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Using the Siemen's Elmiskop I, the morphology of oL -Sn0 grown under
reduced pressure on thin polycrystalline tin films was studied. The effects
of varying the exposﬁre time, oxygen pressure and reaction teapersture were
investigated. ’

Epitaxial (200) oriented tin films were grown by the condensation of
tin onto a cooled rocksalt substrate. -The films were oxidised under reduced
pressure and the orientation of &-Sn0 with respcct to the tin substrate
was determined. Two orientation relationships were found:

sn [200] //sno\111] and sa [200) //sno {170}

Oxidation of the epitaxial films inside the electron microscope at
a temperature below the melting point of£3 -Sa resulted in the fofhution
of Sn02. ‘

The effect of water vapour on the structure and morphology of the oxide

was also studied
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1. INTRODUCTION

i)

Tin end Tin Oxidation

a) Historical development

Electron microscopy and electrén diffraction have proved
useful techniques for the study of the oxidation behaviour of (-Sn.

Oxidation products have been identified by electron and K-ray
diffraction and the upper and lower limits for the formation of
crystalline & -Sn0O and of the higher oxide SnO2 have been established
(1932-1961).

Extraction replica techniques have been used to remove the
ovide & -SnO from the tin substrate, Using this techunique, the
oxide morphology and its dependence on pressure and temperature
have been extensively studied in the electron microscope (1956-1963),

The reaction kinetics of tin oxidation have also been
investigated (1952-1961). By correlating reaction rates with oxide
morphology possible mechanisms for the oxidation of tin have been
derived (1961).

It is now well established that oxide growth is influenced
by the orientation of the metal substrate and many metal-oxide
systems have been investigated. There are few references to this
aspect of tin oxidation behaviour. Eowever, some studies save been
made of the rate of oxidation at selected faces of tin single
crystals and there is evidence that the oxidation rate is influenced

by the orientation of the tin substrate (1956-1958),
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(1)

Tin exists in two modifications . Below 13.200, the
stable form is white or cubic tin ( X -Sn) with a = 5.4912 3(2).
Above 13.200, the stable modification is grey tin ( ﬁ -Sn). The
unit cell is body-centred tetragonal with lattice parcaneters a
= 5.8197 R and ¢ = 3.17488 3(2). Atomic positions are 000;
01%; 202; }Y. The unit cell of F}-Sn ié showvn in Fig. 1.
Early electron diffraction studies by Bragg and Derbyshire(s)
revealed that when tin foil was heated in a gas flame to a
femperature just above its melting point, a body-centred tetragonal
oxide, ™M -Sn0, was formed. The unit cell of & -SnO has lattice
paraneters a = 3.796 2, c = 4.816 X. There has been somemdoubt as
to the crystal structure of the oxide but Pauling and Moore(4)
report the atomic positions in the unit cell as 20 at 000;320;
'25n at 0Z; C%Z vhere 2 = 0,2356,

Steineil(s) and Jenkins(e) heated tin foil in air and observed
the presence of a higﬁer oxide, Sn02, which was formed at elevated
femperatures. This oxide was tetragonal also.

(7)

Later work by Hart " ‘- again by heating tin foil in a gas
flame in air and studying the §xidation products by electron
diffraction - established that the lower limit for the foraation

of crystalline Sn0O was 130°C._ Below this temperature the oxide

was believed to exist as an amorphous protecting film. At elevated

teaperatures Sn0 and Sn0, were identified, the concentration of

2

SnO2 increasing with increase in temperature.
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(8)

Britton and Rright studied the oxidction of tin foil in

eir by electron microscopy end electron diffraction. The oxdide
filmsAwere detached from the tin substrate by extraction peplica
technigues. They observed that the oxide was aaorphous below 170°c
and that between 200°C and 270°C & -5n0 vias formed. Shimaoka and

. (9)

Yamadi also report that ® -Sn0 is the only oxide formed between
o o o] o .

200 C and 270 C and that between 280 C and 380 C the oxidation

products are ®&-Sn0 and SnOz, and above 39000 only Sn0O, is formed.

2
d(lo) oxidised tiin tin films

Trillat, Tertian and Plattar
(300-500 K) inside the electron diffraction canera, by heatipg on a
hot stage. At S5 x 10"3 torr air pressure, & ~-Sn0 was not observed
until the temperature of the tin excecded 400°C and Sn02 was observed
only when the temperature exceeded 600°C. At high teuperatures, the
concentration of SnO2 increased while the concentration of -Sn0
decreased. At 2 x 10-4 torr air pressure, oxidation proceeded
ext;emely slowly and Sno2 wzs not observed.

In a recent study of the oxidation of tin foil, Boggs, Trozzo
and Pellisier(ll) reported that crystalline &X -SnO is formed on tin
' foil at temperatures as low as 75%¢C provided that the time of exposure

to oxygen is sufficiently long. They concluded that prcvious

determinations of the temperature limit for the formation of

crystalline & -SnO were erroneously high because the period of
oxidation was too short to allow a detectable concentration of

crystalline & -Sn0 to forn.

/Q.O
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They also studied the morpholo;y of ™ -=Sn0 grown on annealed
tin foil, The oxide film was removed from the substrate by
amalganating the tin substrate with mefcury and then exanined
in the elcctron microscope, a technique devised by Britton and
Bright(s).

The oxide morphology was found to be markedly dependent on
oxygen pressure, Above 1 torr oxygen pressure, the oxide grew in
the form of platelets which developed laterally until they touched.
As oxidation proceeded cavities developed at the oxide-metal interface
and extended nearly through the oxide film. At oxygen pressures
below 1 torr, the oxide grew as fine geadrites. Direction of
growth appeared to be related to the orienta tion of the underlying
tin grain. The relationship between the direction of oxide growth
and the orientation of the underlying tin grain Lecame less obvious
as oxygen pressure increased and the most highly oriented growths
were observed at 10™° torr oxygen pressure.

Certain characteristic structures, identified as growth centres
. were observed in the early stages of oxidation . At oxygen pressures
greater than 1 torr, the growth ceatres were wheel-shaped and of
limiting diameter l-l.S)L . Segnents of the rims of some of these
developed outwards as platelets.' Below 1 torr oxygen pressure, the
growth centres were rosette-like and their size varied greatly. The
oxide dendrites developed from themz. Since the nuuber of growth
centres observed was of the same order as the numbér of dislocation

eteh pits in the tin foil, it was deduced that growth was initiated

at the dislocations.
/...
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By correlating these studies of tin oxide wmorvhology with

(12)

observations of oxidation rates , Bogrs postulated possible

reaction mechanisms for the oxidation of (3-Sn(13). The suggested
mechanisas are described in detail in section ib,entitled
tMechanisn of tin oxidation!'.

(14)

Spinedi and Verdini studied the oxidation of a siapler
system, nemely single and bi-crystals of tin. Oxidations vere
carried out at atmospheric pressure in oxygen of ) humidity and
the effects of temperature and time of oxidation were investigated.
Above 190°¢, regularly shaped oxide platelets were formed, Needle-
like nucleil were also observed., The size of the necedles increased
with increase in temperature whilst prolonging the time of exposure
to oxygen led to an increase in the numnber of nuclei per unit area,
It has been shovn that the rate of oxidation is a function of
the orientation of the tin substrate. NKikulin et al(ls)(ls), used
plates or single crystals of tin as electrodes in a phosphate buifer
solution and determined the rate of reduction of oxygen at the
electrodes polarographically. The rate of reduction was high vhen
plates electro-coated with tin crystals of a (211) texture and less
rapid when crystals of a (101) texture were used. Tre reduction rate
was intermediate when cast tin was used(ls). Using specially
growvn tin crystals, it was found that reduction of oxygen was

S
faster at the (001) face than at the (110) t‘ace(1 ).

/00.
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b) Mechanisn of tin oxidation

A knowledge of reaction rates and inetics, the temperature
and oxygen pressure dependence of the reaction and the composition,
structure and growth mechanism of the oxidation products is
necessary for the detailed understanding of the oxidation
behaviour of a metal,

Although rate equations alone are insufficient for
interpretations of oxidation zechanisas, they =may be used to
classify the oxddation behaviour of the metal and as such limit
the interpretation to a class ef aliernative mechanisms, Trs correct
mechanisa may then be elucidated by correlation with other étudies.

Taree types of rate equation, logarithmic, parabolic and
linear, have been used to describe the oxidation behaviour of tin:-

¥hen the oxldation rate is initially rapid and then falls off
to a very low or imperceptible rate, then this behaviour can often
be described by logarithmic rate equations, Such behaviour has
beén rationalised by a number of theories, tased on various rate
determining mechanisas. These mechanisns include the rate determining
transport of electrons or ions due to electric fields in the oxlde
film, rate determining chemisorption and the formation of cavities
in the £11a¢17"20)

When the oxidation reaction may be described by a parabolic
rate equation, this usually sisﬁifies that a thermal diffusion
process is the rate determining step., Such a process may be
the ﬁniform diffusion of one or both reactants through the growing

compact scale or the uniform diffusion of oxygen into the metal.

/oo
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The third type of oxidation behaviour, descrited by linear
rate equations, is a reaction vhose rate is constant with respect
to time. 1In this case, a surface or phase boundary process is
rate determining, This may involve a steady state reaction limited
by the supply of oxygen at the surface or a steady state formation of
oxide at the metal/oxide interface.

The results reported in the literature describing the
oxidation behaviour of tin in terms of the various rate equations
tend to be somewhat conflicting:

(8)

Britton and Tright reported that at SOOC, the reaction

rate was logarithmic and that at 1800-45000, it was parabolic.
(21)

However, the data obtained by Luner for tin foil oxidised at

low pressure were best fitted by a logarithmic equation at about
o
200°C for oxide film thicknesses up to 700 A, Bilbrey, Wilson

(23)

and Spendlove(zz) and Gruhl and Gruhl reported that above

47506 the rate of oxidation was irregular, Spinedi(24) observed
that above 475°C, the rate equation was linear rather than parabolic.
It has also been observed that the oxidation rate of tin foil
in air with 80% humidity is twice as fast as the oxidation rate in
dry air(a). )
A thorough investigation of the reaction kinetics of tin
oxidation has been made by Boggs, Kachik end Pellisier(lz). Above
1 torr oxygen vressure, the rafe of oxidation was initially low,

increasing to a maximum after which the rate decreased as it

/eoo
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entered a period of logarithmic behaviour. After long periods
the oxidation rate becene erratic. Below 1 torr oxygen pressure,
it was observed that the oxidation rate increased linearly with
time and that disocciation of oxygen was the rate controlling step.
The nmorphology of the growing oxide film was studied by eleccron

(11)

microscopy and by correlating the reaction kinetics with the

(13)

direct observations of the growing film, Boggs postulated the
following mechanisms for the oxidation reaction:

At all pressures, characteristic structures, identified as
oxide growth centres, were observed. Since the number of growth
centres was of the same order as the number of dislocation etch
pits in the tin foil, it was thought that the oxide nucleated at
dislocations.

At oxygen pressures above 1 torr, the initial region of
increasing growth rate was shovn to be associated with the
nucleation and lateral growth of the oxide crystals,

Above 1 torr oxygen pressure, the growth centres developed
laterally end vertically until they reached a critical size,
Laterally spreading platelets grew from some of the growth centres
until they impinged mutually.

During the period of logarithmic growth, cavities appeared
at the oxide-metal interface. There are several explanations for
the formation of such cavities but the mechanism proposed by Evans(zs)

provided the most satisfactory explanation of cavity formation in

/..0
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fx -Sn0, This mechanism involves the movemsnt of cationic
vacancics towards the oxide-metal interface wvhere they may
coalesce as vacancies,

If &K-8n0 is a p-type semi-conductor with cationic vacancies,

then the oxidation reaction may be represented as follows:-

) -
[ - =
ed 10, +de =20 § oxveen
T - phs 2= 2t '
r\l+ 02 Sf\ o [a)
o~ St o s2T o ¢ oxidE
2+ 2~ 2 a3+
AV AN % Lo n O D O n
R X
Sa -Sr\ ;;f: Sr}+ + de } Tltl

[:]‘= cation vacancy
@ = positive hole

Oxygen reacts vwith tin at the oxygen interface, removing
two electrons from the tin ions thus forming two positive holes
and a cation vacancy.

A tin ion can jump from a lower atom layer into the‘vacancy,
leaving a vacancy in the lower layer., As this process continues
the vacancy eventually reaches the oxide-metal interface., Electrons
change places with positive holes in a similar manner, Now a tin
atom at the oxiﬁe-metal interface can fill a gation vacancy in the
oxide lattice and the electroné produced can change two positive
holes to normal cations. This produces a stolichiometric crystal
and leaves a vacancy at the oxide-metal interface. Since it is
generally held that ions are not free to move by thermal diffusion

/l..
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at temperatures below the Tamman tempercture, then the ions in

& -Sn0 must move under the influence of the electrical field sget
;up!é; the disocciation of oxygen at the ordde-metal interface.
Vacancies remaining at the interface may collect to form cavities,
Others may pass into the metal ana be annihilated at a dislocation
or pass right through the metal (if in shect form) to join a cavity
on the other side.

