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A Hard-Sphere Model to Simulate Alloy Thin Films

Abstract: A model is developed for the simulation of alloy thin films by forming a layer consisting of spheres of two dif-
ferent sizes mixed randomly in any desired proportion. Included in the model is the possibility for vibration to simulate
low-temperature annealing, as well as the use of a “substrate” containing periodic grooves to simulate epitaxial growth. Optical
(Fraunhofer) diffraction patterns are taken from photographs of the model for comparison with the structural features ob-
served directly. The model serves to show strikingly the role of the size factor in determining film structures. In particular, it
shows that for size differences near 25% amorphous structures are obtained over a wide range of compositions. It also
shows that such amorphous structures are essentially unchanged by vibration “annealing.” On the periodically grooved sub-
strate, the existence of an “epitaxial” deposition rate is demonstrated. These and other features of the model are compared
with experience concerning evaporated thin films and found to be in excellent qualitative agreement.

1. Introduction

Recent work in this laboratory' ™ has shown that meta-
stable solid soluticns can be formed by the simultaneous
evaporation of two metals onto a substrate maintained
at a low temperature. The structure of the alloy thin films
so obtained is amorphous in some cases and crystalline in
others. In attempting to establish criteria for predicting
when amorphous structures will be formed, as well as to
understand the stability of such amorphous structures
toward low-temperature anneals, we were led to consider
a model for simulating such alloys. In this model, a single
layer of hard spheres (plastic balls) of two different sizes
is used to simulate the two types of atoms involved. The
interatomic repulsive forces are thus automatically repre-
sented. To furnish an “attractive force,” the spheres are
introduced onto a tilted flat surface so that they roll to-
gether. Such forces represent only a very crude approxi-
mation to the actual forces among metal atoms. The
model permits the study of the effects of a number of
variables: composition, rate of “‘deposition,” and size
difference between the two types of spheres. The following
additional features add to the versatility of the model:
(a) A magnetic vibrator placed below the tray permits the
simulation of low-temperature “annealing” subsequent to
the deposition of the layer. (b) The preparation of a re-
duced photographic transparency of the model permits
optical (Fraunhofer) diffraction patterns of the two-dimen-
sional array of spheres to be obtained. (c) The preparation
of a grooved surface onto which the balls can be intro-
duced offers the possibility for simulating epitaxial growth.
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This paper reviews some of the results obtained with the
above model, and shows that the model is remarkably
successful in predicting a number of features which are
actually observed experimentally.

In passing, it should be mentioned that in the past there
have been numerous examples of simple models (both
two- and three-dimensional) to simulate the structure of
crystals and liquids. Among the two-dimensional models
are the soap bubble model of Bragg and Nye* which has
been useful in the study of crystal defects (such as dislo-
cations, vacancies and grain boundaries), as well as
Hilsch’s model® of magnets to represent thin films of ionic
crystals. Hard spheres have been used to form a two-
dimensional model by Turnbull and Cormia’ and a
three-dimensional model by Bernal et al.,” showing the
transition from the liquid-like to the crystalline state.
Finally, optical Fraunhofer diffraction from a two-
dimensional array was studied by Taylor et al.® by piercing
holes in cardboard to form a two-dimensional grating.
Similar experiments were carried out by Hosemann and
his coworkers.” Although the present model has features
in common with each of the above models, it appears to
be sufficiently different both in the arrangement used and
in the objectives attained that it is worth reporting on in
some detail.

2. Experimental details

The spheres used in these experiments are acrylic plastic
balls of different sizes and colors. They are rolled into a




Figure 1 Equipment for producing a random mixture of
spheres of two different sizes.

