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Multifractal behavior of crystallization on Au ÕGe bilayer films
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The relationship between the distribution and the dimension of fractal patterns in annealed Au/Ge bilayer
films has been investigated. The variation of the single-fractal branch width can be shown by using a simple
fractal dimension. The nonuniform distribution of multiple-fractal patterns can be described quantitatively by
using the multifractal spectra. It has been demonstrated that, when the fractals are fewer, they exhibit the
greater nonuniform distribution and the multifractal spectrum is wider. We found that a few fractal patterns
distribute nonuniformly in film annealed at 100 °C for 60 min, and that many fractal patterns distribute
uniformly in whole film annealed at 120 °C for 60 min. Correspondingly, the widthDa of multifractal spectra
decreases from 3.70 to 0.23.
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I. INTRODUCTION

Owing to the sensitive and complex dependence of t
films microstructure and growth conditions, a great deal
attention has been played on the studies of the microstruc
and the physical properties.1–4 In fact, the self-similar fractal
patterns can be formed in metal/amorphous semicondu
~M/a-S! bilayer films during crystallization of the amorphou
semiconductor layer in contact with a metal layer.5–8 Since
the middle of the 1980s,9–12 the relationship between th
fractal formation of M/a-S bilayer films, the annealing tem
perature, the annealing time, the thickness of films, and
electron emission, etc., have been investigated thoroug
The mechanism of the fractal growth in M/a-S bilayer film
have been also proposed by Hou and Wu,3 while the studies
of the fractal crystallization mainly focused on the measu
ment of the single-fractal dimension. However, some stud
indicate that the multiple-fractal structure can be formed
the thin solid films.13 The distribution of the multiple fractals
in whole films cannot be described using a simple frac
dimension. Although the fractal dimension has been use
describe a rough surface,14 the single-fractal dimension can
not provide enough information.

The multifractal spectra can describe the different gra
tional characteristics of the fractal structure.15 The research
field is mainly the probability distribution of a few param
eters. In the past few years, the multifractals have been fo
to have important application in electron microscop
Huang16 et al. have studied the geometrical difference of
fractal cluster by use of the multifractal approach. In th
study, they have given an explanation of the informat
dimension and the correlation dimension. They have
clared that the information dimension is related to the clus
0163-1829/2001/63~16!/165413~5!/$20.00 63 1654
n
f
re

or

e
ly.

-
s

n

l
to

-

nd
.

r
n
-
r

growth mechanism. Li, Ding, and Wu17 have simulated the
spatial distributions of secondary-electron emission sites
secondary-electron emission energies at these Si emis
sites by the multifractal spectra in addition to the usual
proximate contour map plot. They found that the more no
uniform of the spatial distributions of the secondary-electr
emission sites and energies at these Si emission sites is w
for the multifractal spectra. Ohta and Honjo18 have studied
the multifractal spectra of the branched crystal growth, co
paring it with the fractal theory. Wang, Wang, and Wu19

pointed out the multifractal behavior of solid-on-sol
growth. They found that the widthsDa and the heightsD f of
multifractal spectraf (a) are related to the average film
thicknessh asDa;h0.9.

In this paper, we present first that the multifractality c
characterize the growth process of the Au/a-Ge bilayer
films. We found better correlativity between the fractal cry
tallization and the multifractal spectra in annealed Au/
bilayer films. By using multifractal spectra, we can study t
subtle geometrical feature of the distribution of the frac
patterns in Au/Ge bilayer films. This method seems to
developed to describe the fractal growth process.

