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ABSTRACT: In this report, two different TiO> solutions with and without HCI were, firstly, prepared.
Then, totally twelve number of thin film samples were obtained using these solutions for each of these
two different group films by ultrasonic spray pyrolysis (USP). Of these twelve samples, each of the four
was created at three different spray times (25, 50, 75 min), respectively, and they were annealed at 500
°C. Structural, morphological, and electro-optical properties of TiO2 thin films were performed by X-
ray diffractometer (XRD), scanning electron microscope (SEM), atomic force microscope (AFM), and
ultraviolet-visible spectrophotometer (UV-VIS). It was seen that the HCI addition improves the
crystallinity of the thin film samples dramatically even though at low deposition temperatures. HCI
addition causes densification on the surface of the films and these films also exhibited the best
morphological and structural properties compared to thin films without HCI. Also, the bandgap values
of all thin films prepared with and without HCI decreases from 3.40 to 3.21 eV and 3.29 to 3.15 eV,
respectively. Increase in the thickness of films by the addition of HCI plays a vital role on the
morphological, structural, and electro-optical properties of the samples.
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INTRODUCTION

The metal oxide semiconductors, such as TiO2, ZnO, and In/Sn-O2 are very well-known and
widely studied material for various applications. Among these TiO: is the material which is extensively
studied much by the researchers compared to the other materials due to its high chemical stability over
a wide pH range chemical structure, biocompatibility, physical, optical and electrical properties such as
suitable energy band structure, crystal structure and morphology (Karunagaran et al., 2005). The thin
film form of TiO2 has many applications such as gas sensor (Bharathi, 2014), solar cells (Vaiciulis et al.,
2012; Mao et al., 2016), photo catalysts (Haynes et al., 2017), environmental pollution control (Pelaez
etal., 2012), and ‘‘self-cleaning’’ coatings (Guo et al., 2016).

TiOz thin films are fabricated by using different techniques such as magnetron sputtering (Mazur,
2017), e-beam evaporation (Jang et al., 2000), dip coating (Biswas et al., 2018), spin coating
(Golobostanfard and Abdizadeh, 2013; Patil et al., 2018), spray pyrolysis (Deshmukh et al., 2006;
Ranasinghe et al., 2018), and ultrasonic spray pyrolysis (USP) (Nakaruk et al., 2010; Taziwa and Meyer,
2017). Among these, ultrasonic spray pyrolysis is a more precise, controllable, repeatable, and economic
technique by reducing material consumption up to 80%.

Some properties of TiO- thin films, such as electric, optical, crystal structure, and morphology,
have been studied by many researchers in detail (Supekar et al., 2013; Tsega and Dejene, 2017). Out of
these studies, the effect of hydrochloric acid (HCI) addition into precursor solution on the physical and
chemical properties of TiO thin films has not been studied much. A few of the researchers have studied
similar subjects. Tsega and Dejene (2017) examined the effect of HCI on the formulation of TiO>
nanocrystalline powders and improvement of its photoluminescence property. In this study, they
prepared solution four different pH values. They found that crystal structure changed with HCI addition
They also showed that; while the HCI content increased the strain value increased and the crystallite size
decreased (Tsega and Dejene, 2017). Lee and Liu worked out the acid-hydrolysis method to prepare
TiO2 sol-gel with TiCls as a precursor and they showed that nano-sized TiO; crystal could be formed at
low temperature by addition of HCI acid (Lee and Liu, 2002). Nakaruk et al. (2010) examined the effect
of the ultrasonic spray pyrolysis deposition time of TiO> thin films by keeping constant the precursor
solution concentration, flow rate and substrate temperature. They showed that the thickness of the films
depends on the deposition time (Nakaruk et al., 2010). Ramirez - Santos et al. (2012) deposited TiO>
thin films onto glass slides by the sol-gel method assisted with polyethylene glycol (PEG). They found
that; PEG added precursor solution films were crack-free and formed a porous structure after annealing
at 500 °C (Ramirez-Santos et al., 2012). Arunachalam et al. (2015) produced TiOz thin film by spray
pyrolysis method for solar cell applications. In their study, Titnyl Acetylacetonate (Tiacac) as a precursor
solution of TiO was prepared in three different molarity (0.05 M, 0.10 M and 0.15 M). They showed
that the best crystallization was obtained at 0.10 M (Arunachalam et al., 2015).

