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Abstract

Vanadium pentoxide (V,0,) thin films have been prepared by Sol-Gel technique. The fluid
resin which was prepared by dissolving V,O, powder (99.6%) in H,O, was spin coated on a glass
substrate at room temperature. The effect of preparation conditions, such as spin speed and
acceleration, on the film thickness has been investigated. Speed was found to be the most
affecting parameter on the film thickness. Transmittance and reflectance spectra were made at
normal incidence on these films in the range of 350-900 nm. SCOUT program was used to find
out the thickness of all samples. In the region of the fundamental absorption edge, the absorption
coefficient was calculated directly from the experimental transmittance and reflectance data
using a formula that is nearly valid for non-uniform in homogeneous films. Moreover, the band-
gap energy was found to be around 2.3 eV. The refractive index of the films was calculated using
PUMA code which is based on a certain fitting procedure for transmittance spectra according to
Swanepoel formula. All results were in good agreement with those found in literature.

Keywords: Vanadium pentoxide; Sol-Gel; Optical Constants; Spin coating; Refractive
index; Absorption coefficient; Extinction coefficient; Swanepoel formula.

Introduction

Because of its useful electrical, catalytic and electrochemical properties, V,0; thin films
have been widely studied during the past few decades. Heating in vacuum or reducing
atmosphere due to partial dissociation are reasons that make V,O, loses oxygen. This results
in the formation of defects or reduced phases [1]. Moreover, V,O, thin films were applied in
the construction of various electro- optical devices such as: thermoelectric sensors, light
modulators, and electro-chromic electrodes [2]. The performance of devices utilizing V,O,
films depends on their film quality, which is determined by the morphology, crystalline,
degree of disorder, stoichiometry that are highly dependent on the film-deposition method
and preparation conditions such as the environmental atmosphere, deposition temperature,
deposition rate, and post-deposition heat treatment [3-5]. Therefore, many techniques have
been used to prepare V,0; thin films [3-15]. In this study, sol-gel technique with spin coating
method will be used to prepare V,0; thin films to investigate their optical properties.

The optical constants of a material describe how the characteristics of light are
affected when it interacts with the material. The most important optical constants are the
ordinary index of refraction (n), the absorption coefficient () and the extinction coefficient
(k). These optical constants are important factors in understanding the quality and
performance of films incorporating in the design of electronic devices used in the various
applications. In principle, the optical constants of solid-state layers can be determined by
transmittance T and/or reflectance R measurements. For a linear, homogenous, uniform
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thin film of thickness d and complex refractive index (N=n-ik)
with smooth plane-parallel surfaces laid on a polished thick
substrate of refractive index n, the analysis yields Swanepoel
T-formula for ideal {air-thin film-dielectric thick substrate-air}-
structure, which is given by [16,17]:

Aix
T_A2 — Aax + Ayx? a-n

In which the absorption parameter x is related to absorption

coefficient o of the film as
—4mcd)

A

And the parameter A, A, A, and A, are described by the
following expression

x = exp(—ad) = exp( (1.1a)

A,=16n_(n*+k?) (1.1b)
A2=[(n+1)2+K2][(n+1)(n+n52)+K2] (1.1¢)
A, ={(n°+Kk>-1)(n*+K>-n 2)-2K*(n 2+ 1)}*(2 cos)

-k{2(m*+K*-n 2)+(1+n2)(n*+k>-1)}*(2 sin¢) (1.1d)

A, =[(n-12+K[(n-1)(n-n 2)+K’] (1.1e)

where ¢ is the optical path difference arising from a double

traversal of the light plane wave inside the film, and is given by
__Amnd 11
= (1.17)

Experimental Details

In order to prepare high quality V,O; films, it is necessary to
use clean and good quality substrates to insure a good adhesion
between film and substrate. The glass substrates, used for this
study, were dipped in a saturated potassium dichromate solution
in concentrated sulfuric acid for 24 hours. This solution helps in
removing grease, pigments and other contaminants from
substrates surfaces that might affect adhesion and structure of
the obtained films. Then, the substrates were rinsed by distilled
water in ultrasonic bath for 10 minutes. After this, the slides were
washed by soap water before dipping in acetone, and then
cleaned by methanol. Finally, the slides were heated up at 100°C
for about 5 minutes before placed in a desiccator to avoid their
pollution with dust and other air contaminants.

