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Fractal dimensions of niobium oxide films probed by protons
and lithium ions
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Cyclic voltammetry �CV� and atomic force microscopy �AFM� were used to determine fractal
surface dimensions of sputter deposited niobium pentoxide films. Peak currents were determined by
CV measurements. Power spectral densities obtained from AFM measurements of the films were
used for calculating length scale dependent root mean square roughness. In order to compare the
effect of Li and H ion intercalation at the fractal surfaces, LiClO4 based as well as propionic acid
electrolytes were used. The CV measurements gave a fractal dimension of 2.36 when the films were
intercalated by Li ions and 1.70 when the films were intercalated by protons. AFM measurements
showed that the former value corresponds to the fractal surface roughness of the films, while the
latter value is close to the dimensionality of the distribution of hillocks on the surface. We conclude
that the protons are preferentially intercalated at such sites. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2337164�
I. INTRODUCTION

Niobium oxide films are widely used for optical coatings
because of their high refractive index and dielectric
constant.1 Other applications include batteries, solar energy
devices,2 oxygen sensors, and display devices.3 After the
electrochromic behavior of niobium pentoxide was reported,4

it became an extensively studied cathodic electrochromic
material. Contrary to most other electrochromic materials,
well-crystallized niobium pentoxide films show a wider op-
tical modulation range and a better durability than amor-
phous films.5 Niobium pentoxide films, when intercalated by
ions from an electrolyte, exhibit different colors depending
on their crystallinity. It has been found that crystalline films
exhibit a blue and amorphous ones exhibit a brown color.6

These features make niobium pentoxide different from other
electrochromic materials. The dynamics of the intercalation
process and the electrochromic switching depends on the
possibly fractal structure of the film surface.7 The fractal
structure of electrochromic niobium pentoxide films has
never been studied before. In this work, fractal surface prop-
erties of sputter coated niobium pentoxide films have been
investigated by cyclic voltammetry �CV� and atomic force
microscopy �AFM� measurements. Remarkably, the CV re-
sults show major differences depending on whether protons
or Li ions are used to probe the surface.

II. EXPERIMENT

The films were deposited using a Balzers UTT 400 dc
magnetron sputtering system equipped with a turbomolecular
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pump. Niobium metal targets with a diameter of 5 cm and a
purity of more than 99.95% were used. Sputtering took place
in a mixture of argon and oxygen gases with purity of
99.998%. The background pressure was about 10−6 Torr af-
ter at least 8 h of baking at 130 °C before deposition. Depo-
sition took place at 35 mTorr total pressure. After backfilling
the chamber with argon gas, the substrate and niobium target
were presputtered to clean the surface, and then argon and
oxygen gases were introduced into the chamber. The flow
rates of argon and oxygen gases were 4.5 and 100 SCCM
�SCCM denotes cubic centimeter per minute at STP�, respec-
tively. Indium tin oxide coated glass slides with a sheet re-
sistance of 60 � / sq were used as substrates and positioned
13 cm from the target. The topography of the films was ana-
lyzed by a Nanoscope III AFM equipped with a vibration
absorbing board and operated in tapping mode. Images with
512�512 pixels were acquired using various scan lengths
from 0.5–5 �m. Coloration and bleaching processes were
controlled by an Autolab PGSTAT 10 potentiostat. A three
electrode cell was used and the surface under study was em-
ployed as the working electrode. Two different configura-
tions were used for CV measurements. In the first configu-
ration, 1M LiClO4 dissolved in propylene carbonate �PC�
was used as the electrolyte. Lithium foils were used as both
the reference and the counterelectrode. In the second case,
1M propionic acid was used as electrolyte. Platinum and
Ag/AgCl electrodes were used as counterelectrode and ref-
erence electrode, respectively. All CV measurements were
carried out in a glovebox containing argon gas with low hu-
midity. During all measurements the dew point of the glove-
box was −52 °C which corresponds to 30 ppm of water. The

films were subjected to at least five precycles until stable
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voltammetric cycles were achieved. In order to get a wide
range in the plot of peak current versus scan rate, various
scan rates from 10 to 500 mV/s were used.