In this study, two different TiO2 solutions with and without HCI were prepared. Then, totally
twelve number of thin film samples were obtained using these solutions for each of these two different
group films by ultrasonic spray pyrolysis (USP). Of these twelve samples, each of the four was created
at three different spray times (25, 50, 75 min), respectively, and they were annealed at 500 °C. The
characterization of these two groups of thin film samples were conducted by XRD, SEM, AFM, and
UV-VIS. Finally, the effect of deposition parameters, such as deposition time and HCI addition, and also
annealing effect on the crystal structure, surface morphology, and electro-optical properties of these two
TiO> thin films were investigated.
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MATERIAL AND METHODS

Experimental set-up

Titanium dioxide thin films with and without HCI were fabricated for three different deposition
times by using ultrasonic spray pyrolysis set-up (Figure 1). It consists of five main parts which are a
nozzle (for spraying the solution), syringe (to load the solution), syringe pump (to adjust the flow rate
of the solution), moving table (a plate, moving in XYZ-three dimensions, on which the nozzle is
mounted), and two piezoelectric transducers one of which is replaced at the exit of the syringe and the
other one at the entrance of the nozzle (separating the solution into microstructure droplets).
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Figure 1. Schematic presentation of ultrasonic spray pyrolysis experimental set-up (Kog, 2018)

Preparation of thin film samples

We prepared two different TiO> thin film samples using two different solutions prepared with or
without HCI using the starting materials 0.1 M Titanium (IV)-bis(acetylacetonat)-diisopropoxide (%75)
(TiAcAc) (Merck, %75 solution in 2-propanol) solution as following: we first added 96.4 ml ethanol
into 3.6 ml pure TiO> starting solution in a glass beaker and this mixture was mixed with a magnetic
stirrer for 30 min. Then, we divided this solution into equally two parts and kept them in two separate
beakers to use one of these solutions for the fabrication of pure TiO> thin film samples without HCI (or
pure TiO thin film) and the other one with HCI. Hence, we prepared the solution that we will use for
the fabrication of the TiO2 samples prepared with the solution including HCI. To obtain this solution,
we added 0.2 ml HCI into the second and mixed this solution with a magnetic stirrer for 30 min. After
preparing these two solutions, we prepared the 12 substrates for each of the thin film samples with and
without HCI from microscope glass with suitable dimensions and cleaned them applying RCA standard
cleaning method. After this step, we prepared the ultrasonic spray pyrolysis system to operate adjusting
solution flow rate (0.5 ml/min), nozzle frequency (120 kHz), the distance between the substrate and the
tip of the nozzle (10 cm), the substrate temperature (215 °C), and the nitrogen flow into the cabin. After
completing these processes, we poured the first solution into the syringe and started the USP system to
fabricate the thin film samples without HCI. To do it, we replaced 4 of 12 substrates on the table which
will be used for four different characterization measurements and the solution sprayed 25 minutes.
Following the same ways, we fabricated the other two groups of thin film samples applying the spraying
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time 50 and 75 minutes, respectively. Similarly, thin film samples belonging to the second group of thin
films were fabricated using the solution with HCI following the same way. The samples were coded as
in Table 1.

Table 1. Codes of the fabricated TiOz thin film samples prepared without and with HCI for three different
spraying times (25, 50, 75 min)

Samples fabricated without HCI Samples fabricated with HCI

Sémg)le ftl;llurgber | Spraying time (min) Spraying time (min)
ode  orthesamples 25 50 75 25 50 75
SAl 4 x - - - - i
SA2 4 - x - - - -
SA3 4 - - X - - -
SB1 4 - - - x - -
SB2 4 - - - - X -
SB3 4 - - - - - x

On the other hand, since the thin film samples with and without HCI were thermally annealed at
500 °C and the new form of codes of the samples were presented as SAL1-T, SA2-T, SA3-T, SB1-T,
SB2-T and SB3-T adding, respectively. After completing all these thin film deposition processes, it was
realized the characterization of these samples.

