iron
deposited on glass showed (111) orientation ohly when the
substrate was sufficiently heated by the radiation fron

the evaporator.
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Bannon and Coogan (1949) like Burgers and Dippel
(1934 ) observed (111) orientation in the upper regions of
calcium fluoride deposited on different kinds of glass at
25°¢, but they also found that when the tcemperature was
raised to 110°C a (110) orientation was observed instead of
(111).

Schultz's (1949) results with alkali halides
showing development of strong orientation with increasing
thickness of the deposit were explained by Holland (1958)
by the fact that the thicker deposits would reach higher
temperatures due to the heat radiation from the vapour source
(as BEvans and Wilman (1952) had indicated). Schultz found
that MgF2 films below 1000 A were amorphous but became
crystalline for higher thickness. Similarly CdF2 filns
showed (111) orientation when the temperature of the glass
substrate was raised to-~100°C,

Evans and Wilman (1952) condensed Cu, Lg, Au, Ni,
Fe, Pd on glass substrates and found thot the crystals first
formed are smell (50 A dia.) but their size increase at the
surface os the deposition proceeds,. They also observed
developnent of preferred orientation assccioted with facet
formation in the upper parts of the deposits nmore than 500 -
1000 4 thick, This they explained was due to the increase

in mobility causced by the rise in temperature of the deposit
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by the incoming heat radiation from the source.

Although Murbach and Wilman's (1953) copper strip
substrates reached about 100-150°C during deposition of Ni
and Fe, it was later clarified by Wilman (1955) that the
surfoce temperature reached during deposition was nuch
higher, higher in fact than the normal recrstallising
temperature of the deposit metal.,

Herbatein (1957) deposited silver on silica

substrates maintained at 20°, 340°, 416°, 595° ana 710C* .
There was no sign of orientation in the deposits mede at the
three lower temperatures. The one at 59500 consisted of
large crystals of which o small proportion exhibited one-
dimensional orientation about the [111] axis., The deposits
made ot 710°C showed predominantly (111) together with (100)
and (110).

Buckel (1959) reported amorphous form of Bi when
condensed on an anorphous substrate at 2OK, whereas filns
of Cu, 41, Pb, T1, Hg, Zn, Sn, etc. condensed at liquid He
temperature showed crystalline structure,

Via and Thun (1961) reported mixed (110) and (100)
orientations for germanium deposits on borosilicate glass
at 400 and 450°C, At higher temperatures the (100)
orientation faded out and at about 600°C, (110) becane

predominant.
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Saikia (1961) dcposited tetragonal tin on glass
and observed (100) orientation for a film of 320 A thick
when the substrate temperature was 104°C.  Stronger (100)
orientation was observed in deposits condensed at 164°C and
207°¢ substrate temperatures. He also observed rondon
orientation of the Sn deposits when the substrate temperature
was about 254°C.

Dutta (1968) condensed several silver films on
glass substrates maintained at 100° to 160°C during
deposition. He, however, did not observe any significant
change either in structure or in orientation of the deposits,
from  dhase  prepared o room  deonperature .

This nmight have been due to the fact thoatinitial substrote

temperatures were considerably less than the temperature of

of recrystallisation of silver (200°C).,

Active substrotes:

It has been realised that epitaxicl growth does
not occur on 2ll single-crystal substrates ot room
temperature, When condensation is on o substrate ot raised
tenmperature, the mobility of the atoms on the substrate is
increased and at a certoin temperature a second-degree
orientntion (epitaxial growth) develops. The initial stage
then consists of ctom rows cf the deposit crystals being
formed parallel to a densely-populated row in the substrate

ot the interfaoce, of similar density of ctomic population,
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Finch and Quarrell as early cs 1933 reported that
sputtered platinum film employed as substrates for the
reception of vapourized metals (Mg, Zn, Al) possessed a
completely unoriented structure when the heating of the
substrate was not sufficient. But when the recgiver becanc
sufficiently heated duec to the incoming radiation from the
gource, the deposit crystals showed preferrcd orientations.

Finch and Tkin (19%4) also observed preferred
orientations of sputtered Pt when they were prepared under
high current conditions cousing heating of the substrate.

Iassen (1934) found that metal deposits on a
rocksalt clcavage face at below 150°C were random, but above
it there was complete orientaticn, i.e. epitaxy.

Bruck (1936) and Rudiger (1937) observed the
existence of a critical temperature of the active substrotes,
above which the deposit netels exhibited epitaxial growth.

Finch and Wilman (1937) noticed that silver grew
epitaxially on potassium bromide cleavage face when warmed
sufficiently.

Kirchner and Lassen (1935), Finch and Wilmen (1937),
Goche and Wilman (1939) obtained Kikuchi+line patterms by
reflection from epitaxial silver films condensed on NaCl
cleavage faces, which indicate highly accurate alignment and
large size or the mosaic crystals formed at raised substrate

tenperatures,
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Shirai (1943a,b) observed that the epitaxial
orientation of iron and chromium on NaCl and KC1l varied
with the temperature of the substrates.

Elleman (1948) in this laboratory observed that
if o rocksalt cleavage surface substrote is heated in vacuo
at 500°C for an hour and then cooled to room temperature
silver deposits then prepared on it showed parallel
orientation sldng with {111} twinning. This zesult was
similar to that normaelly observed with o freshly cleaved face
heated to 150°C during deposition. He also observed random
orientation of Ag deposits when deposited at roonm
temperature on NeCl cleaved in air. He suggestcd that this
effect may be due either to the removing of an adsorbed air
or moisture loyer, or to the annealing of the crystal, thus
perfecting its surface. This pronotes mobility of the
deposit atoms on such a substrate and thus fovours the
oriented growth of the deposit crystols.,

Kehoe (1957) deposited copper, silver and gold on
the cleavage surfaces of alkali halides at various
temperatures (from 20° to 385°C). He showed thet the
character of the crystallisation at somec temperatures depends
markedly on the deposit thickness. With experiments on Cu
condensed on NaCl he found that at 160°C and below, the

orientation tends to improve with thickness but at higher
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tenperatures randomly oriented crystals occur during further
deposition on en initially perfectly orientated Cu deposit.
In the case of copper, orientation was first observed at
9000 and the growth characteristics were almost identical
at 130°C. In the case of silver, initlal orientatlon was
observed at about 50°C.

He also agreed with Gottche (1956) that for each
metal-substrate pair two substrate temperatures can be
defined: TO, below which the deposit is completely rgndom,

and T above which the orientation is conmplete, i.e,

nin’
epitaxial,
Sloope and Tiller (1961) investigated the

relntionship of rate of deposition, deposition temperature
and thickness to the formation of thin single-crystal Ag
films on ¥aCl cleavage face. They thought that a critical
temperature above which epitaxy occurs, such as Rudiger(1937)
found, does not exist, but that the minimum temperature of
deposition is dependent on the rate of deposition. Likewise,

structural characteristics of the films are quite depcndent

on the formation conditions.

1.3(c)., The Effcct of the Thickness of the Deposit:

To investigate by electron diffraction the
variation of deposit structure with increasing thickness,

it is in general necessary to use the method of grazing
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incidence. Here, the diffraction patterns are obtained from
the surface region of the deposit 10 to 2004 deep, depending
on the angle of incidence, surface roughness and atomic
weight of the material. In transmission, on the other hand,
the diffraction is obtained from the whole thickness of the
deposit until this becomes too large for coherende
scattering to be obtained (5000 A for very light materials
and only a few hundred A for heavy materials).

The variation of orientation of deposits with
thickness has been observed by many workers in this
laboratory and elsewhere, The observations of Burgers and .
Dippel (1934), Nelson (1937), Levinstein (1949), Evans and
Wilman (1952) etc. have been mentioned elsewhere. Other
results were also provided by Schulz (1949) who found that
thin films of LiF and NaCl of less than 100 A thickness
(on amorphous substrate) showed almost random orientation
with a small amount of (100) texture. As the thickness was
increased to 500 A or more, there was a change in
orientations to (111) for IiF and (110) for NacCl,

Ramos (1961) (see also Ramos and Wilman, 1962),
also studied systematically the orientation of alkali halides
deposits on glass as a function of thickness. They found
that NaCl, XKC1l and KBr developed (111) orientation at about
1000 A, which became sharper and azimuthally limited at
higher thicknesses up to 10,000 A, but then a change to a

(211) type of orientation (with the same limited azimuthal
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range) occurred in the further growth.

Saikia (1961) found an appreciable change in the
nature of the orientations of Sn deposits on NaCl cleavage
face and amorphous substrates with increasing thickness of
films,

Preece (1966) (also Preece and Wilman, 1967), noted
a change in the kind of orientation of Sn films condensed
at 107° and 1077 torr of air and oxygen respectively, on
glass at room temperature, when the thickness varied between
500 to 5000 4,

Dutta (1968) observed a well-defined sequence of
orientations of silver deposits with increase of thickness.
His results showed systematic progressive changes in
orientation &t the deposit surface, from random to (111),
(111) + {111} twinning, (110) and (211) orientations, as
the deposit thickness increased. This sequence of
orientations was the same for all aeposits at all residual

® ana 7 %1073 torr, but the

air pressures P between 7 x10°
thickness at which each transition occurred decreased nearly
rectilinearly with increase in log p. It was concluded
that the initial random layer was associated with low
mobility of the silver atoms at room temperature, but that

the mobility increased as deposition proceeded, and led to

development of octahedral faces in the crystals, and hence



46

to preferential growth of the crystals having such a face
most nearly normal to the vapour strean, Evidently increase
in the air pressure favoured more rapid developrnent of
octahedral faces on the growing silver crystals. The
(111)-oriented ecrystals then developed additional §111l
twinning, and the final (110) and (211) orientations were
concluded to arise by secondary twinning, favoured however

by presence of (110) or (211) faces at this stage of growth,

1.3(d). Effect of the Obliguity of the Vapour Stroam:

The structure and orientation of thin metal films
are also affected by the direction of the incident vapour
beam on the substrate, Many workers have reported the
influence of the vapour beam obliquity on the structure and
temture of these films, A short review will be presented
here,

Burgers and Dippel (193%4) first observed in caleium
fluoride deposits that in the upper regions of deposits over
600 i thick,orientation is developed, with its axis normal
to the substrate when the vapour stream was incident
normally on the substrate, but slightly inclined towards the
vapour strean where the vapour stream was incident obliquely.

Beeching (1936) reported that the [100]

orientation axis in acluminium films was tilted by 150, for
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a vapour stream incidence of 45°. Nelson (1937) found that
for iron films the [111] exis was ineclined to the normal
at a region where the vapour streanm was incident obliquely.

Evans and Wilman (1952) (see also Murbach and
Wilman, 1953) have also provided further evidence regarding
the variation of the tilt of the orientation axis with
vapour obliquity.

Burgers and Dippel (1934), Thomson and Cochrane
(1939) and Thomson (1948) explained the influence of the
direction of the wvapour stream by supposing that the crystals
grew by atoms arriving on a face, moving over it until they
came to the edge and thus prolonging the face. Such plane
crystal faces normal to the vapour stream will then receive
more atoms per unit area on these faces and will grow faster
than the others, where similar faces are inclined to the
vapouvr strean, Planes parallel to the surface have the
advantage that they can grow laterally in all directions.
Thomson (1948) concluded that the partial tilt of the
orientation axis is due to a compronise between these two
opposing tendencies.,

Evans (1950) and BEvans and Wilman (1952) carried
out a detailed investigation of the effects of an inclined
vapour stream over a wide range of angle of incidence for

substances of differing structures and properties,
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particularly of iron, lead sulphide and zinc.

For iron deposits they observed that the tilt of
the [111] axis increased with increasing angle of incidence
of the vapour stream, up to a region where the angle of
incidence was about 30°. The tilt, however, then fell off
with further increase of the angle of incidence, being only
5% at i = 70°,

For PbS deposits, they found that the tilt of the
[100] axis was small, increasing with#miup to 1 = 20°, and
remained constent ~8°) over a range from i = 24° to i = 60°,

Evans and Wilmen (1952) explained these resglts on
the basis of fine-scale roughness of the deposit: surface
and the increasing mobility of the deposit atoms. Although
the glass substrates have a remarkably smooth surface, dn
the atomic scale, the surfaces of all such amorphocus
substrates are rather undulatory. During the evaporation
of the metal in a sufficiently good vacuum, the metal atoms
travel in straight lines from the source and some of them
are deposited on the subsgtrate. If 2 metal is used which
does not nmigrate after deposition, the thickness will be
grectest on that part of the surface which faces the oncoming
atoms, and there may even be regions of the substrate that

will be shielded so as to receive little or no metal.

When the vapour strean strikes the surface at
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normal incidence, all parts of the surface are alnmnost
equally favoured for deposition; the crystals grow with a
particular orientation axis normal to the surface. However,
when the vapour beam is incident obliquely to the surface,
parts of the surface receive a lower density of atoms owing
to their obliquity, or even are shadowed by mounds on the
surface, resulting in the portions of mounds facing the
vapour streanm receiving the greatest portion of the
deposited metal. Moreover, the atoms of metals like iron
do not migrate initially, at room temperature, to such an
extent as to f£ill up the depressions of the wavy surface,
Evans and Wilman (1952) suggested that when the
deposit surface becomes hot encugh by the progressive
heating by radiction coming from the source, and the kinetic
energy of the deposited atoms, the crystallites developed
preferentially on these portions of the surface will tend to
be oriented with a certain lattice plone as boundary face,
parallel to the local elements of the surface, so that the
net effect is a partianl tilt of the mean orientation axis
towards the vapour stream, This explanction could a2lso
account for the decrease in the angle of tilt with increcased
angle of incidence of the vapour stream. When the vapour
strean is very much inclined towards the surface, only the

extreme tips of the mounds will be in position to receive
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the vapour so that the orientation axis will, necessarily,
be less inclined to the normal of the mean surface. The
film will be thinner in these regions of the specimen as a
whole, which correspond to greater obliquity, due to the
greater distonce from the source of atoms.

Herbstein (1957) observed that the orientotion of
Ag films on amorphous substrates at above %00°C was such
that o lattice plane was parallel to the substrate surface
irrespective of the angle of incidence of the vapour stream.

Saikia (1961) founa a tilt of the [110]
orientation axis of silver deposits prepoared at roon
temperature. He observed the maximum tilt as 19.5° for
i = 56° of the vapour stream.

Ramos and Wilman (1962) and Sancho, Ramos and Bru
(1966) observed (111) orientation in thicker deposits from
their work on alkali halides and that the [111] axis of
vrientation showed increase in the ungle of tilt § as 1 was
increased but they noted that for all the cases 5<d.when
i #0°  Much thicker deposits (>10,000 A) showed (112)
orientation, and when it was first observed, the orientation
axis showed o tilt of a few degrecs in a direction opposite
to that of the vapour strean. With increasing thickness
the tilt of the [112] exis became positive, i.e. inclined

towards the vapour stream,
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Palatnik and Federenko (1967) examined tronsverse
sections of vacuum~deposited Be films and they concluded that
the degree of perfection of the orientation is determined
mainly by the angle of incidence of the vapour stream and
the substrate temperature. The optimum values of i for the
growth of (001) and (100) perfect orientations lie between
15° ond 30°, and the optimum temperature in the former case
was within 160-210°C and in the latter 340-370°C.

Dutta (1968) has shown the variation of Siﬂith i
for silver spccimens of 5500 A (prepared ater7 x10™° torr of
residual air), 7000 A (prepared at 7 x10~4 torr), 12000 A
(at 7 %1077 torr) and 16720 A (at 7 %1072 torr) thick.

The (1,5 ) plots show straight lines through the origin in
each of the coses. He observed that the tilt S.has larger
values when the orientation is of the (110) type than in the
case of (111) for the same values of i, 2t oblique inecidence
of the vapcour strean, For the 16,720 A thick silver
specinen, he reported prominent (110) oricntation togéther'
with (211) cubic and (100) hexagonal orientotions, for i = 0
for 1 = 45°, the pattern showed predominently (110)
orientation. The tilt of the orientation axis at i = 45°

was 300.
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1.3(e). The Effect of the Rate of Deposition:

The rate of deposition of the metcl also has
considerable influence on the growth, nucleation, grain-size
and orientation of thin films.

Elleman and Wilman (1948) while studying growth of
PbS deposits on rocksalt substrates in vacuo, coame to an
alnost generalised conclusion that the atoms had a certain
degrec of mobility over the surface before losing nost of
their kinetic energy. Thus, sooner or later, they neet
other atoms and aggregote to form small nuclei, The greaoter
is the number of atoms incident on unit area per unit time,
the larger will be the number of these nuclei, The higher
the rate of arrival of the atoms per unit area, the greater
is the number of atoms bombarding each nucleus per second,
and if the rate of arrival is high enough, not 21l the atoms
will reach the lowest potential troughs, and this hinders the
development of the orientation which would be imposed by the
substrate and result in a correspondingly wecker orientotion
or even o completely random crystal deposition. They
observed strong orientation of PbS deposits even at
temperatures of about 150°C when a relatively higher rate of
deposition (~40 A/sec) was used.

Levinstein (1949) states that zinc and cadmium

films could not be formed at all at low rates of evaporation.
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When the rate of evaporation was high, films could be formed
readily. - For intermediate rates of evaporation isolated
zinc and cadmium crystals could be observed, which might
eventually behave as nuclei for further growth, He also
deposited antimony at different rates and observed that large
patches of slowly condensed antimony produce a diffuse
diffraction pattern, while the smaller patches of rapidly
evaporated antimony produce o sharp ring pattern, However,
the effcets observed for antimony could not be used to
generalise for all metols. The amorphous state has never
been observed for most metals condensed on substrates at
room temperature. The variation of the patch~size with the
rote of deposition has been discussed ingl.2.{b).

Sennett and Scott (1950), and Hass and Scott (1949),
also observed the influence of the rate of deposition on the
grain size in the deposit,

Thun (1963) stated that av very low rates of
deposition the nucleation rate is low and the long mean free
tine of the mobile surface atoms permits a preferential growth
of the crystalline surfoces representing the lowest free
energy. The resulting films prepared by low rates of
deposition exhibit roughness and a relatively loose
distribution of "islands"., With increasing rates, the film

density and smoothness improves up to o point where atoms ore
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increasingly buried in random sites by successively arriving
atons., This involves considerably higher activation energy,
and the result is a decrease of the avercge crystal sisze
and & considerable increase in the number of lattice faults.
Preece (1966) reported the variation of the surface
orientation with the rates of deposition in tin deposits on
glass substrates at room temperature. He observed a
nixture of (100) and (001) orientations for a film about
250 A thick (prepared at o residual air pressure of 1 X10—5
torr) for 2ll rates of deposition less than 70 4i/sec.
Pilms of the same thickness prepared in the same vacuun but
with higher rates of deposition showed mostly randon
orientation. Sinilarly, films of thicknesses between
1000-1500 A (prepared at residual air pressure 1 X10—5 torr)
mostly showed (001) orientation for all rates of deposition
below about 70 A/sec, and at higher rates showed the sanme
{001) orientation 2long with ocecasional (301).  Preece
concluded that such an influence of the rote of deposition
on change of orientation was due to the increase of the

surfoce mobility during the growth of the f£ilm,

1.3(f). The Effect of Residual Air Pressure:

The residual air in 2 vacuun chonmber, where the
specimens ore prepared, may have important effects on the

structure of the film, Gas molecules from the residucl gas
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atmosphere may be adsorbed in the film during the deposition
process, The trapping of gas molecules mainly bound by Van
der Waals forces results in porous, highly disordered films.
The gas occlusion phchomenon primarily depends on (1) the
adhesion to the substrate of the residual gas molecules and
their desorption probability which increases with temperature,
and (2) the % retio (see also Behrndt, 1962) which is the
ratio of the number of gos molecules arriving at the substrate
surface per unit ares and time, to the corresponding number
of film atoms for a given film matericl and substrate
tenperature.

Stahl (1949) obtained electron diffraction evidence
that the initial thin layers of deposited metal often contain
some oxide., He pointed out that oxidation may occur either
while the metal vapour is in transit or during condensation.
Taking the mcan free path of Al atoms in air at 0.1 microns
of Hg air pressure to be more than 100 cm, intense oxidation
is unlikely to be due to gas-vapour collision in the space,
which is generally a few cm. in length. The combination of
vapour atoms with oxygen molecules on the substrate surface
is more probable, in which case, the longer the period of
condensation, the greater will be the number of gas molecules
impinging on the substrate..

On the point of whether the gas may affect the film
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dAuring its formation or affects the individual atoms in
transit from the source to the substrate, Levinstein (1949)
observed that what takes place depends upon the pressure of
the residual gas, that of the metal vapour and the degree to
which the chemieal reaction may take place between the two.
He considered two extreme cases: When the residual gas is
a metallic vapour which may form an intermediate compound
with the metal evaporated, a reaction may take place at the
film surface even when the pressure of the residual gas is
low., In that case the type of film being condensed and the
type of residual gas rather than its pressure are the
determining factors. In an experiment to form a composite
film of zinc and gold, he observed that when Zn was
evaporated slowly from a filament no zinc film could be
formed due to its quick re~evaporation, When gold was
eveporated simultaneously, however, a film was formed which
in electron diffraction examination appeared to be a compound.
This behaviour was also pronounced when mercury vapour was
present. Since the residual gas pressure was exteremly low,
any reaction between residual gas and metallic vapour during
the transit of the atoms is highly improbable.

The other extreme case considered by Levinstein is
the case when a residunl gas which does not react with the

metallic vapour is used at high pressure. In this case the



57

vapour is not atomic but consists of a cloud of particles
which seems to originate near the filament. The gas in this
case affects the metallic beam in transit by producing
collisions between the individual atoms before they reach
the collector, so that the material reaching the collector
consists of clumps of ctoms. The most striking results
showing such particulate deposits were observed when zinc
and cadnium were evaporated at a pressure of 0,01 mm of Hg
air pressure, A possible explanation was given by
Tevinstein (1949) on the basis of Frenkel's (1924)
hypothesis. When zinc atoms arrive at the substrate, they
remain on thesurface for only a short period and then
re-evaporate before sufficient other zinc atoms arrive to
make film formation possible. When the pressure of the
residual gas is increased, collisions between individual
metal atoms take place in the viecinity of the filament,
thereby producing aggregates of atoms which have a much
greater life time on the substrate than atoms. These
ageregates act as nuclei for other atoms and thus make film
formation possible,

Levinstein (1949) made somé further observations:

(1) Metals which generally showed preferred

orientation at high vacuum, showed no orientation when
evaporated at about 0.1 mm, Hg air pressure (Sb, Bi, Te,

¢d, Zn, Mg, Th, etc.).
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(2) Metals which produced a sharp diffraction pattern
when condensed in high vacuum, showed broadened rings when
condensed at 0,1 mm.Hg air pressure (Au, Ag, Cu, Ni, Fe, Co,
etc. ).

