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Abstract
Although this type of solar cell is still in the developmental stage, it has already garnered significant attention from the scientific com-
munity. This interest stems from the potential to produce energy devices in the future using cost-effective and environmentally friendly
materials. A comprehensive set of materials required for conducting experimental observations was prepared. The study also examined
the effect of ultrasonic treatment on the sample’s photoanode and its influence on the performance of the fabricated photoelectric device.
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Introduction

To date, the preparation procedures of photoanodes employed
in various scientific schools and advanced research centers are
carried out using approaches that are largely similar. However,
significant differences can be observed depending on the type of
dye used as the sensitizer for the photoanode [1].
Initially, FTO (fluorine-doped tin oxide) and ITO (indium tin

oxide) glass substrates are prepared. FTO and ITO glasses are
commonly used to ensure both conductivity and transparency.
Theprimarypreparationmethod involves sequentially heating the
glass substrate and depositing the metal oxides onto the heated
glass surface in the required amounts using specialized high-
pressure equipment [2].
Silicotropy refers to the process of densification or hardening

of materials or thin films using ultrasound or other techniques.
This technology is primarily applied in surface formation or
nanostructure fabrication to achieve high-quality growth and
division. For example, during the formation of nanostructures or
coatings, ultrasound can be used to break the mixture into fine
particles or to induce hardening [3].
Chemical growth is a technology that enables the growth of

materials through chemical methods, such as chemical reactions,
in a solution or gas environment. This process is employed to
control the structure or layering of materials at the molecular or
chemical level [4].

Sputtering Method is a technique for depositing metals or
other materials onto a surface in a gaseous environment under
high voltage. In this process, electrons or ions impact the target
material, causing atoms, molecules, or particles to be ejected in
a controlled manner. These ejected atoms or molecular particles
then adhere to the substrate, forming a specific layer. Thismethod
is commonly used to produce high-quality metallic or conductive
layers, particularly for optoelectronic coatings or the fabrication of
solar cell layers [5].

D.V. Pinjari and colleagues reported results on the synthesis
of TiO₂ nanostructures using the sol–gel method assisted by
ultrasonic treatment. Their study investigated the synthesis
of TiO₂ nanostructures using both ultrasonic and conventional
methods, with particular attention to the role of cavitation effects
during the synthesis process. In both approaches, calcination
was performed at 750°C [6]. The calcination duration was varied
from 30 minutes to 3 hours. The prepared TiO₂ samples were
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characterized using X-ray diffraction and scanning electron
microscopy (SEM).

Figure 1. The process of dissolving lead in sulfuric acid.

Experimental Findings

Ultrasonic-assisted calcination for 3 hours resulted in a complete
phase transition of TiO₂ from anatase to rutile. Compared
to conventional methods, TiO₂ synthesized under ultrasonic
treatment exhibited a higher proportion of the rutile phase. As
the duration of ultrasonic treatment increased, the initial rutile
content rose [8], but beyond the optimal time, a decrease was
observed. Overall, TiO₂ synthesized using ultrasonic assistance
demonstrated higher rutile activity compared to conventionally
prepared samples, which enhances its physical and chemical
properties [9].
Although the methods for synthesizing nanoparticles are

relatively simple and accessible, their potential and properties
have gained significant attention in recent scientific discussions.
One of the primary techniques for obtaining nanomaterials is the
sol–gelmethod. This approach allows for the formation of particle
networks through colloidal solutions (sol) and their conversion
into gels. The sol–gel method is widely employed for producing
various inorganic nanomaterials, including TiO₂, ZnO, SiO₂, and
WO₃. A key advantage of this method is the ability to control the
rate of hydrolysis and condensation, thereby regulating particle
morphology.
To achieve crystallization of the resulting amorphous

structures, a two-step heating process is required: (1) moisture
removal (dehydration) and (2) calcination. Moisture removal is
typically conducted in specialized hot air ovens. The selection
of calcination temperature and duration is critical, as these

parameters influence the characteristics of the synthesized
nanomaterial, particularly its crystalline modifications. For
instance, TiO₂, commonly used in solar cells, is primarily limited
to anatase and rutile modifications. TiO₂ synthesized above 600°C
typically forms the rutile phase, which determines its structural
properties. The duration of calcination is also significant, as
rapid calcination generally leads to partially formed, low-quality
crystals, whereas slower calcination yields more ordered and
high-quality microstructures. During ultrasonic treatment, the
exposure time acts as a key parameter affecting crystal size
and crystallinity. By observing changes in the phase, size, and
properties of TiO₂ as a function of calcination and ultrasonic
sonication time, it is possible to achieve an efficient photoanode
[10].
ITO substrates are widely used for experimental photoanode