tray, normally tilted at an angle of 1.5° to the horizontal,
by the device shown in Fig. 1. The top frame of the equip-
ment contains reservoirs of balls of two different sizes.
Below each reservoir is a slotted feed wheel which is motor
driven at variable speeds chosen to control the rate of
introduction of balls into the tray below. In each wheel,
the sizes of the slots are made to match the size of the balls
being introduced. The ratio of the numbers of spheres of
the two sizes is controlled by varying the speed of rotation
of the feed wheels, as well as by plugging up some of the
slots in one wheel (if a very low concentration of one set
of balls is desired). The pins in the second frame, below
the one just described, serve to disperse the balls uni-
formly along the width of the tray. The bottom frame is
the tray itself. The use of irregular corrugated walls on the
tray is necessary in order to avoid the influence of the walls
on the structure produced. For example, with straight
walls and spheres all of one size, a regular close-packed
structure is built up from each wall of the tray with a
close-packed row parallel to the wall. When corrugated
walls are used, this effect does not occur. The rate of intro-
duction of the balls by the use of the feed wheels is such
that the tray is filled in 5 to 10 min. This is designated as
the “slow” rate. For relatively high rates of “deposition,”

balls were poured from a beaker directly above the pins,
while still higher rates were achieved by pouring the balls
over the second frame with the pins removed. These pro-
cedures fill the tray in 13 sec and 5 sec, respectively.

In the experiments on a “smooth substrate” (Section
3) the tray was a smooth, flat sheet of acrylic plastic (as
shown in Fig. 1). In some experiments (Section 4) it was
desired to simulate a crystalline substrate. For this pur-
pose a grooved periodic layer was prepared as follows.
First, a set of colorless balls (6.8 mm in diameter) was
arranged into a perfect array and cemented to the sub-
strate. Since the grooves thus produced are too deep to
permit spheres to roll over them to form a second layer,
the tops of the balls in this cemented layer were machined
down as shown in Fig. 2. When the machining was carried
to a depth of 1/16” and a tilt of the tray of 3.5° was used,
the array of flat-topped balls simulated very well the effect
of periodic potential due to the substrate, without elimi-
nating the (gravitational) attractive potential which tends
to pull together the balls introduced above this substrate.

A magnetic-type vibrator attached below the tray was
used to simulate thermal annealing of the layer of balls
subsequent to its deposition. The vibrator produced a
side-to-side motion of the tray at sufficiently low ampli-
tudes to avoid exciting balls to jump out of the layer. The
standard vibration “anneal” was for a period of 5 min.

All experiments described here were carried out with

Figure 2 Preparation of a grooved periodic “substrate” by
machining off the tops of a cemented layer of plastic spheres.
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spheres of three diameters: 5.9, 6.8 and 7.8 mm. These
are designated, respectively, as S, M and L for *“small,”
“medium” and “large” throughout this paper. The spheres
of each size were of a different color. Photographs of the
arrays of spheres were taken as color transparencies. It
was then possible to produce black and white reproduc-
tions with different degrees of contrast between the two
sizes of spheres. Maximum contrast was sought when it
was desired to use the model to show the location of
“impurities” in the structure, while minimum contrast
was required for the best results in the optical diffraction
experiments,

To obtain diffraction patterns from the arrays, reduced
negatives (with array size about 4 mm square) were pre-
pared in which the balls appeared transparent on a dark
background. The mean ball separation was then ~0.13
mm. Fraunhofer diffraction patterns were obtained from
such a negative by passing light from a He-Ne laser
(A = 6328 A) through a 3 mm diameter aperture placed
in contact with the negative mounted on a 135 mm lens
of a 35 mm camera. The photographs of the optical
diffraction patterns shown in the present paper are en-
largements of the pattern taken in this way, but using
“dodging” methods to accentuate the outer rings of the
pattern with respect to the inner details.

3. Arrays on a smooth substrate

o Spheres of one size

Since optical diffraction photographs will be used in the
present work to evaluate the structure of an array of
spheres, it is worthwhile to begin with the diffraction
pattern from a perfect array. The array is presented in
Fig. 3a while the corresponding diffraction pattern, ob-
tained by the method described in the previous section,
is shown in Fig. 3b. A hexagonal pattern of relatively
sharp spots is obtained, reflecting the symmetry of the
close packed array of spheres. These spots may be indexed
in the manner of a diffraction pattern from a crystal,
except that now only two indices are required. (See the
Appendix).

