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Multifractal analysis of the spatial distribution of the film surfaces
with different roughening mechanisms
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Thin films of C60/Ag were prepared by codeposition of C60 and Ag onto~001! NaCl substrates. The surface
roughness depends strongly on the substrate temperature, and a transition from kinetically roughening to
thermally roughening was observed by using atomic force microscopy. Multifractal spectra of the film surfaces
have been studied in the length scale of 30 nm to 5mm. Compared with the conventional root-mean-square
method, the multifractal spectrum provides more information about the spatial distribution of the surface
roughness.@S1063-651X~98!06908-6#

PACS number~s!: 68.55.2a, 68.35.Bs, 05.40.1j, 05.70.Ln
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I. INTRODUCTION

The surface roughness is fundamental for several phys
properties and physical phenomena on a solid surface. H
ever, the surface roughness is difficult to quantify since i
hard to describe mathematically. Several methods have b
used to quantitatively analyze the surface roughness, suc
the peak density method and the root-mean-square~rms!
method@1#. Recently, fractal analysis is of growing use
surface science, because the scaling concept simplifies
nificantly the characterization of a nonequilibrium surfa
@2–5#. But the single fractal dimension can only provide i
formation about the average global roughness of a meas
surface. The concept of multifractal can be well applied
quantitatively characterizing complex geometric shapes
singular distributions of physical parameters, such as m
rial fracture and chemical reaction on a solid surface@6,7#,
growth probability distribution of diffusion-limited aggrega
tion ~DLA ! @8#, and distribution of secondary-electron em
sion sites on a solid surface@9#. For the surface of solid-on
solid growth, the results of computer simulations@10,11#
indicated that the rough surface can also be characterize
the multifractal spectra. In this paper we have applied
method to C60/Ag films which have interesting physical an
structural properties@12,13#. The films with different surface
roughness were prepared at different substrate tempera
(Ts) with the same deposition rate. It is found that the spa
distribution of the surface roughness can be well descri
by multifractal analysis. The width and the height of t
bell-shaped spectra increase with the increasing of sur
roughness. Moreover, the multifractal spectra of the l
temperature roughening surfaces differ from those of
high temperature roughening surfaces. Our study indic
that multifractal is an effective way for quantitative analys
of nonequilibrium surface roughness.

II. EXPERIMENT

The C60/Ag films were prepared by a two source vap
deposition method at a base pressure of 731024 Pa. High
purity Ag ~.99.999%! and C60 ~.99.9%! powders were
PRE 581063-651X/98/58~2!/2213~4!/$15.00
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used for evaporation. The deposition rates of metal a
fullerene were calibrated with a quartz-crystal thickne
monitor. The substrates were freshly cleaved~001! NaCl
single crystals, and the substrate temperatures were cha
from 250 °C to 160 °C in different film deposition runs. C60
and Ag were codeposited onto the substrate with rates
nm/min and 3 nm/min, respectively, and the deposition ti
is 5 min. After deposition, the topography of the film surfa
was measured quantitatively by an atomic force microsc
~AFM! ~Park Autoprobe CP, SiN tip, contact mode!. Topog-
raphies were collected in the length scale of 5mm, and every
topography of 5mm2 scans has 5123512 image pixels. For
the crystal structural analysis, some of the substrates w
dissolved in distilled water and the films were put on t
copper grids. A transmission electron microscope~TEM!
~Hitachi-800! was used for the structural characterization.

The rms roughness of the films was obtained from
following formula @1#:

s5F S (
i j

hi j 2h̄D 2

N21
G 1/2

, ~1!

wherehi j is the height of an image pixel andN is the number
of total image pixels. The box-counting method has be
adopted in multifractal analysis of the spatial distribution
roughness surfaces. Every AFM topography was divided i
a number of square boxes~l, k! with different sizes of«,
where«52/512, . . . ,2n/512, . . . ,1. So thevalue of« is less
than or equal to 1, and the largest box with size of«51
consists of 5123512 image pixels. For size«, the height
distribution of probabilitiesPlk is defined as

plk5

(
«

hlk

(
1

hlk

, ~2!
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FIG. 1. AFM images of C60/Ag films prepared at different substrate temperatures (Ts).
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wherehlk is the height of the position determined byl andk,
and(« means the summation ofhlk in the box~l, k! of size
«. We can find an exponent~singularity exponent! a @14# as

plk~«!;«a. ~3!

