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Multifractal behavior of crystallization on Au /Ge 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 wid#of multifractal spectra
decreases from 3.70 to 0.23.
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. INTRODUCTION growth mechanism. Li, Ding, and Wlhave simulated the
spatial distributions of secondary-electron emission sites and
Owing to the sensitive and complex dependence of thirsecondary-electron emission energies at these Si emission
films microstructure and growth conditions, a great deal ofsites by the multifractal spectra in addition to the usual ap-
attention has been played on the studies of the microstructuigfoximate contour map plot. They found that the more non-
and the physical propertiés? In fact, the self-similar fractal uniform of the spatial distributions of the secondary-electron
patterns can be formed in metal/amorphous semiconduct&mission sites and energies at these Si emission sites is wider
(M/a-S) bilayer films during crystallization of the amorphous for the multifractal spectra. Ohta and Hotfjdave studied
semiconductor layer in contact with a metal layetSince the_mulyfrag:tal spectra of the branched crystal growth, com-
the middle of the 1980%:%2 the relationship between the P&ng it with the fractal theory. Wang, Wang, and Wu_
fractal formation of M/a-S bilayer films, the annealing tem- Pointéd out the multifractal behavior of solid-on-solid
perature, the annealing time, the thickness of films, and th8"oWth. They found that the widthSa and the heighta f of
electron emission, etc., have been investigated thoroughiynultifractal spectrafégz) are related to the average film
The mechanism of the fractal growth in M/a-S bilayer films thicknessh asAa~h"". , . .
have been also proposed by Hou and Swhile the studies In this paper, we present first that the multlfract_allty can
of the fractal crystallization mainly focused on the measurecharacterize the growth process of the &uge bilayer
ment of the single-fractal dimension. However, some studie§lms. We found better correlativity between the fractal crys-
indicate that the multiple-fractal structure can be formed inf@llization and the multifractal spectra in annealed Au/Ge
the thin solid filmst® The distribution of the multiple fractals Pilayer films. By using multifractal spectra, we can study the
in whole films cannot be described using a simple fractapubtle ge_ometncal fe_zature _of the d!strlbutlon of the fractal
dimension. Although the fractal dimension has been used tBatterns in Au/Ge bilayer films. This method seems to be
describe a rough surfadéthe single-fractal dimension can- developed to describe the fractal growth process.
not provide enough information.
The multifractal spectra can describe the different grada- |, expPERIMENTAL AND MULTIFRACTAL METHOD
tional characteristics of the fractal structdreThe research
field is mainly the probability distribution of a few param-  Specimens were prepared by evaporation freshly cleaved
eters. In the past few years, the multifractals have been fountdaCl (100 crystal in vacuum with a pressure of 2
to have important application in electron microscopy.x 107> Torr at room temperature. We deposited Ge at first
Huand?® et al. have studied the geometrical difference of aand then Au without breakout the vacuuiabout 2
fractal cluster by use of the multifractal approach. In theirx 10~ ° Torr) by evaporating high-purity germaniu¢@9.9%
study, they have given an explanation of the informationand gold(99.9% from two resistive-heated tungsten boats.
dimension and the correlation dimension. They have deThe thickness of polycrystalline Au¢Au) and amorphous
clared that the information dimension is related to the clustefGe (a-Ge) films are about 25 and 18 nm, respectively. All
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FIG. 1. TEM images of Awd-Ge bilayer
films annealed at 100 °C fa@) 45 min; (b) 60
min; and(c) 70 min.

as-evaporated specimens were annealed in vacuum of about Pij(e)~e&". 2)
2x 10 °Torr at 100 °C for 45, 60, and 70 min; and 120 °C . X
for 30, 40, and 60 min respectively. After annealing, theF"0m the partition functiory,(e) expressed as a power law
specimens were floated on distilled water and then placed offith @n exponentr(q), whereq is the moment order
copper meshes to be observed with a HITACHI H-800
Transmission Electron Microscop@EM) operated at 200 Xq(s)=2 Pﬂ(s)ZsT(Q), 3)
kV.

TEM images were digitized by use of Fractal Images Pro-and the generalized fractal dimensibg
cess Software. The four intact fractal patterns were selected
from these digitized images. The fractal dimens(bn aver- 2 PY(g)
age value of four digitized fractal patterns has been carried 1 7
out by using the Sandbox meth8iThese digitized images Dq:q—l lim e : 4
were divided into boxes of size 38®B60 and then were o0
processed by the multifractal method. At first, we have towe can obtairf (a) by a Legendre transformation as follows:
find the distribution of fractal growth probabilities on the