An interesting modification is obtained by taking the
diffraction pattern from an array consisting of two regions
which have essentially the same orientation but are sepa-
rated by a “stacking fault,” as shown in Fig. 3c. The dif-
fraction pattern, shown in Fig. 3d, is similar to that of a
perfect array except for the appearance of streaks that
run perpendicularly to the direction of the fault in the
structure.

We are now ready to examine how a set of identical
spheres arrange themselves when introduced by the
method described in Section 2. Figure 4a shows the array
obtained when the spheres are introduced at a slow rate,
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through the use of the apparatus shown in Fig. 1, and
Fig. 4b shows the corresponding diffraction pattern. The
array of Fig. 4a was subsequently subjected to vibration
at a constant amplitude for 5 minutes, during which time
the spheres rearrange to the structure illustrated in Fig. 4c,
giving the diffraction pattern of Fig. 4d. It is clear that
this “annealed” structure consists of a small number
of “grains” (regions of essentially perfect packing) of
different orientations, and that the diffraction pattern is
basically the superposition of two or three perfect-array
patterns of the type already shown in Fig. 3b. (Note the
stacking faults in the structure, as well as the *“grain
boundaries.”) The as-deposited structure (Fig. 4a) has a
larger number of grains than the annealed structure and
therefore gives a larger number of superimposed perfect-
array patterns, to the point where continuous rings begin
to be produced (Fig. 4b). By contrast to the relatively
slow deposition which produced Fig. 4a, a rapid rate of
deposition was also used, where the entire layer was de-
posited in only a few seconds. Figure 4e shows that the
grain size produced this way is much finer than for the
slow deposition. The corresponding diffraction pattern
(Fig. 4f) now shows definitely continuous rings (like the
Debye-Scherrer rings in diffraction from crystals) with
evidence of some preferred orientation, in that the inten-
sity around the rings is nonuniform. The indexing of these
diffraction rings is discussed in the Appendix. In summary,
the rapid rate of deposition produces a more disordered
(finer grained) structure than does the slow rate, while
“annealing” produces considerable grain growth. Diffrac-
tion patterns are obtained which vary from a super-
position of two or three “single crystal” patterns, for the
“annealed” array, to one consisting of continuous rings
characteristic of a fine grained structure,

In order to follow the process of grain growth during
the vibration ‘“‘anneal,” pictures of an array of identical
spheres were taken at shorter intervals of time, as shown
in Fig. 5. The array was deposited using the slow rate of
deposition, and then followed by 5, 15 and 30 second
“anneals.” Comparison of Figs. 5a and 5b shows that in
5 seconds there is appreciable improvement of grain per-
fection, some grain growth, and the elimination of some
stacking faults. After 15 seconds there is further grain
growth and migration of stacking faults. Finally after 30
seconds there is basically a two-grain structure separated
by a stable high-angle grain boundary. Note that there are
regions of this grain boundary where the two grains fit
together rather well, and other regions of poor fit in which
the density of spheres is relatively low. This picture com-
pares rather well to the model of a high-angle grain bound-
ary proposed by Mott.’® Similar structures of boundaries
have also been seen in the soap-bubble model.*

It is also possible to observe a density change of the
array during the process of vibration annealing. In Fig. 5a
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Figure 3 (a) Perfect array of spheres and (b) its Fraunhofer diffraction pattern; (c) and (d), array containing a stacking fault

and its diffraction pattern.

an irregular line is drawn following the contour of the top
of the array. The presence of this line allows a ready esti-
mate of the increase in density which occurs as the struc-
ture is vibrated (Figs. 5b—d). This same method was also
used to estimate the change in density upon annealing of
the various “alloy” structures described below.

o Dilute “alloys”

