Transdis. Ins. Life Sci. (2024) 2(2):161-173

PANAINOOL
RESEARCH ARTICLE

Transdisciplinary Insights in Life Sciences

{la i) 1
sifes Ties
k)
Panai
TR

ISSN: 2584-2161(Online)
Journal Homepage: www.panainool.com

Preparation and characterization of spray deposited TiO: thin film as role of solution

molarity

Arunachalam Arjunan’, & Ananthi Thanga Thamizh Sithan

Department of Physics, Sri Vinayaga College of Arts & Science, Ulundurpet, Tamilnadu, India.

ARTICLE HISTROY

ABSTRACT

Received 02 February 2024
Revised 18 February 2024
Accepted 29 February 2024

Keywords
TiO; thin films
Spray pyrolysis
XRD
AFM
HRTEM

The TiO; thin films were deposited at the substrate temperatures (450°C) onto
glass substrates by spray pyrolysis technique and annealed at 5002C in air. The
films were characterized by different techniques to analyze its structural and
morphological analyses showed that the films had a polycrystalline tetragonal
structure and the surfaces of films consisted of nano-sized particles. (HRTEM)
depicts the particle size was noticed. The decrease in the energy band gap with the
increase in the grain size is observed. The optical constants (refractive index,
extinction coefficient,) were calculated from transmission spectra. The violet and
blue emission has been observed from PL spectrum. This study indicates that the
properties of TiO; thin films could be changed with solution molarity and these
films can be used in many technological applications. Also, it is aimed to deposit
TiO, films with preferential orientation along the c-axis and to study the dye
sensitized solar cell.
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Introduction

Among various II-VI semiconductor materials,
titanium oxide one of the important
semiconducting metal oxide because it has higher
electron mobility at room temperature, has wide
band gap energy of 3.7 eV, n-type conductivity,
abundant in nature and environmental friendly.
TiO2 thin films are excellent materials in many
applications such as in the field of sensors,
antireflection coatings. Interfertial filters, solar
cells, photocatalysts etc., (Deshmukh et al.,, 2006;
Mardare et al, 2010). With increasing concerns
about energy demands and the global warming,
the development of low cost and accessible, the
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renewable energy production has received
substantial attention. Solar power is the most
notable among
because of its low environmental impact and
global availability. Among alternative forms, the
solar cell fabrication using TiO;, ZnO, SnO;
semiconductors were researched (Lin et al., 2012;
Meen et al,, 2012; Wang et al, 2013) are widely
fabricated throughout. Among these
semiconductor materials, in the field of solar cell
fabrication, TiO, have been researched widely.
Because, TiO; is having large band gap (3.7eV)
with interesting chemical, electrical and optical
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properties with three different crystalline
structure: rutile (tetragonal), anastase (tetragonal)
and brookite (orthorhombic). Also, its specific
properties such as high transparency at UV-Vis
region, high refractive index, stability of the
chemical composition are the few reasons for the
TiO2 films to be used in the fabrication of solar
cells (Bandara et al, 2011; B. Liu et al, 2017). A
number of methods have reported for the
preparation of TiO; thin films, including sol-gel
(Vishwas et al., 2009), chemical bath deposition
method (Orizu et al, 2023) and spray technique
(Raut et al, 2011). Among these, the spray
pyrolysis technique is one of the most commonly
used techniques for preparation of transparent
and conducting oxides owning to its simplicity,
non-vacuum system of deposition, and inexpensive
method. It can be easily modified for production
and device quality oxide films can be obtained over
a large area coating.

Among these types, spray technique is easy
method for preparing large area, low cost,
simplicity. In this method, the high quality films
are produced in short duration. The main
advantage of this method is uniform coating with
the specific composition of the solution, good
adhesion and morphology of the film. In the
present study, it is aimed to enhance the optical
and electrical of TiO2 using spray pyrolysis method
for photovoltaic applications and yield high dye
sensitized solar cell.