(3) Metals which showed diffuse rings at low pressures
continued +to show diffgse rings at 0.1 mm,Hg air pressure
(Ta, In, Si, Ge, etc.).

Bauer (1962) stated that if the growing surface
during vacuum~deposition is struck by active residual gas
atoms, the erystal habit in the deposit can be strongly
influenced, He observed that if the interaction between
residual gas and crystal was temrerature dependert, i.e, if
there was chemisorption at low temperatures and orientation
at higher temperatures, then the habit will also be
temperature dependent. He concluded that the orientation
behaviour of reactive materials in active residual gases is
hard to predict, He further observed that the reactive
residual gases not only influence the habit, but also the
nucleation behaviour. '

Caswell (1961) showed that indium films deposited
in & high vacuum had {C10) orientation, while films heavily
doped in & high partial pressure (~1 x10~% torr) of oxygen
showed random orientation, He gtated that the prescnce of

oxygen decreases the mobility of the atoms on the substrate.
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Preece (1965), Preece, Wilman and Stoddart (1967)
and Preece and Wilmen (1967) in this laboratory, carried out
experiments to study for the first time in systematic detail
the effect of residual air pressure on the development of
orientation of thin filme of tin, condensed on glasg
substrates at room temperature. They showed that for a film
500 A thick, the orientation in the surface region depended
on the residual air pressure,. The orientation was (110) at
an air pressure of 1 x10-4 torr, which gradually changed to

(001) ot 1 x10™7 torr. At~2 x107°

torr, it changed to a
mixture of two orientations, viz., (100) + (001), There
was no change in orientation when the pressure was 1 foO"7
torr, but finally, when the pressure wasstill lowered to

4 x1078 torr, they observed pronounced (100) orientation.
Preece concluded that this orientation was characteristic
of tin in absence of ges adsorption, and that the other
orientation changes were mainly due to the adsorption of
oxygen on the deposit layers during condensation.

Dutta (1968), also in this laboratory, carried out
systematic experiments to show the influence of the residual
air pressure on the orientation of the silver deposits.,

A silver film 3000 A thisk showed {2171} + {(110) f.c.cubic

+ (100) hexagonal structure at 7 x1070 torr, (111) f.c.cubic

+ {111} twinning at 7 x10™4 torr, prominent (111) at 7 %1077
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torr, and random orientation when the pressure of air is
further reduced to 7 x10™° torr. In another series of
experiments he showed that a silver film about 4500 A thick
had (211) f.c.cubic + (100) hexagonal orientations at
7 x1072 torr, (110) f.c.cubic at 7 %107+ torr, (111) f.o.
cubic at 7 XlO"5 torr and when the pressure is further
reduced to 7 XlO"6 torr, there is no deviation in
orientation from (111).

When the thickness of the silver film was increased
t0~T7500 A, he observed one-degree f.c.cubic (110)
orientation at pressures 7 x10°% torr and 7 x10~° torr, which
changed to (111) + &111} twinning in deposits at 7 1:10-5 torr.
At .a still higher thickness of the £ilm,~9000 A, he
observed f.c.cubic (110) orientation at 7 x10™° and 7 x10™°
torr,

Dutta's results showed the same sequence of
orientations at the deposit surface (random, (111), (111) +
‘111) twinning, (110) + (211), as the thickness increased, at

® 4o 7 x1077 torr, except for

all pressures from 7 x10~
additional presence of some hexagonal silver towards 1072
torr. The thickness at which the transition from one
orientation to the next occurred, decreased nearly
rectilinearly with increasing logarithm of the residual air
pressure, Increase in air pressure thus caused more rapid

development of at first the octahedral faces on the crystals,

and later the twinning.
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1.3(g). The Effect of Annealing a Metal Films

The structure and crientation of crystals in thin
films are not only influenced by the substrate temperature
during condensation, but can also be affected by annealing
after formation of the film,

Barly work of Andrade and Martindale (1936) showed
the structural change in gold and silver films anneaded after
preparation. They observed the formation of small
aggregates when films~—~50 atomns thick were maintained at
about 230°C for silver 2nd at a higher temperature (below
400°C) for gold, for three hours. The growth of aggregates
or such crystallites was accompanied by the formation of
large, irregular, transparent areas, which they called
"windows". When the temperature was raised further the
deposits consisted of a thin uniform window with crystals
scattered on it,. They concluded that the aggregates were
formed by the motion of the upper layers of the film only.
They thought that the deposit atoms became mobile and that
gsurface-tensional forces caused the formation of the
spherical agglcmerates. Later, flat foaces of limited extent
appeared on the larger crystals, so that the form was
polyhedral,

McGee and Iubszynski (1939) heated Ag films
condensed on mica to 700°C in air and found that if the layer

is thick (thickness not mentioned) the effect of heating is
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to cause a number of holes to appear. In the case of
thinner films these holes increase in size until they nerged
into one another, leaving islands of silver conpletely
separated.

Buckel (1959) noted that the condensation of a
vapour on a substrate at very low temperature corresponds
to a rapid guenching, because the atoms which hit the
substrate lose their energy very qulckly. He found that
metals like Cu, Al, Pb, T1l, Hg, Zn, Sn, etc. were crystalline
in nature when condensed even at the liquid helium
temperature. After annealing to even room temperature (in
the case of Hg, to 155%K) some of these deposits showed a
thinning of the electron diffraction rings, due to annealing,
which indicated increase in the crystal size,

Keith (1956) observed from X-ray diffraction
gstudies that copper deposits condensed on glass at liquid-
nitrogen temperature were amorphous but on warming to room
temperature showed crystalline structure.

Saikia (1961), in this laboratory, made extensive
electron diffraction investigations on the aggregation and
annealing phenomena of tin films condensed on glass at room
temperature. He observed that for tin deposits of thickness
varying between 290 .1 to 7600 A, aggregation of ths crystals

took place when the deposits were heated in vacuo to
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temperatures below the melting point of the bulk tin. The
lowest temperature at which he observed the initiation of
ageregation was around 184°C in a deposit about 290 A thick,
and the lowest temperature at which the aggregation formed
granular structures was about 200°¢. In another speecimen
having a region of thickness of 640 A, he observed the
breaking up of the film into separate islands on annealing
it in vacuo at 220°C for nearly three ninutes.

Saikia (1961) also reported change in orientation
of Sn deposits after being annealed, In one experiment he

a. shrongly oblique

observed (110) orientation to change toA(001) when heated

in vacuo between 229° and 238°C. On further heating above

the melting point (001) orientation changed to (100).

1.3(h). The Effect of Substrate Cleanlinesgs:

This discussion must include a further very
‘mportant parameter i.e. the clearliness of the substrate
and presence of any contaminants on it.

When the substrate contains impurities like
isolated dust particles on it, these behave as nucleation
centres for the evaporated material, and thus may influence
the initial growth of the film, It is, therefore, extremely
necessary to have a clean surface for deposition,

Impurities may be present on the substrate in

many forms. The initial cleaning process may still leave
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some rcsidues on the surface, or, contamination fronm
hydrocarbons (oils, greases, etc) from the pumping systen
may &lso be present. Both these effects may produce
differences in the Van der Waals forces, as they are only
operative over atomic distances, and these differences would
give rise to variations in film characteristics. If the
contaminants are present in the form of isolated islands,
the filnm materiél nay be nucleated preferentially at these
inpurities. Chemical cleaning may also leave etch pits on
glass or other surfaces and these may also act as
preferential nucleation sites.

Very many attempts have been made to obtain
reproducible standard of cleanliaess, especially in the case
of glass substrates. Evans and Wilman (1952) suggested the
use of nitric acid and propyl alcohol ewd bemsewme, followed
by rinsing with distilled water, for cleaning such substrates.
fnis has been found very useful in &1l such works in this
laboratory.

Hunt (1961) made use of the wetting angle of water
on glass as a criterion. for indicating cleanliness, but for
thin film work, where local nucleation of particles is
important, the nethod seems to be of not ruch use, The
wetting angle is only affected by organic materials and

colloidal particlcs make a negligible effect,
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Weaver (1960) used the detergent "Teepol" to
remove dirt and grease from glass surfaces, followed by a
rinse with distilled water and final polishing with lens
tissue. A mixture of chromic and sulphuric acid has also
been suggested as a good cleaning agent, but while ecleaning
the substrate excellently, it also has been found to ctch
the glass.

The method of using ion bombardment inside the
deposition chamber is often considered to cause pitting of
the surface, and therefore causes erroneous nucleation sites.
The method of ultrasonic vibration has also been claimed to
be one of the efficicent methods to obtain a highly clean
glass surface.,

A simple method used in this laboratory has been
found to be very satisfactory for cleaning glass, even for
sensitive deposit materials like zinc. I this method, the
glass substrate is first washed in alochol, then immersed
in a nixture of propyl alcochol and added nitric acid followed
by thorough rinsing in distilled water and finally drying on
clean filter paper as usual, but then further heating in air
at 150°C for about 5 mins., and cooling to room temperature.

In the case of active substrates like cadmium
chloride or mica, the cleanest possible surface has been
obtained by cleaving them in vacuum by some nmechanical neans

(see e.g. Ogawa, Ino, Kato and Ota (1966)).
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1.4, Mechanism of the Development of Preferred
Orientations in Vacuum-Condensed Deposits:

Various theories have been put forward to account
for the development of preferred orientations in thin films.
However, several different cases can be distinguished and
a single theory cannot explain all cases of the developument
of orientations. The nucleation process and its dependence
on substrate temperature, obliquity of the vapour stream, etec
in some cases leads to the development of definite crystal
orientetions in the initial stage of growth of thin metal
films, In other cases the films grow at first with random
polycrystalline structure and only develop preferred
orientation in the upper regions of thick deposits. In
certain cases preferred orientations involve recrystallisation
during or after the film deposition.

Volmer (1921) attributed the predominant growth
of Zn crystals with (0001) faces no.mal tp the vapour stream
direction to the higher rate of lateral growth of such
crystals along the (0001) plane. Volmer's theory was based
on two initial assumptions viz., (1) supersaturation was
sufficiently high to prevent two-dimensional nucleation in
the initial stages, and (2), the rate of lateral extension
of the faces was determined by the number of atoms striking

them per unit area per unit time.
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Dixit (1933) considered that the atoms in the early
stage of condensation might behave like a two-dimensional
gas. With the progress of condensation this might become
supersaturated and two-dimensional crystallites be formed.
He introduced the idea of a "twc—dimensional vapour pressure"
associated with this process and thought that the faces
having the minimum "vapour pressure" were preferentially
developed in contact with the substrate and corcluded that
these were the crystal faces having a dense population of
atoms, i.e. in decreasing order, the (111), (100), (110) ...
..o faces in the case of an f.c.c. lattice. However, his
experimental evidence did not support this theory.

The results of Burgers and Dippel (1934) showed
that in a material having a high melting point, such as
CaFZ, condensed on a substrate at room temperature, randomly
oriented deposits are obtained at first and preferred
orientation begins at a later stage and is associated with
development of plane faces on the growing crystals.

Evans and Wilman (1952) and Wilman (1952) made a
detailed study of the nature of the orientations developed
in Zn, Sb, Bi, Fe, Al, NaCl, NaF and PbS, and drew
conclusions of the dependence of orientation on the degree
of mobility of atoms of the material, deposit thickness,

inclination of vapour stream and roughness of substrate and
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deposit surfaces, They reported about two kinds of
orientations, viz., (1) growth where initially a densely
populated plane is preferentially developed parallel to the
mean substrate surface, and (2), thin deposits having little
or no orientation at the initial stage of growth, but one-
degree orientation develops as the deposit thickness
increases, According to them, materials of low melting
points and high atomic mobility (Zn, €4, Sb, Bi, NaCl)
develop initially a densely populated plane parallel to the
mean substrate surface, even when the vapour sitream is
oblique. They found that preferred growth of these crystals
whose main faces are most nearly normal to the vapour strean,
developgd at the expense of the others as the deposit became
thicker. In the case of the Zn films condensed on
amorphous substrate they found that the films tend to grow
with (112) orientation yet with occasional (001) habit
ieading to preferred azimuthal limitation where the vapour
stream was incident obliquely, when the thickness was around
2000 A, They attributed the initial spread of orientation
to the surface undulation, because the spread was largest

on glass, less on rocksalt cleavage faces and least on mica
cleavage surfaces., Further deposition gave rise to (112)
oriented crystals having agiruthal orientationsrguch dhatithelr

(001) faccs were most nearly normal to the inclinéd vapour
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stream, In some of the Zn deposits (135) orientation was
also observed. This was attributed to the modification of
the initial (112) orientation during further growth due to
the development of faces other than (112), evidently (101).

Evans and Wilman (1952) further found that
materials with low mobality (Pe, Al, NaF, PbS, Can) have
little or no orientation in thin layers at room temperature.
These materials showed a tendency to develop a preferred
orientation with an oblique axis when the vapour stream was
oblique, They concluded that the orientation orginated
from the fine scale roughness of the deposit surface
" followed by progressive heating of the substrate and the
growing deposit by the incident neat radiation and kinetic
energy of the condensed material, so that the mobility of
the atoms gradually increased.

Sachtler (1954) observed that in the early stage
Ni films are randomly oriented when deposited at room
temperature, but are found to develop orientation on heated
substrates. He argued that in the early stage of
deposition films are made up of unoriented crystals bounded
by a number of crystallographic planes. The rate of growth
of all the planes are not equal. Those having a faster
growth have the direction of most rapid growth perpendicular

to the substrate surface. TFor b.c.c. metals the {111
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direction has been shown to be the fastest growth direction
and for f.c.c. metals {110» .

Bauer (1961), however, semms to disagree with the
above view. According to him, although the rate of growth
for f.c.c. metals in the {110) direction is faster than
along the <111} and <100> directions, there may be even higher
growth rate in other directions.

According to Bauer (1956, 1961, 1963) some
naterials like the alkali halides develop orientation which
varies with the deposit thickness. The Yinitial
orientation” (I-0) developed in the thinnest stage of the
devosit (or in the upper regions of relatively thin deposits)
is representative of the lowest potential energy
configuration of the atoms in the crystals relative to the
substrate. At a later stage, the deposits show a
transitional stage, following which the orientation changes
progressively towards a stable texture. He concluded that
the final orientation (II-0) exhibited by the upper regions
of the thick deposits tended to show two-degree orientation
when the vapour stream was incident obliquely. His
observations were confined to the high supersaturation stage,
i.e., under conditions where two—dimensional nucleation was
not a growth rate-determining factor.

He concluded that in the initial stage, a preferred
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crystallographic plene tends to develop parallel to the
surface of the substrate. The later transition to the final
two~degree orientation is due to the planc faces being
developed on the crystals and hence most rapid growth of
‘those crystals oriented with such a face normal to the
vapour stream., His theory seems to have neglected the
effect of the residual air pressure, which in fact has a
significant role in the orientation phenomenon.,

When the deposit atoms or molecules have sufficient
mobility (i.e. at a high enough substrate temperature) the
first deposit crystals may grow in a definite orientation.
The nucleation process should thus have a pronounced effect
on the nature and development of the preferred orientation
in such vapour-condensed deposits. Reviews of epitaxy in
deposits on single-~crystal substrates have been given by
Van der Merwe (1949), Seifert (1953), Pashley (1959), etc.
On epitaxially inactive substrates, the nucleation process
can similarly lead to crystal nuclei having a definite
crystal face in contact with the substrate.

Walton (1962) considered the effect of the
nucleation and supersaturation on the development of
preferred orientation in thin metal films, He hes
interpreted two much used terms as follows: (1) "The

smallest stable cluster" is the smallest cluster which has
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a probability greater than one~half of growing. That is,
it will on the average receive an atom from the two-
dimensional gas of singly adsorbed atoms before an atom
leaves the cluster. (2) "“The critical nucleus" contains
one atom less than the smallest stable cluster and its
configuration is such that the addition of a single atom in
the appropriate location will produce the smallest stable
cluster, The critical nucleus has the probability of
growing less than or equal to one-half.

It is possible to conceiwve of substrate ftemperatures
which are so low that the criftical nucleus is a single atom,
At sufficiently high supersaturations (low substrate
temperature and/or high rate of deposition), the nucleation
of the deposit consists of the formation of pairs. Each
time a palr is formed it does not, on the average,
dissociate; and begidhs to grow as a part of the deposit.
Since the pair is assumed to be stable, all other single
bonds arc stable and each time a single atom strikes the
cluster it is trepped. This is a random process, and
therefore thc cluster cannot be expected to grow with a
single orientation except in the special case where
adsorption sites on the substeate coincide with the location
of atoms in a crystallogrephic plane of the deposit,

If the supersaturation is lowerecd, a stage will be
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reached at which a single bond is unstable, i.e. if an atom
is attached to the cluster by a single bond, on the average,
it will leave the cluster before another atom can arrive to
replace it. At supersaturations below this, double bonds
may still be stable, Thue am atom which joins the cluster
in such a way that it is attached to two other atoms, will
remain, while an atom which joins the cluster so that it is
joined to one other atom, will leave. Therefore, an
oriented structure can now be formed. Walton thus suggests

that if the substrate temperature is low enough or the

incidence rate high (supersaturation high), a single bond

is stable and no preferred orientation can be exrected.

If the supersaturation is low enough for multiple bonds to
be stable, an oriented deposit may result. Walton arrived
at the following important coneclusions. '

(1) The epitaxial temperature is the substrate
temperature at which & single bond becomes unstable. This
temperature (T) is connected to the rate of deposition by
the following relationship:

"(UZ + Qad)

T = 5
k.1n(Ra“/y )

where U2 = binding energy of a single atom to the cluster,
Q,q = binding energy of a single atom to the substrate,
a = distance between the adsorption sites,
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<
i

frequency of vibration,

i

rate of incidence of qhapour stream,

Boltzmann constant.

li

At a given substrate temperature a change from disoriented
to an oriented structure is possible as the incidence rate
is decrecased and vice versa,

(2) Most of the observed orientations are such that
closely packed latticc planes are prallel to the substrate
and the order of preference for f.c.c. crystals is (111),
(100) and (110). The eritical nucleus for a (111)
orientafion is a pair when a double bond is stable, for a
(100) it is three atoms, and for the (110) it is four atoms.

(3) Changes in orientation from a (111) to a (100) may
be related to a change in the size of the critical nucleus

accompanied by a change in its structure,
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SECTION 2,

EXPERTMENTAL.

2.1, The Electron Diffraction Technique:

The electron diffraction camera (fig.l1l(a)) used
for recording the electron diffraction patterns, is in
general similar to that used and described by Finch and
Wilmen (1937), with the mercury diffusion pumps replaced by
oil diffusion pumps. It essentially consists of two parts
- the Aischarge tube and the main diffraction chamber.
Electrons are emitted from a polished metal surfece in a
cold cathode discharge in the diecharge tube. By
supplying constant current to the discharge, & monochromatic
beam of electrons is obtained, which is limited to a very
fine beam by means of a pin-hole of about 0.1 mm diameter
of a diaphragm made of nickel, mounted in the anode block.
The beam can be further collimated by use of a number of
diaphragms in the main body of the camera, The beam can
be focussed to a point on the fluorescent screen by applying
a coaxial magnetic field by a variable current in a coaxial
focussing coil placed at 48-50 cm from the specimen, The
focussed beam may be moved about by tilting the plane of
the magnetic lens, and the beam of electrons is then allowed
to pass through a very thin specimen film or fall at

grazing incidence on a more massive specimen,
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The diffraction pattern is recorded on a
photographic plate contained in a plate holder, The plate
holder is specially designed to contain more than one plate,
and is fitted with a fluorescent screen for wvisual purpose.

The clectron accelerating voltage used in the

present work was in the range 45-60 KV,

2.2, Interpretation of Electron Diffraction Patterns:

Methods of interpretation of electron diffraction
patterns have been descfﬁbed by Thomson (1930), Finch,
Quewredl and Wilman (1937), Thomson and Cochrane (19%9),
Tave (1944) and Pinsker (1949, 1953)., More recently, very
ugeful and convenient methods of interpreting the electron
diffraction patterns from rotating crystals or one~degree-
oriented polycrystalline specimens have been developed by
Wilman (1952) in this laboratory. Methods of interpretation
¢t Kikuchi-line patterns from sing.e crystals have also
been developed by Wilman (1948a,b), who has also given
interpretation details for spot patterns from crystal
groupings (W%lman 1950, 1951).

The electron diffraction patterns of diffuse

by Finch & Wibman, 237
maxima from molecular crystals were discoveredfand

interpreted in this laboratory by Charlesby, Finch and

Wilmen (1959) and the maxima of intermediate diffuseness
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due to thermal molecular oscillations were recognised by
Charlesby and Wilman (1942),

A further special type of electron diffraction
pattern is that associated with a continuous or discrete
"directed disorientation'", which is associated with stresses
in epitaxial layers on single crystal substrates, due to
the lattice misfits (E%%;gén and Wilman, 1940; Goswami,
1950; Gharpurey, 1950; Kumar, 1953; Reddy and Wilman, 1959).

In the present experiments reflection electron
diffraction technique is used to study polycrystalline
deposits on inert substrates. These give either a
continuous ring pattern from randomly oriented crystals or
a spot (or arc) pattern on varioas ring positions from
.preferentially oriented crystals, and hence methods to

interpret these two cases will be discusgsed here in detail.

2.2 (a). Interpretation of a Continuous Ring Pattern:

In considering the diffraction pattern from a
polycrystalline specimen, the specimen can be regarded as
equivalent to a single crystal rotated through the same
range of orientation as exists in the spccinen, So, if
there are many crystals with random distribution in the path
of the beam, a pattern of rings will result analogous to
the X-ray powder pattern, diffracted beams arising whenever

Bragg's law is saisfied. From the geometry of fig. 1(Db)
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it is seen that
R = I tan 2 @ (2,1)
where, R = radius of the ring,

L = Jdistance of the central spot from the point
of incidence of the electron beam on the
specimen,

© = Bragg's angle of grazing incidence.