We now turn to cases in which a small fraction of spheres
of a different size from the major constituent (either

smaller or larger) are introduced to form dilute “alloys.”
It is consistently found that for a given deposition rate,
the grain size of the *“‘alloy” in the as-deposited condition
is smaller than for the case of identical spheres. The extent
of the reduction in grain size depends on the size difference
between the two types of spheres, as will be discussed
below. The effect of a high rate of deposition is to reduce
the grain size still further, in a manner analogous to the
case of identical spheres (compare Figs. 4a and d4e).
“Annealing” by vibration again produces grain growth, 361
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generally at a somewhat slower rate than that shown in
Fig. 5 for the “pure” array. The final grain size after
annealing is also smaller for the alloys than for the ““pure”
array. In Fig. 6, a set of examples are given of dilute alloys
after vibration annealing. The four examples shown cover
the cases of impurities which are both smaller and larger
than the “solvent” spheres, as well as two different size
factors. Recalling the terminology (see Section 2) that S,

M and L represent the small, medium and large size balls,
we note that the alloys shown in Fig. 6 are, respectively,
959%S - 359L, 909,S + 109,M, 959 L + 595, and
909%M -+ 109,S. Figures 6a and 6¢c show that for the
L-S alloys (size difference ~279%,) of either the L-rich or
S-rich types, the effect of the presence of only 59, of
impurity spheres is to restrict grain growth substantially.
Further, it is noteworthy that in these two cases there is

Figure 4 Results on spheres all of the same size. (a) and (b) Array produced at slow rate of deposition and its diffraction pat-
tern; (c) and (d) array shown in (a) subjected to vibration “anneal;” (e) and (f) array produced at a high rate of deposition. (See

page 362.)

Figure 5 Steps in the vibration “annealing” of an array deposited at a slow rate. (a) As deposited; (b) after 5 sec of vibration;

(c) after 15 sec; (d) after 30 sec.
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Figure 6 Dilute “alloys” deposited at a slow rate and vibration “annealed.” (a) 95%S 4 5%L, (b) 90%S + 10%M, (c)

95%L + 5%S

6d, but without the formation of high-angle grain bound-

aries of the type discussed above.

to be located at the
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t
leaving grains relatively free of

On the other hand, Figs. 6b and 6d show that,

for the S-M alloys (size difference ~149), even 109, of
impurities are readily incorporated into the grain struc-

ture. Thus,
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The structure of arrays of spheres of var

both in the as-deposited and “annealed” states, were

the grain sizes of the S-M alloys are larger

although there is distortion

-L alloys,

than those of the S

(or

examined for “alloys” of the S-M and S-L “systems.”
In all cases the slow deposition method (i.e., involving

“strain’’) within the grains of the former due to the

The grain size in the as-de-

posited condition continues to decrease as the concen-

the feed wheels) was used.

incorporation of the impurities. This distortion may be

seen as a bending of the rows of atoms in Figs. 6b and
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Figure 7 Alloy of 50%S 4 50%L showing the amorphous structure: (a) and (b) as deposited; (¢) and (d) after vibration

‘“anneal.”

tration increases. For the S-L system, at compositions
between 409, and 609,L, a structure is obtained which
can only be described as “amorphous,” since one cannot
identify a grain structure in it even on a scale of 2 to 3
sphere diameters. This structure is shown in Fig. 7a for
the 509, alloy. The corresponding diffraction pattern
(Fig. 7b) shows the disappearance of the second and third
diffraction rings, which become part of a broad back-
ground of intensity. Vibration annealing of this structure
produces an increase in the density of packing of the

spheres by about 59,. There is, however, no significant
change either in its structure or in its diffraction pattern
(Figs. 7c and 7d). One can ascribe the failure of vibration
to produce grain growth to the formation of a type of
“log jam” among these spheres of two substantially dif-
ferent sizes.

The 509, alloy shown in Fig. 7 may be contrasted to
the case of the 179,S -+ 839,L alloy, shown in Fig. 8,
which typifies the high concentration alloy whose struc-
ture may be designated as “crystalline.” Here, all diffrac-
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(b)

(d)

Figure 8 Alloy 17%S 4 83%L showing crystalline structures: (a) and (b) as deposited; (¢) and (d) after vibration “anneal.”

tion rings are present in the as-deposited state, although
they are broad because of the extremely fine grain struc-
ture. Vibration annealing (Figs. 8c and d) produces defi-
nite grain growth and a sharpening of the diffraction
rings. The change in the density of packing of the spheres
is also about 59, in this case. In fact, it is interesting to
note that in all structures, including the *“‘pure” array,
a change in density upon annealing of close to 59 is
observed. The ‘“pure” spheres or dilute alloys deposit in
a higher density than do the concentrated alloys, but the
increase in density after vibration annealing is completed

A. S, NOWICK AND S, R. MADER

turns out to be very nearly the same in all cases.

