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(ABSTRACT)
Studies of the Growth and Structure of Thin 

Crystals of Alkali Halides.

Existing techniques have been reviewed for the 
production of thin electron-transparent films of alkali 
halides for study by electron microscopy and a new 
technique has been developed.

A novel apparatus has been designed and built by 
means of which sample?prepared from the vapour phase in 
high vacuum may be transported to, and examined in an 
electron microscope without exposure to the atmosphere. 
Special specimen holders and a couple of heaters have been 
designed so that the effects of varying temperatures on 
the growth and subsequent behaviour of alkali halide 
crystals may be studied. Other factors examined are the 
pressure during growth, the effects of atmospheric 
moisture after growth and the electron irradiation in the 
electron microscope. The surface of the alkali halide 
crystals have been examined by decoration with evaporated 
gold and subsequent examination in the electron microscope 
and their crystallographic structures investigated by 
electron diffraction. Thicknesses of the crystals have 
been measured by extinction contour technique.

The principal materials studied are CsBr, CsCl, CsF 
and Csl, as over growth on electron-transparent crystals 
of Csl and on two different types of mica: muscovite and 
biotite. These are the first studies of alkali halides on 
Csl and on biotite,

R.H.CI



The main results of investigations are;
1. Csl may be prepared as a flat, electron-transparent 

single crystal suitable for electron microscopic studies 
in situ.
2. Small crystallites are produced by vapour deposition 

of alkali halides in the early stages and after exposure 
to the atmosphere large single crystals are formed.
3. CsBr, CsCl, CsF and Csl grow epitaxially on Csl at 

room temperature.
4. CsF may grow in bcc form in thin layers in certain 

cÉircumstances, instead of the usual fee form in bulk.
5. No significant difference was observed in the growth 

of alkali halides on muscovite and biotite.
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Chapter One 

INTRODUCTION

The most commonly used process that leads to the
growth of thin mono^crystalline films is based on the 
phenomenon of epitaxy. The word epitaxy comes from the 
Greek 'epi'+'taxis’ , the former meaning outer, upon or 
attached to, and the latter meaning arrangement or order. 
Thus, epitaxy is the growth of a crystalline layer on a 
single crytalline substrate where the atoms in the growing 
layer mimic the arrangement of the substrate.

1.1 Historical Review of Epitaxy.

Although the major interest in the study of 
epitaxy has existed only 30 years, the subject originated 
as a laboratory study about 150 years ago. Mineralogists 
noticed first that two crystal species sometimes grew 
together with some definite and unique orientation 
relationship, as revealed by their external forms. This 
led to attempts to reproduce the effect artificially, 
during crystal growth from solution. According to Pashley 
(1975) the first recorded successful attempt was reported 
by Frankenheim (1837), who demonstrated the now well-known 
case of the parallel oriented growth of sodium nitrate on 
calcite,and the first systematic studies were caried out 
by Barker (1906, 1907 and 1908) who studied, among other 
things, the growth of alkali halides upon each other. He



found that epitaxy occurred with some combinations, and 
not others. At that time growth from solution was the only 
readily available technique for preparing samples and the 
orientation of crystals was determined by optical 
microscopy. Nevertlfless, Barker was able to deduce that 
epitaxy was more likely to occur if the molecular volumes 
of the two intergrowing alkali halides were nearly equal 
(i.e., low misfit).

In 1912, with the discovery of X-ray diffraction, 
the knowledge of̂  internal crystal structure began to 
develop very rapidly. Royer (1928) carried out extensive 
and systematic studies of a wide variety of overgrowths, 
and introduced the term epitaxy. He put forward some rules 
of epitaxy, the most important of which was that oriented 
growth occurs only when it involves the parallelism of two 
lattice planes that have networks identical or 
quasi-identical form and of closely similar spacings. The 
experiments indicated that epitaxy occurs only if the 
misfit is no more than about 15% . The misfit was defined 
as 100(b-a)/a, where a and b are the corresponding network 
spacings in the substrate and overgrowth, respectively. A 
survey of the very extensively studies that have been made 
of epitaxy of crystals grown from solutin has been given 
by Neuhaus (1950, 1951) and Seifert (1953).

The first major advance resulted from the 
application of electron diffracction, which was discovered 
by Davisson and Germer (1927) and Thomson and Reid (1927). 
Davisson and Germer used electrons of only a few tens of 
electron volts in energy, and thus initiated the technique



of LEED (low energy electron diffraction). Thomson and
Reid used electrons of a few thousand, or tens of
thousands of electron volts in energy, and initiated the
technique of HEED (high energy electron diffracction). At
the time, HEED was by for the more practical technique
because it would work satisfactorily with quite a poor 

-4vacuum (10 bar), whereas LEED required a much higher 
-9vacuum (10 bar) which could be obtained only with great 

difficulty. Thus from about 1930, HEED began to be applied 
to the study of epitaxy, and this involved reflection 
diffraction (RHEED) as well as transmission through thin 
films. The electron diffraction permits the examinationof 
extremely thin layers of overgrowths prepared by a variety 
of methods, and orientation can be determined from 
internal crystal structure rather than external 
morphology. As a result, the years 1930— 1950 saw a steady 
increase in the number of observed cases of epitaxy, and 
the variety of growth techniques, especially vacuum 
evaporation, electrodeposition, and chemical growth. A 
useful survey and compilation of data is given by van der 
Merwe (1949). A review of the electron diffraction studies 
has been given by Pashley (1956).

Up to the late 1920s, specimen preparation and 
handling techniques had not been developed for thin 
crystal films for transmission studies of epitaxy, and the 
reflection technique proved to be more appropriate. The 
first use of RHEED was by Nishikawa and Kikuchi (1928), 
who obtained patterns from calcite. The first reported 
applications of RHEED to the study of epitaxy were carried



out in the early 1930s, and the technique was firmly 
established by the middle 1930s. An important concept was 
introduced by Finch and Quarrel1 (1933 and 1934) as a 
result of studying the growth of zinc oxide on zinc. They 
conclude that the initial growth layer was strained so 

its spacing matched that of substrate (i.e., a 
forced zero misfit). They termed this phenomenon "basal 
plane pseudomorphism", now commonly known simply as 
'•pseudomorphism". Other examples included the growth of 
tetragonal aluminium (normally cubic) on sputtered 
platinum layer?(Finch and Quarrell, 1933) and 
electrodeposited nickel and cobalt on copper crystals, 
(Cochrane, 1936). Shishakov (1952) and Pashley (1956), 
both claimed that the claim of pseudomorphic aluminium was 
based upon a misinterpretation of diffraction patterns, 
and Newman (1956) cast serious doubts on the Cochrane 
(1936) evidence for pseudomorphic nickel and cobalt. The 
theoretical model for epitaxy put forward by Frank and van 
der Merwe (1949 a, b, c) was based on the formation of 
pseudomorphic monolayers, and their calculations appeared 
to define the conditions under which such monolayers would 
form. However, Smollett and Blackman (1951) criticized 
some of their conclusions on the grounds that the 
monolayers would not always be stable.

It was Lassen (1934) who first demonstrated that 
silver deposited on the cleavage face of rock salt crystal 
could be oriented, and Lassen and Bruck (1935) who showed 
that heating the substrate during deposition resulted in 
improved epitaxy. Bruck (1936) showed that orientation of



a number of metals deposited on rock salt is markedly 
dependent upon substrate temperature. He first introduced 
the term "epitaxial temperature". Above this temperature, 
good epitaxy was obtained, whereas below it there was at 
least some poorly or randomly oriented deposit. The 
concept of epitaxial temperature has had a major influence 
on subsequent work, and many workers have obtained a 
similar kind of dependence of epitaxy upon temperature, 
for a variety of deposits. There is considerable 
disagreement between the values of epitaxial temperature 
that are observed. It seems clear that there is no unique 
and sharply defined critical temperature, and that other 
deposition variables can have an important influence. One 
first demonstrated by Shirai (1939) is that preheating of 
the substrate has a cleaning effect, which can lead to a 
lowering of the epitaxial temperature.

During the first 25 years of the application of 
HEED and RHEED, many cases of epitaxy were established, 
many involving misfits considerably in excess of 15%.
These have been classified and tabulated by Pashley 
(1956). The most important evidence was obtained by Schulz 
(1951a and 1952) who showed that parallel orientation 
occurs for a wide range of alkali halides deposited, by 
vacuum evaporation, onto the cleavage surface of several 
alkali halides. The misfit cover a more or less continuous 
range from -39% (LiF on KBr) to +90% (Csl on LiF). 
Similarly? Schulz (1951a) showed that the alkali halides 
are also oriented onto a mica cleavage surface, over a 
misfit range of zero (Rbl) to -27% (KF). It had been



realized for many years that RHEED was a very sensitive 
technique. Schulz (1951 and (1952) demonstrated for the 
first time that deposits of no more than 0.1 nm or 0.2 nm 
thickness could give observable patterns. Quantitative 
studies by Newman and Pashley (1955), in which deposit 
thicknesses were measured by radioactive tracer 
techniques, showed that the limit of detection by RHEED 
was below 0.1 nm in favourable cases. Thus RHEED could be 
used to study of the first atomic monolayer. Shulz 
(1951a,b and 1952) was able to show that many alkali 
halide deposits on mica, or on other alkali halides, 
consist of three-dimensional crystallites from the 
earliest observable stage of growth. Newman and Pashley 
(1955) showed quite conclusively that three-dimensional 
crystallites form well before there is even enough deposit 
present to form a single monolayer covering the substrate 
surface (e.g., for copper deposited on silver). These and 
many other experiments demonstrated quite clearly that the 
initial stages of growth consisted of three-dimensional 
nuclei, rather than monolayers, in many systems.

Although the electron microscope was already 
available by 1945, it was not applied to transmission 
studies of epitaxial layers until the mid 1950s. This was 
mainly due to the lack of suitable specimen pregfation and 
handling techniques. The emergence of the first 
high-performance electron microscopes in 1954 heralded a 
period of rapid development of the application of trans
mission electron microscopy (TEM), particularly for the 
direct observation of crystalline specimens. Bulk samples



of metals were thinned chemically, or electrochemically, 
and this revealed that considerable structural detail 
could be obtained. At about the same time, self-supporting 
epitaxial layers of metals were detached from their 
substrate to provide specimens that were very well suited 
for direct examination. Also, much thinner deposits were 
detached on carbon-supporting films to reveal the 
structure of initial deposits. By means of the TEM 
technique, it was possible to obtained a wealth of new 
information on the nucléation, growth and structure of 
thin films. There was the possibility of obtaining 
important crystallographic information, both as a result 
of carrying out electron diffraction analysis inside the 
electron microscope and because diffraction contrast on 
the microscope image revealed crystallographic features 
such as grain boundaries, twinned structures, and lattice 
defects such as dislocations and stacking faults. The 
technique became even more powerful when a thin film 
substrate was employed (e.g.,molybdenite or mica) so that 
the crystallographic analysis could be carried out on the 
substrate and deposit while they were still in contact.
Thus the period 1955— 1965 saw a major breakthrough by a 
rapidly growing number of workers employing the 
transmission electron microscope to study thin epitaxial 
deposits. Reviews of the electron microscope work on 
epitaxy have been given by Pashley (1965) and Matthews (1967) 

The pioneering work of Hirsch and his collabo- 
rators (1956) established that TEM studies of thin 
crystalline specimens could reveal lattice imperfections



(dislocations and stacking faults) present in the films by 
means of diffraction contrast. Similar studies of 
epitaxial films of metals revealed that numerous lattice 
imperfections were commonly present in such specimens 
(Pashley, 1959b; Matthews, 1959; Bassett et al., 1959; and 
Phillips, 1960). Some of the initial interest centered on 
obtaining information on the geometrical properties of 
these imperfections, and the technique of moire patterns 
from overlapping crystals was employed for this purpose by 
several workers such as Hashimoto and Uyeda (1957),
Pashley et al. (1957) and Bassett et al. (1958). The moire 
fringe patterns can be regarded as magnified projection 
images of the individual crystal lattices, and 
dislocations are revealed as terminating fringes (Bassett 
et al., 1958). The TEM provided, in conjunction with 
selected area diffraction and dark field imaging, precise 
crystallographic evidence on individual defects, such as 
Burgers vectors of dislocations, displacement vectors of 
stacking faults, and the crystallographic indices of the 
planes of planar defects. Analysis of this kind 
immediately led to attempts to understand how lattice 
defects were introduced into epitaxial films during their 
growth. The TEM technique was also applied to the study of 
the structure and defects in deposited semiconductor 
layers on semiconductor substrates. A detailed study and 
analysis of these defects was made by Booker (1964). These 
studies were important because of the need to reduce the 
numbers of imperfections in order to obtain semiconductor 
devices with adequate properties.



Much improved and commercially available systems 
for producing ultrahigh vacua started to have an impact in 
early 1960s, providing both a means of preparing specimens 
under very much cleaner conditions and a "new" technique 
for structural studies. LEED equipment, as it is known 
today, depended on these new UHV techniques as well as the 
introduction of the technique of post acceleration of the 
diffracted electrons to provide a visible pattern on a 
fluorescent screen (Scheibner et al., 1960). LEED is a 
very sensitive technique that allows layers of much less 
than one monolayer to be analyzed, and hence it has been 
very valuable in providing evidence on surface cleanness, 
as well as on the very initial stages of growth of 
deposits. HEED and RHEED have also gained from the advent 
of UHV techniques, and they are also very sensitive; there 
are good reasons why LEED and RHEED should be used 
simultaneously (Pashley, 1970). By measuring the energy of 
the Auger electrons that are emitted under low-energy 
electron bombardment in the case of LEED, providing the 
facilities of chemical analysis (Harris, 1968 a, b ; 
Palmberg et al., 1967 a, b). In the case of RHEED, this is 
done by measuring the wavelengths of the characteristic 
X-rays emitted under high-energy electron bombardment 
(Sewell and Cohen, 1967).

1.2 The Modes of Growth and Dominant Factors
in Epitaxy

The amount of data on epitaxy that has been
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accumulated during this century is now very considerable, 
covering orientation relationships for a wide variety of 
substrates, deposits and growth conditions, as well as 
structural information at various stages. As each new 
technique has provided new and important information, it 
has also served to demonstrate the enormous complexity of 
the problem. As a result, it can be seen now more clearly 
what is needed of a realistic theoretical model, but it 
can also be seen that the formulation of such a model is 
likely to be very difficult task. From the earliest days 
the workers in the field of epitaxy, have been concerned 
with tv/o main problems;

(i) The mechanism of the formation and growth of the 
film, the mode of growth.

(ii) The factor or factors inducing epitaxial growth.

Until 1950 one mode was conceived for the growth 
of the film, and that had been proposed by Finch and 
Quarrell (1933). According to this mechanism the growth of 
a film occurs layer by layer and the lattice spacings of 
the early layers vary in order to match with the lattice 
of the substrate, therefore for several layers near the 
substrate surface there is no fixed parameter. This effect 
was termed pseudomophism. Frank and van der Merwe (1949 a, 
b, c) introduced the concept of misfit dislocations at the 
interface between the substrate and deposit, as part of 
their theoretical model for epitaxial monolayers discussed
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ÜvC.
injprevious section. This mode of growth is termed as 
Frank-van der Merwe mode. The experimental results 
obtained from RHEED by Shulz (1951 a, 1952) and Newman and 
Pashley (1955) showed that epitaxial growth often occurs 
without the formation of monolayers. The diffraction 
patterns revealed that growth occurred, in many cases, in 
the form of isolated three-dimensional nuclei in the early 
stages, and that continuity was achieved when the isolated 
nuclei coalesce. This is called the Volmer-Weber mode. 
Another mode of growth is ^transki-Krastanov mode which is 
an intermediate case, in that layer growth is followed by 
island growth. The growth mechanism in these modes is 
shown schematicaly in Fig. 1.1,

in -,:, :j m m

l— C

(a) (b) (c)

Fig. 1.1 The three growth mec^nism, after Bauer (1958)
(a) Volmer-Weber mode, (b) Frank-Van der Merwe 
layer growth mec^pism, (c) Stranski-Krastanov 
mode
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The fundamental reasons for these growth modes, 
and how these depends on temperature, growth rate, impurity 
effect, etc., is of course a large and continuing field of 
study. However, Bauer (1958 a) has classified the various 
growth modes in terms of the surface and interface 
energies of the deposit and substrate as:

(a) When the surface energy of the deposit material is
greater than that of the substrate, three 
dimensional nuclei are formed, in th Volmer-Weber 
mode.

(b) When the surface energy of the deposit is less than 
that of the substrate, layer-by-layer growth occurs 
in Frank-Van der Merwe mode.

(c) A special case of (b) that arises when there is 
high strain energy in the deposit film, that leads 
to the nucléation of three dimensional nuclei on
top of an initial monolayer and termed tW.
Stranski-Krastanov mode.

Bauer and Poppa (1972) studied the growth of Au
and Ag on different substrates such as LiF, NaCl, KCl,
MgO, PbS, PbTe, Si, Cu and W, and observed the three
described modes. For example, according to these authors,
an Ag film on the substrates of LiF, W and Si
(Ag/LiF(100), Ag/W(110) and Ag/Si(lll) grows in the
Volmer-Weber, Frank-Van der Merwe and Stranski-Krastanov
modes respectively. Also, Honjo and his co-workers (1977)-11 -14
made in situ observations at very high vacuum, 10 bar- 10
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bar, and demonstrated many examples of the Volmer-Weber 
and Frank-Van der Merwe modes. High resolution electron 
microscopy has thus played a leading part in establishing 
the existence of these modes of growth, but the stated 
mechanisms or the mechanism of epitaxy is still the 
subject of some controversy.

As stated in previous section Royer (1928) 
suggested that epitaxy occurs only if the misfit is not 
more than 15%. Altl^gh later numerous examples showed that 
epitaxy with quite large misfits was possible (Schulz,
1951 a, and 1952), the geometrical approach was so 
attractive that many workers devised various models to 
interpret the epitaxial growth of different materials with 
large misfit by the concept of low misfit requirement. 
Among these models the ideas of pseudomorphism and misfit 
dislocation received considerable attention. In this model 
if the natural misfit is zero, or if the actual misfit is 
zero because of the occurrence of pseudomorphism, there 
will be no dislocations (assuming perfact alignment 
between substrate and deposit). However, if there is some 
misfit this can be accommodated by the incorporation of an 
appropriate array of dislocations, or dislocations with 
significant edge components. In a series of elegant 
experiments, Matthews and co-workers showed, by depositing 
thin metal layers on thin metal single-crystal film 
substrates, that the density of interface dislocation 
structures depends on deposit thickness. For a case of low 
natural misfit (say less than few percent), no misfit 
dislocations could be detected for low deposit thicknesses
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(say a few tens of a nm), and as the deposit thickness 
increased misfit dislocations were generated. This was 
observed for both continuous monolayer-type deposits 
(Jesser and Matthews, 1967) and island-type deposits 
(Jesser and Matthews, 1968).

Honjo (1976) and Honjo et al. (1977), in a series
of in situ experiments, have observed pseudomorphic layers
in the deposit-substrate systems of noble metals (Au, Ag,
Pb), and PbS, PbSe, PbTe... . According of these authors,
in the latter systems the misfit dislocations appear in
complete agreement with the Frank-Van der Merwe model. The
pseudomorphism model was applied by Cabrera (1964) to
explain epitaxy in the Volmer-Weber mode, but a series of
in situ experiments which have been carried out for this
purpose, with high resolution TEM, have not shown
pseudomorphism or misfit dislocations. In their recent
works Takayangi, Yagi and Honjo (1978), have studied the
nucléation and growth of d.number of different materials on
MgO. The experiments were carried out in very clean
conditions. The substrate was produced inside the
microscope by an electron-flashing technique, (Honjo and
Yagi, 1969), and the deposition and observation conducted

-11at pressure less than 10 bar. Their results show d 
conection between the lattice spacings of the overgrowth 

and the substrate, and the orientation of the overgrowth. 
They concluded that for the systems of deposit-substrate 
which have lattice parameter ratio, p=a^/a , (d for 
deposit and s for substrate), near to 1, the parallel, P, 
orientatiQn occurs, that is, (001)[100]d//(001)[100]s.
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For systems with p near /I the (001)[110]d//(001)[100]s 
orientation, R, is dominant and so on. From their results 
it could be concluded that alkali halides have a strong 
tendency towards the P orientation.

The bcc lattices of iron and chromium are 
practically identical, with lattice parameters of 0.2886 
and 0.2875 nm repectively, their orientations on the 
substrates of NaCl are not the same. The iron appears in 
three orientations, namely:

(R) (001)[100]d//(001)[110]s
(P) (001)[100]d//(001)[100]s
(S) (lll)[112]d//(001)[110]s,

while the chromium deposits appear only with the R
orientation. Pynko and Lyudvik (1975), in a number of
experiments on the vacuum cleaved rock salt, under clean
conditions, have confirmed the earlier results. These
authors have reasoned that the difference in orientations
is due to the difference between the heats of formation of

-1F e d 2 and FeClg, -15.3 KCal mol ,on the one hand and the
-1heats of formation of CrCl£ and CrClg, -40.1 KCal mol , on 

the other hand. In the first case formation of FeCl2 and 
FeClgleads to three different orientations while in the 
second case mainly CrClg is formed, which leads to single 
orientation. Therefore, it seems the chemical reactions

The sigv̂ L ] stands for a particular direction.
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have a major role to play. It should be noted that any 
chemical reaction that leads to epitaxy necessarily occurs 
at definite sites which form a network on the surface of 
the substrate. In many cases such a network may end up 
with an orientation which is consistent with the 
geometrical approach. There are also numerous reports 
which show that the irradiation of the substrate before or 
during the deposition by electrons, ions, or X-rays 
improves the epitaxy considerably (Green, 1973). This may 
indicate that chemical reactions are an important factor 
in epitaxy.

A rather different approch to explain the epitaxy 
has been introduced by Distler and his co-workers. They 
have reported extensive experimental evidence that 
oriented nuclei can form on top of a continuous amorphous 
layer deposited on a single crystal substrate. For example, 
Distler et al. (1968a) obtained well-oriented nuclei of 
lead sulphide on rock salt cleavage surfaces with 
intermediate carbon layers up to 15 nm in thickness. In 
some cases, epitaxy occurs with intermediate amorphous 
layers of up to 150 nm in thickness. The observed cases 
include lead sulfide on mica (Distler and Kobzareva,
1966), gold on rock salt (Gerasimov and Distler, (1968), 
and cadmium sulfide on rock salt (Distler et al., 1968b). 
These results are interpreted in terms of the effect of 
long-range forces arising from some kind of active 
centers, such as lattices of point defects which produce 
electrical microfields, which are supposed to be 
responsible for epitaxy. In another work it has been shown 
that when a triglycine sulphate crystal Is decorated with
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AgCl, a network-like deposit is formed. Almost the same 
pattern of deposits are obtained when the substrate is 
covered with an amorphous film of selenium (Distler, 1975) 
But the subject rapidly aroused considerable controversy 
both from the validity of the experimental observations 
and from the interpretation of the effect. Chopra (1969) 
failed to observe the effect, but other workers (e.g., 
Barna et al., 1969) have supported, at least in part, the 
findings reported by Distler and his co-workers. It is 
also evident that this model cannot explain the epitaxy of 
the Frank-Van der Merwe mode. Furthermore, chemical 
reaction at atomic level cannot be ignored.

From the above considerations of the models of 
epitaxy and the experimental evidence, it is concluded 
that at present the mechanism of epitaxy is not fully 
understood, but it seems likely that several factors such 
as chemical reaction, lattice fitting, surface energy and 
defects are involved in epitaxial growth. It can also be 
said that for each deposit-substrate system one or two of 
these factors may be more important and may have varying 
effect at different stages of growth. The strengths of 
these factors can be varied by different treatments: 
substrate heating, irradiation, exposure to particular 
vapour (postnucleation growth and recrystallization), etc.

At the present, there is no single model that can 
give a satisfactory explanation of epitaxy for all systems. 
Moreover one cannot be sure that any single model will be 
the ultimate answer for any one system. It is suggested 
that instead of the in-depth studies of a very restricted
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number of systems, a more balanced and meaningful picture 
seems more likely to emerge from studies of a broader 
range of substrate-deposit combinations.

1.3 The Influence of Surface Topography on Epitaxy.

The concept of lattice misfit between the 
substrate and the deposit implies knowledge of the actual 
crystal planes in contact. It is normally assumed that 
these are the planes parallel to the macroscopic surface 
of the substrate. Although this is probably true when 
cleavage surfaces can be used as substrates, the extent to 
which cleavage surfaces can be used is very limited and 
other methods of surface preparation must be employed. The 
disadvantages of cleavage surfaces for certain experiments 
will be discussed in chapter 2.

The use of metallic substrates has always been 
very desirable, and the specimen preparation techniques 
especially difficult. If the flat surfaces are prepared by 
grinding and polishing single crystals of metal, the 
worked surface layer must be removed. Chemical or 
electrolytic methods of removal commonly leave a matt 
surface that is rough on an atomic scale, and these are 
not very convenient as substrates. Further, electropolished 
surfaces were generally found to be geometrically complex, 
leading to complex arrangements of overgrowth orientations. 
Because of the difficulties of preparing flat surfaces on 
macroscopic crystals, single-crystal films prepared by 
epitaxy have been used as a substrates for further epitaxial
growth (e ,g ., Newman and Pashley, 1955; Pashley, 1959a).
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Many workers have used electron-transparent 
monocrystalline substrates in the studies of thin films
(Pashley et al., 1964; and Pashley, 1970). This kind of 
studies has revealed many interesting and important 
features of the early stages of the growth. For example 
the liquid-like coalescence of metal clusters, change of 
orientation of the nuclei, migration of grain boundaries 
out of the composite islands, have been revealed by in 
situ observations. Thin crystals of mica, MoS and MgO hav^je 
been used frequently in these kind of experiments.
Although halides have been used extensively as bulk 
substrates, electron-trasparent crystals of alkali halides 
have rarely been used as substrates. In situ studies of 
overgrowth on an electron-transparent monocrystalline 
substrate have advantages, but there are , however, a 
number of practical problems, such as the limitation of 
the space inside the microscope, contamination, reaction 
of the deposit materials with the internal parts of the 
microscope, and restricted facilities for treatment of the 
deposit during or after the deposition. The major problem 
with monocrystalline electron transparent substrates is 
their preparation. Usually it is not easy to prepare good 
quality substrates, and the preparation methods are either 
tedious or the resulting substrates are of poor quality.
The importance of electron-transparent substrates, 
existing techniques for their preparation and their 
advantages and disadvantages will be discussed in detail 
in chapter 2.
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1.4 Introduction to the Present Work.

One striking fact that emerges from a close study
of the literature is the very high proportion of 
publications devoted to the studies of the growth of 
metals (predominantly fee metals) on alkali halide 
cleavage surfaces (predominantly sodium chloride). This
seems to have come about because of the considerable
experimental convenience of these systems. To understand 
the factors which dominate epitaxial growth, it seems 
necessary to use more substrate-deposit systems.

Electron-transparent substrates are very useful 
in the studies of nucléation and growth, because they make 
in situ studies possible and they avoid many of the 
problems of using the bulk substrate, but in situ studies 
have their own problems. A film can be deposited in a 
conventional deposition unit and then transferred to the 
electron microscope for observation, but if the deposited 
materials are hygroscopic and react with the atmosphere, 
studies of early stages of nucléation are difficult.

Having in mind these points, the present work has 
been carried out with four main objectives:

1. To use materials as substrates which have not 
been used before.

2. To produce monocrystalline electron transparent 
substrates.

3. To design and construct a device for transporting a 
specimen from a vacuum evaporating system to the
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electron microscope without exposure to the 
atmosphere.

4. To study films of materials that react with the
atmosphere and have not been used extensively before, 
by means of the transporting device and electron 
transparent substrates.

The main topics of the work are as follows:
Chapter 2 - The importance of the electron transparent 

substrate has been discussed and the existing techniques 
of producing alkali halide electron transparent foils have 
been reviewed. A recent technique is modified: the 
substrate crystals are formed inside the holes of a 
perforated carbon support film, so that each crystal has 
two free faces for deposition and study. The mechanism of 
formation of crystals from solution has been reviewed and 
the important factors involved in the formation of the 
crystals inside the holes has been suggested.

The study of the effect of electron irradiation 
and defect-formation has been discussed. The thickness of 
these crystals, inside the holes, has been measured by a 
new technique. These crystals have been decorated by gold 
to study the surfaces, and the material with most flat 
surface has been chosen for epitaxial growth studies of 
other materials on it.
Chapter 3 - A description, with all the technical 

details, of a chamber which has been designed and 
constructed to transport the specimen from a vacuum 
deposition unit into the electron microscope has been 
given. Another intermediate chamber has been designed and
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constructed to fix the transport chamber on the deposition 
system. The detail of the operation of the transport 
chamber and the pressure inside the chamber, when it is 
isolated from vacuum system, as a function of time, has 
been given. Two special heaters which have been 
constructed and used, are described.

The camera constant and its variation with 
objective lens current have been measured. A curve is 
drawn between the camera constant and objective lens 
current and used in the determination of d-spacings of 
lattice planes from diffraction patterns.
Chapter 4 - Old and new theories of nucléation and growth 

have been discussed. The sequence of the growth of thin 
continuous films has been summarised. The technique of 
preparation of thin continuous uniform carbon films for 
use as substrates, has been described. The nucléation of 
five different alkali halides, on carbon substrate, from 
the vapour phase has been studied by transmission electron 
microscopy, and the sizes of smallest stable nuclei has 
been investigated. The structure of thin evaporated films 
and their recrystallisation after atmospheric exposure 
have been discussed. The effects of water vapour on thin 
deposits have been studied.
Chapter 5 - The lattice structure of the substrate Csl 

has been discussed and the transmission electron 
microscope studies of the grov/tk of caesium halides on 
substrates of Csl, from vapour phase have been made. The 
orientation of the overgrowth has been determined by 
electron diffraction. The effect of the atmosphere on thin
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deposits after evaporation has been discussed and it has 
been shown that Csl displays poor epitaxy from the vapour 
and good epitaxy from solution. The growth of an fee 
lattice structure (CsF) on bcc lattice structure 
substrates has been studied and it has been concluded that 
the lattice structure of the overgrown material has been 
changed. The models of orientations and a possible model 
of morphological change has been given.
Chapter 6 - In this chapter the previous work on studies 

of the epitaxial growth of alkali halides on the 
substrates of mica by electron diffraction and electron 
microscopy has been reviewed. The structures of four 
different kind of micas have been studied by electron 
diffraction. Two different kinds of micas have been chosen 
as substrates and their surfaces have been studied by gold 
decoration. The nucléation and growth of halides of 
caesium, from vapour and solution, have been studied by 
transmission electron microscopy. The orientations of 
alkali halides with respect to the atomic arrangement of 
the mica surface have been discussed. The effect of 
heating before deposition has been studied and the 
recrystallisation process after atmospheric exposure have 
been discussed.
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Chapter Two

PREPARATION OF ELECTRON TRANSPARENT 
SUBSTRATES OF ALKALI HALIDES.

2.1 Introduction.

The most important basic requisite for 
transmission electron microscopical studies of the 
nucléation and growth of a material from the vapour phase, 
is a suitable substrate. The substrate materials usually 
used for nucléation studies are non-metallic. Sometimes 
the substrate materials are semiconducting, but usually 
they will be insulating materials, owing to the need for a 
low free energy of the surface if three-dimensional 
nucléation is to occur (Bauer, 1958).

For epitaxial films the nature and the structure 
of the substrate is, of course, an essential part of the 
whole subject and numerous individual combinations of 
substrate and overgrowth are possible. Most important is 
the preparation of the substrate surface since it is here 
that the film-substrate interaction occurs. Ideally the 
surface should be extremely smooth, flat and free from 
contamination. The method of prepration depends on the 
particular substrate material. The importance of the 
detailed structure of the substrate surface has been shown 
in the studies of Sella and Trillat (1964), Ino et al. (1964) 
and Matthews and Grunbaum (1965).
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2.2 Preparation of the Substrate surface.