Again, from Bragg's law,

2 dsin® = nA (2.2)
where, & = spacing of the net planes,
n = order of reflection,
and 7\ = wavelength of the electron beam.

From equations (2.1) and (2.2) we get,

4. AL (2.3)
for small values of O, A multiplying factor
[1 + % . E; + vvs  +..] is used to give o still closer
approximagion.

The general equation relating thce net-plane spacing
d of any plane (hkl) with unit cell constants a, b, ¢ and

axial angles o ,{5 ’ g and the corresponding Miller indices

h, k, 1, is
2_..2
1 - 1 h™gin~cC
~z = 2 x [ZE
a (1+ Fcos“of + 2cos o cosﬂ cos X ) a

+Z?‘I§% (cos e cosfg -cosb) )]
(2.4)
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Foxr highly symmetrical crystal systems, we have

from equation (2.4):

2,.2,-2
Cubic l? = D Hk~+1
d a
2 .2 2
Tetragonal 32 = B +g + lg
‘ A (2.5)
. 1 h k 1
Orthorhombic =, = + +
a® a2 w2 of
1 4 2 .2 12
Hexagonal =, = =3 (h + k° +8£ ) + s
a 3a c

Measuring the ring radius R from a diffraction
pattern, the net-plane spacing d can be estimated, and
values of h, k, 1 must then be assigned by trial and error
or graphical methods, when A , L and a, b, ¢ are known.

The Wavelength.,)Lof the electron beam can be
determined as follows:

The energy of an electrc.. with charge e, mass m,
velocity v and accelerated <chrough a potential difference V
is given by

eV = % mve (2.6)

From De Broglie's equation,

N= B = B (2.7)
mv /2meV

Cn substituting the appropriate values of h, m, e

and V, the expression for the wavelength of the electron
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becomes:

A~ f189 (2.8)

Congsidering the relativistic mess correction, equation
(2.8) can be shown to become

}\_ = ho
N/%V (eV + 2m0927

(2;9)

where the symbols have their usual meanings.
Hence, applying a known potential diffexrence V to

an electron beam, its wavelength can be determined.

2.2(b). Interpretation of Arc or Spot Pattern from
One~degree Oriented Specimens:

In such a gpecimen, the crystals have a certain
type of lattice row [UVW] in common, but otherwise randon
orientation about this axis. Such a lattice row is called
the orientation axis. Such a deposit will give an electron
diffraction pattern equivalent to that which would be
obtained by rotating a single crystal about the orientation
axis or any axis parallel to it. The one-degree
orientation is very rarely perfect and there is always a
certain amount of spread of the orientations of the crystals
away from the mean orientation axis. This, along with the
undulating nature of the 3ubstrate causes the diffraction

maxima to appear as arcs instead of spots.
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The natural undisturbed orientation developed in
most crystalline layers during deposition on inert
substrates are best studied by the reflection method, where
the electron beam strikes the surface at nearly grazing
incidence, The pattern in this case is due to
transmigsion through the projecting crystals which the electron
beam traverses without appreciable loss of energy.

Slightly more than half of the diffraction pattern is cut
off by absorption in the opaque specimen,

The Laue~zone method of interpretation of rotating
crystal patterns or one-degree oriented polycrystalline
specimens was developed in general form by Wilman (1952),
Por the case of orientation of an (HKL) plane parallel to
the substrate, it is necessary to determine U:V:W, where
[UVW] is the lattice direction perpendicular to the (HKL)
plane. The ratio U:V:W for the general triclinic case have
been calculated by Wilman (1952), and from this, expressions

for crystals of higher symmetry can be derived, for example

Cubic UsV:W = H:K:L

Orthorhombic:UsV:W = H : K ¢ L
2 .2 2
a b s

(2,10)

Tetragonals TU:V:W H:K:L/(_c_)z
a

Hexagonal:  U:V:W (2H+K):(H+2K):%LJ/(3)2
a
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A diagram is constructed showing the ring
positions and also the layer lines or lLaue~zones associated
with the [UVW] lattice row. These layer lines are
practically straight and normal to the projection of [UVW]
lattice rows on the plate and are equidistant with spacing

AT

i s wherc L is the camera length, Tﬁvw is the lgttice
uvw
translation vector along the [UVW] direction. Any

diffraction with indices hkl will lie at the intersection of
the hkl ring with the corresponding h'th order layer line,

where h!' = hU + XV + 1W (2.11)

Such intersecting points satisfying the relation
(2.11) are marked in the diagram, bearing in mind all the
symmetrically equivalent planes {hkl} giving rise to
diffractions on the ring position concerned.

If the one~degree orientation is very strong then
the pattern consists of short well defined arcs or spots:
if the orientation is weak then spots will spread into ares
along the rings. The angular spread of a spot along the
ring radius is a measure of the strength of the orientation,
i.e, it is a measgsure of the degree of exactness with which
the crystallites tend to be oriented with a plane parallel

to the surface,
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2.3, Measurement of Diffraction Patterms and
Identification of the Material:

Az

We have 4 = ~g So in order to determine 4, 7\L

and R are estimated. The ring radii R are measured by
using a travelling microscope.

A calibrated sphere-gap voltmeter is used to
measure the anelength.R,of the electron beam, The
readings from the scale of the gap directly give the
electron accelerating voltage in KV and by using equation
(2.8), the corresponding value of }kcan be determined.

The camera length L, which is the distance between
thie point on the specimen where tne beam impinges and the
photographic plate, is measured directly. In the present
work this length varied between 45 cm and 48 cm,

When more &accurate determination of )\L is
necessary, a pattern from a material of known lattice
dimensions is simultaneously recorded along with that of the
unknown material, from which Al.can be determined.

For identifying purposes, the experimental pattern
from the unknown substance may be compared with the data
obtained from X~ray or electron diffraction powder patterns
from known materials, For the X-ray powder pattern data
there is available the card-index file of the American

Society for Testing Materials., Por a comparison, (a) the
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values of R are plotted on a strip of paper using a
logarithmic scale, and (b), & second plot is made of "d"
values obtained from X-ray data for a relevant material on
a similar but reversed logarithmic scale. The two plots
may then be compared. If a correspondence is not obtained,
plot (a) must be compared with plots similar to (b) of some
other material which may possibly be present. Alternatively,
one can make use of Hyll-Davey charts to index the
diffraction rings if the material is cubiec, tetragonal or
hexagonal, from which the lattice parameters of the material
can often be determined, which may then lead to

identification of the material.

2,4, Vacuum Apparatus for Preparation of Films by
Condensgsation in Vacuum:

2.4(2), System to Produce a Residual Air Pressure of
1077 4o 1074 torr.

In order to prepare specimens at such a relatively
high pressure, an Edwards "Coating Unit Model 6E" was used.
The system consisted of a Metrovac Rotary Vacuum pump, and
a small oil diffusion pump of oil charge 11 cc. The
system could produce & residuval alr pressure of approximately
10”2 torr in a bell-jar of dimensions 15 cm dia, x 30 cm
long. The pressure was measured by using a "Speedivac"

Penning type gauge head connected to an Edwards Pirani
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Vacuum Gauge unit, A rubber gasket sealed the base of the
bell-jar. At the base plate of the system, glass-metal
seals were provided for electrical connections. Two copper
electrodes of diameter 2 mm and of suitable lengths were used
for further connecting these terminals to & tungsten heater
filament containing the metal to be evaporated. The heater
filament consisted of a coil of three turns of 0,012" dia.
tungsten wire, the coil being 2 mm dia. x 4 mm long. A
pyrex flat-bottomed dish, 12,5 cm dia. and 6.5 cm high, was
used as a screen inside the bell-jar to prevent the metal
vapour from going into the pumping lines. "Spec-pure"

zinc and cadmium films were prepared in this system.

2.4(b). 8System to Produce a Residual Air Pressure down to
10~° torr.

This system considted of a Metrovac rotary backing
pump, an Edwards F,203 0il diffusion pumnp using Apiezon "CU
0il, and an Edwards "Speedivac" liguid nitrogen trap. The
evaporation chamber was a pyrex tube 20 cm long and 7 cm in
diameter, One end of the tube was sealed with picein wax
to a brass annulus, which was soldered to the 2" diameter
stainless-steel mouth of the ionization-gauge head (Edwards
162M). The other end, which was in the form of a ground
flange, could be fitted on to the ground brags flange of the
pumping system near the liquid nitrogen trap, with a

neoprene "O" ring seal (fig.2).
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Four tungsten electrodes were fused through the
wall of the tube for electrical connections, A pyrex
shield was used to prevent any metal vapour from entering
the ionization gauge head during the evaporation of the
metal. Further precautions were taken while evaporating
Zn and Cd to protect the gauge head. Two brass annulus
rings were properly (fixed on flat pieces) put one in front
and the other at the back of the pyrex shield, The
external and internal diameters of the rings were 6.5 cm and
3 ecm respectively. This arrangement was found quite
satisfactory.

The system could attain a pressure of 2 xlO"5 torr
without use of liquid nitrogen within 90 minutes and 5 X10—6
torr with use of liquid nitrogen after a further hour of
pumping.

The tungsten heater filament coll was first
pre-hecated at a pressure of 10 % torr. An amount of about
0.3 gn of the experimental metal was carefully introduced
into the coil and a bead was made by melting it on the
filament by passing a current of about 6 amp, at a pressure
of 10"4 torr. A small quantity of the metal was always
evaporated away in vacuum in order to remove any surface
impurities.

The system was first used for meking filme of Zn
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and Cd. In view of the high mobility of these metals, the
whole system had to be thoroughly cleaned, and & new
ionization gauge head (Bdwards IG2M) fixed before further
use of the system to prepare films of silver, gold and

copper.

2.4(c), Ultra-High Vecuum System:

In order to prepare high-purity films it was
necessary to reduce the number of residual gas molecules
inside the evaporation chamber. For this purpose an
Ultra-high vacuum system (type FQD 45) supplied by Vacuum
Instruments and Products Ltd., was used. The getter-ion
pumps and the stainless—-steel body were made by Ferranti Ltd.

| The vacuum system consisted of a pyrex bell-jar,
114" diameter, 144" high, sealed by & viton gasket to the
flange of a cylindrical stainless—steel vessel of diameter
114" x 20" high. The stainless—gteel vessel was fitted
with ten flanged ports for connecting a mass—spectrometer
(type MS 10, ARI), an ionization gauge (Mullard 10G-12),
electrical connections, thermocouples, and & rotatable axis
(from Torvac Ltd) on which was mounted a shutter so as 1o
make films stepwise of various thicknesses. Copper/
ceramic seals for electrical lead-throughs and metal-valves
were used throughout except for the seal on the bell-jar.

When the pressure was to be reduced below 1 xiO"7 torr, the
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bell-jar was replaced by a stainless stecl %$op, sealed to
the main body by a copper ring, using special steel clamps
supplied for the purpose. The system was pumped by
sorption, sublimation and getter—~ion pumps.

Y’l‘he fore pumping was carried out by two sorption
pumnps used alternatively. Since & sorptionzzgaies for its
pumping action upon the absorption of gas molecules by a
chilled molecular sieve (aluminium calcium silicate)
contained in the lower portion of the pump, the pumps were
chilled by putting liquid nitrogen flasks around them for a
sufficient period of time. The major constituents of the
air viz., nitrogen, oxygen and argon, could bec absorbed by
these pumps and 2 pressure of 1 x10 > torr could be obtained.
The pumping action by these pumps is reversible and after
they were isolated by the all-metal valves from the main
body, they were allowed to warm up to room temperature, to
give off the adsorbed gas.

Titanium filaments (85% titenium, 154 molybdenum)
were used for the sublimation pump. This pump operated by
sublining titanium atoms from the resistance heated filament
(at 45-55 anps) and depositing the titanium on the adjacent
walls of thec system, which then formed stable compounds by

reacting with the active gases present within the systen.

There was no pumping speed for the noble gases and these were
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renmoved by using the ion~pump. To run the sublimation pump
efficiently, the rate of sublimation was so adjusted that a
fresh layer of titanium was deposited as soon as the old

one became inactive,

The Perranti Getter—ion pump (FJD 141) provided a
punping speed of 140 litres/sec. at pressures lower than
10”% torr. The system could attain a pressure of 1 x10~6
torr with the bell-jar and 5 %10~ 7 torr with the stainless-
steel top without baking, within 5 to 6 hours. After
baking the system overnight at a temperature of 150°C with
the bell-jar and at 25000 with the stainless-steel top, the

8 torr

pressure could be reduced to 1 x10™! torr, and 1 %10~
respectively. Since the present work involved especially
pressures down to that range only, further lower pressures
were not tried, although it was claimed that the system

could attain 2 pressure of 1 xlO-lo torr or even less.

Since titanium from the sublimation-pump unit was
deposited over most of the stainless-steel chamber, it was
considered desirable to mount a pyrex beaker 7 cm dia. and
6 cm high, round the region of the tungsten filament used for
preparation of specimens, to shield the substrate from any
trace of titaniun. The open upper end of the beaker was

shielded by an inverted pyrex crystallising dish, 15.5 om

diam., and 7 cm high, with its mouth at the level of the open
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end of the beaker. These two glass shields were cleaned by
acetone or propyl aléchol before each experiment,

The tungsten heating spirals were similar as
dcscribed iné2.4(a) except that the straight parts leading

to the spiral were 5 cm long.

2.4(d)., Preparation of Substrates.

Two kinds of substrates were used, viz, (1) glass
substrates and (2) stainless—-steel substrates,. The glass
substrates were portions of microscope slides of thickness
0,15 em and having smooth polished surfaces, 0.5 cm x 3 cm.
These were cleaned just before use by a solution of propyl
aicohol and nitric acid. The chemical action was sufficient
enough to degrease the substrates. When the reaction
between alcohol and nitric acid subsided, the substrate was
taken out, rinsed with distilled water and most of the water
renoved by touching the edge with a clean filter paper. A
substrate so cleaned was immediately introduced into the
deposition chamber.,

The stainless steel substrates were prepared from
2.5 mm thick sheets of stainless steel, and were 0.5 cm broad
and 3.5 cm long, or sometimes 0.4 cm broad and 1.5 cm long.
These substrates were abraded with wet 0, 2/0, 3/0 and 4/0
emery paper in sequence to ensure & finely smooth surface.

They were finally polished with "Bluebell! metal polish on
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'Selvyt! cloth. The substrgtes were next cleaned by
washing thoroughly with acetone or propyl alcohol, While
for Ag, Au and Cu this was sufficient to make the substrates
virtually grease-free, for the hexagonal metals Zn and Cd
further care was necessary. Evans (1950) experienced
splotchiness in deposition of zinc on glass substrates and
he pointed out this as due to high reflectivity of Zn on
even slightly contaminated glass surfaces. While in the
present work the same trouble was also experienced with these
hexagonal metals, yet it was observed occasionally that some
deposits were found to be fairly continuocung:c and uniform
when the glass substrates were cleaned several times by
repeating the process mentioned above, Much improvement
was achieved when the polished stainless-—-steel substrates
were degreased still more completely by heating them in air
in a pyrex test tube to a temperature of 150°¢, The
substrate was then allowed to cool down to room temperature.
An ordinary mercury-in-glass thermometer was used, well
cleaned before use. With substrates polished, cleaned and
degreased in this way, uniform and continuous deposits of
the hexagonal metals were obtained almost in & hundred per
cent of the cgses.

The substrates were placed beneath the preheated

vapour source at a distance varying from 1-3 em from it with
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one end directly under the source, so that the angle of
incidence of the vopour stream could vary from 0° at this

end to about 45° at the other.

2.5. Preparation of Specimens and Measurement of Rate
of Deposition and Thickness of Films:

2.5(a). Preparation of Pilms of Zn and Cd:

Spectrographically standardised rods of these
metals {approx. dimensions: 7 mm diameter and 10 cm long
each) were supplied by Johnson Matthey ILtd., London, in well-
protected covers. The supplier's reports on the estimates

of the gquantities of impurities are given below:

Materials supplied Impurities Estimate of Quantity
Present (parts per
~ million).
(1) Spec-pure zinc Iron 5
Silicon 1
Cadmium, Bismu+*h -
Magnesiﬁm, Cancium Bach less than 1
(2) Spec—pure Bismuth 1
cadmium Iron 1

Aluminium, Copper
Calcium, Magnesium ZEXach less than 1
& Silver '

The beads of any of these metals were prepared
following the procedure described in 2,4(a). A small
quantity of the metal was melted in the loop of the heater-

filament in vacuo at a residual air pressure of 5 x10~2 torr
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to 2 x10”% torr. The heating current was about 4 amps,
which was Jjust sufficient to melt these metals. The
distance between the source and the substrate in these
experiments was 3 cms. Various rates of depositions
starting from 30 A/sec up to 1000 A/sec were obtained by
simply varying the heating current slightly. These metals
gave serious difficulties in determining the thickness of
their films. Since these hexagonal metals were highly
mobile even at & pressure of 1072 torr, and since the walls
of the bell-jar (or the pyrex glass tube) reflected the
metal vapour profusely towards the substrate thus causing a
great deal of uncertainty in the film thickness estimation,
it was extremely necessary to reduce the reflection of metal
vapour from the surrounding walls., For this purpose, the
pyrex flat-bottomed dish ( cf.é2.4(a)) which contained the
stainless~steel substrate, was baked for 12 hrs at a
temperature of 150°C in a thermostat and then allowed to
cool Gown to room temperature before introducing it into
the evaporating chamber. The process was repeated for
every experiment. This reduced the reflection of the
hexagonal metal atoms from the walls of the immediate
surroundings as indicated by bright uniform deposition on
the inner walls of the flat-bottomed dish., However, the

deposition chamber of the system described in g2,4(b) could
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not be baked due to practical difficulties. In this case,
only the pyrex shield and the brass annuli were baked and the
rest had to be degreased by acetone several times. The
utmost care was taken in each experiment not to touch
anything inside the chamber by the fingers. Properly
degreaged stainless~steel tweezers were used for this
purpose.

During the evaporation of these metals the pressure
fell down by about a factor of six as was indicated from the
pressure measurements before and after evaporation. This
was due to the gettering action of the metal vapour atoms
with the gas molacules in the systen. It is admitted that
the exact pressure during the deposition process was not
known.,

Zn was evaporated at pressures of 5 x10 - torr,

2 x10™4 torr, and 1 x10~° torr; Cd was evaporated at a
rressure of 5 x107° torr only. The thickness of the films
was vaiied over a wide range, from 150 A to about 10,000 A,
After preparation of the films, 45 minutes to an hour was
always allowed for the film to cool down to room temperature
before letting in air to the system., The specimen was then
quickly transferred to the diffraction camera for

examination,
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2.,5(b). Preparaotion of Gold, Silver and Copper Films:

Spectroscopically standardised metals supplied by
Johnson Matthey Ltd were used for the present work. Their

estimates of the impurities in these metals are as follows:

Materials supplied Impurities Estimates of quantity
present (parts per
million)
Spec-pure silver Iron 2
rod Copper 1

Magnesium, Manganese Each less than 1

Spec-~prre Copper Nickel 3
rod Iron 2

Silver, Calcium,
Magnesium, Silicon Each less than 1
Mangenese, Sodium

Spec~pure Gold Iron 3
rod Silver 3
Copper, Magnesium Each less than 1

The general outline of t.: technique of preparation
of films of these metals was as described in &2.5(a).
Polished stainless-stecl substrates were used, unless
otherwise stated, for preparation of films of these metals.
In view of the high melting points of these metals (1063°C
for gold, 1083°C for copper and 960.5°C for silver) a
current of 6 to 7.5 amps had to be passed through the heater
filament in oxrder to make the bead and to evaporate the

metal, The distance between the bead and the substrate in
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the cases of silver and copper was 3 cm, and 1 cm in the

case of gold, Since the chemisorption ofi copper was
comparatively higher than the other two metals, a copper

bead had to be preheated for about 8 minutes by a current

of 3=4 amps just before the deposition was started, The
preheating for gold and silver was around 3 minutes, The
filament preheating, bead making, etc. were carried out at

a pressure of 1 x10~4 torr in the system described in 2.4(b).
Copper and gold films were prepared at a pressure in the

range of 5 x107° torr @y to 1 x10™° torr and silver films

6 and 2 x10°7 torr only.

were prepared at pressures of 1 x10~
The rate of deposition used for gold and silver was 28 to
35 A/sec, and that for copper was 10 to 20 A/sec. TFor
preparation of films of gold thicker than about 5000 A,
glass substrates were used, since such films were found to
peel off stainless-steel substrates. A few of the gold,
gilver and copper deposits were prepared simultaneously on
glass and stainless—-steel substrates to examine if there was
any change of structure with the change of substrates. No
difference was, however, obtained.

Since the U.H.V. system was to be very often baked
and pumped by heating the titanium-molybdenum filaments

within it, a considerably long period of time was always

allowed to cool down the system to room temperature before
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any deposition was carried out, A calibrated thermocouple
junction was introduced within thesystem and the hot junction
was kept just below the pyrex beaker containing the
substrate, in order to record the temperature of the system
in general and of the substrate in particular. Deposits

of variable thicknesses could be prepared by controlling the
rotatable shutter by hand from outside. Usually, three
deposits were prepared at a time, one at the middle of the
substrate to receive the vapour beam normally and the other
two on either side of it, receiving the vapour beam at an
angle of about 20-25° to the normal.

2.5(c)., Estimation of the Rate of Deposition and the
'Thickness of Films:

The thickness of a film was estimated by assuming
uniform spherical distribution of vapour atoms from a point
source onto the plane substrate. Under this assumption,
the thickness T of a spherical film of radius r is given as:

m, = e
o= 2 2 (2.12)

4n r%ﬁ

where m1 and m2 = nasses of the source before and after
evaporation,

fJ density of the metal,

source-~substrate distance,

r

The rate of deposition 4T/dt is given as:
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m, - nm
a4 - L.z (2.13)
4 r,Q t

where t = total time of deposition.

The more general equation for thickness of film is :

o= ( ——~—§~3 ) cos’ © (2.14)

where @ = the angle of inclination of the vapour streanm
measured from the normel at the point considered.

