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Effect of annealing and hydrothermal
temperature on the Structural and Optical
Properties of Sol-Gel Dip Coated Titanium
di-oxide Thin films
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1,3 Micro and Nanoscience Laboratory, Department of Applied Physics, Indian
Institute of Technology (Indian School of Mines), Dhanbad - 826004, Jharkhand,
India.
2Swami Vivekananda University, Kolkata, India

Abstract: Titanium dioxide (TiO2) thin films were synthesized by sol-gel dip coating method
on ITO coated glass substrate. The TiO, sol was prepared by hydrothermal method at two
different temperatures — 90 °C and 180 °C. It was then used to deposit the films by dip coating
method Afterwards half of them were annealed at 500 °C for 6 h and rest of them kept as
deposited. XRD peaks confirm the of anatase phase formation for all the samples. Abrupt rise
of transmission spectra was observed in the violet-ultraviolet transition region and a maximum
value of ~40% was attained for as-deposited sample made from 90 °C sol. The prepared films
consist of spherical nanoparticles. But they are not homogeneous in terms of thickness. So they
exhibit varying RMS roughness when studied by AFM. Annealing and sol preparation
temperature has a prominent effect on the surface roughness and also on the photocatalytic
activity of the films.

For last few decades titanium dioxide (TiOz) nanoparticles are attracting the researchers for its non-toxicity, cost effectiveness and unique

physio-chemical properties. TiO: is a wide band gap n-type semiconductor. In general "Wide" band gap means a band gap value of at

least 2 eV, significantly larger than that of the common semiconductors like silicon (1.1 eV) or gallium arsenide (1.4 eV). Due to its wide

band gap nature, TiO:2 possesses interesting electronic properties along with the probability of easy nanostructuring and chemical

stability. TiO: finds its usefulness in a variety of applications like dye-sensitized solar cell'??, photo catalysis*, electronic device

fabrication®, energy storage®, environmental purification’, photo-induced water disinfection®, , gas sensor’, memory devices'%!! etc. It

has also the potential use in white pigment production'?, corrosion protective multilayer mirror'®, and antireflection coatings'%. Due to

enhanced surface are  nanostructured TiO2 plays a crucial nanostructured TiO: plays a crucial role in improving the performance of

several kind of devices.
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TiOz2 has mainly three major crystalline phases: Anatase (tetragonal with a =0.3785 nm, ¢ =0.9514 nm), Rutile (tetragonal with a = 0.4594
nm, ¢ = 0.2958 nm) and Brookite (orthorhombic with a = 0.9184 nm, b = 0.5447 nm, c = 0.5145 nm)?. The anatase phase is developed, in
general, at temperatures below 600 °C. At relatively higher temperatures (T > 600 °C), it is transformed into rutile. Previous studies show
that, the morphology, crystal structure and stoichiometry of TiO:2 films are highly sensitive to deposition conditions like temperature
and pressure, substrate type, substrate temperature etc.'%!7181°, Thus optical properties of TiO2 films, such as refractive index, extinction

coefficient scattering losses etc. strongly depends on the deposition conditions.

So far, innumerable processes have been used for the formation of TiO2 nano-structred materials like sol-gel method, hydrothermal and
solvothermal methods, electrodeposition, electrochemical anodization, CVD, ALD, several template assisted routes etc. Negishi et. al.
used diethylene glycol (DEG) and polyethylene glycol (PEG) as additives to prepare transparent TiO2 thin films via sol-gel method 2.
Kasuga et al. adopted an alkali hydrothermal method to prepare titanate nanotubes without using any template?!. Similarly several
reports can be found for growth of TiO: thin film via CVD, ALD methods?,%2. Karuppuchamy et al.?> carried out cathodic
electrodeposition dissolving TiOSO4 powder in H20: solution. Ichinose et al.2¢ have reported the preparation of peroxo-modified sol of
anatase TiO2 using peroxo-titanium acid (PTA) solution by the mixure of TiCls and H202 solution. PTA sol is a economic way for making
low-temperature (~100 °C) TiO2 coating with high substrate adhesion and high transmittance. Lee et al.?” prepared PTA sol using TiCls.
In the present study PTA sol was hydrothermally treated to prepare the final sol for TiO: film deposition by dip coating method.