The following substrate surfaces are usually used 
for nucléation and growth studies:

1. Cleavage surface of a single crystal:- This is the 
nearest approach to an ideal smooth surface. However, such 
a surface has a stepped structure, the region between the 
steps having areas flat on an atomic scale. The (100) 
cleavage surface of an alkali halide, especially rock salt, 
is by far the most commonly used substrate. The (100) 
cleavage surface of MgO is also used. Orientations other 
than (100) can be obtained by choosing suitable single 
crystal material, for example the cleavage faces of CaF 
and ZnS are (111) and (110) respectively. A wide range of 
orientations can be obtained by cutting a single crystal 
parallel to the desired crystaljpgraphic planes.

Some substrate crystals can be cleaved in the 
vacuum chamber so that the newly created surface is 
immediately exposed to the previously established vapour 
stream. This method was introduced by Walton et al. (1963) 
and extensively used for the deposition of metal films on 
alkali halides. Green et al. (1969) and (1970) used 
cleaved alkali halide substrates for studying the growth 
mechanism in epitaxial films.

2. Surface of an epitaxial grown film:- An epitaxial 
film may be used as a substrate for thin film growth. It 
is essential to examine the surface structure of the film, 
since it is usually rough on an atomic scale. This has 
been demonstrated by Pashley (1959) for silver films grown
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on mica by vacuum evaporation. Thin epitaxial layers of 
alkali halides are evaporated at room temperature on to 
air-cleavage mica and subsequently serve as substrates for 
the metal deposition. The epitaxial intermediate layers 
then permit easy detachment of the epitaxial metal films 
by floating them off in water. Au, Ni, Cu, and Ag 
continuous epitaxial films of good quality and in (111) 
orientation have been prepared successfully in this way.

3. Mechanically polished single crystal surface:- This 
involves the preparation of single crystal surface with 
any desired crystallographic orientation by lapping and 
mechanical polishing, usually followed by chemical 
etching. A surface prepared by this technique usually has 
well-developed facets. It should be noted that film growth 
occurs on such facets, and this will complicate the 
nucléation and growth.

Brockway and Marcus (1963) have demonstrated a 
technique that reduces the damage and steps on a cleavage 
surface. It involves polishing the crystal surface with 
moist polishing cloth or paper, followed by a quick rinse 
in water and methonal. Methods of preparing clean surfaces 
have been reviewed by Roberts (1963) and Moll (1963).

2,3 The Importance of The Electron Transparent Substrate

The substrates discussed in the previou-s section 
have been used to condense metal films, and after 
deposition the overgrowth is usually coverd by evaporated 
low-density suport films of carbon or SiO. The substrate
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is then dissolved in a suitable solvent and only the 
overgrowth is examined in the transmission electron 
microscope. These amorphous support films have excellent 
stability under intense electron irradiation but do 
actually exhibit appreciable phase contrast eigenstructure 
at the highest magnifications and sometimes obsecure 
the original fine structure of the deposit (Jaeger et al., 
1969; Bachmann and Hilbrand, 1966). Single-crystal support 
films offer the advantage of lower phase contrast 
background structures although they are more difficult to 
prepare.

The possibility of separating the substrate and 
overgrowth is basically determined by the different 
chemical activities of substrate and overgrowth materials. 
As very small amounts of deposit material are usually 
involved, especially when studying the very early stages 
of film growth, and chemical reaction rates are quite 
different with very small single-crystalline particals, 
this can lead to problems. Such small deposit particles 
can also be lost during the dissolution of the substrate 
material by mechanical stripping action during the 
detachment process. It is not easy to grow alkali halide 
thin films from vapour phase on a bulk substrate and strip 
it off.

Some of the major disadvantages of investigating 
the ovegrowth only can be eliminated by not detaching the 
deposit film from its substrate. To examinethe substrate 
and overgrowth simultaneously imposes new substrate 
material requirents of electron transparency and good
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stability under the imaging electron beam. It also has the 
advantage that it should be possible to assess, most 
directly, epitaxial relationships between substrate and 
overgrowth. The requirement for transmission electron 
microscopy inspection of substrate and overgrowth defines 
the class of substrate materials suitable for this 
approach. It is necessary, of course, to be able to thin 
the material sufficiently either before or after 
depositing the overgrowth film. Since the application of 
transmission electron microscopy to the study of matter, 
numbers of thin foil producing techniques have been 
developed.

In general tke substrate should have these 
properties that are necessary for the studies of the 
nucléation and growth of materials:

1. The substrate should be reasonably transparent to 
electrons for the study of early stages of nucléation.

2. The substrate should be large enough in order to 
have areas not being influenced by the boundaries of the 
substrate.

3. The surface of the substrate should be similar to 
the surface of the conventional bulk crystalline 
substrates, as for as surface features are concerned.

4. The most important property which is vital for the 
transparent substrates: the experimental results should be 
similar to the results obtained on the bulk substrates of 
the same materials with the similar crystallographic 
feature.

5. It is also important that technique to produce such
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substrate should not too complicated and time consuming.
6. The outcome of the technique should be reasonably 

reproducible.

2.4 Recent Techniques Producing Transparent Substrates

The following techniques have been used to 
produce thin foils of alkali halides for electron 
microscopical studies:

1. Rapid vacuum-drying technique: a very dilute(0.5% 
to 2% w/v) solution of alkali halide is put on the surface 
of a very thin amorphous support film of carbon or Cr^O^ 
and then it is dried rapidly in vacuum. Crystals with 
various sizes and thicknesses are formed. Some of them are 
electron-transparent and used as substrate. This technique 
was used first by Hibi and Yada (1960) to prepare KCl 
transparent single crystals from solution.

The crystals formed with this technique are shown 
in Fig. 2.1 and 2.2. A tiny droplet of 5% w/v solution of
KCl was put on a 5 nm thick continuous carbon support film

k" hon a specimen grid. The grid was transfeged to the ele^ron
microscope specimen chamber which was then evacuated. The
resulting large crystals were thick and opaque to the
electron but smaller crystals were sufficiently
transparent. These crystals have one free face and can be
used for further growth studies but as they are formed on
support film, its surface condition can effect the
crystals and their surfaces.
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#
Fig. 2.1 (a).

Fie. 2.1 (b ) .

i$. 2.1 ( a )  and (b):- KCl crystals on continuous carbon
support films.
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Fig. 2.2 (a). )oeo

2.2 KCl crystals on continuous carbon support film
(a) mierograph, (b) diffraction pattern of a 
[001) s i n g ie crystal.
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2. The sandwich technique; In this technique a layer 
of alkali halide solution is sandwiched between two planes 
When the water of the solution evaporates thin foil of the 
material suitable for electron microscopy can be found. 
Mollenstedt, Graff and Speidel (1962) produced thin 
monocrystals of KCl by sandwiching a saturated solution of 
KCl between two microscope slides covered with carbon 
films.The crystallization had been initiated by cooling 
the sandwich. Demriy (1965) produced thin single crystals 
of NaCl by sandwiching a layer of 0.1% salt solution 
between a carbon film and an electron microscope grid with 
carbon support film on it.

The foils obtained by this method are usually 
coverd with carbon from both sides, the energy states 
could be considerably different from the energy states 
of the foils with free faces. This can be effect the 
behaviour of the crystals in the electron microscopic 
investigation, and therefore, they can not be used as 
crystalline substrates.

3. The dissolving technique: In this method water or 
a mixture of water and alcohol is used to thin the 
material. Heydenreich (1969) has given a list of the 
workers who have used this technique to produce thin foils 
of alkali halides. The subst.ances that have been used by 
these workers are, mainly KCl and NaCl. Izumi ( 1969 ) used 
0.2 tm thin clemYed piajse# of-KCl and NaCl from bulk 
single crystal#, t h m # #  ;#at#s are thinned in an aqueous

between the two sheets

pfrtrt pitvc i ■ E. : ■■
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These crystals have free faces but the surfaces 
could be quite uneven due to chemical etching and the 
drying with filter paper. Also the surfaces of the 
crystals are bound to be contaminated in the foregoing 
treatment: they do not seem to be suitable substrates.

4. The electron beam flashing thinning technique:
This technique involves bulk single crystals which are 
cleaved into plates of tenths of a millimeter thick, then 
further thinned by a mixture of water and alcohol down to 
2 to 10 microns. A slice so prepared is transfe^ed into 
the electron microscope and observed at low magnification, 
the intensity of the electron beam is increased abruptly 
and parts of the surface layers of the slice are detached, 
leaving thin transparent areas. Yagi and Honjo (1964) have 
produced electron transparent crystals by this method and 
used them to grow epitaxial films of gold from the vapour 
phase.

The appropriate intensity of electron beam varies 
from slice to slice depending on the size and thickness of 
the slice, so it is very di^cult to find an appropriate 
intensity for every slice. This technique is tedious and 
time-consuming and it is not easy to produce a large 
number of adequate substrates for a long series of 
experiments. The detached chips, from the slice, are so 
small that they resemble the evaporation of substance, 
leaving the surface of the remaining transparent slice 
uneven. Ids shattered into large numbers

îi<b'p%'eà"d' cbhtaminate the substrate as
•However, when a limitedT  ■a s
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number of in situ nucléation experiments and observations 
is required, these substrates are ideal, especially 
because their surfaces are fresh like vacuum cleaved bulk 
substrates.

5. The oblique cleaving technique: Miller and Hoffman 
(1968) developed this technique, in which a rectangular 
prism of approximately 2x4x15 mm bounded by 
{lOO} planes of a salt crystal is cleaved in a direction 
which makes an angle of roughly 3(f with the long axis of
the prism. Salt does not cleave in such direction easily,
number of flakes are produced from the cleaved surface. 
These flakes are transferred on to a microscope grid, with 
carbon support film on it, by a very fine tungsten wires 
brush. Some of these flakes are transparent or have
transparent parts to be used as substrate.

Since the flakes are not treated by water or 
aqueous alcohol they could be considerably free from 
contamination. They are directly cut from the bulk crystal 
and show thé same behaviour as the bulk substrate, 
provided the likely mechanical demage that can develop 
during the cleaving process can be ignored. On the average 
only few flakes can be found On each g rid which are 
adequate as a substrate and they can be lost easily in the 
process of transferring them from the microscope to the 
vacuum system and back: The reproducibility is not very

i)6 fs peisaie to thin a 
crystal. lie ÿSBM & disc of the crystal
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is prepared and its edges are firmly covered by a metal 
frame, to prevent easy sublimation from the edges. The 
crystal is then heated in vacuO and the evaporation 
process is observed by an optical microscope. As soon as a 
small hole appears in the crystal the process is stopped. 
By stopping the process at the right time, an electron- 
-transparent wedge-shaped foil can be obtained. Although 
this technique can give very clean and possibly smooth 
electron transparent foils, the foils are of doubtful 
value as ideal substrates. Since the process of 
evaporation must be stopped quickly at the right time, 
gradual cooling of the foil is not easy. This qugnehing 
can produce defects in the foil which might affect the 
nucléation process.

7. Growth of crystals from solution on perforated 
carbon support film: This technique was developed by 
Tavassoli (1978) from the method described by Kay (1967) 
and Meek (1970) for producing perforated carbon support 
films. In this method 4 cc distilled water is added to 100 
cc solution of 1% formvar in equal parts of ethylene 
dichloride and dioxane. A microscope slide is dipped in 
this solution and then allow to dry thoroughly, first in a 
jar containing some ethylene dichloride and then in a 
dust-free piece. The formvar film is stripped off and 
floated on distilled water. This perforated formvar film is 
transferred on 10 to 20 electron microscope grids by the 
method given hf iMeefc .Af ter coating with a 15 to 20
nm! dissolved in the vapoWf Of
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ethylene dichloride. Some grids have numerous holes of 10 
p to 20 jU diameter, A drop of 20% salt solution in 
distilled water is put on the grid and drained gently from 
the beneath of the grid by a filter paper. A large number 
of crystals are formed inside the holes of carbon film. 
Single crystals of NaCl, KCl and KBr are produced which 
are wholly or partially electron-transparent. The crystals 
prepared this way have two free faces which are adequate 
substrates for studies of nucléation and growth of metals 
or other alkali halides.

The reproducibility of this method is good but it 
takes a much longer time to prepare the perforated carbon 
film. The dried fêrrmvar film adheres to the glass slide so 
firmly that it is often not easy to strip off and float on 
the water surface. The average hole diameter does not 
appear to be reproducibly related to the quantity of water 
added to the formvar solution.

2.5 The Development in Producing Transparent
Substrates.

This new method based on the use of an emulsion 
made with formvar solution and glycerol. After casting on 
glass, the film is steamed. The proportion of the glycerol 
contrôle the size of the holes which range from 0.25 p. to 
25 p  diameter. The relationship between hole size and 
glycerol content is indicated in table 2.1. This method 
according to Kay (1967) has been suggested by Harris
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Table 2.1
Relationship of hole size to glycerol content 

for perforated film.

formvar solution 
(parts)

glycerol
(parts)

max. hole diam. 
ip)

8 1 25
16 1 14
32 1 7
120 1 4

The detail of the procedure is as follows; A 1% 
w/v solution of formvar in ethylene dichloride is 
prepared, a quantity of glycerol (determined from table 
2.1) is added and mixture is shaken well to form an 
emulsion. A microscope slide is dipped into the mixture, 
drained vertically and then dried in a dust-free place for 
10 minutes. The film is exposed to a jet of steam for 1 
minute and floated on to the surface of distilled water in 
a bowl. After putting 10 to 15 electron microscope grids 
on to the film, it is picked up with a dry. , glass slide 
in such a way that the grids are sandwiched between the 
farmvar film and the slide. These grids with the 
perfwated film # e  them eewered with a deposit of
20 nm of carbon and the :formvar film is dissolved by 
putting the grids im/## vapour of ethylene dichloride for 
2 to 3 hoœ^. . l | & ^  ̂ &^apitable grids with large m m à m s
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of holes are selected and kept in a clean container. 
Although the method looks time-consuming, it should be 
appreciated that since the grids with perforated carbon 
film do not deteriorate a large quantity of grids for a 
series of experiments can be made in one operation. This 
method of producing perforated carbon film is more 
reliable than given in the last paragraph of previous 
section.

A grid coated with perforated carbon is held 
horizontally by a pair of tweezers, a drop of 10% salt 
solution in distilled water is put on the grid by a very 
fine dropper. The drop is then drained gentXy from the 
beneath of the grid by a clean filter paper. The grids so 
prepared, are kept in a clean container and can be 
observed immediately. The size of the drop should be 
smaller than the diameter of the grid to avoid the grid to 
stick to the tweesers and it is better to use a second 
pair of tweezers to transfer the grid in to the container.

2.6 Observations and Discussion

The electron microscopical observation shows that 
large number of crystals are formed inside the holes of 
carbon film, (Fig, 2.3, 2.4 and 2.5), In the case of KCl, 
NaCl and KBr, large crystals are formed only inside the 
holes and some of them have some parts on the support 
film. A few number of smal crystals are observed around 
some of the holes. Thus it seems that the holes are the 
preferred sites for crystallization. The crystals appear
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i
Fig. 2.5

of carbon film, 
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sli3p6s 3nd sizBs in liolss of tliG S3ni6 sizG. 
Mostly dark squarG crystals arG obsGrvGd in largG holes. 
ThG transparGncy of the crystals doGs not dopond on the 
sizG of thG crystals. Very small crystals arc transparent, 
some large crystals are fairly transparent and some small 
crystals are found to be dark. Usually the square-shaped 
crystals appear darker than the other shapes which are 
either transparent or have some transparent parts. For the 
same size crystals the transparency can be dramatically 
different.

The crystals are formed in holes with as little 
as 1% concentration, but they are usually very small at 
this dilution. By increasing the concentration the size 
and thickness of the crystals increased gradually. It is 
found that a concentration about 15% is adequate for KCl, 
NaCl and KBr to form suitable crystals. The orientation of 
these crystals is usually [001] normal to the plane of the 
holes. In the case of KCl, some crystals with [111] 
orientation are also observed.

The halides of caesium crystallize with a 
coordination number of eight (the CsCl structure), except 
CsF, which crystallizes wih a coordination number of six 
(NaCl structure)) like most of the other alkali halides. 
Csl, CsCl and CsBr behave differently when their crystals 
are formed and observed in the holes of carbon support 
film. They usually formed dendrites ; tree 1 ike growths 
most frequently observed in Csl (Fig. 2.7 and 2.8). They 
are also observed in CsBr (Fig. 2.13) and sometimes in 
CsCl. Crystals of CsBr and CsCl have some defects and are
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easily damaged by electron bombardment, an effect which 
will be discussed later. The dendrites associated with 
very rapid growth, Csl crystals from a solution of 20% 
concentration are dendritic, as shown in Fig. 2.7 (a) and
(b). In Fig. 2.7 (a) the crystal is entirely inside the 
hole, i.e., all branches seems to be connected to the edge 
of the hole from inside and these branches are very thick 
and opaque to the electron. In Fig. 2.7 (b) the branches 
start from some point on the carbon film and extend 
themselves into the holes where they broadend and become 
transparent. Thin and transparent dendrites are formed 
from 10% solution and shown in Fig. 2.8 (a) and (b). They 
are spread all over the perforated carbon film and the 
parts which come over the holes are more transparent. Some 
large transparent crystals of Csl are also observed (Fig. 
2.9 (a) and (b)) which are suitable for use as a substrate. 

The CsCl crystals are thick and dark having very 
small transparent areas (Fig. 2.12). They are damaged 
easily in the electron microscope during the examining 
and are therefore not suitable as substrates. CsBr behaves 
similarly, its crystals appearing in the form of dendrites 
(Fig. 2.13) with grain boundaries. Its diffraction pattern 
confirms a polycrystalline structure. In the case of CsF 
which is highly hygroscopic halide and dissolves in 
atmospheric humidity very rapidly, it only crystallizes 
inside the electron microscope. The crystals of CsF are 
flat but thick and do not form any particular shape (Fig.
2.14 and 2 .
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Fig. 2.8 (a)

Fig. 2.8 ti
Fig. 1,1 (m) and (b). Bmmdritie

## carbon iupfort film.
*f Csl from iolmtion
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Crystals of Csl are oriented with [111] normal to 
the plane of the hole as indicated by the diffraction 
pattern in Fig. 2.10. Some [001] and [Oil] orientations 
are also observed in large single crystals. CsCl crystals 
are found in [001] orientation (Fig. 2.11). The 
orientation of CsBr crystals is not unique as their 
diffraction pattern indicates a polycrystalline structure 
(Fig. 2.13, b). In the case of CsF, which usually 
crystallizes with the NaCl structure, the orientation of 
its crystals is found to be [Oil] (Fig. 2.14, b), the 
[111] orientation also observed in CsF crystals as shown 
in Fig. 2.15 (b).

2.7 The Mechanism of Formation of Crystals in Holes
of Carbon Film.

Crystallization from solution has been used 
extensively as a method for purifying and obtaining single 
crystals of a variety of inorganic and organic materials. 
Aqueous and organic solutions have been used as solvents. 
In this method the liquid evaporates while the solid 
separates out and is potentially very useful for producing 
crystals of inorganic salts such as the alkali halides 
which are almost all soluble in water. Methods for the 
preparation of crystals from solution were comprehensively 
reviewed by Buckley in 1951 and more recently in the books 
of Brice (1973), Mullin (1972), Nyull (1971),
Strickland-Constable (1968) and Elwell and Scheel (1975),
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deal generally with growth from solution as do most of the 
papers at a conference (Mullin, 1976). The review
by Bennema and Gilmer (1973) is concerned with the 
kinetics of crystal growth and many of the concepts 
discussed can be applied to the solution growth. Special 
theories describing the kinetics of crystal growth from 
solution have not, in general, been developed. General 
theories of crystal growth have usually been adopted and 
perhaps modified, so that they can be applied to growth 
from solution. The interrelations between many of the 
theories of crystal growth have been discussed by Bennema 
(1974). The growth of crystals from solution may be 
regarded in the same way as growth from vapour (discussed 
in chapter 4), the solute particles behaving in the same 
way as the atoms or molecules in the vapour. The 
deposition of a solid crystalline phase from solution can 
only occur if some degree of supersaturation has first 
been achieved in the system. In other words the attainment 
of supersaturated state is essentional for any 
crystallization operation. Generally any crystallization 
operation can be considered to comprise three basic steps:

1. Achieveement of supersaturation (or supercooling).
2. Formation of crystal nuclei.
3. Growth of crystal.

All three processes may be occuring simultaneously in 
different regions of a crystallyzation unit. Supersaturation
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can be achieved either by dissolving more solute or by 
removing some of the solvent from the solution by 
evaporation. If a solution is saturated at high 
temperature the supersaturation can also be achieved by 
supercooling.

As the state of supersaturation is an essential 
feature of all crystallization operations. Wilhelm and 
Ostwald (1897) first introduced the terms 'labile' 
(unstable) and 'metastable' supersaturation; they referred 
to supersaturated solutions in which spontaneous 
deposition of solid phase, in the absence of solid nuclei, 
will or will not occur, respectively. Miers (1904),
(1906), (1907) and (1927) carried out extensive research 
work into the relationship between supersaturation and 
spontaneous crystallization. He described three zones on 
solubility curve.
(i). The stable (unsaturated) zone where crystallization 

is impossible.
(ii). The metastable (supersaturated) zone, betweenTtke 

solubility and supersolubility zones, where spontaneous 
crystallization is improbable. However, if a crystal seed 
was placed in such a metastable solutions, growth would 
occur on it.
(iii). The unstable or labile (supersaturated) zone where 

spontaneous crystallization is probable.
Nucléation may occur spontaneously in a 

supersaturated solution. Exactly how a crystal nucleus is 
formed in a homegen#o%s :fluid system is not known with any
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degree of certainty. The probable mechanism of nucléation 
is as follows: Minute structures are formed, first from 
the collision of two molecules, then from that of a third 
with the pair, and so on. Short chains may be formed 
initially, or flat monolayers, and eventually the lattice 
structure builds up. The construction process, which 
occurs very rapidly, can only continue in local regions of 
very high supersaturation. The phenomenon of spontaneous 
nucléation can be analysed by considering various energy 
requirements. In this connection the theoretical and 
practical contributions of such workers as Gibbs (1928), 
Volmer (1929) and (1939), Becker and Boring (1935) and 
(1938) have greatly assisted understanding of the process.

Most of the micrographs in the present work show 
that a variety of crystals are formed inside the holes of 
carbon film. This leads to the assumption that when a drop 
of alkali halide solution is put on to a grid with a 
perforated carbon support film and is drained from beneath 
with a filter paper, a large number of small droplets are 
formed and captured by the holes. Due to the small volume 
of these droplets the water evaporates rapidly and 
solution becomes supersaturated. The crystal nucleus is 
formed somewhere in the hole and as the evaporation 
continues^ further growth occurs until all the solid in the 
drop crystallizes. The holes in the carbon support 
film are preferred sites for formation of crystals.

To understand the mechanism of the formation of 
the droplets and the growth of the crystals with definite
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orientation, inside the holes, it is necessary to consider 
the important parameters which are involved. It seems, as 
for as the drop of solution and the support film are 
concerned, the surface tension of the solution and the 
interface energy between the drop and film are the most 
important parameters. The surface tension of water at room

_ q
temperature (20°c) is 72.75X10 nt/m. Dissolving alkali
halides in water increases the surface tension and the
latter increases with the concentration. In a small
droplet the surface tension produces a considerable
pressure which tends to minimize the energy of the droplet
by reducing its surface. If the droplet is spherical with
radius R and surface tension Y, the pressure towards the
centre of sphere is 2Y/R. For alkali halide solution V is
about 80x10 nt/m, hence for a spherical droplet of radius
10 ;u the pressure is:

2 X 80 X 10'^ L
---------- ------ 1.6 X 10 Pa.

10 X 10"°
Because of pressure of this order, it is expected that 
small droplet of salt solution, will be spherical, 
especially when the solution is a poor wetter of the 
substrate.

In the present work the interface energy between 
the alkali halide solutions and the carbon film has been 
studied by a simple experiment. Solution of the salt is 
sprayed on a glass slide coated with carbon and observed 
under the light microscope, separated drops with 
considerable heights hay# been observed. A drop of alkali
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halide solution of diameter 3 mm or more can easily slide
on the surface of glass slide coated with carbon, when the
slope of the slide is more than 25 degrees. These
observations show alkali halide solutions do not easily
wet a microscope slide coated with carbon, i.e., the
energies of the droplets are not significantly reduced by
contact with tlæ carbon support film. In particular any
reduction in energy is insignificant for those droplets
with considerable parts over the holes. Thus as for as the
interface energy is concerned, the assumption of spherical
droplets is good. If we accept the idea of spherical
droplet, it is possible to evaluate the thickness of the

acrystals formed in the holes by consisting the following
points. In the present work a large number of holes of
diameter less than 2 yi were observed with crystals almost 
entirely inside the holes and having some crystallites on 
the support film around the holes (Fig.2.3, 2.4, 2.5, and 
2.6 ) Two possible configurations can be conceived for the 
droplets, as shown in Fig. 2.16 (a) and

(b)(a)
Fig. 2.16. Two different configuration of the

solution droplets which could lead to crystals inside the
holes, (a) no crystallite on support film, (b) with some 

crystallites on support film.
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For a droplet with configuration similar to Fig. 2.16 (a) 
the amount of dissolved substance, m , can be obtained from

4 «
m = —  . C Tÿ R

3
where C is the concentration of the solution and R is the 
radius of the hole. Dividing m by the density of the 
substance, p, the volume of the crystal is found. The area 
of the crystal, S, can be evaluated from its micrograph. 
Having these data, the thickness of the crystal, t, can be 
obtained from:

4'ri C
3 P S

The ratio of the area of the crystal to the area of its 
2hole S/tt'R is not constant. For a cube-shaped thick

crystal of KCl it is about 1/15 and for the transparent
crystal it is less than 1/6. In a 2 diameter hole the
thickness of a cube-shape thick crystal of KCl with
S/ifR =1/15 and C=15% we get,

4 X 15 X 15 X 2 X 10‘®
t = --------- -— -— :------------  = 3 p

3 X 2 X 100
For a transparent crystal with S/fft R =1/6, _

4 X 15 X 6 X 2 X lO'G
t = -------- ----------------—  = 1.2 p

3 X 2 X 100 
In this evolution the concentration of the 

prepared solution is used, while the actual concentration 
could be considerably; ̂ îj|her .because of evaporation of 
water beforecryst^lyLza^^i^.^TOe, dropleps with 

configuration^
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thicker crystals. A spherical droplet of alkali halide 
solution should end up almost to a cube-shaped crystal; 
because alkali halides have cubic crystal structure and 
the cube has the minimum area among all possible 
orthogonal prisms for a given volume. Thus the cube is the 
ideal shape for an alkali halide crystals as for as the 
energy of the crystal is concerned. According the 
thickness, calculated above the assumption of a spherical 
droplet is true only for thick cube-shaped crystals. But 
for the crystals with shapes other than cubic and which 
are also electron-transparent, the idea of spherical 
droplets should be abandoned.

When a drop of alkali halide solution on a grid 
with perforated carbon film, is drained from beneath by a 
filter paper the height and the size of the drop reduces 
very quickly. This process causes a rapid flow of the 
solution towards the sinking points * all over the surface 
of the support film. When the drop becomes thin enough it 
is broken by the holes into small droplets, which then are 
captured by them (the holes act like the roughness on a 
surface which can hold the droplets ). Most of these 
droplets are not in a minimum state of enrgy as for as the 
surface energy is concerned. In other words a large number 
of droplets are not spherical or closely so. After the 
formation of droplets, the surface tension tends to reduce 
the energies of the droplets by rendering them spherical, 
but this process takes ifimb "-and̂  'ib'iig before it happens

\ration"of the solutionincreas
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very quickly, supersaturation occurs and crys^tallization 
starts. To explain why some crystals of same size do not 
have the same thickness and why most of the crystals have 
particular orientation with respect to the holes, the 
following assumption is made. The droplets are not in a 
minimum state of energy. Each of them can be in one of the 
many possible states of energy and therefore droplets in 
the same size holes can be in the shape of lenses with 
different thicknesses. Thus the droplets in the same size 
holes can give crystals with different sizes and 
thicknesses. The droplet with the same diameter as the 
hole becomes very thin and lens-like and the droplets with 
greater diameters than the holes become spherical with the 
same diameter as the hole, so as to form a thick cube 
crystal.

In Fig. 2.17 some of the possible shapes for the 
drolets in holes of nearly the same size are shown. 
Droplets similar to (a) lead to a thin and flat crystals 
while droplets similar to (c) give thick crystals.

2.17.

(e) _

profiles for the 
holes.

■ Ill' I*
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For droplets sizes of the order of microns, the 
effect of gravity can be ignored and all diractions in a 
spherical droplet will be equivalent. This means a crystal 
grown from a spherical droplet can have any orientation 
with respect to the support film. In the droplets similar 
to (a) and (b) in Fig. 2.17 which differ considerably from 
sphericity, all directions are not equivalent. Therefore 
the crystal nuclei which appear and start crystallization 
can not have arbitrary position. Because the fastest way 
of transition from solution to crystal, for a lens-like 
droplet is to have the directions of the fast growth of 
the crystal nuclei in the plane of the droplet. It is 
suggested by several research workers (Brice, 1976) the 
directions of fast growth in KCl crystals are <110>, which 
have been observed in the present work.

(a)

Fig, and #ôm# of tto erysCals SoA the
j at tte baglBoing of

tlo#,
su
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Fig. 2.18 shows the schematic diagrams of the 
crystals with different shapes, which are nearly 
transparent and their suggested corresponding droplet 
shapes at the beginning of crystallization are also shown. 
Since the crystals are formed inside the holes, the effect 
of the substrate on most of these crystals is negligible. 
In other words the crystals are formed almost in free 
space and nearly have the same structural properties as a 
bulk crystal.

Rapid crystallization from supercooled melt, 
supersaturated solutions and condensed vapour frequently 
produces a tree-like crystal formation called dendrites. 
Dendrites may also be formed in chemical reactions or 
electrolysis. In dendritic growth the main crystal stem 
grows quite rapidly in a supersaturated system that has 
been seeded and at a later stage primary branches grow at & 
slower rate out of the stem at angles determined by 

crystal structure (often at right angle). In certain 
cases, small secondary branches may grow slowly out of the 
primaries. Fig. 2.19 shows a schematic diagram of 
dendritic growth. Most metals crystallize from the mo1ten 
state in this manner, but because of the filling in 
process the final crystalline mass may show little 
outwards appearance of dendrites formation, The 
fascinating patterns of snow ■ crys t a Is are good examples of 
dendritic growth. ■

the f Ormat'iOmi M m
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Secondary
branches

Primary
branches

Fig. 2.19 Dendritic growth.

dendritic growth as a transport problem, for if solutions 
the diffusion or in the melts the heat flow, is weak and 
inhomogeneous, some places (the corners) of the growing 
crystals are in a preferred position, and this leads to a 
dendritic growth. Other considerations suggest that 
dendritic crystallization may be explained by the presence 
of impurities. The most common factor is that the 
dendrites form during the early stage of crystallization. 
Growth occurs quite readily in thin liquid layers, 
probably because of the high rate of evaporative cooling. 
The formation of dendrites is favoured by the substances 
which have high 1a tent heat•of crystallization and low 
heat conductivities i ■-

in Csl, r.S and 2.13)
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When a drop of solution is placed on a grid with 
perforated carbon film and drained from beneath by a 
filter paper, it is broken into small droplets and these 
are captured by the holes in the carbon film. Most of 
these droplets have lens-like shapes rather than 
spherical, as explained in the KCl crystal formation. 
These lens shaped droplets behave like thin layers of 
solution where the evaporation is quick enough to produce 
supersaturation for rapid crystallization which then 
produce dendrites. In a separate experiment a relatively 
large drop of 10 % solution of Csl was put on to a 
carefully prepared greas-free glass slide and smeared with 
a clean thin glass rod. Rapid growth was observed in the 
rapidly evaporating solution film, resulting in dendritic 
crystals.

