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Influence of pore size on the optical and electrical properties of TiO, thin films was studied. TiO, thin films with different weight
percentages (wt%) of carbon black were deposited by screen printing method on fluorine doped tin oxide (FTO) coated on glass
substrate. Carbon black decomposed on annealing and artificial pores were created in the films. All the films were 3.2 ym thick
as measured by a surface profiler. UV-VIS-NIR spectrophotometer was used to study transmittance and reflectance spectra of
the films in the photon wavelength of 300-900 nm while absorbance was studied in the range of 350-900 nm. Band gaps and
refractive index of the films were studied using the spectra. Reflectance, absorbance, and refractive index were found to increase with
concentrations of carbon black. There was no significant variation in band gaps of films with change in carbon black concentrations.
Transmittance reduced as the concentration of carbon black in TiO, increased (i.e., increase in pore size). Currents and voltages
(I-V) characteristics of the films were measured by a 4-point probe. Resistivity (p) and conductivity (o) of the films were computed
from the I-V values. It was observed that resistivity increased with carbon black concentrations while conductivity decreased as
the pore size of the films increased.

1. Introduction presented a simple architecture that achieves enhanced light
scattering in TiO, films [8]. Polystyrene (PS) spheres of
submicrometer size were incorporated into the TiO, paste
resulting in photoanode with bimodal pore size distribution.
The optical properties of the films were improved by the
enhancement of the films’ pore size. Furthermore, TiO, films
with artificial pores formed using acetylene black to improve
the light scattering films without a light scattering layer have
also been fabricated [9]. The artificial films were found to
improve the reflectance of the films. The dependence of
optical properties of TiO, thin films has been reported to
depend on pore size [10, 11]. Refractive index and electrical

The interest of material scientists in titanium dioxide is
on the increase due to its potentials in a wide range of
industrial applications. TiO, with a wide band gap of 3.2V
has attracted considerable interest because of the outstanding
properties of its thin films such as electrical, optical, and
chemical properties. These properties include high conduc-
tivity, high refractive index, and high transparency in the
visible region. Thus TiO, is useful in applications such as
photocatalyst [1], dye sensitized solar cells [2], chemical
sensors [3-5], electrochromics [6], and electronic devices [7].

The quality of the TiO, film is influenced by the type of
material and method used for film deposition and subsequent
sintering procedure. The properties of the films such as
surface area, roughness, and pore size and film thickness are
responsible for its surface and electronic properties. Cho et al.

resistivity were found to depend on porosity of the films and
bandgap was found to depend on annealing temperature and
grain size. However, the effect of pore size on the optical
and electrical properties of TiO, thin films especially for
optimum applications in dye sensitized solar cells has not



been adequately explored. It has been reported that the
substrate temperature [12-14], deposition rate [15, 16], and
film thickness have important effects on the morphology
and nanostructure of thin films. TiO, thin films have been
deposited by various techniques; these include tape casting
[17], screen printing [18-20], and electrophoretic deposition
[21]. Of all the aforementioned, screen printing technique is
simple, of low cost, and easily reproducible.

In this work, we created some size-varying artificial pores
in TiO, thin films. This work seeks to provide information
on the optical and electrical properties of pore size enhanced
TiO, films that may find optimum applications in dye
sensitized solar cells. We simply mixed carbon black powder
with TiO, paste and deposited onto glass by screen printing
method. The carbon black simply decomposed on annealing
leaving behind voids in the films.

2. Experimental Details

The TiO, thin films were prepared using screen printing
method as follows: commercially available TiO, paste pur-
chased from Solaronix (Ti-Nanoxide T/SP) was used as orig-
inal and control paste, into which varying weight percentages
of carbon black would be added. TiO, anatase concentration
is 18 wt%; particle size is of 18-20nm and transparent.
The carbon black powder was purchased from Alfa Aesar
(acetylene, 100% compressed). 2mm thick glass substrates
with 15 Q/sq. fluorine doped tin oxide (FTO) coating on one
side purchased from Solaronix were ultrasonically cleaned
in distilled water for 20 minutes, dipped in acetone for 20
minutes, and finally rinsed in distilled water.

