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Abstract

In this work, we developed the rescaled range method and its formalism to investigate the surface morphology
dynamics of indium tin oxide (ITO) thin films. The dynamic scaling behavior of grown ITO thin films, which were
prepared by electron beam deposition method on float glass substrates at room temperature, was studied through
atomic force microscopy (AFM). AFM data indicated that the average surface roughness values of the films decreased as
the film thickness increased from 100 to 250 nm. Based on fractal concept and statistical physics techniques, the
irregularities of the ITO films were analyzed. The roughness exponent H and the growth exponent β for ITO films were
determined to be 0.71 ± 0.01 and 0.11 ± 0.01, respectively. The fractal analysis reveals that the value of the fractal
dimension Df (Df = 3 − H) falls within the range 2.29 to 2.24 depending upon the films thickness. These results show that
the growth process of the films can be described by the combination of Edwards-Wilkinson and Mullins diffusion models.
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Background
Indium tin oxide (ITO), an n-type semiconductor with a
wide band gap (3.5 to 4.3 eV), is of great interest because
of its unique features, including high optical transmit-
tance in the visible light wavelength range and high elec-
trical conductivity [1,2]. ITO thin films have been
prepared by a variety of methods, such as pulsed laser
deposition [3], spray pyrolysis [4], DC and RF magnetron
sputtering [5,6], sol–gel process [7], electron beam evap-
oration [8], and so on. The surface morphology of these
prepared ITO directly affects the morphology of organic
thin films, because all the organic thin films are depos-
ited on ITO. Thus, the characterization of surface
morphology of ITO thin film is one of the most serious
problems. Pandey et al. [9] studied the influence of the
effect of nickel incorporation on the morphology and
the optical and structural properties of electrodeposited
diamond-like carbon thin films on ITO-coated glass
substrates. Jonda et al. [10] showed the influence of sur-
face roughness on the degradation of OLED by applying
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various types of monomeric and polymeric thin films by
observing morphological change with AFM. Raoufi and
Kalali [11] indicated that the fractal analysis has pro-
vided a valuable description of the irregularities in ITO
thin film surfaces. In their study, the wavelet coefficients
related to the thin film surface profiles have been calcu-
lated, and then the roughness exponent (H) of the films
has been estimated using the scale gram method. The
results reveal that the surface profiles of the films before
and after the annealing process have self-affine nature.
The understanding of surface growth processes of thin
films is a good tool for the investigation of dynamical
scaling [12]. In the past decade, many theoretical and ex-
perimental efforts were devoted to understand this sur-
face morphology and the dynamics of growing surfaces
[13,14]. Thin film growths have fractal characteristic in
non-equilibrium situation, which often evolve into self-
similarity patterns and well interpreted by a scaling the-
ory [15,16]. The various surface growth mechanisms are
proven by different growth models with different sets of
scaling exponent. Therefore, the scaling analysis of thin
film surface, especially the determining of scaling expo-
nents, can provide an effective way to study the mechan-
ism of surface growth [17]. Thus, for a self-similarity
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growing surface, the relationship between the interface
width and various scaling exponents can be described by
the dynamic scaling form, wherein the height fluctuation
over a length scale is studied:

w L; tð Þ ¼ LHf tL
−H
β

� �
ð1Þ

where w is the roughness of the surface on length scale
L at time t. H and β are the Hurst exponent (roughness
exponent) and the growth exponent, respectively [18,19].
The most usual records of observable quantities are in
the form of ordered sequences (e.g., time series), fluctua-
tions perpendicular to the surface, and their fractal prop-
erties which have been extensively investigated [20].
With this purpose, many methods have been proposed,
such as rescaled range analysis (R/S) [21], height-
different correlation function, [22] etc. R/S has been re-
cently used extensively in the image and signal process-
ing as a new method. R/S has the advantage of fast
computation with localization in space domains and is
well adapted in the analysis of surface roughness, provid-
ing an insight into the stochastic properties of a fractal
surface. In this study, we employ atomic force micros-
copy (AFM) to investigate the surface morphology pa-
rameters of ITO films using the scaling theory. AFM
images of the evaporated deposition ITO films indicate
changes in the surface behavior of the films at different
thicknesses.