In

film as follows. _da
The 360<360 digitized image is divided into boxes of - dq[(q DDql, ®
size mxm (m is the positive integer let e=m/L (L |
=360) and the distributed probability;;(¢) of the fractal
patterns in the boxi,j) is defined as f(a)=aq—(q—1)Dy, (6)
N;:(e) N;: (&) that is, the relationship between the multifractal spetttg)
Pij(e)=————=— (1) ande
2 Njj(e) f(@)~a. (7
whereN;;(e) is the number of pixels for the fractal patterns Il RESULTS

inside the box(i, j) of size e, and N the total number of

pixels for the fractal patterns inside the largest bigxrep- Figures 1a) to 1(c) show the TEM images of the
resent the coordinates of the small box along xheaxles, Au/a-Ge bilayer films annealed at 100 °C for various anneal-
respectively. Changing the box size at the condition thaing times. For the film annealed at 45 miiRig. 1(a)] the
360/ is an integer, we can find a singular exponefjtby  selected area electron diffraction patterns show several sharp
the following equatiorf: Au rings and two diffuse Ge rings, indicating that the speci-

FIG. 2. TEM images of Aw-Ge bilayer
films annealed at 120 °C fdia) 30 min; (b) 40
min; and(c) 60 min.
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TABLE I. Fractal dimension{D) and area perceriP) of fractal

patterns with various annealing process. 100'_

Annealing Annealing time Fractal dimension
temperature (min) (D) Area percentP)

100°C 60 1.5180.060 25
70 1.685-0.021 14.6
120°C 30 1.5520.014 4.4
40 1.746-0.026 40.3
60 1.752£0.028 42.6

Ln(%q)

men of Au/a-Ge bilayer films annealing at 45 min is com-
posed of amorphous Ge and polycrystalline Au. The distri-
bution of Au grain is uniform and no Ge fractal pattern [ 9o
appears here. After annealing from 60 to 70 min, the films T 1) PETTE PITEY DEUTE PETTE SUT TSN P P P
present a self-similar fractal patterns. It can be seen from the 8 7 6 5 4 3 2 -1 0 1
TEM images that there is a little difference on the fractal Ln(s)
density and size for 60 and 70 min annealing specimens. The
number of the fractal patterns are less, the difference of the FIG. 3. The Iny,In e plots of fractal patterns in Aa-Ge bi-
fractal size is large, and the distribution of the fractal patternsayer film annealed at 120 °C for 40 min.
is nonuniform for 60 min annealing speciméRig. 1(b)].
When the annealing time reached 70 niffig. 1(c)], the  min annealing, we can find that the multifractal spectrum has
sizes and the number of the fractal patterns increased, argken contracted a little for the specimen at 60 min annealing,
the distribution of the fractal patterns was also nonuniform.and the uniformity has been improved a little for the fractal
Figures 2a) to 2(c) show the TEM images of the distribution. Table Il shows the list of the key parameters of
Au/a-Ge bilayer films annealed at 120 °C for various annealthe multifractal spectra of specimen with different annealing
ing times. The partial crystallization of Aa/Ge bilayer film  processes. Among them K& a= amax— ¥min- AS Seen in
began with annealing at 30 mifFig. 2(@], and the film  Table I, the minimum singularitya,, increase with the
appears as a nonuniform and sparse fractal pattern. For tlecrease in the annealing time, and the maximum singularity
film annealed at 40 mifFig. 2(b)], the Au/a-Ge bilayer film  a,,, decrease with the increase in the annealing time.
has crystallized completely, the number of the fractal pat-
terns increased swiftly, and the wh_ol_e film was covered with IV. DISCUSSION
the uniform fractal patterns. Combining the results presented
in Figs. 2b) and 4c), it became known that the morphology ~ In general, the fractal dimension has been carried out by
of the Au/a-Ge bilayer film at 60 min annealingFig. 2c)]  using the sandbox methdlarea-radius of gyration (SgR
was similar to that of 40 min annealing. Table | shows themethod:” and box-counting method. The sandbox method
fractal dimension{D) and the area percef®) of the fractal has been adopted in a fractal dimension analysis oaAQé
patterns with various annealing processes. It can be seen thzitayer films by calculating pixels of fractal regions in a
the dimension and number of the fractal patterns increasegradual increment box. This method is applied to calculate
with the increase in the annealing temperature and time. the simple fractal dimension of the single-fractal pattern, the
Figure 3 shows the Ig-In & plots of the fractal patterns in distribution of the fractal patterns cannot be fully described.
Au/a-Ge bilayer film annealed at 120 °C for 40 min by using The S-R method may measure the average dimension of
the multifractal method. It can be seen that, whea—1, many fractal patterns, which has nothing to do with the dis-
there are two regions, while the segment | and Il correspon#fibution of the fractal patterns. The simple box-counting
to the regions of the large and the smalk, respectively. method is applied to process the whole picture of many frac-
Figures 4a) and 4b) show the multifractal spectra of the tal regions. It does not be considered the pixels differences in
fractal patterns in Aul-Ge bilayer films annealed at 100 and the square, and it is still given the simple fractal dimension.
120°C for various annealing times. For the specimen an- As seen in TEM results, the branches of the fractal pat-
nealed at 100 °GFig. 4@)], the multifractal spectra of the terns become from the sparse to the dense inaA@é bi-
fractal regions are wider at 60 min annealing. When the anlayer films with increasing annealing temperature and time.
nealing time reached 70 min, it is evident that the multifrac-The quantitative analysis of these fractal patterns may be
tal spectrum is contracted, and the uniformity of the fractaldescribed by the average dimension of many fractal patterns
distribution was improved. For the specimen annealed afTable ). In order to examine the deep-level characterization
120 °C[Fig. 4(b)], the multifractal spectrum is still wider and of fractal structure in Aud-Ge bilayer films, the multifractal
irregular at 30 min annealing. When the annealing timespectraf(a) have been adopted in the distribution of the
reached 40 min, the multifractal spectrum is rapidly con-fractal patterns in the M/a-S bilayer films. From the relation-
tracted, and the distribution of the fractal regions is uniform.ship between the probabiliti?;;(¢) of fractal growth, the
Combining the results presented in specimens of 60 and 4factal dimension, and some multifractal paraméfessich
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FIG. 4. The multifractal spectra of fractal patterns in AuGe
bilayer film annealed afa) 100 °C and(b) 120 °C.
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smaller probability can be described using the largén
fractal spectra. The region behavior of the larger probability
can be described using the smalderThe nonuniform distri-
bution of fractal growth probability can be described using
the widths Aa of multifractal spectraf(«). The largeAa
indicates the nonuniform distribution of fractal growth prob-
ability.

