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Experimental demonstration of the role of local latent heat in Ge pattern formation
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(Amorphous Ge)/(polycrystalline Au) bilayer thin films with diA'erent Au grain size were

prepared, and the pattern formation of Ge in annealed films has been investigated. It was found
that as the average Au grain size increases from 40 to 410 nm, the Ge patterns change from ramified

fractals to simple tip-splitting patterns and finally to round patterns. Furthermore, our experiment
proves that the fractal formation in such films is truly dominated by the local-latent-heat, and that
the pattern geometry is governed by the latent-temperature field range and the lattice network
formed by the grain boundaries of the underlying Au film.

INTRODUCTION

In recent decades, many works have been published
about the observation and investigation of nonequilibri-
um growth in various branches of the sciences, such as
dielectric breakdown, ' electrodeposition, ' Saffman-
Taylar viscous-fingering instability, ' irregular crystal
growth, and phase transformations in thin solid
films. ' All these seemingly unrelated phenomena, ex-
cept pattern formation in solid films, are well character-
ized by irreversible pattern formation in a field (electro-
static potential, concentration, pressure, or velocity po-
tential) which satisfies a Laplace equation, and hence is
equivalent to the diffusion field, so that the diffusion-
limited aggregation (DLA) model" is applicable to them.
However, nonequilibrium growth in solid films during
crystallization is a rather peculiar problem. First, the ac-
tive field or driven force in such a system is not as easily
identified and controlled as those described above.
Second, very different patterns formed in different films
led to several kinds of descriptions about the growth
mechanism. Third, accompanying the diffusion and nu-
cleation, the growth seems to be not fully characterized
by the traditional DLA model, in which particles only
difFuse and stick to a growing cluster.

In our previous papers, ' ' the fractal patterns forma-
tion in [amorphous Ge (a-Ge)]/[polycrystalline Au
(poly-Au)], and a-Si/p-Pd bilayer films were investigated,
and the results observed indicated that the fractal mor-
phology is the result of three basic features: (1) hetero
geneous nucleation of Ge at Ge/Au interfaces, (2) the
growth of Ge crystallites is limited by the grain-boundary
diffusion, (3) the local latent heat released by Ge during
crystallization may play an important role in the pattern
formation. Thus the question arises: %'hy and how can
this short-range field lead to the appearance of ramified
patterns that have a fractal geometry on a much larger
length scale? What is the relationship between the
growth mechanism and the local field?

The purpose of this work is to design an experiment
from which we can study the pattern growth more
straightforwardly and get a deeper understanding of the
growth mechanism in (a-Ge)/(poly-Au) systems. From
this point of view, several (a-Ge)/(poly-Au) films with
different grain size of Au were prepared, and pattern for-
mations during crystallization were investigated. Our ex-
perimental results indicate that the pattern growth in
suck films is truly local-latent-heat activated, and that the
pattern geometry is governed by the local-latent-
temperature field range of Ge and the lattice network
formed by the grain boundaries of the underlying Au
film.

EXPERIMENT

Specimens were prepared by evaporation on fresh
cleavaged NaC1(100) crystal in vacuum with a pressure of
5X10 Torr. We deposited Au at first and then Ge
without breaking the vacuum. The thicknesses of a-Ge
and poly-Au films are about 20 and 30 nm, respectively.
The poly-Au films with different grain size were obtained
by changing the evaporation rate or the temperature of
the NaCl substrate. Ge was evaporated at the same eva-
poration rate onto the poly-Au films held at room tem-
perature.

All as-evaporated specimens were annealed in vacuum
of about 5X10 Torr at 150'C for 1.5 h. After anneal-
ing, the specimens were examined by an EM-430
transmission electron microscope (TEM) operated at 300
kV. Quantitative analysis was done by an EDAX-9100
energy-dispersive spectroscopy (EDS) on an H-800 TEM
operated at 200 kV. Because of the overlap of the Ge K
line (9.88 keV) and Au L line (9.70 keV), the x-ray inten-
sities of the Ge L line (1.19 keV) and Au I line (2.14
keV) were used.

RESULTS

(1) Determination of Au grain size (d„„).TEM obser-
vation shows that the films are homogeneous in morphol-
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FIG. 1. Bright- and dark-field TEM images of specimen 3 be-

fore annealing.

ogy and consist of amorphous Ge and polycrystalline Au
before annealing. For each specimen, several dark-field
micrographs were taken by use of different parts of the
Au(111) diff'raction ring. The bright areas in such pic-
tures are those Au crystallites with special rotation. Fig-
ure 1 shows the bright- and dark-field micrograph of a
specimen. The average values of d~„in different speci-
mens were estimated by measuring the bright areas in
dark-field images. The measuring procedure is as follows:
for each dark image, we chose ten bright areas at random
and have an average value, then dA„ is obtained by
averaging the values of images with different orientation,
and the results are listed in Table I.