Ti-Nanoxide T/SP was diluted in absolute ethanol and
mixed with a magnetic stirrer bar for 30 minutes. Different
weight percentages (0.5, 1, 1.5, 2, and 3 wt%) were added
to the suspension. The suspension was dispersed with a
sonication horn (digital Sonifier 450) to break any aggregates
of nanoparticles. It was sonicated in pulses (2s ON, 2 s OFF)
to avoid temperature elevation for 30 minutes in intervals
of 6 minutes and stirred for 5 minutes at each interval. The
mixture was then transferred to a rotary evaporator at 80°C,
100 mbar. The paste was again homogenized by a grinder after
the ethanol was evaporated. The mixture of TiO, paste and
carbon black of different weight percentages of carbon black
was coated (by screen printing method) one time each onto
FTO/glass using a 63T mesh. All the films were sintered
in tube furnace at 500°C for 30 minutes in air. At this
temperature, carbon black was completely burnt out leaving
behind voids in the films.

The surface microstructural features of the films
were characterized using Multimode 8-HR Atomic Force
Microscopy/Scanning Tunneling Microscopy (AFM/STM)
in taping mode. Optical transmittance, reflectance, and
absorbance spectra of TiO, thin films were studied using
Shimadzu UV-VIS-NIR Spectrophotometer (SolidSpec-
3700/3700DUYV, Japan, Inc.) Film thickness was measured
by a surface profiler (alpha-step IQ). Sheet resistances of the
films were measured by Jandel RM3-AR 4-Point Probe.
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3. Results and Discussions

The TiO, thin films prepared were incorporated with 0, 0.5,
1, 1.5, 2, and 3 wt% of carbon black. All the films were 3.2 yum
of thickness to restrict the influence of film thickness on
the samples. Figures 1(a), 1(b), 1(c), 1(d), 1(e), and 1(f) show
the dependence of pore size on carbon black concentrations.
Figures 1(a), 1(b), 1(c), 1(d), 1(e), and 1(f) were incorporated
with 0, 0.5,1,1.5, 2, and 3 wt% of carbon black. It was observed
that the higher the wt% of carbon black incorporated into
the TiO, films the larger the sizes of voids left behind
after the combustion of the carbon black. We also found
that, beyond 3wt%, carbon black does not burn out at
the annealing temperature of 500°C. That is to say with
any further addition of carbon with annealing temperature
remaining the same, TiO, films will be contaminated; thus
purity will be compromised.

Transmittance spectra of the films are as shown in
Figure 2. 0 wt% TiO, thin film showed high transparency in
the visible region and decreased sharply at the UV region but
dropped steadily towards the NIR. The transmittance spectra
have the highest value of 79%. It was observed that as the
weight percentage of carbon black increased (i.e., as the pore
size increased), the transmittance decreased. The film with
the highest weight percentage of carbon black was the least
transparent (39%). We observed that transmittance spectra
in samples 2 wt% and 3 wt% dropped drastically as compared
to other samples. Though the pore size in these samples also
increased which resulted in drop in transmittance, the drastic
drop could be due to residue of carbon black left behind.
At such concentrations, 500°C is not sufficient to completely
burn out carbon black; hence residue is responsible for light
blockage.

Figure 3 shows the reflectance spectra of TiO, thin
films with different weight percentages of carbon black. It
was observed that reflectance increased with pore size. The
increase in reflectance is a result of multiple light scattering
by the pores created [9]. Otherwise, it also accounts for the
decrease in the films transmittance as the pores increased.

Figure 4 shows absorbance spectra of Ti0, thin films with
varying weight percentages of carbon black. The absorption
edge of TiO, as seen in Figure 3 is 300nm. The step
observed at 720 nm is a result of the change in detectors of
the spectrophotometer. As the pores increased, absorbance
increased due to increase in optical path length, optical light
confinement, or light trapping [9]. The 0 wt% TiO, thin film
has the least absorbance and film with the highest carbon
black concentration has the highest absorbance. Our obser-
vations are in agreement with some previous investigations
(8, 9].

From interband absorption theory, the optical band gap
of TiO, films can be determined from the formula [22]

(ah)" = A(hv - E,), 6)

where « is the absorption coefficient, A is a constant, hv
is photon energy (eV), and m is the transition coefficient.
m = 1/2 and 3/2 corresponds to direct allowed and direct
forbidden transitions and m = 2,3 corresponds to indirect
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FIGURE 1: AFM/STM images of TiO, film with different wt% of carbon black.
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FIGURE 2: Transmittance spectra of TiO, thin films with different wt% of carbon black.

allowed and indirect forbidden transitions, respectively [22]. where d is the film thickness and T the transmittance of the
The absorption coefficient is thus calculated from the relation ~ film at each wavelength.