In order to summarize the results for the various alloy
arrays in as effective a manner as possible, we may de-
velop a pseudo “phase diagram’ showing the structures
for the as-deposited and annealed cases for various
compositions. Such a diagram is given in Fig. 9 for
the S-L alloys and in Fig. 10 for the S-M alloys. The
darkened circles show structures which were clearly
crystalline, with different sizes of circles to represent dif-
ferent grain sizes. The loss of a well-defined second dif-
fraction ring (as in Fig. 7) was used as the criterion for
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Figure 9 Pseudo “phase diagram” for S-L alloys, showing
the region in which amorphous structure is obtained for both
as-deposited and “annealed” conditions.

Figure 10 Diagram similar to Figure 9 for the case of S-M
alloys.
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designating a structure as ‘“amorphous.” The symbol X
is used in Fig. 10 to designate the amorphous structure,
while an open circle is used for a structure which is border-
line between amorphous and crystalline (designated ‘“‘un-
defined”). As already mentioned, in the middle region of
the S-L diagram (size difference ~279%) amorphous struc-
tures are obtained in both the as-deposited and annealed
conditions. On the other hand, for the S-M diagram (size
difference ~149%,) there are no clearly amorphous struc-
tures. Another point of interest is the slight asymmetry of
these two diagrams. For example, the amorphous range in
the S-L diagram appears to extend more to the S-rich side
than to the L-rich side. Also, in the S-M diagram, the
grain size tends to be larger on the M-rich side. These
results suggest that the larger impurities have a more
disruptive influence on a lattice than do the smaller
impurities.

4. Arrays on a “crystalline” substrate

In order to simulate a crystalline substrate, the grooved
periodic structure (Fig. 2), prepared as described in Sec-

tion 2, was used. This substrate is made up from medium
(M) sized spheres. Accordingly, we first investigated the
structure obtained when spheres of this same size were
deposited onto this substrate at various rates. Again, both
the as-deposited and annealed structures were examined
and Fraunhofer diffraction patterns were obtained. For
the slow rate of deposition obtained using the feed wheels
(Fig. 1), the array of Fig. 11a and diffraction pattern of
Fig. 11b were obtained. This as-deposited structure is
mainly a perfect alignment with the substrate, although
there are some imperfect regions. (It will be helpful to
note that in all of the photographs in the present section,
the orientation is such that, for perfect matching to the
substrate, the spheres must line up in vertical rows.) Upon
annealing (Fig. 11c¢) the imperfect regions are mainly
eliminated. The diffraction pattern (Fig. 11d) also shows
the improvement in the structure. It is interesting to note
that, since the imperfect regions in the as-deposited con-
dition involve a lower density than that corresponding to
perfect packing, the improvement of perfection during
annealing must leave voids in the structure. Such voids
are apparent in Fig. 11c.

Figure 12 shows a similar set of pictures for spheres
introduced at a high rate (tray filled in 13 sec). The struc-
ture as deposited (Fig. 12a) is now much less perfect than
that obtained with the slow rate of deposition, and its
diffraction pattern (Fig. 12b) tends to show complete
rings. Upon annealing (Figs. 12c¢ and d), a much better
alignment with the substrate is generally obtained, but a
large grain of a different orientation is produced (see the
lower right of Fig. 12¢). The diffraction pattern, therefore,
does not correspond simply to a perfect array. Deposition
at a very high rate (tray filled in 5 sec) further enhances
the deviation from alignment with the substrate and the
tendency to form grains of different orientation upon
annealing, as shown in Fig. 13. Here, the as-deposited
structure is essentially random polycrystalline, while the
annealed structure is still polycrystalline with some pre-
ferred orientation. These experiments then clearly show
that slow rates of deposition favor “epitaxial growth”
while high rates favor the loss of influence of the substrate.