fabrication due to their excellent electrical conductivity, which
ensures efficient electron transport. Surface resistivity ranges
from 10 to 30Ω/sq, allowing good performance inDSSCs and other
optoelectronic devices. ITO exhibits optical transmittance of 80–
90% (typically in the 400–700 nm range), enabling sufficient
sunlight penetration into thephotoactive layer. TiO₂ canphysically
and chemically adhere well to ITO surfaces. Additionally, ITO is
inert to many electrolytes and environments, allowing prolonged
use with organic and certain acidic electrolytes.
Despite these advantages, ITO has some limitations. Its high

cost is due to the rarity andexpenseof indium.Mechanical fragility
is another concern: ITO glass plates can crack or break under
bending or impact, which negatively affects conductivity. ITO is
also prone to degradation at elevated temperatures (>50°C) and
may be affected by strong acidic, basic, or hydroxy-containing
environments [11,12].
Alternative substrates for photoanodes include:
FTO (Fluorine-doped Tin Oxide): similar to ITO, but slightly

less transparent andmore affordable.
Graphene or PEDOT-based thin-film networks.
AZO (Aluminium-doped Zinc Oxide) or GZO (Gallium-doped

Zinc Oxide): cost-effective and environmentally safer [13].
FTO glass plates possess advantages similar to ITO. They

can withstand temperatures up to 600°C, making them suitable
for high-temperature processes such as TiO₂ synthesis. FTO
maintains long-term stability in electrolyte environments
(especially in DSSCs) and allows 80–85% light transmittance
in the visible spectrum, enabling effective sunlight penetration
to the photoactive TiO₂ layer. FTO exhibits superior mechanical
durability compared to ITO, with better resistance to bending
and deformation. Additionally, FTO is more cost-effective, as it
does not contain rare elements like indium, making it suitable for
large-scale solar cell production. However, the surface resistivity
of FTO is slightly higher than that of ITO (typically >10–20 Ω/sq)
[14,15].

Figure 2. Ultrasonic generator and dynamic device

The surface of FTO glass, formed by fluorine doping, exhibits
relatively rough morphology. According to the final analysis of
FTO production, its surface can be less uniform compared to
ITO, which may complicate the uniform deposition of certain
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nanostructures or thin films. Additionally, FTO exhibits slightly
lower infrared transmittance compared to ITO, which could pose
limitations for some optoelectronic devices [16].
For the formation of a thin TiO₂ layer, ultrasonic treatment

for 15 minutes was selected. The TiO₂ mixture was dissolved in
ethanol and sonicated at low power until a gel-like state with
cavitation was achieved. To control the signal intensity, both
analog sinusoidal and digital non-sinusoidal signal generators
were used.
The resulting paste was deposited onto the FTO glass substrate

using the spin coating method. The FTO substrate was securely
mounted on a rotating platform, and a small amount of TiO₂ paste
was dispensed onto the center. Centrifugal force spread the gel or
liquid TiO₂ mixture evenly across the FTO surface, forming a thin,
uniform layer [17].
The performance of thin semiconductor layers largely depends

on their light sensitivity and the quality of the mass transport
layer formed during deposition. Typically, the process involves
producing a thin layer from the TiO₂ gel mixture under ultrasonic
treatment. The ultrasonic mixing process is primarily associated
with cavitation [18]. Ultrasonic waves (20–100 kHz) introduce
high energy into the mixture, generating gas bubbles (cavitation
bubbles). When these bubbles collapse, they release significant
energy, increasing local temperature and internal energy, which
facilitates the fragmentation of dispersed structures and promotes
optimal dispersion conditions for thin film formation.

Ekav =
4
3πR

3Pv

Here, Ekav represents the energy of the cavitation bubble, R is
the bubble radius, and Pv is the internal pressure.
To clean other substances and form the TiO₂ layer in a gel state

using an ultrasonic source, the following parameters are selected:
ultrasonic frequency fUt, power PUt, and processing time ti.
The essence of preparing TiO₂ in a gel state using ultrasonic

treatment is as follows. By applying ultrasound, the TiO₂ mixture
is heated through cavitation, resulting in gel formation [20]. This
occurs because the temperature rise causes the liquid acids within
the mixture to gradually evaporate, increasing the mixture’s
density. When the mixture reaches the gel state, it becomes
possible to form a thin, uniform layer with high hardness and
smoothness.
The general formula for the parameters of this process can be

expressed as follows.

