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Abstract

We report the annealing temperature dependence on the physical properties of TiO, (titania) thin films grown using solgel
spin-coating method for various concentrations of precursors and stabilizers. X-ray diffraction (XRD) and atomic force
microscopy (AFM) images, respectively, provided the structural properties and surface morphology of the films. The XRD
results confirm the anatase phase in the films, and a comparative study on morphology has shown that the better uniformity
and lower roughness in the films grown at 350 °C compared to films grown at 450 °C for different concentrations. The optical
properties of titania thin films were investigated by UV—Vis transmittance and photoluminescence (PL) spectra. All the films
exhibited high transmittance, and the indirect bandgap obtained for the films annealed at 350 °C and 450 °C varies between
3.45 and 3.34 eV. The PL spectra provide information regarding defect states in the film for different concentrations. The
electrical resistivity of the sample with molar ratio 0.2:0.4 M film decreased for both temperatures compared to other samples.
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1 Introduction

Due to their potential properties, transition metal oxide thin
films have attracted many applications in recent years. Among
all the transition metal oxides, titanium dioxide or titania
(TiO,) has been used in various fields due to their proper-
ties such as transparent conducting nature [1], high refrac-
tive index, high dielectric constant, large bandgap with high
transmittance, and photocatalytic activity [2, 3]. Being a wide
bandgap semiconductor with n-type conducting behavior [4],
titania possesses desired electronic properties and excellent
physicochemical stability. Thus, it has been widely explored in
various applications such as photocatalysts [5], solar cells [6],
gas sensors [7], field-effect transistors (FETSs) [8], and diodes
[9]. Titania has three major crystalline phases, namely anatase,
brookite, and rutile. Among these three phases, rutile phase is
considered to be thermodynamically stable [10]. The forma-
tion of nanostructured titania with different phases depends
on the deposition conditions. Many researchers deposited thin
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films of titania using various physical and chemical meth-
ods such as sputtering [11], chemical vapor deposition [12],
SILAR method [13], spray pyrolysis [14], dip coating [15],
hydrothermal method [16], and spin coating [17]. Among
these, the solgel method provides molecular homogeneity,
a wide range of precursor choice, microstructure regulation,
the possibility of fine adjustment of end product properties,
process flexibility, low-temperature process, and low cost of
production [17]. Furthermore, this process can be utilized
particularly in deposition of multicomponent oxide layers
over common substrate. The properties of titnaia thin films
such as structural, surface morphology, optical, and electri-
cal are dependent on different parameters such as precursor
concentration, solvent, stabilizer, viscosity, number of layers,
spinning speed, and time, etc. The thickness of the films can
be changed by changing viscosity of the final solutions or by
changing the spin speed, time, etc. Basri et al. [18] prepared
titania thin films using spin-coating method on glass substrate
and observed change in structural and electrical properties as
a function of annealing temperature in the range 350-500 °C.
The crystallite size was found to increase with an increase in
annealing temperature and resistivity was decreased due to
improved electron mobility and crystallinity. Similarly, Tahir
et al. [19] deposited titania thin films on glass substrate using
spin-coating method. They observed mixed phase of anatase
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and rutile as annealing temperature was increased to 800 °C,
and conductivity was increased with an increase in annealing
temperature. There are other reports available in the literature
on heterojunction and gas-sensing property using titania thin
films prepared by chemical methods such as spin coating and
chemical oxidative polymerization [7, 8]. In the present work,
solgel spin-coating technique was used to prepare titania thin
films. Also the study of structural, optical, electrical, and pho-
toluminescence properties of the deposited films was carried
out with different concentrations of titanium tetraisopropoxide
(TTIP) and hydrochloric acid (HCI) annealed at two different
temperatures such as 350 °C and 450 °C.