Materials and Methods

TiO; films were deposited at different molarity of
precursor concentration (Ts= 0.05, 0.1 and 0.15M)
and optimized substrate temperature (Ts = 4502C)
using spray pyrolysis technique. The precursor of
titanium was titanyl acetylacetonate (TiC19H1405)
(0.1M) was dissolved in ethanol and sprayed onto
microscopic glass substrates with dimensions of
75x25 mm?2. Before preparation of films, glass
substrates were well cleaned with water bath
followed by HCl, acetone and finally rinsed with
distilled water and allowed to dry in oven. The
substrates were pre-heated for sufficient time
before deposition. In spray unit, the substrate
temperature was maintained with the help of
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heater by an automatic temperature controller
unit to attain the require substrate temperature to
an accuracy of * 5°C. Inside the chamber, the spray
head and substrate heater were provided with the
exhaust fan through which the hazardous fumes of
solutions were driven out. To achieve the uniform
coating on the substrate, the spray head was
allowed to move in the X-Y plane using
microcontroller stepper motor. The spray head
could scan an area of 200 x 200 mm with a speed
of 20 mm sec-1 and in steps of 5 mm sec-1 at X and
Y movement respectively. The spray unit had a
control over a flow rate of the precursor solution
and over the pressure of the carrier gas. The
software is simple and user friendly with minimum
required parameters. The parameters that
software controlled are X/Y travel, speed,
dispensing rate and coating duration. After
deposition, the film was allowed to cool slowly at
room temperature and washed with distilled water
and then dried and annealed at 500°C in air.

Preparation of natural dye

10 g of fresh Hibiscus surattensis flowers was
added to 10 ml of alcohol and heated using
indirected hydronic heating in boiling water and
reflux for 30 min to extract the dye (anthocyanin
and chlorophyll). The pure and natural dye
solution was obtained by filtering out the solid

dregs.

Preparations counter electrode and

electrolyte

of

The counter electrode used in this paper is cobalt
sulphide that acts as a catalyst in redoxing agent
the dye. The electrolyte is a key component of all
dye-sensitized solar cells (DSSCs). It functions as
charge carriers collecting electrons at the cathode
and transporting the electrons back to the dye
molecules. In terms of cell’s efficiency, in this paper
electrolyte is the iodide, triiodide (I-/) redox
couple in an organic matrix, the redox electrolyte
consisted 0.3 M Lil (Lithium iodide), 15 mM I2
(Iodine), 0.5 M PMII (1-propyl-3-
methylimidiazoline  iodide) and 02 M
polyethelyene glycol in acetonitrile.
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Fabrication and measurement of DSSC

The TiO; film deposited on glass substrates was
immersed in dye solution of Hibiscus Surattensis
for 24 h at room temperature for the dye to absorb
properly on the TiO; surface and to avoid the
rehydration of TiO; film. After being dried in hot
air oven, the photo electrode was placed on top of
the counter electrode (cobalt sulphide) and tightly
clipped together to form a cell. A schematic
diagram of a DSSC is shown in Fig 1.

ITO substrate

Tioz thin film
Dye molecule
Electrolyte
Electrode

ITO substrate

Fig 1. Schematic diagram of DSSC

Working Principle of the DSSC

Dye-sensitized solar cell which is popularly called
as DSSC (Fig 2) is a semiconductor device which
directly converts the solar radiation into the
electric current. The working principle of DSSC
was illustrated by (Arunachalam et al,, 2015).

1. A transparent anode made up of a glass sheet
treated with a transparent conductive oxide
layer;

2. A mesoporous oxide layer (typically TiO2)
deposited on the anode to activate electronic
conduction.

3. A monolayer charge transfer dye covalently
bonded to the surface of the mesoporous
oxide layer to enhance light absorption.

4. An electrolyte containing redox mediator in
an organic solvent effecting dye-sensitized
dye-regenerating and
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5. A cathode made of a glass sheet coated with a
catalyst (typically, platinum) to facilitate
electron collection.

