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Abstract. Titanium dioxide has a number of applications in solar
cells. In this study, TiO; thin films were synthesized using a simple
but less expensive, low temperature and large area deposition
method referred to as chemical bath deposition. Their electrical
and optical properties were examined at various temperatures
where it was observed that the films exhibited low reflectance
which increased with increase in wavelength with refractive indices
of 2.2-2.5 in the visible spectra. Sheet resistivity ranged between
13.54+0.095 Q/m to 17.27+0.209 Q/m. They were use to fabricate
photovoltaic cell which exhibited the following parameters: a short
circuit current, 5.=0.002445 A, open voltage, Voc = 0.04731V, a fill
factor, FF=0.551 and an efficiency, n=0.531%. They were
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INTRODUCTION

The study of TiO2 semi conducting thin films is
being pursued with an increasing interest on the
account of their proven and potential applica-
tions in many semiconductor devices [12]. Al-
though it has been one of the most studied ox-
ides, still a lot remains to be investigated. Its ap-
plications have been met because of its under-
stood working physics and its role in device ap-
plications. Such applications include photo in-
duced water splitting, dye synthesized solar cells,
gas sensing, and in display devices [7]. The de-
velopment of new devices using titanium oxide
relies on the working physics principles and
therefore, any blend composites and advanced
materials outside titanium oxide has its modifica-
tion of mechanical, electrical, optical and thermal
properties of thin films based on titanium dioxide
so as to fulfil any desired demand for improved
industries applications [10]. Currently, a number
of investigations have been reported in literature
on the electrical and optical properties of tita-
nium oxide because much interest is geared to-
wards the production of inexpensive thin films
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recommended for diode applications.
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for various applications including solar cell appli-
cations. Titanium dioxide exhibit varying semi-
conducting characteristics of many thin films that
may include high resistivity [11], heat reflectivity
[13], catalytic properties [2], photo thermal con-
ductivity [14] and diode characteristics [15]
among others [8, 9, 3, 6].

METHODOLOGY

Reagents and Apparatus. The following reagents
were used: PVA, distilled water, ZnCl,, NHs, and
NH4Cls among the common laboratory devices
and apparatus, like an electronic thermometer,
clean glass slides, cleaned and dried beaker, and
measuring cylinders.

Preparation of precursor solutions. The PVA solu-
tion was prepared by adding 900 ml of distilled
water to 1.8 g of solid PVA and stirred at 360 K
for 1 hr [11] and left to age until its temperature
dropped to room temperature.

Experimental Procedure. Chemical bath technique
was used for the preparation of the TiOz thin
films in the presence of the PVA matrix in the fol-
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lowing order. The bath was composed of 12 ml of
1 M ZnClz, 12 ml of 1 M NH4Cls, 12 ml of 10 M
NH3 and 13 ml of PVA solution mixed in that or-
der in 100 ml cleaned and dried beaker. After ag-
ing, clean glass slides were inserted almost verti-
cally into the solution and allowed to proceed for
3 hrs at a constant temperature of 340 K.

Post Deposition Treatment. The growth process
was allowed to proceed at constant temperature
and the duration for all the films was maintained
to be the same. Then the films were removed,
cleaned, and dried. They were finally annealed in
an argon oven for 1 hr before characterizing.

Film Characterization. A Spectrophotometer at
normal incident of light in the wavelength range
of 300-2000 nm was used. Absorption and
transmittance spectra, refractive indices, and op-
tical band gaps of the samples were determined.

Solar Cell fabrication. A solar cell consisting of
Au/TiO2/SnS/Au was fabricated. Using opti-
mized TiO; thin films with transmittance of about
62%, sheet resistivity of 13.04 {1/m and band gap
of 3.16£0.05 eV, SnS with average absorbance of
about 46 % sheet resistivity of 2.46+0.12x105
Qcm and a band energy gap of 1.25+£0.12 eV was
used as an absorber layer. Gold conductive paste
was used as electrical contacts.

RESULTS AND DISCUSSION

As an optical property, radiation transmittance
through a thin film is described as how effective
radiant energy is transmitted. That is why it is
taken as the fraction of incident electromagnetic
power that is transmitted through a sample or as
the ratio of the transmitted to incident electric
field [15]. This sets a basis in that a material’s in-
ternal transmittance refers to energy loss by ab-
sorption. In this work, a direct measurement by a
spectrophotometer was used to obtain transmit-
tance and reflectance. It was then used to deter-
mine absorbance for both annealed thin films.
Transmittance and absorbance data was repre-
sented in Figures 1 and Figure 2 for annealed
TiOz thin films 250 °C.