III. ANALYSIS OF THE FRACTAL SURFACE

The electrochemical reactions that we consider take
place at the interface between the film and the electrolyte. In
addition, many properties of thin films depend on the topog-
raphy of the surface. Hence it is very important whether the
surface is rough or smooth, porous or nonporous. Fractal
dimension analysis gives important information about the
structure of the surface. Various physical and chemical8–13

methods have been used for determination of fractal dimen-
sion. Two of the most important methods for calculating
fractal dimension are CV and AFM.

A well-known equation established in 1948 by Randles14

and Sevcik15 independently from each other shows that the
peak current in a CV measurement is proportional to the
square root of scan rate. Hence the slope of a log-log plot of
the peak current versus scan rate is expected to be 0.5.

A method for determining fractal dimension from CV
measurements under diffusion limited conditions was intro-
duced and an improved Randles-Sevcik equation for fractal
surfaces was obtained.16 A simplified form of the improved
Randles-Sevcik equation can be found:

Ip =
�o

2�−1�nF��+1A��D�1−�C�max���
sin�����RT�� ��, �1�

where Ip is the peak current, �0 is the length corresponding
to the outer cutoff of the fractal structure, � is the fractal
parameter, n is the number of transferred electrons per atom,
F is Faraday’s constant, A is the area of the electrode, D is
the diffusion coefficient, C is the concentration of the elec-
trolyte, � is a dimensionless function of �, R is the molar gas
constant, T is the temperature, and � is the scan rate. It can
be seen from Eq. �1� that the peak current Ip is directly re-
lated to the fractal parameter � and Eq. �1� can be simplified
to Ip��� when the other parameters are kept constant. The
fractal parameter can be found from the slope of a log-log
plot of the peak current versus scan rate.

It was shown, for diffusion to a fractal surface, that �
and the fractal dimension df of the analyzed surface are con-
nected by

�1 = �df1 − 1�/2, �2�

where subscript 1 denotes the first method, i.e., CV. After
calculating the fractal parameter, Eq. �1� can also be used for
calculating the diffusion coefficient D, since the only remain-
ing unknown parameter is �0, and this can be obtained from
AFM measurements �see below�.

The second method to obtain the fractal dimension of the
surface is from AFM. The scaling of surface roughness as a
function of lateral length scale has been studied before.17 The
roughness of a fractal surface can be described by power
laws, including a roughness exponent �2. The fractal dimen-

sion of the surface is given by

Downloaded 16 Nov 2006 to 130.238.21.142. Redistribution subject to
df2 = 3 − �2 �3�

and it is independent of film thickness. Subscript 2 denotes
the second method, i.e., AFM. The rms roughness values of
the films are given by the square root of the integral of the
power between selected points,18 that is,

rms = ��
Lmin

Lmax

W�p,q�dpdq�1/2

, �4�

where W�p ,q� is the power of the AFM image at the coor-
dinate �p ,q� and the power is the roughness amplitude
squared. Maximum values of p and q depend on the resolu-
tion of the image. In order to obtain the rms roughness, the
two dimensional isotropic PSD function of the film was
used. Subsequently, length scale dependent rms values were
obtained by changing the upper limit of the integral. The
analysis was carried out for various scan lengths. AFM mea-
surements at scan lengths larger than 5 �m were not used
since they showed no self-similar behavior and gave no in-
formation about the fractal dimension. Similarly, AFM mea-
surements with scan lengths below 0.5 �m were not used
since the resolution becomes close to the dimension of the
AFM tip and this causes large errors.

IV. RESULTS AND DISCUSSION

A. LiClO4 as electrolyte

Figure 1 shows the log-log plot of peak current versus
scan rate for both LiClO4 and propionic acid electrolytes. In
Fig. 1, dashed lines show linear fits to the measured data and
the dotted line with a slope of 0.5 was drawn for comparison.
The fractal parameter of sputter deposited niobium pentoxide
films in the LiClO4–PC electrolyte was found to be 0.68. At
scan rates higher than 60 mV/s, the curve starts to become
flatter. This behavior could be due to the upper cutoff to the
fractal region; in addition diffusion limited conditions might
not be valid anymore. If the scan rate was increased to very
high values, e.g., more than 250 mV/s, the sample could not

FIG. 1. Log-log plot of peak current vs scan rate for sputter deposited
niobium pentoxide film when LiClO4 and propionic acid were used as elec-
trolytes. Dashed lines are linear fits to measured data and the dotted line has
a slope of 0.5. The regression coefficient �chi square� of the power-law fits
was 0.995.
respond to such fast scans and the same peak current was
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observed for various rates. We found from Eq. �2� that our
calculated fractal parameter of 0.68 corresponds to a fractal
dimension of 2.36.