As seen in Fig. 3, the curves obviously consist of two
linear segments fog<<—1 (defined as segments | and.lIt
is also seen that the shapes of plots for segments | and Il are
different. The shape for segments | is norm@alargen and
the shape for segments Il is anomalgassmalley. Similar
spectra have been observed in the distribution of secondary-
electron emission sites on the solid surfaté segments I,
the scale invariance is broken down in the smaller probabil-
ity region andq<-—1 (in the outer zone of the fractal
pattern$.®*

The f(a)~a curves in Fig. 4 show that all of the maxi-
mum f(«) are equal to 2f(,5,=2) when the total number of
fractal patterns are large enough. In segments |, the wdth
of mulifractal spectrd («) decreases with the increasing an-
nealing time at two annealing temperatu(®80 and 120 °C
The decrease df« is caused by the fact that the distribution
of fractal growth probability on various annealing time tends
to be uniform and that when the total number of fractal pat-
terns are large enough, the dimensions of all specimens with
variousa are converged to a poi2, 2) in thef(a)~ a plot.
Nakamura® studied the fractal property of randomly depos-
ited film on one-dimensional substrate and obtained three
Hausdorff dimensions according to three different defini-
tions. Furthermore, he also found that the fractal dimension
of small clusters is quite different from that of larger ones.
His study can only be used in the case of low coverage, since
there will be a few very large clusters if the coverage is
large. Compared with our results, the multifractal spectra ob-
tained by us are sensitive and precise enough to describe
fractal growth process of AafGe bilayer films fromA «
=3.70 toAa=0.23.

These findings support the conclusion that the nonuniform
distribution of fractal growth in Aud-Ge bilayer films can
also be described by multifractal analysis in addition to the

as the minimum singularity,,;, and the maximum singular-

ity v they can be obtained from EqE3)—(5), and the usual approximate contour map plot. The subtle geometrical

multifractal spectrd(a) from Eq.(6). The multifractal spec- difference between the distributions and the fractal structure

tra f(a) have been also used to described the nonuniformitfan be.provided by some _multifractal parameters. Th? re§ults
of the fractal patterns, which can provide more information®f Multifractal analysis indicate that the fractal crystallization

than the simple fractal dimension. The region behavior of thd'0¢€SS in Augi-Ge bilayer f"“_“s can be charactgrized _by a
multifractal approach, the widthde, and the singularity

] ) spectraf («). This means that the widthsa of mulifractal
TABLE II. _Llst _of key parame_ters of the multifractal spectra of spectraf (a) decrease with the increase in the annealing tem-
specimens with different annealing process. perature and time, that is, the smallex fractal crystalliza-
tion the better.

Annealing Annealing time
temperature (min) Qmin U max Aa
V. CONCLUSION
100°C 60 1.15 4.85 3.70
70 1.29 3.17 1.88 In conclusion, we analyzed the relationship between the
120°C 30 1.06 4.40 3.34  distribution and the dimension of fractal patterns in annealed
40 1.86 2.20 0.34 Au/a-Ge bilayer films. It is demonstrated that the fractal
60 1.88 211 0.23 crystallization process in annealed AdGe bilayer films

can be characterized by the multifractal approach, the width
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