As the cavities grew and coalesced they acted as a progressively
greater barrier to the diffusion of tin ions through the oxide fila.
The decrezsed speed of tin ions moving through the film and'the
decrease in oxide area in contact with the metal caused the observed
logarithmic rate.

The period of erratic growth was attribﬁted to the fracture
of cavity walls, thereby allowing oxygen to coie into direct contact
with the metal and producing a sharp increase in oxidation rate,

At oxygen pressures below 1 torr, the break-down of oxygen
into oxide ions was the ¥ate controlling step and the oxide grew
in the form of dendrites. These two observations indicated that
the oxygen on the metal surface was depleted by reaction faster than
it was replenished from tﬁe gas phase,

The mechanism postulated by Boggs for the dendritic growth
involved the assumption of an initial incomplete layer of adsorbed

oxygen or a non-stoichiometric mobile film of tin ions and oxygen

/0..
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~ions on the metal surface., Growth was thought to be initliated at
active sites éuch as dislocation and grain boundaries and as tue
oxide grew outward from thé growth céntre, the metal between
adjacent oxide filaments becaze depleted oxygen. Therefore the
oxlide crystals grew outward in the form of dendrites to areas which

were rich in oxygen. As the oxygen pressure was increased, the tin
surface becaze saturated with oxygen so that plételets rather then

dendrites were formed,

¢) Purpose of present work

The aim of the present work was to study the oxide
morphology further and also to determine the crystallographic

relationship between the lattice of ﬁi'-Sn and & -Sn0.

It was decided to oxdidise thin evaporated tin films and
to study the oxide morphologj directly, thus avoiding the

necessity for elaborate replication techniques,.

To determine the orientation of the oxide grown on tin
crystals of a particular orientation, epitaxial tin films were
grown, In this way the—crystallographic relationship between
the lattices of 3 -Sn and &-SnO could be deterzined directly

by electron diffraction.

/00.
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Epitexial films of tin

a) Definition of terms used

| Epitaxy describes two crystals of different species grovding
together in such a way that there is a definite and uniqgue
orientation relationship between their crystal axes.

A polycrystalline film is composed of crystals which are
randonly oriented with respect to cach other,

A single crystal film is one in which each crystal has its
three crystallographic axes parallel to the corresponding axes in
all other crystals in the film, For instance, an (h00) single
erystal film is one in which each crystal has its [hoo] axis
perpendicular to the plane of the film, The (OkO) axis of each
crystal is parallel to the fkaJ axis of every other crystal,
Similarly the [001] axes are-parallel.

A textured film is one in which each crystal has one particular
axis perpendicular to the plane of the film, while the other axes
in each crystal are randomly oriented with respect to the
corfespondins axes in the other crystals of the film, Thus, an
(noo) textured film is one in which the [hOQ] axis of each crystal
in the film is perpendiéular'to the plane of the film, while all

other axes of each crystal are randomly oriented.

/-0.
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"b) Theories of epitaxy

The pheonomenon known as epitaxy has been investigated by
many workers over the last forty years. Numerous examples of
epitaxial growth have been recorded. Epitaxial growths have been
produced by a number of techniques including the vapour deposition
of metals onto crystalline substrates, electrochemical deposition
and the direct chemical attack of the substrate from the gas phase.

Although many theories have been proposed to explain the
occurrence of epitaxy none has proved entirely satisfactory.

The term 'epitaxy' was first used by Royer in 1928 ta describe
the oriented growth of one crystal on another(zs).

_Early investigations such as those of Royer dealt mainly
with the geometric fit between the substrate and overgrowth
lattices and with the derivation of empirical rules governing

epitaxial growth: -

Investigations into the growth of alkali halides upon
themselves and upon a mica cleavage surface indicated that the
misfit between the two lattices expressed as 100 (9—:—2),

where a = substrate network spacing

b

overgrowth network spacing.

/...



- 14 -
Eid not exceed 15%. On the basis of these observations, Royer
postulated three rules for the formation of an oriented overgrowths:-
(1) Lattice planes vith netviorks, elementary or multiple, vhich
are identical in form and of nearly the same dimensions in the
tvo structures, implying that the two netvworks are parallel,
(2) VWhere ionic crystals are involved, the ions of the overgrowth
should take up positions which correspcnding ions of the
substrate of the same polarity would have occupied, had the
substrate continued to grow,
(3) The same type of bonding in substrate and overgrovth.
It soon became apparent that the first rule, demnanding near
perfect fit between the two lattices, was not always obeyed, The
most striking example wias that of metals condensed on heated
rocksalt surfaces, for which misfits from -3%5 to +90% were observed(27)
Several theories have been expounded since 1928, but all involve
the necessity of a small misfit,

In 1933, Finch and Quarre11’?8)

introduced the concept of basal
plane pseudomorphism, according to which, the depvosit crystals are
constrained so that the atomic planes parallel to the substrate
surface have the same spacing as parallel planes in the substrate.
Thus the initial oriented film has an abnormai crystal structure.

A detailed theory of epitaxy was developed froa this concept
by Franlk and Van der Merwe(zg) in 1949:- It was deduced that the

lowest energy state for the system, for misfits of less than 9%,

/...
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vas a pseudororphic arrangement in which the spacing of the
overgrowth monolayer was changed to match that of the substrate.
For very high ﬁisfits, the nonolayer gontained tdislocations!' but
on average, the original spacing was preserved., These predictions
were linked to experiment by assuning that the latter arrangement
did not lecad to an epitaxial growth.

Bowever, it has been showvm that these initial constrained
monolayers would not nécessarily be thermodynamically stable.
Furthermore, the concept of basal plane pseudomorphism has not
been verified by further experiment and it has becn showvn that, in
many pases, constrained nmonolayers of abnormal structure aré
definitely not formed,

Some attempts to explain the occurrence of large misfits
have been based on the idea that an oriented layer, corresponding
to a low misfit, occurs during the initial stages of growth, and
that subsequent growth gives rise to different orientations.
Menzer(%®), in 1038, postulated that the initial oricntation of
the film was arrived at by twinning of the original layer. However
it has since been demonstrated that twinnlng occurs at a later stage

of growth.

An extensive study of metal vapours condensed on heated salt

substrates was made by Bruck(al) in 1936, He recorded the minimunm

substrate temperature (knowvn as the epitaxial temperature) required

/..I
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for the formation of an epitaxial deposit and the lattice misfit

(32)

between deposit and substrate. In 1952 Engel atteupted to
rationalise thece observed lattice fits and the dependence of
epltaxy on substrate temperature. Engel postulated that the occurence
02 orientation depended on the poosibility of suitckle donication
processes and upon the fit between the intermediate salt formed

by ionisation with both the substrate and the deposit. Thus the
first stage of epitaxial growth was the ionisgtion of the Ffirst
layer of the metal so that a two dimensionzal chemical reaction
occurred resulting in a monolayer of deposit-metal salt at the
substrate-deposit interface. 1In fact, it was found that a linear
relationship existed between Bruck's epitaxial temperatures and the
jonisation potentials of the most commonly observed lonisation
states of the metals, Engel's theory, however, does not stand up
to rigoyéous scrutiny of the lattice fits of the substrate, metal
and postulated metal salt.

During the last fifteen years, much work has been devoted to
the early stages of metal vapour deposition. It has been established
by reflection electron microscopy and radio-tracer techniques that
isolated three dimensional nuclei form vwhen the average film
thickness is less than one monolayer(ss). The nuclei weré randomlf
oriented with no preferred sites for nucleation., This was to be
expected since the supersaturation of metal vapour was very high.

However, one =surface feature, namely the surface step, has been

established as a preferential site for nucleation(34).

/O'.
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No satisfzctory theory of epitaiy has s yet been derived.

The conclusions to be drawn from the observations of epitaxial

growth are:

1. Although a small misfit ie significant in certain coses,
it is not an essential condition for tkhe occurrcnce of
epitaxy.

2. The orientation which occurs is not always that corresponding
to the best geometric fit.

3. Many cases of observed large mis fits are not sa tisfectorily
explained by the assumption of an intermediate orientation
of smaller misfit and the occurrence of large misfits must be
taken into accuount in any theoretical treatment.

4, fhe initial oriented deposit has its normal bulk structure and
spacing and grows initially in the form of isolated nucledi.

¢) Growth of evitaxial films by metal vapour deposition

The phenomenon of epitaxy is dependent on several variables:

(1) the temperature of the substrate during deposition of
the metal vapour,

(2) the preparation of the substrate surface.

(3) the rate of deposition of the metal.

(4) the thickness of the deposit.

The effects bf these variaﬁles on epitaxial growth have not yet

been studied systematically.

‘/Q"
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In 19385, Bruck(al) established that a critical substrate
temperature was reguired, bvelow vhich face centred cubic metals

would not be deposited epitaxially on rocksalt. Howvever, there has

since been considerable disagreenent about the values of the

Yepitaxial temperatures', It is thought that increase in substrate

temperature favours the formati;n of an epitaxial overgrowth by

(1) providing some of the activatlon energy required by the devosit
atoms to take up the positions of potential minima associated
with epitaxy,

(2) dincreasing surface and volume diffusion thereby facilitating
the accommodation of misfits as neighbouring nuclei grow
together,

(3) cleaning of the substrate surface.

The substrate may be pre~heated in vacua to anneal out surface
defects, but is thought more likely that increased surface

perfection is brought about by the suflimation of the upper layers

of the substrate, leaving a perfectly clean surface(ss).v However, it

has been reported that prolonged annealing may result in undesirable

thermal etching of the surface(as).
The state of perfection of an alkali halide substrate is very
much influenced by its method of preparation. The technigue knowm

as decoration(34)

gives an indication of the degree of surface
perfection. Decoration involves the vacuum deposition of gold or

silver atoms onto the substrate surface. The metal atoms nucleate

/onc
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‘preferentially at surface steps., For example, when the substrate
crystal has been cleaved in vacuo, the metal particles are aligned
in straignt 1lines, and when air-cleaved, the the particles are
aligned in a less ordered fashion, namely in swirls(36)(37).

Recent U.H.V, experiments have shown that surface contamination
of the substirate has a marked effect on epitaxial growth, For
example, the epitaxial temperature for Au, Cu and Ag deposited on
rocksalt which has been cleaved in U,H.V, is considerably lower
than when air-cleared rocksalt is used(as). By contrast, however,
it is reported that at 80°K, there is no appreciable difference
between silver films deposited on vacuum cleaved or air coﬁtaminated
rocksalt(sg).

There is little systematic évidence on the effect of deposition
rates, Genrally, the slower the rate of deposition of metal atons,
the more likely is epitaxy to occur. However, metal films which
have been deposited slowly are more likely to be contaminated. A
high rate of deposition will increase the substrate temperature,
favourébly or otherwise, It has also been suggested that a high
rate of deposition is favourable to epitaxial growth because of
its effect on the coalescence of metal nuclei(4°).

It is reported that the orientation of a thin depos;ted film

4
can change appreciably with film thickness( 1). In the case of

/0..
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gold deposited on mica at 38000, orientation was found to improve
with further deposition. It was suggested that re-orientation of
the initial deposit occurred thereby improving the orientation of
the entire film(41). Generally, hovever, a good orientation is

maintained up to a certain thickness of deposit,

a) Growth of epitavial tin films

Several wvorkers have studied methods of producing epitaxial
tin films by the vacuum deposition technigque. The effects of
substrate, substrate temperature, deposition rate and film thickness
on the structure of evaporated tin films have been studied.

(42) obtained (002) oriented single crystal films

_Vook
(i.e, films comprising single crystals all oriented with their
c-axes normal to the deposit plane) and (200) oriented textures
(1.6, films comprising polycrystalline aggregates with their a-axes
normal tp tﬁe déposit plane and with b- and c¢-axes randomly

oriented) by the rapid, discontinuous evaporation of tin onto a
single ciystal of rocksalt vhich was cooled to -196°C.

(43) studied the deposition of tin onto various heated

Curzon
substrates. He reported that galena proved a satisfactory substrate
whereas rocksalt, potassium bromide, mica and zinc blende were not
satisfactory. Increase in substrate temperature up to 166°c resulted
in improved orientation of the tin films but above 160°c the films
were poorly oriented. The maximum film thickness at which the

crystals vere well oriented was 200 2 . The films were studied

by reflection microscopy.

/-.-
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Collodion and quartz substrates were used by Gandais(44) in
a study of the effect of film thickness, substrate temperature and
evapération rate on the orientation of the tin film., Two orientations
were found to occur: In thin films, the predominent orientation was
that in which the a-axis of the crystal vas ﬁormal to the deposit
plane, As the film thickness increased, a less well defined
orientation, in which the c-axis of the crystal was normal to the
deposit plane, becane predominant, It was thought that the first
orientation corresponded to the formation of small, well oriented
islands; as these isiands grevw in size, recrystallisation, favoured
by a decrease in grain boundary energy, occurred and the sec;nd
orientation appeare&.

(45) studied the effects of pressure,

Preece and Wilman
deposition rate and film thickness on the orientation of tin films
deposited on glass substrates. The films were studied by reflection
electron microscopy.

