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In situ TEM study of fractal formation in amorphous Ge/Au bilayer films
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The kinetic behavior of fractal crystallization in amorphous semiconductor/metal bilayer films has been
studied byin situ transmission electron microscopy. The fractal growth process exhibits three stages: rapid
growth, steady growth, and slow growth. During the initial rapid growth stage, the fractal crystallization is
controlled by both diffusion and reaction processes. With increasing annealing time, fractal growth is ob-
structed and becomes slower because more and more other fractal patterns approach from the neighborhood.
The growth kinetics analysis indicates that both diffusion-limited aggregation and random successive nucle-
ation mechanisms play an important role in fractal crystallization in the amorphous Ge/Au films.
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INTRODUCTION

In amorphous semiconductor/metal (a-S/M ) bilayer or
multilayer systems, the crystallization of amorphous se
conductors has attracted much attention because the m
can dramatically reduce the crystallization temperature of
amorphous semiconductor.1–5 Such behavior is sometim
called ‘‘metal-induced crystallization~MIC!’’ 2 or ‘‘metal-
mediated crystallization~MMC!.’’ 6 During the MIC or
MMC process, complex morphologies of semiconduc
crystallites appear in the films, and can be characterize
fractal patterns. The formation of the fractal morphology
closely related to the mechanism of the crystallization of
semiconductor. In recent years the fractal crystallization
havior in metal/amorphous semiconductor bilayer films h
been widely studies.7–17 Leriah et al. observed the dens
branching morphology of Ge crystallites in annealed Ge
amorphous films, and the growth morphology was explain
on the basis of the diffusion-limited aggregation~DLA !
model9,10 and the modified DLA model.11,12 Sugawara
et al.13 studied the growth dynamics of a Ge fractal
a-Ge/Au bilayers and suggested that the growth w
diffusion-controlled by Ge atoms in a Ge-depleted zone s
rounding a Ge cluster. The fractal morphology was explain
in terms of the diffusion length and the size of the Au cry
tallites. Based on their experimental results of the annea
behavior of a-Ge/Au bilayers, Hou and Wu7 proposed a
‘‘random successive nucleation~RSN!’’ model. Li et al.8

and Petford-Longet al.18 supported the RSN mechanism
fractal crystallization by investigating an Al/a-Ge bilayer
system. Recently Bianet al.14,15 investigated the fractal for
mation in a-Ge/Au bilayer films byin situ plane-view and
PRB 600163-1829/99/60~8!/5904~5!/$15.00
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cross-section TEM observations. They considered that
DLA model might not be suitable to describe fractal grow
in a-Ge/p-Au ~polycrystalline Au! films and supported the
random successive nucleation and growth~RSNG! mecha-
nism to explain their results.

Up to now there has been no generally accepted un
standing for the microscopic mechanism of fractal format
in metal/amorphous semiconductor bilayer films. More
sight into this phenomenon is needed. Recent studies
gested that fractal crystallization is closely related to
growth kinetics,18,19which involves the fractal crystallization
area~S! and the annealing time~t!. In order to obtain a quan
titative relationship betweenS and t, in situ TEM observa-
tionis helpful and necessary because it can record the c
plete sequence of events continuously and determine
growth kinetics precisely. In this paper, quantitativein situ
TEM studies of fractal crystallization kinetics in Au/a-Ge
bilayer films are reported.

EXPERIMENT

Ge and Au were sequentially deposited onto Si~100! sub-
strates~by an evaporator! in vacuum of about 231025 torr
with the substrate at room temperature. Samples with
thickness ratios were prepared as follows:

Sample 1 2
Au ~nm!/a-Ge ~nm! 30/30 35/25

After evaporation, the samples were cut into small circ
lar wafers with a radius of 1.5 mm by the ultrasonic di
5904 ©1999 The American Physical Society
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cutter. Then the wafers were polished to about 30mm thick-
ness with the disk grinder. The dimple grinder was used
thin the wafer thickness less than 5mm. Finally the wafers
were milled by the ion polishing system. During the pr
cesses mentioned above only the sides of the Si subst
were polished, dimpled, and milled, thus Au/a-Ge bilayers
remained. TEMin situ observations were carried out on
JEOL 4000 FX transmission electron microscope equip
with a heating stage. During heating, fractal crystallizat
occurred in the two samples, and the processes of the fra
crystallization were recorded. TEM photographs with frac
patterns were digitized by a scanner with a resolution of 2
DPI. Using a fractal image process software~FIPS! devel-
oped by Wang,20 the fractal patterns may be processe
Many parameters, such as fractal dimension size and ra
of gyration of each fractal pattern, were obtained. The fra
dimensions were calculated by the box-counting method