If the droplet, formed on the perforated carbon 
film, is within a hole the resulting dendritic crystals 
are shown in Fig. 2.7 (a), where main stem and all the 
branches are within the hole. If the droplet has some part 
on the carbon support film the dendritic growth starts 
somewhere on the support film and the main stem or the 
branches advance into the hole. This type of growth shown 
in Fig. 2.7 (b). The dendrites shown in Fig. 2.8 (a) and
(b) are formed when the.wholes in the carbon support film 
are relatively smal 1 , the droplets of the solution are so 
near to each other ::fha,t .-thq # # # g-some. of ..them
connected. t o g e t a % # #  of solution on 
large parts f0f r s a , : W : i % g « m o ne nthan rone hole.

% .-k.- ■
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The dendrites are formed by rapid crystallization on the 
surface of carbon film as well as in the holes. These 
hinds of dendritic crystals are thinner than the previous 
that formed only within the hole. The parts of the stem or 
branches over the holes in the carbon film are fairly 
transparent. Possible configurations of the droplets to 
form different kinds of dendritic crystals are shown in 
Fig. 2.20.

(a) (b) (c)

Fig. 2.20. Different profiles of droplets to form a 
variety of dendrites. Droplets similar to (a) produce 
crystals within the hole and from droplets similar to 
the growth starts on the support film and advances into 
the hole. Droplets similar to (c) form dendrites all over 

the support film as well as in the holes.

2.8 Thickness Measurement.- ■
— - V \ .Li'xf I : ■ ■■■

There are à e ^ è r ^ l ' ^ M é m y  of' measuring
film thickness w h i ^ h ^ us*eÜ *tb determine the 
thlGtaess of * m r ^ »  accuracy of 0 .2 to 1 nm

liras’ ■
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Pliskin and Zanin (1970) gave a comprehensive review of 
some of the more common techniques together with their 
useful ranges and accuracies. But most of them can only be 
applied to the macroscopic thin films i.e., to the films 
with thicknesses 10 nm and above, like optical 
interferometery, color comparision, VAMFO, stylus, x-ray 
absorption and Beta backscattering. When the sizes of the 
films are microscopic, only a few reliable techniques are 
available which can be applied in special cases. For 
example ellipsometry and gravimetric can be used only for 
the films having average thickness on large area, in other 
words on a continuous thin film. When there is a wedge 
shaped crystal, the thickness can be found from thickness 
fringes. Also, when there is a defect ending on both faces 
of a crystal and lying in a known plane, again it is 
possible to find out the thickness. The well-known 
shadowing technique is not applicable to the crystals 
which are entirely inside the holes. Besides, when the 
thickness of crystal Varies from place to place especially 
near the edge, the shadowing technique could give an
inaccurate result.

A technique which makes use of bending fringes 
and has been suggested by Amelinckx (1964) is extended 
here to be applicable to the. crystals in the holes of 
carbon support film. In a large flat crystal of thickness 
t, the variation o#  ̂direction
normal to the ciĵ sf̂ a 1, |electron beam, in 

electron microsctmW^0 ^ 2#hL
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Sin^ (if t s )
( i f  s )

where s is the distance between the Ewald sphere and the
reciprocal lattice point in the direction parallel to the 
electron beam in reciprocal space. For s = 0 , the 
reciprocal lattice point coinside with the Ewald sphere, 
and the intensity is a maximum. The zero points of the 
intensity satisfy the following equation:

s t = n
where n is an integer (according to kinematic theory this 
is only correct for large s). The distance between 
successive zero point is constant :

1
A  s =--

t
The profile of intensity variation with s is shown in 
Fig. 2.21

> S

c.
2 ,2 1 Diffipasti» imtAëiÇÿ verses tte ievlstion
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Now consider a crystal with a symmetric bend with 
respect to the electron beam in such a way that two parts 
of the crystal, and P̂  in Fig. 2.22 (a) are exactly in 
the Bragg condition i.e. their reciprocal lattice vectors 
end on the Ewald sphere. The position of the planes 
between P̂  and P̂  gradually varies from the exact Bragg 
condition. In other words, going away from P̂  and P , s 
increases giving rise to a series of fringes. In bright 
field image two strong (and wide) dark fringes are 
observed (Fig. 2.8 and 2.9) which correspond to P̂  and P̂  

and few more faint fringes at both sides of them, these 
are shown schematically in Fig. 2.22 (b).

At 100 KV (accelerating voltage in the electron
microscope) the )v= 0.0037 nm, the radiwus of the Ewald
sphere is very large, so it can be written

As = p'e = PP̂ 'ge
and 1 1

t = AS PR'68
where PP' is the reciprocal lattice vector corresponding 
to the planes responsible for the reflection. Hence

- 1
PPj = •

From Fig. 2.22 (b) the number of fringes between two 
strong dark fringes, m, can be ■obtained from the relation

'j ' ■ Lilf ■ - ' I ̂
m

where L and A L  «are ithe?<di.isfei§‘hee;S-: -beifeween*. two", dairk ifringes
■ 1 ■ '

and hetwe&nr âj^ *^^
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L

S I
Fig. 2.22. (a) C is a crystal with symmetric bending with
respect to the electron l^eam, # *  Planes P. and P are in" 1 Â
exact Bragg condition; E âs.^the Ewa.ld sphere > PP£ is the 
reciprocal lattice to .p̂ ; Si i-s the

e between tv^p^.^suc.c^s^^^|^.^P: pPPAFI^  ̂ Schematic
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In Fig. 2.22 (a) it is seen that the angle between 
planes and is 20. Dividing this angle by 86, the 
number of fringes, m, can be get again. Thus

L 29
AL 60

or

A L60 =   20

so

t =
A L  PP'20

As the angles involves are very small so

X20 =

and

PPj

'̂ hkl

%kl
SO

t = 4ki
AL A

where X  is the wave length of the electrons, L and A L 

can be measured from the bright field micrograph arid if 
the responsible reflection is knowri, d^^^ can be calculated 
from its lattice parameter.

This technia^ is rgsrimicted in practice because 
it is riot easy to f ind;-.àdequate: b&ri^ri# coritours. In 
particular the cr.ystfalUaiirho&es .usuml'ly fl-ab̂  

because rhey-.'arre'i ridât ̂ ï̂l̂ ^̂ p.po]r-(2i<s6iljn?̂ hfchf ni/-ghtj "giy®

MmĴ m mI-Ï
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them some curvature. Some large crystals in the holes 
produce fringes which can be used for thickness 
determination. The dendritic crystals, in Csl case, which 
have branches on the support film produced bending 
contours. When the crystals in the holes are covered with 
very thin, ^ 2 to 4 nm, deposits of a different alkali hahde 
otKey than the substrate, the bending arises because of 
the stress between the overgrowth and substrate.

Most of the contours in the alkali halide crystals 
are parallel to <100> and <110> directions, therefore, the 
required interplanar distances, are dgQQ and dg^Q (d2QQ 
and d^io case of Csl). The thickness of some crystals, 
inside the holes, have been measured by this technique.
The results of these measurements show that the thickness 
of transparent crystals of KCl varies from 100 nm to 200 
nm. The crystals of Csl are between 200 nm and 500 nm 
thick, while the dendritic crystals are 50 nm to 100 nm 
thick. The same size crystals have considerably different 
thicknesses or in other words there is no simple relation 
between the lateral size of crystal and its thickness.

2.9 Radiation Damage to the Crystals.

The act of observing a' specimen in the electron 
microscope, causes it to be irradiated with high energy 
electrons which may produee a variety of defects 
especially in ëfysta^Vi^e_^^#ciinehs. The effects produced 
by irradiation' 'possible
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ç̂ otusal mechanisms have been discussed by Cosslett (1969), 
Stenn and Bahr (1970), Thach and Thach (1970) and (1971) 
and Glaeser (1971). In transmission electron microscopy of 
alkali halidee crystals, the investigation of grown-in 
defects is complicated because of the relatively strong 
interaction between the imaging electron, beam and the 
object. Equally the high senstivity of these crystals to 
electron beams offers a method for creation of crystal 
defects or damage structures in the electron microscope 
itself. Before discussing the results of the present 
investigation, the mechanisms of formation of these 
defects due to electron bombardment are cosidered.

When electrons are passed through a solid, they 
lose some of their energies by elastic (or inelastic) 
scattering. The possible effects of the dissipated energy 
in the solid are heating, chemical changes through 
rearrangement of bonds and displaced atoms and

h .crystallographic defects. The first of these is rev^ible 
and depends on heat capacity, thermal conductivity and 
radiation to the surroundings. The other two are 
irreversible since the specimen does not return to its 
original state when the incident beam is removed. The 
concern with temperature rise, other than thermal 
scattering, is the effect it may have on the object which 
includes phase changes in the..solid, local melting, 
annealing and tecrystalliz^iog^ under.intense 
bombardment, sublimation^ |^|j^têrlal^..Iri addition to 

the heating of ,thê  ^ is a
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quite different category of interaction under the heading 
of radiation damage. Temp rature rise is the result of an 
increase of the thermal vibration amplitude of the atoms 
which are still centred on their equilibrium position. It 
can happen that an individual atom rec ve sufficient 
energy from colliding particles to displace far enough 
from its equilibrium position that it does not return, at 
least not immediately. The displaced atom may be knocked 
into an interstitial position, thus leaving a vacant site 
that result in a 'point defect'. If the displaced atom is 
sufficiently energetic, it can become a primary source of 
collision energy with the ability to produce still more 
defects and so initiate a chain reaction. An energetic 
primary that produces further displacement is often called 
a "knock-on".

The formation of these so called "point defects" 
can not alter the conditiori of electrical neutrality of 
the crystal. In a metal the removal of an ion to form a 
vacancy also require the removal of an electron to fulfil 
this condition, while in pure ionic crystals (such as 
alkali halides) as many negatively charged defects as 
positive ones must be formed to maintain neutrality. Long- 
and short-rang forces exist ’tetwéèn'' 1 ike and unlike 
defects which lead to' the rt.aint phenomenon of
defect clustring i n i s o i h j g h  
where one or both of the simpler' types of defect are
mobile. In ionic # e c t r o s t ÿ %  fO*fies

% i s  t betweg^ def eipn

_  ■t:
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Fig, 2.15 (a)
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In any crystal lattice there are certain lattice 
planes which are more densely packed with atoms, and 
normal to which the lattice planes are more widely 
separated. In a situation in which interstitial atoms are 
able to aggregate, they will take up the minimum energy 
configuration which is in the form of plat lets, one atom 
thick lying between the adjacent close-packed planes. For 
such a cluster containing more than about 100 atoms this 
may be considei^as ring of edge dislocations with Burgers 
vector normal to the close-packed plane, the actual nature 
of the loop depending upon the crystal lattices. The case 
of vacancy condensation is a little different, for small 
numbers of vacancies ; the form of an aggregate with least 
energy is the spherical void.

The kinetic energy loss by a colliding electron 
to a stationary particle of mass m^ as suggested by 
Heidenreich (1964) Is

m_ HL n . ,

A E  = 4 E  sin § 0

where 0 is the angle of scattered electron with its 
normal path and E is the kinetic energy of the incident
electron. •
For m^ >>m^ the loss in energy to the heavy particle, is •.

-o , “ " ■
A E = 4 E s i r r  1 0

m„ . LCJ Thn:w
The maximum amount thS't.
to. the nucleus is by A.A o ^  

or • . . . .w

I ill M i l  111 îrî
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and

m
( A  E) =4— E max ^

n
In the more general case, a bombarding particle of mass m^ 
with m^ compai^ble to m^ gives a maximum energy transfer

4Em°m ___

where Vl-r^ is the mass correction and m° is the rest mass 
of the bombarding particle.

If m° << m^ this approximates to
4 E m° . ____

( A E ) =   —  Vl-r^max ^
nor

4E(Efmêc^)
m c* n

There is a critical energy ( AE)^ , suggested by 
Dienes (1958), which must be imparted to the struck atom 
if it is to be dislodged from its normal site. The value 
of this critical energy, as given by Dienes, is 
approximately four times the sublimation energy. For 
tightly bound atoms such as in metals and their salts, 
( A E )  is the order of 15 to 30 ev. Determinations of the 
threshold bombarding energy for several materials are not 
in good agreement, but values fof electrons arc • 'ifi -.excess 
of 5X10^ volts. It would be exfécfei^if f w  in#rg##b 
objects, the incident 7
BXlO^volts, if the atoms’* ai^e*^^-l^^dfh'p#ac#d A##^ WWif 
normal positions. .

httrfViiïÜ
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Observations by Pashley (1959) and Pashley and
Presland (1961) on small dot structures in gold foils, and
suggestive of the small dislocation loops found in
quenched aluminium by Hirsch et all., (1958) were
therefore quite disturbing. Electrons of an energy 80 to
100 kv should not be able to transfer more than about 1 ev
to a gold atom, which is far below the critical energy for
displacement. Those dots or loops were produced during
observations in the electron microscope and were finally
accounted for by Pashley and Presland (1962) by a
significant experiment which proved that the small loops
were a result of radiation damage. The damage was produced
by oxygen ions from the electron gun and not by the
electron themselves. On the basis of above equation an
oxygen ion with E = 10^ volts could impart (A E) = 3X10^^^^^^^^^max
volts to a gold atom. The occu^nce of displaced gold 
atoms and primary knock-ons is easily possible.

The source of oxygen ions is the reaction of 
residual oxygen in the column with the tungsten filament 
of the gun to produce ions which are then accelerated by 
the gun.

Electron irradiation may cause loss of fine 
structure, change in shape arid even change in the 
dimension of crystal unit cell. An. associated change some 
times observed is the iricrcase of granular structure in 
specimen after intense irfad-iatfon-- Such granularity may 
nask fine structure which' wsb4 #  be

- Since the
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they are very sensitive to electron irradiation. In other
words the electron irradiation can cause various kinds of
defects. The nature and the shape of these defects depends
on the intensity of the electron beam, irradiation time,
thickness and size of the crystals, and even the technique
of producing the crystals. When an alkali halide crystal |S
observed in an electron microscope, moving extinction
contours appear at the beginning, especially when the
crystal is illuminated unevenly and by a rather intense
electron beam. These extinction contours could be due to
the creation of internal local stress centres. The abrupt
electron irradiation can electrify the crystal through
excitation or ionization of the b ^ d  electrons. There is a
possibility of temperature gradient in the direction oftkt
electron beam due to the increase in thermal vibration of
the lattice atoms. When the crystal is illuminated evenly 

ctwith^weak electron beam, the production of extinction 
contours slows down or even stops. Then small black spots, 
without any particular geometrical shape, appear.TThese are 
shown in Fig. 2.27 and 2.30 in KCl and KBr crystals 
respectively.

With further weak electron irradiation loop 
structures appeared as shown in Fig. 2.25 and 2.26. These 
loops are usually along <100> directions and are probably 
formed from the aggloniGr ation of vacancies which appear 
due to the displacement of atoms by irradiation^ The 
mechanism of formation of, a dislocation loop due to 
aggregated vacancies is shown schematically in fig.» 2.29.
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Fig. 2.25
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(s) (b)

(c)
fig. 2.29 Collapsing of a ring-shaped cavity into a 

prismatic dislocation loop, (a) Vacancies are dispersed 
(b) Ring shaped cavity, (c) Vacancy loop.

While the loop structures are formed in the crystals due 
to weak electron irradiation, on the other hand, large 
bright squres appeared when the crystal was irradiated by #01 
intense electron beam. Fig. 2.28 shows this change in a 
large KOI crystal under continuous intense electron 
irradiation. From the micrograph in this Fig., it has been 
observed that the squares are almost arranged in <100> 
directions. A possible explanation of these large bright 
squares is either sublimation of material due to heating 
caused by intense electroh irradiation or the aggregation 
of small cube-like càviti'ê^. Undet intense electron 
irradiation,' s'mkl 1 ■Vdxds^^îfst-appeared and become larger,
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presumably by the aggregation of vacancies from various 
directions. Then the contraction of voids occu^d owing to 
the escape of vacancies in definite directions. The 
escaped vacancies then aggregated and very small square 
cavities, whose edges were arranged in <100> directions, 
were created here and there in the crystal. With further 
intese electron irradiation at this stage, these small 
cavities aggregated with one another and become large 
square-shaped cavities as shown schematically in Fig.2.31.

j

f j

■ ■ /

n  —
UJ

C l

/

0

(a)
Fig. 2.31 Schematic expression of the mechanism of 

vacancy coagulation in the crystal, (a) Small square 
cavaties. (b) Large square-1

The effect of intense electron irradiation on an 
NaCl crystal is shown in Fig. 2.32. It has been observed 
that there are a number of small square crystals appeared 
within the main crystal, their edges are lying with 
different directions but most of them have their edges 
along <100> direotiona and a few al w g  <11(1> directions. 
Some of these square-^shaped crystals are connected to each 
other by their corners parallel to <11Q> directions. The 
cause of production of =these crystals is likely to be
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either sublimation of the material CLround them leaving 
behind this type of shapes, or intense electron 
irradiation causing granularity on the surface which then 
rearranges to form small crystals. It is also possible 
that the intense electron irradiation divides the large 
single crystal into several small crystals at the surface. 
The granularity caused by electron irradiation has also 
been observed in a KBr crystal as shown in Fig. 2.33 (a). 
The whole crystal was covered by the small grains which 
were situated on the base crystal with different 
orientations. Most of them have fiber-like structure 
parallel to the electron beam as indicated by tKC 
diffraction pattern in Fig. 2.33 (b). From indexing of the 
pattern we know that the base crystal is normal to [233], 
(plane (233) of the crystal is normal to the electron 
beam). The observed orientations of the grains are [100], 
[111] and [211]. The [100] and [111] orientations have the 
fiber-like structure as all reflections due to these 
orientations appeared in arcs instead of spots.

When a crystal of Csl was observed in the 
electron microscope under weak electron irradiation, loop 
structure first appeared and then disappeared, showing 
many bright specks over the whole crystal. Whith the 
continued weak electron irradiation these bright specks 
di^sed into each other, covering more area on the
crystal. The sequence of this effect is shown in Fig. 2.34
(a), (b) and (c), and Fig. 2.34 (d) shows the diffraction
pattern. The indexing of this pattern indicates that the
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the more intense spots are caused by a crystal which is 
normal to [135]. The less intense spots which are streaked 
and abYiovvwOLlly- spaced between the more intense spots, 
indicate disorder in the crystal. Defects such as 
vacancies or dislocations due to electron irradiation 
createextra planes in the crystal with oibwo^vwwrt^spacings.
An other possibility is lattice bending due to electron 
irradiation, which can also produce extra spots with 
streaks.

Fig. 2.35 shows a micrograph of a Csl crystal 
observed in^electron microscope after gold had been 
sputtered on it. The combined effect of ions bombardment 
in the sputtering unit and electron irradiation in 
electron microscope, appears to have produced grain 
bounties in the crystal. The micrograph in Fig. 2.36 is 
from another Csl crystal with non-'Uniform thickness as 
indicated by the dark and bright areas separated by 
thickness fringes. It has been seen from this micrograph 
that the vacancy loops appeared only in the thinner area 
of the crystal . These loops are usually along <100> 
direction and a few loops are perpiBndicular to them. In 
the thick region of the crystal there are several bright 
specks and small cube-like cavities have been observed .
The large bright squares, observed in this micrograph, are 
formed by the aggregation of small cavities intoj^large 
cube cavity as discussed earlier in the case of KCl. Thèse 
bright squares have tfieif exiges lying along <100> ?

directions. _ _ .. .j '
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In CsC.L the electron irradiation causes 
granularity as seen in Fig 2.37. There are a number of 
dark spots which move across the whole dendritic crystal 
leaving behind bright specks. With further irradiation 
large dislocation loops appeared in the thin region of the 
crystal and the relatively thick area has several bright 
specks, some of which are squared-shaped as seen in Fig. 
2.39 (a). The diffraction pattern in Fig. 2.39 (b) shows 
extra spots due to misoriented frag^^ents in the crystal 
caused by dislocations. The effect of intense electron 
irradiation on a CsBr crystal is shown in Fig. 2.38.

Fig. 2.40 (a) shows a micro'^raph of a CsF 
crystal after W^^Stelectron irradiation for a longer time 
(about 5 minutes). The whole crystal divided into several 
small cube-shaped crystals oriented randomly as indicated 
by its diffraction pattern in Fig. 2.40

2.10. Application of the Crystals as a Substrate.

The importance of electron transparent substrates 
in the study of nucléation and growth by transmission 
electron microscopy was explained in section 2.3. But 
there are a number of other advantages in using the 
crystals, in the holes of carbon support film, as a 
substrate. Some of them are discussed here :

1. Since these' cry'stalTirfe'tot' located on an amorphous
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Fig. 2.40 (a) t e »  w w \
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crystalline substrate which are on the support film. 
Although 15 to 20 nm carbon support film does not 
Affect the transparency of the crystals on it, 
the lack of ordered structure in amorphous material 
gives rise to a considerable bctcKground scattering 
of electrons in the electron microscope which 
reduces the contrast of the observable features in 
the specimen. Very weak reflections in diffraction 
patterns carTnot be detected in the presence of OL 
carbon suppoH film.

2. The crystal growth occurs in free space, so these 
crystals have nearly the same structural properties 
as bulk crystals, especially their surfaces which 
have a vital role in the nucléation ahd growth 
studies. For crystals which are formed on the 
support film , the preparation of the support film, 
especially its surface state can affect the crystals 
and their surfaces.

3. Having two free faces these substrates provide a 
unique possibility for growing films on both sides 
of the crystals simuItaneously or one at a time, so 
as to observe if there is any relation between the 
nuclei on the each Side of the crystal,

4. The new tcchni## #tc#ng ■crystals in the holes 
of perforated 'cafWn' sûppcfït^filti is ptactically

‘ mucfi in section
2 . 5 ' r good. • 

   ’ h.
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MovV<tdays freshly cleaved or vacuum cleaved 
substrates are used frequently, and it might be thought 
that this is an advantage over the crystals produced by 
the new technique, but as will be shown in chapter 5, 
alkali halides grow epitaxially on alkali halide 
substrates. Therefore a fresh surface of alkali halide 
can be obtained by depositing a layer of alkali halide as 
a substrate before depositing the overgrowth.

The crystals in the holes have quite flat 
surfaces,. To study the surface flatness, different 
thicknesses of gold were deposited on the crystals and 
observed in the electron microscope . Fig. 2.41 (a) shows 
a micrograph of relatively thick gold on a single crystal 
of Csl. lÿmall crystallites of gold grow randomly on the 
surface of the crystal as its diffractî îf» pattern (Fig.
2.41, b) indicates. A similar result was obtained when a 
very thin deposit of gold was observed on dendOritic 
crystals of Csl and on lar;ge single crystals of Csl (Fig.
2.42, 2.43 and 2.44, a). Crystals with spirally decorated 
lines of gold, which are seen on bulk NaCl crystals, are 
not observed here. No step structure has been observed, 
the crystallites of gold are evenly distributed on the 
surface of. the sub s t r a te’ • ■ C tys tal s j indicating the flatness
of the surf ace». However., of - ÇsCl (Fig, 2,45,
a), some indicated
from d i f f-r.a c t ion p ait tern ( Fig. 2.45, b) there is no

. From bhes#

can
surface amon

yfcr ■■■■■■ : ■ ■has. the flattest
grown in this way.

L
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Fig. 2.42
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CHAPTER THREE

INSTRUMENTATION

This chapter dfîscribes some of the devices which 
have been designed and used for this work. They are:

1.

2 .

3.

4.

5.

A transport chamber to transfer the specimen from a 
vacuum deposition system to the electron microscope 
without exposing it to the atmosphere.
An intermediate chamber which is used to attach the 
transport chamber to the vacuum deposition system.
A heater for the substrates transfery^to the 
electron microscope by means of transport chamber.
A device to heat the substrates on the electron 
microscope grids, which can also be used in OL

A special specimen holder which used to determine 
the variation in' camera constant with objective lens 
current in JEM-6 electron-microscope.

3 ,1 Introduction.

bulk sample iof""< 0 ^ e!pkrfabe vacuum 
•systems « 1  #0#"^ re##'turning

e LI 'J '.
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nucléation and growth of atmospherically reactive or 
hygroscopic materials are to be studied by transmission 
electron microscopy.

One simple method is to carry out deposition on a 
substrate inside the electron microscope. This technique 
allows the nucléation and growth process to be observed 
continuously. Ennos (1953), Pashley and Stowell (1962) 
and Pashley (1965) have used this meathod to study the 
structural changes in deposits during growth. Although 
this technique has advantages, there are several major 
problems that make in situ growth experiments difficult. 
For example the extreme space limitation in the region of 
the specimen inside the electron microscope restricts the 
choice of type, angle and distance of the evaporating 
system with respect to the substrate. The relatively poor 
vacuum in the electron microscope column is a further 
drawback. Carbonaceous contamination also forms on the 
specimen during illumination by the electron beam. In the 
long term there is also a possibility of contaminating the 
electron microscope by sample 'materials, which can effect 
its performance and lead to serious reduction in image 
quality. '■.■■ = ■■■

Another method ôf ‘overComing the problem of 
atmosphere reactivitÿ is tb &&%%% '%he fUlm*" with an inert,
preferably amorphous%  1 ÿ^b^ 
atmosphere. The'-'i 
that' the 
^^ecim'en

Kmg-% 0 the 
bl&^te'chnique is 
%A#n$sb' "Of the 

,'v^bm^ty,(
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and resolution, all of which are vital in the observation 
of the early stages of the nucléation and growth.

3.2 Transport Chamber.

Nearly all alkali halides are reactive with the 
atmosphere and most of them are hygroscopic. Therefore, a 
device was designed and constructed to transfer a specimen 
of such a material from a vacuum deposition system into 
the JEM-6 electron microscope without exposure to the 
atmosphere. We refer to this device as a "transport 
chamber".

Fig. 3.1 is a photograph and Fig. 3.2 (a) and (b) 
show its schematic drawings, side view and top view 
respectively. The main body of the chamber is machined 
from solid duralumin. It is cylindrical, about 22 cm long 
and 12 cm in outer diameter. The size and shape of the 
outer surface is such that it can be easily inserted 
horizontally into the column of JEMr6 electron microscope 
m  place of specimen chamber. The photograph in Fig. 3.3 
shows the transport chamber in the•electron microscope 
column. Two vertical o 'ringsjon.•either side of the main 
body (13 in Fig-. 3.2) ..provide the'7vaccum• seal. --There is a 
vertical hole about : 4r.Gm£ih diâpe-têr (zgmntEig. 3,2). for 
the electrom bc^j: t\|bet.̂ 2-invElg.
3V2) ab out 6,5 : cm. I’dhg-
end.:. byr-which.: L;itï i
mdt L This .S%b'e;

^on• .oné -, 

âû-ntbody. I lê t  omii one i 

d*m âdettighiti by



109

six screws with the main body. The other face has a groove 
for an o'ring (12 in Fig. 3.2). The depth of the groove is 
nearly twice the thickness of the o'ring used here , so 
that the o'ring can be placed deep in the groove. This 
tube is closed by a sealing cap (3 in Fig. 3.2) which 
comes forward by turning the lead screw controlled by an 
external knob. The open side of sealing cap has a sharp 
edge which comes into the groove in the tube and compresse^ 
the o'ring in the groove , providing good vacuum seal for 
the interior of the small chamber formed by the tube and 
cap.

Both ends of the main body are closed by lids (6 
and 7 in Fig. 3.2). Lid (7) has a central hole for the 
lead screw in which there is placed a smal1 o'ring 
providing a vacuum seal on this end of the main body. A 
small circular plate is fitted to this lid which works as 
a bearing for the screw. The lid on the other end (6) also 
has a hole, an extension tube (11 in Fig. 3.2) is fitted 
by means of a plate to this hOle.̂  This extension tube 
together with a valve permits.Other systems (vacuum pumps 
and gauges for evacuatibn of the tr ans port chamber alone » 
and gases and water vapour -stream to treat the specimen 
ins ide the transport chamber) to be connected with the .. 
transport chamber. mtej^pa^^jlih the sealing cap, are two 
push r o #  (22 in 3U2) operate the
lifting mechanism, ' deviee is fixed on
a bracket support 

.. . m  R g .  3 .2) . of a leverV!
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long fork arm pivoted with a loose pin on a fulcrum (15,
16 and 17 in Fig. 3.2). A basket is hung vertically on the 
other end of the fork arm with the help of two metal 
strips. The specimehcarrier is nearly the same as the 
original one for the JEM-6 electron microscope but has 
longer pins on either side, so that it can be easily hung 
into or removed from the basket.

To close the system the knob (5 in Fig. 3.2) is
turned anticlockwise, this causes the sealing cap to move
forward and simultaneously causes the specimen carrier to 
lift by the action of push rods on lever. The transport 
chamber is inserted into the electron microscope instead 
of the specimen chamber as shown by the photograph in 
Fig. 3.3. To Open the system, the knob is turned 
clockwise, the sealing cap is retracted and so the push 
rods, allowing the specimen carrier to lower into position 
in the specimen stage. When it is fully lowe:^ the carrier 
disengages from the basket and any area of the specimen 
can be exposed to the electron beam.

3.3 Intermediate Chamber.

To grow a film on a substrate which is in the 
transport chamber from vapour phase, it is necessary to 
fix it on a deposition unit. For this purpose an other 
device was designed and constructed. This "intermediate 
chamber" is shown in Fig. 3.5 and its schematic drawings 
are shown In Fig. 3.6 (aï 'a&id (h),' side view and top view
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respectively. It is a metal cube about 18 X 13 X 13 cm and 
is a copy of the section of the JEM-6 electron microscope 
column between condenser lens and objective lens 
assemblies. Like the column it has a horizontal hole where 
the transport chamber can be inserted, and a 4 cm diameter 
aperture (5 in Fig. 3.6) in the bottom side, aligned with 
the hole in the main body of the transport chamber. A 
glass window is fitted on the top side for viewing.

A circular base plate (3 in Fig. 3.6) , about 1.5 
cm thick and 22 cm in diameter with a 4 cm wide hole in 
the centre, is attached to the intermediate chamber in 
such a way that the bottom hole in the cube aligned with 
the hole in the plate. They are clamped together by 4 
small screws and sealed by an o'ring (2 in Fig. 3.6), The 
intermediate chamber together with base plate is fixed on 
a stainless steel jar, by means of six 4BA screws. This 
jar is used on a deposition unit; the jar and the 
evaporation unit is adjusted in such a way that the hole 
in the base plate face* the évaporant. The intermediate 
chamber with the transport chamber on the stainless steel 
jar is shown in Fig. 3.4.

3.4 Procedure.

An electron microscope grid with a suitable 
substrate is carefully put in the specimen carrier and 
inserted in the basket of the transport chamber. By

- I  ., L -

turning the knob anticlockwise, the sealing cap comes
~ I' . . J ■ I r ̂ ■ ""
■: IH I
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Fig. 3.4.
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towards the tube meanwhile lifting the specimen carrier. 
When the carrier is fully inside the transport chamber, it 
is inserted into the intermediate chamber. The 
intermediate chamber is fixed on the stainless steel jar 
which is placed on a deposition system. By turning the 
knob clockwise, the specimen carrier comes down through 
the hole in the main body of the transport chamber, then 
through the aperture in the intermediate chamber and 
finally through the base plate. The substrate on the grid 
inside the specimen carrier is thus exposed to the 
deposition system. After closing the valve of the transport 
chamber the whole system is evacuated. The schematic 
diagram of the whole system is shown in Fig. 3.7. (a).

