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Abstract

Titanium dioxide (TiO;) films were prepared by the sol-gel
method under different types of acids. Effect of hydrochloric acid
(HCI), nitric acid (HNO3) and nature-based solutions (NBS) under
ultraviolet (UV) detection of films were investigated. Films were
coated by dip coating on glass substrate. Moreover, TiO, films
were compared properties on water rinsing (Ri) and without
rinsing (WRi) processes. The phase structure of prepared samples
was characterized by means of X-ray powder diffraction (XRD).
The results confirm that films were highly crystalline anatase TiO;
and free from other phases of titanium dioxide. For the optical
property, the transmittance (%T) observed sharp rise in the violet-
ultraviolet transition region and a maximum transmittance of
~80%. Photocurrents were measured under UV intensity of 260
uwWem2 and DC bias voltage of -20 — 20 volts (V). The results
observed that currents increased as bias voltage increased.
Current - Voltage (I-V) curves observed different slopes under the
different of acids and rinsing process. The photocurrent of TiO,-
NBS-Ri was greater than TiO,-HCI-WRi and TiO,-HNOz-WRi o
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f 10 and 20 times; respectively. These findings suggest that

the significant effect of the acid and rinsing process on crystalline, morphological, optical, and electrical properties of
nanostructured TiO; films would be useful for applying the device in UV photoelectric detection.
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Introduction

Detection of ultraviolet (UV) light is critical for various
industrial and scientific applications, including light-wave
communications, environmental monitoring, optoelectronic
circuits, etc.[1]. The UV detector is outstanding performance
and efficiency. Moreover, it consumes low energy with each
use. Thus the cost of production is reduced even more. Wide
bandgap semiconductors have been investigated for UV
photodetectors due to their intrinsic visible blindness,
especially metal oxide semiconductors, including TiO;.
Wide bandgap semiconductor of TiO2 gives many excellent
properties such as chemical stability, a high refractive index,
and outstanding photoelectronic properties [2, 3].

Various techniques, such as electrochemical
anodization [4], hydrothermal methods [5], and the sol—gel

process [6], have been used to obtain high-quality TiO,
films, which have significance for high-performance TiO;
based photodetectors. Among these methods, the sol—gel
method has the advantages of low cost and simple
technology for preparing TiO; films.

The Sol-Gel process can be described in five steps:
hydrolysis, condensation, aging, drying, and crystallization.
The hydrolysis and condensation reactions are strongly
affected by process parameters such as the acidity of the
solution and concentration of catalysts (acid or base). The
structure of the resulting gel is significantly different
depending on the catalyst due to the relative rates of the
hydrolysis and condensation reactions. In general, the
hydrolysis step gets progressively slower under acidic


https://ph01.tci-thaijo.org/index.php/jmsae_ceae/index

JMSAE

J. Sivapatarnkun et al. / J. Mater. Sci. Appl. Energy. 12(3) (2023) 251924

conditions. Strong acid catalysts, notably hydrochloric acid
(HCI) and nitric acid (HNOs3) are used as catalysts and have
significant effects on the microstructures and optical
properties of TiO; films [7]. Therefore, these parameters
under different conditions yield sol and gel with different
properties and structures because the reaction rate is an
important factor affecting the properties of the final product
such as surface roughness film thickness particle size, etc.
[8.9]

In this work, TiO; films were synthesized via a simple,
low-cost, chemically stable, and environmentally friendly by
dip coating technique. The effect of preparing conditions on
the structural, morphological, and optical properties were
studied. Ag paste was used as the contact electrode to collect
photocurrent for light detector that works based on the
photoconductive effect. A piece of TiO; films and two
Ohmic contacts produce a photoconductive UV detector.
The coated films were characterized to study of
physiochemical and UV detecting properties. The UV
detecting properties were tested for films prepared with
different types of acids and rinsing processes.