2. Method

2.1 Chemicals:

All the chemicals used in this work were of Reagent Grade. Titanyl sulphate [TiOSOx4], was used as the precursor. Other important
chemicals used were Ammonia [NH«OH, 3molL'] and Hydrogen peroxide [30% H20:]. TiOSOsand NH4OH were purchased from
Sigma Aldrich and H202was supplied by Avra Chemicals. ITO coated glass substrates were purchased from Macwin India Pvt. Ltd.

2.2 Synthesis:

TiO2 thin films were deposited by dip coating method sing an Apex XDip-SV1 dip coater. The used for dip coating was synthesized via
hydrothermal method at to different temperatures — 90 °C and 180 °C. To prepare the sol, first titanyl sulphate (TiOSOa) was dissolved
in distilled water at room temperature?. Next ammonia [NH4OH, 3molL-'] was added into this solution which results into the white
precipitate of titanium hydroxide [Ti(OH)4]. This white precipitate was collected in a filter paper and washed repeatedly with distilled
water so that excess NHs* and SO4™ ions are removed. Then Ti(OH)s, was homogeneously dispersed in distilled water and H202 (30%)
was added in sufficiently under continuous magnetic stirring. After peptization for 20 h, Peroxo Titanic Acid (PTA) sol was obtained.
Then the sol was put in a Teflon lined stainless steel autoclave and kept in a hot air oven for 12 h each. the process was repeated twice
to prepare the sol at two different temperatures, viz. 90 °C and 180 °C. This final sol was used to deposit thin films by dip coating on
ITO coated glass substrate. This particular substrate was choosen primarily to improve the adhesion of TiO: films. It may also find
several applications in device fabrication. Dipping and lifting speeds were kept constant at 20 mm/min. Before film deposition, all the
substrates were cleaned in an Itrasonic bath with acetone and isopropyl alcohol respectively. Samples were deposited with 12 coating
cycles. After deposition, at first the films were dried at 60 °C for 30 minutes in a hot air oven. Next they were annealed at 500 °C in a

furnace for 6 h. Samples were also kept as deposited as well for further studies.
2.3 Characterization:

X-ray diffraction (XRD) was used to std the crystallinity and phase identification of the samples in 0-20 scanning mode using Bragg-
Brentano configuration. The scan was run between 10° and 80° at 0.02° intervals with a PANlytical X'Pert ultra fast diffractometer with
CuKa1 (A =0.154056 nm) radiation..

To determine the defect levels in the synthesized TiO2 films, Photoluminescence emission spectra was recorded in the wavelength
range 300 nm - 600 nm with an excitation wavelength of 260 nm on a Horiba-2500 Acton Fluorescence Spectrometer with a 150 W Xe
lamp. Absorption and transmission spectra of the deposited films were collected using Agilent Cary 5000 UV-Vis spectrophotometer.

Morphological studies of the surface of the films were studied by FE-SEM Supra 55 and Dimension ICON Atomic Force Microscopy
(Bruker). FESEM, AFM and UV-Vis spectrophotometry were done at the Central Research Facility, IIT (ISM) Dhanbad.
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The photocatalytic activity of the prepared thin films were analyzed by decomposition of aqueous solution of Methylene Blue (MB) dye.
Initially, 1.5%x10° M Methylene Blue was added in to 100ml of DI water and stirred for 15 minutes. The TiO2 thin films were placed
inside the solution with the help of a copper holder and exposed under UV light. 5 ml of the solution was taken from the total solution
at the regular interval of 15 min until a total duration of 90 min. UV-Vis absorbance spectra of the collected solutions were recorded
with an Ocean Optics DH-2000-BAL UV-Vis spectrophotometer in the range 500 nm — 800 nm to evaluate the degradation rate of the
dye.