After completion of the evaporation the sealing 
cap is closed by turning the knob and specimen enclosed in 
the small chamber formed by the sealing cap and horizontal 
tube. The air inlet valve of the deposition system is 
opened, allowing air into stainless steel jar but the 
specimen is isolated and still in vacuo so that the 
material cannot react with the atmosphere. The transport 
chamber is withdrawn from the intermediate chamber and 
carefully replaced by the specimeh chamber assembly in the 
electron microscope columnThe electron microscope is 
then evacuated and the sealing cap is opened. The specimen 
carrier comes down into‘the specimen stage of the

lens IÛ6 now reedy iro::

electron microscopic observation.
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If the specimen needs to be exposed to the 
atmosphere at any stage, there is no need to break the 
vacuum in the column, the sealing cap is closed and the 
specimen in the small chamber isolated from the microscope 
column. When the valve of the transport chamber is opened, 
air enters into the small chamber. The specimen can be 
exposed to any other gas by connecting a suitable source 
to the open end of the valve. To put the specimen again in 
the electro# microscope, the small chamber is evacuated 
by means of an auxiliary pump. After 10 to 15 minutes the 
valve is closed and sealing cap is opened, the specimen is 
again ready to examine.

To determine the pressure inside the transport 
chamber by the time it is transferred from the vacuum 
deposition system to the electron microscope, the 
following experiment was carried out : First the transport 
chamber was installed in the intefmediate chamber which 
was placed on the stainless steel jar of the vacuum 
system. A Penning gauge was attached to the side valve of 
the transport chamber, this valve was opened and also the 
small chamber inside the transport chamber was opened as 
in the film deposition procedure. Then the whole system 
was evacuated to 10"- bar i.e. normal working pressure. The 
small chamber was closed and air let into the stainless 
steel jar. The pressure in the transport chamber was then 
recorded as a function of time. The resulting graph is 
shown in Fig. 3.7 (b). This shows that after about 8 
minutes the pressure■in the transport chamber is still 

... \ : : jr.-■ ■ I > ""I' ■ ' - ■ ■
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less than 10 ̂  bar. The time taken from closing the 
transport chamber in the vacuum system to opening it in 
the electron microscope is about 6 minutes. Thus the 
pressure inside the transport chamber when iti's opened in 
the electron microscope is much less than lcF%ar, which 
means that the effect of the atmosphere is reduced by a 
factor of more than ICp times.

The curve in Fig. 3.7 (b) shows the pressure rise 
as the function of time when the pressure around the 
transport chamber is at atmosphere. The transport chamber 
is transferred into the electron microscope in 2 to 3 
minutes and then the electron microscope vacuum system is 
started, the leakage is therefore, smaller than indicated 
by the curve and the effect of the atmosphere is further 
reduced.

3.5 Substrate Heater.

A heater was designed and constructed to heat the 
substrate that is transferred by the transport chamber. 
Fig. 3.8 (a) shows its phot%ra^h m d  its schematic 
diagram is shown in Fig. 3.9. It consists of a circular 
sheet of mica about 4.5 cm diameter with a hole in the 
centre of about 0.5 cm diameter. It has also a number of 
small holes, through which a..suitable size nichrome wire 
is wound to make„ ,heat% ..jco.il•.,(̂ i g .3.9 c). This heater 
plate is s aridwig%ed * two ..other mica sheets of the
same size ^##ter is placed between

..
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two metal plates as shown in Fig. 3.9 (a). The lower plate 
has a 0.4 cm centre hole and a deep hole from one side 
close to the centre, parallel to the plane of the plate, 
for a thermocouple. A taper hole in the centre of upper 
plate (4 in Fig. 3.9) is designed to engage the specimen 
carrier of the transport chamber. A metal rod is attached 
to the side edge of this plate for support. The whole 
assembly is held together by two screws.

400

300o
o
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3.10. The temperature measured by thermocouple 
yersus heater current.

This h e a t ^  is âttêchW to the base plate of the 
intermediate chat#e#F # % ^ e e  W y  adjusting mechanism.
When the transpoA S  inseirted into the
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it is engaged in the taper hole of the upper plate of this 
heater. The substrate, on the electron microscope grid in 
the specimen carrier, is close to the thermocouple so that 
the temperature of the substrate can be measured.
Fig. 3.10 shows the curve between current through the 
heater coil and the temperature of the substrate measured 
by a "T2 thermocouple.

3.6 Grids Heater.

An other heater was designed to heat the 
substrates . on the grids. By this heater a number of grids 
can be heated at the same time. These grids are used in 
the ordinary electron microscope specimen carrier for 
electron microscopical studies of those materials which 
are not reactive with atmosphere. Fig. 3.8 (b) is a 
photograph and a sc%##tic diagram is shown in Fig. 3.11. 
This heater is same as the substrate heater describe cL 
previously, except that it has two upper plates, In the 
top upper plate there are six clearance holes 2.5 mm in 
diameter as shown in Fig. 3.11 (b) and the second upper 
plate has tap^r holes opposite to those in the top upper 
plate . These holes .are .3.5 mm in diameter at the surface 
and 2.5 mm deep to- ■receive the grids. The grids are 3 mm 
in diameter so there is: no risk that they will be bent by 
heating. These two plates are joined to gether by two 
small screws. The thea^mdhoupie is placed Vv> the second 
upper plate c 1 o s e ^ o f  one hole. The whole
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assembly is compressed by a long screw in the centre which 
also acts as support rod (7 in Fig.3.11). The top plate 
can be detached without separating the whole assembly. The 
grids are placed in the holes of the second upper plate, 
with the substrates on the top side. The top plate is then 
replaced so that the substrates on the grids are exposed 
through the holes in this plate. The heater is fixed 
upside-down in the deposition system if the charge is in 
the boat so that the vapour can go straight on to the 
substrate. This heater can also be used in a sputtering 
unit.

3.7 Camera Constant.

The diffraction effects, which arise when a 
monochromatic beam of electrons of wave length X impinges 
on the surface of a crystal or passes through the crystal, 
can be ascribed to the regular path differences between 
the wavelets elastically scattered by every atom. Bragg 
(1913) showed that the effect could be explained by 
considering a plane electron wave partially reflected at 
successive lattice planes. The Bragg equation

n X = 2 d sin 0 1
can also be written with n equal to unity

l/d- = i'2:i(l/X) sin 0 2
This is a useful foi&m--.fër'•interpreting"the diffraction 
pattern■*fr^'-a-iitg(lJe"erfitai-> in the electron beam. A 
simple • e$pef#me#È:t:aÈmm##mêht for ■ electron diffraction
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ELECTRON GUN

ELECTROMAGNETIC LENS

SPECIMEN

DIFFRACTED
ELECTRON BEAM

1/d

VIEWING SCREEN__ 
or PHOTOOIAPHIC 

PLATE

Fig. 3.12. Basic elements and geometry of the electron
diffraction,

(Lebedev, 1931) is shown in Fig. 3.12. It consists of an 
electron gun, an electromagnetic lens for focusing the 
eleofrm source om sereot or photographic
plate and the• specMW':'"%ë patftern" is recorded on a flat 
film or normal to the incident
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beam direction 00'. The diffracted ray proceeds along O'P' 
and makes a diffraction spot at P. Thus

0 P'= 2 L sin 6
and

0 P = L tan 0
where L is the effective camera length; the distance 
between the specimen and film.

For high energy electron diffraction the wave 
length of the elctron is small (A = 0.0037 nm at 100 kv), 
so 0 is very small (< 3 ) Therefore, P ' is very near to P 
and the distance OP' and OP approximate to 2 L 0, (the 
scale is deliberately enlarged in Fig. 3.12). If D/2 is 
the distance of any spot from the Centre of the pattern 
then

D/2 = L tan 2 0 4
Eliminating 0 from equation 4 by using Bragg relationship
and assuming 0 is very small, so that

tan 2 6 = 2 sin 0 = 2 0
D = 2 L 2 6

=  4 1
Therefore,

D d - 2 h h

D is the ring diameter or .distance between the 
spots on either side of the centre.and X  L is called the 
"camera constant". In ptact#er:2 X &  is used as the camera 
constant for ea#§̂ .  ̂R, and calculation pade
s impi e . This . c a m e j i : h e  :
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calibration with a sample of known lattice parameter that 
gives sharp rings or spot pattern. This procedure 
eliminates the difficulty of exact measurement of L.

In transmission electron microscope, the electron 
diffraction patterns are obtained from selected areas of 
the sample. Defocusing the intermediate lens to collect 
the diffracted image from the objective lens, enables a 
magnified image of the diffraction pattern to be obtained 
on fluorescent screen. An <%,perture may be inserted in the 
object plane of the intermediate lens to select a 
restricted region of the microscopic image. There is a 
diffraction pattern at the cross-over plane between the 
objective and intermediate lenses. If the intermediate 
lens is defocused the image of the pattern extends 
downwards until it coincides with the object plane of the 
projector lens. It is thus focused by the projector lens 
on the fluorescent screen.

Agar (1960) has outlined the correct procedure 
for obtaining a diffraction pattern from a selected area 
of the specimen and Phillips (1960) has suggested some 
modification in the procedure.

In equation 5 it has been assumed that 2 X L, the
camera constant, is in fact a constant. However, small
variations in its value will be obtained, because of
fluctuations in the accelerating,.yoltage and in the: . jf" L' ■ ■ ' ■ ■ ■ -T
voltage sMptly t* ^ prOGëdwM iti
obtaining the ^  Speeiffle»
heigfit and erjgggs^ o£ f Iwppatian in
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voltage supply is negligible in mod&Tn instruments due to 
stabilised power supplies. Variation by lenses is as given
by Phillips (1960)

AL Afo Atn am  _ ' + — ' +- —  - ' 6
L fo m M

where AL/L is the proportional error in the camera length 
L, A  6/fo is in the focal length fo of objective lens. 
A m / m  is in the magnification of the intermediate lens 
and A  M/M is the proportional error in the magnif ication 
of the projector lens. In modern instruments the strength 
of the projector lens for diffraction mode is fixed so 
AM/M = 0. By using the correct procedure A m/m is very 
small. As indicated above, an error A  fi» in fo can arise 
when focusing the image in the same plane as the selector 
aperture or from variations in specimen height.
Since the effective camera length defined as

L = fo X m X M 7
where m is the magnificat ion of the intermediate lens

and M of the projector lens, the focal length of the
objective lens, fi> , is the most sensitive factor which
effects the reproducibility of L. In turn, &  $ depends on
the plane of the object. The factors which effect this are
specimen holders çÿf differs# lengthy grids with
different thicknesses or i-are not flat, thick and buckled
specimens and effects due to tilting the specimen.
Armitage and MacConaill (1964) showed that a change of
0.8 mm in specimen - height changes the 2 X  L from 34 mmA

. .to 45 . This ;a'.’25 % vallation.
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In the present work a JEM-6 electron microscope 
is used which has a well stabilized power supply 
(fluctuations 5 parts per million), and can be changed 
from transmission to diffraction mode by turning a switch, 
which means that the magnifications of the projector and 
intermediate lens are fixed for every diffraction 
experiment. But as the ordinary specimen carrier and the 
one used with the transport chamber are different in 
length. The specimen grids stand at different height when 
used with the transport chamber's Specimen carrier. A 
variety of substrates are used for epitaxial growth, the 
height of the specimen in the object plane of the 
objective lens, varied in different experiments. The 
strength of the objective lens, therefore, must be varied 
for exact focusing the microscopic image, which effects 
the can^a constant.

An experiment has been done to observe the 
variations in camera constant due to changes in the height 
of specimen in the object plane of objective lens, which 
is as follow: A special specimen carrier was made (Fig. 
3.13) to enable the height of specimen in the objective 
lens to be changed. It consists of a cone-^shaped metal 
cylinder like the ordinary specimen carrier for JEM-6 
electron microscope, The lower part has thread and the 
specimen holder cap also ha.s. thread which can be tight on 
various position by the help ÿf & smal 1 ring. A thin 
polycrystalline film of gold on a suitable grid was placed

■ ■ . M-J mKl'K
in this specimen holder and the image of the film brought

■ ill'll
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I I SPECIMEN GRID

Fig. 3.13. Specimen carrier used to determine the 
variations in camera constant.

into focus at a certain height, the objective lens current 
and diffraction pattern were recorded. The height of the 
specimen grid was then changed and new vyirfGocus objective 
lens current and diffraction pattern were recorded. A 
number of readings were made by changing the height of the 
grid.

Fig. 3.14 shows a ring pattern from 
polycrystalline gold film at a certain height of the 
specimen grid in the objective lens. By using the relation

D d = 2 X L
and measuring the ring diameter D by a travelling 
microscope and using the interplanër spacing d for that 
ring, obtained from x-ray data, the camera constant 2 X  L 
Was calculated for different objective lens currents. The 
camera constant 2 X  L is plotted as a function of 

jective lens current in Fig. 3.15.
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This curve was used to calculate the d-spacing 
(interplanoLr distance) and corresponding Miller indices 
from diffraction patterns of epitaxial layers by 
determining the camera constant for corresponding vM^ocus 
objective lens current and measuring the distance D on the 
diffraction patterns.
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CAPTER FOUR

NUCLEATION AND GROWTH OF THIN LAYERS OF 
ALKALI HALIDES ON CARBON

4.1 Introduction.

Evaporation is the most frequently used method 
for the preparation of thin films. The source material is 
transformed into its gaseous state by raising its vapour 
pressure through an increase in temperature. The vapour 
expands into the evacuated space between the evaporation 
source and substrate and finally condenses on the 
substrate. A comprehensive review, the theory and practice 
of vacuum evaporation has been published by Glang (1970),

In this chapter the nucléation and growth of thin 
films and crystals of alkali halides from the vapour phase 

discussed. Thin films of Csl, CsCl, CsBr, CsF and LiF 
were evaporated on to continuous carbon films and studied 
by transmission electron microscopy and electron 
diffraction. The early stages of nucléation have been 
studied by examining the evaporated films without exposure 
to the atmosphere, in the transport chamber described in 
chapter 3. Some ef the films were exposed to the 
atmosphere or water vapour, after evaporation and then 
examined in the electron microscope.
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4.2 Theories of Nucléation and Growth.

Thin films are formed on a substrate by a process 
of nucléation and growth. The initial stage is the 
formation of small clusters of the film material from 
individual atoms and molecules. As time progresses, more 
clusters are nucleated and these clusters grow, coalesce 
and fina|y a continuous film is formed, which then 
thickens. The growth of small clusters is called 
nucléation. A number of theories on the nucléation and 
growth of thin films are stated in the published work and 
some comprehensive reviews of these are given by Rhodin 
(1965), Holland (1970), Neugebauer (1970), and Venables 
and Price (1975).

The general formulation of nucléation theory, 
given by Hoi 1 omen and Turnbull (1953), is based on this 
criterion: Statistical fluctuations occur in the density 
of small volumes of matter, clusters form in 
supersaturated vapour by the sequential addition of single 
molecules. They grow initially with an increase in free 
energy until a critical size is reached when growth is 
continuous with an overall decrease in free energy of the 
system. The nucléation rate is the product of the 
concentration of critical nuclei and the impingment 
frequency of the critical nucleus by single molecules.

Theoretical investigation by Cabrera (1959), 
Zwanzig (1960) and Mc^arr#!! and Ëhrlich (1963) indicate 
that for the case of a ’hot' atom impinging on a
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one-dimensional lattice, the accommodation coefficient is 
less than unity only if the incident kinetic energy is 
larger than twenty-five times the energy necessary for 
desorption after equilibration with the substrate. It was 
also predicted that the likelihood of complete thermal 
accommodation, i.e., 1, increases if the ratio of the
mass of the impinging atom to that of the substrate 
lattice atoms increases (ck^is thermal accommodation 
coefficient).

It was reported by McFee (196.0) and Lennard-Jones 
(1937) that the time required for an incident atom to lose 
its excess kinetic energy and to accommodate -thepffialy with 
the substrate is of the orderof 2/v, where v is the 
frequency of the substrate lattice vibrations. Thus, the 
impinged atoms effectively lose all their excess energy 
within a few lattice oscillations. Condensation of a 
permanent deposit on the substrate does occur at 
sufficiently high impingement rates, because the 
interaction between adsorbed single atoms cannot be 
neglected. Adsorbed atoms can migrate over the surface, 
giving rise to collisions with other atoms, and aggregates 
of adsorbed atoms can now exist. Aggregates should be more 
stable toward re-evapor a t ion than single adsorbed atoms, 
since they are bound to each other by the condensation 
energy.

Hirth a W  (iWS) have given an other theory
of heterogeneous nucléation, based on the capillarity 
model and a review article has been published by Sigsbee
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and Pound (1967) on this theory. The classical capillarity 
model for homogeneous nucléation from the vapour phase by 
Volmer and Weber (1925) and Becker and Doering (1935) has 
to be modified slightly to take into account the presence 
of the substrate. The capillarity model predicts that the 
free energy of formation of a condensed aggregate goes 
through a maximum: i.e., the aggregate has a stability 
minimum with respect to dissociation into the vapour phase 
as it grows through its "critical" size. This maximum in 
free energy arises from the very large surface-to-volum 
ratio of the small aggregates, tending to decrease their 
stability, and the condensation energy, tending to 
increase it, as they grow in size.

Walton (1962) and Rhodin and Walton (1964) have 
pointed out that the application of bulk surface energies 
to droplets of very small size is not, strictly speaking, 
correct. This difficulty would be avoided if the 
nucléation process could be treated by writing the 
partition functions and potential energies for the 
reacting species and products. An approximate treatment of 
this was given by Walton, Rhodin and Rollins (1963). The 
principal feature of this approach is to introduce a 
potential (internal) energy, wbich is the dissociation 
energy of a cluster eontaining atoms into adsorbed 
monomers.

Lewis (1967) has compared the small-cluster and 
capillarity models. He has shown that the fundamental 

concepts upon which both are based, are identicle.
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The general picture of the sequence of nucléation 
and growth steps to form a thin continuous film, which 
emerges from nucléation theories and electron microscopic 
observations, is as follow:

1. Formation of adsorbed monomers.
2. Formation of subcritical embVos of various sizes.
3. Formation of critically-sized nuclei (nucléation

stage).
4. Growth of these nuclei to supercritical dimensions 

with the resulting depletion of monomers in the 
capture zone around them.

5. Clusters touch and coalesce to form a new island 
occupying an area smaller than the sum of the 
original two, thus exposing fresh substrate 
surface.

6. Monomers adsorbed on these freshly exposed areas, 
and secondary nucléation occiits.

7. Large islands grow together, leaving channels or 
holes of exposed substrate.

8. The channels or holes fill via secondary nucléation 
to give a continuous film.

Pashley, Stowel1, Jacobs and Law (1964) 
distinguish the four stages of the growth process : 
nucléation and island structure, coalescence of islands, 
channel formation and formation of the continuous films.
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4.3 Substrate.

To observe how an alkali halide condenses on a 
solid surface in vacuum, a thin continuous carbon film, 
suitable for use in a transmission electron microscope, 
was used as a substrate. The growth of alkali halides on a 
crystalline substrate will be discussed in chapter 5 and
6. A thin carbon film has greater mechanical strength and 
stability under electron bombardment than some other 
amorphous thin films and for high resolution work a very 
thin film of the order of 2 nm in thickness can be made 
easily. The very fine background structure present is of 
low contrast and does not interfere significantly with the 
overgrowth structures.

The method for vacuum evaporation of carbon thin 
films developed by Bradley (1954) was used, modified as 
follows: A microscope glass slide is held vertically in 
the solution of 1 % w/v of formvar in equal parts of 
ethylene dichloride and dioxane and then transferred to a 
jar, which contains some etylene dichloride or chloroform. 
The slide is kept there for 10 minutes and then 
transferred to a dust-free place and kept there for 20 
minutes or so to dry thoroughly. At this stage the formvar 
films on the lateral sides of the slide are stripped off 
with a sharp knife. Then the film on one side of the slide 
is floated on to the surface of distilled water in a bowl. 
After putting 10 to 20 electron microscope grids on to the 
film it is picked up with a dry glass s 1 ide in such a way

..y
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that the grids are sandwiched between the formvar film and 
the slide. The grids with formvor film on them are then 
placed in a carbon evaporating unit and coated with 2 to 5 
nm carbon. The formvar substrate is washed away by placing 
them in the vapour of ethylene dichloride for 3 to 4 
hours. The carbon films prepared in this way are quite 
uniform and adhere well to the grids.

4.4 Apparatus and Experimental Procedure.

A simple boat of folded tungsten sheet was used
to evaporate the alkali halides in a vacuum unit. An
electron microscope grid with a thin carbon film on it,
was placed in the specimen holder so that the carbon film
side of the grid faces the évaporant. The holder was
attached to the manipulating system in the transport
chamber (discussed in chapter 3). The transport chamber
was inserted into the intermediate chamber and fixed on a
stainless steel jar, which is placed on the vacuum unit.
The whole assembly is shown fey a schematic diagram in Fig.
4.1. The system was evacuated to 10  ̂bar by a diffusion 
pump backed by a rotary pump. A 1 iquid nitrogen trap was
used between the diffusion pump and the system to prevent
pump oil back streaming to contaminate the evaporated

The evaporation of alkali halides were performed 
under the following cond Ltions:
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Intermediate
chamber

-XX

Transport
chamber“1 I—

Substrate

Stainless 
steel jar

Penning
gauge

To secondary 
of transformer

Vacuum

4.1. Schémati^ diagram of yaeuum 
assemhly.
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Temperature of the substrate = 20°C (room temperature)
Residual gas pressure = 10~^ bar
Rate of deposition = less than 1 nm sec“ .̂

After evaporation the specimen was transferred to
the electron microscope, via the transport chamber, for 
observations without exposure to the atmosphere. The 
transfer procedure has been discussed in detailed in 
chapter 3. Some of the specimens were exposed to the 
atmosphere or water vapor after evaporation and then 
examined in the electron microscope.

4.5 Observation?and Discussion.

Examination in the electron microscope of the 
unexposed deposits of alkali halides with average 
thickness less than 15 nm revealed the presence of very 
small crystallites situated randomly on carbon film 
substrate in a nearly continuous film. The diffraction 
patterns of these deposits show that most of them are 
polycrystalline.

The micrograph of about 15 nm thick unexposed 
deposit of Csl is shown in Fig. 4.2 (a). The small black 
spots are stabilized clusters .with average diameter

- “•aw- I '-V , ■
between 5 and 10 nm. There aire ' also some large clusters 
with diameter up to 50 nm, due to the coalescence of small 
nuclei and multilayer condensation on the previous 
clusters. The clusters are connected to each other by
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bridges shown by grey areas in the micrograph and the 
whole deposit resembles to a network of islands separated 
by clear areas of uncoverd substrate. Fig. 4.2 (b) shows 
the diffraction pattern of the above which clearly 
indicates that the deposit consists of large numbers of 
crystallites situated randomly on the substrate. Although 
the substrate is an amorphous material but thin films of 
carbon prepared by the method described in section 4.3 
have flat surfaces. The evaporated films of alkali halides 
are rather porous and composed of relatively independent 
crystals (Schulz, 1951). Some of the crystallites in Csl 
deposit have their planes parallel to the substrate 
surface, this is almost equivalent to decreasing the 
number of crystallites, since some 'randomness' has been 
lost and causes the discontinuity in some rings* The more 
intense spots along the rings represent a mixed and weak 
[001] and [Oil] orientations normal to the aubsltetfce 
surface. This means that some crystallites have t̂ héir ̂ OOl} 
and {Oll^ planes parallel to the substrate stir̂'a.c,e

Substrate

Fig. 4.3. Schematic structure of a thin film
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Thin film in an intermediate state, between island 
structure and the continuous film, has a structure with 
voids which makes these films less dense than the bulk 
material (Raether, 1976). The possible configuration of 
the crystallites in a thin evaporated film is shown in 
Fig. 4.3. The indexing of the diffraction pattern (Fig.
4.2 (b) shows only indices with h + k + 1 = even number 
occur i.e., the deposit has a bcc lattice structure.

The micrograph in Fig. 4.4 (a) from an unexposed 
deposit of CsCl and shows the presence of large clusters 
situated randomly on the substrate with diameter up to 35 
nm. There are also some small nuclei of the order of 5 to 
6 nm in diameter but most of them coalesce to form bigger 
clusters. This means there are insufficient small 
crystallites to make a complete ring in the diffraction 
pattern as shown in Fig. 4.4 (b). The intense spots on 
some rings represent a weak [001 ] orientation. In this

c  ̂_
diffraction pattern the rings corresponding to refl^io’ns 
from {lOOj , {llo|, {ill}. {200} , {210} and {220} planes, 
indicate that the lattice structure of CsCl is a simple 
cubic. (CsCl is sometimes referred to as bcc but logically 
is two interpenetrating simple cubic lattices separted by 
half the cube diagonal ). The clear areas "in T̂ e' micrograph 
are due to the re-evaporation of the iGSliusteÂîS by'electroh 
irradiation in the electron mienoskTo-'peV ̂rT.-

Fig. 4.5 (a) is â
10 nm) of CsBr before exposure 'the- a'ttnofphh're .*■ The

clusters sizes are of m  #  nm and' sl'tuated-

■ liIII-i II ' I I I III
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randomly on the carbon substrate. The rings in its 
diffraction pattern, shown in Fig. 4.5 (b), consist of 
spots which indicate fewer larger crystallites without any 
particular orientation contributing to the pattern.

CsF is a highly hygroscopic halide and dissolves
in conditions of high atmospheric humidity very rapidly,
so great care is needed to observe unexposed deposits of
this material. The micrograph in Fig. 4.6 (a) is from an
unexposed deposit 15 nm) of CsF. The clusters sizes are
from 7.5 nm to 15 nm in diameter and most of them are
connected to each other to form islands, leaving channels
or holes of uncoverd substrate. The large dark clusters

0are formed due to the multi nucléation on prev|/us 
clusters. The crystallites are randomly situated on the 
substrate surface as indicated by diffraction pattern in 
Fig. 4.6 (b). The discontinuity in the rings and intense 
spots on the rings represent a weak [111] orientation 
normal to the substrate surface, i.e. , some crystallites 
have their {ill} planes parallel to the substrate surface* 
The diffraction pattern contains indices only 
corresponding to fee lattice structure* (h, k, 1, either 
all even or all odd). . ■

LiF is one of the a 1 ka 1 i halides'whilch is nearly 
insoluble in water and is therefore lèhs- réâjtive with the’

à _ r
atmosphere. It can be evaporated' and ànsfeî red tô, the v
electron microscope for observatlo’ns 1tr#ns;^ort |

■ y . .
chamber. The thin film C# 10 nm)̂ :ef ..LiF, showp in t
micrograph in Fig. 4.7 (a) , *
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on low background structure substrate carbon. The average
diameter of the smallest nuclei is between 2 and 4 nm, 
there are also a few large clusters about 12 nm in 
diameter. The islands, formed by the coalescence of small 
nuclei and further nucléation between the stable nuclei, 
appear grey in the micrograph. Its diffraction pattern is 
shown in Fig. 4.7 (b).

In the study of nucléation and growth of thin 
layers of alkali halides from the vapour phase, there has 
been observed three stages of the growth sequence: growth

I
of small nuclei and clusters, coalescence of clusters to 
form islands and channel formation in nearly continuous 
film. The observations so for from electron micrographs 
and diffraction patterns are summarized in Tables 4.1 and
4.2.

Table 4.1
The sizes of nuclei and clusters and film thicknesses.

Halides
Lattice

parameter
a
(nm)

The size of 
smallest 
nucleU V 

(nm)

The size of 
lurg6&% 
cluster 
(nm) r■

! Approximate
! - .i|, ■ X
} thi cl&hjB s s

W M  y

Csl
CsCl
CsBr
CsF
LiF

0.4568
0.411
0.429
0.6008
0.4017

5
' 5 ; 

5
7.5

.?A

2b 
_ '

ir-L

- 1 . .11 if I li i'll



154

4.5 (a)

4.5 (b)

4.5
m



( O o  \ A V W \

I



155

Fig. 4.6 (a)
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Fig. 4.7 (a)

4,7 #i i»ii «# ###&##

IIII





157

Table 4.2

The occurence of indices in diffraction patterns

Halides Indices occur in diffraction patterns

Csl All indices of a bcc lattice structure.
CsCl All indices of a simple cubic lattice.

structure.
CsBr All indices of a bcc lattice structure

and weak {lOo}.
CsF All indices of an fee lattice structure.
LiF All indices of an fee lattice structure.

4.6 Effect of Atmosphere on Thin Deposits.

Most of the alkali halides are more or less 
hygroscopic. When thin deposits of these materials are 
exposed to the atmosphere, they react with it and abSQ 
water to make tiny droplets of their solution. îh t 
electron microscope the water b e h W  a
number of oriented small crystals or a quite large ë 

crystal, depending on the thl^nesS of the unexposed 
deposit and time of e ^ o s w e .  suhstrate ;
carbon film is amorphous * a erÿstaï‘-’'ëaid to be orient 
means one of the plane of W
surface of the substrate. Thè^ÿe^feetion anâ the ^ ^
the crystals depends on they-'rate'-of'■'erystalUsation.

I I fi I À
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The mechanism of formation of these crystals is the same 
as growth from solution, as discussed in chapter 2. Schulz 
(1951) used this technique to grow crystals of alkali 
halides from solution on to substrates of mica.

Fig. 4.8 (a) is an electron micrograph showing a 
10 nm thick deposit of Csl after exposure to the atmosp
here for 5 minutes. Clusters without any crystallographic 
shape are formed with dimensions between 25 nm and 50 nm.
A film of nearly the same thickness exposed for 10 minutes 
to atmosphere, forms fewer bigger clusters, some of these 
are in contact and coalesce to form larger linked islands, 
as shown in Fig. 4.8 (b). The average diameter of these 
clusters is 150 nm.

After atmospheric exposure of 1 hour, the 50 nm 
thick deposit of Csl formed the 1arge dendritic single 
crystal as shown in Fig. 4.9 (a). The deposit with this 
thickness formed a relatively thick continuous film on the 
substrate and having nearly the bulk density. (As stated 
in section 4.5, the thin deposits are less dense, 
according to Raether (1976) less than 10 nm thick film 
has only 10% of the bulk density and more than 50 nm thick 
film has nearly the same density). A t hick deposit absorbs 
water from atmospheric humidity and forms few large drops 
of concentrated solution on the sûbslîf ate i-In the electron 
microscope the water evaporates - very, i. quickly and due to 
the high concentration :#f. .#h#' - the solution, _ . .
rapid growth occurs and- f or#s,{^eq^^^s. The mechanism of 
the formation of dehdrit##: W#h^^e%saturated solution is
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discussed in chapter 2. The central part of the crystal is 
more thicker than the edges, the edges are fairly 
transparent to the electrons and show some bending 
contours. There are some small holes in the transparent 
areas which arise from the sublimation of the material by 
electron bombardment in the electron microscope. Its 
diffraction pattern is shown in Fig. 4.9 (b) which 
indicates that the crystal is normal to [l33], i.e., the 
(133) plane of the crystal is parallel to the substrate 
surface.

Fig.4.10 (a) shows another large single crystal
formed when a 20 nm thick deposit of Csl was exposed for 
1 hour and the growth rate decreased by covering the 
specimen to slow down the evaporation of water. The 
diffraction pattern (Fig. 4.10. b) shows the crystal has 
a [111] orientation normal to the substrate surface and 
some extra spots in the pattern indicate the presence of 
some misoriented fragments.

CsBr behaves differently when exposed to the 
atmosphere after evaporation. Fig. 4.11 (a) shows a 10 nm 
thick deposit of CsBr after exposure to the atmosphere for 
20 minutes. A number of clusters, with diameters between 
40 and 50 nm, formed. Some of them are nearly square- 
shaped with average side length about 30 nm. These 
crystals are situated randomly on the carbon substrate as 
indicated by its diffraction pattern showing in Fig. 4.11 
(b). As CsF is more hygroscopic than any other alkali 
halide, it reacts with the atmospheric moisture very rapidly
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Fig. 4.12 (a) is a micrograph of a 20 nm thick
deposit of CsF after exposure to the atmosphere for just 3
minutes, triangular-shaped single crystals were formed.
The diffraction pattern of one of these crystals is shown 
in Fig. 4.12 (b), indicates that the crystal is oriented 
with [112] normal to the substrate surface.