' . o

At film thicknesses of 500 A, the tin was strongly oriented

with (100) crystal planes parallel to the substrate surface at
-8 -7 -6 =5
pressures 10 -~ 10 torr. At pressures 10 - 10 ~ torr, the

strong (100) orientation was mixed with a weaker (001) orientation

o
fof deposition rates up to 70 A per second. At pressures

-5 -5 °
10 -2x10 and for deposition rates up to 70 A per second the

3 - 10"3 torr the

film was (0Ol) oriented. At pressures 2 x 10
films were weeakly oriented with (110) crystal planes parallel to

the substrate surface for deposition rates up to 70 3 per second
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o
and for deposition rates 70 - 150 A per second the films vere
polycrystalliné.

At constant pressure, the orientétion of the tin films
changed with thickness. For example, at 2 x 10'.5 torr pressure
and for deposition rate of 70 Z per second, the orientation of the
film was initially a mixture of (100) and (001) but changed to
the (001) orientation as the film thickness increased above
1000 :. At deposition rate 70 - 150 Z per second, the initially
polycrystalline film developed a (001l) orientation followed by a
(301) orientation or mixture of (301) and (00l) orientations as

o
the film thickness increased to 2000 A,

(48) have studied the structure of thin

Ehrhart and Maraud
films of Pd, Ag, In and Sn as a function of substirate temperature,
Their results were expressed in terms of the ratio Tt/Tf’ where Tf =
melting point of the metal at atuospheric pressure and Tt =
substrate temperature,.

For values of Tt/Tf = 0.2 - 0.4, they obtained films of
uniform thickness with little disorientation. For Tt/TI = 0,7,
the metal crystals were very well oriented. For Tt/Tt)» 0.8,
the metal films were polycrystalline. The substrates used were

glass end polished gquartz.

/0-0
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Electron Microscony

a) The electron microscove

Basically, the electron =microscope consists of an electron
gun, and an essenbly of electron lenses.

The gun couprises a directly heated tungsten filazent, the

- emitted electrons being accelerated toward the anode plate by a

negative bias.

The lenses employed are magnetic, the soft iron pole-piece
of the lens producing an axially symnaetric magnetic field for the
focusing of electro;s. The rest of the lens is a magnetic yoke
containing the wihdings for energising the lens with d.c. current
which can be varied thus altering the focal length of the lens.

Fig. 3 depicts the ray paths in a microscgpe employing three
stages of magnification (objective, intermediate and projector) and
& single condenser lens system for illuminating the specimen. (In
high resoluti?n~work, requiring optimum specimen illumination, a
double condenser lens system is usually employed). The specimen to be
examined by transmission of electrons is placed near the entrance to
the bore of the objective lens pole-piece. The objective lens
produces a magnified image known as the first intermediate image
which serves as an object for the intermediate lens which produces
a second intermediate inage., This is further magnified by the
pProjector lens to produce a final image on the fluoreécent viewing

screen. The magnification of the objective lens is fixed and the



T

final magnification varied by reguloaticn of the energising current

It

in the intermediate or urojector (as in Sieucn's Dlmisikop 1) lens.,
In some instruments, e.g. Siemen's Elmiskop 1, the projector pole-
piece may be changed during oparation so that low magnification,
distortion-free inages may be obtained by using a pole-piece of
wide bore, while pole-picces of narrovier bore enable total
magnifications of up to x 160,000 to be obtained.

The electron beam is collimzted by a series of apertures
situated in the bores of the various lens pole-pleces, VWith a
double condenser lens system, condenser 1 usually contains a fixed
aperture of about 750/~ diameter, Condenser 2 may be equipped with
a range of interchange;ble apertures, about 100 - 400+ diazeter.
The objective lens also has interchangeable apertures of about
30 - loojp.diameter.

Since electrons are stirongly abeorbed by air, the system is
kept under vacuum. Vacuum conditions are achieved by use of an oil
diffusioﬁ punp, which, in the Siemen's Elmiskop 1, is backed by a
mercury diffusion pump, backed in turn by a mechanical rotary pump.
The pressure in the column during operation of the microscope should
not exceed 2 x 10™° torr.

Under the vacuur conditions in the column of the electron
ﬁicroscope, there are sufficient hydrocarbon molecules present to

cause specimen contamination. This contamination has a serious



- 25 =

effect on image resolution, The sources of these molecules
include the oil diffusion pump, rubber gaskets and any oil or
grease which may be present on the metal surfaces, 1t is believed(47)
that the electron bean cauces local cracking of the hydrocarbon
molecules adsorbed on the surface of the specimen and a carbonaceous
deposit is built up around the dbject being examined. At normal beam
intensities, the rate of contamination build-up is 1 ; per second,
Contamination of the specimen is reduced either by the insertion into
the columnn of a matal finger which is externally cooled by liquid
nitrogen, so that hydrocarbon molecules are preferentially gdsorbed(48>,
or by passing a stream of oxygen over the specimen and oxidising the
produc@s of electron beam cracking or by heating the specimen,
either by the electron bean or by a heating stage, so that the
concentration of condensed molecules is lowered.

The heating effect of the electron bean is well known and is
frequently used deliberately as a substitute for a heating stage.
The extent of heating is a function of the operating conditions in the

electron gun, the colldimition of the electron beam and the effectiveness

' of the spécimen as a thermal sink. The last of these is the greatest

variable and also the least controllable, since it depends on the
thickness and thermal conductivity of the specimen and on the thermal
contact with the grid and cooling ring leading to the object

cartridge which acts as a thermal sink.
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Temperature rises can be high, under extreme conditions.
The nmost important parameter appears to be the thermal conductivity
of the specimen. Under normal operating conditions (100 kV
accelerating voltage, IO/M,A beam current with 4/A,diameter beaun),
teaperature rises of 7000 for Fe, 30°c for Al and 20°¢C for £u have
(49).

been recorded

b) Electron diffiraction

¥hen a parallel, monochkromatic beam of electrons of wavelength
)\ s impinges at angle 6 on a set of parallel atomic planes of
interplanar spacing 4, the electrons are diffracted if the condition
n = 2 d sin ©, where n is integral, is satisfied. This condition
is knqwn as Bragg's Law. The only plenes which diffract are those
parallel fo the electron bean and the angles of diffraction are
very small, not more than 1° or 2°.

The Bragg diffracted beams, travelling at small angles to the
incident beaam, are focused by the objective lens to form a
transxzission diffraction pattern in the back focal plane. Under
transmission microscopy conditions, the objective lens aperture does
not allow the Bragg reflections to pass through to the final image.
Normally, the intermediate and projector lens systems are focused on
the first intermediate image of the objective lens to produce a

magnified image on the finzal screen. If, however, the objective and

condenser apertures are withdrawn, and if the strength of the
intermediate lens is reduced so that the back focal plane is

focused on the final screen, a transaitted diffraction pattern of the
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iiluminated area of the specimen is observed. The area of the specimen
illuminated by the beam and contributing to the diffraction pattern
is controlled by the insertion of a diffraction aperture,
Since © is always small for elect;on diffraction, it can bve
shown from Fig. 4 that L.26 = R, wvhere L = focal length of the
objective lens and R = distance from the diffraction spot to the
centre of the screen, Now, the Bragg equation mnay be written:
AL = 2 ao.

/
Hence AL = Rd and d = ‘\—-Ii.

R
Thus the interplanar spacing d may be determined by measuring
distance R from the spot to the centre of the screen if‘k L is known,

),L is termed the diffraction or calibration constant,

Determination of calibration constant

Variations in H.T, supply and focussing errors of the
intermediate and objective lenses may give rise to error in
evaluating 4 but the most likely source of error is variation in
specimen position with respect to the final screen, Since the
constant‘A L is directly proportional to the focal length of the
objective lens (for focussed specimens), there is normally a change
of about 30%/mm specimen shift. For the Siémen's Elmiskop 1, the
calibration constant decreases by 4%/mm rise in specimen provided no
lens currents are changed.

For accurate work, the cglibration constant must be determined

for each diffraction pattern recorded. The simplest methiod of
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deternmining the calibration constant is to use an evaporated film
of thallots chloride. This substance is stable in the electron bean
and éxhibits sharp diffraction rings with no anomalous reflections.
It is easier to measure the diameter D of the ring rather that R,
the distance from the ring to centre of the screen. The diameters of
the three most intense diffraction rings are measured, and the

interplanar spacings corresponding to these reflections found from

d xD
2

the A.S.T.M, file. Hence a mean value of AL = is determined.

Selected area diffraction

This technique enables one to take diffraction patterns fronm
very small areas of the specimen and to correlate the features observod
in the micrographs and the crystallographic structure of the specinen,
By the insertion of an aperture of diameter D in the plane of the
intermediate image, only those electrons passing through an area of
diameter D/M on the specimen will reach the final screen, where M is
the magnification of the objective lens (usually about x 25)., Tf D is
2514 s, the diameter of the selected area is about l}k. A bright
field micrograph of the area selected by the diffraction aperture .and
the diffraction pattern from that area may be recorded on the.same
photographic plate.

¢) The intervretation of electron diffraction patterns.

The concevot of the reciprocal lattice and the sphere of reflection

The easiest way of interpreting electron diffraction patterns is by

means of the reciprocal lattice concept:
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The reciprocal lattice of a crystal lattice is a three
dimensional netvork of points, the origin of the reciprocal lattice
coinciding with the origin of the real lattice., Each point in the
reciprocal lattice represents a faaily of planes in the real lattice.
The distance from each point in the reciprocal lattice to the origin
is inversely proportional to the interplanar spacing of the set of
rlanes it represents. The direction from the origin to the reciprocal
lattice point is the same as the direction of the normal to the
planes., The higher order diffractions corresponding to n = 2, 3,...,
are considered eguivalent to 1lst order diffractions having phase
difference A and arising from imaginary'planes having interplanar
spacing of d4/2, d4/3, and having indices (2h 2k 21), (3h 3k 31) etc.
Each of the higher order diffracted beams, or imaginary higher order
diffracting planes, is represented by a reciprocal lattice point.
Since Miller indices are reciprocal quantities, the indices of the
reciprocal lattice points are the same as the Miller indices of the
corresponding planes in the real lattice,

A concept to be considered in conjunction with that of the
Teciprocal lattice is the Ewald sphere of reflection:
Iet a set of atomic planes be drawn at point C, and an incident beam

impinge upon them at angle @. As shown in Fig. 5, consider the vector

length 1/) from C to O, this vector being parallel with the incident

beam. Let O be the origin of the three dimensional reciprocal lattice
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corresponding to the real lattice of tne crystal, but for this
purpose displgged by /X from the centre of the crystal. A sphere
of reflection of radius 1/)\ is drawn about C., Consider the
reciprocal lattice point R, drawn at a distance f? froma O and lying
on the sphere qf reflection as shown,

Vector CR must reprcsent & diffracted beam since
_ 2s5in &
r = v
‘and, by definition f) =3
hence 2 4 sin © = }\ ~ Bragg ecguation.
Thus diffraction occurs only when the corresponding reciprocal
- lattice point lies on the sphere of reflection corresponding to the
wavelength of the incident radiation. In the electron microscope,
. o
the wavelength of the electron beam is about 0,05 A vhereas di
o
the interplanar spacing is usually 1 - 2 A and so the radius of the
sphere of reflection is large compared to the distance between
reciprocal lattice points, Hence, for practical purposes, the
surface of the sphere of reflection may be considered planar,
Thus, the complete diffraction pattern to be expected froam a
crystalline specimen for any given orientation with respect to the
electron beam can be predicted merely by plotting that reciprocal

lattice plane of the crystal which lies normal to the electron beanm

and passes through the origin 6f the reciprocal lattice,

/oo



Strvrcture factor

The resultant wave scattered by all the atoms of a unit cell
is called the structure factor F, and'/F/ is the ratio of the
amplitude of the wave scattered by all the atoms in the unit cell
to the anplitude of the wave scattered by one electron, In terms of

reciprocal lattice co-ordinates the structure factor may be written
~2Te (““’c + Ry, + 2o, )

Fo = Zc_ 5O

T wi and Vi are fractional co-ordinates of the atom i and

fi(o) is the atomic scattering aaplitude for atom i. For a unit

vhere u

cell with a centre of symmetry the sine terms in the above expression

cancel out and the expression becomes

Fit = Z. §.(8) cos2W (ho: +Rv + 2 ),
i

From this expression it is obvious that not all reciprocal
lattice points will give rise to Bragg reflections. Depending on
symmetry and on the values of h, k and 1 the structure factor will
be zero and reflections from the hkl reciprocal lattice point will
not be observed.

In the case of a body-centred tetragonal lattice, reflection
from the reciprocal lattice point hkl will afise only if h + k + 1

= 2n vhere n is an integer. Thus for P-Sn. the allowed reflections

are: 200, 101, 301, 002, 400, 202, 501, 103, 600, 303 ....
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Forbidden reflections, howevsr, are sometimes observed as a
result of double diffraction. That is, they arise from the vectorial
addition, in reciprocal space, of two allowed reflections which
are simultaneously activated,

Diffraction patterns

Polycrystalline specimen

For randomly oriented aggregates of polycrystals, the reciprocal
lattice becomes a series of spheres concentric with the origin of the
reciprocal lattice. The diffraction pattern may be regarded as the
superposifion of all possible reciprocal lattice planes, corresponding
to all possible orientations of the crystals with respect té the
electron beam. The radii of the rings are given by 1/d hkl,

Single Crystals

As denonstrated previously by the construction of the sphere of
reflection, the diffraction pattern from a single crystal will be
the reciprocal lattice plane of the crystal which lies normal to the
incident bean and which passes through the origin of the reciprocal
lattice.