Characterization of thin film samples

For the determination of the crystal structure of the samples, XRD measurements were conducted
by using Cu-Ka radiation source at a setting of 40 mA and 40 kV (Bruker D8 Advanced Twin-twin
system). XRD Spectra of the films were recorded by scanning 26 in the range 20-80°. Surface
topography, elemental composition and thickness of the TiO, thin films samples were studied by
scanning electron microscope (SEM) system (SEM: FEI Quanta FEG 250 — EDS: EDAX). The surface
topology and roughness of the films were characterized by atomic force microscope (AFM) system
(Nanomagnetics ez-AFM) with Si cantilever and tapping mode. The electro-optical properties of the
TiO> films were characterized with a UV-VIS spectrophotometer (UV-VIS) (Perkin EImer Lambda 950
UV/Vis).

RESULTS AND DISCUSSION

XRD measurements

Figure 2 a, b, and c, d show the XRD patterns of the samples (SA1, SA2 and SA3) as-grown and
(SAL-T, SA2-T and SA3-T) thermally annealed at 500 °C and samples (SB1, SB2 and SB3) as-grown
and (SB1-T, SB2-T and SB3-T) thermally annealed at 500 °C, respectively. As seen from Figure 2a, it
is not seen any crystallization in each of the samples (SA1, SA2, and SA3), but in Figure 2b it is seen
that crystallization in the samples (SA1-T, SA2-T and SA3-T) begins to appear and increases with the
increasing of spraying time. These two results are the expected results. On the other hand, as seen from
Figure 2c, it is not seen any crystallization in each of the samples (SB1, SB2, and SB3), but in Figure 2d
it is seen that crystallization in the samples (SB1-T, SB2-T and SB3-T) begins and increases with the
increasing of spraying time as expected. When the results obtained for the samples (SA1, SA2 and SA3)
and (SB1, SB2 and SB3) not annealed are compared, it will be seen that there is no difference between
them. Crystallizations are not good in both of these as-grown samples.
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Figure 2. a, b, and c, d are the XRD patterns of the samples (SAL, SA2 and SA3) as-grown and (SAL-T, SA2-T and SA3-
T) thermally annealed at 500 °C and samples (SB1, SB2 and SB3) as-grown and (SB1-T, SB2-T and SB3-T) thermally
annealed at 500 °C, respectively

On the other hand, it is seen that the best crystallization forms in (SB1-T, SB2-T and SB3-T)
samples. As seen from Figure 2d, the peaks appear at 26 angles 25.3, 37.8, 48, 53.9, 54.8, 62.5 degrees
and they are directed in the direction of planes (101), (004), (200), (105), (211), and (204), respectively.
The type of the crystal structure of the samples was determined by means of PDF 00-021-1272 and PDF
00-004-0477 libraries and the obtained results showed that the samples have anatase phase. And also,
all samples have a polycrystalline structure. This result is confirmed by some studies in the literature
(Lee and Liu, 2002; Ramirez-Santos et al., 2012; Arunachalam et al., 2015; Tsega and Dejene, 2017,
Biswas et al., 2018).

SEM measurements

Figure 3. a, b, ¢, d, e and f show the SEM images of (SA1-T, SA2-T, and SA3-T) and (SB1-T,
SB2-T, and SB3-T) samples annealed at 500 °C. The films without HCI are seen that their highly porous
surface is covered with a lot of micro-sized TiOz spheres of whereas the films formed in the presence of
HCl are cracked but dense structure just a few numbers of micro-sized TiO2 spheres on the dense surface.
When the particle size decreases to the nanometer size, surface activities and surface areas increase due
to the increase in the number of surface atoms.

Nanoparticles tend to be uncontrolled agglomeration forming with spherical shapes due to their
high surface energies (Li et al., 1999). On the other hand, HCI addition also decreases the droplet
shadows on the film surfaces. It is clear from the SEM images that HCI addition to precursor solution
increases the densification of the films and this is confirmed with our XRD results. It is evident that HCI
addition modifies both the surface morphology and the structure of the films.