The thickness of the metallic film calculated fronm
eqn. (2.14) has been found to be satisfactory for the
present conditions, for deposits on substrates at room
temperature. The thickness calculated from the mass loss
of the bead was in some cases verified by comparison with
the mass gain of the substrate after deposition. In most
of the cases the possible error has been found to be within
5%, The thicknesses of a few of the sgilver deposits were
~hecked by & multiple-beam interfe-ence technique, using a
Vickers projection microscope. The variation of these
results from those calculated from equation (2.14) was found
to be negligible. The film was first prepared in the usual
way on a glass substrate, Then, a step was created along
the length of the film by scratching it with a sharp and
clegn razor blade. Another evaporation was carried out on

the top of this film to give a high reflecting power to the
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scratched part of the specimen, but leaving the step-height
unchanged. The specimen was then pressed ageinst another
very thin film prepared from the same metal on another glass
substrate. Beautifully coloured Fiﬁ%%&fringes were
observed when examined under white light in the projection
microscope, These fringes showed a distinct shift on the
two sides of a step of the film, from which the number of
fringes shifted could be counted and, knowing the wave-
length of the particular colour of the fringe, the thickness
of the step (which is also the thickness of the film) could
be calculated. Monochromatic light (approximately) gave
sharper fringes and greater accuracy. Figs. 3a and 3b

show the fringe shifts across the steps of two silver
specimens prepared at a residual air pressure of 2 x10—4

torr.
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SECTION 3.

RESULTS .

3,1, The Structure of Gold Films Condensed in Vacuum on
to Polished Stainless Steel at Room Temperature at
Approximately Gonstant Rate of Deposition (28 to 33
4/sec), in Relation to Film Thickness and
Residual Air Pressure:

Spectroscopically pure gold was deposited on to
polished stainless~steel substrates at roon temperaturc in
air at various residual pressures. The rate of deposition
was maintained at 28-33 A/sec. The source to substrate
distance was fixed at 1 cm.

The experimentally observed results are presented
in graphical form in Fig.4. The results at different
thicknesses of films and residual air pressures are
~resented below in greater detail.

A few deposits from commercially pure gold wire
(99.8% pure) were also prepared at 5 x10~2 torr. These
showed only random orientation up to a thickness of about
g000 A. However, further work with this gold was
discontinued, and the results discussed here are from the

deposits of the spec-pure gold.
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3.14a).The Structure of the Gold Deposits Condensed at
Normal Incidence of the Vapour Stream:

Gold condensed at pressures from 1 X:LO"8 torr to
5 x107° torr on to stainless steel subatrates at room
temperature showed initially randonly oriented crystals
having normal f.c.c. structure (Pig.4). At a certain
thickness, increasing with increasing residual air pressure,
the deposits began to show (111) preferred orientation.

The electron diffraction photographs show refraction

effects indicating the development of the densely populated
octahedral faces on the upper part of the growing crystals,
The minimum thickness at which (111) orientation was
observed was 240 A, in deposits prepared at 1 xlo_8 torr.
This critical thickness at which (111) orientation developed
at the highest pressure (5 x10_3) was ~700 A,

Above a particular thickness the (111) orientation
was found to change to 2 mixture of (111) + {111} twinning.
At a later stege a mixture of (111) + (211) orientation was
found, In a few cases a mixture of (211) + (100) was
observed., Beyond this particular thickness, stable (211)
orientation was obtained at all the pressures under
consideration.

While the change in orientation from random to

(111) was quick, the change from (111) to (211) was
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relatively slow. At the pressure 5 x10™> torr, the
thickness at which (211) was first found to develop was
1250 A, which was the ninimum thickness observed for this
preferred orientation.

The electron diffraction evidence on which the

above general observations are based is described below.

3,1a (1i). The Structure of the Gold Deposits at the
Initial Random Orientation Stage:

The electron diffraction patterms e.g. Figs.5
(a=~f) showed random polycrystalline orientation in deposits
of small thicknesses. The limiting thickness increases
with increase of pressure of the residugl air from about

8 torr to about 700 A at 5 %102 torr.

150 4 at 1 x10~
Fig.5(a) from & 150 A thick specimen shows diffuse rings,
mostly drawn downwards vertically due to the refraction
effect at the smooth surface.

Pigs. 5(b) and 5(¢) are from specimens 185 A and
340 A thick, prepared at a pressure of 2 1{10"7 torr and
5 %1078 torr respectively. Here also, the rings are
slightly diffuse and drawn downwards showing the formation
of atomically smooth faces at this early stage.

Figs. 5(d-f) also show continuous ring patterns,

but that the rings are sharper and do not show as nuch

refractive drawing out as in Figs. 5(a=-c)., This indicates
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that there is not much strong facet formation on the surface
of the deposits, thus the diffractions correspond nainly

to transmission of the electron beam through the relatively
steeply inclined projections on the deposits,

Tt ie hence observed that at the early stage of
the deposits, the strong facet formation is favoured more
and more as the resgidual air pressure is gradually reduced.

The mean crystal diameter 't!' of the deposits can
be calculated as from Laue's equation

K >\L

o= Bz cos )

(3.1)
where K = 0.9, [2, = "half width" of the rings,
2
) Bragg's angle at grazing incidence,
N and I are the usual wavelength of the electron
beam and the camera length respectively.

il

Using the proper values of the above guantities
and measuring the half widths of the different rings, the
nean crystal diameterf at this stage of orientation has been
found to lie between 250 A to 325 A,

Since the estimate oflﬁ% is small, the crystal
diameter thus estimated may be regarded as a minimum value
and the true nmean crystal size may be up to several times

larger than this,
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3.1a(ii)., The Structure of the Gold Deposits at the Stage
of Thickness where (111) Orientation Developeds:

From Fig.4 it is seen that the critical thickness
above which the preferred orientation with an octahedral
plane parallel to the substrate begins to develop increases
roughly exponentially with the pressure of the residual air
in the evaporation chamber as this rises from 1 x10™° torr
to 5 x10’3 torr,

Figs. 6 (a-f£) show the electron diffraction
patterns of these deposits. Pig.6(a) is from a deposit
250 A thick prepared at 1 x10™° torr. This is the earliest
stage of development of (111) orientation. An avppreciable
development of an arc of detectable intensity is seen on
the 111 ring centred on the plane of incidence of the
electron beam.

A theoretical diffraction pattern from (111)
oriented f.c.cubic crystals (with azimuthally randon
orientation) is shown in Fig.7(a). The shadow-edge
corresponds to the intersection of the substrate surface
with the plane of the photographic plate and normal to it lies
the projection of the [111] axis of orientation, which is
parallel to the substrate normal. The layer lines or the
horizontal Iaue-zones in Pig.7(a) define, by their
intersection with the ring positions, the positions where

the diffractions will occur,
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The comparison of Pig.6(a) with Fig.7(a)
unambiguously established the (111) type of orientation of
Pig.6(a). The arcing of the diffractions with a spread of
about + 10° from the mean indicateé a corresponding spread
of orientation of the crystals. The drawing out of the
arcs vertically downwards towards the shadow-edge indicates
refraction of the electron beam by the atomically smooth
erystal surfaces, which nust therefore be of octahedral-face
type normal to the vapour beam direction.

Diffraction patterns similar to the above were
also obtained from specimens 250 A thick deposited at
2 x10~7 torr, 450 A thick at 5 x10™° torr, 710 A thick at
5 xlO“4 torr and 750 A thick deposited at 2 xlO"3 torr.

The general features of these patterns were the sane
excepting in the variation in intensities of the arc patterns
and theilr spreads. The development of octahedral planes
secns to be relatively quicker at the lower pressures.

While the refraction effect is very prominent for Pigs.6
(a,b,c), it is considerably less in Pig.6(d). This pattern
shows relatively sharp rings but with long ares. TFig.6(e)
has & considerably long diffuse arc centred on the plane of
incidence on the 200 and 220 rings giving additional
confirmation of the (111) orientation of this specimen.

The (111) orientation, thus, developed very quickly

fron the random state, and once it sets in it goes on



Pig.7(a). Theoretical (111) Electron Diffraction
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Pig.7(b). Theoretical (511) Electron Diffraction
Pattern of Gold.
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developing rapidly up to a certain thickness of the
deposits.

Figs, 8(a;f) are from relatively thicker specinens.
Fig.8(a) shows strong (111) orientation from a specimen
925 4 thick prepared at 1 x10™° torr. The strong arcs
indicate the preferential growth of crystals having {111}
planes parallel to the substrate or nearly so. As in
Pig.6(a), the arcs on the 111, 200, 220 rings are prominently
drawn towards the shadow edge indicating high smoothness, on
the atomic scale, of the growing deposit. The arc centred
on the plane of incidence on the 111 ring has a spread of
1,50, showing still higher perfection of the development
of the octahedral orientation,

Fig.8(c) is from a specimen 1544 A thick prepared

at 5 x10"6

torr, The pattern is in general similar to
Fig.8(a), but the spread of the arc from the plane of
incidence, on the 111 ring, is + 30 - 8%ill shorter than
the above,. This indicates that near the upper linit of
(111) orientation region, the orientation becomes more and

more strong indicating more and more extensive {111} planes

on the crystals in the upper regions of the growing deposit.
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3.1a(iii)., The Structure of the Gold Deposits at the
Stage of Thickness where (111) Orientation
and §111} Twinning Developed:

From deposits at this stage (see Fig.4) the
electron diffraction patterns show diffractions due to (111)
orientation with additional short arcs due to the octahedral
twins of these crystals, as in Figs.10(a-e).

In all five photographs the strong (111)
orientation is seen along with the additional arcs from the
twins, e.g. in Fig.10(a) from a specimen 2516 A thick at
i = 0 prepared at 1 %1078 torr at 28 A/sec. In addition
to the pattern from the (111) oriented crystals, there are
diffractions from (511) oriented crystals. The two short
arcs almost symmetrically situated near the plane of
incidence, on the 200 ring, are due to the twins on the
octahedral planes. The strengthening in intensity at the
lane of incidence on the 331 ring ray be due partly to the
coalescence of the two arcs expected due to the (511)
oriented crystals and partly to the spread of the (111
orientation from the mean which will bring the §{331j planes
parallel to the surface of the substrate.

FPigs. 10(d) and (e) are patterns from the positions
of normal and 450 incidence of the vapour strean, in a

specimen 1400 A thick at 1 = 0, prepared at 32 A/sec, at






118

5 x107° torr. The [111] axis in Fig.10(d) is tilted away
from the normal to the substrate by about 10° towards the
vapour stream. The (111) arcs in both the patterns are
drawn towards the shadow-edge, indicating strong
development of {111} planes on the (111)-oriented crystals
parallel to the surface of the substrate, but no smooth
surface parallel to the substrate in the {111} twins.

The positions of the diffraction spots and the
orientation axis when {111} twinning occurs can be shown as
follows,

Fig.11(a) shows the side view of a cubic unit cell
of a crystal oriented with a (111) plane parallel to the
substrate and Fig.11(b) shows the rotation twin, derived
from Fig.11(a) by rotation through 180° about a cube
diagonal such as [11T], other than the one normal to the
substrate. In this lattice, which is the twin of that of
Fig.11(a), the (115) plane is parallel +tc the subsirate,
and thus the {115] axis is normal to it.

When a cubic lattice is twinned by 180° about an
axis [UVW], then a lattice vector [uvw] (relative to the
initial lattice) after the twinning operation, takes up
the new position having indices [utvtw'] (relative to the

initial lattice such that:
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Fig.11(a). Side view of the cubic Fig.11(b). Side view_of the cubic
unit cell of the (111) oriented unit cell of the [111] primary
gold. twin of the (111) oriented gold.
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u' = -u + 2YF

v' = -v 4 2VF (3.2)
‘ w! = -w + 2WP
where P = (uU+vv+wW)A@2+v2+W2/

This new vector [u'v'w!] has the indices [uvw] relative to
the twin axes,

Another way of expressing it is that if a certain
vector in the twin lattice has the indices [u'v'w'] relative
to the initial lattice, then the same vector has the indices
[uvw] relative to the twin axes.

In the present case of a rotational twin about

[11T] we have from eqn. (3.2):

ut = ~u + % (w +v -w)
v = -V 4+ % (v +v - w) (3.3)
w! = «w}if% (u +v -w)

Since [u'v!w'] is now [111]}, then by solving
I/3 and w = 5/3,

Hence a (115) plane of the twin lattice is now parallel to

]

equations in (3.3) we have u =-1/3, v

the substrate (i.e. normal to the [115] axis'and also to
the (111) plane of the initial lattice.

The azimuthal rvange of (111)-oriented crystals
is completely randonm about the normal to the substrate and
so also is the azimuthal range of orientation of the twins

ofi {111} . The theoretical positions of the diffractions
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due to these twins will correspond to the pattern from a
one-degrec (115) orientation relative to the substrate, as
is illustrated in Fig.7(b).

3.1a(iv). The JStructure of the Gold Deposits at the Stage

of Thickness where a Mixed (111) + (211)
Orientation Developed:

Referring to Pig.4 again, it is seen that above

the upper limit of thickness of the deposits where (111) +
{111} twinning developed, in & few of the cases of the
deposits a mixture of (111) and (211) orientation were found.
At this stage of these deposits, the new orientation with
the (211) planes parallel to the substrate begins to
develop. This, obviously, is a transitional stage from
(111) to (211) type of orientation.

Pigs.12(a~d) show some of these results. Tig.
12(a) and (b) are the diffraction patterns from the points
of normal and 45° incidence of the vapour strsam of a
specimen 970 A thick at i = 0, prepared at 28 A/sec at
5 xlO"3 torr, The strengthening in intensity at the
position of the plane of incidence on the 111 ring in effect
may consist of three arcs coalescing into a long strong arc.
The one at the niddle, on the plane of incidence of the
electron beam is due to (111) type of orientation, and the

two on either side of it are due to the (211) type of
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orientation. A slight strengthening of intensity at the
plane of incidence on the 422 ring (secn on the actual
negative plate) along with the two lateral axes on the 200
ring confirms the presence of {211} planes parallel to the
substrate along with the {11;}. Fig.12(b) is from -a
thinner part of the specimen and the pattern mostly consists
of diffraction arcs corresponding to (111) type of
orientation. The orientation axis is tilted towards the
vapour beam away from the normal by about 9°, In PFigs.
12(c) and 12(d) the development of (211) orientation is more
prominent than in Pig.12(a). In both these two cases the
central arc (which consists of three arcs) on the 111 ring
is drawn out towards the shadow edge, showing refraction by
these smooth crystél faces.

3.1a{v)., The Structure of the Gold Deposits at the Stage
of Thickness where (211) Orientation Developed:

Beyond the transitional stage showing the mixture
of (111) and (211) orientations there comes the stage of
thickness of the deposits when the surfece structure ceases
to show the (111) orientation and the (211) orientation
begins to preponderate, The change of orientation fronm
(111) to (211) in gold deposits is not very rapid. Some
of the results are illustrated in Figs. 13, 14 and 15,

¥ig.13(a) is from a region of i = 0° of a
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specimen 2520 A thick deposited at 30 A/sec in a residual
air pressure of 2 xlO”3 torr. The two strong short arcs
near the plane of incidence of the electron beam on the 111
ring are well separated with distinct fall in intensity in
between then. These two lateral ares, along with the two
on either side of the plane of incidence on the 200 ring,
lie on the same layer line parallel to the shadow edgec.
Further up in the 311 and 222 rings all the four lateral arcs
(2 pair each about the plane of incidence) also lie on the
same layer line. The 422 arc on the 422 ring along the
normal to the shadow edge from the central spot is also
clearly visible. All these distinct features agree with
the (211) theoretical pattern .of gold, shown in Fig.16.

Pig.13(b) is from a specimen prepared at 5 x10” %
torr of air at i = 0. The two lateral arcs on the (111)
ring are Jjust separated. The 211 arc on the 422 ring is
prominent, The arcs about the plane of incidence of the
electron beam on the 111 ring show some drawing out towards
the shadow edge. This indicates the development of an
atomically smooth surface with '211: types of planes growing
parallel to the substrate surface or nearly so.

Pig,13(c) is from the same specimen but from a
région where the vapour streanm was incident at i = 45°,

The tilt of -he [211] orientation axis away from the normal
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to the substrate is 22° towards the vapour stream.

Pig.14(b) is from a specimen 4333 A thick at i =
0°, prepared at 32 A/sec, at 1 x10°° torr of air. The
lateral arcs on the 111 ring, about the normal to the
substrate, show a2 little coalescence. The 422 are is
extended along the ring and the spread is 1120. The
pattern corresponds clearly to a (211) type of orientation.
The angle subtended by the two neighbouring lateral arcs on
the 200 ring at the central spot is about 790, corresponding
to 80° in the theoretical pattern. There is a slight
strengthening in intensity at the plane of incidence region
of the 200 ring. This may indicate the development of
some cube face orientation along with the main (211). But
the long 422 arc on the 422 ring suggests that there is
considerable rocking of the [211] orientation axis about
its mean position (and henceof the{422} planes) about the
vreme of nwivdewec of Yae clectron vean, This rocking
operation will occasionally bring along some of the (100)
planes parallel to the substrate surfasce, which may give rise
to Bragg reflections at the plane of incidence of the
electron beam, on the 200 ring. The absence of any
intensity at the region of the plane of incidence on the 400
ring further ruled out any strong (100) orientation.

F.g.15(c) is another very interesting diffraction
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pattern corresponding to i = 0° of a specimen prepared at
2 x1077 torr., The fall in intensity between the +wo
lateral arcs on the 111 ring is distinct. The spread of
the 422 arc is comparatively small (+ 8°), which suggests
less rocking of the [211] axis about the mean and
consequently the chance of any cube face becoming parallel
to the substrate is less, due to which there is considerably
uniform fall in intensity at the region of the plane of
incidence of the 200 ring.

It is observed from these results that one~degree
(211) orientation sets in earlier at higher pressures than
in lower pressures and the development of the {213} planes
parallel to the substrate surface is quicker in the high
pressure region. The (211) orientation is quite strong at
the high pressure region, as indicated by the shortness of
the diffraction arcs and absence of continuous ring intensity
vetween the arcs (cf, Figs. 13(a), 14(e¢) and 15{¢c)).

3.1(b). The Structure of the Gold Deposits Condensed at
Oblique Incidence of the Vapour Stream:

Ag discussed in section 2, the substrate was so
arranged below the vapour source that one of its ends
received the vapour at an angle of incidence i = 45° with
respect to the normal to tke substrate. In all the electron

diffraction examinations the beam was normal to the plane of
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incidence of the vapour stream at the region of interest
on the substrate,

It was realised that the diffraction patterns
cbtained from oblique vapour incidence regions should not be
exanined as individual specimens.Bo avoid erronecous
interpretation, regions of normal and oblique incidences
were explored from the same specimens.

The orientation axis showed a definite amount of
tilt towards the vapour stream direction. FPig.17(b) is
from the region of 45° incidence of a specimen 2225 A thick
at i = 0, prepared at 5 x10™° torr at 31 A/sec. The actual
thickness and rate of deposition st i = 45° are roughly one
third of these values at i = 0°, The mean orientation axis
shows a tilt ~ 259 away from the normal towards the vapour
strean for i = 45°, There is a little lack of symmetry in
the intensity distribution of the arcs. This indicates that
even at such obliquity of the orientation axis the
orientations of the crystal are not strongly azinuthally
limited. The pattern shows a2 strong (211) type of
orientation of the crystals at normal incidence of the
vapour strean, This orientation has not changed with the
obliquity of the vapour stream direction. The appreciable
perrnotion.of the electron beam by the deposit crystal

surfaces in the region investigated indicates that these
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surfaces are relatively smooth up to that region of 45°
incidence. The two lateral arcs on the 111 ring about the
mean orientation axis and the central arc on the 422 ring
(on the actual negative plate) can still be observed.
| Fig.13(c) is from the region of i = 45° from a

specimen 6250 A thick at i = 0 prepared at a pressure of
5 x10™% torr, Pig.13(e), like Fig.13(b), agrees well with
the theoretical pattern (Fig.16) for (211) orieatation.
The 422 arc in the central region of the 422 ring, the two
lateral arcs about the plane of incidence of the electron
beam are recognisable. In comparison with Fig.13(b), these
arcs in Pig.13(c) are much longer, indicating a considerable
amount of rocking of the tilted [211] axis about the mean
position, at this region of the specinen.

Fig.17(d) is from the i = 45° region of a specinmen
4520 A thick at i = 0° prepared at 5 x10™> torr. The
strong (211) type of orientation ox the crystals is obvious.
The tilt of the orientation axis is 22°, The intensity
distribution is very nearly symmetrical in the pairs of axeé
synmnetrically disposed about the [211] axis direction.
This again indicates that at the region of oblique incidence
there is no azimuthal preference of the ccystals about the
direction of the oblique orientation axis.

Figs.18(a~c) show the ((g,t) (i.e. tilt, thickness
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cf deposits at i=450) plots corresponding to the pressures

2 %1072, 5 x10™% and 5 %1072 torr, for i1 = 45°. TIn each of
the plots there is a general tendency of inerease in tilt with
thickness of the specimen up to a certain value beyond which
the tilt angle falls down. The tilt of a [111] axis of
orientation is less than that of the [211] axis in all the
cases., While at 2 XlO-3 torr the tilt increases rapidly
with thickness, the increase is sﬁow’ at lower pressures, viz.
at 5 x10”% torr enda 5 x1072 torr. The maximum tilts
observed were~25° (corresponding to t = 1050 A) at p = 2 %1077
torr;~22° (corresponding to t = 2226 A) at p = 5 x10~4 torr
and~17° (corresponding to t = 1750 A) at p = 5 x10™° torr.

It is thus observed that as the pressure of the residual air
is lowered, the amount of the maximum tilt of the orientation
axis decreases,

3.1(c), The Effect of Residual Air Pregsure on the

Structure of the Gold Deposits Condensed at
Normal Incidence,

The systematic results on all gold deposits are shown
in Fig.4, and it is seen that the lowest region, below the
line marked I, shows random orientation of the crystals for
inereasing thicknesses with increase of pressure. The
upper limit of this stage of thickness of the deposits
8

changes very slowly within the pressure range 1 x10™° torr

to 5 xlO"'6 torr, Above 5 xlO"6 torr the rise in this

limiting thickness is appreciable.
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The region between the lines I and II gives the |
stage of thickness where (111) type of orientation develops.
Here also, the upper limit of the thickness increases very
slowly with increasing pressure up to 5 x10"6 torr, and above
that the change is quicker. The line II shows a peak value
for a thickness of about 2500 A at about 5 x10-4 torr. Lbove
that pressure the graph falls down quickly.