Tmax = T0 + αPUS tish

Here, Tmax is the maximum temperature of the cavitation
bubbles, T0 is the ambient temperature, α is the thermal
coefficient of energy generation, PUS is the ultrasonic power, and
tish is the exposure time (s).
The spin coating method is widely used to produce high-

quality thin films. In this process, FTO or ITO glass substrates are
first prepared for use. The substrates are cleaned with ethanol and
dried using a hot air drying device. The TiO₂ gel or suspension,
prepared via ultrasonic treatment, is then dispensed onto the
substrate, which is subsequently set into continuous rotation on
the platform [21].
The spin coating process for determining the film thickness is

based on the following formula:

h(t) = h0 exp
(
– Kη
ρω2

)

Here, h(t) is the film thickness, h0 is the initial layer thickness,

K is a geometric factor, η is the viscosity of the liquid, ρ is
the liquid density, and ω is the rotation speed (radians/s). In
the experimental procedures described above, it was observed
that the gel prepared using ultrasonic treatment exhibited lower
rigidity andprovidedan ideal environment for achievingauniform
coating. During the spin coating process, the TiO₂mixture spreads
from the center towards the edges, forming a smooth and thin
layer.
Understanding the following components and their operating

principles is essential for preparing the mixture using ultrasound.
The ultrasonic source module should operate at a frequency range
of 20–40 kHz and allow power adjustment within 100–300W.

Figure 3. Schematic diagram of achieving ultrasonic cavitation

Signal Generator: It produces digital or sinusoidal signals, with
amplitude and frequency controlled by electronic components or
software.
Mathematically, the signals can be expressed as follows:

Vin(t) = V0 sin
(
2πft +φ

)
Here, Vin(t) is the signal amplitude, f is the frequency, andφ is

the phase.
The energy of the ultrasonic signal is proportional to the power

supplied to the ultrasonic source:

PUS =
V2rms
Rload

Results

The integration of ultrasonic mixing and the spin coating process
creates optimal conditions for high dispersion and enhanced
hardness.
In this graph, the fill factor (FF) was calculated from the

measured values. For sample 1A FA, FF was determined to be
0.000329709. This sample was a photoanode prepared using
the conventional method without ultrasonic treatment, while
a parallel photoelement sample (1U FA) exhibited a FF of
0.000409755.
Evaluating the effect of ultrasonic treatment on different

dyes and their deposition, sample 2A FA had a fill factor of
FF = 0.000486616. The parallel sample, prepared with identical
composition but subjected to ultrasonic-assisted crystallization,
showed a higher FF of 0.000613425.
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Figure 4. Two photoelements: Ru-based N3 and Gulhayri-based. With and with-
out ultrasonic treatment.

Conclusions

Ultrasonic treatment of TiO₂-based high-sensitivity dye-
sensitized solar cell photoanodes results in the formation of
high-quality TiO₂ layers with minimal defects and excellent
optical transmittance. These layers demonstrate enhanced
performance when applied in photovoltaic and photocatalytic
devices. Preparing TiO₂ in a gel state using ultrasonic treatment,
combined with the spin coating method to form thin and robust
films, is of significant importance in modern nanomaterial
fabrication. This process requires the optimization of physical,
chemical, and electronic parameters, as described by the formulas
and theoretical considerations presented above.
To enhance the efficiency of the photoanode fabrication

process using ultrasonic technology, it is essential to thoroughly
investigate the effects of ultrasound on the crystallization within
the complete photoelement. Analysis of the loaded graphs and
sample data indicates that samples prepared with ultrasonic
assistance play a crucial role in improving fill factor and detailed
structural properties, particularly during crystallization. This,
in turn, enhances the overall performance efficiency of the
photoelements.
Furthermore, considering the variable effects of ultrasonic

treatment on different dyes and their deposition, it is important
to define and optimize process parameters accurately. This
approach allows precise control and enhancement of the
crystallization process in the samples, thereby improving
the electrophysical properties and stability of the fabricated
photoanodes. By determining the optimal ultrasonic parameters,
positive outcomes in photoelement production can be expected.
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