(2) Morphology observation and quantitative analysis
After annealing at 150'C for 1.5 h, great changes took
place in the film morphology. Figure 2 shows the TEM
image and the selected-area electron diff'raction (SAED)
patterns of annealed specimen 1. We can see that large
bright DLA-like fractals formed with a size of about 8

pm, and SAED patterns of these bright regions indicate
that a-Ge has been crystallized, whereas the SAED pat-
terns of the uniform dark matrix show no Ge diffraction
rings. The composition of the dark matrix was deter-
mined by EDS to be around Auo 9pGeo 08 differing great-
ly from the average composition of the as-evaporated
specimen (Au06, Geo 35), so we know that almost all Ge
atoms aggregate to the fractal regions. Figure 3 shows
the pattern growth of specimen 1 at the early annealing
stage: small irregular pattern appears with a size of
about 100 nrn. The picture indicates clearly the branch-
ing tendency of the infancy of a Ge pattern. It is obvious
that part A is the pattern center, while part B does not
seem to grow epitaxially from A. It is reasonable to
speculate that 8 is a new crystallite other than A. In an-
nealed specimen 2, even though these Ge crystalline pat-
terns are thinner and less ramified than that shown in
Fig. 2, and their average size is about 4 pm, which is half

FIG. 2. TEM image and the selected area diffraction patterns
of specimen 1 after annealing at 150'C for 1.5 h. Large and

bright fractals are formed. (a) The diffraction pattern of the
dark region shows no Ge diffraction rings; (b) the diffraction
pattern of the fractal region indicates the appearance of small

Ge crystallites.

that of the patterns in specimen 1, they are still DLA-like
structures [Fig. 4(a)]. The observation of specimen 2 at
early stages reveals a similar result to that shown in Fig.
3.

When the value of dA„ is about 150 nm (specimen 3),
the shape of Ge patterns is very different from that of
specimen 1 and 2 [Fig. 4(b)]. In order to distinguish such
less-ramified patterns from those DLA-like patterns, we
call them tip-splitting patterns. Figure 4(c) shows that in
specimen 4 (d~„=240nm) two kinds of Ge patterns ap-
pear in the film morphology: simple tip-splitting pattern
(A) and round patterns (B). Further increasing of d~„
leads to forming round patterns only, and the diffraction
analysis indicates that they are large single-crystal grains
[Fig. 4(d)].

From Figs. 2 and 4, we can see clearly how Ge patterns
change gradually from well-ramified fractals, in which
many small crystallites distributed to nonfractal single-
crystal grains, and dA„=240nm is nearly a critical con-
dition in which Ge patterns change from ramified pat-
terns to round ones. Moreover, the average radii of these
Ge patterns decrease with the increasing of dA„. Anoth-
er important result obtained by the TEM observation is
that during the annealing, there is no significant change
of Au grain size in different specimens.

(3) Scale invariant prope-rties of Ge patterns. TEM im-
ages taken of individual patterns were digitized by use of
a PDS-101DM microdensitometer at 256X256 resolu-
tion. A threshold criterion was then applied to separated
pixels in the Ge patterns from those in the background.
The quantitative analysis of these digitized images has

TABLE I. Evaporation conditions and grain size of Au films.

Spec&men
3

Evaporation rate (nm/s)
Substrate temperature ('C)
Grain size (nm)

6
25
40+5

0.1

25
75+11

0.5
150
150+15

0.5
300
240+ 17

0.5
500
410+30
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FIG. 3. TEM image shows the fractal morphology at the ear-

ly growth stage (annealing time is about 15 min); part A is an
original growth center, while part B is a new crystallite other
than A.

FIG. 5. Curves of the logarithmic density-density correlation
function vs radius. The numbers denote the curve of the
different specimens. It can be found that linear ranges decrease
with the increase of dA„.

been carried out by the density-density correlation func-
tion method. " It is found that for specimens 1 —4, their
correlation functions behave as a power law
[C(R)-R '] when R lies in certain ranges (Fig. 5).
Therefore in a limited range, they are self-similar. Figure
6 shows the relationship between the relative liner range
b,R /Rg and d~„(where Rs is the average radius of gyra-
tion). We find that for specimens 1 and 2, b,R /R~ keeps
a constant, and its value is equivalent to those DLA's. "
Therefore, the patterns shown in Figs. 2 and 4(a) are frac-
tals, and the fractal dimensions determined from the
ln(R)-ln[C(R)] curves are 1.70+0.01 and 1.68+0.03

respectively, while for specimens 3 and 4, b,R/R de-
creases remarkably with the increasing of d A„.Although
limited liner ranges exist in the ln(R ) -ln[C (R )] curves,
the ramified patterns shown in Figs. 4(b) and 4(c) can
hardly be considered as fractals because b,R/Rg is too
small. Therefore, according to the characteristic of
C(R), the pattern formations can be divided into three
regimes: (1) the fractal growth regime, in which correla-
tion length is nearly a constant (-0.4Rg) and the fractal
dimension decreases with the increase of dz„, (2) the
simple-splitting growth regime, in which correlation
length decreases remarkably with the increase of dA„,
and (3) the round growth regime, in which only solid pat-
terns are formed (Fig. 6).
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DISCUSSION