The region between the lines II and III indicates
the stage of thickness where (111) oriemtation with {}11}
twins develops in the crystals. The line IITI shows a hunp
at about 5 x10~4 torr, and above this it falls rapidly.

There appears to be a small region betwezsn lines
III and IV, which shows a mixture of (111) and (211)
orientations, The region between the lines II and IV
indicates the transitional stage of the (111) orientation to
(211). The region beyond the line IV is the region of
scable (211) orientation.

Thus, it is clear from Fig.4 that although the
sequence of occurrence of the different orientations in gold
deposits is the same at all the pressures investigated,
yet, the initial thicknesses at which these different

orientations occur are different at different pressures.
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3.2, The Structure of the Silver DeBosits Cpondensed in
Vacuum onto Polished Stainless-steel at Roon
Temperature, at a Rate of 30 to 35 A/sec, in
Relation to Thickness and Resgidual Air Pressure:

Thin films of silver were condensed onto polished
stainless~steel at room temperature, at a nearly constant
rate of deposition of 30 to 35 A/sec. The specimens were

® and 2 %1077 torr of air, using the

prepared at 1 x10~
U.H.V. system. Dutta (1968) investigated the structure of
silver films prepared at residual aiPf pressures from 7 xlO'"3

6 torr at a rate of 30 to 35 4i/sec.

torr down to 7 x10~
Keeping the same rate of deposition, the present experiments
provide further results down to lower air pressure.

The results at normal incidence of the vapour
stream are presented in Fig.19. For silver deposits, also,
the crystals are randomly oriented at the early stages of
e owth, They begin to develop octahedral faces and a
preferred orientation with an octahedral plane parallel to the
substrate, as the thickness of the deposits increases.
At a still higher thickness the (111) orientation is
accompanied by {111} twinning, which at a later stage of
growth changes completely to one-degree (211) type of
orientation,

Further interpretations of the results are presented

in the subsequent sections.
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3.2(a). The Structure of the Silver Deposits at the
Barliest Stage of Thickness where Randonm
Orientation Developed:

In the present range of pressurcs used (2 x10™!

and 1 %107° torr), the silver deposits up to a thiclkmness of

~ 1000 A showed the polycrystalline random structure. The
upper limit of their critical thickness was observed to
decreage with decrease of pressure, unlike the observations
of Dutta (1968) made at higher pressures,

Figs.20(a~d) are typical, showing continuous rings, -
The rings do not show appreciable drawing out a# their
inner edge due to refraction of the electron bean, This
indicates that there is no strong facet Tormation on the
surface of the deposit at this stage of thickness. The
surface may be assuned to consist of relatively steeply
projecting crystal surfaces which allow transmission of
the electron beam with negligible refraction.

Fig.20(c) is from a specimen ~700 A thick prepared
at 1 x10°° torr, at 32 L/sec. The rings are sharp and
distinct and without much refraction. Using eqn. (3.1)
the mean crystal diameter of the specimen can be estimated.
Considering the 200 ring, the}g% value is found to be 0.32
mm.,  Allowances must be made for the broadening of the

rings due to the finite width of the primary beam as
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estimated from the central spot of the pattern (~0.10 mm),
and also due to the breadth of the specimen traversed by the
electron beam at low angle of incidence which corresponds
effectively to the camera length.

In the present case L = 50 cm and the breadth of
the specimen is~0.,5 cm. Hence, the broadening of the ring
radius due to this cause is about 1% of the radius of any
ring. Por the 200 ring (radius 1.1 cm) it is 0.11 nm.
Thus, the half-width /3% attributable to the diffraction
broadering is approximately estimated asﬁz% = (0,32 - 0,10
-0,11) mm = 0,11 nn, Taking ;k= 0.0509 A corresponding to
an accelerating voltage 55 XV, e»uoo, the mean crystal
diameter is calculated as 210 A.

Considering the pattern in Fig.20(d), the value
offg% is 0,185 mm,‘>L= 0.053 A, and the mean crystal
diameter is=~-130 A,

3.2(b). The Structure of the Silver Deposits at the Stage
of Thickness where (111) Orientation Developed:

At a certain stage of thickness depending upon
the pressure (see Fig.l1l9), there is preferrcd growth of
crystals having an octahedral plane parallel to the substrate
or nearly so. The thickness at which (111) orientation
initially develops gradually decreases with decrease of

pressure. The thicknesses at which (111) orientation is
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first observed at 1 x107° torr and 2 x10™7 torr are 1350 4
and 990 A respectively. The locus I in Fig.1l9 marks the
film thickness at which (111) orientation begins to develop.
The locus II defines the upper limit of the region of
thickness characetrised by (111) orientation, and in further
deposition another orientation, (211), begins to grow

(Dutta 1968).

Figs.21(a-d) and PFigs.22(a-d) are typical
photographs. Fig.21(a) is at normal incidence of vapour
stream, 4072 A thick and prepared at 2 %10~ torr of air,
at 35 A/sec. The pattern shows a clear and strong (111)
oricntation of the crystals. The arcs are relatively short
and sharp and are drawn out towards the inner side of the
rings, especially the inner rings. This indicates that
there is a strong development of the {111} faces which are
parallel to the substrate or nearly so. The angular spread
of the central arc on the 111 ring is about + 11°.

30° in the

]

Fig.21(b) is from the region where i
same specimen, Conmparing this pattern with the theoretical
one for (111) orientation of a f.c.c. metal (Fig.7a), it
can be recognised as showing a (111) type of orientation,
There is no appreciable tilt of the orientation axis for
this obliquity of the vapour stream. The lack of

asymnetry in the intensity distribution of the pattern
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indicates that there is no appreciable azinuthal linmitation
of the crystals about the direction of the vapour strean,
at this region of the specimen. The spread of the central
arc on the 111 ring &s + 20° - showing similar spread of
the {\111} faces about the mean axis of orientation,
Pig.22(a) is from the region of normal incidernce
of the vapour stream of a specimen 1550 A thick prepared at

6 torr at 35 A/sec. . This also shows a clear (111)

1 x10™
type of orientation pattern. The central 111 arc is short
and sharp with an angular spread of~+ 10°, The pattern
shows a considerable amount of refraction towards the shadow
edge, indicating development of atomically smooth
octahedral faces parallel to the substrate or nearly so.
Similarly Fig.22(c) is from the i = 0° region of
a specimen 3196 A thick prepared at 1 xlO—6 torr of air at
28 A/sec. The angular spread of the central 1il arc is
about + 8° only, showing very little spread of the crystal
orientation from the mean {111} orientation. There is
again strong refrazction of the electron beam by the
evidently smooth (111) faces.
It was observed that the (111) orientation once
started begins to develop rapidly. The orientation becones

stronger as the thickness increases irrespective of the

pressure of the residual air.
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Figs.23 and 24(a and b) are electron micrographs
of the 1 = 0, i = 23° anda i = 45° regions respectively of
a silver specimen 1547 A thick prepared at 30 4/sec, at
2 x10"7 torr of air. The specimens were examined by
self-shadowed Pt/C replica technique in & J.E.0.L. JEM 7
electron microscope. The electron voltage was 80 KV, the
shadowing angle 15° and magnification 50,000 X.

All the three photographs show the roughness of
the surface to some extent. The film surface is
continuous, the crystals meeting one another along more or
less irregular polyhedral boundaries. No distinet
variation in crystal size is obvious fronm the thrse
photographs taken from the three regions of the same
specimen, the mean crystal dianeter being about 200-250 A,

No wvery clear plane crystal faces can be recognised.
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3.3. Ihe Structure of the Copper Deposits Cendensged in
Vacuunm onto Polished Stainless—steel 21 Roonm
Temperature at 17 to 22 A/sec in Relation to

Thickness and Residual Air Pressure:

Spectroscopically pure copper was cvaporated and
condensed onto polished stainless steel and glass substrates
at room temperature under various residual air pressures.

The method for preparing the films was as for gold and silver
described earlier in 3%.1 and 3.2, Since the heating
current could not be increased beyong a certain limit and
since it was desired to keep the distance between the bead
and the substrate the same (= 3 cm, as in the case of silver),
the rate of deposition could not be raised beyond 22 A/sec.
As mentioned in 2,5(b), the copper bead had to be prcheated
for about 8 minutes before each evaporation. The pressure
rose considerably (by a factor of=-5) during this operation,
2l sufficient time was allowed foo +the evaporating systen
to attain the required pressure every time before the actual
evaporation process.

The results obtained are presented in Fyg.25 for
nornal incidence of the vapour strean, Detailed
discussions of the results are presented in the subsequent

sub~sections.
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3.3(a). The Structure of the Copper Deposits Condensed
at Normal Incidence of the Vapcur Hirean:

As in the previous two cases of gold and silver,
copper deposits condensed on glass and polished stainless
steel at room tenperature showed randonly oriented crystals
at the early stage of growth with normal f.c,c. structure,.
The range of pressures of the residual air in which the
£ilms were prepared was 3 x10™° to 3 x10™° torr. Pig.25
shows that at certain ranges of thickness, decreasing with
increasing pressure, different kinds qf preferred
orientation developed in the deposits,.

At a certain thickness (locus I in Pig.25)
increasing with decreasing pressure of residusl sir, the
octahedral faces begin to grow parallel to the substrate,_
the crystals having a preferred (111) type of orientation.
The ninimum thickness at which (111) type of orientation was
vbserved in the copper deposits is 650 4, in films prepared
at 3 xlOm5 torr., At the lowest pressure, 3 X10—8 torr,
the first signs of (111) orientation were observed at a
thickness of about 1200 4.

At a certain upper limit of thickness of the
deposits, at locus II in Fig.25, the (211) type of
orientation sets in. At 3 x107° torr, the (211)

orientation was first observed at 1240 A +thicknesgs which
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which was the minimum thickness observed for this type of
orientation. This ecritical thickn%ii increcased alnmost
linearly with decrease oflpressure and at the lowest
pressure in this investigation (3 x10~ torr) this mininun
thicknesgs was found to be about 3000 A,

In only one case, a mixture of (110) and (111)
orientations was obtained for a specimen 1200 A thick
prepared at 2 X10"7 torr of air, and still in shother case
a mixture of (111) orientation + {;1;} twinning was obtained
for a specimen 1725 A thick prepared at 5 x10™° torr.

The changes in orientation from the randon to (111)
type and from (111) to stable (211) type were rapid in
comparison with thozse of gold.

Thus, the region below the locus I is the region
of randon orientation of the crystals, that between I and II
is the region of (111) type of orientation and the region
beyond the locus II is the region where stable (211) type of
orientavion developed,

The electron diffraction evidence of the
development of the above mentioned orisntations are

described below step by step.
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%3,%3ta(i). The Structure of the Copper Dcposits ot the
Initial Randon Orientation Stage:

This stage of thickness increased from about

8torr

490 A at 3 x10™° torr of air to about 1010 A at 3 x10~
as the pressure of the air decreased.

Figs.26(a~d) show typical electron diffraction
patterns consisting of continuous rings of copper with sone
cuprous oxide rings. Pig.26(a) is from & specimen 910 A

8 torr at 20 A/sec.  The

thick prepared at 3 x10
continuous sharp rings show that this has not been any
preferred growth of any type of crystal plane parallel to
the surface of the substrate. Some feint Cu2O rings are
visible along with the main pattern. There is little or no
drawing out of the wyings towards the inner edges of the
rings, which indicates that there is no strong developnent
of facets on the crystals. The pattern is hence due to
whe transmission of the electron beam through the projecting
tips of the crystals at the deposit surface.

Pigs.26(c and d) are from specimens 500 4 and 470 A

6 and 3 x10™° torr respectively, at

thick prepared at 5 x10
21 A/sec. The presence of Cu,0 is prominent in the
specinens as is indicated by the strong Cu2O rings in both
the patterns. The main copper pattern can be recognised

without much confusion. The rings are continuocus and fine
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and do not show much refraction of the electron beanm. In
all the four specimens it is observed that at the early
stage of growth of the crystals there first develops a rough
surface, on the atomic scale, The situation is independent
of any variation in the pressure of residual air in the
evaporating systen.

The mean crystal diameter of the deposits can be
estimated from Laue's equation (3.1). Considering the 111
ring of Pig.26(a), the ring radius is 1.15 cm, the measured
half-width of the ring is 0.%5 mm and the width of the
primary electron beam as estimated from the central spot is
0.15 mm, Taking 7\= 0.05 A for an accelerating voltage of
55 KV and camera length L = 48 cm, we have the broadening
effect of any ring dve to the width of the specimen (6 mm)
as 0.125% of the ring radius. Hence the actual /3% value
for the 111 ring is (0.35 - 0.15 - 0,14) mmn = 0.06 nmmn.
Lsing this value of/z% in equation (3.1) the mean diameter
of the crystal is about 360 A.

Fig.26(c) is from a specimen 500 A thick prepared
at 5 X10-6 torr of air, ThefB% value in this case for the
111 ring is estimated as (0.34 - 0.1 - 0,165) mn = 0,075 mm.
Thus, corresponding to ;\= 0.05 A and I = 48 cn, the mean
crystal diameter of this specimen is about 288 4.

Lig in the previous cases of gold and silver, since
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B;~is very small, the estimated crystal diameters can
2

best be regarded as nminimum values and the true mean
crystal size may be much larger than these calculated values,

3.3a(ii). The Structure of the Copper Deposits at the
Stage of Thickness at which (111) Orientation

Developeds

Beyond a certain thickness of the copper films
the crystals begin to show (111) type of orientation. Fige.25
shows that the critical thickness of the deposits at which
(111) type of orientation begins to develop increased
nearly rectilinearly with decrease of the logarithm of the
pressure, within the range of 3 x107? %o 3 %108 torr of air.

Figs.27(a~d) and 28(a-4) illustrate typical
diffraction patterns.

Fig.27(a) is from the i = 0° region of a specimen
2300 A thick, prepared at 3 xlO"8 torr and devosited at
20 4/sec. The central arc on the 111 ring together with
the two lateral ones are recognisable. (in the actual
negative plate). The pattern undoubtedly indicates a (111)
type of orientation. The central arzc on the 111 ring has a
spread of roughly about + 110, indicating a corresponding
spread of the (111) orientation. The Cu,0 pettern is also
strongly present. . The relative ring positions of the Cu

and the Cu,0 are shown in Pig.27(b), for casyviveference.
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Fig.27(c) is from the i = 0° region of a specimen
1550 A thick prepared at 2 x10"7 torr of air at 18 4/sec.
The pattern shows strong (111) orientation of the copper,
along with the strong (111) orientation of Cu,0. The spread
of arcing and hence of the orientation from the mean, is
+ 10°.  Here also, the strong refraction of the electron
bean indicates development of (111) faces, which are nearly
parallel to the electron bean.

Pigs.28(c) and 28(4) are from the i = 0° and i =
450 regions respectively of a specimen 2200 A thick prepared
at 2 x10”7 torr of air. Both the patterns show (111) type
of orientation. The Cu pattern arcs are relatively sharper
then those of the Cu,0. The spread of arcing is + 12°,
The patterns in Pig.28(d) show the same features as those of
Pig.28(c). There is no detectable tilt of the orientation
axis even though the direction of the vapour stream is 459
as the point wherc the beam grazed che specimen. The
corresponding Cu20 pattern also does not show any tilt of its
orientation axis,

The maximum thickness beyond which (111) type of

8 torr.

orientation ceased to develop was about 2500 A at 3 x10°
One specimen 1150 A thick prepared at 2 x10—7 torr
showed a mixture of (111) and (110) orientations (Pigs.29(a)

and (b)). Vhkile all conditions during its preparation were
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identical with those in that region, the thickness estimation
may perhaps have been in error, The reason for this
anomalous result is not clear,

3.3a(iii). The Structure of the Copper Deposits at the

Stage of Thickness where (111) ' Orientation
+ §111} Twinning Developed:

Beyond the locus II in Fig.25 is the stage‘at which
this kind of mixXed orientations develops. This region is
confined between the loeci II and III. In only three
deposits such development of {11#} twinning along with (111)
orientation was observed.

The diffraction photographs showed preferential
growth of the crystals having {111} planes nearly parallel
to the substrate together with the (115) orientation which
develops due to twinning on the {111} planes (ecf. 3.1la(iii)).

_ Figs.30(a,b,c) illustrate some of these results.
Fig,30(a) and 30(b) are from the i = 0° and i = 45° regions
respectively of a specimen 1800 A thick prepared at 5 X.lO"6
torr of air. In Fig.30(a), in addition to the mein (111)
type of diffraction pattern, some arcs corresponding to (511)
type of orientation are visible, The two lateral ercs on the
111 ring on radii at + 35° from the.plane of incidence are
due to the (511) type of orientation of the crystals, The

two arcs on the 200 ring on either side of the plane of
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incidence of the vapour streanm are aléo very distinct (at
abqut the 11 o'clock and 1 o'clock positions). Some
strengthening in intensity is also visible in the central
region of the 511 ring (in the actual negative). The
directions of the [111] orientation axis and the [511]
orientation axis seem to coincide, both being normal to the
substrate. The slight strengthening in intensity at the
central region of the 331 copper ring may be due to the
2oalescence of the two arcs expected in that region due %o
(511) type of orientation.

The pattern in PFig.30(b) shows the same festures
as ia Fig.30(a), but here both the main [111] and [511]
axes are inclined towards the vapour strean by slightly
different angles. Though the two neighbouring arcs on
either side of the central arc are on the 111 ring are not
visible distinetly, yet the two other neighbouring arcs on
the 200 ring are clearly visible. There is very little
asymmeiry in the intensity distributions of the identical
arcs on either side of the orientation axis, This nay
mean that there is no azimuthal limitation for the grazing
crystals about the orientation axis.

3,3a(iv) The Structure of the Copper Deposits at the Stage
of Thickness where (211) Orientation Developed:

Unlike .the case of gold, eopper deposits did not
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appear to show any nixture of (111) and (211) types of
orientation in the transitional stage. The change in
orientation from (111) to (211) is relatively rapid in this
case, Beyond the stage indicated by the locus IIT in Fig.25
the oectahedral orientation mixed with ite twinning ceases
to develop and the (211) type of orientation sets in. Here
also, the thickness of the deposits for first development
of (211) orientation increased almost linecarly with decrease
of the logarithm of the pressure of the residual air in the
systen. The minimum thickness observed was-~-1300 A, the
deposit being at a pressure of 3 x10° torr of air.

FPigs, 31, 32 and 33 illustratc typical diffraction
ratterns obtained.

Pigs.31(a) and 3%1(b) are the diffraction patterns
from the i = 0 and i = 45° regions respectively of a
specimen 1700 4 thick prepared at 3 x10™° torr at 20 A/sec.
Considering Fig.31(a), the two short lateral arcs on the
111 ring on either side of the plane of incidence of the
electron beanm are well separated by the zero-intensity
region on the central part. These two arcs along with the
two similar lateral arcs on the 200 ring lie on the sanec
layer line (4th layer line) which is parallel to the shadow

2nd

edge. The arcs lying on the layer line on these two

rings are aiso visible, The two lateral arcs further up






in the 311 ring near and on either side of the plane of
incidence are also seen to be separated by nearly zero
intensity in between. The 422 arc on the central region

of the 422 ring is visible with a spread of about + 11°,
All these distinet features show this agrees clearly with a
(211) type of orientation. The {211} planes have developed
parallel to the surfoace of the substrate within an azinuthal
spread of + 11° (approx.) about the vapour strean direction.
The short and sharp arcs on the 111 and 200 rings do not
show any refraction effect of the electron bean. This
means that there is no strong development of facets on the
growing crystals.

The pattern in Fig.31(v) shows the same (211) type
of orientation but with the orientation axis tilted towards
the vapour strean,

Pig.31(c) is from the i = 0 region of a specimen
1250 A thick prepared at 5 x107° torr. This also shows a
clear (211) orientation pattern with the 422 arc on the
central region of the 422 ring distinctly visible along with
the other features. The CuZO pattern also shows a (211)
type of orientation.

Fig.32(a) shows the diffraction pattern from the
i = 0 region of & specimen 8500 A thick prepared at 2 x107/

toryr., The two lateral arcs on the 111 ring near the plane
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of incidence are distinctly separated. The GuZO rattern
which is strong here also shows (211) type of orientation.
The strengthening in intensity at the central region of the
331 ring may be either due to the coalescence of the two
neighbouring lateral arcs expected in that region due to
(211) type of orientation, or may be due to some of the {331}
planes coming into the Bragg's reflection position due to
considerable rocking of the{?l%} planes of the crystals.

All the photographs show very little refraction
effect., The conclusion is that there is no strong {211"):;
facet formation parallel to the substrate and the surface of
the growing crystals is relatively rough on the atomic scale.
The strong Cu20 pattern is due to the highly reacting habit
of copper with oxygen either in the preparation chamber or
during transit to the camera.,

3.3(b). The Structure of the Copper Deposits Condensed
at Obligue Incidence of the Vapour Stream:

The electron diffraction examination of the regions
of the inclined incidence of the vapour stream on the
substrate was carried out for several specimens. In nost
of the cases there was no change in orientation except in a
few described below, where the orientation changes from (211)
to (111), or from (111) + {111} twinning. 1In all the
exaninations the electron beam was normal to the plane of

incidence of the vapour stream.
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The orientation axes indicated by the diffraction
patterns showed varying amounts of tilt although the
obliquity of the vapour stream was constant, While at
higher pressures the tilt was appreciable, at the ultra-high
vacuum region it was almost unnoticeable,

Pig.27(e) is such a diffraction pattern from the
i = 45° region of aspecimen 1300 A thick at i = OO, prepared
at 5 x10°° torr of air. The [111] axis of orientation does
not show any tilt towards the vapour beam direction. The
vattern clearly corresponds to one of oblique (111)
orientation. The 111 arc on the 111 ring is visible (more
clearly in the actual negetive plate). The tilt of the
[111] axis is very small,~8°,

Fig.31(b) is from the i = 45° region of a specinen
1750 A thick at i = 0, prepared at 3 xlO“5 torr, I+ shows
partly a strong (211) orientation together with the (111)
orientation, The two arcs on the 111 ring near the plane
of symmetry on both sides of it, and the 422 arc on the line
of symmetry of the pattern, are visible together with the
intensification of intensity of the central region of the
111 ring. The tilt of the [211] axis is~16° but the [111]
axis shows almost no tilt.