3. Result and Discussion
3.1 Crystal Structure:

Fig. 1 shows the XRD profiles of the TiO: thin films with 12 numbers of coatings. For clarity we have shifted the profiles (b) — (d) along

Y-axis with appropriate values.
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Figure 1: XRD profiles of samples made from 90 °C sol and 180 °C sol

The XRD peaks show that anatase phase is formed almost without any contamination of other phase of TiO: in all the samples. Only
a very feeble peak appeared due to rutile phase (JCPDS 84-1285). Till date, several researchers have confirmed that, generally the
anatase to rutile transformation takes place between 500 °C - 600 °C?. This explains the presence of anatase phase and appearance of
small rutile peaks in the XRD patterns in annealed samples. But the rutile peak was also observed in the as deposited samples. The
reason is not clear yet. Any amorphous background was absent in all of the patterns. This contradicts the observation made by Yuan
and Tsujikawa®. They observed that, amorphous to crystalline transition for sol-gel derived anatase TiO2 takes place in the temperature
range of 200-300 °C. Most of the previous studies also found the as deposited films to be amorphous and even in some cases, low
temperature calcinations (200 °C — 300 °C) did not improve this nature®,,3,3, But in our study we found the films crystallized in
anatase phase even in the as deposited conditions which has been very rarely reported yet®?. During the synthesis process when the
particle grows, if the involved atoms have sufficient energy, the atoms acquire enough mobility to position themselves to low energy
positions leading to the formation of crystalline phases. High temperatures can achieve this condition. But in our case, this crystalline
phase was achieved at comparatively low synthesis temperature. The sol for our thin films was made in an autoclave under high
pressure. There are suggestions that high density negative oxygen ions are movable at high pressure which impart high energy to the
atoms¥. This may be the reason for crystalline anatase phase formation in as deposited condition in the present study.

To have more detailed information about crystallinity, the crystallite size was calculated from full width at half maximum (FWHM) of

the XRD peaks (101), (004), (200), (105), (211), (204), (116), (220) and (215) using the Scherrer formula:
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Here fhki is the peak width at half of maximum intensity (FWHM), K=0.94, A is wavelength of the incident X-ray = 0.1542 nm and D
is the crystallite size. Thermal treatment to the sol increases the crystallite size. For samples prepared from 90 °C sol crystallite size
was found to be 14 nm and 17.4 nm for as deposited and annealed films respectively. For samples made from 180 °C sol, the values
are 16.8 nm and 18.3 nm respectively. For the second case, i.e. relatively higher sol preparation temperature introduces bigger
nanocrystals. Similarly, annealing also has an effect on crystallization of the films. Crystallite size increases as a result of relaxation of

grain boundaries due to increased thermal energy. Any other forms of Ti oxides such as TisOs, Ti20s, and TiO were undetected.
3.2 FESEM:

Figure 2 shows FESEM images of the films, prepared from both the sols (90 °C and 180 °C). Irrespective of sol preparation temperature
all the samples consist of spherical or almost spherical particles. During film deposition, when the substrate is dipped into the sol,
TiO2 particles get attached to the substrate and during the drying process it forms the film. The sols were prepared by hydrothermal
method. During the hydrothermal process the spontaneous nucleation leads to aggregation of crystallizing particles and in our case

it takes the spherical or almost spherical shape.

Figure 2: FESEM areal view of (a) as deposited sample made from 90 °C sol (b) annealed sample made from 90 °C sol (c) as
deposited sample made from 180 °C sol (d) annealed sample made from 180 °C

Generally, during particle formation it takes the shape (in nano regime) where it acquires minimum free energy. Spheres have
minimum surface area for a given volume. The spherical shape of the particles minimizes the surface energy in the given thermal
condition. Our samples were prepared in hydrothermal system i.e. under high pressure. Thus the volume growth is restricted from
all sides. It also leads to the formation of spherical particles. Although some of them show a little elongated shape which happens due

to the spatial restrictions because of their as the closely packed nature.

Spherical microstructures are distributed homogeneously on the film surface for all the samples. For the films made from 180 °C sol
larger particles were observed. But comparing as deposited films made from both the sols, it was observed that the particle size
increases when the hydrothermal temperature for sol preparation increases or when the samples were annealed. In this case, the
thermal energy of the system increases due to increased sol preparation temperature and as an effect of annealing too. The grain
boundaries then grow to compensate it. Crystallite size determined from XRD profile also supports the result revealing increment in
crystallite size. Size increment as an effect of annealing is more prominent for samples made from 180 °C sol. When oxide molecules
assemble into crystalline form, they need enough energy to overcome the activation energy required for the synthesis process. The

