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Abstract. Vapor deposited gold films have been characterized by applying methods of fractal
analysis to scanning tunneling microscopy (STM) images. Results from the use of five
different methods are in agreement within the limitation of each method. Those methods are
suitable to characterize rough surfaces at the nanometer level provided that a large number of
images is considered.

INTRODUCTION

The relationship between surface growth and fractal properties has been an important subject of research
in recent years [1], particularly much effort has been devoted to develop computer simulation models of
surface growth. These efforts contrast with the lack of sufficient experimental data on topographies at the nm
level which are necessary to check the predictions of models. The recent application of scanning tunneling
microscopy (STM) [2-6] to investigate topographies of solid objects offers the possibility of supplying the
corresponding data. Several methods based on the analysis of STM images have been proposed for a
quantitative description of irregular surfaces. However, results from different methods applied to a common
surface present some discrepancies [7]. In this paper we report on the application of five different methods for
fractal analysis to STM images of gold films. Data allowed us to set the limitation and validity ranges of each
method. The dynamic scaling of surface growth can be applied to characterize rough surfaces [1]. In this case,
for a sample of lateral dimension L formed by N points, (L), the surface width in the i-direction, which
defines the root mean square roughness, is given by

E(L) = [I/NY(h; ~-H)* "2 (1)
where hj is the deposit height measured along the i-direction at the j-position, and H is the average height of

the sample. It has been shown that §(L) in Eq. (1) reaches a steady value after a certain critical thickness
(growth time). Then, £(L) and L fit the proportionality

(L) o L* @

where exponent o is a relevant quantity related to the local fractal dimension of the self affine surface [1].
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Single Image Dynamic Scaling STM methods (SIDS). The dynamic scaling theory [1] can be directly
applied to STM data by setting & (Lg) = Egm(Ls) , where Egm(Ls) is the root mean square roughness

determined by STM scans in the x-direction. Then, the following equations can be used [5]:

Estm (Ls) o [2(h; - he)’1? 3)
and
Estm (Ls) < Lsa )
where Lg is the length measured along S, the STM scan length, and hg is the average height of the surface
profile of length Lg determined by STM scans in the x-direction.

Multiple Image Dynamic-Scaling-STM (MIDS). A variation of SIDS is the multiple image dynamic-scaling
-STM method which involves the use of both the value of £gipy, obtained from each STM image, and the value

of S as variables [4,6]. These values fit the proportionality:

Estm (S) = S* (%)
The Variogram method (V). The properties of saturated interfaces can be obtained by using c(L), the height-
to-height correlation function, defined by:

2
c¢(Lg) =< |h(Lg +x)-h(x)|" > (6)
Otherwise, c(Ly) is related to a through the proportionality
o(Lg) o L 9

The Fourier Transform method (FT). The FT method is based on Fourier transform analysis [2]. P(K), the
scaling power spectra, of a sel-affine fractal topographic profile, has the form
P(K) o< K"(2*-D (8)

where K is the wavenumber. Then, the value of « can be derived from the slope of the log(P) vs log K plot.
To improve the method performance [2] every STM profile is subjected to a Fourier transform routine, all the
transforms are averaged, and IP, the power spectra integrated from high to low frequencies is obtained. From
the slope of the log(IP) vs log(K) plot, the o value can be derived.
The Perimeter-Area method (PA). The PA method [3] considers that the intersection of a plane with a self-
affine or a self-similar fractal surface generates self-similar lakes or islands [8] for which the following
proportionality between P, the perimeter, and A, the area of these lakes or islands, is observed

P« AP )
where

a=2-D'p (10)
D' 1 is the fractal dimension of either the island or lake perimeter. It should be noted that for measuring a
rough profile the yardstick must be smaller than the size of the smallest irregularity [4].
The capability of the above mentioned methods was evaluated through their application to the analysis of a
number of computer generated surface profiles which were obtained using a random addition algorithm [9]
with known values of a. For typical STM file sizes, the relationship between a, the experimental value, and
o4p, the value expected from the different methods, is shown in Fig. 1 [7]. Thus, for a > 0.7 all methods
underestimate the value of o, and for a < 0.7 it seems that the variogram method [7] yields the best results,
whereas the FT appears to be the poorest method [2,7]. It is known that the difference a - a4 can be
diminished as the number of data points is increased [3]. However, this situation implies longer acquisition
times in which the drift of the STM itself can produce image distortion, turning this possibility uncertain with
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the present STM facilities. Hence,the plot shown in Fig. 1 is used to derive the true o value.