Fig.28(d) is from the i = 45° region of a specimen

2200 4 thick at i = O prepared at 2 %10~ torr of air. The
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Cu20 pattern is strong and the Cu pattern is weak. Yet,
the (111) orientation of both the patterns can be recognised.
The [111] axis shows no tilt towards the vapour stream.

Figs.34(a and b) show the plot of tilt vs.
thickness, i.e. (cS, t) for the specimens prepared at 5 3:10_6
and 3 xiO"5 torr respectively, for i = 45° of the vapour
stream and for constant rate of deposition, Fig.34(z)
shows that the tilt of the orientation axis at the initial
stage of thickness up to about 560 4 (at i = 45°) shows very
1ittle change. Ag the thickness increases the tilt also
rises gradually up to a certain maximnum after which it falls
down again.

Fig.34(b) shows the ((5, t) plot for results
obtained from deposits prepared at 3 x10™° torr. The
general nature of the graph is identical with that of Fig.
34(8). The maxinum tilt is around 26° corresponding to a
thickness ~1500 4 (at i = 45°),

The electron diffraction patterns obtained from
the i = 45° regions of the specimens prepared in the ultra-
high vacuum range, did not, however, show any tilt of the
orientation axes. Two diffraction patterns of such
specimens have already been presented in Figs.28(d) and 29(b).
This behaviour seems to be very unusual and perhaps requires

further checking.
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3.35(c)s The Effect of Residual Air Pressure on the
Structure of the Copper Deposits Condensed
at Normal Incidence of the Vapour Streanm:

The loci in Pig.25 show the effect of the pressure
of the residual air on the structure of thin filns of copper.

The sequence of the development of preferred
orientations with increasing deposit thickness, in all the
pressures investigated, is the sane. In the initial stage
the orientation is random, which gradually gives rlace to
(111), (111) + {111} twinning and finally to (211).

The loeci, I, IT gnd III indicete the boundaries of
these four stages. All the three loci rise rectilinearly
with decreasing log (pressure), and have different slopes.
'This indicates that the minimum thickness to develop a
particular orientation increases with decreasing pressure.
For exemple, the minimum thicknesses at which (211)
orientation was observed at 3 x107° and 3 x10°° torr were
1250 A and 3150 A respectively. The loci, if extrapolated,
would tend to meet at a pressure of about 10—3 torr.

It is hence concluded that the pressure of the
residual air in the preparation chamber influences the
orientation of the.growing crystal deposits systematically,
in addition to the effects caused by the other deposition

paramncters.
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3.4. The Structure of Zinc and Cadmium Deposits Condensed
on Glass and Stainless-steel Substrates at Roonm
Temperature and Constant Initial Pregsure, in
Relation to Thickness and Rate of Deposition.

Spectroscopically pure zinc and cadmium were
deposited on polished stainless-steel and in a few cases on
glass substrates. The rate of deposition was varied for
different specimens prepared at different constant pressures
of air,

The tendency for splotchiness of the deposits of
these metals (Evans, 1950) was avoided in the present work
by *aking still further precautions to ensure substrate
clecanliness. The polished gtainless-gteel substrates,
after being thoroughly washed by propyl alcohol, were heated
in a pyrex test tube to about 150°C for a nminute or two to
vaporise any last traccs of grease (for details see 2,4(d)).
after cooling these substrates dow. to room temperature
(in the test tube, with a wad of paper tissue, excluding free
entry of room air), they were transferred to the deposition
apparatus and evacuated, and films werce prepared there.

For obtaining correct estimation of thickness of
the films, reflexion of the vapour atoms of these metals from
the walls of the enclosure was mininised by similarly

degreasing ‘iue surrounding surfaces as far as practicable
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(cf. 2.5(a))., Checks of the mean film thickness by direct
weighing then confirmed that estimates based on mass loss
fron the bead, and the bead-suhstrate distance were correct
within about 10-20%,

These hexagonal metals were highly reactive with
the re¢sidual air in the systen, These metals gettered the
gas surrounding the bead and thereby lowered the pressure
during the deposition process. In the case of the f.c.c.
metals this phenomenon was not observed, So, for long
deposition processes of Zn and Cd, the pressure was gradually
diminishing with time due to the removal of the oxygen
molecules by the metal bead and deposits. The pressures
mentioned hexe, hence, are only the initizcl pressures.

Evans (1950) observed that Zn could not be
deposited at low rates due to high mobility of the metal.

In the present work while the trouble was appreciated, yet
by introducing thc inproved method of substrate cleanliness,
Zn and Cd could be deposited at rates as low as 25 A/sec.

The diffraction rings were sharp and spotty,
indicating the growth of large crystals in thc deposits,
at least 500 A in diamcter, or probably nuch more,

Further, nost of the patterms showed some
additional arcs due to the presence of Zn0, which was

probably mainly formed during the transfer of the specinen,
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The oricentation of this hexagonal Zn0O appeared to be
sinilar to those of the Zn in the same specinen,

corresponding to epitaxial relationship.

3.4(a). The Structure of Zinc Deposits Condensed at

Normal Incidence of the Vapour Stream at 5 x10™2
torr of Air on to Stainless—-steel and Glass at

Room Temperature:

Spec-pure Zn was deposited mostly on stainless-—
steel substrates at rates of 25 to 990 A/sec to give films
from 150 to 11,000 A thick at 5 %1072 torr of air.

The results are plotted in Fig.35. The plot
shows four regions of different orientations observed in
the zinc deposits condensed at this pressure,

In region I a mixture of (001), (100) and (101)
orientations is developed, This region extends from about
610 4o to 3000 A corresponding to rates from about 810 A/sec
t0 930 A/sec.

In region II one—-degree (101) orientation occurs.
This region extends roughly from about 150 A to 2500 A at
25 A/sec or, to 4250 A at 990 A/sec.

Region III is a transitional stage from (101) to
(112) oricntation. This narrow region shows & mixture of
(101) and (112) types of orientation. It extends fronm an
estimated thickness of ~1000 4 t0o~4500 A corresponding to

rates of deposition from- 125 A/sec to~650 L/sec.
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The electron diffraction evidence of these
separate regions is discussed below.
3.4a(1i)., The Structure of Zinc Deposits at the Stage where

(100) + (101) and (100) + (001) + (101)
Orientation Developed:

Referring to Pig.35 it is seen that it is the
region I where these orientations are found to develop.
This is a region of high rates of deposition with a ninirum
observeda value about 810 A/sec.

Figs.36(a~d) show the diffraction patterns and
some of these deposits.,

Fig.36(a) gives the diffraction pattern from the
i = 0° region of a specimen 680 A thick prepared at 5 %1072
torr of air, and 810 A/sec. Referring to the theoretical
(100), (001) and (101) patterns, PFig.37(a,b,c), it is seen
that this pattern consists of a mixture of these three
orientations, The lone central arc on the plane of
incidence, on the 002 ring, is visible, showing the
development of {001} planes parallel to the surface of the
substrate. There is a strong arc at the plane of incidence
on the 100 ring with two lateral arcs near the shadow edge
of the pattern. The second order diffraction at the plane
of incidence on the 200 ring is also visible. The two

lateral arcs on the 100 ring along with the two lateral arcs
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Pig.37(2). Theoretical (100) Electron Diffraction
Pattern of Zinc.
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Fig.37(b). Theoretical (001) Electron Diffracti
Pattern of Zinc,
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Fig.37(c). Theoretical (101) Electron Diffraction
' Pattern of Zinc.
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Fig.37(d). Theoretical (112) Electron Diffraction
Pattern of Zinc.
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on the 101 ring above the shadow edge lie on the first layer
line, All these features, and the arc positions on other
rings also, show the presence of zinc crystals oriented with
a {;OO} plane parallel to the substrate or nearly so. On
top of these two component patterns there is present the
strong (101) pattern. The strong central arc on the (101)
ring and a long lateral arc which is duec to the coalescence
of three arcs, on each side of it are clearly visible.
The slight strengthening in intensity at the central region
of the 102 ring is due to the coalescence of the two
neighbouring arcs expected about the central region on that
ring.,

Fig.36(c) is from the i = 0° region of a sbecimen
2436 A thick prepared at the same pressure but at 900 4/sec.
This pattern shows weak (100) and (101) orientations. The
spread of arcing of the central arc on the 100 ring is about
+ 160, showing corresponding spread of the crystal
orientation. The spread of the central arc on the 101 ring
is also about + 15°. The slight strengthening in intensity
at the plane of incidence on the 201 ring is due to the
coalescence of two neighbouring arcs expected at that region
due to (101) type of orientation of the crystals.

Pig.36(e) gives the diffraction patterns from the

a
i =0° region ofgspecimen 1362 A thick prepared at 875 L/sec.



179

This also shows a mixture of (100) and (101) types of
orientations. The spread of arcing in both the cases is
about + 159,

In all these cases the diffraction patterns are
more or less similar. The arcings show very little
refraction of the electron beam,indicating development &F
of relatively rough surface on the growing crystals. These
diffraction patterms almost correspond to the iransmission
type, the beam passing through the projecting crystal tips.

Except in the case of Fig,36(a), the other
illustrations did not show (001) type of orientation at
1 = 0% but all the specimens showed (001) type together
with (100) and (101) at obligue incidence of the vapour
stream.

Pigs,.36(g and h) illustrate the back-reflection
optical microphotographs of the i = 0° and 1 = 450 regions
respectively of a 2141 4 zinc specinmen prepared at 850
Afsec, The electron diffraction patterns of this specimen
showed (100) + (101) at i = 0° and (100) + (001) + (101) at
i = 459, The deposit is largely continuous and is rough-
surfaced. The photographs are taken at & magnification of
1220 times.

Deposits of similar thickness prepared on glass

substrates had a similar appearance as Fig.36(g and h) in
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back~reflection microscopy. But in transmitted light they
are fully opaque and therefore continuous films, Much
thinner deposits (~ a few hymdred A) did show small isolated
zinc crystals,

3.48(ii), The Structurc of Zinc Deposits at the Stege
where (101) Orientation Developed:

In Fig,35 it is seen that it is in region II
where {(40%1).Oricentztion dewvnidpedl.. .. This region
roughly extends from about 150 A at 25 A/sec to about 2500 A
at a lower rate of deposition (~175 A/sec) and to about
4000 A at a high rate of deposition (~990 4/sec). However,
the region of thicknesses between 250 A and 700 A at rates
lower than about 75 A/sec was unexplored.

Some of the diffraction patterns of the results
incorporated in this region of Fig.35 are illustrated in
Pigs.38(a-f) and 39(a-f).

Pig.38(a) gives the diffraction pattern from the
i=0° region of a specimen 198 A thick prepared at a rate
of deposition of 40 A/sec. This is a relatively thin
specimen prepared at this low rate of deposition. The
central arc on the 101 ring has a long spread of about + 25°,
The fall in intensity at the region of the plane of
incidence on the (100) ring is clear, The long arcing at this

early stage of development of crystal growth may either be
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due to prominently uwndulating surface of the substrate or
to almost random orientation of the ccystals. The long arc
on the 101 ring shows a little drawing out towards the inner
edge of the ring. This indicates the beginning of the
facet formation parallel to the substrate.
Pig.38(c) is from the i = 0° region of a specimen
452 A thick prepared at 150 A/sec. Phis shows strong (101)
orientation. The central 101 arc on the 101 ring is
separated from the two lateral arcs on the same ring with
slight fall in intensity at the tail regions of the arcs,
Although there is a coalescence of the two lateral arcs on
eitner side of the plane cf incidence on the 112 ring, yet
a slight fall in intensity in between them can be observed.
The slight vertical drawing out of the 101 arc shows
refraction of the celectron beam due to the appreciable
development of ;101; planes parallel to the substrate.
Fig.38(e) shows a clear (101) pattern from the
i = 0° region of a specimen 718 A thick prepared at 71 4/sec.
Although the spread of arcing of the 101 arc is about + 150,
yet it is distinct and well separated from the coalesced
lateral arcs on it. The geaps at the region of the planc
of incidence on the 100 ring, and on the 112 ring are
visible, The refraction effect is appreciable,

Pigs.39(a2,c and e) are also from the i = 0°
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regions of thicker deposits. Fig.39(e) is from a specimen
3819 A thick prepared at 860 A/sec. These specifications
of deposition parameters indicate that it is very near to
region III, where there is the development of (112) type
along with (101). Here, (101) is very prominent. The
strengthening in intensity at the region of the plane of
incidence on the 112 ring is, hence, attributable to the
beginning of the development of (112) type of orientation.

Pige.38(g~j) are the beck-reflection optical
micrographs of the different regions of two specinmens whose
diffraction patterns gave (101) type of orientation. The
thicknesses and rates of deposition are indicated in the
caption. Magnification is 1220 times. That the specimen
surfaces are rough and largely continuous can be seen fronm
the photographs.

3.4a(iii). The Structure of Zinc Deposits where (101) +
(112) Orientations Developed:

Region III in PFig.35 is of slightly thicker
deposits where (101), (112) or a nmixture of both these
orientations were found to develop. This perhaps is the
transitional stage between (101) and (112) orientations.
This region roughly extends from 2600 A to 4000 A at lower
rate of deposition (150 4A/sec) to about 3500 4 to 4500 A

corresponding to high rate of deposition (650 A/sec).
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Diffraction patterns from two specimens from this
region are illustrated in Pigs.40(a-d). PFig.40{(a) is from
the i = Q° region of a 3206 A thick specimen prepared at a
rate of 130 4A/sec. That the pattern is a nmixture of (101)
and weak (112) can be ascertained by examining the important
features of these two individual theoretical patterns (Figs.
37(c) and (d)). The strong and comparatively long 101 arc
on the 101 ring along with the coalesced lateral arcs, one
on each side of the plane of incidence are recognisable.
Looking at the 112 ring, it is seen that the two lateral arcs
on either side of the plane of incidence are connected by a
slight strengthening in intensity in between the fwo (in
the actual negative plate). Alr.ost continuous intensity
on the plane of incidence region of the 103 ring may be due
to either of the two orientations.

Fig.40(c) is from the i = 0° region of a specimen
about 4000 A thick, prepared at~400 A/sec. This is also &
mixture of (101) and (112) types of orientation, The long
arc on the plane of incidence region of the 112 ring is
partly due to coalescence of the two lateral arcs expected
due to (101) orientation and partly due to the weak (112)
orientation of somc of the crystals. 4 small proportion of
the crystals on the growing deposit have developed with

their {112} planes parallel to the substrates along withflOl}.






188

The strengthening in intensity on the central region of the
201 ring is due to the coalescence of the two neighbouring
lateral arcs arising due to (101) type of orientation.

3.48.(iv). The Structure of Zinc Deposits at the Stage
where (112) Orientation Developed:

Region IV, of still thicker deposits, in Fig.35,
shows where one-degree (112) orientation developed in the
deposits. This region roughly extends beyond & thickness
of about 4iSO A, The retes of deposition varicd between
150 A/s=c and 670 A/sec. Within this range of the rates of
deposition and beyond the above limiting thickness, the
deposits showed stable (112) type of orientation,.

Some of the diffraction patterns obtained fron
specimens corresponding to this region arc presented in
Figs.41(8-1).

Pig.41(a) is from a 4990 A thick specimen prepared
at 250 A/sec. The strong 112 arc on the planc of incidence
of the 112 ring is visible. The four arcsg, two on each side
of the plane of incidence, on the 101 ring are clearly
recognisable with reductions in intensity in between then.,
The two lateral arcs about the 112 arc on the 112 ring are
also well distinguishable, All these fceatures show this is
a strong (112) type of orientation, with [112] axis normal to

the surface of the substrate. The spread of arcing is about
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+ 20°, The pattern does not show appreciable refraction,
showing development of relatively rough surface in the
growing deposit.

Pig.41(c) shows a strong (112) orientation pattern
from a 5470 A thick specimen prepared at 550 A/sec. The
strong arc at the plane of incidence on the 112 ring has a
spreed of about + 20°, The two lateral arcs on the 101
ring are well separated by a fall in intensity Yetween them.
The two lateral arcs on the 1st layer line of the 100 ring
are also scen to be well distinguishable. The slight rise
in intensity at the plane of incidence of the 212 ring is
due to the coalescence of two neighbouring lateral arcs.

The arcs on the low order rings chow refraction of the
electron beam, showing strong development of {112} faces on
the growing deposit. The line drawn from the middle of the
112 arc to the central spot is normal +to the shadow edge of
wne specimen, showing that the {112} plancs are developed
normal to the vapour stream and all azimuthal orientations
occur about it. The two rings with strong arcings below
the 100 ring are due to sone Zn0.

Fig.41(e) is another strong (112) pattern from the
i = 0° region of a~10,000 A thick deposit prepared at~670
A/sec. L1l the features of a (112) pattern are present in

it. The spread of arcing is about + 21° about the mean
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orientation axis, indicating similar spread of the
orientation, The refraction effect is appreciable and hence
the strong facet formation is conclusive. The {112} facets
have developed perpendicular to the vapour strean direction.

Fige.41(b,d and f) correspond to the i = 45° region
of the specimens mentioned above, These results are
discussed in a later section.

Figs.41(g and h) are the optical microphotographs
of the 1 = 0° and i = 459 regions of the specimen whose
diffraction patterns are illustrated in Figs.41(e and f)
respectively.

3.4(b). The Structure of Zinc Deposits Condensed at the
Normal Tncidence of the Vapour Stream at a

Pressure of 2 x10~ " torr of Air on to Stainless
Steel Substrates at Room Temperature:

The results from the deposits prepared at 5 %1072
worr suggested that at lower air p:essures there night be
more tendency to develop more (100) and (001) orientations
in thin zinec deposits.

The deposits prepared at 2 X10-4 torr 4id indeed
show mostly a mixture of (101) and (100) orientations at the
thinner stage, up to about 750 A (region I in Pig.42).
However, at slightly larger thicknesses (~750 - 1750 A), a
new kind of crientation approximately intermediate between

(101) and (112) was observed (region II in Fig.42).
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Typical diffraction patterns from deposits in
region I are shown in Fig.43. TPFig.43(a) is from the i = 0°
region of a 190 A thick specimen preparcd at 38 A/sec.

This shows 2 mixture of mainly (101) and to a very small
extent in part, (100) orientation. The lateral arcs on the
112 ring about the plane of incidence are well separated
showing no possibility of (112) orientation, The nediun
strong 100 arc on the 100 ring is recognisable,. The second
order 200 arc on the 200 ring is faint, but the two lateral
arcs on the 100 ring are very strong. These features
indicate the development of weak (100) oricntation along
with the main (101) orientation. Obviously, (101)
orientation has been favoured more than the (100). The
very little refraction of the arcings shows development of
at least some proportion of almost atomically smooth surface
on the growing deposits.,

Pig.43%(c) is from the i = 0° region of a 300 A
thick specimen prepared at 150 A/sec. This is also a nmixed
strong (101) and weak (100) orientation pattern. The
spread of arcing is about + 20° about the mean. Since the
{201} planes are inclined to the {101} at an angle less than
this, the rocking of the [101]*axis may bring some of the
{201} planes to Bragg-reflection position, thereby causing

the 201 arc to be strengthened in intensity, in addition to
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the coalescence of the two lateral arcs as is seen in the
diffraction pattern. The faint 100 arc on the 100 ring is
well recognisable along with the two long lateral arcs near
the shadow edge.

The other patterns from‘region I deposite at
higher rates (to~800 4/sec) were closely similar to Figs.
43(a) and (ec).

In or around the region II of Pig.42, seven
deposits showed a mean orientation which had diverged away
fron a (101) orientation by about 10° towards (112). Figs.
44 (a-d) are fronm some of these specinens, whose orientations
were intermediate between (101) and (112).

Taking Fig.44(a) it is seen that the two short
arcs near the plane of incidence on the 101 ring are
separated by a weakening in between them. The [101]* (the
* denoting reciprocal-lattice indices) orientation axis is
tilted away from the specimen normal by about + 10°,
Similarly the [112]*% axis is deviated away by about + 15°.
Thus, it is neither a perfeet (101) nor a (112) orientation.
However, this orientation axis appears to be intermediate
between these two directions, practically in their plane,
because the angle between them is about 26°, i.e. the sum
of the above two angles,

Aimost similar patterns are shown in Figs. 44(Db)
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and (d) from two other deposits from the region II.

Only three experiments were carried out on thicker
deposits in region III of Pig.42. Pig.45(a) is from the
i = Q° region of a specimen 3020 A thick preparcd at 175
A/seo. The 103 arc on the 103 ring is long and the 102 arec
on the 102 ring is short. The lateral arcs on the 101 ring
are well separated, The pattern approximately conforms to
the theoretical pattern for (103) orientation. Pig.45(b)
corresponding to the i = 45° region shows asynmetry in
intensity and arc positions. This nmight be regarded as
indicating a practically (102) orientation azimuthally
linited due to the developuent of {001} faces. The
crystals which have grown preferentially have azinuthal
oricntations such that the (001) face is most nearly normal
to the vapour strean, The 100f arc is produced by the
crystals in this most preferred azimuth and lies on & radius
perpendicular to that of the 002 arc. The presence of the
110 arc shows that a range of azimuths up to at least + 30°
is present. The 100 row of diffractions is indicated by
g straight line in the figure. The OOQ row below this line
and 11Q and ZOQ:rows above it are also clearly visible.

The presence of extensive (001) faces on the
crystals during their growth at this later stage of

deposgition is probebly associated with the oxygen partial
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pressurce having become nuch reduced by the gettering action
of the condensed zinc in the apparatus.

in alternative explanation of Fig.45(b) is
possible, however. Since this pattern contains not only the
OOQ, ’ 102 and 20,!,;1 rowe of arcs, but also the 11 1? row which
is also parallel to them, with the 110 arc centred on the
same redius as the 100 and 200, it can be considered to
indicate practically a (001) orientation with its axis [001]
along the vapour stream direction ((001) face perpendicular
to this), and having an azimuthal distribution round this
[001] axis of more than + 30°, from the main azimuth of the
above described (102) orientation. This therefore
corresponds to a continuous azimuthal range round the [001]
axis, in view of the hexagonal symnetry round this axis.
This interpretation seems to be best, because (1) the 102 arc
in the plane of incidence is not strong enough to be
contributed to by the main bulk of the crystals; (2) the
110 row line is substantislly parallel to the 00f, 10¢ ana
202 , and (3) 100, 200 and 110 arcs are all ccntred on the
samne radius. The rangc of crystal orientations in the
specimen surfr.ce region corresponding to the two
interpretations is ncarly the same, however, when the svread

of + 15° of the orientation axis is taken into account.,
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3.4(c). The Structure of Zinc Deposits Condensed at the
Normal Incidence of the Vapour Strcam at a
Pressure of 1 x10~2 torr of Air on %o Stainless
Steel at Room Tenmperature:

A few deposits were prepared at this pressure.
The nininun thickness of a deposit obtained was about 250 A&
and the ninimum rate used was 70 A/sec. As in the
experiments at a pressure of 10-4 torr of air, the thinner
deposits mostly showed (101) and (100) orientation for the
normal incidence region of the vapour strean.