RESULTS

In situ observation of fractal growth process

Figures 1~a!–1~h! show the fractal growth process i
sample 1. It can be seen from Fig. 1 that three differ

FIG. 1. Fractal crystallization process in sample 1~a! 110 °C,
10 min1120 °C, 5 min;~b! 120 °C, 15 min;~c! 120 °C, 25 min;~d!
120 °C, 33 min;~e! 120 °C, 40 min;~f! 120 °C, 45 min;~g! 120 °C,
55 min; ~h! 120 °C, 55 min1135 °C, 10 min.
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contrasts~dark, dark gray, and white! exist in all micro-
graphs. Since the electron scattering of Au is much stron
than that of Ge, the dark contrast is mainly from Au grain
the white contrast is from Ge clusters, and the dark g
contrast comes from the mixed regions of Au and Ge.
temperature below 110 °C, no significant structure cha
occurred. When temperature reached 110 °C for 10 min
then 120 °C for 5 min, the crystallization of amorpho
Ge (a-Ge) started, as shown by an arrow in Fig. 1~a!. The
crystalline Ge (c-Ge) cluster, labeledA, gradually showed
the snowflakelike fractal morphology after 20 min at 120 °
During further annealing up to 55 min at the same 120
@Figs. 1~c!–1~g!#, the branches of the snowflakelike mo
phology continuously extended and some new patterns
peared one after another at other sites in the film, as lab
with B, C, and D. When the temperature was raised
135 °C, the polycrystalline Ge (p-Ge) morphologies dra-
matically covered the whole area of the film. Figure 2 sho
three plots of lnN versus ln(1/L) of the snowflakelikep-Ge
regions in Figs. 1~c!, 1~e!, and 1~g!, respectively, whereL is
the box size~the maximum values of the threep-Ge regions
are 600, 850, and 1050 nm, respectively! and N represents
for the number of boxes occupied by the Ge crystallites
can be seen that the three plots have good linearity, wh
means that the snowflakelike morphologies have the s
invariance in these ranges. So the snowflakelike Ge patt
can be regarded as fractals. The fractal crystallization p
cess exhibits the following characteristics.~i! As long as the
nucleation ofa-Ge started at one site,a-Ge around this site
crystallized quite fast, which indicated that latent heat
leased due to crystallization ofa-Ge played an importan
role in fractal formation.~ii ! The tips of fractal branches
always contacted directly with the dark gray contrast regio
during heating as shown by the circles from Figs. 1~d!–1~f!,
and the fractal branches extended along the dark gray reg
in general.~iii ! The tip directly contacted with the dark re

FIG. 2. The plots of lnN vs ln 1/L of the snowflakelikep-Ge
regions~markedA! in Figs. 1~c!, 1~e!, and 1~g!, respectively, where
L is the box size andN represents for the number of boxes occupi
by the Ge crystallites. The plots have good linearity.
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5906 PRB 60SHUYUAN ZHANG et al.
gion, as marked by an arrow in Figs. 1~e!–1~g!, hardly ad-
vanced, implying that Au grains reduced the diffusion of G
into the fractal region.

The fractal crystallization process in sample~ii ! is shown
in Figs. 3~a!–3~d! at much lower magnification. The nucle
ation took place very rapidly in this case, and most fract
nucleated already in 5 min at 130 °C. The size of the frac
patterns increased gradually and a few new fractal patt
formed ~as shown by the circles! with increasing heating
time.

S;t relationship

The fractal patterns obtained in thein situ observation
were processed by computer. Figure 4 shows theS;t curves
of four fractal patterns,A–D, in Fig. 1 during 120 °C an-
nealing. The intersection pointst0 of B, C, andD curves with
the abscissa, in fact, represent the incubation time ofB, C,
and D fractal patterns, respectively. It can be seen that
curves are nonlinear, which indicates that the relations
betweenS and (t2t0) obeys a power law with an inde
larger than 1. Figure 5 exhibits theS;t curves of three frac-
tal patternA, B, andC at 130 °C heating in Fig. 3. It shoul
be noted that the conditions around theA, B, andC fractal
patterns are different after heating for 5 min at 130 °C,
shown in Fig. 3~a!. FractalA can be called an easily deve
oped pattern since it is far away from the other patter
FractalsB andC are partially obstructed and obstructed p
terns, respectively, because some other patterns are clo
B and many toC. The S;t curves of fractal patterns o
different types exhibit different characteristics. The curve
fractalA shows ‘‘*’’ shape, but the curves for fractalsB and
C look like the latter part of that for fractalA. This interest-
ing result will be discussed later.