Materials and Methods
Films preparation

Glass substrates were first cleaned in a 5:1:1 viv
solution of deionized water, hydrogen peroxide, and
ammonium hydroxide (DIl:H202:NH,OH) for 15 min at
80 °C. Then, the glass substrates were thoroughly rinsed with
DI water and dry substrates with nitrogen (N2) gas.
Thereafter, TiO, sol was synthesized through a sol-gel
method using titanium isopropoxide (TTIP,
Ti[OCH(CHs)2]a) as  precursor and  2-propanol
(CH3)2CHOH) acts as a solvent. Briefly, the TTIP of 1 ml
was dissolved in 10 ml of 2-propanol. The solution was
vigorously stirred for 2 h in order to form sols. HCI and
HNO; were used to adjust the pH of 2. The mixture of these
solutions was stirred for 2 h. After aging for 24 h, the sols
were transformed into gels. TiO. films were coated on glass
substrate using dip coating method. To coat films, glass
substrates were immersed vertically within the prepared
solution for 5 min. After 5 min, substrates were removed
from the solution and dried for 5 min with the help of drier.
This completes one cycle of coating and after coating, films
were rinsed (Ri) with DI water or without rinsed (WRi). The
different method of drying was investigated. After each layer
coating sol-gel layers were dried at 200 °C for 5 min and
cooled down to temperature of air (25°C), and then the next
layer was coated. These films were respectively abbreviated

as TiO; (TiOz= titanium dioxide) - NBS (NBS= nature-
based solutions)-Ri (Ri= rinsing process), TiO2-NBS-WRi
(WRi= without rinsing process), TiO2-HCI
(HCI= hydrochloric acid)-Ri, TiO2-HCI-WRI, TiO2-HNO3
(HNOs= nitric acid)-Ri, TiO2-HNOs-WRi, TiO2-HCI-
(25°C/Cycle)-(200 °C/Cycle)-Ri, TiO-HCI-(200 °C/Cycle)-
Ri , and TiO,-HNOs3-(200 °C/Cycle)-Ri. All samples were
annealed temperature in air at 500° C and annealed time of
2 h to improve crystallinity. The films were fabricated by
painting Ag paste, the active area of the films was 1 cm?. The
black light F10T8BL was used as a source of UVA with a
wavelength in the range of 320 — 400 nm for the central
wavelength of 365 nm and UV detecting properties were
studied by fabricated films.

Samples characterization

The crystal structure of the films was examined by the
Bruker D2 X-ray powder diffractometer (XRD). The
transmittance spectra were measured on a Thermo Scientific
Genesys 10S UV-Visible Spectrophotometers. The surface
morphology of the films was observed using a Hitachi SU-
8030 field emission scanning electron microscope
(FESEM). The current-voltage (I-V) characteristics of the
films were measured using a digital multimeter PICOTEST
together with a UV lamp.

Results and Discussions

The X-ray diffraction patterns of coated samples
are observed in Fig. 1 (a) — (c). The XRD results in the range
of 10° — 80° of the TiO; films annealed at 500°C on glass
substrates. The XRD patterns match well with JCPDS
(n0.21-1272). The detected diffraction peaks centered at
25.30°, 38.10°, 48°, 54°, 55° 63°, 69° and 71° are
corresponding to (101), (004), (200), (105), (211), (204),
(116), and (220); respectively. They are well indexed to the
tetragonal crystal planes of the standard anatase phase of
TiO; structure. The films are polycrystalline in nature and
show preferred orientation along (101) plane. They are
observed that the coated films show anatase phase and no
peaks corresponding to rutile and brookite phases, and there
are no other impurity peaks, which shows clearly that TiO>
film was well synthesized. The change in the rinsing process
and types of acids affects on the intensity of peaks [10, 11].
The intensity goes on increasing as rinsing process (Ri) and
decreases under without rinsing process (WRi), because film
thickness of Ri increases but WRi thickness decreases. With
different kinds of acids, the diffraction peaks shifted slightly
to the higher angle side. The peak shift might be caused by
strain that evolved in the TiO; nanoparticles [12]. This result
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demonstrated that the sample crystallinity was a significant
structure. An electron from the valence band to the
conduction band corresponds to the UV absorption below
384 nm of the TiO; anatase phase, which corresponds to a
band gap energy of 3.22 eV [13]. That mean, anatase phase
with high UV absorption produce high photocurrent under
driving potential.
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Fig. 1 XRD patterns for TiO, films (a) NBS-(Ri, WRi), (b)
HCI-(25 °C/Cycle)-(200 °C/Cycle)-Ri, HCI-(200 °C/Cycle)-
Ri, HCI-(WRi, Ri), and (c) HNO3-(200 °C/Cycle)-Ri, HNOs-
(WRi, Ri).