V,0, sol-gel was prepared by dissolving 2 grams of the 99.6%
purity V,O, powder (Aldrich) in 120 ml of 15% H, O, solution under
vigorous agitation for 6 hours [15]. Then, the obtained red
brownish solution was transformed into a viscous solution after
direct heat treatment at 70°C for 20 mins with non-stop agitation.
Many films were prepared under different deposition conditions
at room temperature using spin coating method. A small puddle
of a fluid resin was either deposited onto the center of a substrate
and then spinning the substrate at high speed to thin the fluid (the
static dispense), or dispensing while the substrate is turning at low
speed about 500 rpm (the dynamic dispense). This spin-coating
process was achieved by the use of a commercial NXG spinner.
The operation of this spinner can be programmed through one
step or several steps with the speed ranges from 100 rpm to
10000 rpm with many options for acceleration.

X-ray Shimadzu XRD-6000 X-Ray Device with a copper
target has been used to measure XRD pattern for all samples.
In order to measure the transmittance and reflectance spectra,

a NanoCalc-XR spectrophotometer (Metrology systems and
Ocean Optics, Germany) was used to measure the transmittance
and reflectance spectra of the samples. This spectrophotometer
has the advantage of having an optical wavelength resolution
of 0.1 nm and the spot size of the coming light beam can be
varied in the range of 200 um, which will assist in minimizing
the effect of the non-uniformity of the film.

Results and Discussion

In this study, the transmittance T (A) and reflectance R (A)
spectra will be used to investigate most of the optical properties
of the prepared sol-gel thin films in addition to determining its
thickness. In order to achieve this, two analytical approaches
will be used. The first is using SCOUT software which will be
mainly used to measure the thickness of the film by fitting the
transmittance and/or reflectance spectrum. SCOUT is a type of
a numerical curve-fitting procedure, which will be employed
for analyzing the results of transmittance and reflectance of
films taken by use of the NanoCalc-XR system. Such SCOUT
software contains a variety of dispersion dielectric functions
that one either can revert to them when necessary or can build
up his own dispersion relation. The second approach that will
be used has been developed by Chambouleyron and his
colleagues, and referred to as PUMA code [18]. In brief, PUMA
is unconstrained optimization program that implements an
unconstrained formulation of a nonlinear programming model,
which solves the problem using a method based on repeated
calls to an unconstrained minimization algorithm, without
implying a specific functional relationship for the dispersion of
the optical constants of the film under investigation. PUMA will
be used to analyze the theoretical normal-incidence Swanepoel
T-formula, i.e. Egn. (1.1). The refractive index of the samples will
be determined using this analytical Code.

Effect of preparation conditions on film thickness

The spin coating process involves several major factors
that generally define the final film thickness, such as the
acceleration, spin time, and spin speed which is the most
important factor in this process, where it affects the degree of
radial (centrifugal) force applied to the liquid resin. A number
of samples were prepared to investigate this effect on the
thickness of the deposited films. The dependence of thickness
on the spin speed is shown in figure 1.
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Figure 1. Film thickness as a function of spin speed.
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As illustrated in figure 1, a decrease in the film thickness
is observed as spin speed increases. Films with high speed
possess low values of thickness. Sample of 2000 rpm speed
has a thickness value of 1164 nm while that of 6600 rpm
speed possess a value of 268 nm. This result is reasonable and
acceptable since the more speed means more centrifugal
force and then more particles (mass) just move away of the
center which leads to less thickness. Figure 2 shows the
behavior of the thickness as a function of acceleration. As
shown, it seems that the acceleration affects the film thickness
but not as much as the speed.
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Figure 2. Thickness as a function of acceleration.