Finally LiF was investigated wich is nearly 
insoluble in water at room temperature and, therefore, 
much much less reactive with atmosphere. There has not 
been observed any significant change in an initially 
unexposed deposit after exposure to the normal atmosphere 
for severval hours. However, when a thin deposit of LiF 
was exposed to water vapour, the solution and 
recrystallization occurs. The experimental detail of this 
process of recrystallization is given as follows: An 
electron microscope grid, with a 10 nm thick deposit of 
LiF on continuous carbon film substrate, was held 
horizontally over a bowl containing very hot water, for 1 
minute and then observed in the electron microscope. The 
resulted micrograph is shown in Fig. 4.13, which shows 
there are a number of small crystals with an average 
dimension of 15 nm were formed. Some of them coaljsced into 
large clusters of several crystallites, thus clearing the 
surrounding substrate area. Although LiF is insoluble in 
water in bulk quantity _. y as stated earlier thin 
evaporated films of alkali halides are porous and less 
dense as compared to the bulk. Since, LiF is not 
hygroscopic, it is unlikely that even a thin deposit of
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this material dissolves in normal atmospheric humidity,
which is only 40 % at room temperature. When thin deposit 
exposed to water vpour, where the humidity and temperature 
are much higher, the small crystallites in the unexposed 
deposit dissolve and make droplets of solution and in the 
electron microscope water evaporates leaving behind small 
crystals or clusters of small crystals.

The micrograph in Fig. 4.14, is from a 20 nm 
thick deposit of LiF after exposure to water vapour for 3 
minutes, shows large number of cube shaped crystals were 
formed. Nearly all crystals are linked to one an other 
and most of them are electronically transparent. An other 
example of recrystallization of thin deposit of LiF is 
shown in Fig. 4.15 (a), where a 5 nm thick deposit was 
exposed to water vapour for 1/2 minute immediately after 
evaporation. Since, the deposit with such thickness does 
not form continuous film on carbon substrate, the isolated 
clusters in the unexposed deposit dissolve in Water vapour 
and form droplets of solution, which produce quite 
separated crystals. The selected area diffraction pattern, 
of above is shown in Fig 4.15 (b) indicates an orientation 
[ 001 ] normal to the substrate surface and some extra spots 
represent some slightly misoriented superimposed crystals.



165

Fig. 4.11 (a) O o  V\W\

4*11 (b)



I o o  V\W\



166

1

g
Fig. 4.12 (a)

Pif. ■■4,

(al
# # #  U  Üw ««waafhat*
#ewlm# 1#%@# aim#!*' arpftcl* 
'f«çtas» ai mm mt ##gaÆ*l.



^5<=> w\



167

Fig. 4.13

I
p %##Qur for



\ôoo



168

I» S $

■ » 
# 2  »  y .

-  #• ‘%
Fig. 4.15 (a)

#  »,

»' ■ V "i-

»/ f

ftf. 4,1J £b|



4
% ' - i -

#

/ f
* a _

(800MM



169

4.7 Conclusions

From the studies presented in this chapter the 
following conclusions are drawn:

1. The growth process in thin films of alkali halides 
is the same as that observed in growth of metallic 
thin films.

2. Alkali halides form very stable nuclei in the early 
stages of growth.

3. The smallest stable nuclei detected were 2 nm in 
size and the largest 50 nm in thin films with 
average thickness less than 20 nm.

4. The crystallites are randomly distributed on the 
carbon substrate.

5. A few crystallites in unexposed deposits have planes 
parallel to the surface of the substrate and show 
weak orientations.

6. These small crystallites form large sigle crystals 
when exposed to the atmosphere.

7. The thin deposits of LiF do not dissolve in normal 
atmospheric humidity, but form crystals when exposed 
to water vapour. -
_ ' ■ r ‘ ̂ ‘ ' j : ^

;  ̂ r J m r:
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CHAPTER FIVE

NUCLEATION AND GROWTH OF ALKALI HALIDES ON 
Csl SUBSTRATES

5.1 Introduction

Alkali halides include a large number of materials 
vvhich are extensively used in industry and scientific res
earch. Studies of the nucléation and growth of these mate
rials can provide information wich may be useful in the 
manufacturing of thin layers and crystals with desirable 
qualities.

Most of the published work on the nucléation and 
growth of alkali halides on . other alkali halides deals 
with the common halides of sodium, potassium and lithium. 
The substrates used have usually been NaCl, KCl and LiF. 
Very little work has been reported on the growth of caesium 
ha1ides; Royer (1928) (CsF on NaCl and KCl)$ Schulz (1950) 
(CsBr on LiF), Schulz (1951) (CsCL, CsBr and Csl on LiF, 
NaCl and KBr) and Ludemann (1957) (CsCl on LiF and CsBr on 
KCl)»

CsI has not been used as a ishbstrate befofe the pre^ 
sent work. As explained in chapter two single crystal of 
Csl can be produced with reasonable flat surface. 'The exp
eriments of gold decoration on alkali halides show that Csl 
has the flattest surface of al1 the.halides of caesium and 
is, therefore, the best substrate for nucléation and growth 
of other alkali halides. - ""

- r'T] L I
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5.2 Lattice Structure of Csl.

X—  ray crystallographic data shows the lattice str- 
uctureof Csl to be body- centred cubic as shown in Fig. 5.1

|e- a = 0.4562 nm— W
' o

Fig. 5.1. Unit cell of Csl.
# — Cs, o — I .

The lattice complex for Csl is as follows:
(i) Cs at (0,0,0)

I at
(ii) witi) alternate choice of origin,

l“ at (0,0,0)
Cg+ at (&,&,&)

The lattice parameter a„= 0.4562 nm and the Cs — I contact 
distance lies along the body diagonal of the cube, giving 
an effective radius sum . -’

= J T ^  a/2 = 0.395.nm ; - -

The structure-factor equation for Csl can be written as :

lfl(h-t-k+l )
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which means, if
h + k + 1 = even number

then

^hkl " ^Cs
and, if

h + k + 1 = odd number
then

^hkl ^Cs " .
The atomic number of Cs is 55 and of I is 53,wich means Cs
has 54 electrons and I also has 54 electrons i.e. electroJ^i- 
Gal4^, the ions are identical and their scattering factors
are similar. In a diffraction pattern of Csl the reflection from
a plane whose indices' sum is odd has zero intensity. The 
diffraction pattern of Csl derives only from planes whose 
index sums are even. It makes the diffraction of Csl rela
tively easy to index, and helps to locate the spots reflected 
from overgrowth.

Fig. 5.2 shows the diffraction pattren from a single 
crystal of Csl made by the technique expÊalhed in chaptgir 
two. It is Shown from indexing that the crystal is normal 
to [Î11],(the crystal is said to be normal to [111] means 
(111) plane of crystal is normal to electron beam)i and all 
the spots have indices whose sum is even. The diffraction 
pattern in Fig. 5.3 is from a polycrystal line film of Csl
grown on continuoUs carbon fiim.: ^dd#]&ing .shows the rings
correspond to {^110}, {îÔÔ------------------{222}»-------- and
so on.
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Fig. 5.2.

fit* 5.3

M # .  l l e e t ï ^ . fs'®»» « tîUl
Wystal #:f Csl.

F%. 5.3. lili f i w  # p#lyery#t#llln# flla
#f Csî CpMip #####$ nhaae m film)
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5. 3 Experimental Procedure.

A tungsten boat was used for evaporation of Csl, CsCl, 
CsBr and CsF in a vacuum unit. The single crystals of Csl 
were produced in the holes of carbon films on electron micro
scope grids as described in chapter two and used as substrates 
Two kinds of experiments have been carried out . In the first 
the film grown by evaporation was transferred into the elec
tron microscope without exposing it to the atmosphere , by 
means of transport chamber. The schematic diagram of the 
complete evaporation unit with transport chamber is shown 
in Fig. 4.1 in chapter four and the transfer procedure is 
described in chapter three. This kind of deposits are refend 
as " unexposed ". In the second type of experiments the film 
was exposed to the atmosphere before being observed in the 
electron microscope (an ” exposed '* deposit).

The evaporation of alkali halides was performed under 
0

the foljwing conditions;
-9Residual gas pressure = 10 bar
o

Temperature = 20 C (room temp.)
_ 2

Average deposition rate - 1 nm aec

5.4 Observations and Discussion.

(a) Csl on Csl - -
The unex^sed deposits of Csl with average thickness 

10 nm on a single crystal of Csl show either no orientation 
or very weak orientation, as seen in the diffraction patt^ 
erns in Figs.5.4 and 5.5 . _ _ _ _ ; : - _

Tu Fig, 5,4 (a) m e  #  #  upeKpoeeë d e ^ i t
of Csl on [111] Csl single crystal shows a number of small
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crystallites situated randomly on the substrate. The sizes 
of these crystallites vary from 7.5 nm to 15 nm. As the over
growth is on the lower surface of the substrate, the strong 
reflected beams from the substrate act as primary beams with 
respect to the oveOgrowth. Asd^result there areA,inumber of 
secondary electron diffraction patterns as seen in Fig. 5.4 
(b). The displacement of these patterns relative to one an 
other is the same as the separation of the corresponding 
reflections from the substrate. Schulz (1950) had observed 
the two secondary difraction patterns in examining the CsBr 
on LiF. Some more intense spots on the rings related to a 
very weak [111] orientation.

Fig. 5.5 shows another unexposed deposit of Csl on 
Csl. In the diffraction pattern of this deposit the more 
intense spots from the substrate and indicates thato it is 
normal to [Î12]. The overgrowth gives two very weak rings 
correspond to ^211} and {32]} which indicate the randomness 
of the crystallites on the substrate. Two relatively weak 
orientations [111] and [Il3] are also been observed.

When a thin deposit of Csl on Csl is exposed to the 
atmosphere before examining in the electron microscope, 
recrystallization occurs and usually the overgrowth is well- 
-oriented on the substrate surface, as seen from their diff
raction patterns in Figs. 5.6, 5.7 and 5.8. ,Jig. 5.6 (a) is 
an electron micrograph showing a *rf 10 nm .thick deposit of 
Csl after exposure to the atmosphere. There are a number of 
small crystallites * 5 to 10 nm in size and well-oriented on 
the [111] Csl substrate as indi-sated by the diffractin patt
ern in Fig. 5.6 (b). There are two fairly large and a few small
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Fig. 5.5 (a) ^0<£> V\ W\
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Fig. 5.6. (a) v \ w \
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clusters formed by coalescence of the small crystallites during
recrystallization. The diffraction pattern in Fig. 5.7 is from
a thin deposit (< 5 nm) of Csl on Csl after exposure. The sub-

"tkostrate is normal to the [Oil] and^overgrowth has a simple 
cubic lattice structure, oriented with its axes parallel to 
those of the substrate as seen from the indexing of the patt
ren.

Csl has normally a bcc lattice structure which is 
stable below the melting point. Some polymorphic transitions 
occur in Csl in certain conditions. Schulz (1951) has repor
ted thin deposits of Csl were found to have the NaCl-type 
structure, when grown from vapour phase on appropriate single 
crystal substrates. Much work has been reported on ultra- 
-highspeed polymorphic transitions in alkali halides, induced 

by preliminary heat treatment or hegrogenity of the pressure 
medium. The most important observations are by Sizova and 
Urusouskaya (1977) on the microplasticity of Csl crystals. 
Urusouskaya (1979) has explained the slip geometry of the 
{no} <100> slip system i-n Csl crystals. According to Schulz 
(1949) the evaporated films of alkali halides are rather 
porous and are composed of relatively independent crystals.
Csl is a comparatively loosely packed lattice. Impurities, 
even in very _ low concentrations, usually occur between the 
atoms in Csl. All these properties of ■ Csl /.crystal s favour 
the observed polymorphic tr ans it

The diffraction pattern in Fig.' 5.8 is from a very 
thin (< 1.5 nm) exposed deposit of Csl on [Oil] Csl single 
crystal. There- is few rê flierions from the overgrowth, two
small and four spots nearest to

■ '<:! '.I*p
: L#: . L ' \ I LM' I i C:. '

f
I
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the centre have d-spacing 0.425 nm, since/lattice parameter 
of Csl is 0.4562 nm, so they Ao not correspond to -any parti
cular planes. The possible expla*^nations of these extra ref
lections are either due to some kind of impurities or some 
extra planes formed due to various kinds of defects caused by 
electron irradiation in the electron microscope.

(b) CsCl on Csl.
The diffraction patterns of unexposed and exposed 

deposits of CsCl on Csl show good orientation in all cases 
(Figs. 5.9 to 5.12).

Fig. 5.9 (a) shows an unexposed deposit of a 10 nm 
thick CsCl on a [Oil] Csl single crystal substrate. The diff
raction pattren in Fig. 5.9 (b) indicates that the overgrowth 
crystals are oriented with their axes parallel to those of 
the substrate. The white specks in the micrograph of Fig. 5.9 
(a) are due to the point defects (vacancies) caused by the 
electron.irradiation in the electron microscope. Fig. 5.10 (a) 
shows another unexposed deposit,^* 5 nm thick, of CsCl on 
[012] Csl. The indexing of its diffraction pattern indicates 
that the lattice structure of overgrowth to be simple cubic. 
CsCl is said to occur in two polymorphic forms at atmospheric 
pressure ; the CsCl type and the NaCl type. the f ormer is 
stable below 445°C and the latter between 445 C and the 
melting point g 646°C (Wagner and Lippert ( 19-36 ) ). Sehulz 
(1951) had observed the CsCl^^NaCl. transition in very thin 
deposits of CsCl grown - from the vapour ""phasfe on NaCl— type 
substrates. This transition occurs with an increas&in lattice
parameter. ... ...

The space lattice for CsCl is simple cubic, although
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Fig. 5.10. (a)
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it is usually said to be bcc and sometimes behaves like bcc, 
as observed in the diffraction patterns in Figs. 5.9 and 
5.11. In the crystal lattices each atom at the centre of a 
cube of the atoms of opposite kind, so that the coordination 
number is eight. In other words a simple cubic lattic is in
serted into an other simple cubic lattice. Since Cs*’ and Cl" 
ions have different number of orbital electrons, it is also 
possible CsCl has reflections from planes whose indices sums 
are odd number, therefore, it gives a diffraction pattern 
of simple cube without any change in its lattice parameter. 
Fig. 5.11 (a) shows a micrograph of a 20 nm thick deposit of 
CsCl on [111] Csl observed in the electron microscope before 
exposure to the atmosphere. The crystallites of the overgrowth 
are well — oriented on the substrate, as shown in the diff
raction pattren of Fig. 5.11 (b).

When thin deposits of CsCl on Csl are exposed to the 
atmosphere, large crystals without any geometerical shap^ 
are formed during recrystallization. The micrograph in Fig.
5.12 (a) is from à 20 nm thick of CsCl on Csl after atmos
pheric exposure. Its diffraction pattern is shown in Fig.
5.12 (b) which indicates that the substrate- is normal to
[001] and the overgrowth crystals,with simple cubic lattice 
structure, are oriented with thi#t_axes paraif^l to the 
corresponding axes of the substrate^ ' ''/

(c) CsBr on Csl
Neither the unexpo s' ejdî~noi exposed deposits of CsBr 

on Csl show any orientation, as shown in the diffraction 
pattrens pf Figs-.. 5.1*3;. to

ikV 5.#: and 5.14 show the micro-graphs of the
L
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unexposed deposits of CsBr on [111] Csl-single crystals. 
There are several small crystallites, with dimensions 
between 5 nm and 10 nm, situated randomly on the surface 
of the substrate. The random orientation is indicated by 
the diffraction pattC/ns, which show rings corresponding 
to {lldj , «{200} and {211} in Fig. 5.13 and only one ring 
{110} in Fig. 5.14. The micrograph in Fig. 5.15 shows a 
deposit of CsBr on Csl after atmospheric exposure. Its 
diffraction patt&kn is complicated and does not show any 
recognisable orientation.

(d) CsF on Csl
In bulk and ordinary conditions CsF crystallizes

with a coordination number of six (the NaCl structure) in
contrast with the other caesium halides i.e. CsCl, CsBr
and Csl, which adopt the CsCl structure with coordination
number of eight. The lattice parameter of CsF is 0.6008 nm
with the Cs  F contact distance 0.300 nm.

Thin deposits, either unexposed or exposed, of
CsF on single crystal substrates of Csl are well— oriented
in all cases, as seen in their diffraction patterns. There
are some structural changes in the deposits which are
explained as follows. Fig. 5.16 (a) is a micrograph of a
2.5 nm thick deposit of CsF on a [001 ] Csl single crystal
surface before exposure to the atmpsphere, The overgrowth
is shown by the diffraction pattren to be wf 11 - ortented,

• . ' 1 • . i: syiL'.- t M ' «L 1

The indexing o f . the.^patte^ /L jCMl) Csl

pattern belongs to a bcc jettide structure with the lattice' ; -to ? .
r aç» .##' &'j8,004 nm. This orientation is-t ■

• ̂ T-' ' ~
y-k f _ i i-rui—
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shown sche^matically in Fig. 5.17

Overgrown
crystal

c /'

Substrate
c

a
Fig. 5.17. Orientation observed between CsF and Csl, 

(001) CsF // (001) Csl and 
<110> CsF // <100> Csl

Similar observations were made when a 10 nm thick 
deposit of CsF was examined in electroh microscope after 
atmospheric exposure. The micrograph and diff:raetion patt
ren are shown in Fig. 5.18. This orientatieh_w#s first 
observed by Royer (1928) iii examining Csl Om W C i  and KCl. 
However, Schulz (1951) reported thatyihie oriehtation is 
not observed^ Ifhe polymorphic transifion i# fe mot 
surprising, as under high pressures- many.ofxthe alkali _ - 
W l W e a  With the Kp the ^

structure..^Th^s tgamsg.^i@m ^^p*gcg§## at lo#ar pfes8r#es 
ifr. iipl halides

at high
■ dujctng rhù j ju W t h  11 v.&p#..rLr h:;j- : l n
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temperatures. A number of investigators such as Bassett,
Takabashi and Campbell (1969) have studied experimentally 

and theoretically the phase transformation of (rock salt)
  B2 (CsCl) in alkali halides. They use diamondanvil
high-pressure cell methods to induce structural phase change. 
Rice (1958) and Fritz (1971) have used dynamic shock wave 
compression for similar experiments. The volume change at 

transition pressure and evaluation of the cohesive energy 
of the Bj and Bg phases are described in detail, by Born 
and Huang (1954), Tosi and Fumi ( 1962) and Tosi (1964) and 
reviewed by Gordon and Kim (1974). Cohen and Gordon (1975) 
have given a detailed study of lattice energy, equilibrium 
structure, elastic constant and pressure-induced phase 
transitions in alkali halides. They showed how closely the
electron-gass treatment describes the B^ --  B2 phase
transformations in these crystals.

The pol yjnorphic transition in CsF during the 
growth from vapour or solution on an appropriate substrate 
has not been studied before. Schulz (1951) studied polymor
phism in CsCl-type crystals during growth from the vapour 
phase on NaCl substrates. Recently Burdettand Price (1982)
have described a theoretical model for NaCl CsCl phase
transformation with a body-centred rhombohedra1 unit cell 
as an intermediate stage. The rock salt structure corresponds

P _ _ .

to a rhombohedra 1 angle 6 =■ 60.■ .,*r.eaesium chloride struc
ture to e = '-9D- The transfbrmatfon VSn^istV of increasing 

: i L . J- L r £of ? ■ : ■ • j
i and ,.adj.u8t.ing ^  rhombohedron
such -##at W ï e i ined- 'constant.

. craiiBfOTfflatelon to CsF
the nng^'eat&on- add gyowth from vapour and solution
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on a bcc substrate (Csl). The model is shown in Fig. 5.19

0-

(a)

(b)

mu "to caesium

. .. . _

Fig, 5.19,.
eh:lor: 1
(a) "#Erû#:We,
(%k) rb((W)#hedral tm it arôek s a lt @truietmre, OA

. , " - - - _  O • o
inĉ ÿkasiilg' the rhombohe#aT -angle § from 60 to 90 *

/this jb&eomee the unit. eete jjÉ A #  caesium chloride

illij C*ir
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Fig. 5.15. (a)
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Fig. 5.16. (a)
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An other kind of orientation was observed in a 
^  10 nm deposit of CsF on Csl examined after exposure to 
the atmosphere. The micrograph and diffraction pattren are 
shown in Fig. 5.20. As seen from the indexing the substrate 
is normal to [0 1 2] and the overgrowth is with simple-cubic 
(or CsCl) lattice structure normal to [332], (the substrate 
and the overgrowth have planes (012) and (332) respectively 
normal to the electron beam). This means the (1Ï0) CsF //
(001) Csl and <110> CsF///K100$.CsT&= TheisohigmfXllie drawing ;of this 
orientation is shown in Fig. 5.21.

(332)

:C

OriBntmtiom b#twBen Çaf' and 
(lIO) CsF // .(001) Csl and
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Fig. 5.18 (a)
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I

Fig. 5.20. (a)

. 5.20. (b)

^*2 0. (a) & W  Bmgwed <^pô#it of CaF on
Csl and its alietrofi diffraction pattren.
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5. 5______ Conclusions

1. Unexposed deposits of Csl on Csl do not show any 
orientation. Exposed deposits are well-oriented 
with simple-cubic lattice structure, indicating 
poor homo-epitaxy from the vapour but good epi
taxial growth from solution.

2. Unexposed and exposed deposits of CsCl on Csl are 
well-oriented in all cases with their axes parallel 
to those of the substrate.

3. Neither the unexposed nor exposed deposits of CsBr 
on Csl show any regular orientation.

4. Thin deposits of CsF either unexposed or exposed on Csl 
grow with two different orientations:
i. (001) CsF // (001) Csl, with

<110> CsF // <100> Csl.
ii. (lIO) CsF // (001) Csl, with

<1-10> CsF // <100> Csl.
5. In (001) CsF// (001) Csl orientation, CsF transforms 

from NaCl structure to CsCl striture and in
(110) CsF // (001) Csl, CsF transforms to simple-cubic 
structure. In either case the lattice parameter of 
CsF increases from 0.6008 nm to 0.649±0.oo4 nm.
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CHAPTER SIX

NUCLEATION AND GROWTH OF ALKALI HALIDES 
FROM THE VAPOUR PHASE AND SOLUTION 

ON SUBSTRATES OF MICA

6.1 Introduction.

Many experiments have been carried out to produce 
oriented overgrowths on crystal surfaces and in the past, 
cleavage surfaces of mica have often been used as the 
substrate material (Van der Merwe, 1949). Royer (1928) 
gave a complete account of experiments in which the over
growths were formed by crystallization from solution. The 
most extensive series, alkali halides, have been studied 
by several workers by a variety of growing techniques and 
observational methods. For example: West (1945) has 
studied growth from the melt by optical microscopy, Deicha 
(1945) and (1946), and Lisgarten (1954) have observed 
growth from solution by optical microscopy. Schulz (1951) 
has used reflection eletron diffraction to study the 
growth of eleve'n alkali halides from the vapour phase and 
from solution on to substrates of mica.

Transmission electron microscopical studies of 
the oriented growth of alkali halides from the vapour 
phase on mica were made by Zouckermann (1961), Green
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(1971), Missiroli (1972) and Tavassoli (1978). Upreti and 
Walton (1966) have studied growth from solution by optical 
microscopy and replica electron microscopy. Rabbit et 
all., (1971) grew crystals in ultrahigh vacuum and studied 
them by reflection electron diffraction. Bauer (1956), 
Shimaoka and Herold (1967), and Koch and Vook (1971, 1972) 
have studied the growth of alkali halides from the vapour 
phase on mica by replica electron microscopy, reflection 
electron diffraction and transmission electron microscopy. 
All these workers used the (001) cleavage face of one kind 
of mica, muscovite, and most of them grew common halides 
of sodium, potassium and lithium. The halides of 
caesium have rarely been used: Schulz (1951) and Lisgraten 
(1954) have used CsBr and Csl as overgrowths on the 
substrates of mica.

In studies of a particular system (substrate-depo- 
sit combination), one sees that a number of features of 
the system are likely to be peculiar to that system or to 
a restricted class of systems. Thus the contribution to 
general understanding of the epitaxy, of such in-depth 
studies on a very restricted number of systems is limited. 
For a better understanding of the important parameters 
involved in oriented growth, it is necessry to study 
different types of materials. New substrate-deposit combi
nation provide additional information about epitaxial 
growth. In the present work two different kinds of micas, 
muscovite and biotite, have been used as substrates to 
grow Csl, CsCl, CsBr and CsF.
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6.2 Substrate: The structure of Mica.

Because their abundance in nature and excellence 
of crystalline perfection, the micas have been studied 
more than other layer silicate minerals. The mica minerals 
as a whole show considerable variation in chemical and 
physical properties, but all are characterized a platy 
morphology and perfect basal cleavage, which is a 
consequence of their layered atomic structure.

The first x-ray studies of the mica structure 
were made by Mauguin (1927, 1928), Pauling (1930) and are 
about the same time and in more detail, by Jackson and 
West (1930, 1933). Since these early studies, many 
detailed structural refinements of particular species have 
been published. The principal polymorphic variation were 
investigated by Hendricks and Jefferson (1939) and later 
by Heinrich, et al. (1953) and by Smith and Yoder (1956). 

The basic chemical composition for mica is

with
X is mainly K, Na or Ca i

and Y is mainly Al, Mg or Fe.
The basic structural feature of a.mica is a composite
sheet in which a layer of octahedrally coordinated cations

' ! 1 —  ̂ '
is sandwiched between two identical layers of 1inked
(Si.ADO^tetrahedra. Two of these tetrahedral sheets (of

composition (Si,Al)2 O 5) are illustrated in Fig . 6.1. In
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Fig. 6.1

o Basal oxygens 
© S i  with oxygen 

above it

I >  o  Q p o o . Si
o Oxygen

Fig. 6.1

o Basal oxygen 
0  Si with oxygen 

below it

Si

6.1. (a). Mica structure. Plan of tetrahedral layer (Si^O^g) 
wlhh tetrahedra peintiug upwards* and end view of layer 

looking down y-axis,
6 .1 (b). Mica structure. Plan and elevation of tetrahedral
layer with tetrahedra pointing downwards.
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f r o 1 1 ®® I® s ® 1® ®
^  L ® .

I ®

J ®

■p'

» Octahedrally coordinated cations; mainly Mg,Al or Fe. 
o Additional hydroxyl ions, Q  X ions below bottom layer (K,Na,Ca) 

ions above upper layer (K,Na,Ca). Full lines:- bottom 
^^2^5 l&ycr, BroHcen lines:- upper SigOr layer

Fig. 6.2. Mica structure. Plan of (a) and (b) of Fig. 6.1 
superimposed and linked by layer of cations.

Number of ions 
per unit cell

OO e 0 O  2K

4(&i»Al)
4(0)2CQÜ)

> 4(0)2(OH)
- 4(Si,Al) 6(0)
3 2K

6

6̂ .3, . Mica Uf Fig. 6.1(a) and (b)
superimposed and linked by a plane of octahedrally coordi
nated cations. Composite layers are shown 1inked by potassium 
ions, and the simplest unit cell is out lined. View along 
y-axis.



207

Fig. 6.1 (a) is a sheet in which all tetrahedra are 
pointed upwards as seen from the elevation drawing below 
it, and in Fig. 6.1 (b) is a sheet of tetrahedra which 
pointed downwards. The two sheets are superimposed and are 
linked by a plane of cations as shown in Fig. 6.2 and 6.3. 
Additional hydroxyl ions (marked A in Fig. 6.2), together 
with the apical oxygens of the inward-pointing tetrahedra, 
complete the octahedral coordination of the sandwiched 
cations. Alternatively the structure may be regarded as 
having a central gibbsite layer Al2 (0H)g, in muscovite, or 
brucite layer Mg^(OH)g, in phlogopite, in which four out 
of six (OH) ions are replaced by apical oxygens of the 
tetrahedral layers (two on each side). The remaining (OH) 
ions are than situated at the centres of the hexagons 
formed by the tetrahedral vertices. The central Y-ions 
determine the positions of two tetrahedral sheets so that 
they are displaced relative to one another by a/3 in the 
[100] direction (Fig. 6.2 and 6.3). The composite layers 
have a centred plane group with a symmetry plane PP' and 
repeat on a rectangular network with dimension 
approxymate1y 0.53 X 0.92 nm. In micas these layers have a 
net negative charge which is balanced by planes of X  ions 
(K, Na, Ca, etc.) lying between them, and the repeat 
distance perpendicular to the sheets is approximately 1 nm 
or multiple of 1 nm. The X ions are in twelve-fold 
coordination, since they lie centrally on the line joining 
the centres of hexagons formed by the basal oxygens of 
tetrahedral layers, and no lateral displacement is
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introduced in going from the basal oxygens of one 
composite sheet to corresponding oxygens of its neighbour.

The hexagons may be superimposed, however, in six 
different ways. Thus one hexagon may be related to the 
next by rotation through 0° or by a multiple of 60°, and 
this, combined with the stagger of a/3 introduced by the Y 
layer, determines the location of corresponding atoms in 
successive cells.

Smith and Yoder (1956) have selected six simple 
stacking sequences which when repeated regularly, give 
rise to the unit cells described in Table 6.1.

Table 6.1
Some mica polymorphs (Smith and Yoder, 1956)

Poly
morph

Symmetry No.of 
layers (nm)

bo
(nm)

Co
(nm)

f Space group

IM monoclinic 1 0.53 0.92 1 .0 100° C2/m or Cm
2M^ monoclinic 2 0.53 0.92 2 .0 95° C2/c
2M^ monoclinic 2 0.92 0.53 2 .0 98° C2/c
20 ortho-

rhombic
2 0.53 0.92 2 .0 90° Ccm2

3T trigonal 3 0.53
' ■

3.0 P3^12 or 
PSglZ

6H hexagonal 6 0.53 6 .0 P6 22 or 
P6 22
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0.92ran0.53ran
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0.53nm
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or P3ol2
6H

Fig. 4.6. The six simple ways of stacking mica layers in an 
ordered manner. Full line vectors show the layer 
stacking in one unit cell, whereas broken line vectors 
show the positions of layers in the next unit cell.
The base of the unit cell is shown by thin lines, 
and the space group and lattice parameters are listed 
by the side of the diagram in each case (after Smith 
and Yoder, 1956)^
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A "stacking vector" may be defined which shows 
the displacement in the (001) plane between X ions in 
successive layers of the structure. Using these vectors 
Smith and Yoder illustrate the six polymorphs as shown in 
Fig. 6.4. Many more complex cells are possible and the 
existence of some of them has been reported, (Ross and 
Wones, 1965 and 1966; Takeda and Donnay, 1965; Takeda, 
1966; Baronnet, 1975), but of the six polymorphs listed, 
IM, 2Mi, 3T (and 2M^) occur commonly in nature, and in 
some cases 12M, 18M and 8Tc (triclinic) polymorphs have 
been observed. The principal polymorphs exhibited by the 
different micas are as follows:

Muscovite and paragonite: mainly 2Mi.
Glauconite: IM, 2M|, 3T.
Lepidolite: mainly IM and 2M2 ;3T

also occurs.
Phlogopite, biotite and mainly IM; also 2Mj

zinnwaldite: and 3T.

Zvyagin (1962) described the diffraction proper
ties of polymorphous varieties of micas, determined on the 
basis of their diagnostic properties in photographs of 
single crystals, structure, and polycrystalline

As stated earlier the general formula which 
describes the chemical composition of micas is:
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%2 74-6 Zg O20 (OH' f )4

where X is mainly K, Na or Ca but also Ba, Rb, Cs etc.,
Y is mainly Al, Mg or Fe but also Mn, Cr, Ti, Li, etc

and Z is mainly Si and Al but perhaps also Fe and Ti.
The micas can be subdivided into ji-octahedral 

and tri-octahedral classes in which the number of Y ions 
is 4 and 6 respectively. In the common micas X is largely
K or Na but in so called "brittle micas" X is largely Ca;
these are not concerned here. Further subdivisions of the 
common micas are made according to the principal 
constituents in the categories X, Y and Z, and these are 
depicted with approximate formulae in Table 6.2.