Figures 11 to 13 show rather specifically how departures
from epitaxy develop. It appears that whenever the local
deviations from epitaxy are small in the as-deposited con-
dition, vibration annealing always serves to bring these
regions into better alignment with the substrate. However,
if under high deposition rates a relatively large cluster of
a different orientation is started, it continues to grow as
more spheres are added. Further, such a cluster retains its
different orientation upon annealing, although the degree
of perfection of packing of the spheres increases. In this
way a polycrystalline structure is formed.

In order to see what effect alloying may have on the
question of epitaxial growth, we have carried out similar
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(a)

(b)

(d)

Figure 11 Arrays deposited at different rates on the grooved periodic substrate. Spheres all of same size (M) as the substrate
periodicity; (a) and (b) as deposited at slow rate; (c) and (d) after vibration “anneal.”

runs to the above for the case of the 909,M 4 109,L
alloy. Again at the slow rate (Fig. 14) we obtain a strong
tendency toward alignment with the substrate in the as-
deposited condition and with improvement upon anneal-
ing. There are, however, some regions of misalignment,
and the diffraction pattern (Fig. 14d) is imperfect. The
effect of the presence of 109 of larger spheres therefore is
to impede somewhat the alignment with the substrate. For
the high rate, analogous to Fig. 12, we now obtain the
results shown in Fig. 15. This time the as-deposited struc-
ture may be described as random polycrystalline, and it

A. S. NOWICK AND 8. R. MADER

remains polycrystalline even after annealing, although
some preferred orientation is evident. In fact, Fig. 15
closely resembles Fig. 13 for the case of pure spheres,
although the array of Fig. 13 was obtained at a higher rate.
It is concluded that high rates of deposition give rise to
relatively large regions with orientations different from
the substrate. Such regions are relatively stable toward
annealing and thus contribute toward polycrystalline
rather than epitaxial structure. The presence of impurities
serves to lower the “epitaxial rate,” i.e., the deposition rate
above which epitaxial growth is no longer obtained.




(b)

(d)

Figure 12 Same as Fig. 11 except for deposition at a high rate (13 sec).

5. Summary and comparison with experience

In this section we will compare the predictions of the
present model against the corresponding experimental
facts, whenever information is available from work on
metal and alloy thin films. In this way, the usefulness of
the model in making realistic predictions may be assessed.
We begin with a summary of the principal conclusions
which can be drawn from the model, as follows:

1. The higher the rate of deposition, the smaller the grain
size obtained.
2. A set of spheres which are identical in size always give a

“crystalline” structure, even for very rapid deposition rates.
Vibration *“annealing” then produces considerable grain growth
and elimination of imperfections within the grains.

3. Dilute “alloys” show a finer grain size in the as-deposited
state than do the spheres of only one size. Furthermore, ‘“an-
nealing” upon vibration is slower and less extensive for the
case of alloys.

4. The effectiveness of impurities in impeding grain growth
is determined by the difference in size between the impurity
and the “solvent” spheres. In particular, it is observed that
impurities which differ by ~279, in size from the solvent
spheres are segregated heavily in the grain boundaries, while
impurities differing by ~149, in size tend to be incorporated
into the grains.
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Figure 13 Same as Fig. 11 except for deposition at a very high rate (5 sec).

5. For concentrated ““alloys” composed of two sets of spheres
differing in size by ~279%,, amorphous structures are obtained
in the composition range of about 30-709,. Amorphous struc-
tures are not obtained at any compositions for alloys composed
of spheres differing in size by ~149.

6. One cannot draw a clear line between structures that
would be classed as crystalline and those regarded as amor-
phous. There is, in fact, a continuous range of structures ob-
served, spanning the gap between the clearly crystalline and
clearly amorphous cases.

7. When an amorphous structure is deposited, it generally
remains amorphous after vibration “annealing,” although an
increase in density occurs. This is a consequence of the fact that
the “log-jam™ in the structure cannot be relieved by vibration.