Figure 4. a, b, and c and d, e, and f show the cross-section SEM images of the SA1-T, SA2-T, and
SA3-T samples and SB1-T, SB2-T, and SB3-T samples, respectively. The measured film thickness
values of the samples are given in Table 2.
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Figure 3. SEM images of a) SA1-T, (b) SA2-T, and (c) SA3-T samples and (d) SB1-T, (e) SB2-T, and (f) SB3-T samples

Table 2. The film thickness of the SA1-T, SA2-T, and SA3-T and SB1-T, SB2-T, and SB3-T samples

TiO2 without HCI Annealed at 500 °C TiO2 with HCI Annealed at 500 °C
Sample code
SAL-T SA2-T SA3-T SB1-T SB2-T SB3-T
Thickness of the film (nm) 0.48 0.75 1.40 1.90 2.50 3.80

When the samples being in the same group are compared with each other, it is obvious that their
thicknesses increase with spraying time. This result is normal and it may be said that it is an expected
result. On the other hand, when the samples, taking place in two separate groups, fabricated at the same
spraying time and thermally annealed at the same temperature are compared with each other, it is evident
that the thicknesses of the samples with HCI are much larger than the samples without HCI. In this case,
it may be said that use of the HCI in the solution plays a vital role on the thickness of the TiO- thin films.
Solvent engineering plays a vital role for solution-based production techniques. HCI addition to the
solution changes the physicochemical properties of the precursor solution by means of density,
evaporation temperature, PH values and etc. SEM surface and cross-section images show that the
solution drops evaporate before arriving the surface of substrate and then being blown away by the spray
gas and this lead to formation of TiO2 nanoparticles which doesn’t interact with substrate surface
(Vaiciulis et al., 2012). These are clue for micro-sized TiO2 sphere formation on the surface for pure
TiO2 precursor solution and thick film formation for HCI added precursor solution.

1107



Ahmet Bugrahan BAYRAM et al. 11(2): 1102-1113, 2021

Comparison of Structural and Electro-optical Properties of Thin Films Fabricated for Different Deposition Times Using TiO2
Precursor Solutions with and without HCI by Ultrasonic Spray Pyrolysis

Figure 4. Cross-sectional SEM images of (a) SAL-T, (b) SA2-T, and (c) SA3-T samples and (d) SB1-T, (e) SB2-T, and (f)
SB3-T samples

AFM measurements

AFM images of (a) SA1-T, (b) SA2-T, and (c) SA3-T samples and (d) SB1-T, (e) SB2-T, and (f)
SB3-T samples are given in Figure. 5 a, b, c and d, e, f, respectively. When the samples SA1-T, SA2-T,
and SA3-T are compared with each other, it is seen that their surface morphologies are nearly similar
with each other.

Almost all of them have a lumpy surface structure. But, when the samples SB1-T, SB2-T, and
SB3-T are compared with each other, it is seen that their surface morphologies differ from each other.
While SB1-T has a surface morphology with cracks, cracks turn into valleys in sample SB2-T and
surface morphology of the sample SB3-T turns into a surface formed with longitudinally cut cylinders.
It will be seen that there is much difference between these two group samples when they are compared
with each other.

Roughness (Ra) values of the annealed samples (SA1-T, SA2-T and SA3-T) without HCl are 1.51,
1.65, and 3.14 nm and the samples (SB1-T, SB2-T and SB3-T) with HCI are 83.0, 104, and 128 nm,
respectively. HCI addition to precursor solution increased the Ra values dramatically by creating the
sharp cracks (channels into blocks). This Ra increment may improve the TiO> thin films solar cell
efficiency by increasing the active surface area.
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Figure 5. AFM images of (a) SAL-T, (b) SA2-T, and (c) SA3-T samples and (d) SB1-T, (e) SB2-T, and (f) SB3-T samples
are given in Figure. 4 a, b, c and d, e, f, respectively
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Figure 6. EDS spectrum of SB3 sample which presenting the composition of the elements included in the film

Table 3. Elements existing in the samples (SA1-T, SA2-T and SA3-T) and (SB1-T, SB2-T and SB3-T) and their

percentages
TiO2 without HCI Annealed at 500 °C TiO2 with HCI Annealed at 500 °C
Sample code SAL-T SA2-T SA3-T SB1-T SB2-T SB3-T
o 543 532 53.8 67.1 64.9 66.4
o,
Elements (%) 1 15 41 7.0 20.9 24.3 26.5
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Figure 6 shows the EDS picture of SB3 sample and the graphics presenting the composition of the
elements included in the sample. The same measurements were performed the other samples and the
measured percentage values of O and Ti elements in all samples are given in Table 3. The existence of
the Ti and O elements are expected resulting from TiO3 thin films. But Si and Na are ingredients of the
glass substrates.