Experimental procedure
ITO thin films, with different thicknesses ranging from
100 to 250 nm, were prepared by electron beam evapor-
ation method on polished float (soda-lime) glass sub-
strates at room temperature. The target material used in
this study was an ITO pellet (Merck Sharp & Dohme
Corp., NJ, USA) with nominal 99.9% purity In2O3:SnO2

(90 and 10 wt%, respectively). Before loading the glass
substrates into the chamber, they were ultrasonically
cleaned in acetone, ethanol, and deionized water for 10
min. Finally, they were dried with nitrogen gas. The
optimum conditions of the films deposited were
achieved in the presence of oxygen with an initial vac-
uum (base pressure) of 1 × 10−6 mbar, an accelerating
voltage of 1 to 10 kV, and an electron beam current of
10 to 12 mA. For controlling the deposition rate, the
oxygen (99.99%) is introduced into the deposition sys-
tem from a steel tube through a calibrated leak valve.
Using the data from a quartz crystal thickness measure-
ment system, the electron gun current is automatically
adjusted to have a constant deposition rate. The depos-
ition rate was 0.1 nm s−1, and the thickness of the ITO
thin films varied in the range of 100 to 250 nm. After
preparing the films, each sample was taken out for im-
mediately ex situ measurements to study the surface
morphology of the films. The surface morphology of the
thin films was characterized with an atomic force micro-
scope (Park Scientific Instruments, CA, USA) under am-
bient conditions. The scan size was 1 × 1 μm2. All the
surface images were obtained in the contact mode using
silicon nitride tips with approximate tip radius of 10 nm,
and the height of the surface relief was recorded at a
resolution of 256 × 256 pixels. A variety of scans were
acquired at random locations on the film surface. To
analyze the AFM images, the topographic image data
were converted into ASCII data.

Rescaled range analysis
The classic R/S analysis or Hurst exponent on a discrete
time series was used as a tool to describe the self-
similarity parameters. This method was used to study the
statistical characteristics of the fractal signals [23-26]. In
this procedure, it is necessary to introduce a time series of
length N. We divide them into M adjacent subinterval of
length L, while M × L = N. Each subinterval is labeled by
Ia, with a = 1, 2,…, M; each element in Ia is labeled by Nk,
such that k = 1, 2… L. For each subinterval in the time
series, the following procedure was used:
The average and standard deviation are calculated as:

Ma ¼ 1
L

XL
i¼1

Nk;a ð2Þ

SIa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
L

XL
k¼1

Nk;a−Ma
2

� �
vuut ð3Þ

We compute Xk,a, that is, the time series of accumu-
lated departures from the mean for each subinterval Ia,
which is defined as:

Xk;a ¼
Xk
i¼1

Ni;a−Ma
� �

k ¼ 1; 2;…; L ð4Þ

The range (RIa) that is the difference between the
maximum and the minimum values of the subinterval Ia
is defined as:

RIa ¼ max Xk;a
� �

−min Xk;a
� � ð5Þ

Rescaling the range RIa
SIa

� �
of each subinterval com-

puted by dividing the standard deviation and then calcu-
lating the average of rescaled range for all subintervals
of length L:

R
S

	 

L

¼ 1
M

XM
a¼1

RIa

SIa

	 

ð6Þ

The length of L must be increased, and the whole
process is repeated until L = N / 2. Finally, we plotted
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the logarithm of (R / S)L vs. the logarithm of L as the
dependent variable and the independent variable, re-
spectively. The slope of this plot is the estimate of the H,
where H is the Hurst exponent [21].