In the performance test of the prepared DSSC,
Xenon (Xe) light of 100 W was selected to
stimulate sunlight (A.M 1.5), and an [-V analyzer
(Keithely 2450) was employed to measure the
current against voltage.
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Fig 2. Schematic diagram of working principle of a
dye sensitized solar (DSSC)
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The structural characterization of the deposited
films were carried out by X-ray diffraction
technique on SHIMADZU-6000 (monochromatic
Cu-Ka radiation, A=1.5406 13). The XRD patterns
were recorded in 20 interval from 10° to 90° with
the steps of 0.05° at room temperature. The
surface morphology was studied by using SEM
(JEOL-JES-1600). The surface topological studies
were carried out using Atomic Force Microscope
(Nano surf Easy scan2) AGILENT-N9410A-5500.
The sample was prepared by placing a small
quantity of prepared material on a carbon coated
copper grid and allowing the solvent to evaporate,
High Resolution Transmission Electron
Microscopy (HRTEM), TECNAI G2 FEI F12 model.
Optical absorption spectrum was recorded in the
range of 300-1200 nm using JASCO V-670
spectrophotometer. = The  photoluminescence
spectrum (PL) was studied at room temperature

COUNDER ELECTRODE
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using prolog 3-HORIBAJOBINYVON with an
excitation source wavelength of 375 nm. The
electrical resistivity, carrier concentration and
mobility were measured by an automated Hall
Effect measurement (ECOPIA HMS - 2000 version
2.0) at room temperature in a van der Pauw (VDP)
four - point probe configuration.

Results and discussion
Structural study

The XRD patterns of the TiO; thin films shown for
different molar concentrations as shown in the Fig
3. The peak corresponding to (101) plane with low
intensity is observed for 0.05M. No systematic
peaks were observed at the exact location for any
of the crystalline peaks of TiO; film. When
increasing precursor concentration of 0.1 M the
well defined reflections of the films could be
indexed in terms of the anatase phase lattice was
observed. Whereas at 0.1 M, the major plane (101)
with (004), (200), (211) planes of TiO thin film is
seen. The pattern of the XRD for the 0.1 M is close
with the agreement JCPDS No 21-1272 data for
TiO; thin films. The films had tetragonal crystal
structure and oriented along (101) plane is
preferentially oriented along the c-axis which
shows the growth tendency of the nano particles in
the film. The peak intensities
increase with increasing molarity. The increasing
film crystallinity can result from more titanium
ions in the films. At 0.15 M, the intensity of (101)
plane decreases which may be due to structural
disorder or reorientation (Nunes et al, 2002).
From the above observation the molarity is fixed
as (0.1M), and the films are prepared at substrate
temperature (Ts = 450°C) to optimize the
substrate temperature.

continuously

The crystallite size is evaluated from the FWHM of
the (101) plane using the Scherrer’s formula

where K=0.9 is the shape factor, A is the X-ray
wavelength of CuKa radiation, 6 is the Bragg’s
angle and f is the full width at half maximum of the
peaks. The lattice strain (€) is calculated using the
relation

Intensity (a.u)
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The value of dislocation density (6) is calculated
using the relation

g

0.15M

0.1M

r T T T r T
10 20 30 40 50 60 70 80

2 Theta (deg)

Fig 3. XRD patterns of TiO; thin films at different
molarities

The structural parameter values were calculated
and given in Table 1 the precursor concentration
with the crystallite size increased due to particle
residence time (Karan et al., 2009). From the Table
1, it is observed that the increase in the crystallite
size to decrease in the strain and dislocation
density (Fig 4a and b), while both lattice strain and
dislocations density decreases (Fig 4a and b). The
decrease in strain indicates the decrease in
concentration of lattice imperfections, and the
formation of high quality film (Vijayalakshmi et al.,
2013). The similar result is observed CdO thin
films. As seen from these results, it can be said that
the crystallinity of films increases with molarity
also found that increasing CdO molarity caused an
increment in the film crystallinity (Aishwarya et
al.,, 2021; Joishy et al., 2019).

The texture coefficient (TC) represents the texture
of a particular plane, deviation of which from unity

implies the preferred growth. Quantitative

90
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information concerning the preferential crystallite
orientation was obtained from the different

texture coefficient TCniy defined as

I(hk1)
To(hk1)

Thki
1 — 3181
/n ZIo(hkl)

TChkny =

Where TCpiy is the texture coefficient , Iy is the
XRD intensity and n is number of diffraction peaks
considered. I0mq) is the intensity of the XRD

reference of the randomly oriented grains.
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Fig 4 a & b. Crystallite size, Strain and Dislocation
density of TiO2 thin films at different molarities.