The condition for the reciprocal lattice point (hkl) to lie on
the (UvW) reciprocal lattice plane containing the. origin is
hu ¢+ kv ¢+ lw = 0, This geometrical relationship is used to determine
the orientation of the crystal with respect to.the electron obean i.e.

in assigning values to (uvw), the reciprocal lattice plane of those



planes of the crystal which lie normal to the bean,
If the diifraction pattern is known, then (hil) indices can

be assigned to the spots, once dhkl has been evaluated. It is

usual to acsign indices to threc spots which, together with the
origin, make up a parallelograna., By trial and error, a consistent

set of indices is chosen such that

(r1,] = [hzkzlz] + thx&ala]
All other points in the diffraction pattern may now be indexed

by sinmple vector addition. Since these points all lie in the

(0¥ %) reciprocal lattice plane, hu + kY + llw = 0,

hzu + k2'v + 12'w

[}
o

h311+ kav + 13w = 0.
Hence, (uvw) = (kll2 - Lk, 1lh2 - b1, hlk2 - klhz)' This
imnediately glves -the crystal axis [¢mv€] which 1s parallel to the
electron bean.
A spot pattern will also be obtained from a specimen
consisting of an aggregate of single crystals, where the three
erystallograrhic axes of each crystal are all parallel to the

corresponding crystallographic axes of every other crystal.

Textured polycrystals

Consider an aggregate in which each crystal has the saze
crystallographic axis ['uvw] aligned in a certain direction, while
the other two axes are randomly oriented with respect to the
corresponding axes of the other crystals, The reciprocal lattice

for such an agregate is obtained by rotation about the axis of
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freferred orientation [uvw] s £0 thet each reciproccl lettice
spot is cxiended to & ceuntinvcus 1ing, The hkl indices of the
rings which lie in the successive planes is given by hu + kv + llw = N
vwhere N = 0, 1, 2 ...
If the axis of preferred orientation [uvw] is parallel to
the electron beam, only those rings in the diffraction'pattern vhich
setisfy the condition hu + kv + lw = O will be present, That is,
the indices of the rings in a diffraction pattern from a poly-
crystalline aggregate with axis of preferred orientation [uvw] parallel
.to the electron bean will‘be the same as the indices of thg spots
in a diffraction pattern of a single crystal whose crystallographic
- exis . [uij is parallel to the beanm. |
| Thus for an textured aggregate of (S-Sn where [uvw] = 020, the
rings present in the diffraction pattern will have indices 200, 101,
301, 401, S0, 600, 303 and 701, i.e, only rings with indices hOl,
where h = O,,.n, 1 = O...n, except those rings where h + 1 = 2n
(which are forbidden by the structure factor for a body centred
tetragonal lattice) will be observed.
If the specimen is tilted about an axis perpendicular torfuij ’
the ring pattern is broken into a series of arcs., Along the diemeter
" parallel to the axis of tilt, the arcs coincide with the original
ring pattern, but become shorter as the tilt angle is increased.
Along the perpendicular diameter, the original rings disappear and

new ones appear as tilting causes the sphere of reflection to cut the

/.o.
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ﬁlane of the reciprocal lattice circles ko + kv + 2% = 1, 2, & etc.
Eachvnew arc first eppears as a single arc along the diamneter
perpendicular to the tilt axis, but further tilting causes it to
split into two and these two arcs travel in opposite directions
around the normal diffraction ring, towards the diameter parallel
to the tilt axis.,

- d) Image contrast

Image contrast arises from the Bragg scattering of the electreon
bean by the crystalline specimen., Of the electrons emerging fronm
the crystal, some have been diffracted by lattice planes and the rest
are transmitted, Diffractién contrast is obtained by placing an
aperture in the system which lets through either the transmitted bean
(briéht-field image) or a diffracted beanm (dark-field image).

In the bright-field image, if the incident electron beanm
intensity is taken am unity and that of the diffracted beam as ID’
then the intensity of the transmitted beam is 1 - ID’ If the
incident beam passes through a defect in the crystalline lattice, it
will encounter a localised change in diffraction conditions and so
the transmitted intensities are correspondingly modified. Since
Bragg angles are small, only those planes approximately parallel to
the electron beam are capable of diffracting electrons out of the
objective aperture and giving rise to image contrast.

In order to explain the contrast observed at lattice defects



it is necessary to calculate the intensity from a perfect crystal
and see how this intensity is modified by the presence of defects.

If an electron wave, represented by tke function exp E)Tfl Rcf"]
where ko is the wave vector of magnitude 1/% is incident on an
atom at position r, there will be an elastically scattered wave
exp[lﬁTLkﬂ*J , With a phase difference of ZTT(kl-ko) vhen kl is
the wave vector of the diffracted wave., If the crystal is not
oriented exactly at the Bragg angle, then the reciprocal lattice
point will lie either inside or outside the sphere of reflection as
shown in Fig. 5. The phase difference is then 2Wlr (? + 8) yhere P
is the reciprocal lattice vector of the lattice planse giving rise
to the reflection and s is thé vector indicating the deviation of
the reciprocal lattice point from the reflection sphere. To obtain
the total scattered amplitude from a cfystal it.is necessary to sun
8ll the scattered amplitudes from all the atoms in the cpystal, i.e,
to take account of all the Jifferent path lengths for rays scattered by
different atoms. Since moét of the intensity is concentrated near the
reciprocal lattice point it is sufficient to calculate the
amplitude diffracted by a column of crystal in the direction of the
diffracted beam. Thus, if t is the crystal thickness, the
amplitude scattered is proportional to

+€/2

xp. [aTi (,:w-s).r'] de

..t%i



Since ?.r is an integer, this reduces to
+E2
JJ,‘P [amisr)de 0 sin Tes/Ts .

~&fa
Thus the diffracted intensity froa such a coluuan is

I ¢ sin2 TTts/(TTs)z.

From this equation, it is evident that the diffracted intensity

oscillates with the depth of the crystal with periodicity 1l/s.

This sinusoidal variation in intensity gives rise to the dark and

light fringes observed in wedge-shaped crystals., Another type of
contrast observed in perfect crystals is the bend or extinction contour,
>observed in crystals which are slightly tent or buckled, so that the
orientation of the crystal varies from place to place, Part of the
buckled area will be oriented at the Bragg angle, so that strong
diffraction occurs and that area appears dark.

When the crystal is imperfect, certain atoms are displaced from
their true lattice positions., Thus, if an aton at r. is displaced
by a vector R, the amplitude of the wave diffracted by this atom is
multiplied by an additional phase factor exp [_277'1 (kl—ko)R] .
Since (ki-ko) = P + 5, the amplitude scattered by the imperfect

+&
crystal is troportional to f z Lxp. [ 20T (F-i—S)("‘fp\)J dr

-t
+¢/,
which reduces to f 2xp [2me (s.r +f>,p\)] dr,

-tZi
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since f:.r. is an integer and s.,R. is small and nay be neglected in
comparison uiéh fD.R. Thus the amplifude and hence the intensity
may differ from that scattered by a perfect crystal depending on
whethcr the phase factor 2 /D.R. is finite or not. Image contrast is E
obtained when f).R = 0, vhere R is the atomic displacement. This is

mechanism for contrast at dislocations and stacking faults,

If the objective aperture is displaced from its normal axial
position so as to receive an elastically scattered diffracted beam,

2 dark field image is obtained. Only these parts of the crystal

contributing to the selected reflection will be in bright contrast,
A dark-field image obtained in this way tends to be distorted since

it is formed by rays travelling at an angle to the instrument axis
znd therefore suffers from spherical aberration and astigmatism.

Alternatively, a perfect dark field image is obtained if the
electron gun is tilted so that the selected reflection travels

down the axis.
The dark-field image is the complement of the bright field
image., The technicue provides a means of relating morphology to

erystallographic structure.

/.’.



EXPZRIMENTAL

i) Bulk Single Crystals
The meterial originally received for this vwork was in the fornm
of single crystals of tin vhich had been grown by zone refinement,

It was intended that the orientation of the crystal be determined by

back-reflection Laue X-ray photography. A particular face of the crystal

would be prepared and tin oxide grown on this face. The oxide film
would be removed by a suitable extraction replica technicue and the
orientation of the oxide film determined by electron diffraction.
Thus the relative orientation of the lattice of/B-Sn to that of

K =-SnO might be deternined,

However, the recrystallisation of tin takes place very readily
and the material must be prepared in such a way that no mechanical

deformation is introduced into the crystal., Ideally, the material

" should be cut with a chemical saw or electric spark cutter and polished

or thinned in an electrolytic bath.
The crystals were cut to suitable size with a jewellers saw

and hand polished on SiC papers followed by ¥ -alumina in paraffin.

Even after very light and careful hand polishing, grain structure vas
observed when the etched material was observed in the light microscope,

showing that recrystallisation had occurred.

/.'.
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Attempts to produce good extraction replicas from a polished

face of a tin crystal were not successful, Amnong the methods

8)

employed was Bright's technique( of coating the tin surface with

carbon, or with carbon and then formvar for mechanical support, and then

removing the replica by amalgamnating the substrate with mercury.
Another extraction technique involved the removal of the replica in

an IZ/KOH bath., Other methods included the coating of the tin

surface with carbon, formvar, collodion, formvar/carbon and

bedacryl and removal of the replica either by stripping in water

or stripping manually vith sellotape.

Jeue
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The prenaration of thin evaporated films

a) Epitoxial filwms

In order to obtain epitaxial filmé, several techniques were
enployed whereby tin was evaporated in veacuo onto various substrates
at differcnt temperatures.

Apparatus

All evaporations were carried out in the Edwards 12E coating
unit. One of the electrodes in the coating unit was modified in
order that the substrate might be cooled externally by liquid
nitrogen,

For this purpose, a brass plate was brazed onto a narrow
copper tube which encased a similar tube of narrower bore, The
two concentric tubes were carefully bent and passed through the
modified electrode in the coating unit. The metal base of a
modified electrode was screwed onto threads on the copper tube and
a vacuum seal ensured by a rubber O-ring between glass tube and
metal base. The tuves outside the coating unit were bent upwards and
lagged with asbestos and tin foil for thermal insulation, A glass
funnel was sealed onto the innermost copper tube. Liquid nitrogen
was‘poured into the funnel which was then covered with a rubber bung
to force the liquid nitrogen up the inner tube to the brass plate and
to escape via the outer tube. In this way, it was possible to lower

’ o
the temperature of the brass plate, inside the bell-jar, to -160 C.

The apparatus is shown in Fig. 6.
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Metrod of evavoration

It proved extremely difficult to evaporate tin from a metal
filament and cbtain consistent film thickness. Tungsten and
molybdenun filaments in the form of loops and helices were used
without success, Due to the large difference between the M.Pt. of
tin (232°C) and the B.Pt. (1189°C at 10'-2 torr), the tin would
frequently drop off the filament wire before evaporation was conmplete,
Satisfactory results were obtained vhen tin was evaporated dovmwards
onto the substrate through small holes drilled in the botton of a
molybdenun boat,

A molybdenum boat was cleaned by flashing in vacuo and three
holes, 1 mn in diameter, were drilled in the bottom of the boat.
Sufficient tin to form a continuous evaporated film, 100 : in

thickness, was placed in the beat., The thickness of the evaporated

film was calculated from the formula

t=2x =B
=3 ¥ unrdp

where t = thickness of evaporated film

r = distance between substrate and evaporating source
p = density of tin
m = mass of tin evaporated.

A metal shield with a hole 1 cm in diameter was placed between
the filament and substrate to minimise damage done to the growing

film by radient heat., The pfessure inside the bell-jar was reduced
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to 10 torr and tin was continuously evaporated from the molybdenun
o
boat at the high rate of S0 -~ 100 A per second., The high evaporation
rate ensured that the minimum number df residual gas atoms were
incorporated into the growing film. For several experiments the

distance from the evaporator to the substrate was varied.

Preparation of substrates

Sodium chloride substrates of suitable size, 0,5 x 1 x 2 cma,

were cleaved from a large single crystal along a (100) plane, The
crystals were not polished as there is evidence that polishing may
result in surface recrystallisation, rendering the substrates
unsuitable for the formation of an epitaxial overgrowth(so).
In some cases the crystals were heated in vacuo at 480°C for 3 hours,
prior to evaporation.

Mica substrates were also used, A sheet of mica was cleaved
just prior to evaporation.