The FESEM image presented in Fig. 2. The difference
for each condition were (a) TiO2- NBS-Ri, (b) TiO2-NBS-
WRi, (c)TiO.-HCI-WRi, (d)TiO2-HNO3-WRi, (e)TiO»-
HCI-(200°C/Cycle)-Ri, and (f) TiO,-HNO3-(200°C/Cycle)-
Ri. The average thickness for Fig. 2(a) and Fig. 2(b) were
3.60 um and 1.90 pm; respectively. The microstructure can
be deduced from the image brightness by superimposing the
sponge-like films. Fig. 2(a) — (d) observed the sponge-like
and knobs-like morphology of the titania nanostructures.
The acids of the solution affect the agglomeration of the
particles [14]. Fig. 2(c) and Fig. 2(d) observed that particle
size decreases due to different types of acids. The structure
was formed by single nano-sized titania particles linked
together, resulting in a random arrangement of holes and
cavities. The pores were merged, forming bigger holes with
irregular shapes. The Fig. 2(e) — (f) observed the
microstructures of the samples after being dried at 200 °C
and annealed at 500 °C. Fig. 2(e) observed continuous films
and line of traces while Fig. 2(f) observed surface cracking
of TiO; films. Microstructure of films that observed in Fig.2
were taken different electron motion under driving potential
with UV irradiation.

The UV-Vis optical transmittance spectra of TiO; films
prepared under different conditions and annealed at 500 °C
are observed in Fig. 3(a) — (c). The optical transmittance
spectra were collected wavelength in the range of 200 — 1100
nm. The measurements were taken at a normal incidence
using a reference glass substrate. The samples of TiO,-
NBS-Ri, TiO2-NBS-WRi, TiO,-HCI-Ri, TiO,-HCI-WRi,
TiO2-HNOs3-Ri, TiO2-HNO3-WRI, TiO2-HCI-(25°C/Cycle) -
(200 °C/Cycle)-Ri, TiO,-HCI-(200°C/Cycle)-Ri, and
TiO2-HNO3-(200 °C/Cycle)-Ri observed sharp rise in
transmittance at the violet-ultraviolet transition region from
almost zero to maximum ~80%. The average value of
transmittance for these films were around 40 — 80% in the
visible region. The samples of TiO,-NBS-Ri and TiO,-NBS-
WRIi observe very low transmittance (<1%) throughout the
scan range. The various measurements in sensing detection
for evaluating the optical performance of conducting oxide
films involved the determination of the transmittance. This
behavior was attributed to increase the thickness with the
number of atoms layer, that lead to increase the collisions of
electromagnetic wave of light to atoms, leading to a decrease
in transmittance. [15].

Fig. 4(a) — (c) observed the current (I)-voltage (V)
relation under UV irradiation. Results observed an
increasing trend in current with an increase in bias voltage
(-20 —20 V) for all the films and verified the contact ohmic
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Fig. 2 Cross-section and top-view of FESEM images for the TiO; films (a) NBS-Ri, (b) NBS-WRI, (c) HCI-WRI, (d) HNOs-
WRI, (e) HCI-(200°C/Cycle)-Ri, and (f) HNOs-(200°C/Cycle)-Ri.