FPig.46 shows the plot of these results. Figs.
47(a-d) show some of the diffraction patterns obtained fronm
these specimens,

Fig.47(a) from the i = 0° region of a 300 A thick
specimen prcpared at 300 A/sec. The arc positions on the
101, 102, 103, 112 rings show that this is a mixture of
/100) and (101) patterns. The 101 arc on the plane of
incidence of the 101 ring is extended along the ring due to
considerable rocking of the [101]* axis about the mecan.

The angular sprcad of the 101 arc is about + 18°, Such an
anount of rocking is bound to bring some of the {20%} planes
to Bragg reflection position, as is sceen fronm the
gtrengthening in intensity of the 201 arc at the plane of
incidence. The coalescence of the neighbouring arcs near

the plane of incidence on the 201 ring due to (101) type of
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orientation, is also present. The (100) orientation is also
clear. The 100 arc on the plane of incidence of the 100
ring and its second order arc on the 200 ring are
recognisable. The two short lateral arcs on the 100 ring
near the shadow edge are clearly wvisible. The refraction
effect on the arcings of the 101 ring indicete stronger
development of {101} plenes than {100} ones.

Pig.47(d) is from the i = O° region of a specinmen

~ 3500 4 thick prepared at~300 A/sec. It shows a roughly

(135) type of orientation as can be seen from a comparison
with the theoretical pattern Fig.48. The lateral arcs on
the 101 ring are well recognisable; the lateral arcs near
the plane of incidence of the 112 ring are also in positions
required by the (135) type of orientation, There is a
little asymnetry in intensity and positions of the arcings
showing that the vapour stream is not exactly normal to the
specimen surface at the point considered.

Fig.49(a-4) are the optical nicrographs of some of
the deposits prepared at 1 x10~° torr of air.

Pig.49(a) is the optical micrograph of a deposit

~T00 A thick whose diffraction pattern gave a (101) + (100)

type of orientations, The visible striations are due to the
abraded surface of the stainless-steel substrate,

Fig.49(c) is an optical micrograph of a~10,000 A |
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thick specimen prepared at 350 A/sec. The crystals show a
discontinuous surface with crystal size much smaller than
that of a thin deposit. |

Figs.49(b and d) are the opticel micrographs fron
deposits prepared on glass substrates. Fig.49(b) showed
(101) type of orientation and Fig.49(d) showed (114) type
of q;ientation. The crystal size is relatively larger
thaﬁ?%he 10,000 A thick deposit.

3.4(d) The Structure of Zinc Deposits Condensed at
Obligue Incidence of the Vapour Stream:

Ags has been mentioned earlier, the substrate was
placed below the source in such a way that one end of it
received the metal vapour at oblique incidence. For
comparison of the surface orientation at the oblique end
with that of the normal end, the diffraction photographs
obtained from these two regions have been presented at the
sane place,

For thin deposits no azinmuthal limitation of the
erystals were observed, But for thicker deposits (~5000 A
and above) crystals were in a limited range of azimuth about
the snecinen normal, Many of the deposits showed .variation
in the surface orientations at oblique incidence relative to
that at normal incidence,

Figs.40(a and b) are at i = 0° and i = 45°
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respectively for a specimen 3206 A thick, While the
pattern at the normal—incidehce region shows a nmixture of
(101) and (112) orientations, the one &t 45° incidence shows
only (101). Pigs.36(c and d) show that at normal incidence
of the vapour stream the deposit has developed (100) + (101)
orientations but at oblique incidence it has also developed
(001) along with (100) and (101). Similar results are seen
from Pigs.36(e and £). At i = 45°, the deposit is only
about 1/3 of the i = 0° thickness (and the rate of deposition
also 1/3) and this leads to the differcnce in the
orientation.

Pigs.41(a and b) show another example of change
of orientation from (112) at i = 0° to a mixture of (112)
and (101) at i = 45°, There is no visible asynnetry of
intensity or arc positions in this pattern (Pig.41(b)).

Icr thick specinens asymmetry in arc positions end
eheir relative intensities have been observed,

Fig.47(c) is such a one from the i = 45° region of
a 4500 4 thick specinen, The asymmetry of the arc positions
along with the intensity distribution is pronminent. A
prominent series of 100 diffractions is distinctly visible
with an inclination towards the vapour streom direction.
This indicates strong development of {OOl}faces at the

oblique incidence end of the specimen, the preferred azimuth
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being that at which the (001) face is facing the vapour
strean most nearly normally. The strong refraction caused
by the crystal plane faces further supporits the evidence of
the growth of {001} faces nearly perpendicular to the

oblique vapour beam direction.

3.5, The Structure of Cadmium Deposits Condensed at a
Pressure of 5 XlO"3 torr of Air on to Stainless
Steel Substrates at Room Temperature:

A few deposits of cadmium were prepared at tﬂis
pressure, Various rates of deposition starting from about
150 A/sec up to about 975 A/sec were tried, The filnm
thicknesses at the normal incidence of the vapour stream
varied roughly between 175 A and 6750 L.

The results obtained from these deposits are
plotted in Fig.5C. Most of the deposits showed (1like zinc
had done) either one-degree (101) or a mixture of (101) and
(100) orientation. out of 21 experiments 8 showed one-
degree (101), 10 showed a mixture of (101) and (100), 1
showed a nixturc of (101), (100) and (001), and one showed
one-degree (112) and the last one showed approximately (102)
orientation, The type of orientation appears again to be
systematically dependent on the film thickness,

A line of demarcation can looscly he fittcd between

the two regions I and II in Fig.50. The region I extends
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fron a thickness of~750 A to about 3250 A and thé region II
extends beyond 3250 4.
Region I :~ Results of the deposits of this region mostly
show a nixture of (101) and (100) orientations. Out of 13
results coming within this region only one showed one-degree
(101), one (112) and one a mixture of (101), (100) and (001).
A1l these threc results were obtained at rates of
deposition higher than 450 A/seo.

Some of the electron diffraction patterns from
the deposits of this region are presented in Pigs.51(a-2).
Fig.51(a) is from the i = 0° region of a specimen 3007 4
thick prepared at 600 i/sec. Referring to the theoretical
pattern Fig,37(d) for (112) oriented zinc (Cd has the axial
ratio ¢/a~1.88) it is confirmed to be one~degree (112).
The 101 arcs about the plane of incidence are separated by
a fall of intensity in between them. The twc short lateral
arcs just above the shadow edge on the 100 ring arc also in
agreement with a (112) pattern. The 112 arc on the 112 ring
is distinct although it has a long spread of + 20°. Sone
of the rings show spottiness in then, indicating the
formation of large crystals on the growing deposits.

Pig.51(b) is from the i = 0° region of a 1500 A
thick specimen prepared at 475 A/sec. The short and sharp

arcs on the plane of incidence on the 101, 100 and 001 rings
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are clearly visible. The second order arcs on the 200 and
004 rings on the plane of incidence arc also visible, The
slight strengthening in intensity of the arcs at the plane

of incidence region of 102 and 103 rings may indicate the
preferential development of some crystals in (102) and (103)
orientation along with the main (101), (100) and (001)
orientations. In the main, however, it is a pattern showing
a mixture of (101), (100) and (001) orientations.

Figs,51(c and d) are from the i = 0° and 1 = 45°
regions respectively fron a 1700 A thick specimen prepared
at 700 A/secc. Both these patterns show strong (100)
orientation mixed with (101)., Here also, & short and faint
arc at the plane of incidence of the 102 ring is visible.
The other arc positions of the pattern do not allow it to be
interpreted as a (102) type of orientation. I+t nay be that
due to the rocking of the [101]* axis about its mean
wirection (as is evident from the relatively long arcing on
the 101 ring) some of the {102} planes might have come to
the Bragg-reflection position. Fig.51(d) does not show any
change relative to Fig.51(c), indicating that the crystal
habit is not sufficiently well-defined to be coming into
play at oblique incidence of the vapour strean.

Region II :~  Results of the deposits of this region mostly

show one-degree (101) type of orientation. Only one
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specimen about 6750 A thick prepared at & rate of 300 A/sec
showed a slight deviation from the (101) towards (102),
which, however, was not very perfect.

The electron diffraction patterns of some of these
deposits are shown in Pigs.52(a-4d). Pig.52(a) is from a

~6000 A thick specimen prepared at~300 A/sec. The central
arc at the plane of incidence of the 101 ring is distinctly
visible along with the two lateral arcs on it. The two
side arcs just above the shadow edge on the 100 ring are
visible with a clear long gap in between. The slight
strengthening in intensity in the plane of incidence region
on ithe 112 and 102 rings agé due to coalescence of two
neighbouring arcs on each of thenm, The spread of the 101
arc is about + 120, indicating a corresponding spread of the
{101} planes.

Fig.52(b) is from the only specimen in this region
which gave a mixture of (100) and (101) orientations. This
was a8 3530 A thick specimen prepared at 300 A/sec. The
arc positions on the rings show it to have a mixture of (100)
and (101) orientations. The spread of the 101 arc is about
+ 16°,  Such a long renge of rocking of the [101]* axis
can bring some of the{lOZ} and{io3} planes to the Bragg-
reflection position, In fact, there is a short intense arc

at the plane of incidence region of the 102 ring. The arc
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at the plane of incidence on the 201 ring is mainly due to
the coalescence of the two neighbouring lateral arcs
expected duc to (101) type of orientation. The pattern
shows spottiness of the rings, indicating the large size of
the crystals (~500 4 diameter) on the growing deposit,
Pigs.52(c and d) are from the i = 0° and i = 45°
regions of a specimen 4527 A thick prepared at 1000 A/sec.
These show weak (101) orientation, indiceted by the arc
positions on the different rings. The central arc on the
101 ring in Pig.52(c) is long, but still can be distinguished
fron the side arcs. Pig.52(d) does not show any
apprecicble difference in orientation. There is, however,
a very little asymmetry in the iatensity distribution anong
the similar arcs on the same ring, indicating very little
azinuthal limitation of the crystals around the vapour-
stream direction. The spottiness of the rings again
indicates the presence of large crystals on the surface of

the deposit.
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SECTION 4.

DISCUSSION,

4,1, The Results for Gold, Silver and Copper:

4,1(a)., The Origin and Development of the Preferred
Orientations in the Gold, Silver and Copper

Deposits:

The results obtained from these deposits and
described in 3,1, 3.2 and 3.3 are self-gonsistent and
reproducible. It was concluded that for all the three metals,
at all the air pressures investigated, the sequence of
orientations observed as the deposit thickness increased was
the same (apart from additional development of some
hexagonal silver lattice at pressures near j.O"2 torr),

The sequence of different orientations in these
metals was:~ random, (111), (111) + {111} twinning,
*3llowed by (211) and/or (110), ((211) mixed with (111) in
the case of gold). In the case of silver, after the random
stage, (111) orientation was observed up to a thickness of
about 15,000 A at the ultra-high vacuum region. At higher
pressures Dutta (1968) observed the next stage as a mixture
of (111) orientation and {111} twinning, which was followed
by (110) and (110) + (211). This new orientation (110) was
not observed in gold and copper and also not in the silver

deposited in ultra-high vacuunm.
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The origins of the different orientations in these

deposits are discussed in detail in the following sub-sections.

4,.1a(i). The QOrigin of the Random Orientation in the
Initial Stage:

In silver and copper deposits, the upper limit of
the thickness up to which random polycrystalline orientation
was observed, was found to increase as the residual air
pressure decreased from 10—2 torr. In the gold deposits,
however, this thickness decreased with decreasing pressure
(cf. FPigs. 4, 19 and 25), In fact, the general nature of
all the three metals is concluded to be the same. The
thickness before the initial (111) orientation is developed
decrcases on both the sides of a peak value corresponding to
a particular residual ailr pressure.

The surface of an amorphous substrate is presumably
rough on the atomic sceale. When the atom-~pairs or the
three-dimensional crystal nuclei are formed from the metal
atoms deposited from the oncoming vapour on to such an
atomically rough surface at room temperature, the mobility of
the metal atoms is so small that although the atoms pack
closely into a crystalline aggregate, the nuclei do not take
up any preferred orientation of lowest potential energy
relative to the mean substrate plane surface. Further, the

presence of the gas molecules in the system may reduce the
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mobility of these already low-mobility atoms, thereby
decreasing the migration effect of the atoms at this early
stage. This may also hinder any preferential growth of the

nuclei,

4,12(ii)., The Origin and Development of the (111)
Orientation:

In all these three metals the next stage was the
development of one-degree (111) orientation. The upper
limit of this stage &lso varied systematically with pressure.
Evidenily, at a particular pressure, different for the three
different metals, the thickness of the deposit at which (111)
orientation begins to develop, reaches 2 maximum and
gradually falls on either side of it (Pigs. 4 and 19).
Although copper did not show such a peak down to the lowest
pressure investigated, it can be assumed that at a still
lower pressure the loci I, II and III in Pig.25 would have
attained peak values and thereaftei decreased to lower values
as in the cases of gold and silver,

Ag a deposit, at first made up of randomly oriented
crystals, increases in thickness, the mobility of the metal
atoms after arrival on the surface evidently increases - in
effect there is a rise in temperature due to the receipt of
energy by radiant heat and kinetic encrgy of the metal atoms
(Evans and Wilman 1952, Murbach and Wilman 1953, Wilman 1955).
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This raised mobility evidently leads to the development of
plane faces on the growing crystals, In the case of the
f.c.cubic metals the (111) faces are formed, and these are
the most densely populated ones, having lowest surface energy.
Once the plane crystal faces are formed, it is clear that
those crystals having orientations with such a face normal
to the vapour stream will receive the largest number of
atoms per unit area of faces. These atoms migrate to the
edges and are retained there, thus prolonging the face
sideways most rapidly, and such erystals receiving more and
more metal atoms will predominate in the upper region of the
deposit. The strong refraction effect in the diffraction
patterns shows clearly the development of the {;11} faces,
Evans and Wilman (1952) and Ramos and Wilman (1962) also
pointed out such growth process of crystal faces on a

growing deposit leading to preferred orientation.

4,1a(iii). The Origin of the Octahddral Twinning:

The third stage of growth consists of (111)
orientation along with its {111} twinning.

Once the metal atoms have started forming the
octahedral faces, the mobility of the incoming vapour atoms
may be hindered by the gas molecules present in the system.
This reduces the migration rate and the probability of

nucleation of & new layer of atoms is more. Presumably,



219

it is the presence of these adsorbed gas molecules which
occasionally leads to the initiation of a new. sequence of
stacking on the (111) planes. For example, if the initial
crystal has the packing sequence ABCABCABC ... ... , the next
layer may develop as ABCABACBACBA ... ... which dis the
reflexion twin structure of the original octahedral
structure. In the low-pressure regions, this irregularity
in packing may have been initiated more by stress in the
deposits or occasional dislocation in the crystal formation
or presence of foreign particles as impurities in the system,
then by the very low number of gas molecules present. This
seems to fit in with the observation that in the cilver
deposits up to a thickness of about 16,000 A, octahedral
twinning was not observed in the ultra-high vacua.

On the other hand, twinning occurred appreciably
in gold at about 1000 A thickness in the U.H.,V. region of
pressure (and later led to (211) orientation in further
deposiiion (cf., Pig.4)). This difference between the silver
and gold must be associated with the more extensive

chemisorption of the oxygen on the silver than on the gold.

4,1a(iv). The Origin of the (211) Orientation:

The next stage was the one where a mixture of (111)
and a new orientation (211) was found to ocecur, which mainly

very quickly changed to the stable (211) type of orientation,
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In the case of silver, however, the region beyond 16,500 A
(at 2x10"7 torr of air) and 8,600 A (at 1x10™° torr of air)
was not investigated. In the case of this metal in the
ultra-high-vacuum (111) type of orientation seemed to be the
stable form of orientation.

This new orientation is concluded to result from
the secondary twinning of the primary twin about a [T1T]
axis of the primary twin (Figs. 11(a) and (b) and 53(a),(b)
and (¢)). Referring to Fig.53(c), it is seen that in the
secondary twin a2 (211) type of plane will be nearly parallel
to the substrate.

The angle between the (211) plane and the
substrate can be shown to be of the order of 5° as follows:-

Iet the secondary twinned cube have a [u™v'w] axis
perpendicular to the suunstrate, and let its indices in
relation to the primary twinned lattice be [u'v'w']. Tet
the twinning axis [UVW] be [T11].

Then from equation (3.3) we have

u' = -u + % (u -v+w)
vt = -y + % (u=v+w) (4.1)
w! = -w + % (u-v+w)
Solving these equatipns we get,
v = - %u‘ - %v' - %W’ (4.2)
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In this case, [u'v'w'] = [115], hence we have

-1 = _ 13 = -2
u = 3 v o= 5 and w Z

[7, 753, 5] =~ (1 2 1)

ie. [uvw]

The angle of incidence between [12T] ana [7,13,5]
is obtained from the relation:
W+ VY o+ wyw

cos @ = - -
[u12 + v12 + w12]2 . [ o+ v+ W2]2

where, [usviws] = 187 and [uwww] = [7,1I3,5].
Putting these values of u,,v,,w; and u,v,w, we have g = 59361,
In comparison with the spread of the (111)
orientation (~ + 10°) from the mean, this sngle is quite
small, Hence, within this spread there is a high
probability of the crystals having the (211) plane normal
to the vapour stream growing preferentially, if they possess
a (211) face. Thus, these faces will receive more and more
atoms and will grow laterally fastest, as in the previous
case of the development of the §111} faces.
At the higher pressures, the abundant gas molecules
lead to more extensive twinning and thus more rapid

development of orientation than at the lower pressures.

4.1.(b). The Effecct of the Constituent Residual Gases:

Dovm to & pressure of 1077 torr no liquid nitrogen

was used in the demountable system described in 2.4(b).
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To attain a pressure lower than this, liquid nitrogen was
used in the trap. In the U.H.V, system, liquid nitrogen
was used for fore pumping by the sorption pumps in the
beginning. The system could attain a pressure of 1x1070
torr with the bell-jar and (2-5) x107 torr with the
stainless-steel tap without baking. To obtain still higher
vacuum the system was baked as has been described in 2.4(c).

I+ thus appears that at pressures of 1072 torr
and higher, the partial pressure of moisture is more than at
lower pressures. However, to reduce moisture in this
region also, phosphorus pentoxide was used in the backing
line. At lower pressures,NlO"8 torr, a baking operation
removed most of the water vapour from the chamber. Thus,
the effect of moisture on the deposit structure seems to be
not very likely. The high repeatability and self
consistency in the results and the regular continuity of the
loei indicating different stages of growth (Figs. 9, 19 and
25) further give support to this view, The mass
spectrographic analysis (in the U.H.V. system) indicates a
relatively low pcak corresponding to the moisture, after
baking the systemn.

While no mass—spectrographic énalysES of the

constituent gases were carried out within the demountable

gystem, the constituent gases within the U.H.V, system were
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analysed with the help of the A.E.I. "MS10" type mass
spectrometer, Although a large change in the residual gas
composition shown by the spectrographic analysis was
observed after the system was baked, no change in the
orientation of +the deposits was noticed.

The mass scan of the residual gas in the unbaked
U.H.V. system at 10”' +torr showed prominent peaks
corresponding to masses 16(CH4), 18(H20), 28(N2 and C0),
32(02), 43(CXHy—hydrocarbons) and 44(002). From the peak
height measurements, the relative abundance of these gases
were in the decreasing order of HZO, CH4, N2, Co, GOy CXHy
and 02.

After baking, when the pressure was 10°° torr,
the relative peak heights corresponding to these gases fell
appreciably, indicating the removal of most of them to a
large extent, The relative abundance of the gases now were
in the decreasing order‘of N2(or Co), GO, H,0, CH4 and O,.
Other peaks could not, however, be interpreted very precisely.

The effect of these gases on the structure of the
deposits of these three metals, as megntioned earlier; was

not found to be very significant. FPurther work is in

progress in this laboratory.
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4.1¢(i). The Observed Form of the Loci for the Thicknesses
where Different Orientations Begin, as & Function
of Pregsure, and the Relationship to the Chemical
Reactivity of the Metals:

Figs. 4, 19 and 25 show that the surface
orientations of the deposits of these three metals show
regular variation with thickness and prescure. The general
nature of all the loci is the same,

As mentioned earlier, in the early stages of
deposition for all the three metals no preferred orientation
was observed, The lowest thickness at which gold deposits
showed (111) orientation was about 250 A at 1x10™° torr.
Silver and copper deposits showed similar tendency of falling
thickness for the development of (111) orientation as the
residual air pressure was decreased.

It is concluded that at a low enough pressure, the
"referred orientations in these metals set in at a very early
stage of deposition i.e, at a deposit thickness of only about
250 A or less. The atomic mobility initially at room
temperature is still too low to allow preferred oricentation
of the initisl crystal nuclei, but is soon increased to the
stage where octahedral faces are developed, as deposition
proceeds., At these lowest pressures the mobility of the
metal atoms, and the development of {}11} faces, is

evidently decreased as the residual air pressure is increased,
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80 that the preferred orientation only sets in at higher
thicknesses. However, a peak value for the thickness at
which orientation develops is reached, at a pressure which
presumably corresponds to a certain proportion of the deposit
surface being covered by the adsorbed gas at any instant
during the deposition. At still higher pressures, the
adsorbed gas evidently now promotes more and more rapidly

the development of octahedral faces and preferred orientation,
possibly due to the increased mobility of the metal atoms on
the gas-covered parts of the octahedral faces.

For different metals, the peaks can thus be
expected at different pressures, this pressure being lower,
the higher is the degree of adsorption (chemisorption) of the
gas on the metal, The above results for gold, silver and
copper can be regarded as showing the order of pressures at
which the maximum occurs for metals of thcse respective
aegrees of different chemical interaction with the residual
air. Copper being the most reactive, its peaks are expected
at a lower pressure than those for silver and gold, which are
much less reactive. Since gold adsorbs oxygen and other
gases least among these three metals, it is at a relatively
higher pressure that its surface mobility favours rapid growth
of octahedral faces and hence (111) orientation.