Evaporation of tin onto cooled substrates

The prepared substrate was placed on the brass plate and the
. pressure inside the bell-jar reduced to 10-5 torr. The inner copper
tube was filled with liquid nitrogen and the plate cooled to -160°C
for one hour. After this time the substrate reached a minimum
temperature of -130°%.
After the evaporation, the substrate and condensed metal film

were allowed to warm up in vacuo to room temperature.
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Evaporation of tin onto a heated substrate

A prepared rocksalt crystal was clamped in a clean molybdenun
boat, A Pt/Ir thermocouple was fixed into a small hole carefully
drilled in the side of the crystal. The bell-jar was evacuated and
the crystal heated electrically to lSOOC. Tin was evaporated
upwards from a clean molybdenunm boat onto the surface of the
rocksalt, A metal screen was again placed between substrate and
evaporating source to minimise damage to the metal film, After
evaporation, the substrate was allowed to cool in vacuo to room
temperature,

Evaporation of tin onto _a glass substrate

A glass substrate was cleaned and placed inside the bell-jar.v
Tin was evaporated onto the surface through the holes drilled in
the bottom of a molybdenum boat,

Mounting df films for electron microscopy

o
A film of carbon, 100 A thick, was evaporated onto the

surface of the evaporated metal films to give mechanical support.
The combined films were removed from their substrates by‘
partial immersion in a tank of distilled water., The combined
carbon/tin film floated away from the substrate and was washed
several times to remove traces df sodium chloride. The films were
picked up on 200 - mesh copper grids and dried in an oven at 60°c

for several hours, prior to examination in the electron microscope.
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It was feared that the carbon backing film might inhibit the
oxddation of the tin films or that the carbon film itself might oe
preferentially oxidised.

Attempts were made to back the epitaxial tin films with
silica which is inert to oxdigation:

A tin film was condensed onto a rockealt substrate in the
usual way and sufficient silica to form a film 100 Z thick was
evaporated onto the surface of the film, The heat radiating from
the evaporator was minimised by placing a metal screen over the rock-
salt crystal., It was foind, however, that the silica backing film
was too brittle and inflexible to permit the combined film to be
removed from the rocksalt without disintegrating.

Another approach involved covering the tin film with a 2%
solufion of formvar. The formvar was allowed to dry and the combined
film removed from the substrate by wet stripping. The film was
picked up on silica covered Pt/Ir mounts and allowed to dry. The
mounts were washed in a bath of ethylene dichloride to dissolve
awvay the formvar., However, difficulties arose at this stage. It
was found impossible to dissolve away the foravar completely
without the tin film curling up.

Since no alternative to carbon could be found, epitaxial films

supported on carbon backing films were used for the oxddation

experiments,
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b) Decoration of rocksalt substrates

" The state’of perfection of the surface of a rocksalt crystal
is very much influenced by the method of preparation of the surface(34).
In order to examnine the supface, decoration replicas wero prcpared:

A freshly cleaved piece of. rocksalt was supported on a
clean molybdenum boat clamped between tvio electrodes. The pressure
in the bell-jar was reduced to 2 x 10.5 torr and the crystal
annealed at 480°C for 3 hours., The temperature of the crystal was
then lowered to 300°¢ and a small amount of gold was evaporated onto
its surface.

After allowing the crystal to cool to room temperature in vacuo,
a car£on film, about 100 Z thick, was evaporated onto the surface.
The carbon film, with tﬂe gold nuclei adhering to it, was removed
from the substrate by flotation in distilled water., The film was
picked up on 200-mesh copper grids and dried before examination in the
electron microscope.
€) Polycrystalline films

Several Pt/Ir mounts were covered with a thin film of formvar.
The mounts were clamped in the bell-jar above a clean molybdenunm

boat. Sufficient 'silica' (an Si0/5i0, mixture was used) to form

o
& film 100 A thick was evaporated onto the mounts. The formvar

2

film was removed from the mounts by firing them for a few seconds

over a hot Bunsen,
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o
Sufficient tin to form a 100 A thick film was then

evaporated onto the silica covered mounts. During the evaporation,
the mounts were kept at room temperature.
The films were examined in the electron microscope &nd
then heated in a vacuum of 10“5 torr for 1 - 2 hours at ZOOOC.
The films were re-examined to check that no significant change
had occurred in the size of the tin grains or in the degree

of coverage of the silica film,



i1i) Oxidation

a) Oxidations carried out in coating unit

The specimens were supported, tin film facing uppermost, on
a molybdenum tray clamped between two electrodes. The bell-jar
was evacuated and oxygen flpshed through the bell-jar and roughing
line., The pressure of oxygen in the bell-jar was then adjusted
tol - 2 x 10-2 torr. The temperature of the specimens, monitored
by a Pt/Ir thermocouple attached to the molybdenum tray, was increased
to 180 - 220°C. The specimens were oxidised under these conditions
for times varying from 30 min to 7 hours,

After oxidation, the specimens were allowed to cool to roon

temperature before removal from the bell jar.

b) Effect of water vapour on reaction

In order to determine the effect of water vapour on the
. oxidation of epitaxial tin films, oxygen was passed through a
bubbler of distilled water prior to admission to the bell-jar.
Specimens were heated as before to 200°C in this atmosphere

for 90 min, The oxygen pressure in the bell jar was 2 x 10-2 torr.

/'00
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c) Oxidations at atmosvheric rressure

‘Polycrystalline tin films, mounted on silica covered Pt/Ir
mounts, were introduced into a sz:all open furnace, After
flushing oxysgen through the system, the rate of oxygen fldw was
regulated to 10 cc per minute., The specimens were heated to
180 - 200°C and oxidised for 60 - S0 min.

da) Oxidations carried out inside the electron microscope

A 5 litre bulb was attached to & vacuum line and evacuated.
The bulb and line were then filled with oxygen to a pressure of
30 torr. The apparatus is shown in Fig. 7.

The fixed SObe aperture was removed from the electron
microscope and the objective aperture drive replaced by a gas probe,
The probe, shown in Fig. 8, consisted of a modified aperture drive,
the driver of which was replaced by a hollow tube fitted with
needle valve and coupling connections to the vacuum line., Fig. 9
shows the position of the gas probe in the microscope column.

A well oriented epitaxial tin {ilm was inserted in the
specimen holder, with the tin film facing downwards, and brought
to sit in the normal position, about 4 mm above the gas inlet. The
vacuun line was connected to the gas probe and the connecting line
evacuated to 10"5 torr bj the diffusion pumps of the electron
microscope,

The e}ectron beanm currént was increased to 24/~ A and oxygen

bled into the electron microscope until the pressure recorded on

the Penning gauge was 1 = 5 x 10-4 torr. The local oxygen pressure



- 50 =~

around the specimen would be considerably higher than this, since
the Penning gauge is situated outside the microscope colunn, next
to the @iffusion pumps. The oxygen pressure was not allowed to
exceed 5 X 10-3 torr, since the electron beam safety cut-out
operates above this pressure,

Part of the tin filn was selected by the 2Q,~ diffraction
aperture and was heated by the electron beam in this atmosphere
for periods of time up to 90 min., The progress of oxidation was
observed atSmin intervals by electron diffraction,

The usual build-up of contamination around the specimen at
the rate of 1 Z per minute would be counteracted by the coﬂtinuous
flow of axygen around the specimen,

Oxidations were also carried out in a atuosphere of 1 x 10-4

5 x 10”7 torr of air.
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iv) Vieving of spceimens in electron microscope

All specimens vere examined in the Siemen's Elmiskop I, operating
at 80 kV,

Dark field microscopy and selected area diffraction technicgues were
freguently employed to enable correlation to be made between
morphological features and crystalloéraphic structure,

Measurement of micrographs of diffraction patterns

The accuracy of the determination of lattice spacings depends to a
large extent on the evaluation of the camera constant A L.

A diffraction pattern of an evaporated film of thallous chlorilde
was taken to calibrate every diffraction recorded. By measuriné the
diameter of the three most intense rings, which correspond to known
interatomic spacings, AL the camera constent was evaluated from the

equation AL = dhkl X D
2

/e



3. RESULTS

i) Orientation of thin films

a) Decoration of rockszlt substrates

Examination of the decoration replicas revealed that the gold
nuclei vere not aligned in straight lines characteristic¢ of perfect
vacuum-cleaved rqcksalt, but in the swirls characteristic of air-
cleaved rocksalt. A typical decoration replica is shown in

Plate 1.

b) Effect of substrate, substrate temperature and substrate
prevaration on the orientation of thin evaporated films

Evaporation of tin on unannealed rocksalt cooled to -130°C

Most of the films examined consisted of textures oriented
so that the [ 200] axis of each crystal was parallel to the
electron Seam.
Plate 2 is a typical diffraction pattern from such an aggregate.
The experimentally determined interatomic spacings, the
interatomic spacings recorded in the A,S.T.M. file and the hkl

indices of the reflecting planes are listed overleaf:

/."
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Camera constant, determined from T1Cl rings, = 40,0,
D (mn) 4 (i) _qlit._(;_z Ikl
13.6 2.93 2.915 1200
14,3 2.79 2,793 101
24;1 1.66 1.693 301
25.1 1.60 - 002
27.6 1.45 1.458 400
28.8 "1.39 - 202
36.5 1.10 1.095 501
37.2 1.07 - -
38.5 1.04 1.040 103
41.5 0.97 0.9718 600
44,0 0.91 0.9219 303

By inspection, only those rings are present which satisfy the
condition kv + kv + l¥ = O, where[\nnf), the axis of preferred
orientation, is Eﬁzq] . Reflections (002) aad (202), normally
forbidden by the structure factor for B-Sn were observed, and
their present is attributed to simultaneous diffraction events(51).

Quite frequently, it was observed that parts of the films
were single crystals. Diffraction patterns from such areas showed
that the single crystal films were oriented so that the [200] or
more rarely, the [002] axls was parallel to thé electron bean,

A diffraction pattern froa a (002) single crystal film is shown

in Plate 3. (The reciprocal lattices of (200) and (002) oriented

single crystals of P~Sn are shovn in Figs. 10 and 11 respectively.)



Occasionally, diffraction patterns from (200) textured films,
such as that shown in Plate 4, were observed. Here the rings have
been split up into arcs. The crystalg are tilted about an axis
perpendicular to the [620] axis., Along tﬁe dianeter parallel to
the tilt axis the arcs coincide vith the original ring pattern of
Plate 2 but become shorter as the tilt angle increasés. Along the
perpendicular diameter, the original rings have disappeared and new
rings, or rather arcs, whdse hxl indices satisfy the condition
Oh + 2k + Ol = 2 appear,

The spacings and indices for Plate 4 are listed below:

Camera constant = 39.4
Arcs corresponding to condition Arcs corresponding to condition
Oh + 2c + C1 =0 (i.e. along Oh + 2k + 01 = 2 (i.e. along
diameter parallel to tilt axis) diameter perpendicular to tilt axis)
D (mn) d (:) hkl D (=m g_ng hkl
13.5 2.92 200 19,5 2,00 211
14,0 2,81 101 26.8 1.48 112
23.7_ 1.66 301 30.5 1.29 411
27,0 1.46 401 32,9 1.20 312
36.0 1.09 501
38.0 1.04 103
40,8 0.97 600

In Plate 5, the arcs along the diameter perpendicular to
the tilt axis have been split in two by further tilting.
On these diffraction patterns, corresponding to a (200) oriented

film tilted about its [0023 axis, it was observed that segments of
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arc which were diametrically opposed were not in the same straignt
. . (o) + 0
line, The angular deviation from 180 was =5,
All films examined were stable ih the electron beam.

. o
Evavworation onto vacuum annealed rocksalt cooled to ~130C

Tin films deposited on rocksalt which had been vacuunm
annealed at 480°C for 3 hours exhibited better orientation than
those deposited on unannealed rocksalt,

Electron diffraction showed that these films approximated to
single crystal films of (200) orientation. The azimuthal deviation
in crystallite orientation was about 10°, as seen in Plate 6. The

spacings and hkl indices of the reflections in this pattern are
shovwn below:

Camera constant = 38.0

D)  a(m)  ma
13.0 2.92 200
13,6 2.79 101
22.9 1.66 301
24,0 1.58 002
26.1 1.45 400
27.6 1.8 202
35.0 1.09 501
35.6 1.08

All films examined were stable in the electron bean,
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Evaporation onto rockszlt &t room temperature

Electron 'diffraction revealed that the tin films were
polycrystalline, Some degree of prefbrred orientation was
indicated by the arcing on the 200, 101, 301 and 400 rings and,
perpendiculer to these arcs, arcing on the 411, 420 and 312 rings.
The intensity of the 220 reflection wes unusually low, This

indicated that there was some tendency toward a (200) orientation,

b) Effect of electron beam bombardment on tin films devosited
at increased distance from the evayporator

Tin was deposited onto cooled rocksalt as before but éhe
distance between evaporating source and substrate was greatly
increased. The structure and properties of the (200) textured
films differed from those prepared earlier,

At the relatively low beam current of 12}LA, the (200)
textures were observed to recrystallise within a few seconds to
perfect (200) single crystal films. An example of a perfect
(200) single crystal film is shown in Plate 7.