II. EXPERIMENTAL AND MULTIFRACTAL METHOD

Specimens were prepared by evaporation freshly clea
NaCl ~100! crystal in vacuum with a pressure of
31025 Torr at room temperature. We deposited Ge at fi
and then Au without breakout the vacuum~about 2
31025 Torr! by evaporating high-purity germanium~99.9%!
and gold~99.9%! from two resistive-heated tungsten boa
The thickness of polycrystalline Au (p-Au) and amorphous
Ge (a-Ge) films are about 25 and 18 nm, respectively. A
©2001 The American Physical Society13-1
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FIG. 1. TEM images of Au/a-Ge bilayer
films annealed at 100 °C for~a! 45 min; ~b! 60
min; and~c! 70 min.
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as-evaporated specimens were annealed in vacuum of a
231025 Torr at 100 °C for 45, 60, and 70 min; and 120 °
for 30, 40, and 60 min respectively. After annealing, t
specimens were floated on distilled water and then place
copper meshes to be observed with a HITACHI H-8
Transmission Electron Microscope~TEM! operated at 200
kV.

TEM images were digitized by use of Fractal Images P
cess Software. The four intact fractal patterns were sele
from these digitized images. The fractal dimension~D! aver-
age value of four digitized fractal patterns has been car
out by using the Sandbox method.20 These digitized images
were divided into boxes of size 3603360 and then were
processed by the multifractal method. At first, we have
find the distribution of fractal growth probabilities on th
film as follows.

The 3603360 digitized image is divided into boxes o
size m3m ~m is the positive integer!, let «5m/L (L
5360) and the distributed probabilityPi j («) of the fractal
patterns in the box~i,j! is defined as

Pi j ~«!5
Ni j ~«!

( Ni j ~«!

5
Ni j ~«!

N
, ~1!

whereNi j («) is the number of pixels for the fractal pattern
inside the box~i, j! of size «, and N the total number of
pixels for the fractal patterns inside the largest box,i,j rep-
resent the coordinates of the small box along thex,y axles,
respectively. Changing the box size at the condition t
360/m is an integer, we can find a singular exponenta i j by
the following equation:21
16541
out

on

-
ed

d

o

t

Pi j ~«!;«a i j . ~2!

From the partition functionxq(«) expressed as a power la
with an exponentt(q), whereq is the moment order

xq~«!5( Pi j
q ~«!5«t~q!, ~3!

and the generalized fractal dimensionDq

Dq5
1

q21
lim
«→0

lnF(
i j

Pi j
q ~«!G

ln «
, ~4!

we can obtainf (a) by a Legendre transformation as follow

a5
d

dq
@~q21!Dq#, ~5!

and

f ~a!5aq2~q21!Dq , ~6!

that is, the relationship between the multifractal spectraf (a)
anda

f ~a!;a. ~7!

III. RESULTS

Figures 1~a! to 1~c! show the TEM images of the
Au/a-Ge bilayer films annealed at 100 °C for various anne
ing times. For the film annealed at 45 min@Fig. 1~a!# the
selected area electron diffraction patterns show several s
Au rings and two diffuse Ge rings, indicating that the spe
FIG. 2. TEM images of Au/a-Ge bilayer
films annealed at 120 °C for~a! 30 min; ~b! 40
min; and~c! 60 min.
3-2
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men of Au/a-Ge bilayer films annealing at 45 min is com
posed of amorphous Ge and polycrystalline Au. The dis
bution of Au grain is uniform and no Ge fractal patte
appears here. After annealing from 60 to 70 min, the fil
present a self-similar fractal patterns. It can be seen from
TEM images that there is a little difference on the frac
density and size for 60 and 70 min annealing specimens.
number of the fractal patterns are less, the difference of
fractal size is large, and the distribution of the fractal patte
is nonuniform for 60 min annealing specimen@Fig. 1~b!#.
When the annealing time reached 70 min@Fig. 1~c!#, the
sizes and the number of the fractal patterns increased,
the distribution of the fractal patterns was also nonunifor