As the structure of the mica minerals are complex 
and varied, although based on a relatively simple stacking 
arrangement. There is a six-fold multiplicity for the 
stacking of adjacent layers, resulting in a large number 
of possible stacking sequences and thus polytypes. X-ray 
diffraction techniques have been a powerful means of 
determining average stacking sequences and have solved the 
problems of mica polytypes, but they are not suitable for 
studying heavily disordered stacking sequences and their 
variations within a given crystal.

High resolution transmission electron microscopy 
has been recognized as a powerful means for studying 
structural irregularities in crystals, particularly linear 
and planar defects, occurring within one or a few unit 
cells, lijima (1978) has observed disorder in stacking 
sequences in IM muscovite and biotite using high resolution
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Table 6.2
Approximate Chemical Formulae of Common Micas

Di-octahedral

X Y Z

Muscovite

Paragonite

Glauconite

K2

Nag

(K,Na)^ 2-2

AI4

AI4

(Fe,Mg,Al)^

S16AI2

Si*Al2

517-7 .6*11-0 .4

Tri-octahedral

X Y Z

Phlogopite K2 (Mg.Fe+Z)^ SigAlz

Biotite K2 (Mg,Fe,Al)g ^^6-5^^2-3
Zinnwaldite K2 (Fe,Li,Al)g

Lepidolite %2 Si6-5^^2-3

electron microscopy. Recently Banos,Amouric, Fouquet and 
Baronnet (1983) studied the interlayering and interlayer 
slip in biotite by high resolution transmission electron 
microscopy.

In the present work four micas were observed by 
transmission electron microscopy and electron diffraction: 
they are muscovite, phlogopite, biotite and lepidolite.
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The samples for observations were prepared in the 
following way:

A foil of several square centimeters of mica was 
cleaved to get a fresh surface and was cut at a small 
angle by means of a sharp knife. Holding the foil by a 
pair of tweezers on a folding electron microscope grid, 
the edge side was stripped by the knife, small flakes from 
the freshly cleaved cleaved surface were collected on the 
folding grid. The grid was then folded carefuly and put 
inside the electron microscope specimen holder and 
transfe^ed to the electron microscope for observation. The 
cleavage in micas occurs along (001) plane where a 
monolayer of potassium ions separates the sheets (refer to 
Fig. 6.3). It is believed that upon cleavage these ions 
are distributed equally between the newly-created 
surfaces, so that a cleavage face would contain half a 
monolayer of potassium ions (Higginbotham, Williams and 
McEvoy, 1975). Because no extra spots are observed in the 
low energy electron diffraction patterns from cleaved mica 
surfaces, Muller and Chang (1968) have concluded that the 
potassium must be distributed randomly.

Muscovite is one of the most common of the micas 
and occurs in a wide V«riety of geological environments.
Its well-known property of electrical insulation has made 
it a mineral of industrial importance. According to 
Jackson and West (1930) muscovite crystallizes in the 
monoclinic system with the following chemical composition:
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KgAl^LSigAlgOzol (OH, F)^

with z = 2 .
Here z is the number of times the formula unit is 

contained in the unit cell. Its structure (Deer, Howie and 
Zussman, 1962) can be discribed as made up of SiO^ 
tetrahedra arranged in infinite two dimensional sheets (of 
hexagonal rings, (refer to Fig. 6.1, 6.2 and 6.3) with one 
fourth of Si atoms are replaced by the Al ions. Two of such 
sheets joined together with the free oxygen anions of SiO^ 
groups in contact forming, with the OH,F anions, a 
close-packed anionic layer. Al cations occupy the 
octahedral sites in the layer and bond the sheets 
together. The muscovite structure is a succession of such 
units held together rather weakly by means of K ions, 
located at the centres of oxygen hexagons. It should be 
realized that in Fig. 6.1 and 6.2, the lines outlining the 
hexagons are not bonds but lines linking up the vertices 
of the tetrahedra of the upper and lower sheets. The 
hydroxyl ions (OH,F) lie at the centre of each hexagon but 
since they are not opposite one another owing to the 
clos-packed true hexad axes cannot be common to a pair of 
sheets. The staggering lowers the symmetry to monoclinic.

As polymorphism in mica arises because an a/3 
stagger in the octahedral region of each 1 nm layer. Smith 
and Yoder (1956) predicted, both theoretically and 
experimen^ly, that in mica six simple polymorphs should 
be observed. Although the polymorphism in muscovite has
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been studied extensively, only IM, 2M^, (and less 
commonly) 3T have been observed. Some more complicated 
polymorphs also have been reported but they are very rare.
The most common polymorph 2M^has the following
crystallographic charac'fce.vjstits*.

â  = 0.519 nm
bg = 0.904 nm
Cp = 2.008 nm
p = 95̂* 3 o'

Space group: C2/c.

Fig. 6.5 (a) shows the electron diffraction pattern from a 
single crystal of muscovite which was tctken under the 
following experimental conditions:

Accelerating voltage = 100 X 10^volts 
Objective lens current = 72.4 mA 

The camera constant, 2 ^ L , is 3.245 mm nm (determined 
from the curve in Fig. 3.15 in chapter 3). The print 
magnification is X 3.5, so the total camera constant is
11.36 mm nm. The length of reciprocal vectors for three 
pair of spots (diamet^rically opposite across the centre 
of the pattern), were measured and converted into 
interplanar spacings using the above value of camera 
constant. These observed d-values were compared with the 
calculated values of interplanar spacings of (h k 1 ) 
planes using the monoclinic formula and above lattice



216

Fig. 6.5 (a^5Q ggq 3%) 3&  j o  9f0

260 240 2I0 *4® » k  il» il»
, , 130 1Ï0 1
170 ISO

oSo oSo o3o ofo
Fa  *  *  i k

• I »  « le  o le

170 j f o  " ifo  1Î»  ™  l i e  I k  170
2 I0  i f o  f i e  1 I»  i k  l k  i k

_• ^  X  =

^  s S ^  30'

fie *  U s  # ■  f k
60

.0
^ = 8»' 30

ig. 6.5
fit. 6 .5 . (a) w ^ m m  #f ali^l© crystal of

mmsmovlte. (b) Iti



# # # # # #350 330 310 310 330 350

260 240 2Î0 2Ô0 220 240 260
130 iTo 110

i7o ilo

080 060 040 070
'i

130 150 170

020 040 060 080

Ï70 lie 1§0 ITO TiO Ï30 Ï50 170
/ o /-• _  •  •  _ e  _# _# _# ® =59 30260 240 220 200 220 240 260
=60

350 350 310 3*0 aSo 300 V ,
r% "89 30



217

parameters. The indices h k 1 were determined for each 
spot, viz:

d-spacing
observed calculated h k 1
0.453 nm 0.452 nm 0 2 0
0.449 nm 0.448 nm 1 1 0
0.261 nm 0.260 nm 1 3  0

This indexing was checked by measuring the angles , <j}̂ 
and subtended at the centre spot by pairs of 
reflections. These wre compared with the calculated -
values for monoclinic system.

'i ^2^ 2 h observed calculated

h 1 1 0 1 1 0 59° 30' 59° 29'
1 1 0 0 2 0 60° 60° 15'

h 1 1 0 1 1 0 89° 30' 89° 29'31"

The solution of the diffraction pattern based on above 
measurements is given in Fig. 6.5 (b).

This most abundant form of mica, muscovite, 
possesses one other extremely useful characteristic, 
namely its mechanical behaviour. In particular mention may 
be made of its extremely high flexibility and almost 
perfect elastic behaviour until fracture. The origin of the
unique elastic properties of muscovite is not yet known,Î > ^ ' (K̂
however, I some conclusion can be inferred if the mecÜ^isms 
of slip and mobility of dislocations in it are known.
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The literature reveals that the number of investigations 
reported on the dislocations in mica is very few and 
mainly depend on examination by X-rays. Transmission 
electron microscopic studies have rarely been carried out 
on this important subject.

Tolansky and Morris (1947) and Amelinckx (1952) 
used multiple beam interferometric technique. They showed 
that the number of dislocations emerging out of the basal 
planes are indeed very few, and that most of the 
dislocations in muscovite lie and operate mainly in the 
basal planes. The surface study of the{00^ growth form of 
natural biotite (Amelinckx, (1952), first revealed the 
presence of growth spirals. /Further studies (Sunagawa, 
1964) confirmed the existence of such spirals on natural 
phlogopite. Afterwards various kinds of growth spiral 
developing on ĵ OOl} form, at the outcrop of screw 
dislocations, have been observed on hydrothermally grown 
crystals of phlogopite (Baronnet, 1972), and of muscovite 
(Baronnet, Amouric and Chabot, 1972). Amelinckx and 
Delavignette (1961), and Silk and Barnes (1961) almost 
simultaneously published transmission electron microscopic 
studies on muscovite. The first one described straight 
lines lying in the basal plane whereas the other two 
reported hexagonal dislocation networks ending on cleavage 
steps as well as regions of parallel lines emanating from 
these steps (thought to be caused by cleavage preparation) 
Silk and Barnes (1961) also reported moire patterns 
revealing edge dislocation lines emerging on the 0̂0lJ> form
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Also by electron microscopy, Demny (1963) determined Burgers 
vectors of lines lying in the basal plane. 1/2[110],
1/2[110] and [100] are the lattice vectors observed, the 
latter occurring less frequently than the former two.
Will fame and Authier (1966), using Lang's X-ray 
transmission topographic technique, observed that the 
dislocations lying in the basal plane of the muscovite 
frequently changed their directions, forming zig-zag lines.

A theoretical investigation of defects in layerd 
structures by Amelinckx and Delavignette (1961) has shown 
six different possibilities for Burgers vectors lying 
into the (001) plane. They were further explained by 
Caslavsky and Vedams (1970) on the basis that layers in 
mica held together rather weakly by means of K ions, 
located at the centres of the oxygen hexagons. Cleavage 
takes place on this plane; it is natural to expect that a 
slip plane will also be located there, since this is the 
'weak' plane in the structure. The Burgers vector operates 
from a K ion to the nearest one, as shown in Fig. 6.6.

Amelinckx (1961) did not accept the possibility 
of the presence of partial dislocations because of a too 
high stacking fault energy. Caslavsky and Vedams (1970) 
have concluded, from the studies of a number of muscovite 
specimens by Lang topograph, that there exist dislocations 
with the six different Burgers vectors. Those having the 
[100], [110] and [iTo] directions of the Burgers vector 
are the total dislocations and those with the [010], [310] 
and [310] directions of Burgers vector are partial 
dislocations.
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o

= 1/3[010]bj = [100]

bg = 1/2[1101

bj = 1/2[1Î0]

Fig. 6.6. Possible Burgers vectors in (001) plane of 
mica (muscovite), basal oxygen ions of tetra-

b^ = 1/6E310] 

bg = 1/6[310]

hedral sheet potassium ion, three other
potassium ions have been removed from b,, bg and b, 

positions.

The relation between the total and partial dislocations can 
be described by three dislocation reactions:

1/3[010] + 1/61310] = 1/2E110]
1/3E010] + l/6[3l0] = 1/2[iT0]
1/6E310] + 1/6E3Î0] = [100]

gave the explanation for the presence of partial 
dislocations that these dislocations were formed in the
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-tearly history of cry^al formation, probably during the 
growth period, because all the partial dislocations, they 
observed were decorated with impurities. Corny, Baronnet 
and Jourdan (1976) concluded from similar investigations 
that the bundle of dislocation lines appear to be 
associated with stresses induced by quartz inclusions 
entrapped during growth and by misorientations between the 
numerous grains of the crystal core. Earlier described 
defects in micas seem to be due to a slip mechanism 
between adjacent (001) levels, these defects being 
originated by post-growth external stresses of tectonic 
origin and or by specimen preparation damage. If the 
partial dislocations do exist in micas, then it is obvious 
that they will influence the various mechanical properties 
of mica considerably.

The conclusion from the studies so for on defects 
in mica is that these defects have two origins: first, 
defects are frozen from the growth period due to the 
inclusion of impurities and secondly, defects appearing in 
thin sheets are formed during the cleavage process.

In the electron microscope the mica crystals are 
generally bent and show extinction contours, as seen from 
the micrographs in Fig. 6.7, 6.8, 6.9 and 6.10. The 
formation of these contours can be explained by schematic 
construction in Fig. 6.11. If an ideal crystal slab of 
thickness D is bent on a radius R and if it is assumed 
that no local distortion occur, then a first approximation 
to the image is obtained by assuming a continuously
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anes (h k 1)

1

g/l (b)o

0 + SS

Fig. 6.11. (a) Geometrical construction for an ideally 
bent crystals (b) Primary and secondary diffraction 

maxima predicted for the bent crystal.

varying orientation. The geometric construction is shown 
in Fig.6.11 (a). A plot of intensity as a function of 
distance from the primary line is sketched in Fig, 6.11 
(b). On this basis, the electron image for cylArically 
and spherically bent crystals would exhibit parallel 
fringes and concentric, circular fringes respectively 
(Heidenreich, 1949; Amelinckx, 1964). The contours which 
formed due to the bent in crystal, are also called
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inclination contours, are very sensitive to changes in 
orientation; on tilting the specimen they move rapidly 
over the surface. In reciprocal lattice language one can 
say that along the main extinction contour s 0 for the 
considered reflection. On passing the contour s changes 
sign, i.e., the deviation from exact Bragg condition 
changes sense. This is the reason why the contrast for a 
given dislocation changes on crossing over a contour 
(Amelinckx, 1964).

Along the line where the crystal is (r + 1/2) D 
thick (r = integer) The diffracted intensity is maximum 
and a black line will be observed. The result from the 
periodic nature of the transmitted intensity as given by 
the formula

I
sin^ TÏ D s 

® ( TT s )̂

The contours of this type are not very mobile when the 
specimen tilt is being changed. However, their appearance 
and their periodicity is sensitive to which reflection is 

operating. The latter effect can only be explained on the 
basis of dynamical"theory. The difference in foil 
thickness between points where two successive fringes 
occur is equal to an extinction distance . The method of 
measuring foil thickness by extinction contours has been 
given in chapter 2.
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Fig. 6.7 shows the extinction contours all over 
the micrograph, as the bending in the crystal is not ideal 
the fringes are not straight. In the electron microscope 
it was estimated that the electron beam could have 
produced a local heating of 100 to 200 (Cartz and 
Tooper, 1965). As the mica is an insulating material, the 
local expansion due to this thermal effect caused buckling 
in thin sheet of muscovite which produced parallel 
extinction contours as seen in the left half portion of 
the micrograph in Fig. 6.7. The extinction contours are 
disturbed by dislocation lines which appear from the right 
bottom of the micrograph and pass through the extinction 
contours where the contrast changes to produce a zig-zag 
effect.

A micrograph from the edge of a thin sheet of 
muscovite is shown in Fig. 6.8. As mica usually exhibits 
step structure at the edges and shows the thickness 
contours horizontally. Some dislocation lines also have 
been observed on the right side of the micrograph. The 
micrograph in Fig. 6.9 shows horizontal extinction 
contours which are disturbed by two dislocation lines, one 
at right angle and other on a different angle. The 
micrograph in Fig. 6.10 is also from a thin sheet of 
muscovite which shows extinction contours which are curved 
due to variation in thickness caused by the inclusion of 
impurities. The black spots on the micrograph suggest 
clusters of impurities in different regions of the 
muscovite.
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Fig. 6.7

Fig. 6.8
Fig. 6.7 and i.i. nf

showing extinction oontost® disturbed

sheets of muscovite 
dis1ocation 1ine s.
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Fig. 6.9 Zoo v\w%

fig. 6.10 Zôôv^'^
Fig. 6.9, Micrograph of muaoviW thin sheet showiog

dislocation line# crossing the extinction contours. 
Fig, 6.10. Clusters of impurities in mica (muscovitej.
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Phlogopite is an important member of the mica 
group and belongs to the tri-octahedral class of minerals 
with layerd structure. The name is derived from the greek 
phlogopos, fire-like, which refer to the reddish tinge, 
which specimen often display. According to Deer, Howie and 
Zussman (1962), its chemical composition is as follows;

Kg (Mg Fe+Z)^ [sig Alg Ogg] (OH. F)^

with z = 1
Heinrich et all. (1953) suggested that the ratio of
magnesium to iron atoms in phlogopite is greater than two
to one. If the Mg:Fe ratio falls belw 2:1, the mineral is
called biotite. Biotites, however, often have some further
substitution of Al in the octahedral and tetrahedral

cusites. Phlogopites with very little iron, mananese, etc., 
are almost colourless, (generally the more iron-rich 
members of the micas are darker), and like muscovite are 
important ecnomically for their properties of electrical 
insulation.

In phlogopite the octahedral sites of the mica 
structure are completely filled. The most common polymorph 
is IM but 2M and 3T polymorphs sometimes occur. The cell 
dimensions of the most common polymorph IM are as follows: 

a = 0.53 nm b - 0.92 nmQ o
Co = 1.03 nm P ” 100°

Space gr oup : Cm
Phologopite is also prepared synthetically, usually have 
all the (OH) replaced by F, and called fluorophlogotite.
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Zvyagin and Mishchenko (1962), Joswig (1972) and Rayner 
(1974) have studied the natural phlogopite and gave 
various structural details. The synthetic fluorophlogopite 
has been studied by McCauley, Newnham and Gibbs (1973), 
and Takeda and Morosin (1975).

Fig. 6.12 shows the electron micrograph of a thin 
sheet of phlogopite which shows a number of dark clusters 
probably due to inclusion of impurities. As suggested by 
Cartz and Tooper (1965) that phlogopite micas contain 
water up to 4 % by weight and can contain very large 
amounts of occluded gas. The electron beam which can 
produce a local heating of 100°C to 200*C, causing loosely 
held liquids and gases at crystal interfaces and packing 
faults to be relesed rapidly. Water may be present within 
the crystal structure, at rather unstable structural sites 
between the silicate layers (Metsik ,1958), and 
concentrated on defects such as dislocation lines. The 
black spots in this micrograph may be abundant 
precipitates preceded by a mechanism in which brucite-like 
layers replaced T-O-T mica layers or the formation of iron 
oxide within the crystal. The white spots in the 
micrograph are probably the intergrowth of talc lamellae. 
The micrograph in Fig. 6.13 is also from a very thin sheet 
of phlogopite and shows dislocation lines. Bundles of 
dislocation lines, some crossing each other, are visible 
in the micrograph in Fig. 6.14 (a). The diffraction 
pattern in Fig. 6.14 (b) is from the above and indicates 
misorientations in the crystals.
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k
Fig. 6.12

;.6.13
6.12. Micrograph d£y#hlogopite

Oo

clusters of

Fig. 6.13. Dislocation 1 ines;X*>̂  phlogopite
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w

Fig. 6.14 (a) i 6 0 ^ ^

Fig. 6.14 (b)
Fig. 6.14 (a). Micrograph of phlogopite showing bundles 

of disLocation lines. (b) Diffraction pattern 
representing the misorientation in the crystals.
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Biotite is an iron-rich tri-octahedral mica which 
is arbitrarifydifferentiated from phlogopite in having 
Mg:Fe < 2:1. Biotite is named after the mineralogist 
J.B.Biot; many other names have been used to describe the 
members of the biotite group, the more useful of which are 
annite, siderophyllite and lepidomelane. The detailed 
chemical composition of biotite as given by Deer, Howie 
and Zussman (1962), is

^2 (Mg,Fe )^_^(Fe ,Al,Ti)Q_2 [Si^ ^Al2_g02Q] Oq_^OH,F)^_^

From the analyses of more than 200 tri-octahedral micas, 
Foster (1960 a) found that for small amounts of
substitution of Fe'*'̂  for octahedral Mg (less than 0.3-0.4
atoms per 3.0 octahedral sites), charge compensation is 
achieved by an equivalent amount of substitution of Fe"̂ ^
(or Al) for Si in the tetrahedral positions. For large 
amounts of octahedral substitution, however, octahedral 
vacancies become increasingly important as an additional 
method of charge compensation. For most biotites, 
therefore, tetrahedral F#^ is greater than the 1.0 total 
needed to balance the interlayer cation and the octahedral 
cation total is less than 3.00. The maximum amount of
substitution of Fe for octahedral Mg appears limited to
one atom per three octahedral Sites. Foster (1960 a) 
defined biotite as having Mg between 20 % to 40 %, and 
siderophyllite and lepidomelane less than 10 % Mg.

Foster (1964) found that a large percentage of 
tri-octahedral micas have low (OH, F ) values. In some
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cases this can be explained by internal oxidation of Fe 
and a compensating dehydroxylation of OH to 0. Brindley 
and Brown (1980) have given a comprehensive review on the 
structure and substitution in tri-octahedral micas.

X-ray examination of large numbers of single 
crystals of natural tri-octahedral micas has shown that 
the majority crystallize as the IM structure form, and 
only a few as the 3T or 2M^structures (Levinson and 
Heinrich, 1954). A disordered stacking sequence IMd also 
is of common occurrence. Several more complex stacking 
sequences have been identified in biotites (Ross, Takeda 
and Wones, 1966). Hendricks and Jefferson (1939) gave the 
following cell parameters for most common IM polymorph of 
biotite:

a© = 0.53 nm bo = 0.92 nm
Co = 1.02 nm P ” 100

Space group: Cm

A large number of structural refinements have been conduc
ted on tri-octahedral IM micas of varying tetrahedral and 
octahedral compositions.

Fig. 6.15 (a) shows a diffraction pattern of a
.3

single crystal of biotite which was taken at 100 X 10 V 
accelerating voltage with objective lens current 80 mA. 
The camera constant 2 ^  L is 3.09 mm nm (determined from 
the curve in Fig. 3.15 in chapter 3). The print 
magnification is X 3.6, so the total camera constant is 
11.124 mm nm. The indices h k 1 were determined with the
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Fig. 6.13. (a) Diffraction pattern of a single crystal 
of biotite. (b). Its solution.
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same method used for muscovite. The comparison of observed 
and calculated d-spacing is as follows:

d-spacing 
observed calculated h k 1
0.459 nm 0.46 nm 0 2 0
0.451 nm 0.453 nm 1 1 0
0.265 nm 0.264 nm 1 3  0

and the comparison of angles is as follows :

h^k^l^ ^2^2^2 observed calculated

h 1 1 0 1 I 0 59° 59° 7'

h 1 1 0 0 2 0 60° 30' 60° 26'

h 1 1 0 1 3 0 89° 89° 8'.

The solution of the diffraction pattern based on above 
measurment is given in Fig. 6.15 (b).

Fig. 6.16 shows the transmission electron 
micrograph of a very thin sheet of biotite, the extinction 
contours indicate the bent in the sheet. The complexity of 
the contours pattern represents a rather peculiar 
distortion of the crystal such as a dimple in the form of 
clover leaf, local buckling, etc. The sharp changes in 
direction and discontinuties in the contours are hardly 
explained on the basis of simple bending or thickness 
change. Highly localized distortions or orientation 
changes are apparently required in order to explain the
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fine details of these contours. In Fig. 6.17 an other 
micrograph of biotite shows bending in the foil and 
inclusion of impurities. The white marked areas are 
probably the intergrowth of talc layers in the biotite, 
surrounded by brucite layers (which appear as dark lines), 
as described by Veblen (1983).

The 'Newtons ring-like' fringes appeared all over 
the micrograph in Fig. 6.18. (a) which resulted when a 
thin foil of biotite was exposed to strong electron 
irradiation. As describe by Dem*\y (1963) and Cartz and 
Tooper (1965), mica contains a small quantity of gas.
Which collects in bubble-hallows on warming by the 
electron beam. The presence of similar bubbles in mica was 
first observed by Rang (1953 a,b). An illustration of 
these bubbles in mica is given in Fig. 6.19.

Fig. 6.19. The type of bubble (edge view) in thin sheet 
of mica (Rang, 1953 a b).

lijima and Buseck (1978) have described them as "empty 
tunnels" Which occur in regions with lower electrostatic

potentials in successive interlayers.
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Recently Banos, et all. (1983), investigated interlayering 
and interlayer slip in biotite by high resolution 
transmission electron microscopy. They obtained structural 
information on micas having their basal plane parallel to 
the electron beam and reported that limited micro cleavage 
in mica is produced by basal slip in the layer level. They 
observed lens-shaped white spots between successive talc 
and brucite layers and interpreted them as corresponding

oLto the "channels" (low electron density) sitiAed between 
consec/tive close-packed rows of inter layer cations (lijima 
and Buseck, 1978). They made two different suggestions: 
that these spots are due to the micro cleavage of 
unsymmetric shape which has been produced by basal slip, 
or the interstratified brucite sheet has been destroyed by 
ion- electron beam irradiation.

The presence of the electrons beam has a critical 
role in the nucléation of the lenticular flaws in micas.
At room temperature or at higher temperature, the area of 
the specimen under view in the electron beam exhibited 
enhanced bubble nucléation and growth. Cartz and Tooper 
(1965) have given two explanations of this effect on the 
basis that micas contain a limited quantity of water and 
gas. One possibility is that the electron beam promotes 
the nucléation of these features by a charge effect. 
Perhaps ejecting the polar water molecule from 
low-stability sites in the micas. The other possible 
explanation is local hot-spot heating due to the intense 
electron irradiation. At these bubble-shaped hollows or



237

lenticular flaws, parallel moire' fringes were observed 
which together with the transverse Moire' fringes form 
"Newtons-rings"(Demny, 1963).

Fig. 6.18 (b) shows the diffraction pattern of 
Fig. 6.18 (a), which indicates some extra spots, possibly 
due to misorientation caused by interlayer slip. Similar 
observations were found in an other sample of biotite and 
are shown in the micrograph of Fig. 6.20. The micrographs 
in Fig. 6.21 (a) and (b) are the inlargements of the 
selected parts of the micrograph in Fig. 6.20.

Lepidolite is a general name referring to 
lithium-rich aluminous micas of widly varying composition. 
They are a common constituent of many lithium-bearing 
granitic pegmatites. The chemical composition as given by 
Deer, Howie and Zussman (1962) is as follows:

Kg (Li,Al)s_6[Si6_yAl2_i02o] (OH.F)^

In addition to the above substitutions for lepidolite, 
considerable amounts of sodium, rubidium and caesium may 
substitute for potassium, and iron, manganese and 
magnesium may enter octahedral sites. Other ions often 
present in small quantities are: Ca, Ba, Sr, Ga, Nb, Th 
and Ti. Heinrich et al., (1953) have given average content 
of some oxides and fluorine in 26 analysed lepidolites as 
follows: MnO 1.16, LigO 3.77, RbgO 0.54, NagO 0.41 and

F 5.41 percent. The detailed chemical composition in 
lepidolite has been given by Winchell (1927 ,1942),
Stevens (1938) and Foster (1960).
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Fig. 6.16

6.17
. 6.17. Extincti## eofitoux# in # thin sheet of biotite 
. 6.18. Intexgxqwth of talc and other impurities in 
biotite.
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Fig. 6.18 (a)

Lg, 6.18 (h)
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Fig. 6.20

Fig. 6.21 (a)
Fig. 6.20. 'Newtons Ring'-shaped interference fringes

dueto bubble-like bellows in biotite.
Fig. 6.21 (a). Enlargement of the micrograph in Fig. 6.20
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The natural specimens were investigated 
structurally by Hendricks and Jefferson (1939), Levinson 
(1953), Takeda and Donnay (1965) and Ross et al., (1966), 

The common polymorphs given by these workers are IM, 2M 
and 3T. Levinson (1953) reported three polymorphs IM, 6M 
and 3H but Smith and Yoder (1956) said that 6M cell can 
also be described as 2M^ with b^ = 0.53 nm, and the 3H is 
equivalent to 3T. Lepidolites do not crystallize with the 
2M^ structure adopted by muscovites and the 3T specimens 
are comparitively rare. The essential features of 
lepidolite structure are those already described in the 
begining of this section but the way in which the 
tetrahedral and octahedral sites are occupied, shows it to 
be intermediate between the di-octahedral and tri-octa- 
hedral types.

The most common polymorphs IM and 2M2have 
following unit cell parameters.

1M:~ Sq = 0.53 nm b^ = 0.92 nm
c„ = 1.02 nm B = 100

Space group: Cm or C2/m
and

2M 2:- a^ = 0.92 nm b^ = 0.53 nm
c_ = 2.00 nm B = 98o

space group: C2/c .

Fig. 6.22 (a) shows a micrograph of a thin sheet of 
lepidolite which represents a number of dislocation lines.
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These dislocations are possibly due to the inclusion of 
impurities which indicated by dark regions in the 
micrograph. The white regions are due to the intergrowth 
of talc layers. Its diffraction pattern is shown in Fig. 
6.22 (b) which indicates slightly misoriented grains in 
the crystal.

6.3 Application of Mica Thin Sheets as a Substrate.

The importance of electron-transparent substrates 
in the study of nucléation and growth by transmission 
electron microscopy has been explained in chapter 2. Mica 
is a well-investigated epitaxial substrate material. The 
deposition of metals on mica in particular has been 
studied in the past in consideable detail. Enrique 
Grunbaum (1975) has given a list of workers who used mica 
as a substrate.

Apart from the easy cleavage and electronic 
transparency^ the mica substrate exhibits good adhesion 
for metal particles. To discuss the adhesion properties of 
mica at cleavage, let us consider the structure of mica 
and its perfect cleavage at With reference to Fig.
6.3, the cleavage occurs along (001) plane where a 
monolayer of potassium ions separates the sheets. These 
ions form a hexagonal array and upon cleavage it is 
believed that they are distributed equally between the 
newly-created surfaces, so that a cleaved face would 
contain half a monolayer of potassium ions on the average.
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Because no extra spots are observed in the low energy 
electron diffraction patterns from cleaved mica surfaces, 
Muller and Change (1968) concluded that potassium must be 
distributed randomly. Beneath the surface potassium, lies 
a layer of negatively charged oxygen ions and ordered in 
an hexagonal fashion. These hexagons are somewhat distorted 
leading to a slightly puckered (001) surface. In the third 
layer from the surface potassium, a quarter of the sites 
are occupied by Al^^ ions and the remainder by Si^^ ions 
(the deficiency of positive charge being compensated by 
the potassium ions on the surface). No ordering of 
the aluminium ions in the hexagonal lattice positions 
associated with the third layer has been observed 
(Radoslovich, 1960).

The cleavage mechanism is particularly 
interesting for single crystal mica. When sheets are 
initially separated, positively and negatively charged 
sites lie opposite One another and there is a resulting 
electrostatic attraction, although each resulting section 
may be electrically neutral especialy macroscopically. 
Assuming that the major part of the surface energy arises 
from these coulomb interactions, Gaines and Tabor (1956) 
calculated that the surface energy of mica in vacuum would

_ o
be 2875 erg cm . Bryant (1962) measured a cleavage

0 Ienergy of 10250 erg cm for mica in ultrahigh vacuum.
However, if the surfaces w e r e  separated for the first time

“2in air, the measured cleavage energy was only 300 erg cm 
(Higginbotham, Williams and McEvoy, 1975).
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Higginbotham, et al., (1975) in experiments on 
the adhesion of gold on mica, examined the cleaved mica 
surfaces using the potential probe, and established that 
the surface charge varies significantly from region to 
region. The sign could be positive or negative and they 
concluded that the regions with dense charge of either 
sign corresponded to the area of strong adhesion. The 
origin of the forces binding the metallic film to cleaved 
mica surfaces may be van derWaals interactions, chemical 
interactions and electrostatic forces. The chemical 
interactions include covalent, ionic and metallic bonding, 
The arrangements of atoms on a mica cleaved surface is
shown in Fig. 6.24. o

o

(0

PotassiumO  Oxygen
vacnt potassium sites

Fig. 6.24. The surface structure of cleaved (001) mica 
The potassium ions are arranged randomly.
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It is assumed that metal films (usually gold 
films because it was used by majority ofXinvestigators) 
make intimate contact with thin surface and that the sites 
for the strongest adhesion of the metal ad-atoms are those 
situated between the potassium ions, i.e., oxygen sites 
and vacant potassium sites. Initial metallic nucléation 
has been discussed in this way by Allpress and Sanders 
(1967). Harrach (1974) has investigated theoretically the 
adsorption energies of gold ad-atoms on the various 
surface sites shown in Fig. 6.24. Taking into 
consideration van derVaals interaction and induction 
components he showed that the strongest adsorption occurs 
on vacant potassium sites.