8. The tendency to form an amorphous structure is slightly
greater for alloy compositions richer in small spheres than for

A. S. NOWICK AND S. R. MADER

those richer in large spheres. Also, for crystalline alloys, the
grain size tends to be smaller on the small-rich side than on
the large-rich side.

9. The structure obtained on a “‘crystalline” substrate de-
pends on the rate of deposition. For rates below some critical
value (the “epitaxial rate”) one obtains essentially an epitaxial
structure, whose perfection improves on annealing. Above
this rate, one obtains a polycrystalline structure which becomes
better defined, but remains polycrystalline, upon annealing. The
epitaxial rate is not sharply defined. Rather, as the rate lessens
the perfection continues to improve.

10, The presence of impurities which differ in size from the
substrate periodicity lowers the epitaxial rate.

11. Improvement with annealing in the perfection of an
epitaxial structure results in the development of voids to com-
pensate for the local increase in density of the spheres.




It should also be realized that the vibration anneal
carried out with the present model simulates only low
temperature annealing, i.e., corresponding to relatively
long phonon wavelengths. Annealing processes which
occur with activation energies corresponding to diffusional
jumps are clearly not simulated by the model, since me-
chanical vibration does not provide the highly localized
fluctuations in energy that make such jumps possible.

In order to check the above predictions against experi-
ence, we require, in general, experiments on films de-
posited at low temperatures. In this way the arriving atoms
can stick essentially where they hit the substrate, with no

opportunity to undergo appreciable migration along the
surface, similarly to the situation in the model. Such low-
temperature depositions have been carried out mainly by
Hilsch and his school' and by the present authors.”® In
what follows, we will review the above predictions one by
one, citing appropriate experimental work where available.

1. The fact that the grain size decreases with increasing rate
of deposition is well known.!?

2. Typical pure metals (e.g., Cu, Au, Al, Pb and Sn, for which
bonding is metallic rather than covalent) show crystalline struc-
tures even when deposited at 4°K.!* With low-temperature
annealing, these metals show rapid grain growth and improve-
ment of perfection, as indicated by the sharpening of diffraction

Figure 14 Same as Fig. 11 for alloy 90% M + 10% L and slow rate.

(b)

(d)

3N
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(b)

(d)

Figure 15 Same as Fig. 14 but at a high rate (13 sec).

lines,! the decrease in electrical resistivity,!s-® and the release
of stored energy.!”

3. The effect of impurities on the grain size of thin films,
both as-deposited and after annealing, has been studied by
Riihl!® for the case of gaseous impurities. In particular, Riihl
finds a much smaller grain size in Sn films, both after deposition
at 20°K and after heating to room temperature, for films
deposited in a poor vacuum as compared to those deposited in
a relatively high vacuum,

4, Bvidence that impurities segregate at grain boundaries,
the more so the greater the size difference between the solute
and solvent atoms, has been given for bulk alloys through the
use of internal friction techniques.!® It seems reasonable to
expect similar results for thin film alloys, though direct evidence
does not exist.

5. Recent work in this laboratory?:3.20 has shown that
amorphous alloys can be produced by simultaneous deposition
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of the two components onto a cold substrate, Amorphous struc-
tures are obtained over a wide range of compositions for the
alloys Cu-Mg, Co-Ag and Co-Au, all of which have size differ-
ences greater than 159, and over a narrower range (35 to
659%) for Ag-Cu alloys (size difference of 129,). No amorphous
structures are obtained, however, for Co-Cu alloys (size factor
29,). These results are in qualitative agreement with the pre-
dictions of the model.

