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ABSTRACT 

Dye-sensitized solar cells (DSSCs) are a promising alternative to traditional silicon-based photovoltaic systems due to their efficient 
light-to-electricity conversion. A critical component of DSSCs is titanium dioxide (TiO2), responsible for converting light into electrical 
energy. Spray pyrolysis was one of the methods for fabricating TiO2 thin films. However, there are several drawbacks, such as 
challenges in particle size control, maintaining homogeneity of the thin film, and scalability issues during the deposition process. 
Modifications to the manufacturing process are necessary to achieve optimal performance in DSSCs, particularly with the thickness of 
the cell. This work focuses on the 2-axis spray pyrolysis process, a cost-effective way to create thin and thick films. In particular, it 
focuses on TiO2 thin films utilized as working electrodes in DSSC applications. The method was performed at different motor speeds, 
namely MS80, MS100, and MS120. The X-ray diffraction (XRD) spectrum showed that the dominance of the anatase phase appeared 
in an MS100. The UV-Vis results depict that the band gap value is 3.02 eV. The surface profiler analysis indicates that sample MS100 
has an optimal thickness of 15.17 µm. The DSSC achieved 9.4% efficiency with sample MS100. This finding demonstrates that using  
2-axis controlled spray pyrolysis deposition improves DSSC performance with an optimal motor speed. 
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1. INTRODUCTION 

Solar power offers a pure, sustainable, and less expensive 
energy source for people while also serving as a significant 
energy source for other energy sources, such as wind 
energy, water, bioenergy, and fossil fuel [1-4]. Solar cells are 
categorized based on their material composition. These 
include organic dye solar cells, dye-sensitized, non-crystal, 
multiple crystals, and single-crystal silicon solar cells [5-7]. 

Since DSSC use the same principles as photosynthesis in 
plants and can be produced cheaply, they are anticipated to 
be among the next generation of solar cells [6, 8-10]. A DSSC 
has four essential components: a working electrode, a dye, 
an electrolyte, and a counter electrode [11-13]. Typically, 
the working electrode used in DSSC is made of titanium 
dioxide TiO2 material [14-16]. To improve DSSC 
performance, it is crucial to consider several properties of 
TiO2 as a working electrode [17]. Some notable  
 

 

characteristics include a large surface area, a 
nanocrystalline structure, a wide band gap, and others. 

Depositing TiO2 onto the Fluorine-doped Tin Oxide (FTO) 
substrate determines its properties [18]. Deposition of TiO2 
on the FTO substrate using many existing methods is often 
expensive and inefficient [19]. The method used to fabricate 
TiO2, such as sol-gel, hydrothermal, sputtering, chemical 
vapour deposition (CVD), electrodeposition, screen 
printing, or spray pyrolysis, can affect its crystalline 
structure, surface area, and other characteristics [20]. Out 
of these methods, spray pyrolysis is usually considered the 
most optimal. 

Spray pyrolysis is being continuously improved to increase 
the quality of solar cells [21]. Spray pyrolysis techniques are 
now used in the following applications: standard pyrolysis  
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via spray deposition, pyrolysis in thin-film deposition spray, 
jet nebulizer spray pyrolysis (JNSP), flame spray pyrolysis  
 

(FSP), jet ultrasonic spray pyrolysis (JUSP), laser pyrolysis 
(LP), and electrospray pyrolysis (EP) [22]. This 
manufacturing method offers various benefits, such as the 
easy process of adding certain substances into the spray 
composition for doping the films. The process takes place in 
air ambient, which means that there is no need for vacuum 
conditions. Additionally, it operates at moderate 
temperatures, resulting in a simple and compact fabrication 
process [23]. 

This process involves several processes, including 
producing small spray droplets from the precursor solution, 
solvent evaporation, solute reduction, chemical reaction of 
the solute, spray droplet breakdown, and the sintering of 
thin films [24]. There are several drawbacks associated with 
this method. For instance, it has limited thickness control 
which results in variations in film thickness [15]. 
Additionally, spray uniformity is also a concern, as it can 
lead to non-uniform film thickness. Moreover, this method 
has a low deposition rate compared to some other methods, 
which makes it less efficient for large-scale production. 
There is limited study on 2-Axis Controlled Spray Pyrolysis 
Deposition Devices for DSSC like Figure 1. This study can 
lead to optimizing TiO2 deposition on FTO substrate to 
improve DSSC efficiency. 