From the Table 1, as the molarity increases, the

texture coefficient value ranges from 0 < TCnx < 1

indicates the lack of orientations of the grains in

2

lines/ m

14

Dislocation density x 10

-

Strain x 10°
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the respective direction. At anatase phase, the
TCmiy increases, which indicate the preferential
growth of crystallites the direction
perpendicular to the (hkl) plane is greater
(Mariappan et al,, 2012).

in

Table 1. Micro-structural parameters for TiO;
films obtained at different molarity.

Molarity CrystalliteStrain (€) x Dislocation

Texture

Size (nm) 10+ density (8) x101*coefficient
lines/m?
0.05 15.487 2.201 4.034 0.847
0.1 16.339 2.113 3.718 1.094
0.15 18.863 1.837 2.810 0.907
Morphological studies
Surface morphology

Fig 5 shows the SEM micrographs of the surface of
the TiO; films deposited at different molarities. At
0.05M (Fig 5b), though the grains are visible, they
are smaller in size with compact nature. The TiO;
thin film prepared at the precursor concentration
of at 0.1 M exhibits the grains are visible and are in
spherical shape and the continuous coverage of the
substrate with spherical shape microcrystal with
larger size as shown in Fig 5b. The absence of close
packed morphology with the porous nature is
observed for the film with 0.1M. This porous
nature observed at 0.1M of TiO: film is useful in
DSSC, as it can absorb more dye molecules
(Dhanapandian et al,, 2016). A further increase in
grain size is observed for the film deposited at
molar concentration 0.15M (Fig 5c).

Compositional analysis

The elemental analysis of TiO, films with 0.1M
(representative sample) precursor concentration
has been investigated by EDS spectra is shown in
Fig 6. The presence of titanium and oxygen is
confirmed from the peaks at 0.4 keV and 4.25 keV
and 0.48 keV respectively. The presences of other
peaks are due to the glass substrate. The relativity
near stiochiometry is revealed from the presence
of elements Ti and O with atomic percentage 31.22
and 68.78 respectively.
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particle size continuously increases with
increasing molarity, which is in good agreement
with the crystallite size variation calculated from
XRD results. From Fig 743, it is evident that in doped
film, large clusters/spherical grains ranges from
15 to 25 nm due to the agglomeration of grains
with surface roughness 2.3 nm. Fig. 7b represents
the topographical image of TiO; films deposited at
the precursor concentration of 0.1M. The scanned
area was 2 pmx2 um. It is clearly observed that the
films are uniformly coated without any voids. The
films deposited at the optimized temperature
exhibited the formation of spherical in shape.
Some of the particles possessed hills like structure
which grow preferentially along C axis orientation
perpendicular to the surface of the substrate. The
films deposited at the optimized temperature
exhibited the formation porous nature with
particle size about 20 nm whereas the particle size
of the films at 4502C, are in the range of 15-30 nm
respectively. The surface roughness of the films
deposited the optimized temperature is 4.4 nm.
From the topographical results, it is suggested that
the size of the anatase particle is higher also
increase in surface roughness are due to increase
in molarities. From the morphological and
topographical studies, reveals that the film is
suitable for the fabrication of DSSC and solar
<ps/eV applications (Ngaffo et al., 2007). At higher molar
concentration, 0.15 (Fig 7 c), 2D image of the film
has a granular morphology with a surface
e roughness of 7.2 nm.

Fig 5. SEM micrograph of TiO; thin film a) 0.05M,
b) 0.1M, c) 0.15M, d) 0.05M image profile e) 0.1M
image profile and f) 0.15M image profile of the
selected area of the TiO film.