increase in temperature is the simplest way to input energy into the system. When the temperature in the system is raised sufficiently,
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it allows the molecules to gain more freedom. Therefore, they are able to reorganize themselves to grow bigger. This reorganization
mostly happens at the expense of smaller particles. The smaller particles have the larger surface to volume ratio. Due to their higher
surface area, it is more likely they will dissolve (melt) as they are treated to sufficiently high temperature. This dissolves (or melts)
mass and then gradually deposits them on the crystals that remained, i.e. the larger ones. Thus the larger crystals grow even larger
and the smaller ones disappears gradually leading to a uniform size distribution. Thus annealing also brings uniformity in the shape
of the TiO:2 particles. Since 90 °C samples have lower particle size, the film surface is more even than 180 °C samples. With increasing
sol preparation temperature, presence of some small voids was observed in all the samples. These voids appeared due to the increment
in particle size and layered structure of the films. Smaller particles easily get fitted into the interstitial voids of the previous layer. But
for larger particles, the interstitial sites are not enough. So, they tend to sit on the particle sites of the previous layers. That's why, in
the samples made from 180 °C sol, void are more prominently observed in FESEM images. These voids provide additional effective

surface area.
3.3 AFM Study:

The surface morphology and topography of the deposited films were studied by an Atomic Force Microscope (Dimension Icon) using
contact mode. Two-dimensional (2D) and three-dimensional (3D) AFM images are shown in figure 3. 3D images show that the surface
of the TiO2 films has the shape of hills and valleys. 2D images reveal that (not shown here) the films have nanocrystalline granular

morphology and TiO: particles are uniformly distributed all over the surface.

Figure 3: AFM 3D images showing the surface profile of (a) as deposited sample made from 90 °C sol (b) annealed sample made
from 90 °C sol (c) as deposited sample made from 180 °C sol (d) annealed sample made from 180 °C

The films were mainly made of spherical particles. The surfaces of the films exhibited a certain degree of roughness and became
rougher when the annealing temperature increases. For better understanding of the surface topography a variety of scans were carried
out at random locations on the film surface keeping the scanned area constant at 2 pm x 2 pm. Obtained data were converted into
NanoScope Analysis software (Version 1.4) to analyze different parameters like the root mean square roughness (Rq), average
roughness (Ra), surface skewness (Rsk) and kurtosis (Rxu).

Surface roughness is a measure of irregularity or unevenness on the surface and provides a measure of how smooth (or rough) the
surface of a film is. The measure of surface roughness is the vertical deviation from a standard surface or mean surface. Generally, the
surface roughness is expressed in terms of two quantities — the root mean square or RMS roughness (Rq) and the average roughness
(Ra). Average roughness (Ra) is the arithmetic mean of the measured absolute height of the surface with respect to a reference plane,
calculated over the entire scanned length/area. Although it gives a good general idea about the height distribution of the scanned
surface, Ra cannot differentiate between peaks and valleys, nor does it give any information about the spatial structure. A surface with

high hills and deep valleys or with general isotropic morphology may yield the same average roughness value. Here comes the need
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of RMS roughness. Root mean square roughness (Rq) is the standard deviation of the surface height distribution with respect to the
mean surface and is considered to be more sensitive than the average roughness for visualization of surface properties. Ra and Rq can

mathematically be explained according to the following equations3:
Ry =12y [i] (or,= 1 [y1200ldx) @

Rq = 1’% ™ alzil? (or,= \I%fole(X)lzdx) )

Where L is the length of the profile on the x-axis used for measurement and z(x) is the height variation from the profile line for each

and

data point.

The roughness of the prepared samples varies with sol preparation temperature. Post-deposition thermal treatment (annealing) also
affects the film roughness. For samples prepared from 90 °C sol with 12 coatings, RMS roughness was observed to be ~47 nm and ~22
nm for annealed and as-deposited samples respectively. For the similar kind of samples, Rq increases to ~76 nm and ~34 nm when the
sol preparation temperature is increased to 180 °C. The values of average roughness for the mentioned samples are ~37 nm, ~17 nm,
~60 nm and ~27 nm respectively. Rq values for all the samples are higher than Ra values which are justified by their definitions. Sample
roughness (both Ra and Rq) increases after annealing. This increment might be a result of bigger particle size and improved crystalline
nature of the films. Annealing at high temperature leads to an increase in mobility of atoms. It causes the agglomeration of particles
and makes the particles bigger which in turn leads to increased roughness of the film as shown by previous studies®#°. Lin et al*!
described that the high temperature can hasten the migration of grain boundaries resulting in the coalescence of grains.