Although the silver atoms have a surface mobility
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and chemical reactivity comparable to those of gold, yet the
chemisorption of silver may be more, coxygen otoms arising due
to the probable dissociation of some of the gas molecules

after evaporation.

4,1c(ii). The Theoretical Congideration of the Locus for
the Thickness where (111) Orientation begins:

The number of metal atoms striking unit area of
the substrate per unit time can be calculated from the
thickness deposited per second. For expmple, for silver

when the rate of deposition is~32 A/sec (as in Fig.19) it is

X 32 x 10”8 x 10.50

Ag atoms/cmz/sec,

107.88 x (1,66 x1072%)

1.877 xlo16 atoms/cmz/sec.

where, deansity of silver if 10.50 gm/cc., atomic weight is
107.88 and wt, of a hydrogen atom is 1,66 x10724 gm.

Prom the kinetic theory of gases, the numher of
gas molecules striking unit area of the substrate per unit

time at a pressure p and temperature T, is

_ 1 _M
0 T n * Prope [ SRRT ]

p%@@r pTorr
= --——-:-L—---—_l_ X e = 3.51}(1022 X
my; [2nRT]* [MT ] [MT )=

1]

where, My wt. of a H-atom,

mn = mHM = mass of a gas molecule,
R = 8.31 x10' ergs/°C.,
M = molecular wt. of the gas.
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At p =1 x1072 torr and T = 293°K, the value of M
for oxygen is 3.629 x101° molgs/cm®/sec., end at p = 5x10™)

8moles/cnz/sec.

torr and T = 293°K, it is 1.8 x10%

It is hence olear that while at 1 x10™C torr of
oxygen, for every oxygen molecule- there will be about 5,000
silver atoms incident on the substrate; at 5 x10™- torr, for
every silver atom there will be about 100 .oxygen molecules.

At low pressures ~ 107° torr, the gas adsorbed by
the film surface is likely to be mainly as isolated molecules,
some of which may occupy some definite sites, and others be
migrating over the surface of the octahedral face, In both
the cases this hinders the mobility of the silver atoms i.e.
lowers the rate of development (iat-orally) of the octahedral
faces and preferred orientation, increasingly with increase
in the gas pressure, This accounts for the observed
increase in film thickness at which preferred (111)
orientation begins - as the residual gas pressure is increased
from 10_8 torr.

However, above a certain pressure this hindrance
to octahedral face development becomes evidently outweighed
by a process which increasingly favours the lateral
development of the octahedral faces, with further increase

of the residual gas pressure. This process seems likely to

be the formation of areas of close-packed adsorbed gas
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molecules or atoms on the developing octahedral faces, and
a reduced probability of sticking of the mobile metal atoms
on these arcas.

Dutta and Wilman (see Dutta, 1968), gave the
following analytical treatment to explain the nature of the
pressure~thickness curves for silver in this high-pressure
region, which is applicable only to the right hand side of
the peaks (ocf., Figs. 4, 19 and 25),

Considering the stage of development of (111) faces
and (111) orientation, let the octahedral faces be circular
and of radius r at an insteant of +time + from the start of
the development of (111) faces. Let the metal atoms be
deposited at a rate dNM/dt, which is the number of incident
metal atoms/omz/sec., and let there be no re-evaporation of
the metal atoms. At this instant let @ be the fraction of
the total number of sites which metal atoms can occupy,
occupied by the gas molecules. Tnerefore, the fraction of
the total number of sites the condensed metal atoms can be
trapped in is (1 - ), and hence, the number of metal atonms
reaching the perimeter of the face per second is proportional
to 8, or more generally to a fyghction of 8, i.e. £"(6).

The rate of increase in area of the octahedral
face is

) dNM

%% ol £u(g) gy - (4.1)
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Since dA = 2nr.dr, we have from equation (4.1)

aN
dr M
—;-azf"(e) . 'EE) at

from which on integration,

r ooy —
Log, (F-) = B £(8) (t-t)) (4.2)
dN. .
where, B = 3% & constant, and r = T, at t = to.

The thickness h of a deposit is proportional to the time
t, thus from (4.2)

loge (=) = B £"(8) (b - hy)
log,(r/r )
or h =h, + B2 (8) (4.3)

The rates of adsorption and desorption u and ut

of gas molecules on a uniform surface are given as (Hayward

and Trapnell, 1964)

= ~O=D ~E/RT
u = . . £(0). e (4.4)
VenmkT
and u' = K f£r(8) . e"E'/RT (4.5)

where 0% = condensation coefficient,

E and E!

f

activation energieg of adsorption and
desorption respedtively,

K = a constant,

and the rcst of the symbols have their normal significance.

Por equilibrium, u = u' and E' « E = g, and hence

from equations (4.4) and (4.5) we have,
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- K 5 f£1(8 -q/RT
o= & (enmem)® L ZHEY L o (4.6)
Putting ?I-(.; (Enkagze-Q/RT = -g-]"- , where ta' is

dependent on T alone, the isotherm becomes

1
P = % . § 8 (407)

A "Langmuir isotherm" is obtained if it is

assumed that £(8) =1 - 6 and £'(8) = 8, and equation (4.7)

then becomes, P =axfg57
A -] «
or © T+ ap (4.8)

Now if we put this value of & for £"(8) in equation (4.3)

we have

log_(r/T_)
ho=h + g o 1+ 5%— ) (4.9)

Hence, on the above assumptions this equation represents the
variation of the deposit thickness h at which the (111)
faces have reached a radius r, with the gas pressure p.

Ag P increases h decrcases,

Evidently, this equation can explain to a great
extent the nature of the (pressure, thickness) loci only
down to a pressure near that at which the peak thickness
occurs. Below that pressure this equation does not hold
good.

Of the various assumptions made for deriving

equation (4.9), the most doubtful one is whether u is at all
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equal to ut', i.e. whether an equilibrium adsorption state
ocecurs. An ideal equilibrium state, when the rate of
adsorption of gas molecules on the deposit surface is equal
to that of desorption, may, however, be approximated in the

range of relatively high gas pressures »«10"5 toaio-z torr,

4,1(a). The BEffect of the Obliguity of the Vapour Stream:

Burgers and Dippel (1934) and BEvans and Wilman
(1952) found that the surface structure of deposits is
affected by the obliquity of the vapour stream,

In the present work also, similar results were
observed. A $ilt of the orientation axis towards the
direction of the vapour stream was noticed as usual, The
angle of the vapour stream was kept constant ( i = 45°) and
the wvariation of the tilt with the deposit thickness was
studied.

At low pressures — 107! to 10™° torr, the tilt of
w:ie orientation axis was found to be practically nil for all
thicknesses. At higher pressures appreciable tilts of
varying degrees with varying thicknesses were observed.

Figs.18(2,b,c) and Figs.34(a,b) show that the
general nature of the thickness-tilt (t,é ) plots is more or
less similar for gold and copper. The maximum tilt observed
for gold is about 26° corresponding to a deposit thickness

1200 A (at i = 45°) at 2 x107° torr and the minimum is about

19° corresponding to a thickness ~1700 & (at i = 450) at
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5 x:LO-5 torr., For copper, the graphs (Figs.34(a,b)) show
flat peaks around 27° (at p = 3 %1072 torr) and around 23°
(at p =5 x107°
thickness (~1500 4 at i = 45°),

torr) corresponding to the same sort of

It is seen from these graphs that in (211)-
oriented films there is a relatively large tilt of the
orientation axis. The (211) orientation develops due to the
secondary twinning of the primary {;11} twin, The twinned
nuclel make the deposit surface rough. As Ebans and
Wilman (1952) pointed out, the tilt of the orientation axis
is mainly attributable to the roughness of the deposit
surface, Ag the deposition process continues, due to the
rise in the surface energy the mobility of the incident
atoms progressively increases, which promotes rapid lateral
growth of the {211} faces. This in turn tends to make the
deposit surface gradually smoother which consequently leads
to a gradval fall in the tilt angle

At low pressures, the atomic mobility is high and
hence the tilt angle before reaching a relatively high
value begins to fall down. At higher pressures, in
addition to having a more favourable growth of (211) oriented
crystals by the secondary twin of the primary {111} twin,
atoms are also less mobile. Both these factors contribute
to a rougher surface, the consequence of which is more tilt

of the orientation axis. This explains clearly the larger
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tilt angles of the gold deposits at lower pressures than
at the higher pressures.

The comparatively lower values of S/ for the [111]
axis is attributable to less rough deposit surface. (111)
orientation arises due to the strong development of the
smooth octahedral faces, as was discussed already. This
makes the deposit surface less rough than the surface with
(211) oriented crystals.

That at lower pressures (lower than 5 xlO'S torr

6 6 torr for

for gold, 5 x10 ° torr for copper and 1 x10~
silver) 5 = 0 for all thicknesses, further supports the
validity of the above reasoning. When the number of gas
molecules incident on the surface is small compared with the
number of metal atoms incident (per unit area), the mobility
of the atoms is high enough to promote rapid growth of
smooth {111) or i211} faces. This contributcs to the quick
development of smooth deposit surfaces, a consequence of
which is the negligible tilt of the oricntation axis.

The extended nature of the peaks (Pigs.34(2) and
(b)) for copper relative to those of gold (Figs.18(2),(b),
(c¢)) may again be attributed to their different chemical
natures. Although both the metals have almost comparable
melting points (1063°C for gold, 1083°C for copper), yet due

to much higher chemisorption of oxygen on copper, the copper

atomg are lesgs mobile under identical conditions. As a



result, the copper deposit surface becomes smooth more
slowly with increasing thickness, relative to a gold deposit
surface. This explains the extended nature of thc peaks

of the (é ,t) graphs for copper.

4.2, The Origin of the Preferred Orientationg in the

Zinc and Cadmium Deposits.

4,20, General Introduction:

Much work on the structure of thin films of
hexagonal metals has been done by early workers. In nmost
of these cases no extensive systematic results have been
reported, particularly in relation to thickness and
pressures. In the present work, particulsr care waé taken
to estimate the thickness of the deposits, as msntioned in
detoil in 2,5(a). With the precautions adopted, the mean
film thicknesses were found to agree within about 10 or 20%
with the values expected from assumption of 100%
condensation and sphericel symmetry of vapour from a point
source.

The results obtained in the present work from the
zine and cadmium films deposited at various rotes and
pressures w-re Treascnably self consistent and reproducible
vnder similar conditions. Zinc was deposited atv residual
air pressures 5 X10-3, 2 x107% and 1 x107° torr, and cadmium

only at 5 xlO_3 torr. Ag mentioned in 3.4, due to the
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highly gettering action of these metals, the partial
pressure of the oxygen inside the system must fall rapidly
during deposition and the effect hecomes still more when
thick deposits are prepared.

Further, as these metals have low melting points,
they have a high degree of atomic mobility when condensed
even at room temperature. Due to their high atonmie
mobility, the deposits showed relatively large isolated
crystals at the early stages and also in films a few
thousand A thick, as revealed by even the optical
micrographs (Pigs.49(a-d)).

Consider first, the relative numbers of metal
atoms and gas molecules incident initially on the specimen
surface at the start of the metal deposition. The nunmber
of Zn atoms striking unit area of the substrate per second
when the rate of deposition is 100 A/sec, is

100 x107° x 7,14 . ¢ s 11016

2
= atoms/en“/sec
65.38 x (1.66 ¥10™ 2%

where the atomic weight of Zn is 65.38, the density of Zn
= 7.14 gn/cc. and the weight of a hydrogen atom is 1.66 x
107%% gn.

The number of oxygen molecules striking unit area
of the substrate per second when the initial oxygen partial

pressure is 1 x10™2 torr and T = 293°K is
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-3
3.51 x10°° x 1 Xio T = 3.624 x 1017
(32 x 293) nols/cn/sec.

and at 1 x107°2 torr and T = 293°K, it is 3.624 x10%°
mols/cmz/seo.

Thus, when the rate of deposition of Zn is 100
A/sec. at an initial oxygen partial pressure of 1 %1072 torr,
for every Zn atom arriving on the substrate there are
initially ebout 6 oxygen molecules; and at 1 x10™2 torr for
every oxygen molecule there are about 18 zinec atoms,

Considering the maximum rate at which the oxygen
molecuies may be removed by reaction with the zinc atoms
to form Zn0, it appears clear that at pressures as low as
about 5 x:LO"'5 torr (when the partial pressure of 02 is ahout
1 x1o“5 torr) nearly all oxygen molecules are removed and
thereafter hardly any zinc atoms are oxidised during the
further deposition,

Considering the approximate volume of the
deposition chamber as 5300 cc, and a partial pressure of
oxygen 1 X10—3 torr at 2000, this amount of oxygen weighs

6 gm. (22,4 x10° cc of 0, weighs 32 gms at 760 mm

9096 X 10_
of Hg =at N.T.P.). The amount of zinc required to react

with this oxygen is

®)

(65.3§2X 2) x (9.96 x10~ grn., = 4,06 }(210-“5 gm.,

where the atomic weights of Zn and 0 are 65.38 and 16

respectively.
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At 100 i/sec., when the film thickness is about
300 4, the amount of zinc evaporated(in air at p = 5 %1070
torr) 1s about 2 x107 gm, of which only about 1/50th is
likely to be required to remove all the oxygen molecules
within the bell~jar, Thus the deposit must clearly be
mostly zinc containing only a small amount of zinc oxide,
except for exitgremecly thin deposits.

It is clear that there is a relatively rapid
removal of most of the oxygen molecules from the chamber,
so that when the deposition is long (say, about 5 min., or
more), the later stages of the deposition ere in almost
complete absence of oxygen.

In view of the progressive decrease in the partial
pressure of the oxygen, it is necessary to consider only
the initial orientation observed in very thin deposits
(~200 A) as corrcsponding to deposition of the metal in
gas at the stated initial pressure, The orientation
observed in the surface regions of the thicker deposits are
modified as a result of the then lower oxygen pressure
leading to development of different crystal faces than are
at first formed, so that crystals having those faces more
nearly normal to the vapour stream grow laterally most

rapidly and soon predominate.



4.2 a(i). The Origin of the Tnitial (001) Orientation
in Thin Deposits.

At very high rates of deposition (above 700
A/sec) in the very thin zinc deposits, (001) orientation was
observed. At such a high rate of deposition, the
interference with other foreign molecules was least =nd the
probability of a metal-metal atom impact to form crystal
nuclel on the initial substrate was higher than that of =
metal-gas collision, Because of the very high mobility of
the zinc atoms even at room temperature, the crystal nuclei
grow with a definite crystallographic plane parallel to and
in contact with the substrate. All these factors favoured
the growth of at least some of the crystals with the most
densely populated {001} atomic planes, (which are obviously
the planes of least potential energy) normal to the vapour
strean. The rate of arrival of the metal atoms being very
high, the growth of the basal plane= were thus preferred
at the very early stage of the deposits. The sheet of metal
atoms then grew laterally quickly due to the speedy migration
of the highly mobile atoms. This preferred development of
the {001} faces at the initial stage wdeEw was indicated by
considerable refraction on the arcs in the diffraction
patterns,

The heat energy radiated from the filament
presumably contributed considerably to the surface mobility
of the zinc, and consequently also promoted the initiation of

the (001) orientation.
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4.,2a(ii). The Origin of the (100) Orientation.

The (100) orientation was also observed at the
same high rates of deposition of both zine and cadmium,
{100§ planes being the next most densely populated to (001)
planes, the metal atoms may tend to form initial nuclel
with these planes in contact with the substrate, even in
absence of gas. It is hence not difficult to realise why
(001) orientation tends to develop earlier than (100).

In most of the experiments a mixture of (100) and (001)
was noticed, Once the initial crystals are developed
they may tend to develop with plane faces which may be of

this type or other types,

4.,2a(iii), The Origin of the (101) Orientation.

At rates lower than about 750 A/sec down to
25 i/sec, one~degree (101) orientation was observed for
even the thinnest zinc deposits examined, prepared at 5 %1077
torr. At pressures of 2 x10™% and 1 x107° torr, (101) was
nostly found to be associated with (100) (Pigs. 35, 42, 46).
The maximum thickness showing the one-degree (101)
orientation was 3850 4 (in region III in Pig.35). At
sufficiently high rates (above 750 4/sec) also, a few of
the thicker deposits (~4000 A) showed (101) orientation.
In the case of the cadmium deyposits (Fig.50),
. however, it is the thicker deposits that showed (101), and
the thinner ones showed mostly & mixture of (100) and (101)
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in the same specimen.

At such lower rates of deposition of these
crystals, the interfercnce of adsorbed gas molecules with
the deposited migrating metal atoms is high, particularly
at high gas pressurcs. As a result the gas molecules may
remain as island structures on it which may partly hinder
the continuity of the hexagonal close+packed (001) sheets
of metal atoms and lead to the preferential growth of the
(101)~oriented initial nuclei.

In a (101) plane there is wvery nearly a close-
packed array of the metal atoms. The plan view of the
atomic arrangements in or nearly in the (101) plane is
shown in Fig.54. The alternate dotted circles in the plan
view represent the positions of the atoms hased on
[[ % 2 1]] in the three-dimensional lattice. The plane
of the atoms represented by the dotted circles is slightly
above that of the atoms representedi by solid circles. The
metal atoms evidently tend to form such a close-packed
strip with a probability next to that for {001} and {100}.

It may be mentioned that Stranski (1949)
investigating the growth of Zn and Cd single crystals from
the vapour found that they developed (001), (101), (100),
(110), (102) faces, (101) being the most likely to be
formed after the (001).



Fig.54(i). Positions of the Zinc Atoms in the C.P.H. Lattice
shown in Plan on the (0001) Plane.

(ii) Side View of The Atomic Packing seen Along the b-Axis.

(iii) Plan View of the Atoms on or close %o the (101) Plane.
Symbolg:— Closed Circles Represent Atoms at height O ;
Broken " " " "o 1/2 .

eve
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4.2a(iv). The Origin of the (112) Orientation.

At higher thicknesses, at b %107 torr, (112)
orientation was most comnon. Ag the deposits grow more and
more in thickness, the surface becomes atomically rough.
Those faces which receive the metal atoms most (i.e. the
crystals oriented with a face normal to the vapour or nearly
s0) will grow laterally more and more and these crystals
will grow preferentially and predominate. The angle
between the (101) and (112) planes being not too large
the early (101) orientation may give place to (112)-oriented
crystals due to the development of {;12} faces., Ag the
deposit becomes thicker the (112) orientation is eventually
developed.

4,2a(v). Nature and Origin of the Surface Orientation
on Thick Zn Decposits:

In the data of Figs. 42 and 46 for Zn condensed
at initial air pressures of 2 x10™7 torr and 1 x10~° torr
respectively, it is seen that (101) orientation (or in
Pig.42 mixed (101) + (112)) extends up to film thicknesses

~2000 - 2500 A. A4t larger thicknesses (up to at least

8250 A in PFig.42) the orientation of the Zn crystals on the
surface region is modified towards but not yet as far as a
preferred (001) orientation, evidently due to the {001} faces
now predonminating on the growing crystals. This is made

clear from the nature of the orientation and fronm the
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supporting evidence ( 3.4(b)) showing that at oblique
vapour incidence the crystals develop with a common
orientation axis which is practically along the direction
of the vapour strean.

This development of {001} faces is presumably at
a stage when the oxygen partial pressure has fallen to a
very low value, so that there is negligible adsorption of
oxygen on the growing crystal surfaces, It may be
concluded that still thicker Zn deposits will increasingly
approximate to (001) orientation, this axis tending to be

directed along the incident vapour strean.

e
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SECTION 5.

CONCLUSION.

The grazing incidence electron diffraction
investigation of the surface structure of the thin deposits
of gold, silver, copper, zinc and cadmium condensed in
vacuum on inert substrates at room temperature revealed meny
new interesting results and confirmed some 0ld ones.

It is established that the surface orientation is
not only dependent on the film thickness, but it is also
systematically dependent on *the pressure of the residual air.
For a f.c.c. metal deposit the thickness at which a
transition to a different orientation occurs is maximum at
a certain pressure of the residual air, This pressure is
related to the chemical reactivity of the metal. The higher
the chemical reactivity, the lower is the pressure at which
the peak thickness occurs.

The sequence of orientations for Au, Ag and Cu
deposits is the same throughout the range of pressures
investigated. In the first stage, due to initial
nucleation under conditions of low atomic mobility (i.e. at
room temperature), they all show random orientation of the
crystals but on increasing thickness, the surface region
shows strong development of octahedral faces and a resulting

preferred (171) orientation. The thickness at which this
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orientation begins to set in is different for different
metals depending upon their chemical reactivity with the
residual air, as mentioned above, The other orientations,
viz (110) and (211), follow from primary and secondary
twinning of the crystals on the octahedral planes,

For the Zn and Cd deposits, even the cerystal
nuclei grow in preferred orientation on the substrate due
to the very high atomic mobility of these metzls on substrates
at room temperature, and so there is no random orientation
of the crystals even at the thinnest stage (~100 A).

At very high rate of deposition (~ 1000 4/sec),
i.e. where the effect of the residual air is leas%, the Zn
and Cd crystals are initially formed, at least in parts,
with the most densely populated atomic planes in contact
with the substrate. At lower rates, very thin deposits
(= 120 A) show mainly strong (101) orientation and refraction
effect in the pattern indicate the presence of {101} boundary
faces on the crystals parallel to the substrate. With
increasing thickness, the surface regions of these deposits
show new orientations (especially (112)) which evidently
arise due to faces of other types becoming predominant on
the surface of the growing crystals.

Very thick films (~6000 A) of Zn and Cd tend to

show a preferred orientation with the [001] axis
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approximately normal to the vapour stream, evidently due to
{901} faces then predominating, the oxygen in the residual
air by this time being gettered almost completely by the
metal,

It is difficult to draw a unifying picture for all
the metals giving the relationship between the structure of
the deposit and the many variable parameters. The present
work has provided some fundamental basis for future work on
the effects of the residual air on the film structure.
Further investigations are desirable, with other metals of
different degrees of chemical reactivity with the residuel
air, or oxygen, nitrogen, etc., and deposited on inerst
and active substrates at room teumperature and also at

raised temperatures,
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