2 Experimental

Titania thin films were deposited by spin-coating unit (Hol-
marc Model: HO-TH-5) on glass substrates. Before deposi-
tion of titania, solgel reaction was carried using titanium
tetraisopropoxide (TTIP) (97%, Sigma-Aldrich) as precursor
solute and isopropanol (IPA) (99.5%, Merck) as solvent and
hydrochloric acid (37%, Merck) as stabilizer. The sol was
prepared by adding 0.1:0.4, 0.2:0.4, 0.3:0.4, 0.1:0.7, 0.2:0.7,
and 0.3:0.7 molar ratios of TTIP and HCI in 10 ml IPA. This
sol was aged for a period of time to attain hydrolysis and
condensation reaction. The glass substrates were washed in
chromic acid, distilled water, soap solution before coating,
and ultrasonicated in IPA for 10 min and dried in a hot air
oven for 10 min. A few drops of aged solution were poured
on glass substrate and spin-coated with a spinning speed of
1000 rpm for 2 s followed by 3000 rpm for next 30 s. Then
each spin-coated layer was preheated on hot plate to evapo-
rate solvent. The films were annealed at 350 °C and 450 °C
for 1 h, respectively. The samples deposited with different
molar ratios and annealed at 350 °C were coded as T1, T2,
T3, T4, TS5, and T6 and samples deposited with different
molar ratios and annealed at 450 °C were coded as T11, T12,
T13, T14, T15, and T16.

The annealed titania samples were characterized using
X-ray diffractometer (Rigaku MiniFlex 600) for structural
parameters, UV—Vis spectrophotometer (SHIMADZU 1800)
and fluorescence spectrophotometer (JASCO FP 8500)
for optical properties study, and atomic force microscopy
(BRUKER INNOVA SPM) for morphological study, and
electrical properties were obtained through van der Pauw
methods.

3 Results and discussion
3.1 Structural properties

Figure 1 shows the XRD patterns of titania films annealed
at 350 °C and 450 °C for different concentrations of
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precursor and stabilizer. The films changed from amor-
phous to crystalline structure by annealing [2]. The total
stress in the films is due to contribution from internal and
external stress. One of the contributors for the external
stress is the difference in thermal expansion coefficient
between glass and the growing thin film. The internal
stress is attributed to internal defects such as vacancy
and interstitials. At high annealing temperature, the
external stress can be minimized, but the internal stress
may improve further due to creation of more defects as
observed in the present work. In the present work, with
an increase in annealing temperature, the disorderness
increased marginally as depicted from Urbach energy and
PL studies. The results indicate that there is a crystalline
anatase phase in the titania films annealed at 350 °C and
450 °C. A low-intense peak of anatase phase (101) was
observed even for lower concentration of TTIP. As the
concentration of TTIP increased along with suitable con-
centration of HCI, titania was found to be more crystal-
line with tetragonal system, and a sharp intense peak cor-
responding to anatase phase was observed. The anatase
phase was further confirmed by comparison of our result
with JCPDS file number 21-1272 [6].

Crystallite size (D) of titania thin films of different
concentrations annealed at two different temperatures is
calculated using Williamson—Hall method [13].

ﬂcos&:o'—D92+4esin9 €8

where f full width at half maximum (FWHM), 1 is wave-
length of X-ray used (1.54 A), e is microstrain and 6 is the
diffraction angle. Table 1 shows the average size of crys-
tallite for two annealing temperatures calculated using the
W-H plots. The high deposition temperature induces an
increase in the average size of crystallite due to the migra-
tion of grain boundaries [20]. The average crystallite size
determined using W—H plot was found to be 50.2 nm for T12
sample annealed at 450 °C. Santosh et al. [21] deposited tita-
nia thin films using spray pyrolysis method followed by 2 h
of annealing at 500 °C and found crystallite size of ~46 nm
calculated through W-H plot. Also, according to Das et al.
[8], the spin-coated Ni-doped titania thin films annealed at
450 °C exhibited low crystalline nature. The strain in film
is due to lattice mismatch or misfit between the substrate
and the growing layer, and it can be quantified by using the
following relation [22].

g_ﬁcose
T4

(@)