If the roughness profile follows a Gaussian distribution Ra and Rq are interchangeable:

Rq = \/ERQ ~ 125X R, 4)
i.e., according to the statistical theory, the ratio of Rq to Ra should be 1.25, for Gaussian distribution of surface particles*>%. Ward*
noticed that most of the engineered surfaces possess approximately a Gaussian height distribution with Rq/Ra values of up to 1.31. As
shown in Table 1, the values of Rq/Ra for the present samples are reasonably close to 1.25, as predicted by the theory. This result
significantly indicates a Gaussian height distribution of the film surfaces, at the imaging scale.

Besides surface roughness, we also evaluated the surface skewness and kurtosis. The definition of surface skewness (Rsk) is as

follow#546,

1 1 1 400
Rgk = RN oz} =R—3f_oo 23 f(2)dz )

Skewness is a dimensionless quantity, which in general is evaluated as positive or negative values and evaluates the symmetry of
surface distribution. For negative skewness, the valleys are dominant over the scanned area, and the peaks are dominant when it is
positive*. Our samples are valley dominant as all of them possess negative skewness values.

Kurtosis (Rku) is mathematically directly related to the peak heights and valley depths according to the following formula“:

1 1 1 r+oo
R = 5 3 2% = 5 17 2 (2)dz )
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Where Z is the profile height at point number i. Kurtosis value projects an idea about the shape of the surface height distribution.
When Ru value for a surface is below three, it indicates that the scanned area has relatively less numbers of high peaks and low
valleys, indicative of a bumpy surface. When R is greater than three, the surface will have higher numbers of high peaks and deep
valleys, characterizing a spiky surface. All our samples appear to follow the first case which is also evident from the AFM 3D images*’.
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Figure 4: Graphical representation of (a) RMS roughness and (b) Average roughness and (c) crystallite size of the TiOz2 thin films
obtained from AFM data and XRD profile

The Kurtosis values for the samples also indicates Gaussian distribution of surface profile, as mentioned earlier as well.®

Ra, Rq, Rsk and Rk values of the samples are summarized in the following tablel:

Sample Name Rqin nm Rain nm Ry/ Ra Rsk Rku Grain  Size
(nm)

90 deg-as dep 22.17 17.54 1.264 -0.22674 0.27077 13.9

90 deg-annealed 46.91 37.13 1.263 -0.10481 0.14984 17.4

180 deg-as dep 34.00 26.85 1.266 -0.19173 0.39181 16.8

180 deg-annealed 75.77 59.83 1.266 -0.09158 0.16708 18.3

For convenience, the table also shows the grain size of each sample which was obtained from XRD analysis. These values of RMS

roughness, Average roughness and grain size has been graphically represented in Figure 4.
3.4 Optical properties:

Figure 5 shows the transmittance spectra of the deposited samples. Thin films show a gradual rise in transmittance starting at the violet-
ultraviolet transition region from almost zero to maximum of ~40% at the near Infrared. This maximum transmittance value was

observed for as-deposited sample made from 90 °C sol and it decreases with increased sol preparation temperature and annealing.
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Figure 5: Optical Transmittance and Absorbance Spectra of as deposited and annealed samples made from both 90 °C sol and
180 °C sol

FESEM images reveal that, particle size increase with annealing and this eventually increase the amount of scattered light. Film
uniformity reduces with increased sol preparation temperature and also after annealing enhancing amount of scattered light. The loss
of light due to scattering and absorption results in decrease in the transmittance. In short enhancement of both absorption and
scattering loss is the result of increased surface roughness as indicated by AFM studies. The transmittance edge slightly shifts towards
longer wavelength as an effect of annealing and higher sol preparation temperature. In general, the scattering loss and the surface
roughness have an exponential relationship*®. Additionally at higher sol preparation temperature, presence of a large number of

oxygen vacancies absorbs the incident light**° which leads to decrease in transmittance.
The optical band gap (E;) of the TiO2 films was calculated using the following relation;
(athv)2 = const. x (hv — Eg) (7)