R
S

	 

L

¼ const� LH ð7Þ

Edwards-Wilkinson and Mullins diffusion
equations
Edwards-Wilkinson equation
A simple growth model is investigated, where particles
are deposited onto a substrate randomly and subse-
quently relaxed into a position nearby where the binding
is strongest. Kinetic roughening has attracted a lot of at-
tention over the last few years not only because of its
practical importance for the growth of solid films, but
also because it sets as an example for a dynamical mech-
anism that drives a system into a spatially and tempor-
ally scale invariant state (self-organized criticality)
[27,28]. Most of the models of kinetic roughening stud-
ied so far can be described by the Edwards-Wilkinson
(EW) equation [29]:

∂h x; tð Þ
∂t

¼ υ∇2h x; tð Þ þ η x; tx; tð Þ ð8Þ

where h(x, t) is the height of the surface at time t above
the substrate site specified; υ has a smoothening effect
on the surface, while the white noise η(x, t) due to fluc-
tuations in the growth rate makes the surface rough. In
this model, the particle moves to the lowest surface site
in the neighborhood instead to the one of maximum
number of bonds. The Laplacian term in the EW equa-
tion is referred to as the surface relaxation term, because
the effect of the Laplacian is to smoothen the surface
profile while keeping the mean height unchanged.

Mullins diffusion equation
To model the surface diffusion in a stochastic continuum
equation, consider a macroscopic current of particles on
the surface, represented by the vector j(x, t). Because diffu-
sion conserves the total number of particles on the sur-
face, j(x, t) must satisfy the continuity relation [30]:

∂h x; tð Þ
∂t

¼ −∇:j x; tð Þ ð9Þ

In addition, the surface current j(x, t) is related to the
gradient of the chemical potential, j(x, t) ∝ − ∇ μ(x, t),
because the surface current will flow from areas of
higher potential to areas of lower potential. Also, the
chemical potential μ(x, t) is related to the number of
bonds that must be broken by an atom to diffuse. Re-
gions of the surface which have a positive curvature have
more available bonds, which in turn makes it harder for
an atom to diffuse. Conversely, regions of the surface
with negative curvature have fewer available bonds, and
an atom can diffuse more readily. These conditions are
satisfied if μ(x, t) ∝ − ∇ 2h(x, t). Combining these results,

∂h x; tð Þ
∂t

¼ −∇: −∇ �k∇2h x; tð Þ� ¼ −k∇4h x; tð Þ��
ð10Þ

This suggests adding a bi-harmonic term to the
growth equation to model surface diffusion

∂h x; tð Þ
∂t

¼ −k∇4h x; tð Þ þ η x; tð Þ ð11Þ

which is known as the Mullins diffusion equation
[31,32]. These models are able to predict values for the
exponents H and β analytically. The exponent H, called
the Hurst (roughness) exponent, is a critical exponent
that characterizes the roughness of saturated interface;
the exponent β, which is called the growth exponent,
characterizes the time-dependent dynamics of the
roughening process.

Results and discussions
Evolution features of the ITO thin films
In order to analyze the AFM images, the height (z scale)
of each point of the AFM data (here, a matrix of 256 ×
256 pixels) was converted into ASCII data as a linear
matrix (1 × 65,536). This series (linear matrix) is used in
R/S model, and it is necessary to introduce a time series
of length N.
Figure 1a,b,c shows the AFM images of the ITO thin

films deposited on a glass substrate over the scan area of
1 × 1 μm2. From these images, it is clear that the ITO
thin film surfaces show continuous island-like struc-
tures, and with increasing film thickness, these islands
become smaller in both lateral and vertical directions.
The surface of the 100-nm film is highly rough, with

an average roughness (Ra) of 19.8 nm and an interface
width w (RMS) roughness 24.8 nm. The average rough-
ness is defined as the average value of the absolute dis-
tances of the surface points from the mean plane, while
the interface width w (RMS) roughness is the standard
deviation of the surface from the mean plane within the
sampling area [33].
The evolution feature can be more easily observed

from the corresponding surface profiles (insets) of these
films in Figure 2. From this figure, it is noted that the
interface width w (RMS) values are decreased with in-
creasing film thickness. These results are consistent with
those of Shigesato et al.'s [34] work, where the Ra of the
ITO/glass remarkably changes with increasing thickness,