Otherwise, STM images usually involve a plane (or slope) superimposed to the true morphological
surface profile coming from the tip displacement from the normal to the sample surface. This plane has to be
removed for fractal surface analysis [6], by employing the standard STM software. STM images scanned along
the x-direction, i.e. the fastest scanning direction, are preferentially used for the application of fractal analysis.
STM images alone the y-direction, i.e. the slowest scanning direction, can provide wrong results due to drift
distortions and noise problems [3,5]. In some cases, the STM imaging can also be influenced by the tip
morphology itself, although this problem can be overcome by using different tips to image the same sample.

1.0 3
o
083 %o
5°°
a/¥o
0.6 2 OD
: 4 40°
044 ;ﬁé
M F:)
2
01: o
//
0.0 —e—
6.0 02 03 08 08 10
&t
Fig.1. @ vs ay, plots from SIDS (0), V (*), PA (4) Fig.2. 600 x 600 nm? STM image of a 850 nm thick gold film.

and FT (X) methods.

EXPERIMENTAL

STM images of vapor deposited gold films (850 nm in thickness) grown at a high growth rate (30 nm
s'1) on glass, were taken with a Nanoscope II and a McAllister equipment operating in air. From previous
works [4,5] it is known that gold films of that thickness have already reached the £(L) steady value required
for the evaluation of o.. STM images consist of 400 scanlines composed of 400 data points. Vapor deposited
gold films show a large number of small rounded elements which correspond to column tips that agglomerate
to form large columns (Fig. 2). At a higher resolution, the surface of the smallest size column tips appear
smooth with dg, the average columnar size, close to 20-30 nm.

RESULTS

Results obtained from the application of fractal analysis methods to STM images of vapor deposited
gold films on glass are shown in Figs.3a-e. With the exception of the MIDS method, results from other
methods show two linear regions (I and II) in the corresponding log-log plot with a crossing point at Lg » dg.
The values of a(I) and o(II) are obtained from the slopes of the straight lines. The final o values after
correction (Fig.1) and the Lg; values (averaged for 50-100 images) are shown in Table I. The final o values
resulting from both regions (Table I} are o(I)=0.75+0.1 and a(Il)= 0.33+0.05 for all methods. The main
deviation for a(I) comes out from the SIDS method. The absence of region (I) in the log-log plot resuiting
from MIDS is due to the fact that the minimum image size (S) used in this work is larger than dg. PA method
is not applicable to stepped surfaces but it has not bias from orientation effects [7]. Certainly, SIDS, MIDS
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Fig3a:Log(£,,,) vs Log(L,) plot obtained by the SIDS method.

2.0' j ‘3.'0’ T 1'1'0 o 5.0

Log(Ls(nm))

g 2.5 4
E a(1)=0.62
T 20 a(11)=0.27
1]
Q
—
1.5
1.0 9
0s
O.O:H T T —rry e
1.0 2.0 3.0 4.0 5.0
Log(L,(nm))

Fig3c:Log(c) vs Log(L,) plot obtained by the V method.
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Fig3e:Log(¢,,,) vs Log(S) plot obtained by the MIDS method.
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TABLEI: Values of a(I), «(II) and L, for vapor deposited Au
films on glass derived from STM methods.

method o) o(ID L, (nm)
s-i-dynamic scaling 0.90 0.35 39
m-i-dynamic scaling - 1 0.34 -
Variogram 0.65 0.28 20
Perimeter-area 0.75 0.40 30
Fourier transform 0.70 0.30 20
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and V methods require plane substraction but they can be applied to all types of surfaces. The MIDS method
appears to be a precise method as it gains more statistics than other methods employing single STM images
[6]. Finally, the FT method gives the poorest results for 200x200 and 400x400 file sizes, i.e. those file sizes
commonly used in STM measurements. However, this comparative study has indicated that the performance
differences among the methods can be diminished by analyzing a large number of STM images. In this way
similar values of o), a(IT) and dg can be approached.

The value a(II) = 0.35 agrees with the results of large scale computer simulations of 3d-deposits
generated by ballistic models at incident angles near normal to the substrate plane without surface diffusion
[1]. This means that for Ly > dg, the deposit surface behaves as a self-affine fractal. On the other hand, the
value o(T) = 0.8 resulting for Lg < dg, indicates that the columnar surfaces are near smooth.

In conclusion, the different methods properly applied to high quality STM images of vapor deposited
gold films, lead to similar o(I), o(IT) and Lg values. Therefore, these methods provide a suitable way to
characterize rough surfaces at the nanometer level. A correct physical interpretation of the results is certainly
needed. For instance, the change of o with the image size is a clear indication of the existence of cut-offs
rather than errors or limitations of the methods themselves. Besides, due to the statistical fractal characteristics
of real rough surfaces and the local probe nature of the STM, a large number of samples has to be measured in
order to obtain reliable a values.
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