Where a is the absorption coefficient. Figure 6 depicts the relationship between (ahv)!”? vs photon energy hv of the TiO2 films. The
optical band gap of the films was determined by extrapolating the linear portion of the curves to the energy axis. For as deposited film
made from 90 °C sol the value was found to be 3.24 eV. For the same film annealed at 500°C, the value was the same (3.22 eV). For the
films made from 180 °C sol, the values are 3.13 eV and 3.08 eV respectively. The band gap decreased for when sol preparation
temperature was increased, but for the film made from the same sol there is no considerable change in the band gap value. This is due
to larger particle size and thermal stress in the films at higher sol preparation temperature. The increase in particle size is clearly
observed in the FESEM images. In a single atom, the optical band gap is equal to the energy difference between the ground state and
the first excited state. But in bulk, both levels get broadened forming a band. As particle size increases, broadening of bands also
becomes greater decreasing the separation between the lowest of the conduction band and the top of the valence band. And this

indicates the lowering of band gap energy.
The Urbach Energy values for all the samples were determined using Urbach’s empirical rule,
Ina=Ing + Z—v ®)

The slope of the linear portion of Ina vs. hv gives us the Urbach Energy values. The calculated values were 275 meV, 218 meV, 306

meV and 251 meV for samples 90-as, 90-an, 180-as and 180-an.
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Figure 6: Band Gap determination from absorbance spectra of (a) samples made from 90 °C sol and (b) samples made from 180 °C
sol

Urbach energy values are slightly larger in case of samples made from higher temperature sol. It means more energy level due to the
disorderedness smears into the band edges causing the observed narrowing of band gap values. Annealing effect decreases Urbach
Energy values indicating better crystallinity. This fact has also been supported by XRD studies. But after annealing this energy value
decreases. Since the annealing process was carried out in ambient condition, number of oxygen vacant states reduced by the ambient
oxygen. This was later confirmed by PL studies as well. In general oxygen vacancy defects create additional localised defect states
which effectively influence the valence and conduction band edges causing the Urbach tail. So decrease in their numbers reduces the

value of Urbach Energy.

Refractive indices and the extinction co-efficient of the deposited films were also calculated using the following formulae®,

_1+R
T 1-VR ©)
And*
-«
k= o (10)

Both the refractive indices and extinction co-efficients show exponentially decreasing nature throughout the observed wavelength

range. The spectral dependence these parameters are shown in figure 7.
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Figure 7: Refractive Index and Extinction Co-efficient of as deposited and annealed samples made from both 90 °C sol and 180 °C
sol

In the lower wavelength region (i.e. higher incident energy) due to resonance phenomenon between the incident electromagnetic
radiation and the electron polarization in the material coupling of electrons take place. This leads to attenuation in propagation of
electromagnetic wave through the material. Thus, both refractive index and extinction coefficient showed higher values at lower

wavelength region. Refractive index values were observed to increase with increase in sol preparation temperature and also with
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annealing. This is due to improved packing density and crystallinity of the films as a result of annealing. In the as deposited films
lower molecular mobility leads to loosely packed TiO2 particles. Any additional thermal energy increases the mobility and packing
density as well leading to refractive index increment. Annealing in atmospheric condition allows the material capture oxygen from the
environment decreasing the number of oxygen vacancies which was later confirmed by PL studies. This is another reason for increase
in refractive index after annealing. Extinction coefficient also exhibited a similar trend like refracrtive index. Increase in film roughness
due to thermal treatment leads to results into more scattered light from the surface. Thus extinction coefficient also increases with
annealing.

The obtained values of n and k were used to calculate both real er and imaginary parts & of the dielectric constant and they were
obtained using the formulas>:
g, =n? - k? 11)
g = 2nk (12)
The variation of both real &r and imaginary ei parts of the dielectric constant with the incident wavelength for all TiO2 samples are
shown in Figure 8.
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Figure 8: Real and Imaginary part of the dielectric constants of as deposited and annealed samples made from both 90 °C sol and
180 °C sol

It can be noticed that the values of the real part are higher than those of the imaginary part, they show similar spectral nature. Both
the real and imaginary part of the dielectric constant, decrease in an exponential manner with wavelength. Since for our samples
n?>>k?, we can say that the real part of the dielectric constant mostly depends on n2. Thus the spectral dependence of the real part of
the dielectric constant show similar nature to that of refractive index. Imaginary part of the dielectric constant also exhibit same kind
of spectral dependence. On application of external electric field due to space-charge polarization large numbers of dipole moments
are created and trapped by defect states present in the films. When these defect states are thermally activated ionization process gets
triggered increasing the imaginary part of the dielectric constant. A polycrystalline material is composed of several grains surrounded
by their grain boundaries which provides a perfect place for accumulation of space charge. External thermal energy relaxes these
grain boundaries allowing a larger number of charges to sit on. This contributes to the real part of dielectric constant. The

improvement in crystal structure and the densification of the films after annealing also result in an increased dielectric constant.