Figure 1 An AFM image series of the ITO thin films. (a) 100 nm, (b) 150 nm, and (c) 250 nm.
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reflecting nucleation, coalescence, and continuous film
growth processes, i.e., Volmer-Weber-type initial growth.
Atomic force microscopic analysis is ideal to quantita-

tively measure the nanometric dimensional surface
roughness and for visualizing the surface texture of the
Figure 2 Relationship between w (RMS) and profile scan of Figure 1.
deposited film. The surface texture of the ITO thin
films, with horizontal length scale of 1 micron, is repre-
sented in Figure 3a,b,c. The statistical analysis of the
AFM data was done using the height distribution histo-
grams (Figure 3). To calculate the measure of asymmetry



Figure 3 (a-c) height distribution from the AFM images (Figure 1). This figure estimated from the AFM images of figure 1(a-c).

Table 1 Statistical parameters of ITO thin films in relation
to films thickness

Sample Thickness (nm) Ra (nm) w (nm) Rsk Rku H

a 100 19.8 24.8 0.37 3.04 0.71 ± 0.01

b 150 10.5 13.2 0.14 3.03 0.67 ± 0.01

c 250 4.51 6.09 1.40 8.59 0.76 ± 0.01
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of the height distribution surface, we used statistical pa-
rameters surface skewness and kurtosis [35]. The skew-
ness and kurtosis are the third and fourth moments of
the distribution function, respectively. For the Gaussian
distribution, the skewness and the kurtosis are equal to
zero and three, respectively. Denoting h(i, j) as the
height of the surface measured by AFM at the point (i, j)
and N × N as the total number of points at which the
surface heights have been measured, the skewness and
kurtosis were defined using the equation:

Rsk ¼ 1
w3

h i; jð Þ− h i; jð Þh i½ �3� � ð12Þ

Rku ¼ 1
w4

h i; jð Þ− h i; jð Þh i½ �4� � ð13Þ

where 〈h(i, j)〉 is the mean value of heights of the surface,
and w is the root mean square roughness and is defined
as below [24]:
w ¼ 1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼j¼1

h i; jð Þ− h i; jð Þh ið Þ2
vuut ð14Þ

In the case of Rku > 3, the surface has relatively less
high peaks and low valleys, while bumpy surfaces pos-
sess lower values. On the other hand, Rku <3 shows
more high peaks and low valleys over the surface [36].
Film surfaces with positive skewness (Rsk > 0.2) and

high kurtosis (Rku > 3) values are suitable for tribological
applications (e.g., low-friction bearings) [37]. In the
present study, all the thin films investigated are close to
these criteria (see Table 1); hence, ITO is a potential ma-
terial suitable for tribological applications.



Figure 4 R/S statistics for the ITO thin films (AFM images shown in Figure 1).
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The films were estimated from the AFM images
(Figure 1).
The above analyses indicate that statistical parameters

are strongly affected by the degree of aggregation and
cluster size of the films. The different cluster sizes influ-
ence the surface roughness of the films [38]. However,
these statistical measurements are given only with height
information, and rather inadequate to provide a com-
plete description of the irregularity of thin film surfaces,
therefore cannot fully characterize the surface.
Figure 5 Log-log plot of interface width W versus thickness of ITO th
exponent β.
Scaling behavior of the ITO thin films
The Hurst exponent has been used for the measured
self-similarity parameters and for the investigation of the
correlations at long-range dependence in empirical time
series. The H was seen to be between 0 and 1. The value
H = 0.5 indicates that the time series is independent,
e.g., the process probably be a non-Gaussian. However,
the estimates for pure Gaussian distribution process can
strongly deviate from the limit of H = 0.5. H > 0.5 indi-
cates that the time series is persistence, and H < 0.5
in films. Thin solid line is the best linear fit, indicating the growth
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means anti-persistence or pure random character of re-
cords [39,40]. Thus, these behaviors are the bases of
non-linear dynamics in the system. The Hurst exponent
is directly related to the fractal dimension (Df ) of the
random surface by Df = [(E + 1) − H], where E + 1 is the
dimension of the embedded space (E = 1 for a profile;
E = 2 for a plan) [41,42]. The fractal dimension corre-
sponds to the changes in the surface morphology. A lar-
ger value of fractal dimension corresponds to more
jagged morphology, while a smaller one corresponds to
a locally smooth surface structure. The fractal analysis re-
veals that the value of the fractal dimension (Df = 3 − H)
falls within the range 2.29 to 2.24, depending upon the
films thickness.
Figure 4 presents the rescaled range analysis for ITO