During recrystallisation, the distribution of electron
scattering planes in the crystals altered, as indicated by changes
in image contrast, but the shapg and size of the crystals remained
the sam;f The (200) single crystal orientation was quite stable and
persisted while the specimen was heated in the electron beam up to
the point when the heat dissipated by the beam current (4thA)

¥ 1.2 no J\ﬁnl(\\ﬁuf\k ‘gﬂét-cul 3nm§k rsolc F\o\u .
[eee
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was sufficient to melt the tin, At this point, two diffuse halos,
characteristic of molten tin, were observed.
Occasinnally, the (200). textured film recrystallised to

form a (002) single crystal fila,

¢) Evaporation technicues producing polverystalline filmus

When tin was evaporated onto rocksalt heated to 150°¢ or onto
mica cooled to -130°C or onto silica films at room temperature,
polycrystalline films vwere obtained,

The diffraction pattern of a polycrystalline tin film is

shovn in Plgte, 8.
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ii) Morvholesy of thin films

a) Textured films

Regerdless of film thickness, tin wus deposited in the form
o
A,

of inter-connected islands of mean diameter 1400 The icland
o
diameters varied from 500 -~ 3300 A, They were separated by channels
o (o)

of mean width 90 A, Channel width varied from 25 - 150 4.
The typical morphology of the textured films is shown in

Plate 9,

b) Single crystal filmus

These were very similar in appearance to the textured filams,

c) Polycrystalline films

The substrate was covered by a continuous tin film, The
crystallites were faceted, unlike those observed in the oriented
films. No channels were observed between the crystals, The films
were very contrasty and dislocations and extinction bands wvere
observed in the crystals. Average grain size was 2,500 z.

A typical polycrystalline tin film (silica substrate) is

shown in Plate 107

/eoe
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1ii) Oxidation of thin tin films

a)

Comvocition of oxide

1) Oxidation of evitaxial tin films in coating uait

Epitaxial tin films of orientation (200) and of thickness
200 Z were heated in the coating unit to 120°¢C in an atmosyphere
of 1072 torr oxygen for périods of 10 min and 20 min. Electron
diffraction revealed that no crystalline oxide had formed.

Similar specimens wvere heatedA to 200°¢C for 30 nin,
Selected area diffraction, using a SQI‘ aperture, revealed
reflections belonging to M -Sn0O. Such diffraction patterns
were weak and the reflections attributed to ™ -Sn0 were
observed not as spots but as spikes which increased in lensgth
as dhkl increased, characteristic of a very thin film. A typical
diffraction pattern is shown in Plate 11.

The same specimens were replaced in the bell-jar and

‘oxidised for a further 40 min at 200°C, bringing the total

exposure time to 70 min., Selected area diffraction revealed
that all the tin had been oxidised to o -SnO, A selected area
diffraction of the -Sn0 film is shown in Plate 12,
Repetition of the oxidation of the tin films for one
hour at 200°C in 1072 torr oxygen showed that (£ -SmO was thé
only oxidation product formed under these conditions,
'I‘hé presence of the carbon backing film did not appear

to have any significant effect on the progress of oxidation.

% Rote | shows spoks ossing rom u.d.f.«o\% by B iut»\&sﬁm@.o—q;én\w‘
onﬂ\.nuh‘ - % uﬁb‘ \Loud rrlﬁnko—? BAQ &c\,‘uoco..g L@I&Z&. —g}\m&mhc
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2) Effect of water vapour on reaction

Prior to adzission into the bell jar, cxygen was passed
slowly through a bubbler of distilled water, IDuitaxial (200)
tin films, 100 Z in thickness were heated to 200°C for 95 rain
in an atmosphere of 10-2 torr noist oxygen. Ixanination of the

specimens by electron diffraction revezled that only & -5n0

was formed.

3) " Oxidation in electron microscope

An area of a perfect single crystal tin film, oriented so
that the [200] crystal exis was parallel to the.electron beanm
was selected by the diffraction aperture. The electron beanm
current was adjusted to 12/*.A and the selected area was heated
by the beam in an atmosphere of 2 x 10—4 torr ¢f air for 30 nin.
After this time, electrén q;ffraction revealed the presence of
a thin filn of & -Sn0.

Another area of the specimen was selected and the bean
current adjusted to 24 /./..A. The specimen was oxidisecd at
2 x 1074 torr air pressure for 60 min. Electron diffraction
revealed strong reflections attributed to & -Sn0, and in ’
addition, diffuse rings which could not be assigned to X -Snd

or to ﬁ-Sn. The rings were not sufficiently sharp to be

‘measured accurately. .

/oo
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The experiment was repeated using bean current of 2%/&A,
and in atnosphere 2 x 10"4 torr oxygen, After 30 min, strong
reflections from X -Sn0 were observed along with weak diffuse
rings, After 60 min exposure, the diffuse rings became sharp
and more intense. The three strongest rings corresponded to the
three most intense reflections fron Snoz. As the period of
oxygen exposure increased, it was observed that the ™ ~SnO
reflections decreased in intensity while the re:lections
attributed to SnO2 increased in intensity.

Plate 13 is an electron diffraction pattern taken after

60 min exposure to an atmosphere of 2 x 10~4 torr oxygen vwith

beam current of 22I~A.

Camera constant = 40.8 hkl
o
D (mm) a(a) Sn (svots) Sn0 (arcs) §292ﬂ£§lﬁﬁﬁz
8.5 4,80 00l
12.2 3.34 110
13.9 2.915 200
14.4 2,82 101
14.6 2,79 1ol
15.6 2,62 101
16.9 2.42 002
23.3 1,75 211
24,6 1.66 301
25.5 1,60 211
27.5 1.49 103
202
38.2 1.07 501

4) Oxidation of polycrystalline films in coating unit
. <) ,
A 100 A film of polycrystalline tin, on a silica substrate,

was oxidised for 20 min at 190°C under an oxygen pressure of

10-1 torr. . Electron diffraction patterns exhibited

/oo
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reflections belonging to ﬁi-Sn and to & -Sn0, indicating
that oxidation was not conmplete.

The films were oxidised under the same conditions for a
further two hours, After this time, the tin film had been
completely oxidised to & -Sn0, as shovm by electron difircction.
See plate 1l4. The spacings and hkl indices cof the reflections

shown in Plate 14 are listed below:

Camera constant = 40,85
o o

D (mm) a () a4, hisl
0.86 4,85 4,85 001
1.38 2.96 2,989 101
1,45 2.70 2,688 110
1.73 2.40 2,418 002
2,00 2,04 2,039 102
2,15 1.90 1,901 200
2,28 1.79 1.797 112
2 .54 1.58 1.604 211
2,75 1.49 1.484 103
3.50 1.16 1.152 104
4,00 1.02 : 1.020 204
4,90 0.83 - -

SnO2 was not detected.

The experiment was repeated but the time of oxygen exposure
was increased to 7 hours, Again, &-5n0 was the only product
of oxidation.

Tin films, 100 :. in thickness, were heated at 240°C for
30 min in an atmosphere of 10"l torr of oxygen. Examination in
the electron microscope revealed that the tin, which melts at

232°C had coalesced into dense globules. Highly crystalline

flakes of & -Sn0 were identified.

/.
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5) Oxidation of polycrystalline films at atmospheric pressure
o
Tin,K films, 500 A in thickness, were oxidised in a strean

of oxygen at 200°C for 1 hour. Examination of the films

showed that ™-Sn0 was the only product of oxidation.

/oo



)

- 64 -

Orientation of oxide

1) Owxidation of epitexial films in coating unit

¥Vhe2n textured tin films of orientation (200) were oxidised
for 30 min at 2c0°¢c in an atmosphere of 10"l torr oxygen,
spikes attributed to & -Sn0 vere observed in the diffraction
patterns., The reflections were very weak and it was difficult
to assign an orientation to the thin oxdde layer. A typical
diffraction pattern is shown in Plate 11, The spacings
corresponding to the reflections observed on this pattern

are listed below:

Camera constant = 39,3
o o

D (rm d (A) _glitSAz Sno hkl
7,1 5.45

8.5 4,83 4,85 001
13.9 2.83

16.2 2,42 2.418 002
21.5 1.83 1.79 112

On the basis of the reflections which could be indexed,
it would appea r that there is spme degree of preferred
orientation, and the orientation of the oxide tends to be (I10).
Generally, some reflections were absent from the diffraction
patterns observed, indicating a tendency for the oxide to grow

in an oriented manner. For example:

/eoo
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Camera constant = 40.0

)
D (mn) da (a) hkl
6.6 6.07 -
8.4 4,835 001
12.8 3.11 -
16,6 2.41 002
19.2 2.00 102
20,8 1.92 200
25.0 1.60 211
33.2 1.20 004

In the diffraction pattern on which the above spacings
were measured reflections from planes 101, 110, 112, 103, 104
were absent. However the orientation of the oxide ca;not be
specified from the reflections observed.

When the sone film was oxidised, under the same
conditions for further 40 min,, selected area diffraction
revealed that the oxide was strongly oriented with the Cill)
plane perpendicular to the electron beam. A selected area
diffraction pattern of the oriented oxide is showvn in Plate 12,

The specings are recorded below:-

Camera constant = 40.0

o
D (mn) d_(4) hxl
13.45 2,98 101
14.90 2,68 110

22.20 1,88 . 112 Qne,oqwﬁ

25,00 1.00 211
26.90 1.49 202
29,70 1.35 220

The above indices (hkl) satisfy the relation hu + kv + lw =0
where [uvw] , the axis of preferred orientetion, is 111] .

/oo
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Although the (111) orientation wee dprederdinant, oiher
¥
wezker diffraction patterns were obscrved occesionally., These
vieak reflectione corresponded to a (I10) orientztion as showm
in Plate 15. The degree of orientation of the crystals was-poor,
as judged from zrcing of the spots., Spacings and reflections fron

the pattern shown in Plate 15 are given below:

Czmera constant = 40.0

(o]

D _(am) a(a) hil

8.4 4,85 001
13.5 2,96 101
15.0 2,66 110
16.5 2,42 002
22,0 1.82 112
24.5 1.60 211
30.0 1.34 220

A1l reflections except those with indices 101l and 211 arise
from the (lib) orientation of a single crystal film,

Over large arezs, i.e, those selected by the lSQ/&adiffraction
aperture, the structure of the oxide was not that of an orienteqd
single crystal film. All reflections were present in the
electron diffraction patterns. However, those reflections which
would be absent from the diffraction pattern of a (ill) oriented
film, namely 002 and 200, were significantly very weak.

The experiment was repeated under the same conditions but
for exposure time of 60 min. Electron diffraction confirmed that
the structure of the oxide film consisted of areas of strongly
oriented (311) single crystals with a few areas éorresponding to

a less well defined (11D) orientation. Reflections correspoading

F The 1A M.(lﬂ.eho«\ ‘o o.»\aoco.mf\& 4&% /..
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to the (111) oriented oxide were much more intense than those

from the.(fio) oriented oxide,

2) Efféect of water vavour on reaction

When (200) oriented tia films were oxidised at ZOOOC in
the presence of 10'"l torr moist oxygen for 95 min., the structure
of the oxide film was markedly different. The oxide fila did not
conprise an aggregate of crystals, predominantly oriented with
their [;illJ axes parallel to the electron beam, but of very
large perfect single crystals, each single crystal flake veing
randonly oriented with respect to the neighbouring crystals.

3) Oxidation of epitaxial tin in electron microscorne

At oxygen pressures of 1-2 x 10-4 torr, the reaction
proceeded extremely slowly., The reaction was much slower when
carried out at 1 x 10™% - 2 x 10™% torr of air. Consequently
the oxide diffraction patterns Qere week and usually
orientation was poor. It was found th;% the orientation of
the oxide layer impro§ed with increased exposure to oxygen.

A perfect single crystgl tin film, with its ‘200 axis
pafallel to the electron beam, heated by an electron beam current
of 12 A, was oxidised in é x 10™% torr air pressure for 30 min.
After this period of time, the electron diffraction pattern was

characteristic of a thin, poorly oriented oxide film, Spacings

and indices from a typical diffraction pattern are shovn below:

-./.0'
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Czmera constznt = 40,05

o
D (um) a_(4) Intensity hil
8.4 4,82 s - 001 SnO
13.6 2,98 W 101 Sn0
13.8 2,93 200 Sn
14.25 2.79 101 Sn
16,7 2442 S 002 Sno
13.6 2.06 . 102 Sno
22,5 1,80 12 Sn0
24,9 1.62 S 003 SnO
27.1 1.49 202 Sno
: 103 Sno
28,9
- 33.6 1.21 S 004 Sn0

Characteristic of all diffraction patterns of « -Sn0O
grown under these conditions, there was an obvious
preferential orientation along the [OIQa crystal axis,

Another area, of the film coiprising a (200) oriented
single crystal, was selected. The electron beam current was
adjusted to 24/¢.A and the selected area of tin heated in
2 x 10 torr of air for 60 min. After this time, the single
crystal diffraction patteran corresponding to an oxide film
oriented with its [110] axis parallel to the electron besm
was observed. Spacings and hkl indices are shown below:

Camera constant = 40,0 o

D (m=) d (4) hkl (SnO)
8.3 4.82 001
16.5 2,42 002
22,0 1.82 112
24.8 1.62 003
28,7 1.39 113
33.5 1.21 004

/oo



- B89 -

Diffuse rings which could not be ottributed to’B -Sn or
X -8n0 wgre also observed. These coulil not be neasured
accurately. No reflections froz fB-Sn vere observed in
the diffraction pattern,

The experiment was repeated. An area of (200) single
crystal tin film was selected by the diffractlion aperture and
heated by a beam current of 22,. A in en atmosphere of 2 x 107
torr oxygen. After 30 min exposure to oxygen, arcs attributed
“to X\ -Sn0 were observed and also the diffuse rings observed
previously. With increased exposure to oxygen the reflectioans
from « -Sn0 grew less intense while the rings grew mofe
intense and were identified as Snoz. The diffraction pattern
talken after 60 min exposure is shown in Plate 13, This

microgravh shows a thin film of Sp0, (diffuse rings)

2
which exhibits no tendency to preferred orientation and a film
of & -Sn0 (arced rings) exhibiting soue degree of pteferred
.orientation have grown on a (200) oriented single crystal of
B -Sn (spot pattern),.