We also evaluated the frequency dependence of the dielectric loss factor (tan d) and are shown in figure 9. It is clearly seen that tand
increases with increase in sol preparation temperature and annealing effect which indicate thermally activated relaxation in the

material. the relaxation peaks were observed to shift slightly with the sol preparation temperature but not with annealing.

Figure 10 shows the PL spectra for annealed (at 500°C) and as-deposited films in the wavelength range 310 — 650 nm. In this range
several well-resolved PL peaks ware observed. Similar nature of PL emission has also been reported by Abazovi¢ et al. for all the
samples band edge transition was observed at 370 nm. Other peaks appear due to several kind of defect levels mostly related to the

surface states ~d oxygen vacancies®. 398 nm and 415 nm peaks are the result of the charge-transfer transition from Ti%* to oxygen

anion in a TiO 6 complex. Zuo et al. also reported the presence of such kind of band associated with Ti* sites just below the
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Figure 9: Dielectric Loss of as deposited and annealed samples made from both 90 °C sol and 180 °C sol

conduction band minima. Theoretical studies also supported the presence of these kind of bands. Transitions via charge carriers
trapped at oxygen vacancies was observed at 442 nm. The emission bands at 452 nm and 473 nm for all the samples indicates the
transition involving surface states and occurs due to the recombination of trapped electron-hole arising from unsaturated bonds in
the TiO2 nanoparticles on the surface. When some titanium atoms are exposed to the surface region of thin film and changed into
Ti%, Ti?*, Ti*, localized energy levels are introduced within the forbidden gap. Several small peaks were observed in the wavelength
range 460-560 nm. These peaks mainly result from the self-trapped excitons and oxygen vacancies. Due to the self trapping, excitons

lose energy via lattice relaxation process and as a result, the PL peak is observed at higher wavelength region.
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Figure 10: Photoluminescence emission spectra of (a) samples made from 90 °C sol and (b) samples made from 180 °C sol

PL intensity was found to decrease with increasing thickness. From XRD data we observed that, crystallite size (and the grain size
as well) increases with increase in film thickness. In general, the density of the surface states decreases with the grain size increase

and luminescence intensity decreases with decrease of the density of the surface states. FESEM images of our samples reveal that
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TiO2 particle size increases with increasing sol preparation temperature. With bigger particles present on the surface exposed surface
area is also enhanced indicating the possibility of more and more dangling bonds. These bonds act as centres for non-radiative
recombination and quenches the PL intensities. With more and more thermal energy provided to the films (both by annealing and
increased sol preparation temperature), crystallinity improves, as supported by XRD data, which indicates towards the reduction of
imperfections in the samples. This further decreases the intensity of the PL peaks. Since our samples were annealed in air, during
annealing process, some of the oxygen vacant states are annihilated by capturing ambient oxygen and thus number of oxygen vacant

defect states are reduced resulting in quench of PL intensities.
3.5 Photocatalytic Activity:

The photodegradation of Methylene Blue dye by TiO:2 photcatalysts is a pseudo-first-order reaction where the photodegradation rate
constant (k) can be determined by the following equation:

In% = —kt (13)
Co
Where Co and Ct are the initial concentration and the concentration at time t of the dye solution, respectively, and k is the first-order
rate constant.
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Figure 11: Determination of rate constant for photodegradation of dye with catalyst made from (a) 90 °C sol and (b) 180 °C sol

A plot of In C0O/Ct vs time represented in figure 11 yields a linear nature, slope of which upon linear regression determines the first-
order rate constant k. Higher values of k indicates better degradation.
The degradation rate of the dye is generally expressed as,