thin films prepared on glass slide substrates at room
temperature, by electron beam evaporation technique.
From this graph, the H value was obtained by means of
a statistical regression as the slope of the straight line.
The slopes of the curves represent the Hurst exponent
ranging from 0.71 ± 0.01 to 0.76 ± 0.01, which
characterize the time series structure (see Table 1). The
value of H that is greater than 0.5 indicates that it is per-
sistent, i.e., long memory; that means that there are ex-
tended periods in which the system deviates from the
long term mean. Two features are recognized by looking
at Figure 4. The first feature is the tendency of plot R/S
to shift up (corresponding to a smaller value of RMS
roughness w) as the film thickness increases. The second
feature is the Hurst exponent having an average value of
0.71 ± 0.01, showing that the Hurst coefficient did not
change substantially with the increase in thickness, i.e.,
the Hurst exponent for all samples are very close. This
suggests that the dynamics of roughness formation may
be quite similar during the increase of the thickness of
the ITO thin films [43]. We compare the average H and
β values determined for ITO thin films with their expo-
nents to suggest the theoretical models combining the
smoothing mechanism with random fluctuations; one
can describe the growth process by a Langevin equation
in the form:

∂h x; tð Þ
∂t

¼ υ∇2h x; tð Þ−k∇4h x; tð Þ þ η x; tð Þ ð15Þ

where υ∇ 2h(x, t) is the result of the Gibbs-Thompson
relation describing the thermal equilibrium interface be-
tween the vapor and solid. The term ∇ 2h(x, t) is the
small slope expansion of the surface curvature, and the
pre-factor υ∇ 2h(x, t) is proportional to the surface ten-
sion coefficient. The second term − k∇ 4h(x, t) is the re-
sult of surface diffusion due to the curvature-induced
chemical potential gradient. The pre-factor k is propor-
tional to the surface diffusion coefficient. We can see
that the general Langevin equation is a combination of
the EW and Mullins diffusion equations. Therefore, the
0 ≤ β ≤ 0.25 value is between the EW model, β = 0, and
the Mullins diffusion model, β = 0.25 [44]. Figure 5 de-
scribes the dependence of the interface width W on
thickness L for different ITO thin films. The thin solid
line is the best linear fit indicating β, and the result of
the fit gives β = 0.11 ± 0.01.
From the above analysis, H = 0.71 ± 0.01 and β = 0.11

± 0.01. From the measured Hurst exponent and growth
exponent, we suggest that our ITO thin film growth be-
havior is the result of the combined Mullins diffusion
model and the Edwards-Wilkinson model.

Conclusions
The surface morphologies of the ITO thin films, pre-
pared by electron beam deposition method, at different
films thickness were measured by AFM. A statistical
analysis of the ITO thin films has been performed based
on R/S method. The statistical analysis of the AFM data
showed that the relatively high kurtosis, positive skew-
ness, and minimum roughness of the films increased
with the increase of the film thickness from 100 to 250
nm. Our analyses have also revealed that the growth
process of the ITO thin films can be described by the
combination of Edwards-Wilkinson and Mullins diffu-
sion models.
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