nature. Fig. 4(a) is observe the I-V characteristics with
various conditions of the rinsing process and different types
of acids of TiO; films measured under UV irradiation. High-
energy photons were absorbed by the TiO; film when light
strikes the TiO, UV detector. A photocurrent will be
observed at an exact bias voltage as photon-generated
carriers drift toward the contact electrodes. Results observed
that the obtained TiO, structure exhibits excellent ohmic
behavior as indicated by a linear I-V curve dependence.
Currents increase as bias voltage increases, and various
conditions resulted in different slopes for I-V curves.
According to the I-V curve measurement, the
photocurrent of the film rinsed was significantly higher than
the film without rinsing. The photocurrent for the TiO,-
NBS-Ri and TiO; - NBS-WRi were 0.36 and 0.19 pA,
respectively. Results of a photoconductive UV detector were
on exhibit as linear I-V curves in Fig. 4(a) — (c). This result

observed the high sensitivity of the TiO, UV detector that
was obtained. Prepared TiO, was n-type semiconductor
material with electrons as majority charge carriers. The
primary cause for the photoconductive characteristics of the
fabricated device is the adsorption and desorption of oxygen
molecules on the surface of the TiO, material. On the surface
of semiconductor materials, atmospheric oxygen is
adsorbed, trapping electrons from its conduction band, and
it is provided as eq. (1);

[0,(gas) + e — 0, (ads)] 1)

Electron-hole pairs are generated as photons with
energies higher than the band gap are incident on the
material when semiconductor material is exposed to UV
light. As shown in eq. (2) these photogenerated holes
recombine with the adsorbed oxygen to desorb oxygen from
the surface of the semiconductor material.
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Fig. 3 Transmittance spectra of the TiO; films (a) NBS-(Ri,WRi), (b) HCI-(Ri,WRi), HCI-(200 °C/Cycle)-Ri and HCI-
(25°C/Cycle)-(200°C/Cycle)-Ri, and (c) HNO3-(Ri,WRi) and HNOs-(200 °C/Cycle)-Ri.
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This process generates to increase carrier concentration,
which causes increasing photocurrent when exposed to UV
light. Even after the UV light is turned off, photocurrent can
be observed flowing through the device. This is a result of
the persistent photoconductive (PPC) phenomenon, in which
photoinduced current persisted in the device even after the
light source is turned off. As a result, the photocurrent does
not return to its initial value when the UV lamp is turned off.
The time period photoconduction process depends on
surface-related oxygen adsorption and photodesorption
processes of that relates to the PPC effect [16 — 18].

Fig. 4(b) and (c) the photocurrent of the different types
of acid-adjusted samples after being dried at 200 °C and
annealed at 500 °C. The photocurrent for the TiO2-HCI-Ri
and TiO2-HCI-(200°C/Cycle)-Ri for potential different of
-20 — 20V were 0.01 and 0.12 pA, respectively. Types of
acid enhanced the crystallinity also promotes the formation
of crystallite size. Such results observe that the fabricated

devices were gotten internal gain. It was conceivable that the
TiO, defects on the surface acted as trapped states that
captured photoelectrons under irradiation. The trapped states
enhanced the carrier lifetime and increased internal gain of
device by decreasing the likelihood of electron-hole pair
recombination [19, 20].

In addition, repeatability is also one important
parameter that can be used to evaluate the reliability of a
fabricated detector. The repeatability of the detector was
investigated by testing three conditions as observed in Fig.
5(a) and (b). The photocurrent in continuous seven test days
indicates repeatability. The average response value had a
small relative deviation, revealing that the detector
maintains its initial response without significant decreasing.
Moreover, the long-term stability of a UV detector has
attained much attention, for which the reliability of UV
detectors. To verify the stability of the detector, the UV
responses observed the photocurrent over 7 days were tested
at room temperature.
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Conclusion

TiO,-based UV detector had been successfully prepared
by using TiO; films coated via a simple and low-cost by dip
coating technique. TiO.-films UV detectors with Ag
electrodes were fabricated. The photoelectrical observation
measured that the TiO,-NBS-Ri photocurrent was 30 and 45
times higher than the TiO2-HCI-Ri and TiO,-HNOs-Ri and
the resistance under UV illumination of the TiO,-NBS-Ri
was less than the TiO,-NBS-WRi. The UV detector based
on TiO.-NBS-Ri exhibits high performance including the
preferable response and good repeatability. All of these
results observe that these films can be a promising candidate
as a UV photodetector applications.
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