In the Figure 1, transmittance in TiO; thin films
increased with increase in wavelength in the
range of 300 - 2000 nm where it can be observed
that all TiO> thin films had a higher transmittance
in the NIR region compared to VIS region. It is
believed that an increase in crystallinity implied
uniformity of a thin film since growth of crystal
has a direct effect on transmittance [9].
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Figure 1 - Transmittance curve of annealed TiO,
films at 250 °C
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Figure 2 - Absorbance curve of annealed TiO, films
at 250 °C

In the Figure 2, there was a significant decrease
in absorbance with the increase in wavelength.
TiO; films were either more transparent or more
reflective at higher wavelengths as compared to
lower wavelengths. This was attributed to be due
to the nature of the grain size variation in rela-
tion to the wavelength of the photon energy. A
comparison was made for transmittance, reflec-
tance, and absorbance and the results were rep-
resented in Table 1.
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Table 1 - Transmittance, reflectance, and absorbencies of TiO, thin films

Time (minutes) 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Transmittance (%) 62.0 56.0 55.0 52.8 47.0 44.5 40.9 38.4
Reflectance (%) 12.5 13.8 13.9 14.3 15.0 16.0 17.2 18.0
Absorbance (%) 25.5 30.2 31.1 329 38.0 39.5 42.9 43.6
In thin films, annealing is taken as heat treatment Energy Band Gap

that alters the physical and sometimes the
chemical properties of a thin film. It is intended
to increase or decrease or change or fine tune the
thin film’s intrinsic and extrinsic parameters to
make it more or less workable or useful. It in-
volves heating a material above its re-
crystallization temperature or maintaining a
suitable temperature, and then cooling it. In the
annealing process, atoms migrate within the
crystal lattice causing the number of dislocations
to decreases [14]. Material annealing therefore
can lead to phase transitions, re-crystallization,
and homogenization, relaxation of internal
stresses and re-arrangement of defects among
other effects [15, 10] depending significantly on
its kinetics, the rate of heating and cooling and
the time of exposure at a given temperature.

In Figure 3, the thin films were annealed thin
films of TiO2 at 300 °C. They exhibited a transmit-
tance that increased with increase in wavelength.
However, a slight reduction of transmittance in
the annealed thin film samples as opposed to as-
deposited ones.
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Figure 3 - Transmittance curve of annealed TiO; thin
films at 300 °C

This was attributed to heat treatment which may
have caused film surface changes and may have
enhancing more light trapping or reflectance or
absorbance [10].
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A band gap is a unique quality in thin films. When
atoms come together to form a solid, their va-
lence electrons interact using Coulomb forces
[10]. The atoms feel the electric field produced by
their own nucleus and that of the other atoms. As
a result, two specific Quantum-Mechanical Ef-
fects takes place: through Heisenberg's uncer-
tainty principle, the constraining of electrons to a
small volume raises their energy. This is called
promotion. By Pauli Exclusion Principle, which a
number of electrons are limited to have the same
property. In all these two effects, the valence
electrons of atoms form wide valence bands
when they form a solid. These bands get sepa-
rated by gaps in which electrons do not exist in
these gaps [8]. Therefore the term “band gap”
refers to the energy difference between the top of
the valence band to the bottom of the conduction
band as depicted by Figure 4.

Conduction band

Elctron energy

Bandgap

Density of States >
Figure 4 - Bloch equations Relation representing
Band gap with density of states in semiconductor
using [11]

Through this gap, electrons are able to jump from
one band to another. In order for an electron to
jump from a valence band to a conduction band,
it requires specific minimum amount of energy
for the transition to take place (the band gap en-
ergy). Band gaps of materials is important in the
semiconductors, nano-material and solar tech-
nology.
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(echv)?2 against hv to where («hv)? = 0. The ob-
tained value was through extrapolating the line
that cuts energy (hv) axis as depicted in Figure 5.

In this work, the energy band gaps were deter-
mined using the semiconductor Bloch equations
through simulations of transmittance data and
extrapolating the linear portions of the plots
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Figure 5 - TiO, energy band gap using extrapolation method

Further, the various band gaps were tabulated in
Table 2 and Table 3 for different deposition times

for both as-deposited and annealed TiO2 thin
films.

Table 2 - Band gaps of TiO, films deposited for different durations

Time 1.0 15 2.0 2.5 3.0 35 4.0 45
(minutes)
Thickness 51.02+0.15 | 55.20+0.17 | 56.81+0.17 | 56.89+0.17 | 57.12+0.17 | 57.93+0.17 | 66.89+0.20 | 69.48+0.20
(nm)
EgeV 3.16x0.05 3.14+0.03 3.06+0.03 3.06+0.06 3.02+0.03 2.99+0.04 2.78+0.03 2.76£0.02
(Annealed)
EgeV (As- 3.32+0.05 3.20+0.03 3.11+£0.03 3.09+0.08 3.08+0.03 3.00+£0.04 2.86+0.03 2.79+0.02
deposited)
Table 3 - Sheet resistivity and conductivity 3 hv 1
Spray time Resistivity,p | Conductivity, o a =, EXp AE (1)
(minutes) (Q2/m) (S/m)
1.0 13.54+0.095 7.386 x 10-3
15 14.46:0101 | 6.916x10-3 B.andl gap and (tihe le 2?rgy ;’ fftset was baseBd OTnha
20 14.3620.099 6.963 x10-3 simple assumed relation of atoms as A ,B,. The
25 16.47+0.115 6.071x10-3 band gap was then calculated by the formulae
3.0 16.56£0.115 | 6.039x10-3 [11, 1]:
3.5 17.03+0.119 5.871x10-3
i.g 17;418;38 2.23;} X 18-2 Eoy =Ecx—X)+E;, +C ,(1—X)x  (2)
. 7.27%0. .579x10-
Ect =E; (1-x)+E; - +C, - (1-Xx)x 3)
In the 300-2000 nm wavelength region, the ab-
sorption coefficient, ‘a’ was derived from the ex- AB . AB . = AB
pression [12]: B = mm(Eg’X ’ Eg’r) (4)
Section “Physics” 6004



Traektorid Nauki = Path of Science. 2018. Vol. 4, No 8

ISSN 2413-9009

where the bowing parameters, C,I',C and C X

were used as reference in one-valley band gap fit.