UV-VIS measurements

Band gap energy values of the samples were found using the data from the UV-VIS measurements.
To do this, transmittance curves of the samples versus wavelength of the photon and we calculated the
absorption coefficient, ai, corresponding to hvi (photon energy) using the following equation,

1 1
o = all’l; (1)

where d and T are the thickness and the transmittance of the film, respectively. On the other hand, the
energy band gap is found substituting the value of a into the equation (Ramirez-Santos et al., 2012;
Golobostanfard and Abdizadeh, 2013; Chandrasekhar et al., 2016),

(ahv)™ = A(hv — Eg) 2

where Eg is the bandgap energy value of the sample. For the bandgap calculations, the n value was
chosen as 1/2 since TiO2 has an indirect bandgap. According to this equation, to find the bandgap energy
values of the TiOz thin film samples a graph of (ahv)'/? versus hv has been plotted and then an
extrapolation was applied to this graph. So, we drew a line lying on the part of the curve with a constant
slope and cutting the hv versus. The point cut by this line gives the band gap energy of the sample.

Figure 7. a and b show the (ahv)/? versus hv plots of SA1-T, SA2-T, SA3-T, and SB1-T, SB2-
T, SB3-T, respectively. As seen from Figure 7. a and b, the bandgap of the TiO> thin films with and
without HCI are ranging in between decreasing from 3.29 to 3.15 eV and 3.40 to 3.21 eV, respectively
which are consistent with literature (Nakaruk et al., 2010; Golobostanfard and Abdizadeh, 2013; Essalhi
etal., 2016).

a b
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Figure. 7. Graphics of (ahv)'/? versus hv show the band gap energies of the samples (a) SA1-T, SA2-T and SA3-T and
(b) SB1-T, SB2-T and SB3-T

This result can be explained as following: by increasing deposition time of the films with or
without HCI addition to precursor solution, a redshift on the absorption edge of the TiO> films occurred,
which involved a decrease of the bandgap energies. Increasing the film thickness results a band gap
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decrease and absorption increase and this effects can be seen for a lots of previous TiO> thin film studies
(Nakaruk et al., 2010; Golobostanfard and Abdizadeh, 2013).

Table 4. Band gap values for the samples (SA1-T, SA2-T and SA3-T) without HCI and the samples (SB1-T, SB2-
T and SB3-T) with HCl annealed at 500 °C

TiO; without HCI Annealed at 500 °C TiO, with HCI Annealed at 500 °C
Sample code SAL1-T SA2-T SA3-T SB1-T SB2-T SB3-T
Band gap (eV) 3.29 3.17 3.15 3.40 3.28 3.21

CONCLUSIONS

In this project, TiO2 thin films with and without HCI were deposited by ultrasonic spray pyrolysis
system for three different spraying times (25, 50, 75 min) and the surface morphology, structural, electro-
optical, and chemical composition of the films were investigated by means of SEM, AFM, XRD, UV-
VIS, and EDS. SEM images of the films without HCI shoved that the thicknesses of the films increased
with spraying time and with the addition of the HCI increased the film thickness too. But the thickness
of the thin films with HCI are larger compared to the samples without HCI. On the other hand, AFM
images showed that the roughness of the samples with HCI are larger compared (~1.51 nm and 128 nm)
the films without HCI. UV-VIS measurements indicated that the bandgap energy value of the films
without HCI have a maximum and minimum band gap energy values are 3.29 and 3.15 eV while thin
with HCI have a maximum and minimum band gap energy values are 3.40 and 3.21 eV. As a result, it
can be said that the bandgap energy values of both of these thin film samples decreases to ~3.2 eV with
the increase of the thickness.

The XRD analysis shows that TiO> films crystallize in anatase phase with the (101) preferred
orientation at 500 °C annealing temperature and the HCI addition improve the crystallization of the films
sharply. HCI addition favors faster crystalline phase formation compared to pure TiO2 precursor
solution. In EDS measurements it is seen that the pyrolysis completely removed the HCI from the
structure causing a quality improvement of the crystallinity of the samples. As a result, it can be said
that the addition of HCI to precursor solution plays a vital role on the thin films morphology, structure
and electro-optical properties. Additionally, we are going to study the effect of the HCI addition with
different concentration with changing the height of the nozzle from the plate, atomizing frequency, and
substrate temperature on the morphology, structural, electro-optical properties of the TiO2 thin films.
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