It is possible to estimate the maximum microstress present
in the sample using the relationship.
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Fig.1 XRD patterns of titania thin films annealed at 350 °C and 450 °C
Tablg 1 Struqtur a}l p afameters Samples Crystallite size ~ Microstrain Microstress ¢ Dislocation den- Roughness (nm)
obtained for titania thin films D (nm) ex 1073 (GPa) sity 6x 105
annealed at 350 °C and 450 °C
Tl 29.9 0.94 0.1328 1.1185 0.308
T2 38.6 0.80 0.1141 0.6697 0.540
T3 24.3 0.37 0.0523 1.6935 0.277
T4 25.0 3.02 0.4280 1.5976 0.267
T5 26.0 0.68 0.0961 1.4788 0.418
T6 28.8 0.65 0.0926 1.2043 0.359
T11 43.7 0.98 0.1385 0.5236 0.679
TI12 50.2 1.39 0.1968 0.3968 1.39
T13 32.8 0.76 0.1081 0.9295 0.420
T14 394 1.34 0.1898 0.6413 0.353
T15 19.4 0.15 0.0222 2.6389 0.818
Ti16 28.4 0.60 0.0858 1.2396 0.615
—tp Strain in thin film induces broadness in the diffraction
o-stress - 2 (3)

where £=282.76 GPa for titania, E represent Young’s mod-
ulus of the material [23].

The crystallite size has an inverse relation to FWHM of
the diffraction peak. The FWHM of the diffraction peak in
thin films is very sensitive to the effect of stress/strain due
to constraint imposed by the substrate during annealing.

peak, which in turn leads to the reduction in the grain
size. The effect of the strain due to substrate prevails up to
the critical thickness, above which the deposited material
behaves normal polycrystalline nature.

Dislocation density is known as dislocation line length
per crystal unit volume. This provides information about
crystal structure such as crystal imperfection in one
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position of the crystal in relation to another [24]. It is
mathematically expressed as

1
b=15 )

From Table 1, it is clear that an increase in the size of crys-
tallite with a decrease in strain and dislocation density
increases the crystallinity of titania thin film. The reduction
in strain suggests a decrease in the concentration of imper-
fections of lattices and the production of high-quality films
[6] (Fig. 2).

3.2 Morphological study

Three-dimensional images of the surface topography of
titania thin films of different concentrations annealed at
different temperatures are shown in Fig. 3. The roughness
obtained for films annealed at both temperatures is given
in Table 2. The rise in annealing temperature helps the
marginal grain growth and an increase in roughness of
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Fig.2 W-H plots for titania thin films annealed at 350 °C and 450 °C

films. The uneven surfaces developed at high temperature
are believed to be due to the coalescence of particles on
the surface of the film. The parameters of roughness such
as mean roughness (R,) and mean-root-square roughness
(Ry) are used by statistical method to quantify surface
roughness. In this case, one more factor, i.e., stabilizer
concentration, also brings changes in the morphology of
the titania thin films. Being a strong oxidative and weak
reductive agent, HCI at suitable concentrations may bring
agglomeration of grains. An increase in grain size as result
of agglomeration improves the roughness of the film at
high-temperature annealing for all samples except T14
because higher concentration of HCI causes low crys-
tallinity and low roughness due to high acidic nature of
solution. The roughness obtained in the present work was
1.39 nm for T12 annealed at 450 °C. According to Garcia
et al. [25], the roughness was found to be 1.70 nm for the
titania films annealed at 700 °C. Hence, both temperature-
induced agglomeration and agglomeration due to stabilizer
may violate roughness of the film.
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Fig.3 AFM images of titania thin films annealed at 350 °C and 450 °C
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Table 2 Optical parameters of

N Sample  Thickness using Thickness using Optical Refractive index ~ Urbach
titania thin films annealed at profilometer (nm)  Swanepoel method bandgap Energy
350 °C and 450 °C (nm) V) (meV)

T1 293 295 3.46 2.56 138
T2 370 393 3.40 2.69 148
T3 377 368 3.37 2.64 146
T4 215 282 3.45 2.59 136
T5 347 456 3.44 2.59 142
T6 360 341 3.39 2.60 145
T11 362 341 3.45 2.65 144
T12 414 393 3.34 2.59 152
T13 333 394 3.36 2.65 146
T14 283 302 3.45 2.58 136
T15 342 488 3.43 2.60 141
T16 412 411 341 2.59 150
3.3 Optical study (ahv) = A(hv — E)" )

Figure 4 displays the optical transmission spectrum of
annealed titania thin films. The spectrum exhibited oscil-
latory behavior that was formed at the air/metal oxide/
substrate interfaces due to interference effects. The average
optical transmittance of the films as seen from the graph is
about 95-98%. High transmittance of the films is due to the
crystalline nature of the films, which is evident from XRD
results. The grown multilayer structure exhibited multiple
optical interference fringes caused by slight difference in
refractive indices of layers and between film and substrate.
It is also noticed that the color of these films changes as the
number of layers increases [14].