The resulting combined values were obtained
from the expressed [2]:

EX® =EN(1-X)+EP +C,(L- X)X (5)

Refractive Index

In this work, refractive index was obtained using
the standard Swanepoel’s method instead of the
Swanepoel’s method that involves drawing enve-
lopes connecting the extreme points of the inter-
ference fringes appearing in the spectrum from
[11]:

n:\/lehj(Nf—sz), (6)

2
where N, :§+ s+l
t 2

m

(7)

where N is the refractive index, tm is the minima
of the interference fringes and ‘s’ is the refractive
index of the substrate.

Refractive index trend also followed the Sell-
meier relation [9]:

B.A2
n’=A+> 1 — 8
~ A2 -C, ®)

with Sellmeier model’s constants and film thick-
ness consistent till a small value of Mean Square
Error (MSE) was obtained.

Refractive indices was also analyzed and de-
duced by scout software simulation as fitted by
experimental data. The values obtained were in
the range of 2.2-2.5 in the visible range. There-
fore, Sellmeier model gives an empirical formula.
However, similar relations for the refractive in-
dex that agreed with experimental and simulated
data included the Cauchy’s dispersion relation
expressed as [14]:
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3
n=1.489 + 323107 9)

A2

Resulting in an extinction coefficient of:

[3.05(%-4.342)]

k =6.89x10™* +0.012exp (10)

Electrical properties

One of the subatomic particles of an atom is the
electron. Electrons carry a negative electrostatic
charge and under certain conditions can move
from atom to atom in a random motion unless a
force causes the electrons to move in one direc-
tion [3]. Directional movement of electrons due
to an electromotive force is what is known as
electricity and is used to define conductivity as a
measure of how well a material accommodates
the movement of an electric charge or the ratio of
the current density to the electric field strength.
Conductivity values are often reported as percent
in IACS where IACS is an acronym for Interna-
tional Annealed Copper Standard, which was es-
tablished by the 1913 International Electro-
chemical Commission [6].

Optimized sheet resistivity of TiO2 thin films de-
posited on FTO glass substrates was approxi-
mated to ranged between 13.54+0.095 (1/m to
17.27+0.209 (/m as measured using SRM-232
surface resistivity meter. Further analysis was
tabulated Table 3 and Figure 6. The observations
were attributed to an increase of the grain
boundaries within the crystals [13].

Sheet resistivity and conductivity of TiO, films
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Figure 6 — Relationship of Sheet resistivity and con-
ductivity of TiO, films
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Solar Cell Parameters

A solar simulator was used to determine the
Au/TiO2-SnS/Au solar cell’s 1-V characteristics
and the results presented in Table 3. The solar
cell parameters obtained from the I-V measure-
ments included short circuit current (Isc), open
circuit voltage (Voc), fill factor (FF), current at
maximum power output (Imax), voltage at maxi-
mum power output (Vmax) and conversion effi-
ciency (n). Fill factor is a measure of the quality
of a cell and therefore a large fill factor of 1 or
very close to 1 is desirable and it corresponds to
[-V sweep that is more square-like where typical
fill factors ranges from 0.50 to 0.82 [5]. The fabri-
cated photovoltaic cell had a short circuit cur-
rent, [5c=0.002445 A, open voltage, Voc=0.04731
V, a fill factor, FF=0.551 and an efficiency,
1n=0.531 % as shown in Table 4.

Table 4 - Solar Cell parameters

Cell parameters Value of parameter/unit

[sc 2.445 mA

Voc 47.31 mV

Imax 2.14 mA

Vmax 26.071 mV

Pmax 0.063744 mW

FF 0.551
n 0.531

The square-like nature of the -V curve was used
to obtain the fill factor of 0.551, maximum power
of 0.637 mW. It was concluded that the fabri-
cated p-n junction resulted in the photovoltaic
effect as depicted by figure 7.
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CONCLUSIONS

In this study, TiOz thin films were synthesized
using chemical bath deposition. Their electrical
and optical properties were examined. The thin
films had refractive indices in the range of 2.2-
2.5 in the visible range spectra and sheet resistiv-
ity ranged between 13.54+0.095 Q/m to
17.27+0.209 Q/m. The fabricated solar cell had a
short circuit current, Isc = 0.002445 A, open volt-
age, Voc=0.04731V, a fill factor, FF=0.551 and an
efficiency, n=0.531 %. The thin films were rec-
ommended for solar cell and diode applications.
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