The partition function can be expressed as a power law w
an exponenttq ~whereq is the moment order!

xq~«![(
l ,k

plk
q ~«!5«t~q! ~4!

and the generalized fractal dimensionDq,

Dq5
1

q21
lim
«→0

ln x~q!

ln «
5

t~q!

q21
, ~5!

then we can obtain multifractal spectrumf (a) by Legendre
transformation@14# as follows:

a5
d

dq
t~q! ~6!

FIG. 2. The height profiles of the films prepared at differe
substrate temperatures (Ts) along one direction.
th

and

f ~a!5aq2t~q!. ~7!

III. RESULTS

AFM images of C60/Ag films prepared at different sub
strate temperatures (Ts) are shown in Fig. 1. The heigh
profiles of the films along one direction are also shown
Fig. 2. From both the AFM images and one dimensio
height profiles, we can find that the surface roughness of
films undergoes a transition of rough→smooth→rough when
the substrate temperature increases from250 °C to 120 °C.
A very smooth surface was obtained whenTs540 °C. Fig-
ure 3 shows the results of rms roughness~s! of the films
grown at different substrate temperatures. According to
relation between the roughness and the substrate temp
ture: s increases with the increasing of temperature or v
versa, samples can be divided into two groups, andTs
540 °C is the transition temperature of the surface rou
ness.

Figures 4~a! and 4~b! are two TEM images and electro
diffraction patterns of the films prepared at the substrate t
perature of250 °C and 120 °C, respectively. The very di

t FIG. 3. The rms roughness~s! of the films grown at different
substrate temperatures.
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persed diffraction pattern shown in Fig. 4~a! indicates that
both C60 and Ag are almost amorphous in the low tempe
ture film. Polycrystalline film with very large C60 grains was
obtained whenTs5120 °C since a spotlike diffraction pa
tern was observed.

IV. DISCUSSION

In recent years, the nonequilibrium surface roughen
mechanism and the transition from the kinetic roughening~at
low temperatures or high deposition rate! to the thermal
roughening~at high temperatures! have attracted consider
able interest@15–17#. Although the nature of the transition i
still not very clear, it is evident that the roughening mech
nism of low temperatures is not the same as that of h
temperatures. From the results of TEM analysis, we can
cuss the possible roughening mechanisms in our films:
temperature roughness is due to the random stacking o
posited particles since the surface diffusion is limited by l
kinetic energy; while the coalescence effect of grains int
larger island~Oswald ripening! during the crystallization of
C60 is the main reason for the appearance of rough surfa
at high temperatures. It is noted that for the surfaces w

FIG. 4. TEM images and electron diffraction patterns of t
films prepared at the substrate temperatures of250 °C ~a! and
120 °C ~b!.
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similar rms values, both the topography and the one dim
sional height profile shown in Figs. 1 and 2 are quite diffe
ent. So it is clear that the rms method is unable to distingu
the difference between the kinetic and the thermal rough
ing surfaces which have very different spatial distributi
and microstructure. Figures 5~a! and 5~b! show the multifrac-
tal spectraf (a) of the spatial distribution of surface heigh
for the low and high temperature films, respectively. All t
f (a);a spectra are bell-like curves though the width a
the height of the spectra are dependent on the substrate
perature. We can define the spectrum widthDa as Da
5amax2amin , whereamax andamin are maximum and mini-
mum singularities, respectively. The width represents
range of the height distribution of probabilities. From Fig
5~a! and 5~b!, the relationship between the spectrum wid
and the roughness can be found. It is evident that the roug
the surface, the wider the spectra width. We also find that
probability distribution range is narrower for the surfac
with small rms roughness, or in other words this result s
gests that the height distribution of the smoother surfac
more uniform than that of the rougher surface.