Figure 2 shows the rms roughness as a function of length
scale for our niobium oxide films. Data from images taken
with different scan lengths are shown. It is seen from Fig. 2
that the rms roughness is constant for large length scales
close to the image size and it drops drastically at small length
scales due to the resolution of the images. The rms roughness
value of an image taken with higher resolution �smaller scan
length� drops at a shorter length scale. In the middle region,
all the curves �and their envelope� exhibit two power-law
regions with different exponents. The slope of the curves is
unity at length scales larger than 16 nm and decreases for
length scales below this value. It was found that the latter
region has a slope of 0.64, which corresponds to a fractal
dimension of 2.36. This result is the same as obtained by the
CV measurements.

The outer cutoff of the sample was found from the cross-
over between the two power-law regions in Fig. 2 to be
16 nm. The inner cutoff is not clearly seen in Fig. 2, but it
appears that the fractal region is less than a decade. Using the
value for the upper cutoff in Eq. �1�, the diffusion coefficient
of the Li ions was found to be 3.25�10−10 cm2/s which is in
very good agreement with previous data for pulsed laser de-
posited niobium oxide films.19

B. Propionic acid as electrolyte

The fractal parameter of the film, when propionic acid
was used as electrolyte, was found from Fig. 1 to be 0.35
which is smaller than 0.5. This corresponds to a fractal di-
mension of 1.70. It has been shown previously that a fractal
dimension smaller than 2 can characterize a partially active
surface, for example, exhibiting well-defined “hillocks” as
reaction sites.20,21 In order to test this hypothesis, we carried
out a fractal analysis of the hillock distribution on the sur-
face. For this purpose, a 30�30 �m AFM image of the
sample was taken. The scan area was as large as possible in
order to get better statistics. Figure 3 shows the hillocks in an
AFM image, where we take all protrusions higher than 25%

FIG. 2. Log-log plot of rms roughness values for sputter deposited niobium
pentoxide films as a function of length scale. Curves extracted from AFM
images taken with various scan lengths are shown. The scan lengths are
given in the inset.
of the maximum height to be defined as hillocks. The num-
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ber of hillocks inside circles of various radii on the image
was determined; for example, circles of 5, 10, and 15 �m
radius are shown in Fig. 3. Figure 4 shows the result of the
hillock analysis. The slope of the linear fit directly gives the
fractal dimension and it was found to be 1.77. It is close to
the value obtained from the CV measurement when propi-
onic acid was used as an electrolyte.

VI. CONCLUSIONS

We have determined fractal dimensions of sputter depos-
ited niobium pentoxide films when Li and H ions are inter-
calated. Two different methods, CV and AFM, were used.
Remarkably, the results from CV were totally different in the
cases of Li+ and H+ intercalation. When the films were inter-
calated with Li ions in a LiClO4 electrolyte, their fractal
dimension as obtained from CV of 2.36 corresponds to the
dimension of surface roughness obtained from AFM. How-
ever, when the films were intercalated by protons in propi-
onic acid, a dimension of 1.70 was found from CV. Obvi-
ously the protons are not penetrating the whole surface but
are rather intercalated at special “reaction sites.” We identify

FIG. 3. The distribution of hillocks on a 30�30 �m AFM image. All pro-
trusions higher than 25% of the maximum height are shown.

FIG. 4. Log-log plot of number of hillocks vs radius. A linear fit �dashed

line� gives the fractal dimension of 1.77.
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these sites as hillocks fractally distributed over the surface.
The dimensionality of the hillock distribution was found
from AFM to be close to the CV value.
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