HRTEM analysis

In the HRTEM image of Fig 8a the TiO; thin film
structure produced following deposition at 0.1M.
The spherical shaped average particle of about 8
nm size is also observed. HRTEM image, shown in
the inset of Fig 8a, reveals the determined the
Particles  present, which  confirms the
polycrystalline nature of as-prepared nanocrystals.

keV The images show homogeneous with spherical

Fig 6. EDX spectrum of the TiO2 film. morphology, the spheres consists of many
spherical crystals of TiO; film is attributed to the

Surface topography agglomeration and histogram indicates narrow

size distribution of the particles. Then Fig. 4b is

The AFM images of films (Fig 7a, b and c) show image profile and the selected area diffraction

that all films consist of nanoparticles and the
166
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shown in (Fig 8c) of the TiO; film. The size
distribution histogram and the films occupied
surface volume are given in Fig 8d.
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Fig 7. AFM 2D and 3D micrographs of sprayed TiO2 thin films a) 0.05M, b) 0.1M and c) 0.15M.
Optical Properties in the wavelength range of 350 to 1200 nm. At
Transmittance 0.IM molar concentration, the maximum

transmittance of enhances up to 85%. This
increase in transmittance may be attributed to the
well-crystallization of films. The high transparency
is associated with a good structural homogeneity

The transmittance spectra for the TiO2 films
deposited at 0.1M molarity of precursor were
shown in Fig. 9. The transmittance value was 85%
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and crystallinity (Shinde et al., 2013). The film
with the transmittance higher than 85% is suitable
for photovoltaic applications (J. Liu et al., 2012).
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Size distribution
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Fig 8. (a) High-resolution transmission electron microscopy (HR-TEM) images of TiO; thin film b) surface
plot area and (c) Plot profile and particle size selected area highlighted in fig.6a and Average particle size

distribution of 8nm TiO; thin film in Fig 6d.
Optical band gap

The optical band gap energy Eg was determined by
using the relation

(ahv) = A (hv - Eg)n

Where Eg is the optical band gap of the films and A
is a constant. In Fig 10, the optical band gap
decreases from 3.12 to 2.81 eV with increasing
molar concentration. This decrease in the band gap
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with increasing molar concentration is attributed
to a shift in the energy of the valence and
conduction bands resulting from electron-impurity
and electron-electron scattering. These two effects
together decide the change in optical energy band
gap (Firdaus et al,, 2012).

Extinction coefficient and Refractive index

The extinction coefficient ‘K’ and the refractive
index ‘n’ for titanium dioxide nano thin films with



Transdis. Ins. Life Sci. (2024) 2(2):161-173

Arunachalam & Ananthi

o0L

molarities were determined using the following
expression

100

=
N
20 4 Wavelength (nm)
10
Or——7— 7T T T T T T T T
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm)
Fig 9. Transmission spectra of sprayed TiO2 thin
films at different molarity and the widened portion
of absorption edge (inset).
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Fig 10. The (ahv)1/2 vs photon energy plot of the
TiO: film at different molarity.

The variation in k ranges from 0.1 - 0.55 along the
wavelength is shown in Fig 11. The k value
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decreased as the wavelength increases, which
shows the qualitative indication of surface
smoothness and homogeneity of the sprayed films
(Shanmuganathan et al., 2013).

The refractive index of the film is calculated using

1+R1/2
1-rY/2 T 4
06
1
0.5-7]
Z 044
R
=
&
= b
g 03+ —»— 0.05M
E | 0.1M
2 —#— 0.15M
5 02-
£
¥
=
044 I
1.
I 1ttt bttt ettt ittt ittt dtatidiies
. e AAE R i
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400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)
Fig 11. Extinction coefficient (k) of sprayed TiO2
thin films.
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Fig 12. Refractive index (n) of sprayed TiOZ2 thin
films.

The refractive index plotted against the
wavelength is shown in Fig 12. The values of n
varies in the range of 1.2-2.64 and is nearly
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constant may be due to the variation in
temperature. The increase of the refractive index
values as a function of the molarity is associated
with a densification effect of the deposited films as
molarity increases (due to higher surface mobility
of the adsorbed species at higher molarity). The
refractive index of the doped film shows the
variation upto 2.64 in the visible region which is
preferred for antireflection coating materials.