Titania thin films with anatase phase correspond to
indirect bandgap nature [26]. In general, optical bandgap
of titania thin films deposited at different temperatures are
determined using following mathematical expression:
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where a is a coefficient of absorption, A is a constant for
indirect transition, Av is an incident photon energy, E is a
material optical bandgap, and n=0.5 for indirect bandgap
semiconductor transition [27]. In general, absorption edge
provides an estimate of the obtained bandgap of a thin film.
The observed optical bandgap marginally reduced with an
increase in annealing temperature to 450 °C. The optical
bandgap obtained for all the titania samples of different con-
centration vary between 3.45 and 3.34 eV. Wang et al. [28]
reported that titania prepared using spin coating produces an
optical indirect bandgap of about 3.49 eV for films annealed
at 700 °C for 2 h.

The coefficient of extinction is an imaginary compo-
nent of the refraction index and is related to the coefficient
of absorption which gives the amount of light attenuated
as light passes through material. It is denoted by k, and a
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Fig.4 Transmission spectra of titania thin films with optical bandgap (inset) annealed at 350 °C and 450 °C
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positive k value indicates that the light is absorbed by sys-
tem, and if k=0, the light passes without any loss in the
system.

k_aﬂ ©)

T 4x
where a is the coefficient of absorption and 4 is the wave-
length of light used. The rise and fall in the extinction coef-
ficient of titania thin film at different temperatures is due
to the absorption of light by particles of various sizes and
shapes [6].

The transition of electrons from the top of the valance
band to the bottom of the conduction band takes place due
to optical absorption near the edges of the band. This process
is more efficient when photon energy is greater than optical
bandgap, even though small absorption may be observed
due to the presence of sub-bands which use photon energy
smaller than bandgap. If these electrons experience a distur-
bance, this induces a density of their state p(hv), where hv
is photon energy tailing into energy gap. This tail extending
into the optical bandgap is known as Urbach tail, and there-
fore, the absorption coefficient also decreases exponentially,
and the corresponding energy is referred to as Urbach energy
and measured using the following formula [13]

E,

a = a, exp E (7
where «a is a coefficient of absorption, a, is a constant,
E,=hv is an optical bandgap, and E, is an Urbach energy.
As shown in Fig. 5, the graph of In a versus hv is plotted.
This graph’s reciprocal slope yields Urbach energy [29, 30].

The Urbach energy corresponding to different sam-
ples annealed at 350 °C and 450 °C are shown in Table 2.
The sample T12 and T16 shows higher £, which may be
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Fig.5 Urbach plot for titania thin films annealed at 350 °C and 450 °C
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attributed to increase in oxygen vacancy created at high-
temperature annealing.

In summary, the optical bandgap obtained for T12 sam-
ple in the present work is less in comparison with reported
values using different methods [17, 23]. The Urbach energy
obtained in the present work is high for T12 due to oxygen-
related defects. The similar results were reported [17, 31]
where increase in Urbach energy is related to defects such
as oxygen vacancy.