Thevexperiment was repeated in an atmosphere of 2 x 1074
torr of air using an electron beam current of 24 )0 A,

After about 30 min, faint afcs corresponding to the 001
and 002 reflections of of -SnO were observed. As the oxidation

reaction proceeded séots were observed oan the arcs. With

proloﬁged exposure to oxygen, higher orders of reflection vere

'/.0.
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observed. These could be assigned to a (I10) oriented oxide
layer. Gradually the intensity of the arcs decreased vwhile the
spot pattern increased in intensity indicating that the oxide
layer was becoming more perfectly oriented as the period of
exposure to oxyren increased,

After 90 nin exposuré to oxygen, a diffraction photograph
was recorded which shows unequivocagly the lattice fit of a
(fio) oriented oxide layer growing on a (200) oriented single
crystal tin film.- Plate 16. The spacings and hkl indices are

shown below:

Camera constant = 41,2
o]

D (mn) a_(a) hkl (Sn0) hkxl (Sn)
8.5 4.85 001

14.0 2.94 200

14.6 2.81 101

14,7 2.80 101

16.9 2.44 002

23.0 1.79 112

25.4 1.62 003

25.8 1.60 002

30.2 1.36 113

33.9 1.22 004

37.1 1.11 114

45.2 0.91 115

The [020:] or [200] axis of 3 -Sn and the [I.]:OJ axis of
X =Sn0 are seen to be perpendicular to the plane of the film
i.e. parallel to the electron beam. The [200] or [020] axis
of 5-Sn is parallel to the [ 110] axis of « -510 and the [002)
axis of f3-Sn is parallelto the [002] axis of x-5n0. Thus

the (110) plane of %-5n0 lies parallel to the (020)0r (200),



plane of S5 -8n.

Exanmination of large number of diffraction patterns
recorded after similar oxidation'experiments, showed that the
oxide layer, although not always a single crystal layer, was
strongly oriented. All oxide diffraction patterns wefe
charzcterised by strong arcs of index (001). The predominant

oxide origentation was (110).

&) Oxidation of polycrystalline films

The oxide flakes were nighly crystalline and were mainly
large perfect single crystals oriented randomly with respect
to each other and to the electron bean,

Double diffraction effects were frequently encountered.
For instance, Plate 17 is a selected area diffraction
photograph of a single crystal aggregate or;ented with its
[ iil] exis parallél to the electron beam. Plate 18 is also
the diffraction pattern from a single crystal oriented with
itsilill] axis parallel to the electron beam, but features
reflections normally forbidden by the structure factor for
*%=-Sno0,

5) Oxidation at atmospheric pressure

Electron diffraction revealed that the oxide film coaprised
large single crystals which were oriented randomly with respect

to each other and to the electron beam. Many of the crystals

/oo
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were very thicly;, cnd gzve rise to enomealous difiraction

effects.

/...
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Horpholosy of oxide

1) Oxication of epitaxjal films in coating unit
Light field micrographs showed that the oxide film grows

in the form of interconnected islands whose diameter varies

o

from 400 - 3000 A, The average diameter of the islands was
o

1200 A. The islands are separated by channels of mean dicmeter
o

120 A as shown in Plate 19,
This form of growth was typical of all oxide films
produced by the oxidation of epitaxial films under reduced

pressure.

2) Effect of water vavour on the reaction

As shown in Plate 20, the morphqlogy of the oxide films
produced in molst oxygen is markedly different from those
grovn in 4dry oxygen.

Large highly crystalline sheets of oxide were observed.
A comuon feature of the sheets was the large nuanber of
extinction contours visible, indicating that the oxide sheets
were highly strained and buckled. The oxide flakes exhibited a
number of cracks which appeared to radiate from the holes
visible in each flake. Some of the cracks along the edges
of the oxide flakes were saw-toothed. Generally, very narrow
cracks appeared to broaden out into cracks with saw-toothed

edges. The saw teeth were perfectly aligned across the crack,
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Ridges, indicative of the buckling of the oxide flakes,
were observed., These vere enhanced when the specimen was
shadowed with platinum/carbon at 150, as shovn in Plate 21,
Tt was hoped that growth steps might be reveeled by the
platinun/carbon shedow on these large single crystals. (It
has been postulated that «*-SnO grows by a spiral growth

(10,

mechanisn However growth steps were not observed.
An interesting feature of Plate 21 is the annular growth
of W-Sn0 (Area A). These oxide rings were fairly comnon and

always the oxide was highly strained and buckled as indicated

by the extinction contours.

3) Oxidation in the electron microscovne

The appearance of the oxide film was essentially the
sane as that of oxide films grovn under reduced pressure in

the coating unit. (See section (i) and also Plate 19).

4) Oxidation of polycrystalline films
°
Polycrystalline tin films, 100 A in thickness, were

oxidised for 2% hours at 200°C in a partial vacuum of 1071

torr oxygen. Electron diffraction showed that the tin film
had been completely oxidised to ®-Sn0.
From an examination of the samples in the electron

‘microscope it was obvious that much surface diffusion had
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taken vlace dufing or after oxidation, The silica film which
~ Lhad, vefore oxidation, been completely covered with a
continvcus tin film was now void of material in many areas,
Huch of the oxide comprised crystalline aggregates of
interlinked islands, very similar in appearance to the oxide
vformed vhen epitaxial films were oxidised under reduced

ressure, Growing from these islands were oxide platelets

o]

which appesared to have grown laterally until they touched.
Plate 22 shows an aggregate of interlinked islands from which
several platelets have developed.

An interestiﬁg feature of the micrographs was the presence
of loops of material visible on the silica background and at
certain cdges of the crystals, particular at anguler edges,
Although insufficient material was present to give rise to
q%ffraction patterns which could be identified with certainty,
it is reasonable to assume that these loops are composed of

A -Sn0, The effect is illustrated in Plate 23 (Areas A, B, C).

The experiment was repeated but this time the period of
exposure to oxidation was 7 hours:

After exposure to oxygen for 7 hours, thg appearance of the
oxide crystals was generally similar to that observed in the

previous experiment, However, surface diffusion, was enhanced)

as was the size of the crystals and the perfection of

/..l
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cryetallinity. A feature which was not obscrved in the
previous experiment was the formation of whisker-like growths
of X -550, These are shown in Pi;te 24 (Areas A and B),

Tre specimensvwere shadowed with nickel/palladiua from
en angle of 150. The oxide crystals were shown to be completely
flat and thin enough for the coarser structure of the silica
substrate to be highlighted through them, as seen in plate 25,

It is noteworthy that all regularly shaped, rectangvlar
oxide ylatelets were found to have the same orientation (120)
with respect to the electron bean; A selected area diffraction
pattern of such a platelet is shown in Plate 26,

The effects of decreased exposure to oxygen were studied.

in films were partially oxidised by heating at 190°c in an

atmosphere of 10-1 torr oxygen for 20 min., Dark field microscopy
proved a useful technique for the study of these speciméns. -
Reflections fronm (3-Sn and % =-SnO were observed in the
diffraction patterns, By placing the objecfive aperture over the
tin reflections (101) and (200), those planes in the tin matrix
£ilm were highlighted leaving the large tin oxide crystals in
dark contrast. This effect is shown in Plate 27, Conversely,
when the (110) reflection of tin oxide was selected, the (110)
planes in the tin oxide crystals were in bright contrast as

shown in Plate 28,

/oo
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The oxide was again highly crystalline and frequently
of singlé crystal nature, Several clongated platelets were

found oriented with their [331] crystal axes parallel to the
electron bean.
o

Several tin films, 100 A thick, were heated in an oxygen
atnosphere of 10™% torr for 30 min at 240°C.

The tin, vhich melts at 232°C, had coalesced into dense
globules. The regions of silica devoid of tin were very
contininategd. Thin flekes of ™K-Sn0 could be seen at the
edges of the dense tin globules. Although the oxide flakes
were highly crystalline their morphology was poorly defined, as
shown in Plate 29, The well defined growth forms, such as
platelets and whiskers, observed on specimens oxidised at
lower temperatur-  were not observed.

The tin crystals were too thick to éllow electron
diffraction and so it was impossible to ascertain how thick
an oxidé layer héd formed on the top surface of the tin globules.
Plate 30 is a selected area diffraction phctograph of an oxide
_ flake growing at the edge of a tin globule. The oxide flake is

a perfect single crystal oriented with its [pogj axis parallel

to the electron bean,

e aen a

IR i et g < o e & mm e e
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5) Oxidation at atmospneric pressure
o
500 A thick films of tin were heated at 200°C in an oven

furnace in a stream of oxygen for one hour,

The tin was completely oxidised after this time., The
appearance of the specimens very different from that of the
oxide films produced when 100 Z tin films had been oxidised
under reduced pressure, Distinct needles and platelets and
aggregates of small interlinked islands were not observed.
Individual forms of crystal growth were not well defined and
the surfacé of the mounts were almost completely covered by

o -Sn0, A typicél micrograph is shown in Plate 31, Large
- oxide crystals were separated by narrow cracks of grain
boundaries., Pin holes were freguently observed along these
boundaries. Fron the large number of extinction contours, it
was evident that the oxide film had undergone considerable
stress, Evidently the strain arising from the 20% increase in
specific volume during oxidation had been aggravated by & high
oxidation rate.

Electron diffraction shovied that the oxide film comprised

large single crystals of varyiag orientation with respect to

the electron bean,
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DIECUSSION

i)  Advantages of evaporation techniques of over renlication

For the stidy of the lattice fit between 8 -Sn and & -Sn0, bulk
specinens consisting of single crystals of tin were found to be
manifestly unsuvitable,

The tin crystals could not be reduced to a manzgeable size ang
polished by nmechanical means without the occurrence of recrystallisation,
Further difficulties arose in the production of good replicas.
Several extraction replica techniques were employed in order to study the

surface of a polished (and recrystallised) tin face. Soue success was
achieved using the mercury amalgam extraction technique devised by Britton
and Eright(8). However, the analgamation of the tin substrate by mercury
was a lengthy process and great difficulty was encountered in producing
clean replicas uncontanminated by traces of tin or mercury. The ‘''washing"
of a cerbon replica in a poocl of mercury was rather unsatisfactory.

¢ The study of tin oxidation using thin evaporated tin films proved
much zmore satisfactory. The method was direct, involved no complicated
stripping techniques and provided clean specimens,

The technigue proved most useful for morphology studies and if was
thought that more information about crystal growth would be obtained than
by indirect replica methods. Using any replication technique there is
a possibility that all particles or all types of particles are not
extracted from the substrate. Also the fragments removed from the

substrate are not necessarily present in the same relation to each other on

the replica as they were on the substrate.
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6nce the technique for growing oriented tin films had been perfected,
the orientation relationship between f5~Sn and X-SnO could be derived in
a relatively simple way, particularly when a selected area of tin film,
whose crystal orientation was known, was oxidised inside the electron

microscope and the reaction monitored directly by electron diffraction,
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ii) The orientation, morphology and crystal growth of thin tin films

Epitexial tin films were produced by the condensation of tin
vapour onto freshly cleaved annealed rocksalt in a manner similar

to that described by Vook(42).

Mechanisnm

Generally, metal films deposited onto low temperature substrates
are highly disordered and contain a high concentration of defects,
The condensation of a metal vapour corresponds to a very rapid
quenching because the metal atoms impinging on the surface_}ose
their energy very cuickly. Consequently, many defects are frozen
into the {ilm., Indeed, ordered epitaxial films are usually
produced by evaporation.of the metal onto a heated substrate.

(42)

In order to explain this anomaly, Vook suggested that at
liquid nitrogen teanperatures the evaporated tin film is polycrystalline

. and as the substrate temperature increases, the defects tend to anneal
out., Also, the film is strained during warm-up by the greater thermal
expansion of the rocksalt substrate. The strain prior to and during
warm-up is relieved by the tin atoms orienting thermselves in.their
minimum energy positions with respect to the rocksalt surface atoms
and with respect to each other. That is, in order to relieve strain,

the polycrystalline tin film recrystallises to an ordered, or

epitaxial, fila of lower energy.

/...
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Fhase change

Above 13.200, tin exists as the body-centred tetragonal phase
( ﬂ~5n) out at 13.200 undergoes a phase change to the low teuperature
modification (cubic ® -Sn). Thus in the temperature range -160°C to
13.200, the cubic form is the rost stable configuration, describing
the minimum energy positions of‘the tin atoms with respect to
each other,

| Vook has apparently assumed, in his strain-annezl mechanisnm,
that the tin is deposited as /Q-Sn. It is not unusual, when a crystal
is being built up from its atons, to find a modification which is
unstable at the prevailing temperature and Ostwald's rule states
that, .in such circunastances, it is most likely to be the high
tempergture modification.