Photoluminescence (PL)

The TiO; films, exhibits emissions at violet, blue
and red are observed in the Fig 13. These
emissions are attributed to the band-edge free
excition and bound excitons. The violet emission is
probably due to the radiative defects related to the
interface traps existing at grain boundaries. The
blue emission at 437 nm is due to the transition of
electron from the deep donor level of oxygen
vacancies to the VB and the electron transition
from the deep donor of Ti interstitials to the VB. At
516 nm, the green emission is seen which is
associated with the oxygen vacancies and other
vacancy related defects (C. Nehru et al,, 2012). The
peak at 677 nm might be corresponding to the
transition from the levels of oxygen interstitial.
This oxygen might be occupying the interstitial
position giving red emission (Che et al., 2023).

PL Intensity

350

YT v T T+ T * T v T * 1
500 550 600 650 700 750

Wavelength (nm)

1
400 450

Fig.13. Photoluminescence spectra of the TiO2
films as a function of molarity.

Electrical Properties

Hall-effect measurements were performed in order
to investigate the electrical properties such as, the
resistivity, carrier concentration and the Hall-
mobility of TiO, deposited at 0.1M. The defects
such as interstitial Ti atoms and oxygen vacancies
can be easily ionized and the electrons induced by
this process can contribute to the conduction of
electricity, causing TiO; to act as an n-type
semiconductor. The dependence of resistivity,
carrier concentration and mobility on molar
concentration is noticed. In the present study, the
lowest value of resistivity 3.42 x 102 Q cm with
maximum carrier concentration 4.99 x 1021 cm3
and mobility 0.34 Cm2/Vs is achieved for 0.1M of
TiO; thin film using the spray pyrolysis technique.
The mobility and carrier concentration increases
with a decrease in the resistivity which results in
the weaker carrier scattering process (Prasada Rao
et al,, 2010) and this value is agreed well with the
reported values in other employing
different techniques.
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Fig.14. J-V characteristics of DSSC fabricated with
0.1M concentration of TiO; photoelectrode with
the dye extracted from Hibiscus surattensis.

Photovoltaic characterization

Fig 14 shows the photo current voltage (J-V)
characteristics of the prepared DSSCs with TiO; on
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glass substrate deposited at 0.1M concentration as
photoelectrode.

The performance parameters of solar cell
fabricated with 0.1 Molar concentration with the
dye extracted from Hibiscus Surattainsis. From the
Fig 14, it is evident that Hibiscus Surattainsis with
0.1concentration of TiO, based cell give the best
performance with the use of dye as sensitizer
reached the maximum value of short-circuit
current density, Jsc (3.4 mA/cm2), open-circuit
voltage, Voc (480 mV), fill-factor, FF (0.81) and
efficiency, n (1.5%).

Conclusion

The XRD exposed that at 0.1M with the substrate
temperature 450°C, the films exhibited the better
crystalline structure with preferentially oriented
along (101) plane. With the peak of (101) plane,
the formed film was confirmed to be an anatase
phase titanium dioxide thin film which is suitable
for the preparation of photoelectrode in DSSC. The
morphological studies depict the film deposited at
450 C to be in porous nature with nano-sized
grains. The surface topography of the film exhibits
the tetragonal shaped grains with the particle size
of 60 nm and with the increased roughness. The
particle size of the TiO, film by High Resolution
Transmission Electron Microscopy HRTEM was
found to be 8 nm. The optical transmittance
reached up to 80% with the increase of the band
gap. The optical constant, refractive index was
higher than the standard value of anatase and
therefore it was indicated that it can act as
antireflection coating material in DSSC. The
emission at 417, 437, 516 and 677 nm were
observed. The minimum resistivity was observed
for the film deposited at 0.IM. From the
antibacterial activity, it is evidenced that the
material is determined to the ecosystem. Also the
inhibition of bacterial growth and mechanism of
antibacterial activity of TiO, thin film was highly
yielded for the doped film. Therefore, the film
prepared with 0.1M at the substrate temperature
450°C suitable for the preparation of
photoelectrode when it is coated on conducting
glass plates.

is
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