3.4 Photoluminescence (PL) study

The study of photoluminescence can provide information on
the different processes of recombination and the material’s
catalytic activity. Figure 6 shows the titania thin-film PL
spectra. These were recorded in the wavelength range from
350 to 600 nm with 330 nm as excitation wavelength for
titania films annealed at 350 °C and 450 °C. These spectra
show two weak bands and one strong band. The strong band
between 350 and 400 nm corresponds to the transition from
the valance band to the conduction band, and the energy
corresponding to this wavelength range is the titania optical
bandgap. The other two weak bands over 400 nm are due to
defects linked to oxygen vacancy and surface defects. The
typical spectra of photoluminescence originate due to self-
trapped excitons, oxygen vacancies, and surface defects [6].
The broad band transition may result from radiative com-
bination which is either electron trapping or hole trapping
[32]. The spectrum of wavelengths from 400 to 500 nm
refers to defect related to oxygen vacancy. The profile of the
PL obtained with different peak positions were also observed
by Garcia et al. [25] with blue and green emission assigned
to oxygen vacancy. According to Arunachalam et al. [23],
the peak between 400 and 500 nm are strongly associated
with oxygen vacancy.
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Fig.6 Photoluminescence spec-
tra of titania thin films annealed
at 350 °C and 450 °C
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The oxygen vacancies are intrinsic defects in titania
lattice and form intermediate energy levels within titania
bandgap introducing several recombination centers of pho-
toinduced electrons and holes, or this may be due to the
recombination process of donor acceptors or the transition
from conductive band to oxygen antisites [6]. The wave-
length range from 500 to 600 nm corresponds to surface
defects [33].

Figure 7 shows energy-level diagram for titania thin film
involving defect levels. As mentioned above, oxygen vacan-
cies contributing for low bandgap and also titanium vacan-
cies are inline to contribute lower bandgap. Some surface
defects including interstitials and antisites (Op;/O,) often
cause a transition from the conduction band (CB) to the
valance band (VB) by lying just below the conduction band.

At these two annealing temperatures, the positions of
strong band and weak bands are shifted. At 350 °C, positions
of T1-T6 were observed at higher wavelength side. How-
ever, for films annealed at 450 °C, labeled as T11-T16, the
peak positions shifted to lower wavelength side. For all these
concentrations, there are three broad regions as aforemen-
tioned corresponding to band edge transition, oxygen vacan-
cies, and surface defects except for T12. The most intense
peak appeared as strong band without any weak bands due
to shallow trap states originated from oxygen vacancies
associated with Ti**. Several small peaks were observed in
rest of the samples due to self-trapped excitons. These self-
trap exciton cause loss of excitation energy through lattice
relaxation [34, 35].

3.5 Electrical study

Figure 8 shows electrical resistivity of titania thin films.
The resistivity of films was measured at room temperature
by using van der Pauw method. The decrement of resis-
tivity at high annealing temperature might be contributed
to few factors. One of them might be an increase in the
crystallinity with annealing temperature, and another one
is oxygen vacancy. Resistivity of the film decreases with
annealing temperature indicating the behavior of n-type
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Fig. 8 Resistivity of titania thin films annealed at 350 °C and 450 °C

conductivity [28]. The XRD results for sample T12 have
shown an increase in grain size with reduction in disloca-
tion density and hence provide higher region of orderness
and reduce scattering probabilities [29]. The addition of
stabilizer in proportion with TTIP causes improvement in
the oxygen vacancy since Urbach energy is more for T12
and T16. For T4 and T14, lower concentration of precur-
sor and higher concentration of stabilizer leads to more
acidic solution. This acidic solution reduces crystallinity of
the titania film and quenches the PL emission. Because of
this reason, reduced conductivity or higher resistivity for
T4 and T14 was observed. The electrical resistivity values
obtained in the present study are lower in comparison with
those obtained by Sta et al. [17]. However, electrical resistiv-
ity values are found to be in the same order as reported by
others using different methods for deposition [18, 23]. As
these oxygen vacancies act as donor impurities and provide
n-type doping to the material, they are more efficient in opti-
cal absorption and can be used for device applications [36].

4 Conclusion

The titania thin films were prepared using spin coating by
varying TTIP concentration and HCI annealed at 350 °C and
450 °C, respectively. The phase identification and crystal-
linity of the samples were analyzed through XRD results. A
crystalline anatase phase was observed for the films grown
at different precursor and stabilizer concentrations. The
surface morphology studies through atomic force micros-
copy (AFM) evidenced a slight increase in roughness for
high-temperature annealing. Optical properties of the films
showed high transmittance and reduced bandgap for the
sample annealed at 450 °C, and Urbach energy obtained
for sample T12 and T16 was more due to increment in the
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oxygen-related defects. The photoluminescence study pro-
vides information regarding weak band region correspond-
ing to oxygen vacancy and other surface defects. The sample
T12 showed lower resistivity due to increased grain size and
oxygen vacancies.
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