The results shown in Fig. 5 indicate that the surfa
roughness can be well described by the multifractal spec
a question here is whether multifractal analysis can prov
more information than the rms method about the surfa
with different roughening mechanisms. The multifrac
spectra shown in Figs. 5~a! and 5~b! are the global spatia
distribution of the surfaces in the range of 10 nm to 5mm,
since the value of« is taken from 2/512 to 1 when calcula
ing the probability distributions. According to the definitio
« is the normalized box size and the largest box~«51! con-
sists of 5123512 image pixels. Next we will study the spa
tial distribution property of the films in different lengt
scales, for example, the probabilities are calculated in
ranges of 2/512<«<32/512 and 32/512<«<1, respec-

FIG. 5. Multifractal spectraf (a) of the spatial distribution of
surface height for the low~a! and high~b! temperature films.
tions
TABLE I. Some parameters of the multifractal spectra obtained from the spatial probability distribu
calculated in the different length scales: 10 nm to 0.3mm and 0.3mm to 5 mm. D f (a) is defined as
D f (a)5 f (a)max2@f(amin)1f(amax)#/2.

Ts5250 °C
10 nm to 0.3mm

Ts5120 °C
10 nm to 0.3mm

Ts5250 °C
0.3 mm to 5 mm

Ts5120 °C
0.3 mm to 5 mm

amin 1.976 1.864 1.906 1.989
amax 2.033 2.216 2.096 2.009
Da 0.057 0.352 0.190 0.020
f (a)max 2.000 2.000 2.000 2.000
f (amin) 1.766 0.046 0.553 1.734
f (amax) 1.621 0.385 0.494 1.798
D f (a) 0.307 1.785 1.477 0.234
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tively. We find that the multifractal spectra of the kinetic a
the thermal roughening surfaces are quite different if the s
tial probability distributions are calculated in the differe
length scales. Figure 6~a! shows the multifractal spectra o
small length scale~10 nm to 0.3mm! for the two films ob-
tained at250 °C and 120 °C, respectively. From the figur
we can see that the width and the height of bell spectrum
the low temperature surface are much smaller than thos
the high temperature surface. However, this result is reve
when the probabilities were calculated in the larger len
scale~0.3 mm to 5 mm! @see Fig. 6~b!#. Some multifractal
parameters of the spectra in different length scales are li
in Table I. According to the physical meaning of the para
eters discussed above, the results shown in Fig. 6 sug
that in the length scale of 10 nm to 0.3mm, the spatial
distribution of the low temperature surface is more unifo
than that of the high temperature surface, while in the len
scale of 0.3mm to 5 mm, the high temperature surface
more uniform than that of the low temperature surface. T
conclusion is consistent with the AFM observation. To e
plain it more clearly, we plot the peak-peak distributions
the two surfaces (Ts5250 °C and 120 °C! in Figs. 7~a! and
7~b!, respectively. The images shown in Fig. 7 are obtain
from the AFM topographies by the following method:
hi j .hi 81k, j 81k , let hi j 51 ~black spot!; otherwisehi j 50
~white spot!, wherehi j is the height of an image pixel an
hi 81k, j 81k(k50,1) are the heights of the four nearest pixe
of hi j . From Fig. 7, we can find that the two images are ve

FIG. 6. Multifractal spectra obtained from spatial probabil
distributions calculated in the different length scales: for scale
nm to 0.3mm ~a! and for scale 0.3mm to 5 mm ~b!.
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different. For the low temperature surface@Fig. 7~a!#, peak-
peak distribution shows confusion patterns, but in local
gions we can see small white or black areas which indic
the existence of local flat surfaces, while for the high te
perature surface@Fig. 7~b!#, black spots are randomly distrib
uted and no local flat areas are observed like those in the
temperature surface. The result of Fig. 7 supports the c
clusion deduced from the multifractal spectra that spatial d
tribution of the low temperature surface is relatively flat
small length scale and is rough in large length scale, and
result is reversed for the high temperature surface.

V. CONCLUSION

In summary, we have studied the surface roughness
C60/Ag films grown at different substrate temperatures. T
spatial distribution of the surface can be well described
the multifractal spectra. The width and the height of the be
shaped spectra increase with the increasing of surface ro
ness. Moreover, the multifractal spectra of low temperat
roughening surfaces are different from those of the high te
perature surface if the probabilities were calculated in diff
ent length scales. Therefore the multifractal spectrum p
vides an effective way for quantitative analysis of roughn
of a nonequilibrium surface.
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FIG. 7. Peak-peak distributions of the surfaces prepared at t
peratures of250 °C ~a! and 120 °C~b!.
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