It is known that'"' the basic features of metal-
enhanced crystallization in (a-Ge)/(poly-Au) system are
(1) heterogeneous nucleation of Ge in energy favorite
sites at Ge/Au interfaces (such as the triple points of the
grain boundary of Au film) and, (2) crystallite growth is
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FIG. 4. TEM images of the specimens with different grain

size of Au after annealing at 150 C for 1.5 h. We can see clearly
how bright crystalline Ge regions change gradually from well-
ramified patterns to round patterns: (a) specimen 2; {b) speci-
men 3; (c) specimen 4; and (d) specimen 5. The bright spots in
the SAED pattern (see above) indicate that the round Ge region
is a large single-crystal grain.

d (100nm)

FIG. 6. Plot of the relative linear range (hR /R~) vs the aver-
age grain size of Au (d„„),where R is the radius of gyration,
and the data of specimen 4 are obtained by averaging over those
ramified pat terns.
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FIG. 7. Schematic projection of the Au grain-boundary net-

work and the triple grain-boundary points of poly-Au films.

limited by the grain-boundary diffusion because the less-
dense packing of atoms at the grain boundary leads to a
greater atomic mobility. Figure 7 shows the schematic
projection of the Au grain-boundary network and the tri-
ple grain boundary points; with different length scales,
the projection can adapt to specimens with different d~„,
so that Au films provided a matrix in which Ge can nu-
cleate and diffuse easily.

Now according to the careful observations at the early
growth stage (see Fig. 3 and lattice images presented in
our previous paper' ), we can get a picture of the micro-
scopic model for the growth. At the beginning of cry-
stallization, a primary nucleus caused by thermal Auctua-
tion appears in the favorite site, and then the growth of
the nucleus becomes boundary diffusion limited; at the
same time, the released latent heat of crystallization leads
to a rise in temperature in surrounding regions and may
stimulate new nuclei to appear at its boundary for further
diffusion-limited growth; this is the so-called "random
successive nucleation (RSN)" process, and the progres-
sive screening of a given Ge crystallite by the new stimu-
lated nucleus at its boundary limits its own growth; it is
obvious that the Ge pattern must grow along the grain-
boundary network when the RSN process takes place.
Although the microscopic growth mechanism described
above enables us to understand the polycrystalline and
the branching natures of the Ge pattern, there are two
problems which need further discussion. That is why
large fractals cannot form in those specimens with a
larger grain-boundary network and why fractal patterns
in specimens 1 and 2 are so analogous to the traditional
DLA patterns that formed only by particle diffusion.

As shown in Fig. 8, between a growing Ge pattern and
the amorphous Ge matrix, there is a narrow dark Au-
rich region indicating the occurrence of atomic diffusion.
This means that Ge atoms should move a certain distance
before they reach the growth zone near the Ge/Au
boundary. For detailed discussion, we introduce two
1ength scales associated with the diffusion and nucleation
processes: one is the average effective range of local texn-
perature field (L) in which latent heat has sufficient ener-

FIG. 8. TEM image shows the growing Ge pattern surround-
ed by a narrow Au-rich region in which atomic diffusion and
nucleation take place.

gy to promote Ge atoms to overcome the diffusion bar-
rier, and the other is the lattice constant (D) of the grain-
boundary network formed by the underlying Au film.
The value of D is naively considered to be the same order
of d~„,i.e., D =d~„,while the value of L can be approxi-
mately estimated by measuring the width between the tip
of the branch and the amorphous matrix. Although the
width of the different specimen or the same specimen at a
different annealing stage varied slightly, its dominant
value, obtained by averaging over several patterns, is
about 263+50 nm. This result is expected because the la-
tent heat of crystallization is a constant. Approximately
we let L =260 nm.

Qualitatively, L/D & 1 means that Ge atoms should
diffuse following a random path along the grain-boundary
network shown in Fig. 7, and that RSN processes will

happen during annealing. As a result, the ramified pat-
terns with small Ge crystallites will grow along grain
boundaries. Therefore we can speculate that even though
nucleation plays an important role in the pattern forma-
tions of these specimens, the location of new nuclei at the
Ge/Au boundary is actually determined by the atomic
diffusion along the Au grain-boundary network. It is ob-
vious that the larger the value of L/D is, the more the
boundary diffusion process in Ge/Au systems is similar
to that of the traditional DLA model, in which particles
diffuse on a two-dimensional lattice. Therefore, DLA-
like patterns can form in specimens 1 and 2 (L/D & 3.5).
Conversely, in specimen 5 (L/D (1), no stimulated nu-

clei appear and the Ge crystallites grow independently; as
a result, large single-crystal grains appear in the film

morphology. L /D = 1 is the intermediate case (specimen
4) in which both kinds of patterns formed randomly.

In summary, we conclude that the pattern formation in
a-Ge/Au systems is truly dominated by the local temper-
ature field, so that it is a kind of self-activated random-
growth phenomenon, and the correlation property of the
Ge pattern is determined by the local-latent-heat field
range and the grain-boundary network formed by the un-

derlying polycrystalline Au film.
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