The optical band gaps were obtained from plotting Tauc’s

o= 1 In < 1 ) @) equation using 1/2 for m and extrapolating the straight line

d T)’ part of the curve to (ochv)l/ " = 0. It was observed that for all
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FIGURE 3: Reflectance spectra of TiO, thin films with varying wt% of carbon black.
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FIGURE 4: Absorbance of TiO, thin films with different wt% of carbon black.

the films, the best straight line is obtained for the value of m
equal to 1/2, which is typical of direct allowed transitions [22].
Figure 5 shows the band gaps of TiO, thin films with
different weight percentages of carbon. We observed that pore
size had no effect on band gaps as all the films despite their
variations in pore size have a band gap of =3.8 eV.
The refractive index was computed using the relation [23]

1+R 4R 172
A +[ Kz] R

" (1-R?

1-R R

where 7 is refractive index, R is reflectance, A is wavelength,
and K is the extinction coeflicient given as

ald
K=—. 4
o (4)

The refractive indices of TiO, thin films of different wt% were
obtained from (3) and plotted in Figure 6.

Figure 6 shows that refractive index increased with
increase in pore size. 0 wt% TiO, film has the least refractive
index within the visible range. Any other film with artificial
pores has refractive index higher than the 0 wt% film and
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FIGURE 5: Band gap of TiO, thin films with different wt% of carbon black.

that was how refractive index kept rising with increase in
pore size. This is due to the fact that the increase in pore
size increases light scattering and delay in light path or light
trapping [9]. Refractive index increased from 1.4 (0wt%
TiO,) to 1.8 (2wt%) as the pore size increased. It shows that
pore size truly has influence on the refractive index of TiO,.

From the measured I-V by a 4-point probe, electrical
resistivity was calculated using the following equation since
they are thin film samples:

p= %; x thickness, (5)

where p is resistivity, v is voltage, I is current, and 77/In2 =
4.53.

TABLE I: Resistivity and conductivity of TiO, thin films with varying
wt% of carbon black.

Weight

ratio (%) Resistivity (:cm)  Conductivity (Siemen’s-cm ™)
0.5 2.60x107° 384.61
1.0 2.84%107° 352.11
15 9.67 %107 103.41
2.0 19.08 x107° 52.41
3.0 28.33%x107° 35.29

The results are tabulated in Table 1.
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FIGURE 6: Refractive index of TiO, thin films with different wt% of
carbon black.
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FIGURE 7: Resistivity and conductivity of TiO, thin films with
different wt% of carbon black.

We found that resistivity decreased with increase in
weight concentrations of carbon black.

Conductivity of TiO, thin films is the inverse of resistivity.
Resistivity and conductivity are given by the relation

=, 6
= (6)

where ¢ is conductivity. The values for conductivity are
also tabulated in Table 1. Figure 7 shows the resistivity and
conductivity of TiO, thin films with different wt% of carbon
black.

It was observed that conductivity decreased with increase
in concentrations of carbon black. This is because the increase
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in pore size reduces the electronic contact between TiO,
particles. So, also as the electronic contacts between the
molecules reduce, resistivity increases; hence the observa-
tion is shown in Figure 7. Resistivity increased from 2.6 x
107° Q-cm to 28.3 x 107 Q-cm while conductivity decreased
from 384.61 Siemen’s-cm ™" to 35.29 Siemen’s-cm ™" as the pore
size increased.

4. Conclusion

Titanium oxide thin films of 3.2 ym thickness (with and
without) different wt% of carbon black were deposited on
FTO/glass and then subjected to an annealing temperature
of 500°C for 30 minutes. Carbon black was completely burnt
out at this temperature and artificial pores were created.
Pore size effect on the optical and electrical properties of
the films were investigated. UV-VIS studies revealed that
normal TiO, thin film is highly transparent in the visi-
ble region with a value of 79%. Transmittance decreased
with increase in pore size while reflectance and absorbance
increased as the pore size becomes larger. Refractive indices
of the films also increased with increase in pore size of
the films. However the band gap as calculated from the
transmittance spectra remained constant with change in
films’ pore size. We also found that resistivity rose from 2.6
x 107 Q-cm to 28.3 x 107'° Q-cm and conductivity dropped
from 384.61Siemens-cm™' to 35.29 Siemen’s-cm ' as pore
size increased. These films will find useful applications in
dye sensitized solar cells because of their increased light
scattering ability and their high transmittance in the visible
region. The high refractive index in the visible region is also
important in solar cell applications. Pores created will also
serve as good anchoring sites for dye molecules, thereby
enhancing higher photocurrent generation. The relatively
high conductivity of these films will also make them suitable
for solar cells applications.
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