As indicated in figure 2, the film thickness increases
dramatically for low values of acceleration. However, for large
values of acceleration the thickness seems to be constant.
This sounds to be normal behavior since all the material on
the disk will spread out all over the substrate in the first few
seconds of starting acceleration. Increasing acceleration then
will not affect the little residual amount of mass over the disk.
Finally, figure 3 shows the behavior of film thickness as a
function of spinning time. As shown in the figure, the film
thickness decreases as the time increased. This is due to the
fact that the more spinning time with a certain angular velocity
the more expansion of the material of the film over the
substrate. Also, when the film was exposed to more spinning
time, more evaporation occurs which means less thickness.
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Figure 3. Thickness as a function of spinning time for vanadium
pentoxide thinfilms spin coated at 2000 rpm.

XRD measurements

A typical XRD pattern of the deposited sample of thickness
927 nm is shown in figure 4. Three peaks were revealed from
this sample. The peaks are located at about 8°, 24° and 32°,
corresponding to (001), (003) and (004) crystal planes of V,0,
xerogel, which is the characteristic of the layered structure of
the V,0, xerogel film [19]. All other samples show the same
behavior.
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Figure 4. XRD pattern for the deposited vanadium pentoxide film
on glass substrate (d=927 nm).

Transmittance and reflectance spectra

In order to investigate the optical properties, three
samples were prepared. The samples were identified by the
symbols s1, s2, and s3 with thicknesses of d,=750 nm, d,=927
nm, and d,=1236 nm, respectively, as determined by using
SCOUT-program analysis. Both transmittance T(A) and
reflectance R(A) spectra have been measured at normal
incidence as a function of the spectral wavelength A in the
range of 350-900 nm. Figure 5 shows the transmittance
behavior as a function of wavelength for the three samples. It
is clear that the T-spectrum curves for all samples display a
few broad and ill-resolved interference-fringes, indicating
that a shrinkage phenomenon of interference maxima and
mina was taking place probably due to non-uniformity of the
films and/or clustering, roughness and no homogeneity of
such films. Also, the figure shows the measured T-A spectrum
of a typical bare glass substrate which is used to check out the
effect of the deposited film on the transmittance spectrum.

It is noticed that the measured film transmittance
decreases as its thickness increases. The behavior of
transmittance spectra in the supposed transparent region
cannot be explained mainly due to optical absorption in the
film, but more likely due to shrinkage of the T-maxima due to
non-uniformity, roughness, etc. of these films, which should
approach that of bare substrate in such an optically transparent
region [16]. Further, one can notice that the optical absorption
of the films is fairly strong near the absorption edge of
vanadium pentoxide located around the spectral wavelength
A=540 nm, but the decline in this absorption region is not
steep, suggesting that the produced films were not well
crystalline.
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Figure 5. The dependence of the spectral transmittance for V,O,
samples prepared at different thichness.

The measured reflectance R(A\)-A curves of the three
samples are presented in the figure 6. Figure 6 indicates that
the behavior of the reflectance is as expected for semi-
conducting oxides in the sense it displays well-resolved
interference-fringe maxima and minima, the positions of
which are opposite to those observed for the respective
transmittance spectra, indicating a total m-phase difference
occurring upon reflection from the structure. The number of
interference-fringe extremes is different from sample to
sample, depending on the thickness of the material.
Furthermore, the height of the maxima in the measured R(A)-A
curves decreases monotonically with decreasing wavelength,
while it decreases with increasing the thickness of the sample.
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Figure 6. The dependence of the spectral transmittance for V,O,
samples prepared at different thicknesses.

Determining absorption coefficient

The absorption coefficient ais of a great importance in optical
applications. It is related to the extinction coefficient k(A) by
the relation

The absorption coefficient (o) is related to the measured
transmittance and reflectance by the relation:

_p)2
a =%ln (%) A3)

This will be used in calculating the absorption coefficient
of the samples [20].