6. When an amorphous alloy is heated with a gradual in-
crease in temperature, the diffraction pattern is observed to
change continuously from one showing two broad halos to a
pattern which is definitely crystalline.? Further, different amor-
phous alloys show differing amounts of detail in their diffrac-
tion patterns.20

7. It has been observed?:? that the amorphous structure,
once formed, is stable to relatively high temperatures (generally
above room temperature for alloys involving higher melting




metals such as Cu, Au, Co). Furthermore, the transformation
from amorphous to crystalline involves a relatively high activa-
tion energy (~1 eV), which is suggestive of some sort of dif-
fusion jump. As already mentioned above, the vibration “an-
nealing” of the present model simulates only low-temperature
annealing effects, not annealing which gives rise to diffusion.
The fact that crystallization is not observed in the model there-
fore provides a basis for understanding of the relatively high
stability of the amorphous phase.

8. The amorphous range in the Co-Au alloys is observed?2?
to go from about 20 to 65 atomic 9, Au. It is noteworthy that
in this case the amorphous range extends further on the small-
atom rich side than on the large-atom rich side of the phase
diagram,

9. The existence of an “epitaxial temperature,” below which
a polycrystalline and above which a single-crystalline structure
is obtained, is well known. It is also well known that the rate
can be varied instead of the temperature, since the important
quantity is the degree of supersaturation. The work of Sloope
and Tiller,2* where both rate and temperature are varied, illus-
trates this point for Ag deposited on rock salt. It is also well
known that the epitaxial temperature or epitaxial rate is not a
sharp dividing line, i.e., that perfection of a deposit continues
to increase with increasing temperature or decreasing deposition
rate.

10. There is no unambiguous evidence on the effect of im-
purities on epitaxy, Gaseous impurities, due to imperfect
vacuum, are known to raise the epitaxial temperature, but un-
fortunately the state of surface cleanliness is then also changed.

11. Several workers??~2¢ have observed oriented polyhedral
holes in epitaxial thin films, which may be formed by a mecha-
nism similar to the void formation in the present model.

In summary, it is striking to find that there is experi-
mental evidence in support of most of the predictions
made by the present model. We may conclude, therefore,
that the model serves to simulate the qualitative aspects of
the structure of metal and alloy thin films to a better de-
gree than might have been anticipated.
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Appendix: Discussion of diffraction patterns

The first contribution to the diffraction pattern which
must be considered is that of a single circular aperture.
Clearly, if the array consisted of a random and widely
spaced collection of N spheres, all of the same size, the
total diffraction obtained would be N times that for a
single circular aperture. It is well known®® that such an
aperture gives a series of maxima and minima in intensity
at diffraction angles which may be described by

sin 6 = p\/a, (A.1)

where 6 is the angle between the incident and diffracted
beams, A the wavelength, a the aperture diameter, and
p is (in general) an irrational number which for the first

few maxima takes on values 0, 1.64, 2.67, 3.69, 4.72 and
for the minima the values 1.22, 2.23, 3.24, 4,24, 5.24 (all
values rounded off to three figures). In the present optical
patterns, because of the touching of the spheres and ten-
dencies toward local ordering, none of the diffraction
patterns observed are directly describable in terms of the
single-aperture diffraction. Rather, the single-aperture
factor serves to modulate the intensities of the sharper
maxima which are obtained as a result of interference
effects between the individual apertures.

The diffraction by a perfect array of spheres (which is
an array of circles on the photograph from which the dif-
fraction pattern is obtained) obeys the relation

n\ = dsin 6, (A.2)

where » is the (integral) order of the diffraction maximum
and d the spacing between a parallel set of lines through
the centers of the spheres. For the perfect hexagonal array
this becomes

sin 6 = (2n/V3)(W* + hk + k)N /a, (A.3)

where (kk) is the two-index specification of a set of parallel
lines in the two-dimensional array, analogous to the Miller
indices of a set of planes in a crystal.

When the grain size becomes fine enough, continuous
Debye-Scherrer type rings are obtained. The higher order
diffractions then tend to be weak, so that the four strongest
diffractions observed (starting from the innermost ring)
are, respectively, to (hk) = (10), (11), (21) and (31), all
with n = 1.

Finally, the inner part of the amorphous pattern is also
due to interferences, i.e., to correlations among the
positions of the spheres. This statement is based on the fact
that it is not possible to describe this pattern solely as
the superposition of the patterns due to single circular
apertures of the two different sphere diameters.
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