Figures 2~a! to 2~c! show the TEM images of the
Au/a-Ge bilayer films annealed at 120 °C for various anne
ing times. The partial crystallization of Au/a-Ge bilayer film
began with annealing at 30 min@Fig. 2~a!#, and the film
appears as a nonuniform and sparse fractal pattern. Fo
film annealed at 40 min@Fig. 2~b!#, the Au/a-Ge bilayer film
has crystallized completely, the number of the fractal p
terns increased swiftly, and the whole film was covered w
the uniform fractal patterns. Combining the results presen
in Figs. 2~b! and 2~c!, it became known that the morpholog
of the Au/a-Ge bilayer film at 60 min annealing@Fig. 2~c!#
was similar to that of 40 min annealing. Table I shows t
fractal dimension~D! and the area percent~P! of the fractal
patterns with various annealing processes. It can be seen
the dimension and number of the fractal patterns increa
with the increase in the annealing temperature and time.

Figure 3 shows the lnx-ln « plots of the fractal patterns in
Au/a-Ge bilayer film annealed at 120 °C for 40 min by usi
the multifractal method. It can be seen that, whenq,21,
there are two regions, while the segment I and II corresp
to the regions of the large« and the small«, respectively.

Figures 4~a! and 4~b! show the multifractal spectra of th
fractal patterns in Au/a-Ge bilayer films annealed at 100 an
120 °C for various annealing times. For the specimen
nealed at 100 °C@Fig. 4~a!#, the multifractal spectra of the
fractal regions are wider at 60 min annealing. When the
nealing time reached 70 min, it is evident that the multifra
tal spectrum is contracted, and the uniformity of the frac
distribution was improved. For the specimen annealed
120 °C@Fig. 4~b!#, the multifractal spectrum is still wider an
irregular at 30 min annealing. When the annealing ti
reached 40 min, the multifractal spectrum is rapidly co
tracted, and the distribution of the fractal regions is unifor
Combining the results presented in specimens of 60 and

TABLE I. Fractal dimension~D! and area percent~P! of fractal
patterns with various annealing process.

Annealing
temperature

Annealing time
~min!

Fractal dimension
~D! Area percent~P!

100 °C 60 1.51860.060 2.5
70 1.68560.021 14.6

120 °C 30 1.55260.014 4.4
40 1.74660.026 40.3
60 1.75260.028 42.6
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min annealing, we can find that the multifractal spectrum h
been contracted a little for the specimen at 60 min anneal
and the uniformity has been improved a little for the frac
distribution. Table II shows the list of the key parameters
the multifractal spectra of specimen with different anneal
processes. Among them isDa5amax2amin . As seen in
Table II, the minimum singularityamin increase with the
increase in the annealing time, and the maximum singula
amax decrease with the increase in the annealing time.

IV. DISCUSSION

In general, the fractal dimension has been carried out
using the sandbox method,20 area-radius of gyration (S-Rg)
method,22 and box-counting method.23 The sandbox method
has been adopted in a fractal dimension analysis of Au/a-Ge
bilayer films by calculating pixels of fractal regions in
gradual increment box. This method is applied to calcul
the simple fractal dimension of the single-fractal pattern,
distribution of the fractal patterns cannot be fully describe
The S-Rg method may measure the average dimension
many fractal patterns, which has nothing to do with the d
tribution of the fractal patterns. The simple box-counti
method is applied to process the whole picture of many fr
tal regions. It does not be considered the pixels difference
the square, and it is still given the simple fractal dimensi

As seen in TEM results, the branches of the fractal p
terns become from the sparse to the dense in Au/a-Ge bi-
layer films with increasing annealing temperature and tim
The quantitative analysis of these fractal patterns may
described by the average dimension of many fractal patte
~Table I!. In order to examine the deep-level characterizat
of fractal structure in Au/a-Ge bilayer films, the multifractal
spectraf (a) have been adopted in the distribution of th
fractal patterns in the M/a-S bilayer films. From the relatio
ship between the probabilityPi j («) of fractal growth, the
fractal dimension, and some multifractal parameters16 such

FIG. 3. The lnxq-ln « plots of fractal patterns in Au/a-Ge bi-
layer film annealed at 120 °C for 40 min.
3-3
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as the minimum singularityamin and the maximum singular
ity amax they can be obtained from Eqs.~3!–~5!, and the
multifractal spectraf (a) from Eq.~6!. The multifractal spec-
tra f (a) have been also used to described the nonuniform
of the fractal patterns, which can provide more informati
than the simple fractal dimension. The region behavior of

FIG. 4. The multifractal spectra of fractal patterns in Au/a-Ge
bilayer film annealed at~a! 100 °C and~b! 120 °C.