As indicated in figure 7, the absorption coefficient of s1 is
d=750 nm) that decreases from more than 6.35 x 10* cm™ to
less than 1.2 x 10* cm™ in the range of 350 to about 500 nm.
After this value of wavelength, the absorption coefficient has
an average value of about 0.5 cm™. This shows that the film
has a high absorption at values of wavelength less than about
500 nm, but higher transmission at the higher region of the
spectrum. The other two samples show similar behavior to the
first sample of absorption coefficient as function of wavelength
for the others samples. It is very clear that the absorption
coefficient of wavelength less than 500 nm, is strongly
dependent on the film thickness, since we can notice that the
absorption coefficient as function of wavelength of the
thickness 926 nm, the absorption coefficient values change
from (5.1 x 10%-1.005 x 10* cm™), while the values change
from (3.8 x 10*-0.7285 x 10* cm™") for the sample of thickness
1236 nm.
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Figure 7. The dependence of absorption coefficient on wavelength
for three V,0, samples with different thicknesses.

Calculation of extinction coefficient

The extinction coefficient is a measure of energy loss and
directly related to the absorption coefficient according to the
relation (4.1). The calculated values of absorption coefficient
in the previous section were used to calculate the extinction
coefficient k for all samples of our study. The dependence of
extinction coefficient on the wavelength is shown on figure 8
for the samples.

It's clear that, as the figure 8 shows, the extinction
coefficient has a sharp decrease in the range (450-500 nm) for
almost all the samples. Then, the extinction coefficient of the

= a (2)  samples changed up and down in the wavelength range of
am (500-900 nm).
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Figure 8. The dependence of extinction coefficient on wavelength
for three V,0, samples with different thicknesses.

Determination of the energy gap

The fundamental absorption edge of semiconductors
corresponds to the threshold for charge transitions between
the highest nearly filled band and the lowest nearly empty
band for a photon has energy much less than the energy gap
the absorption is very small and increases significantly for
higher photon energies.

The forms of the absorption coefficient as a function of
photon energy depend on the type of energy bands
containing the initial and final states. The absorption
coefficient is described in terms of the photon energy hv and
the direct allowed band gap energy E_by the relation [11,20].
. C(hvhvEg) @)

where C is the probability parameter for the transition, h
is the Plank’s constant, and v is the photon frequency. The
exponent n takes the values 1/2 or 3/2, depending on whether
the transition is an allowed or forbidden direct band-to-band
transition, respectively. The optical energy gap of each film
was estimated from the optical measurements. The absorption
coefficient for indirect allowed band gab was found to be
following the relation (4) with n equal to 2.

Figures 9-11 show the relation between ahv 2 as a
function of the photon energy in the absorption region for
the three samples s1, s2, and s3 respectively. The energy band
gap can be determined from the extrapolation of the linear
portion with the photon energy axis. The value of the energy
band gap was decreased as the thickness increased. Moreover,
the values obtained are in consistent with other values
obtained by literature [15].

Determining refractive index

Refractive index can be calculated in many different ways,
one of which is using PUMA program. The refractive index
n(A) results obtained by PUMA computational program are
illustrated in figure 12.
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Figure 9. (ahv)”(1/2) versus photon energy (hv) for spin coated
vanadium pentoxide film with d=750 nm.
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Figure 11. (ahv)”(1/2) versus photon energy (hv) for spin coated
vanadium pentoxide film with d=1236 nm.

As indicated in figure 12, the refractive index decreases as
wavelength increases. It is clear that the refractive index n
increases as the film thickness increases. The refractive index
is related to the density and the polarizability of a certain
material [21]. Thus changing the film thickness could change
the density of V,O, thin film. The maximum value of refractive
index is about 2.8 for the thicker film (d=1236 nm) in the
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