FIG. 3. Fractal crystallization process in sample 2~a! 130 °C, 5
min; ~b! 130 °C, 7.5 min;~c! 130 °C, 10 min;~d! 130 °C, 20 min.
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Rg;t relationship

From the same fractal images, the radii of gyration
fractal patterns can be obtained. Figure 6 shows the relat
ship betweenRg and annealing timet for the fractal patterns
A, B, C, andD in Fig. 1. It is evident thatRg;(t2t0) curves
also obey a power law. However, the increasing rates ofRg
for various fractal patterns are different.

Fractal dimensions

The fractal dimensions of patterns during the vario
stages of fractal crystallization have been calculated by
box-counting method. Figure 7 shows the development
fractal dimensions of patternsA, B, and C in Fig. 1. It is
evident that the fractal dimension increases in general w
increasing annealing time.

FIG. 4. S;t curves of four fractal patternsA, B, C, andD in
Fig. 1 during 120 °C annealing.

FIG. 5. S;t curves of three fractal patternsA, B, andC in Fig.
2 during 130 °C annealing.
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DISCUSSIONS

The in situ observations and analyses indicate that
fractal crystallization in metal/amorphous semiconductor
layer films is a complex process. It cannot be simply e
plained by the DLA model. According to the DLA mode
the fractal dimension should keep constant during fra
growth, which is inconsistent with our experimental resu
On the other hand, experimental evidence indicates tha
tent heat released due to crystallization ofa-Ge plays an
important role in fractal formation. The latent heat can le
to a local temperature rise in the area surrounding the
crystallite ~the heat of crystallization of amorphous Ge
1.153104 J/mol21). The local temperature rise can stimula
new nuclei to appear randomly in the nearby region, and
processes can be repeated continuously during annealing
sulting in the fractal formation. The process is called t

FIG. 6. Relationship betweenRg and annealing timet for the
fractal patternsA, B, C, andD in Fig. 1.

FIG. 7. Fractal dimensions values of the fractal patternsA, B,
andC in Fig. 1 during various fractal crystallization stages.
e
i-
-

l
.
a-

d
e

e
re-

e

random successive nucleation~RSN! mechanism.7,8 So RSN
process cannot be neglected during fractal formation.

According to the crystallization kinetics, a regular patte
growth in films should obey the power lawS5(t2t0)k,
whereS is an area of a regular crystallized pattern,t is the
annealing time,t0 is the incubation time, andk is directly
related to the growth mechanism (k51 for diffusion-
controlled andk52 for reaction-controlled growth in the
two-dimensional case!.

From theS;t andRg;t curves~Figs. 4 and 6! the onset
of crystallization can be determined for each fractal patt
in Fig. 1. Hence,k can easily be determined by plottin
ln S/ ln t8 (t85t2t0) as shown in Fig. 8. Thek values derived
from the slopes are greater than 1 but less than 2 for e
fractal pattern. This indicates that fractal growth is in agre
ment neither with the diffusion-controlled nor with th
reaction-controlled mechanism alone. In general, the D
model belongs to the diffusion-controlled growth, while th
RSN model is rather a reaction-controlled mechanism, the
fore the kinetics analysis results mean that both diffusion
nucleation play an important role in fractal crystallization

In Fig. 5, theS;t curves of the easily developed fract
pattern A ~see theS;t relationship section! exhibit ‘‘*’’
shape. It is evident that thek value varies with heating time
i.e., at firstk is greater than 1, then close to 1, and finally le
than 1. This may represent the whole fractal crystallizat
process. According to the change ofk, the whole process can
be divided into three stages: rapid growth, steady grow
and slow growth. At the initial stage, fractal growth was n
obstructed by other closely located fractal patterns. The
fore, there existed enougha-Ge so that fractal growth carrie
on rapidly. With increasing annealing time, fractal patter
became larger, and more and more other patterns approa
from the neighborhood, so the growth of patternA was ob-
structed and became slower. Therefore, thek value decreases
gradually. From this point of view, the obstructed and p
tially obstructed fractalsB andC in Fig. 5 are already on the
slow growth stage after 5 min at 130 °C, and the fractalsB,

FIG. 8. Thek values derived from the slopes of lnS-ln t8 curves
for the fractal patternsA, B, C, andD in Fig. 1.
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C, and D in Fig. 4 remain on the first rapid growth stag
because of low growth of the fractals at lower temperatu

CONCLUSION

Experimental evidence indicates that fractal growth
Au/a-Ge bilayers exhibits three stages: rapid growth, ste
o

r

C

.

y

growth, and slow growth. At first the growth indexk is
greater than 1, then close to 1, and finally less than 1. T
initial rapid growth stage withk.1 indicates both the diffu-
sion and reaction processes play an important role in
fractal crystallization. The decrease of the growth index
caused by the obstruction of the nearby fractals.
*Author to whom correspondence should be addressed. FAX:
551-3602803. Electronic address: zhangsy@ustc.edu.cn
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