TABLE II. List of key parameters of the multifractal spectra
specimens with different annealing process.

Annealing
temperature

Annealing time
~min! amin amax Da

100 °C 60 1.15 4.85 3.70
70 1.29 3.17 1.88

120 °C 30 1.06 4.40 3.34
40 1.86 2.20 0.34
60 1.88 2.11 0.23
16541
ty
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smaller probability can be described using the largea in
fractal spectra. The region behavior of the larger probabi
can be described using the smallera. The nonuniform distri-
bution of fractal growth probability can be described usi
the widthsDa of multifractal spectraf (a). The largeDa
indicates the nonuniform distribution of fractal growth pro
ability.

As seen in Fig. 3, the curves obviously consist of tw
linear segments forq,21 ~defined as segments I and II!. It
is also seen that the shapes of plots for segments I and I
different. The shape for segments I is normal~« larger! and
the shape for segments II is anomalous~« smaller!. Similar
spectra have been observed in the distribution of second
electron emission sites on the solid surface.17 In segments II,
the scale invariance is broken down in the smaller proba
ity region and q,21 ~in the outer zone of the fracta
patterns!.24

The f (a);a curves in Fig. 4 show that all of the max
mum f (a) are equal to 2 (f max52) when the total number o
fractal patterns are large enough. In segments I, the widthDa
of mulifractal spectraf (a) decreases with the increasing a
nealing time at two annealing temperatures~100 and 120 °C!.
The decrease ofDa is caused by the fact that the distributio
of fractal growth probability on various annealing time ten
to be uniform and that when the total number of fractal p
terns are large enough, the dimensions of all specimens
variousa are converged to a point~2, 2! in the f (a);a plot.
Nakamura14 studied the fractal property of randomly depo
ited film on one-dimensional substrate and obtained th
Hausdorff dimensions according to three different defi
tions. Furthermore, he also found that the fractal dimens
of small clusters is quite different from that of larger one
His study can only be used in the case of low coverage, s
there will be a few very large clusters if the coverage
large. Compared with our results, the multifractal spectra
tained by us are sensitive and precise enough to desc
fractal growth process of Au/a-Ge bilayer films fromDa
53.70 toDa50.23.

These findings support the conclusion that the nonunifo
distribution of fractal growth in Au/a-Ge bilayer films can
also be described by multifractal analysis in addition to
usual approximate contour map plot. The subtle geometr
difference between the distributions and the fractal struct
can be provided by some multifractal parameters. The res
of multifractal analysis indicate that the fractal crystallizati
process in Au/a-Ge bilayer films can be characterized by
multifractal approach, the widthDa, and the singularity
spectraf (a). This means that the widthsDa of mulifractal
spectraf (a) decrease with the increase in the annealing te
perature and time, that is, the smallerDa fractal crystalliza-
tion the better.

V. CONCLUSION

In conclusion, we analyzed the relationship between
distribution and the dimension of fractal patterns in annea
Au/a-Ge bilayer films. It is demonstrated that the frac
crystallization process in annealed Au/a-Ge bilayer films
can be characterized by the multifractal approach, the w
3-4
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Da, and singularity spectraf (a). We found that a few frac-
tal patterns distribute nonuniformly in the film annealed
100 °C for 60 min, and that many fractal patterns distrib
uniformly in whole film annealed at 120 °C for 60 min. Co
respondingly, the widthDa of multifractal spectra decrease
from 3.70 to 0.23
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