Co—Ct

0

Degradation Rate = (14

The photocatalytic activities of the prepared samples were observed to increase as the sol preparation temperature increases and
also as a result of annealing. As deposited and annealed samples made from 180 °C sol degradation of dye was fond to be 56.1% and
62.8%. these values for samples made from the other sol is 47.9% and 49%. The absorbance spectra of the collected dye solutions are

represented in figure 12. Degradation of the dye after 90 min and the kinetic rate for each sample has been represented in figure 13.
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Figure 12: Photodegradation of dye with catalyst made from (a) 90 °C sol and (b) 180 °C sol

Enhancement in photocatalytic activity depends on effective separation of photo-induced e—h*pair in the dye material. PL intensities
are indicative to amount of radiative recombination. For the present case PL intensity decreases with annealing and increase in sol
preparation temperature suggestion a decrease in recombination of the e—h* pair. Thus increase in degradation rate for these samples
is quite justified. FESEM images confirm increase in particle size for annealed samples and also for samples made with higher
temperature sol. This provides additional effective surface area and consecutively more number of active sites available to enhance

the degradation pathway and thus increasing the degradation rate.
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Figure 13: Kinetic rate of photodegradation of dye with photocatalysts made from 90 °C sol and 180 °C sol

To examine the stability of or photocatalyst we have repeated the photodegradation process with each of the prepared sample twice
more and observed that when we use them for the second time (recycle 1) degradation rate drops a lot. At third use it decreases to
around 20% at 90 min. The degradation of the dye (in %) after carrying out the photocatalysis process for 90 min is shown in figure
14.
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Figure 14: Degradation rate of dye solution with photocatalyst made from 90 °C sol and 180 °C sol

4, Conclusions

Anatase titania thin films were successfully prepared by hydrothermal assisted sol-gel dip coating method. The hydrothermal process
to obtain the sol was carried out separately at two different temperatures, viz. 90 °C and 180 °C for 12 h each. For each hydrothermal
temperature, samples were annealed at 500 °C for 6h and also kept in as deposited condition. Both as deposited and annealed samples
were crystallized in anatase phase and crystallite size was found to increase with increased sol preparation temperature and annealing
as well. For samples prepared from 180 °C sol, the values are 16.8 nm and 18.3 nm for as deposited and anneald film respectively. For
the same samples made from 180 °C sol the same are 13.9 nm and 17.4 nm. All the films consist of tiny spherical particles. Particle size
increases with increasing sol preparation temperature. Annealing also imposes similar effect on the samples. Atomic force microscopy
shows that, both RMS and average surface roughness increases with increased sol, preparation temperature and annealing in the
similar manner. For samples prepared from 90 °C sol, RMS roughness was observed to be ~47 nm and ~22 nm for annealed and as-
deposited samples respectively. For the similar kind of samples, the value increases to ~76 nm and ~34 nm when the sol preparation
temperature is increased to 180 °C. In case of average roughness, values for the same samples are found to be ~37 nm, ~17 nm, ~60 nm
and ~27 nm respectively. For all the samples RMS and average roughness maintain a constant ratio of 1.26. The prepared films exhibit
almost zero transmittance at violet-ultraviolet transition region and then have a gradual rise in the visible region upto a maximum
value of ~40% at the near Infrared. All the samples exhibit similar nature of transmitace. Transmittance value decreases as sol
preparation temperature is increased and also due to annealing. Band gap values for all the samples do not show any significant
difference before and after annealing. But when the sol preparation temperature increased, they exhibited a decreament due to
quantum confinement. As result of improved crystallinity and greater packing density refractive index values were observed to
increase with increase in sol preparation temperature and also with annealing. Extinction co-efficient also exhibited the behaviour.
Since the real part of the dielectric constant mostly depends on n2. Thus the spectral dependence of the real part of the dielectric
constant show similar nature to that of refractive index. Dielectric loss (tand) increases with increase in sol preparation temperature
and annealing effect indicating thermally activated relaxation of the created dipoles. Photoluminescence spectra show the appearance
of several peaks in the wavelength range 350 — 550 nm. Most of the peaks are due to several surface defect states and defect levels
related to oxygen vacancies. All the samples exhibit similar PL nature. Intensity of PL peaks gets quenched when samples were
annealed and sol preparation temperature was higher because of annihilation oxygen vacant states by the ambient oxygen. Improved
crystallinity diminishes number of imperfect sites in the films reducing the amount of radiative recombination of the electron-hole

pair. And due to this annealed samples and those made from higher temperature sol showed higher photocatalytic activity.
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