Vacuum decoration provides a means of examining 
the relief and structure of crystal surfaces at the 
molecular level (Bassett, 1958). In the present work, very 
thin (less than 5 nm) gold film were evaporated on the 
cleavage faces of muscovite and biotite. Fig. 6.25 (a) 
shows a micrograph of evaporated gold on muscovite 
representing the oriented growth as indicated by its 
diffraction pattern in Fig. 6.25 (b). The size of gold 
nuc1ie in the micrograph is between 4 nm and 7 nm. Fig.
6.26 (a) shows the micrograph of gold decoration on 
biotite in vacuum. A few step decorations are observed 
otherwise the gold particles are distributed evenly on the 
mica surface. Its diffraction pattern is shown in Fig.
6.26 (b). The results of these experiments indicate that 
the mica surfaces are smooth and ideal for nucléation and 
growth studies.
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Fig. 6.25 (a) o o

ig. 6.2?
Fig. 6.2?. (a) Gold decoration on muscovite.

(b) The dif#*actlG% pattern of gold decoration
on musCOvite.
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Fig. 6.26 (a)

. 6.26
6.26. (a) Gold decoration on biotite 
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6.4 Experimental Preparation and Procedure.

Most of the alkali halides are hygroscopic, 
therefore, it is vital to avoid the effects of atmospheric 
water vapour when making transmission electron 
microscopical studies of the early stages of nucléation 
and growth of these materials. In the past a few 
investigators used the in situ technique for this purpose 
(Koch and Vook, 1972; and the reviews by Pashley, 1965a; 
Poppa, 1975; Butler,1979), but it has its own problems.
In the present work the transport chamber, discussed in 
chapter 3, has been used and by the use of electron 
transparent substrate (thin sheet of mica), transmission 
electron microscopy of the alkali halides has been made 
possible.

The thin sheet of mica (muscovite and / or 
biotite), between a folded electron microscope grid, was 
prepared by the method described in section 6*2, and was 
carefully put inside the specimen holder which used with 
the transport chamber. The holder was then attached to the 
manipulating system in the transport chamber, inserted 
into the intermediate chamber (see chapter 3) and fixed on 
a stainless steel jar which is placed on the vacuum unit. 
The whole assembly is shown by a schemetic diagram in Fig.
4.1 in chapter 4. A simple boat of folded tungsten was 
used to evaporate the alkali halides under the following 
experimental conditions:
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1. Residual gas pressure, during the deposition, 
less than 10~^bar.

2. Temperature of the substrate is 20°C (room 
temperature) or otherwise stated.

3. Deposition rate is nearly 1 nm sec~^.

After deposition the sample was transferred into the 
electron microscope without exposure to the atmosphere.
The detail of the transfer procedure has been given in 
chapter 3. The deposits of this kind are referred to as 
the growth from the vapour phase and called "unexposed 
deposits".

In the second series of experiments, the alkali
halides deposits were exposed to the atmosphere or moist
air before being observed in the electron microscope. A
hygroscopic alkali halide deposit absorbs water from the
atmosphere and forms drops of solution on the substrate
surface. In side the electron microscope the water
evaporates and recrystallization occurs. Therefore, the
crystals form in this kind of experiment are referred to
as crystals grown from solution. This method of preparing
alkali halide crystals from solution was used by Schulz
(1951) for the first time. The observations in the electron
microscope were made by transmission electron microscopy

3and selected area electron diffraction at 100 X 10 volts, 
accelerating voltage. The materials used in the present 
work are Csl, CsCl, CsBr and CsF.
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6.5 Observations and Discussion.

Examination in the electron microscope of the 
deposit of alkali halides used, on the substrate of mica 
with average thickness between 10 nm and 20 nm revealed 
that they grow with a veriety of orientations depending on 
the overgrowth-substrate combination and experimental 
conditions. In most cases, at room temperature unexposed 
deposits consist of small crystallites situated randomly 
in nearly continuous films. Their diffraction patterns 
show them to be mostly polycrystalline. At higher 
substrate temperature large clusters without any 
recognisable crystallographic shape, but with some 
internal ordering as indicated by their diffraction 
patterns, are formed.

In exposed deposits or growth from solution, 
large clusters with diferent sizes, depending on the 
thickness of unexposed deposits and the length of 
exposure, have been observed. They also have some definite 
orientation with the substrate surface. Island structure 
and some very large crystals are also observed in a few 
cases. Due to these variation in growth, it is necessary 
to discuss each deposit-substrato combination separately.

6.5.1 Csl on Biotite.

Fig. 6.28 shows a micrograph of evaporated Csl on 
biotite at room temperature and observed in the electron
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microscope before exposure to the atmosphere. The deposit 
thickness is nearly 10 nm and consists of large number of 
crystallites with lateral dimensions between 5 nm and 40 
nm. The small crystallites without any particular 
crystalj^raphic shapes are likely to be stabilized nuclei 
and larger ones are due to the coalescence of these stable 
nuclei and multilayer condensation. The distribution of 
nuclei is not uniform on the substrate surface because the 
cleavage surface of mica contains some step structures as 
revealed by gold decoration. Initial nuclei migrate over 
the surface until they stop by a step on the surface. The 
uncovered areas caused by the migration are covered by 
further nucléation.

Another micrograph from a 20 nm thick unexposed 
deposit of Csl on biotite at room temperature is shown in 
Fig. 6.29 which shows the large clusters of overgrowth 
with dimensions from 40 nm to 80 nm. They are mainly due 
to the multilayer condensation and coalescence of the 
small nuclei. The micrograph in Fig. 6.30 (a) is also from 
an unexposed deposit of Csl on biotite and consists of 
large clusters which are randomly situated as indicated by 
its diffraction pattern. The rings in diffraction pattern 
show that the overgrowth is polycrystal1ine and there is 
no particular orientation between the substrate and 
overgrowth. The discontinuity in some rings indicate the 
presence of fewer and larger clusters or in other words 
some crystallites have a weak orientation. This 
orientation is [111] normal to the substrate surface and
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Fig. 6.30 (a) oe>

. 6.30 
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Fig. 6.31 (a)

^ 6.31 
Fig, 6.31* (a), B#

at room

»i deposit of Csl grown on biotite 
. Cb) Its diffraetion pattern.
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{lio} and {211^ planes of the crystallites in overgrowth 
produce strong reflections.

Similar observations were obtained from another
0Ad \OVnsample of Csl, about 15 nm thick,Aon biotite when examined 

before exposure to the atmosphere (Fig. 6.31, a). This 
shows small crystallites with dimension between 7.5 nm and 
25 nm, situated randomly on the substrate surface. As 
biotite gives strong reflections from certain planes such 
as (200), (400) and (600), the reflected beams from the 
substrate due to these planes act as primary beams with 
respect to the overgrowth which is on the bottom side of 
the substrate and produced secondary diffractions as shown 
in Fig. 6.31 (b).

When the substrate was heated up to 200 °C and 
then Csl evaporated on it, in the unexposed deposit, the 
overgrowth formed clusters without any particular 
crystallographic shapes. These clusters have sizes ranging 
from 25 nm to 100 nm as shown in the micrograph of Fig. 
6.32 (a). Some of these clusters are linked to each other 
and form an island-like pattern on the substrate surface. 
The phenomenon of the growth of these clusters can be 
explained by the liquid-like coalescence of the initial 
nuclei as described by Pashley et al., (1964) for the 
growth of gold and silver deposits by evaporation inside 
the electron microscope. In the case of Csl deposited on 
biotite at 200 ^C, the initial stable nuclie are nucleated 
themselves on preferred sites on the substrate surface. 
These preferred sites are provided by the K ions
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(or lack of K ions) on the cleavage surface of mica as 
described in the cleavage procedure.

The orientation of the overgrowth can be 
determined from the diffraction pattern shown in Fig. 6.32 
(b). This has two intense spots, marked A and B, 
corresponding to jllO^planes of overgrowth, on either side 
of the spot correspond to (130) of the substrate. This 
indicates two equivalent orientations usually known as 
double-positioning. The common factors of these two 
orientations is that the (111) planes of the overgrowth 
are parallel to the (001) plane of the substrate. Further 
explanation of these orientations and the atomic fitting 
between the contact planes of the Csl and biotite will be 
discussed later in this section.

After nucléation, the nuclei grow laterally until 
coalescence with the neighbouring nuclei commences. The 
coalescence occurs rapidly in a liquid-like manner and 
newly- formed nuclei cover less substrate area than the 
previous two (Pashley et al., 1964). In other words the 
liquid-like character of the coalescence leads to an 
increase in the uncovered area of the substrate. Secondary 
nucléation occurs either directly on the previous 
coalesced nuclei or between the two and coalesces with any 
one to form large clusters which may touch each other and 
form islands. These islands are not well-oriented. The 
diffraction pattern shows a large number of extra spots 
which do not indicate any recogniëable orientation.



259

%#« 0

M u# »
Fig. 6.32 (a)

X.» OVvvw%

. 6.32 (b)
6.32. (a).
at 200 *C. (6) teg 4i

it of Csl growh on 
pattern.



4

"2_o OUVVCA



260

1
n

% 8 OFig. 6.33

Fig. 6.34 
ig. 6.33 and 6. 
biotlbe at to## 
and ti@e#

of Csl grown on
Êmpôëit tîiickn#®^- 10 nm 

10 miiEptas and 30 minutes respectively



%

o 'AVIA



261

When a thin layer of Csl was deposited on biotite 
substrate and then exposed to the moist air, sufficient 
moisture condensed on the deposit to dissolve it. When the 
sample was transferred to the electron microscopethe water 
evaporated and the salt recrystallized. Fig. 6.33 shows 
the micrograph of a 10 nm thick deposit of Csl on biotite 
evaporated at room temperature and exposed to the 
atmosphere for 10 minutes. Three dimensional plate-like 
crystals without any recognizeable shape were formed 
all over the substrate surface. A possible objectiûv> to 
this method might be that all the original deposit formed 
from the vapour did not dissolve and therefore the growth 
from solution began around incomplet^-^ dissolved 
crystals acting as nuclei. When a deposit of the same 
thickness was exposed for 30 minutes and then observed in 
the electron microscope the resulting micrograph (Fig. 
6,34) shows a few large round-shaped clusters. This length 
of exposure caused more water to be condensed on the 
deposit making it more likely that the whole deposit would 
be dissolved to form large drops of solution which, upon 
recrystallization form large clusters.

Fig. 6.35 (a) shows a micrograph of a 5 nm thick 
deposit of Csl grown at room temperature and exposed to 
the atmosphere for 5 minutes. 'Small round clusters are 
formed which are well-oriented on the substrate as 
indicated by the diffraction pattern in Fig. 6.35 (b). To 
determine the orientâtion from the diffraction pattern it 
is heCesSoLy^ to consider the diffraction pattern from
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biotite alone (Fig. 6.14) and its indexed solution (Fig. 
6.36).

# * * #
060 150 240 330

éry 110 220 330

310 200 iro
. . . . ^1=59°

310 220 130 040 150 (6= 59° 30'

330 240 I50 060 «i,= 89°
2 

'3
Fig. 6.36. Indexing of the diffraction pattern 

of biotite normal to [001].

Every spot of the diffraction pattern when connected to 
the centre of the diffraction pattern is a vector in the 
reciprocal space with the following properties:

a. It is perpendicular to a set of parallel and 
equidistant planes of the crystals in real space.

b. The length of the vector is inversG^ proportional 
to the distance between the planes responsible for 
the reflection.

The mica sheet is a hexagonal net of linked tetrahedral 
groups. Fig. 6.37 reproduces a projection on a plane 

parallel to a and b .
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r a

* Silicon O  Oxygen Hydroxyl

Fig. 6.37. The projection of a generated sheet of 
mica parallel to _a and ^  plane. The unit cell 

is shown by broken lines.

The projections of the potassium ions on a plane parallel 
to _a and ^  coincide with the projections of the hydroxyls. 
Since here we are concerned with the cleavage faces, the 
hexagonal net of Fig. 6.37 is repeated in Fig. 6.38, while 
hydroxyls are replaced by potassium atoms and oxygen atoms 
are omitted for convenience. In Fig. 6.38 two hexagonal 
nets can be distinguished: one large hexagon connects the 
potassium-atom sites in the cleavage plane. The other 
small hexagon network connects points located at the 
centres of the triangles of the large network and 
representing the projection of the silicon atom positions.
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0.53 nm

0.92 nm ' >ffO. 306 nm

« Silicon O  Potassium.

Fig. 6.38. The projection of potassium and silicon 
atoms of biotite on the cleavage plane.

This projection is from the cleavage surface of biotite 
i.e., sheet of linked tetrahedra upon which the structure 
of biotite is based. Although it has perfect hexagonal 
symmetry, this symmetry is lost when two are opposed to 
form a double sheet linked by Mg or Fe. The potassium 
atoms lie at the centre of each hexagon but since they are 
not opposite one another, owing to the close packing true 
hexad axes cannot be common to a pair of sheets. The

staggering lowers the symmetry to monoclinic.
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Fig. 6.35 (a)

Fig. 6.35 (b)
. 6.35 (a), 
at room temarature. 
exposure time 5 minutes

of Csl grown on biotite 
thickness = 5 nm and
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So in the diffraction pattern the nearest six spots are 
not at the same distance from the origin, two belong to 
the parallel planes with separation 0.46 nm in real space 
and four to those separated by 0.454 nm. The indices for 
these sets of planes are{020}and {lio} respectively.
These planes pass through the potassium atoms and 
perpendicular to the sides of silicon network i.e., the 
bases of the triangles in Fig. 6.38. Similarly the second 
nearest six spots with a separation of 0.264 nm for^lSO^ 
set of planes and 0.261 nm for ^20oj set of planes. These 
planes pass through the silicon atoms and perpfndicuar to 
the bases of the triangles formed by the sides of 
potassium network.

{200]200 220220

130130

ÎIO 110

820OiO 040020
1Ï0 130110

130

220 220
200

Biotite OCsI * Frabably CsF

. 6.39. Schematic representation of the diffraction 
pattern from exposed Csl on biotite (in Fig. 6.35 b).
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In the light what has been said so for, it is 
possible to discuss the orientation of Csl on biotite.
Fig. 6.39 shows the schematic representation of the 
diffraction pattern in Fig. 6.35 (b). In this diffraction 
pattern there are 12 spots on the£llO^ ring reflected 
from the overgrowth and indicate double positioning of Csl 
with [111] normal to the substrate surface. This means 
(111) planes of the both positions are parallel to the 
(001) mica surface at the interface. The two positions are 
rotated with respect to each other by 30*. The distance 
between the nearest neighbours in (111) plane for 
CsCl-like structure is a/?. Thus for Csl with a*, = 0.4562 nm, 
this distance is 0.645 nm as shown in Fig. 6.40.

0.645 
nm ,

(111)

(111)

Ï101 [110]^ [110]

Position I Position II

Fig. 6.40. Plan view of two [111] orientations of
Csl on biotite.
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The network containing this length does not exist in the 
cleavage surface of biotite, so there is no exact-fit for 
all the overgrowth atoms on the atoms of the substrate.

In the diffraction pattern of Fig. 6.35 (b) there 
are two spots with separation 0.456 nm and six spots with 
separation 0.229 nm, which correspond to «{̂ lOO"̂  and <̂ 200̂  

sets of planes in Csl respectively. This indicates two 
orientations: one is (001) of Csl parallel to (001) of 
biotite with [100] of the overgrowth parallel to [100] 
direction in biotite and the second one (001) of the 
overgrowth parallel to (001) of the substrate with the 
[100] direction of the overgrowth parallel to [130] 
direction in substrate. The spacing of nearest neighbours 
in the (001) plane of Csl is 0.4562 nm, which is nearly 
half the spacing of the large network in the biotite 
surface network, so there should be some exact-fit between 
the atoms of the two materials. These orientation might 
occur during the recrystallization process.

There was also observed four very faint spots 
with separation 0.605 nm which do not correspond to any 
set of planes in Csl or biotite and are not observed in 
any individual diffraction pattern of either material.
They probably belong to CsF, the unit cell of which has 
edge length 0.6008 nm. As biotite centaines some fluorine, 
there could be a reaction with the overgrowth to form CsF, 
because at this scale of a few nanometers of deposit the 
chances of chemical reaction cannot be ignored.
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Fig. 6.41 (a) o v\'

Fig. 6.41 (b) 
ig, 6.41 (a), 
at 200 *0 .
10 mimitei.

of Csl grown on biotite 
=: 10 nm and exposure time 

Its diffraction pattern.
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Fig. 6.43 (a)

Fig. 6.43 
. 6.43 (a). dApeelt of Csl grown on biotite 

sit tkiofentts " 20 nm and exposure time 
30 minut»@. Cl). Its diffraction pattern.
at 200%.
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When a 10 nm film of Csl was deposited on biotite 
and exposed to the atmosphere for 10 minutes large 
clusters of deposit were formed. Most of them were linked 
to each other forming islands as shown in the micrograph 
of Fig. 6.41 (a). These clusters are well-oriented on the 
surface of biotite as indicated by its diffraction pattern 
shown in Fig. 6.41 (b) and projected in Fig. 6.42.

3Ï0 310

220 202220
Oil

C = _ 130/ n o
220 ç(no

110
020 040 ■̂ [010] biotite020

Viol
040

[llO]Csl130 1Ï0 110 y  130

. Oil .
200 220220

^10 310

•Biotite [001] O C s I  [ 1 1 1 ]

Fig. 6.42. Projection of the diffraction pattern from 
exposed Csl on [001] biotite grown at 200 ̂ C.

As seen from the above diffraction pattern there is single 

orientation of Csl with [111] normal to the substrate



271

surface i.e., (Ill) plane of Csl is parallel to the (001) 
of the biotite with [110] of Csl making an angle of 15* 
with [010] of biotite.

In another experiment where a 20 nm film of Csl 
was deposited on biotite at 200 *C and exposed to the 
atmosphere for 30 minutes, the deposit formed large 
islands separated by channels and covering most of the 
substrate surface as shown in Fig. 6.43 (a). A number of 
lens-like loops were observed on the islands, some have 
fringes around them. The probable explanation of these 
loops is as follows: During exposure the deposit absorbed 
water from the atmosphere and form a solution. Although
this water from the solution evaporates in the electron

(Xmicroscope, perhapsjsmall quantity of wate^ trapped 
between the deposit and the substrate surface,could cause 
lenticular flaws or bubbles in the film which are 
responsible for these loops. This island structure is also 
well-oriented on the surface of biotite as indicated by 
the diffraction pattern shown in Fig. 6.43 (b).

The orientation of the overgrowth is [001] normal 
to the substrate surface which can be stated as (001) 
plane of the deposit is parallel to (001) of the substrate 
with [100] of the deposit parallel to the [100] of the 
substrate. The likely exact-fit of the atoms of the 
overgrowth and the bstrate is given in Fig. 6.44. As 
shown in Fig. 6.38, in the biotite surface ther are two 
networks: potassium and silicon, and they are not on the 
same plane. So there is possibility that negatively
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le— 0.5 3 nm— 1
k— 0.45 6—  ̂

nm ! [110] Csl

310] biotite

0.306
0. 92 nm I nm

Potassium sites O  Iodide ion ®  Cs ions

Fig. 6.44. A possible configuration of (001) plane 
of Csl with respect to the atomic arrangement

of biotite.

charged I"ion fit on the potassium ions above the 
potassium network plane and Cs^ ions are locate beside the 
silicon atoms because it is possible that the potassium 
atoms on the sites marked A, B, C and D are vacant during 
cleavage process which allow the Cs to place themselves 
near that Sites. This orientation is confirmed, because 
the angle between [110] of biotite and [110] of Csl in the 
diffraction pattern and in the above configuration is the

same.
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Fig. 6.45 (a) 2.0 0  MU\A

Fig. 6.45 (b)
. 6.45 (a). Unexposed 
muscovite at room

of Csl grown on 
(thickness = 15 nm)
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Fig. 6.46 VSWS

o  V\w\
Fig. 6.47

Flg. 6,46 and 6.47. deposits of Çsl grown on
muscovite at 150 *C (thickness = lo nm and 15 nm
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6,5.2 Csl on Muscovite.

The difference between biotite and muscovite is 
not great so for as the (001) cleavage face is concerned. 
The lattice parameters along ^  and ^  are 0.53 nm, 0.92 nm 
and 0.519 nm, 0.904 nm in biotite and muscovite 
respectively. However the c-axis spacing in muscovite is 
vseorly twice that in biotite because the most common 
polymorph of muscovite is 2Mi. The growth of'Csl on 
muscovite is nearly the same as that on biotite discussed 
in 6.5.1, differences only occurring when orientations 
other than [001] of muscovite are taken into account.

Fig. 6.45 (a) shows a micrograph of a 15 nm 
deposit of Csl on moscovite before atmospheric exposure. 
There are a number of small platelet-like crystallites 
formed in a nearly continuous layer of deposit. As 
observed by a number of investigators, alkali halides form 
a continuous film on mica for a deposit thickness between 
5 to 10 nm (Tavassoli, 1978). The dark crystallites in the 
micrograph are either multilayer nucléation or the early 
nucléation on the vacant sites of potassium atoms due to 
the cleavge process. Some of these crystallites appear 
hexagonal in shape, indicating the probability of 
preferentional nucléation on the grooves in the muscovite 
surface formed by the lack of potassium atoms (Green,
1971; Koch and Vook, 1972). The diffraction pattern of 
this deposit is shown in Fig. 6.45 (b), the indexing of 
which indicates that the substrate is tilted through an
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angle of 23 with respect to the electron beam, as the 
present orientation of muscovite is normal to [312], (The 
cleavage plane of mica is (001) and the angle between 
[001] and [312] in monoclinic system is 23° 18'). The 
overgrowth does not show any specific orientation as there 
is only a few weak reflections corresponding to the 
overgrowth. Some intense spots on the ^211^ ring indicate 
that probably there is a [111] oriev'tCLtrvon*

When Csl was deposited on muscovite at above room 
temperature it formed clusters on the substrate surface. 
Fig. 6.46 shows the micrograph of a 10 nm thick deposit of 
Csl on muscovite grown at 150 °C and was observed before 
exposure to the atmosphere. A large number of clusters are 
formed all over the mica surface, some of these clusters 
are square shaped but most of them are circular. The sizes 
also vary between 25 nm and 200 nm. The 'square' crystals 
have side lenghs between 70 nm and 125 nm. The central 
parts of these crystals are thicker than the edges, which 
indicates that the nucléation started at the centre, on a 
preferred site on the substrate surface. The crystals are 
probably built up around the previous nuclei. These 
preferred sites are formed either by potassium atom
vacancies formed during cleavage or by water molecules

coproduced in the mica lattice by local reversible ration
of structural OH groups at higher temperature (Gaines and
Vedder, 1964). These water molecules accomulate at defect
sites and participate in the formation of lenticular flaws
observed in some heated micas. When the deposit thickness
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was increased from 10 nm the clusters coalesced due to 
further nucléation between the spaces of previous 
clusters, and formed island structures. This is observed 
in the micrograph of Fig. 6.47, which is from a deposit of 
Csl with thickness nearly 15 nm on muscovite grown at 150 
“C and observed before atmospheric exposure.

Fig. 6.48 (a) shows a 10 nm thick Csl film
deposited on muscovite at 150*C and examined before
atmospheric exposure. The crystals formed on the surface
of the substrate are mainly circular in shape and some of
them are rectangular, in shape. These crystals are well
oriented on the substrate as shown in Fig. 6.48 (b). The
orientation is rather complicated. The substrate is
oriented normal to the [532] as indicated by its indexing.

oThis mean the (001) cleavage plane is tilted 45 with 
respect to the electron beam (The angle between [001] and 
[532] in the monoclinic system is 44 50'). The spots in 
the diffraction pattern corresponding to the overgrowth 
indicate a mixed orientations of [001] and [Oil]. The 
crystals with [001] orientation have<{ll^ planes of the 
overgrowth parallel to the (001) plane of the substrate 
and those with [Oil] have^001^planes parallel to the (001) 
plane of the substrate. The first orientation is shown in 
Fig. 6.49 in which the iodide ion at the centre of the 
(110) plane lies on the potassium atom, and the corner Cs^ 
ions which are on the same plane lie in between two 
potassium atoms (or potassium vacant sites). The second 
orientation with (001) of the deposit parallel to (001) of
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the substrate is similar to that shown in Fig. 6.44 of Csl 
on biotite.

 -0.645 nm.
f 0. 5T3-
1 nm

,0.3Qi
nm0.904

nm

• Potassium sites Q  Iodide ion @  Cs ions 
Broken lines represent the silicon network 
and thick lines show the(110) plane of Csl.

Fig. 6.49. A possible configuration of (110) plane of 
Csl with respect to atomic arrangement of muscovite.

When the deposit of Csl on muscovite was exposed 
to the atmosphere it absorbed water and made tiny droplets 
of solution. In the microscope, water evaporated leaving 
behind clusters of crystals. Fig. 6.50 shows the micrograph 
of a 20 nm deposit of Csl on muscovite grown at room 
temperature and exposed to the atmosphere for 30 minutes. 
Clusters of various sizes are formed, the larger clusters
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Fig. 6.48 (a)

Fig. 6.48 (b)
. 6.47 (a). Unexposed deposit of Csl grown on
muscovite at 150 *C (thickness = 10 nm).
(b) Its diffraction pattern.
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#

Fig. 6.50 Xc>0

Fig. 6.51
/ooo

Fig. 6.50 and 6.51. Exposed deposits of Csl grown on 
muscovite at room temperature. Deposits thicknesses 
20 nm and S- nm, and exposure time 30 minutes and 
minutes respective1y ,
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apparently being formed by the coalescence of small clusters 
Similarly when a 5 nm layer of Csl on muscovite exposed to 
the atmosphere for 5 minutes, small crystals with square 
shapes are formed as shown in Fig. 6.51.

Fig. 6.52 (a) shows a 10 nm layer of Csl on
muscovite exposed to the atmosphere for 10 minutes,
forming an island-structure film all over the substrate
surface. The white areas in the islands are probably due
to the re-evaporation of the material under electron
bombardment in the microscope. The coalesced nuclei in the
island structure have a variety of orientations as
indicated by the diffraction pattern in Fig. 6.52 (b).
There are 12 spots with separation 0.323 nm representing
the two [111] orientations of Csl on muscovite surface
rotated by 30°with respect to each other. The (111) planes
with these two positions in Csl have been shown in Fig.
6.40 (section 6.5.1). As the cell size in the (111) plane
of Csl differs considerably from any network length on the
cleavage surface of muscovite, there is no exact fit
between the atoms of overgrowth and of the substrate. This
results in an angular orientation and <{̂ 110̂  sides of

oboth [111] orientations make an angle of 15 with the sides 
of small and large networks on the surface of muscovite.
In the diffraction pattern there are . four spots with 
separation 0.456 nm which must be reflected from^lOC)} 
planes of Csl indicating [001] orientation with the (001) 
plane of the overgrowth parallel to the (001) of the

substrate.
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When the deposit of Csl on muscovite grown at 150°C 
were exposed to the atmosphere, similar results were 
obtained. Fig. 6.53 shows a 10 nm thick deposit of Csl on 
muscovite grown at 150 *C after exposure to the atmosphere 
for 15 minutes. Some circular clusters and large number of 
square-shaped crystals are formed. These crystals have 
some regions thicker than others, usally the centres of 
the crystals. The likely explanation of this is that the 
nucléation in a drop of solution, formed by the water 
vapour condensation on the deposit, starts at a prefer 
site. This nucléation decreases the concentration of the 
solution and later-grown crystal is thinner. Fig. 6.54 
shows the island-structure film formed when a 15 nm layer 
of Csl on muscovite grown at 150 %  is exposed to the 
atmosphere for 30 minutes.

In another experiment where a deposit of Csl of 
10 nm thick was exposed to the atmosphere for 10 minutes, 
fewer large clusters were formed (Fig, 6.55 a). The small 
black specks are might be the undissolved nuclei of the 
overgrowth which are not oriented on the substrate and 
which give rise to very fcu-nt rings in the diffraction 
pattern shown in Fig. 6.55 (b). The observed orientation 
from this diffraction pattern of Csl is [001] normal to 
the substrate surface with the (001) plane of the 
overgrowth parallel to the (001) plane of the substrate 
and [100] direction in the overgrowth parallel to the 
[100] direction in the substrate. This orientation is 
shown in Fig* 6.56.
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Fig. 6.52 (a)

Fig. 6.52 (b) 
. 6.52 (a). 

mmsccvite aft
of Csl grown on 
(thickness = 10 nm and 

lintites). (b) Its diffraction pattern
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Fig. 6.53

Fig. 6.54
Fig. 6.53 #.54.
mu#eovite at 150

»#### t■ 15 mm, # 
r.e
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of Csl grown on 
thlckme#### = 10 nm and 

15 minutes and 30 minutes
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$ #
Fig. 6.55 (a)

Fig. 6.55 (b)
ig. 6.55 (a). Exposed deposit of Csi grown on 
muscovite at 150 ®€ (thickness = 10 nm and exposure 
time 10 minutes). (b) Its diffraction pattern.
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4^010] muscovite

->[100] muscovite

• Potassium sites Q  Iodide ion #  Cs ions 
Broken lines show the silicon network and the heavy 
lines show the sides of the (001) plane of Csl.

Fig. 6.56. A possible configuration of [001] 
orientation of Csl on muscovite grown at 150*C 

(exposed deposit).

6.5.3 CsCl on Biotite.

Unexposed deposits of CsCl on biotite at room 
tenperature are similar to those of Csl on biotite i.e., 
they consist of small crystallites situated randomly on 
the substrate surface. Hpwever, the exposed deposits form 
clusters and sometime single crystals as shown in Fig. 
6.57 and 6.58.
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Fig. 6.57 shows a 15 nm deposit of CsCl grown on 
biotite at room temperature and exposed to the atmosphere 
for 10 minutes. Large clusters with average diameter 140 
nm are formed, Some of these clusters have coalesced to 
form large clusters. Fig. 6.58 shows a single crystal of 
CsCl formed when a 10 nm deposit of CsCl on muscovite 
grown at room temperature was exposed to the atmosphere 
for 30 minutes. For this length of time the deposit 
absorbed sufficient water from the atmosphere to dissolve 
completely and form a single large drop of solution. In 
the electron microscope the water evaporated but due to 
the relatively greater quantity of water the time of 
evaporation is longer than that for a large number of 
small drops. The crystal formed in this process is similar 
to those formed from the solution on cotinuous carbon 
support films or in the holes of carbon support films as 
disscused in capter 2.

In another experiment when a deposit of CsCl 
nearly 10 nm in thickness was exposed to the atmosphere 
for 15 minutes, the clusters of the overgrowth formed all 
over the substate surface (Fig. 6.59, a). The spots 
reflected from the overgrowth in the diffraction pattern 
(Fig. 6.59, b) are either faint or not on any geometrical 
line corresponding to a cubic crystal pattern, which means 
there is no recognisable orientation occurs.