If the tin were initially deposited as polycrystalline « -Sn,
then it is difficult to explain the formation of an epitaxial
B -Sn film by the strain-anneal mechanisx,

A polycrystalline deposit' of ol -Sn might recrystallise to an
epitaxial deposit to relieve the strain of the greater thermal
expansion of the substrate. However, at 13.2°C, & -Sn would |
recrystallise to [3-Sn, the high temperature modification. Now,
between 13.2°C and room temperature, there will be no appreciable
thermal expansion of th; substrate and therefore no driving force
for the formation of sn epitaxial growth., Therefore, one might

expect the film at room temperature to comprise randomly oriented

crystals of S-Sn.



Vacuum conditions

The admission of the equivalent of a few monolayers of
reactive gas into the vacuum chanber markedly inhiblts grain
growth in a vacuun annealed netal film(sz). The reactive gas
provably prohibits surface diffusion in the metal fiim.

In this series of experiménts, films viere deposited onto the
substrate and allowed to wara up to room tenmperature under a
vacuun of 10"5 torr, Although the tin films were oriented with
the a-axes of the crystals perpendicular to the plane of the film,
they were generally not single crystal films but textures. It is

felt that the presence of 10-5 torr air pressure inhibited the

recrystallisation of oriented textures to form single crystal filas,

Lattice fit between tin and the rocksalt substrate

The lattice fit of a- and c-axis oriented ﬁB-Sn crystals and
a-sxis oriented ¢\ -Sn crystals with the (1CC) of the rocksalt
substrate will be considered.

When'\the a-axes of the ﬁ:-Sn crystals are perpendicular to
the (100) plane of the rocksalt substrate, then the parallel axes are

sn [100] // ¥aCl [100] with parallel faces Sn (100)//NaCl (100).
A possible relationship between lattice planes is shown in Fig. 12,
where parallel axes in the plane of the film are Sn [010] //NaCl [910]

and sn [001] //nacy [oo1].
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R . .
% misfit along Sn [010]axis = 100 x g?ég“ 3.63)
= 3.38%
% misfit along Sn [OOi}axis (taken ove; = 100 x (2 x 3.2)-5.63
two Sn (001) spacings) - A 5.63
= 12.8%

When the c-axes of the ;E-Sn crystals are perpendicular to
the (100) rocksalt plane, parallel axes are Sn [00L) //Nacl [100]
with parallel faces Sn (001)//NaCl (0O1).

A possible lattice relationship is shown in Fig. 13, vhere
parallel axes in the plane of the film are Sn [1od] //NaCl [;od]
and Sn [010) //nacl [o10) .

% misfit along Sn (100] axis

3.38%

% misfit along Sn [010) axis 3.38%

Let us consider now the possibility that the tin is condensed
' o
onto the rocksalt in the cubic form, « -Sn (a = b = c = 6.49 A).

When the a-axes of the ™ -Sn crystals are perpendicular td the
(100) rocksalt plane, as showvn in Fig. 14, parallel axes in the

plane of the film are Sn [010) //Nacl [010) and sn [ooI)//nac1 {co1] .

% misfit along x -Sn axes | 010] and [001] = 9-'—‘—'—3—'%;—6—3 x 100

15.3%

The percentage misfit between a-axis oriented ® ~Sn and the
(100) rocksalt plane is much higher than the midfit between a-
or c-axis oriented 3-5n and the (100) rocksalt plane. The smallest
. misfit, 3.358% along two crystal axes, occurs for c-axis oriented

f5 -Sn crystals,
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It must be rememxb=red, however, that the best lattice fit is
not the only c¢riterion determining the most stable orientation for

an epitaxial overgrovth,

Recrystallisati

In the present series of experiments, thin a-axis oriented
textures were observed to recrystallise in the electron beam to
form perfect a-axlis oriented single crystal films and occasionally
c-axis oriented single crystals. The latter observation was also
made by Vook(42). The transformation from a- to c-axis orientation
might be expected to occur quite readily since there is coésiderable
similarity between the two structures. Fig. 15 shows two
superimposed projections of the unit cell of]3 -Sn, one with the
a-axis perpendicular tobthe plane of the paper and the other with
the c-axis perpendicular to the plane of the paper. The ratio c:a
is 0.5457.

Recrystallisation of the tin films occurred after 2 - 3 secs,
in an electron beam current of 10u A and in a vacuum of 10'-5 torr.
Moreover precrystallisation was not impeded by the admission of oxygen
in the eiectron microscope column, The oxygen pressure measured by the

Penning gauge was 2 X 10-4 torr but the localised pressure around the

specimen would be considerably higher than this. However a-axis
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oriented textures, annealed at 200°C for 1 - 3 hours in the
coating unit ﬁnder similer vacuum conditions did not recrystallise

to single crystal filus.

Morvohology

The films comprised a large number of interlinked i;lands
separated by narrow channels,

It would appear that the tin nuclei were initiated &ll over the
surface of the rocksalt. (There may have been some initial
preferred nucleation at the rocksalt surface steps and dislocations
but no evidence to support this was obtained.) The tin crystals
appear to have extended laterally from the initial nuc;ei to form
interlinked islands. Extinction contours were not observed

implying that the films were essentially strain-free,
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iii) The oxidation of thin films of tin

There are severa%lidifferences between growing epitaxial films

by deposition from the vapour phase and growving them by chemical attsack
from the vapour phase, The manner in which adsorption takes placé on &
surface is not clearly understood. The adsorbing atons may diesolve i
the substrate to some extent so tha£ the chemicél compound, in tais case

X =Sn0, may fora initizlly below the tin surface. The major differcice
between the two methods of epitaxial film growth is, of course, that in
the case of chezical attack, the substrate cohtributes material to ths=

deposit.

1. .Oxidation of a-axis oriented_textures in coating unit

The orientation of the oxide layer was predominantly»(ill).
Occasionally diffraction patterns corresponding to a.thin layer
of (110) oriented oxide were observed. The crystals in the (110)
orientation were not perfectly oriented.

All oxygen positions in the & -SnO structure may be described
by a series of (111) planes as shown in Fig. 16.

Fig. 17 is a stereographic projection of the tin atoms in

& -5n0 onto the (111) plane at distance % d,., from that plane.

111
Electron diffraction revealed that the (111) oriented oxide
grew on the (200) oriented tin substrate. Thus the (111) oxide
plane and the (200) tin plane were parallel, Obviously the[ﬁill]
oxide axis znd the [éod] tin axis were parallel but the relationship

between the two other axes of oxide and substrate could not be

specified.

| | |
- o 444:--‘iiﬁ-I-IIIIIIII
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The most plausiﬁle relationship between the (Eil) oxide

plane and the'(200) tin plane is that which approximates most

closely to the relation between the éxygen atoms in the (311)

plane of X =Sn0 and the neighbouring tin atoms (as shown in

Fig. 17). A possible relationship between oxide and substrate

planes is shown in Fig. 18. Parallel azes are Sn [Old] //5n0 [llé]

and Sn [001] //su0 [110] .

2, Effect of water vapour on_the reaction

In general, the presence of water vapour enhances the rate of
metal oxidation by facilitating the removal of electroms from the
metal., It was reported by Britton and Bright that the rate of
oxidation of tin foil in air with 80% humidity was twice as fast
as the rate of oxidation in dry air(g).

When (3-Sn is oxidised to ®~SnO there is a 20%iincrease in
specific volume. Under humid condition it is to be expected that
there would be even greater strain in the oxide crystalé due to the
enhancement in oxlddation rate. There was ample evidence of strain
and buckling of the flakes in the numerous extinction contours
visible in the oxide flakes,

There were differences in orientation between flakes separated
by cracks, Under normal conditions, all oxide crystals would have

the same orientation. It is feasible that the increased strain

caused the oxide flakes to buckle and crack when cooled to room
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teuperature, leaving fragments vith different relative orientations,
Shadowving with‘platinum/carbon revealed that the flakes were indeed
buckled. The appezarance of the oxidoflakes was reminiscent of
dendrite growth. However, the perfection of alignment and
regularity of the saw-toothed edge on either side of the crack
would rule out the dendrite growth mechanism. The discoutinuities
and mig-matches in the extinction contours across the oxide

flokes. would indicate that one large oxide flake had ruptured in
such a way that the edges of the sma ller flakes were saw-toothed.

Growth steps in fhe flakes were not revealed by shadowing.
Thus the step height in the crystal growth of X -5n0 is less than
°

30 A, the resolution of the platinum/carbon shadow.

3. Oxidation in electron microscope

a) lattice relationship between X-Sn0 and é:Sn

In the electron microscope, perfect (200) oriented
single érystalsvof S -sn wére oxidised to (110) oriented
o ~-8no, .

Eledtron diffraction patterns have shown that the parallel
axes were Sn [010] //sno {110 , sn [001] //sno [001] and
parallel faces were Sn (100)// Sn (iio).

The fit between the t&o crystal lattices is shown in
Fig. 19. The fit between latticeé is §ery good but there will
be a certain amount of strain in the direction of the [iod]
tin axis. Percentage misfit along Sn [ooi] axis (takenvover

three Sn (00l) spacings and two Sn0O (00l) spacings).



9.632-9,525

9.525 X 100
= 1,12%
Percentage wisfit along Sn[bld] axis = é‘giggﬁgz x 100
= ~7.9%

b) Formation of a higher oxide

(9)

It has been established' ’ that [5>-Sn is not oxidised

to SnO2 at atrospheric pressure until the reaction temperature
exceeds 280°C. Tertain, Trillat and Plattard(lo) reported than
when polycrystalline tin films were oxidised inside}the electron
diffraction camera under reduced pressure, reflectioné attributed
.to Sno2 were not observed until the reaction temperature
exceeded 60000.

In the presént vork, SnO2 was formed on single crystal
tin films heated by the electron beam at oxygen pressures of
2 x 10#4 torr, The reaction was carefully monitored by
electron diffrazction., There was no indication at any time
that localised melting of the tin film had occurred.' (Molten
tin is characterised by two diffuse halos). Although the
oxygen pressure in the column was nominally 2 x 10-4 torr, the
local ;xygen pressure around the specimen would be considerably
bigher than this, |

It was observed that as oxidation time increased, the
concentration of the oriented overgrowth of ™ -Sn0 decreased

and the concentration of SnO2 increased.
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It is suggested that the perfect alirnment of tin
atoms in the single crystszl film znd in the oriented
overgrovith of ™®-Sno fecilitatea the adsorption of oxygen
and the diffusion of oxygen ions into the substrate, thereby
lovering the activation ensrgy for the formation of SnO_ and

2

consequently the temperature at which the reaction proceeds.

4, Oxidatien of polycrystalline tin films

In the present series of oxidation experiments, carried out
at 10'-1 torr, dendritic oxide growth was not observed, Evidently,
the oxygen pressure was sufficiently hign for the replacement of
oxygen in the adsorbed layer to proceed at the same rate as the
oxygen was incorporated into the growing oxide crystals. Thﬁs
platelets and not dendrites were formed.

If the oxide nucleus presents a face at which tin and oxygen
ions can be incorporated into the lattice witbout undue strain or
distortion, then it is to be expected that growth will occur
preferentially at that face. Thus the oxide nucleus will develop
into a platelet, |

It is félt that the direction of growth of the platelet is not,
in this case, a direct function of the orientation of the tin
grains., The average tin grain size was 15,00 i vhereas the average

°
. length of the oxide platelets was 200,00 A and their average width

o
was 17,000 A, One would expect the orientation of the tin grain
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to influence the orientation of the oxide nucleus. Preferential
growth ¢of the nucleus would proceed at that face of the growth
centre which could most easily accownodate the oxide ions,

Lorge areas of the oxide film were in the foru of interlinked
islends cf oxide crystals. The mean diameter of these islands was

° .

15,00 & wnich was the mean diameter of the original tin grains.
Here the oxide had not developed in any particular‘direction.

An interezting feature of the oxidised specimens was the
loops of oxide at some edges of the oxide crystals, These were not
observed at the platelet edges. It would appear that instead of the
oxygen ions diffusing into the tin, tin ions have migrated outwards
from-the bulk oxide to areas rich in oxygen, forming clossd loops
of tin oxide,

An anslogous situation arises in the oxidation of evavorated

(53)

copper films . When the filus were oxidised at high oxygen

pressures (5 torr), annular Cu, 0 was formed, whereas at low oxygen

2

pressures (].0"5 torr) small dense crystals of Cu20 were formed.

At interaediate pressures both types of Cu, 0 crystal growth were

2
observed.

A striking feature of the oxidised films was that the oxide
crystals exhibited a high degree of crystallinity and single crystals

were freguently observed.
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An attempt was made to corrélate the morphology of the
crystals with their orientation. For example, most elongated
rectangular platelets had orie ntatién [120] with respect to tje
electron while the needle-like platelets had oriéntation [333] .
However, more work should be deyoted to this aspect of tin oxdde

morphology before rigorous conclusions can be drawn.
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