When CsCl is deposited on biotite at 200°C and 
observed before atmospheric exposure, the result is 
different from that obtained from a similar deposit of Csl
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Fig. 6.57

#

Fig. 6.58
Fig. 6.57 and 6.58. Exposed deposits of CsCl grown on
biotite at room temperature. Deposits thicknesses = 15 nm
and 10 nm, and exposure time 10 minutes and 30 minutes 
rei
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2_£>OVN
Fig. 6.59 (a)

Fig. 6.59 (b)
Fig. 6.59 (a) Exposed deposit of CsCl grown on

biotite at room temperature (thickness = 10 nm and 
exposure time 15 minutes), (b) Its diffraction pattern
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Fig. 6.60

4 T-
Fig. 6.61
6.60. Unexposed
6.61. Exposed

deposit of CsCl grown on biotite at 200 C 
sit of CsCl grown on biotüzàt 200 C.
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on biotite. For CsCl no clusters are formed but small 
nuclei situated randomly on the substrate (Fig. 6.60).
However some nuclei are coalesced and form small clusters 
usually along the step structure on the substrate surface. 
The size of the smallest observed nucleus is 5 nm (d^sit 
thickness is nerly 10 nm), and the largest coalesced 
nucleus is 80 nm. The higher density of nuclei at the step 
structure indicates that at higher substrate temperature 
than room temperature, the nuclei migrate on the surface 
until they are stopped by a step where coalescence occurs.

When this type of deposit was exposed to the 
atmosphere large clusters were formed. Fig. 6.61 shows a 
CsCl deposit with thickness less than 10 nm exposed to the 
atmosphere for 15 minutes. The diffraction pattern in Fig. 
6.62 is from an exposed deposit of CsCl on biotite grown 
at 200 °C. The spots corresponding to the overgrowth do not 
indicate any particular orientation but as there is no 
ring observed in the diffraction pattern which means there 
are randomly oriented large crystals participating the 
diffraction pattern,

6.5.4 CsCl on Muscovite.

Unexposed deposits of CsCl on muscovite grown at 
room temperature consist of small crystallites randomly 
situated on the surface of the substrate as indicted by 
the diffraction pattern in Fig. 6.63. Here the substrate 
is normal to [Oil], which means the (Oil) plane in the
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substrate is normal to the electron beam. The mica 
cleavage surface is usually (OOÎ̂  and placed horizontotlly tw 
the electron microscope where the electron beam is 
vertical. However, if the edges of the mica sheet are not 
clamped between the bars of folded grid properly, a loose 
edge might be bent due to heating in the electron 
microscope or uneven clamping. This kind of bend in mica 
sheet is also confirmed by the moving extinction contours 
usually observed during the imaging process. The angle 
between [001] and [Oil] intkt system is 24̂  15',
so the mica sheet in this experiment is tilted through the 
said angle as shown in Fig. 6.64. The rings in the 
diffraction pattern formed by the reflections from the 
overgrowth are very faint.

^Electron beam

[001]

[Oil]

(001)

Fig. 6.64. Tilt in mica sheet with respect to the
electron beam.
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Fig. 6.62

Fig. 6.63
Fig. 6.62. Diffraction pattern from an exposed deposit of 

CsCl grown on biotite at 200*C.
Fig. 6.63. Diffraction pattern from an unexposed deposit of 

CsCl grown on muscovite at room temperature.
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Fig. 6.65 (a) 200»»'

Fig. 6.65 (%)
Fig. 6.65 (a). deposit of CsCl grown on
muscovite at 150 (thickness = 5 nm).

. Its diffraction pattern.
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Some intense spots on thejllO^ ring indicate a weak [111] 
orientation normal to the substrate surface.

The length of the reciprocal vector of the 
innermost ring (in the diffraction pattern of Fig.6.63) 
and some other spots (which also do not belong to the 
substrate) do not correspond to any interplanar distance 
in CsCl. This indicates either the presence of other 
substances or a change in the lattice parameter of CsCl 
with some lattice trnsformation. The other substances 
could be impurities in the CsCl or compounds formed by the 
chemical reaction between CsCl and the surface atoms of 
the substrate. The possibility of lattice transformation 
is more likely because CsCl transforms from Cs-Cl 
structure to Na-Cl structure at higher temperature (below 
melting point) with a considerable increase in lattice 
parameter. This transformation was first reported by 
Wagner atid Lippert (1936) from Cs-Cl structure to Na-Cl 
structure with an increase in lattice parameter from 0.412 
nm to 0.702 nm. Schulz (1951) has also reported 
polymorphic transition in ÇsCl to NaCl structure in the 
experiments of growth from the vapour phase on substrates 
with Na-Cl structure, and increase in lattice parameter to 
0.694 nm with decrease in interatomic distance from 0.356 
nm in Cs-Cl structure to 0.347 nm in Na-Cl structure.

This kind of change in lattice parameter of CsCl 
has also been observed in an other experiment when an 
unexposed deposit of CsCl on muscovite grown at 150‘‘C was 
observed in the electron microscope. The micrograph and
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diffraction pattern are shown in Fig. 6.65 (a) and (b).
The deposit thickness in this experiment was nearly 5 nm 
and it formed small nuclei on the substrate surface, most 
of them coalesced into small clusters on the step 
structure. This is probably due to the migration of nuclei 
on the hot substrate surface. Some of these coalesced 
nuclei or clusters are situated randomly on the substrate 
surface and produced very faint ring in the diffraction 
pattern (Fig. 6.65, b). The diffraction pattern of Fig. 
6.65 (b) is reproduced in Fig. 6.66.

[100] in 
substrate
[ïiol
iin 
overgrowth

Ï30

220# ^20

200

130 220

Substrate o Overgrowth

6.66. Reproduction of the diffraction pattern 
of CsCl grown on muscovite at 150 °C.
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The length of the reciprocal vector for the 
nearest ring was measured precisely and converted into 
interplanar spacing which is 0.45±0.002 nm. As the largest 
interplanar spacing in CsCl is for^lOOj set of planes 
which is 0.412 nm. This indicates the increase in the 
lattice parameter of CsCl by 9.22 %. The interplanar 
spacing for the second oberved ring is 0.26±-0.002 nm 
which corresponds to the "fill} set of planes of CsCl 
with lattice parameter 0.45 nm (the ratio between the 
vector lengths of second and first rings is 1.73 which is 
equal to J T  ). There are six equally distant spots on each 
ring which are not belong to the substrate. If we assume 
that these spots are formed by the reflections from the 
overgrowth then the spots on the first ring must be 
correspond to the ^lio} set of planes and those on the 
second ring to the ^211^ planes. This gives the lattice 
parameter of CsCl as 0.636 nm and [111] orientation of the 
overgrowth normal to the substrate surface. In [111] 
orientation the distance between nearest neighbour atoms 
in Cs-Cl type structure is , which is in above case
is 0.9 nm. Although this is equal to the distance between 
two potassium sites along [010] direction which gives an 
exact fit of the overgrowth ions to the surface atoms of 
the substrate. But the parallel directions in the 
substrate and overgrowth, indicated by the diffraction 
pattern, are not possible. The directions in a (111) plane 
of the overgrowth and in the surface network of muscovite 
are shown in Fig. 6.67 (a) and (b).
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[Oïl]

/[

(111)

/ ->[110]

[101]

Fig. 6.67 (a). The directions in a (111) plane
of CsCl.

[010]A

6  to?

. 6.67 (h). The directions in the surface 
network of muscovite.
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It is unlikely that the lattice parameter of CsCl is 
changed so much while retaining its Cs-Cl structure, the 
previous assumption is therefore wrong. These six spots 
belong to another sheet of mica rotated 0^ with respect 
to each other. The indexing of the diffraction pattern 
with above consideration is given in Fig. 6.68.

220# 130# 040•o _ 130 o200
20% H O ()20 J30

?020 0110
220^ ©Î30 • llo 

jlo
e Î10#

02(^
130o

130" ofo

(^00
ifo

\lo

130©

200

040* 130 •2^0

^20

• Base sheet o SupWimpose^sheet
Fig. 6.68. Diffraction pattern of two superimposed

omuscovite sheets rotated by yO with respect 
to each other.

In the same diffraction pattern there are four 
very faint spots with separation 0*316 nm and equally 
spaced. If we assume the lattice parameter of CsCl is 0.45 
nm then these spots are reflected from {llO^ set of planes 
in CsCl. This gives the [001] orientation of the 
overgrowth normal to the substrate surface and the spots

due to the reflections from <̂ 100̂  set of planes in CsCl of
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this orientation coincide with the spots rereflected from 
the substrate. The interplanar distances for^020^ and 
<jjll0̂  in muscovite are 0.452 nm and 0.448 nm respectively. 
So some nuclei of the deposit are well-oriented on the 
substrate surface with (001) of the overgrowth parallel to 
the (001) of the substrate and [010] of the overgrowth 
parallel to [010] of the substrate. The next nearest 
neighbour in the (001) plane of CsCl (assuming the lattice
parameter of CsCl is 0.45 nm) is 0.45 nm which is half the
distance between two potassium sites along the [010]
direction on the surface network of muscovite. This
orientation is shown in Fig. 6.69.

[010] in 
muscovite j

[010] in
CsCl

^ [100] muscovite

• Potassium sites s ions

Fig. 6.69. A possible configuration of 
orientation of CsCl on muscovite surface
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Fig. 6.70 (a)

Fi$. 6.70 
. 6.70 (a), of CsCl grown on
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When the deposit of CsCl grown on muscovite at 
room temperature was exposed to the atmosphere and then 
examined in the electron microscope, it appear to form 
hexagonal-like network on the substrate surface (Fig.
6.70, a). During the cleavage process the potassium atoms 
which lie on the cleavage plane are randomly distributed 
to two separate sheets of mica. As these atoms are 
distributed in a hexagonal-like network on the surface, 
the deficiency may produce grooves on the surface. These 
grooves provide preferential sites for the overgrowth. 
There are large randomly oriented crystals of the 
overgrowth on the substrate surface as there is no ring 
observed in the diffraction pattern shown in Fig. 6.70 (b) 
There are few extra spots, it is difficult to determine a 
particular orientation.

6.5.5 CsBr on Biotite.

Fig. 6.71 shows a 10 nm thick deposit of CsBr 
grown on biotite at room temperature and examined in the 
electron microscope without exposure to the atmosphere.
The deposit consists of very small nuclei situated 
randomly on the surface of the substrate, the size of the 
smallest nucleus being less than 5 nm. Most of these 
nuclei have coalesced and formed small clusters of average 
size between 10.nm and 30 nm. Some of these nuclei are 
square but they are not well-oriented on the substrate 
surface; its diffraction pattern shows a number of rings.
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When the deposit of CsBr on biotite grown at room 
temperature is exposed to the atmosphere, it forms a large 
number of round clusters with sizes ranging from 250 nm to 
750 nm (Fig. 6.72). These clusters are aligned in some 
pattern on the substrate surface, probably along steps or 
dislocation lines in the biotite which are not visible due 
to thicker substrate. Perhaps these clusters are formed on 
the lenticular flaws or bubles usually observed in the 
biotite (refer to Fig. 6.21 (a) and (b) in section 6.2). 
The thicker substrate produced high background intensity 
due to scatterd electrons in the diffraction pattern, it 
is difficult to locate any reflected spot. So the 
orientation of these clusters are not known.

The micrograph in Fig. 6.73 (a) is from a 10 nm 
deposit of CsBr grown on biotite at 200 **C and examined 
before the atmospheric exposure. The deposit consists of 
small clusters formed by the coalescence of nuclei and 
covering the whole substrate surface by forming a nearly 
polycrystalline continuous film as indicated by its 
diffraction pattern shown in Fig. 6.73 (b). Some double 
diffraction has also been observed around the more intense 
spots reflected from the substrate. This is due to the 
overgrowth on the bottom side of the substrate and 
reflected electron beams from the substrate act as primary 
beams with respect to the overgrowth. In the diffraction 
pattern the rings correspond to £llo} and f21l} sets of 
pianes of the overgrowth are more intense which indicates 
a weak [111] orientation normal to the substrate surface.
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Fig, 6.71

Pig. 6.72
Fig. 6.71. Unexpo8

at room 
pig. 6.72,

room

eposit of CsBr grown on 
(thicikness = 10 nm). 
of CsBr grown on biotite at
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'E C-
Fig. 6.73 (a)

Fig. 6.73 (b)
Fig. 6.73 Ca). Unexposed deposit of CsBr grown on biotite 

at 200 '̂C. Deposit thickness = 10 nm.
(b). Its diffraction pattern.
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. 6.74 (a)

Fig. 6.74 (b)
Fig. 6.74 la). Ixpôsed deposit of CsBr grown on biotite at 
200 Deposit thickness= 10 nm and exposmre time 10 minutes 

(b). Its diffraction pattern.
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When a 10 nm deposit of CsBr on biotite grown at 
200 °C was exposed to the atmosphere for 10 minutes, it 
formed a large number of clusters as shown in the 
micrograph of Fig, 6.74 (a). Most of these clusters have 
either square or rectangular shape and are oriented on the 
substrate surface. There are some extra spots along some 
rings in the diffraction pattern shown in Fig. 6.74 (b). 
They are probably due to the small nuclei which might be 
undissolved during exposure to the atmosphere. The 
possible orientation which observed by indexing the more 
intense spots belong to the overgrowth is [001] normal to 
the substrate surface.

6.5.6 CsBr on Muscovite.

The deposits of CsBr on muscovite are quite 
different from those of the other halides of caesium on 
muscovite and CsBr on biotite. Fig. 6.75 (a) shows c& 
micrograph of a 10 nm thick deposit of CsBr, grown on 
muscovite at room temperature, before exposure to the 
atmosphere. The deposit consists of small crystallites 
with a veriety of shapes and sizes, and most of them 
aligned along the step structure on the substrate surface. 
The size of the smallest crystallite is less than 8 nm, 
and the large crystallites, which are assumed to be formed 
either by coalescence of the small crystallites or by 
multilayer condensation on the previous one, have

dimensions ranging between 30 nm and 90 nm.
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The shapes of these crystallites which have been observed 
in the micrograph are triangular, square and rectangular. 
Some of these crystallites have not possesed any particular 
shape, in other words they are deformed, probably due to 
the growth of two crystallites on each other with 
different shapes, because some parts of these crystallites 
are thicker than the others.

These crystallites are well-oriented on the 
substrate surface as there is no ring observed in the 
diffraction pattern shown in Fig. 6.75 (b). The substrate 
in this diffraction pattern is normal to [341] and nearest 
six spots to the centre have separations 0.428 nm, 0.430 
nm and 0.434 nm, which are very near to the lattice 
parameter of CsBr, 0.429 nm. So it can be assumed that 
spots belong to the overgrowth coincide with the spots 
from the substrate.

When a 50 nm thick deposit of CsBr grown on 
muscovite at room temperature was exposed to the 
atmosphere for about 20 minutes, the deposit absorbed 
water from the atmosphere and formed solution* During 
recrystallization in the microscope the overgrowth formed 
large dendritic crystals as shown in Fig. 6.76. The 
dendrites are usually formed by rapid growth in a 
supersaturated solution as discussed in chapter 2. The 
deposit with 50 nm thickness has sufficient material to 
form a concentrated solution on the surface of the 
substrate during exposure to the atmosphere. During the 

evacuation of the electron microscope, water evaporated
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Fig. 6.75 (a)
3 0 0 VvW\

Fig. 6,75
. 6.75 (a). UnexfQsed deposit of CsBr grown on muscovite

at room temperature (thickness = 10 nm).
(b). Its diffraction pattern.
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Fig. 6.76 ^ooo V\w\

Fig. 6.77
Fig. 6.76. Dendritic crystals were formed when a 50 nm 

deposit of CsBr grown on muscovite at room temperature 
was exposed to the atmosphere for 20 minutes.

Fig. 6.77. Diffraction pattern from an exposed deposit 
of CsBr on muscovite at room temperature.
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very rapidly and the substance crystallized in the form of 
dendrites. These crystals are very thick and opaque to the 
electrons, so it is nearly impossible to obtained a 
diffraction pattern in the transmission mode. Therefore 
their orientation is not known.

However, the crystals formed by recrystallization 
from evaporated CsBr on muscovite are oriented as 
indicated by the diffraction pattern in Fig. 6.77. This 
diffraction pattern is from a thin deposit of CsBr which 
was exposed to the atmosphere for 10 minutes. The spots 
belonging to the overgrowth are reflected by^licf\and 
^21l| planes so the orientation should be [111] normal to 
the substrate surface. Some extra spots in the diffraction 
pattern, which are not on any geometrical line, indicate 
that there are some misoriented fragments in the
overgrowth, possibly might be the undissolved crystallites 
of the overgrowth.

Fig. 6.78 (a) shows a 20 nm thick deposit of CsBr 
grown on muscovite at 200°C and examined without exposure 
to the atmosphere. The overgrowth formed large square and 
rectangular-shaped islands all over the substrate surface. 
The film of the overgrowth is dc^aged by the electron 
irradiation and shows granularity on the surface of the 
islands. This produces extra spots in the diffraction 
pattern as shown in Fig. 6.78 (b). Some intense spots 
belonging to the overgrowth indicate a weak [111] 
orientation of the overgrowth normal to the substrate 
surface.
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a »

f.
Fig. 6.78 (a) wws

Fig. 6.78 (b)
Fig. 6.78 (a). Unexposed deposit of CsBr grown on 

muscovite at 200 (tkickness = 20 nm), 
(b). Ita diffraction pattern.
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6.5.7 CsF on Biotite.

CsF crystallizes with coordination number of six 
(NaCl structure) in contrast with the other caesium 
halides i.e., CsCl, CsBr and Csl, which adopt the CsCl 
structure with coordination number of eight. The lattice 
parameter of CsF is 0.601 nm with Cs-F contact distance is 
0.300 nm. Fig. 6.79 (a) shows a thin deposit (thickness 

5 nm) of CsF grown on biotite at room temperature and 
observed before exposure to the atmosphere. The deposit 
consists of very small crystallites which seem to be 
oriented on the substrate surface as there are no rings 
observed in the diffraction pattern shown in 
Fig. 6.78 (b).

The micrograph in Fig. 6.80 (a) is from an 
unexposed deposit of CsF grown on biotite at 170*C. It 
consists of small clusters distributed over the substrate 
surface. Its diffraction pattern (Fig. 6.80, b) shows 
spots and arcs other than the reflections from the 
substrate. The pattern is reconstructed in Fig. 6.81. From 
indexing the pattern it is observed that the biotite is 
normal to [001] with nearest six spots to the centre have 
separation (interplanar distance) 0.46 nm and 0.454 nm 
which reflected f r o m { 0 2 0 j [and{lio}planes respectively,

{020} set of planes in a monoclinic system has only (020) 
and (020) planes, and ^110^ has (110), (110), (110) and 

(110) planes .
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220 1)40

D
^ ° 22*0 ^

# Spots due to the reflection from the substrate,
I arcs with spots in the middle, 
o spots from the ^220^ set of planes of CsF.

Fig. 6.81. Reproduction of the diffraction pattern
of Fig. 6.80 (b).

All the reflections from the substrate are marked with 
dots. All other arcs and spots should be reflected from 
the overgrowth. The nearest six arcs to the centre. A, are 
evenly spaced between the spots from the substrate and 
have a separation of 0.5 nm, while the second nearest six 
arcs, B, have 0.43 nm. The faint circle, C, which also has 
some intense arcs has a separation 0.31 nm. Faint arcs, D, 
coincident with the second nearest six spots of substrate, 
are separated by 0.26 nm. The arcs marked with E, 
indication interplaner distance of 0.23 nm and those spots 
marked with F, have less streak along them and indicate a
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separation 0.21 nm. As stated earlier CsF with Na-Cl 
structure (fee) has lattice parameter 0.601 nm: the 
d-spaeing forsovneef the planes in a cubic system is given in 
Table 6.4.

Table 6.4

h k 1 d-spacing
(nm)

1 0 0 * 0.601
1 1 0 * 0.424
1 1 1 0.346
2 0 0 0.300
2 1 0 * 0.268
2 1 1 * 0.245
2 2 0 0.212

(The planes marked with, *, do not give reflection in fee 
system)

From these calculations it is clear that the six spots 
marked with F in Fig. 6.82 are reflected from £220} set of 
planes, they are evenly spaced (60^ from each other) and 
more intense than other reflections from the overgrowth. 
This gives a strong [111] orientation of the overgrowth 
normal to the substrate surface with (111) plane of the 
overgrowth parallel to the (001) plane of the substrate 
and [110] of the overgrowth parallel to the [100] of the

substrate. This orientation is shown in Fig. 6.82.
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jet) vsw
Fig. 6.79 (a)

Fig. 6.79 (b)
6.79 (a). Unexposed deposit of CsF grown on biotite

at room temperature (thickness = nm).
. Its diffraction pattern.
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Fig. 6.80 (a) g O O  Y\Vv\

Fig. 6.80 (b)
Fig. 6.80 (a). Unexposed deposit of CsF grown on biotite 

at 170 **C (thickness = 10 
(b). Its diffraction pattern.
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»[liO] CsF

[100] biotite
\<[112] CsF

*[010]
biotite

•Potassium sites OCsF ions
Broken lines show the silicon network and thick 

lines show the sides of CsF (111) plane.

Fig. 6.82. The possible configuration of [111] 
orientation of CsF on biotite.

The faint ring, C, due to the reflection from 
«̂ 200*1 set of planes which indicates that there is some 
misoriented fragments of the overgrowth on the substrate 
surface. Other arcs do not correspond to any plane of CsF 
as fee lattice structure; however, if CsF assumed to have 
a simple cubic lattice structure then arcs marked with B 
are from<^110^ and those marked with E are from ^21lj sets 
of planes. This gives the same [111] orientation as shown

in Fig, 6.82,
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The arcs marked with A and D do not belong to any possible 
plane in CsF, they are perhaps due to the presence of other 
material, formed by chemical reaction on the substrate 
surface. The (001) cleavage plane of mica consists 
potassium atoms which can react with the overgrowth and 
form KF.

Fig. 6.83 (a) shows a microgroph from a 10 nm 
deposit of CsF grown onhiotite at 170 ̂  and exposed to the 
atmosphere for 5 minutes before being observed in the 
electron microscope. As CsF is highly hygroscopic, it 
dissolvesin the atmospheric moisture very rapidly. During 
exposure the deposit forms tiny droplets of solution on 
the substrate surface and recrystallizes in the electron 
microscope. The crystals formed during the 
recrystallization process look bright with dark edges and 
have a variety of shapes. The diffraction pattern (Fig. 6. 
83, b) of this deposit is complicated so there is no 
recognizeable orientation. This means these crystals are 
randomly oriented on the substrate surface.

6.5.8 CsF on Muscovite.

Unexposed deposits of CsF grown on muscovite at 
room temperature consists of small clusters situated 
randomly on the substrate surface (Fig. 6.84). However, in 
its diffraction pattern some spots belonging to the 
overgrowth are reflected from ^220^ set of planes and 
give a [111] orientation of the overgrowth normal to the 
sub s tr ate surf ace.
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Fig. 6.83 (a) \QO VVW\

Fig. 6.83 (b)
. 6.83 (a)» Exposed
C. Deposit thickness 

. Its

of CsF grown on biotite at 
10 ma and exposure time 5 minutes
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Fig. 6.85 (a) shows an unexposed deposit of CsF 
grown on muscovite at 200°C. It consists of very small 
crystallites or clusters situated randomly on the 
substrate surface as indicated by the diffraction pattern 
shown in Fig. 6.85 (b). Some intense spots along the rings 
are reflected from^lll] ,^220\and {31l\ sets of planes 
and give a [112] orientation of the overgrowth normal to 
the substrate surface. In this orientation the (112) plane 
of the overgrowth is parallel to the (001) plane of the 
substrate and [110] of the overgrowth parallel to the 
[100] of the substrate.

The directions in a (112) plane of a cubic 
crystal is shown in Fig. 6.86 and the [112] orientation on 
the mica surface is shown in Fig. 6.87.

[021]

(112)
.    >[110]

/

Fig. 6.86. Directions in a (112) plane of a
cubic crystal.
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[010] muscovite

[100][100] muscovite

# Potassium sites O  CsF tons
Broken lines show the silicon network and 
thick lines show.the sides of (112) plane.

Fig. 6.87. The possible configuration of the [112] 
orientation of CsF on muscovite.
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Fig. 6.84 (a) 2.0 0  VA vv\

Fig. 6.84 (b)
. 6.84 (a). Unexposed deposit of CsF grown on 

muscovite at room temperature, 
(b). Its diffraction pattern.
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Fig. 6.85 (b)
Fig. 6.85 (a). Unexposed deposit of CsF grown on

muscovite at 200 *C.
(b). Its di
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6.6 Conclusion.

The foregoing studies of the nucléation and growth 
of alkali halides from the vapour phase and from solution 
(exposed deposit) on to mica have produced the following 
conclusions ;

1. Muscovite and biotite are good substrates for in situ 
studies of alkali halides due to their properties of 
perfect cleavage at , transparency^lectrons and
smooth flat surfaces (as revealed by gold decoration).

2. The growth of alkali halides from the vapour phase on 
mica is similar to the growth of metals on alkali 
halides: they grow through the formation of small 
coalesced nuclei or clusters to produce an 
island-structured film.

3. Unexposed deposits of Csl, CsCl, CsBr and CsF grown 
on biotite at room temperature consist of small 
crystallites or clusters situated randomly on the 
substrate surface. Similar deposits on muscovite 
formed small clusters, some of which have
crystallographic shapes. These clusters are usually 
randomly oriented but some intense spots on the rings 
in their diffraction patterns represent weak [111] 
orientations normal to the substrate surface.

4. Exposed deposits of Csl and CsBr grown on bidtite at 
room ternerature formed large clusters and CsCl formed 
large single crystals. Similarly exposed deposits of
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Csl, CsCl and CsF on muscovite consist of small 
clusters some of which have square or triangle shapes. 
CsBr sometimes formed dendritic crystals.

5. Unexposed deposits of Csl grown on biotite at 200 ̂ C 
consist of large clusters. CsCl, CsBr and CsF form 
small crystallites or clusters situated randomly on 
the substrate surface. Similar deposits on muscovite 
formed clusters of different sizes (from 10 nm to 70 nm) 
and shapes with some orientation.

6. Exposed deposits of Csl and CsBr grown on biotite and 
muscovite at 150*C - 200°C formed island structure 
films. CsCl and CsF formed large clusters.

7. The orientations of the overgrowths on the (001) surface 
of the substrate, as indicated by their diffraction 
patterns are summarized in Table 6.5 and 6.6.

Table 6.5
The orientations* of alkali halides grown on biotite

over
substrate temperature 
during growth = 20 ̂ C

substrate temperature 
between 150 ̂ C and 200 *C

growth unexposed exposed unexposed exposed
deposits deposits deposits deposits

Csl random double [111] random and [111]
weak [001] weak [111] weak [001]

CsCl random not recog random not recog
nizable nizable

CsBr random - r- - random and [001]
weak [111]

CsF random — — — [1111
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Table 6.6

The orientations* of alkali halides grown on muscovite

over

substrate temperature 
during growth = 20*C

substrate temperature 
between 150 *C and 200 *C

growth unexposed exposed unexposed exposed
deposits deposits deposits deposits

Csl random and double [111] [110] [001]
weak [111] weak [001]

CsCl random and [111] [001] -—
weak [111] weak [001]

CsBr random weak [111] random and [001]
weak [111]

CsF random and --- random —  —  —

weak [111] and [112]

* All orientations are normal to the substrate surface. 
Random and weak [ ] orientation means that there are
rings in the diffraction pattern with some intense 
spots.

8. From these orientations it has been concluded that
there is no significant difference between the d^osits 
on biotite and on muscovite except that Csl and CsF 
grown at higher temperature give different orientations
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9. Heating the substrate before deposition does not 
improve the epitaxy but exposure to the atmosphere 
(growth from solution) after deposition causes 
orientation.

10. Two different orientations in the same deposit may 
occur, possibly due to chemical reaction between the 
overgrowth and surface atoms of the substrate. In 
other words chemical interaction is likely to be one 
of the factor causing epitaxial growth.
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chapter seven 

CONCLUSION

The main conclusions to be drawn from the studies 
of nucléation and growth of alkali halides in general 
presented in this work are as follows:

1. The new technique developed for producing perforated 
carbon support film is simple and more effective. The 
sizes of the holes can be controlled by adding a 
suitable quantity of glycerol to the fmrmvar solution.

2. The holes in the carbon support film are preferred 
sites for growth of single crystals of alkali halides 
from solution. As these crystals are very thin 
(ranging from 50 nm to 500 nm, depending on the 
concentration of the solution), they are very useful 
for studies of the defects in alkali halides crystals 
induced by electron irradiation in the electron 
microscope.

»

3. Crystals of Csl, CsBr and CsCl are dendritic if grown 
from a solution with concentration more than 10 %.
GsFj which is highly hygroscopic, forms crystals in 
the electron microscope from solution. Csl crystals, 
formed from a solution with concentration less than 10 
% are electron-transparent. Gold decoration reveals 
that their surfaces are smooth and flat (free from
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step structures). These crystals are suitable 
substrates for electron microscope studies of the 
nucléation and growth of other alkali halides. The 
present work is the first study of the growth of 
alkali halides on Csl. The lattice structure of Csl is 
quite different from NaCl and KCl, which have been 
mostly used for this kind of study in the past. New 
information is therefor available for the 
understanding of epitaxy in general.

4. The transport chamber is a newly designed device for 
transferring specimens from a vacuum deposition unit 
to the electron microscope without exposure to the 
atmosphere. This eliminates the effect of atmospheric 
moisture on hygroscopic samples and overcomes the 
difficulties of preparing specimens in the electron 
microscope. The present work shows clearly that the 
use of electron-transparent crystalline substrates in 
conjunction with the transport chamber expands the 
range of application of the transmission electron 
microscopy in epitaxy studies.

5. Electron diffraction is very' useful in determining 
crystal lattice structures. Knowledge of the relation 
between the camera constant and objective lens current 
is very useful in determining the camera constant for 
each diffraction pattern so as to calculate the 
separation of the planes producing the pattern. This 
avoids measuring the camera constant with a material

of known lattice spacing each time.
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6. The growth of alkali halides on a continuous carbon 
film from the vapour phase is similar to the growth of 
metals: they grow through the formation of small 
nuclei to an island-structure film by coalescence 
(Volmer-Veber mode of growth). Thin deposits of alkali 
halides form a solution when exposed to the atmosphere 
and recrystallization may occur in the electron 
microscope. Even LiF, which in bulk is insoluble in 
water, dissolves in the atmospheric moisture and form 
crystals in the electron microscope, when initially 
grown as a thin deposit.I

7. Alkali halides grow epitaxially, parallel orientation, 
on substrates of Csl when deposited at room 
temperature from the vapour phase and from solution. 
CsF usually crystallizes with the Na-Cl lattice 
structure as bulk but when grown on Csl (Cs-Cl 
structure), it transforms from Na-Cl structure to Cs-Cl 
structure with an increase in its lattice parameter 
from 0.6008 nm to 0*649±0.004 nm.

8. Although mica has been used extensively as a substrate 
for thin film studies in the past, only one form of 
mica, muscovite, has been used before. Another variety 
of mica, biotite, has been used for the first time in 
the present work- The difference in the c-axes spacing 
and in the chemical composition produced different 
orientations in the overgrowth in some cases.
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9. Chemical interaction between the ions of the
overgrowth and the atoms of the mica surface plays a 
major role in epitaxial growth. Two different 
orientations may be obtained, especially when the 
growth takes place at an elevated temperature.

The following suggestions can be made for further 
study in this field.

As Csl has proved to be a suitable 
electron-transparent substrate with Cs-Cl lattice 
structure, the growth of other alkali halides with 
Na-Cl structure such as halides of potassium, sodium, 
lithium and rubidium would give interesting results 
which might improve ourr understanding of the 
overgrowth-substrate co-relation and factors 
influencing epitaxial growth.

Other varieties of mica as a substrate with 
different symmetry and chemical composition 
(glauconite and paragonite have sodium atoms on (001) 
surface), might produce different orientations in 
overgrowths which could shed light on the chemical 
interaction between the overgrowth and the substrate.

The transport chamber would be modified by 
attaching an auxiliary pump to further reduce the 
effects of residual atmosphere. With better quality 
vacuum sealing in the transport chamber it would be 
possible to transfer the specimen prepared in the 
ultrahigh vacuum to the electron microscope.
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