2. METHODOLOGY 

This section discusses the fabrication process of TiO2 thin 
films, including the chemicals used and the 2-axis spray 
pyrolysis technique. Several characterizations of the TiO2 
thin films are covered, such as XRD, UV-Vis spectroscopy, 
surface profilometry, and I-V analysis. 

 

Figure 1. The figure 2-Axis Controlled Spray Pyrolysis Deposition 
Device 

2.1. Synthesis of TiO2 Nanoparticles 

To synthesize TiO2 nanoparticles (NPs), Degussa TiO2 P25 
powder, acetic acid, TKC-303 solution, ethanol and Triton X-
100 were required. First, 0.3 g P25 powder was mixed with 
5.5 ml acetic acid. Then, 20 ml TKC-303 solution was added 
to the P25 solution and the solution was thoroughly stirred 
using a magnetic stirrer for a few minutes to ensure 
complete mixing. Next, 30 ml of ethanol was added to the 
solution with several drops of Triton X-100. The mixture 
was then subjected to ultrasonic treatment for 30 minutes 
to enhance nanoparticle dispersion. 

2.2. Fabrication of DSSC 

Electrodes based on TiO2 nanoparticles were prepared by 
spray pyrolysis method into various motor speeds which 
are MS80, MS100, and MS120. With this method, TiO2 NPs 
were deposited on an opaque FTO substrate in multiple 
layers to achieve the desired thickness like Figure 2. 

This project describes a device i.e., a spray nozzle used in 
the spray pyrolysis method by incorporating 3D printing. 
The input of this system by using the push button to control 
the movement. The control unit is Arduino MEGA and the 
output is a stepper motor to move the X and Y axis direction 
and a servo motor to open and close the airbrush as shown 
in Figure 3. 

Figure 4 indicates the hardware setup of the spray-pyrolysis 
system in the project including essential components such 
as an air compressor, stepper motor, hot plate, and spray 
nozzle. This system enables the deposition of metal oxide 
plates onto a substrate through the atomization of a 
precursor solution. The precursor solution, containing the 
necessary chemicals for deposition, is delivered to the spray 
nozzle and atomized using compressed air. The movement 
of the spray is precisely controlled by a stepper motor, while 
the nozzle is set at a fixed height from the substrate. To 
ensure the desired outcome, the substrate is heated by a hot 
plate. This heating process helps evaporate the sprayed 
solution, allowing only the desired particles to be absorbed. 
The flow rate of the compressed air is regulated by an air 
compressor regulator, ensuring optimal control over the 
deposition process. To achieve an even surface on the 
substrate, the solution is periodically sprayed and given 
time to evaporate. This careful approach prevents the 
formation of cracks or uneven surfaces caused by 
incomplete evaporation, leading to a more uniform and 
desirable deposition outcome. 

 

Figure 2. The diagram of DSSC fabrication 
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Figure 3. The block diagram of the project 

 

Figure 4. The hardware setup 
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2.3. XRD Analysis 

The phase purity structure of TiO2 calcined at 450°C was 
characterized using PANanalytical X-Pert3 Powder X-Ray 
XRD. The scan axis for 2θ was established with a starting 
position of 20˚ and an ending position of 80˚. The 
measurement's scan range was defined in continuous scan 
mode. The equipment was connected to graphical XRD 
software (X'PERT HIGHSCORE) which can change and 
examine the scan of the sample. The scanning sample was 
operated at tube voltage and current which are 40kV and 40 
mA, respectively. The scanning process was done in a small 
area at room temperature. 

2.4. UV-Vis Analysis 

The UV-Vis spectrometer is an instrument used to measure 
the absorbance and transmittance of a sample and analyze 
the optical properties of thin films. To determine the 
transmittance of light, optical characterizations were 
carried out and the Lambda 25 UV/VIS spectrophotometer 
was used to measure the direct band gap energy in the 
region of 300 nm – 800 nm. Spectroscopic data can be used 
to determine the band gap of a semiconductor. Equations 
(1) and (2) below provide the semiconductor band gap 
computation formulas using Tauc's graphic [25]: 

𝛼 =
1

𝑡
× ln (

1

𝑇
) (1) 

(𝛼ℎ𝑣)1 2⁄ = ℎ𝑣 − 𝐸𝑔 (2) 

where α represents the absorption coefficient, hv 
represents the photon energy, A is a constant, and Eg is the 
bandgap. 

2.5. Surface Profiler 

Measuring surface thickness is done with a profilometer or 
laser scanner. A smooth surface is one where the Ra is 
minimal and the deviations are greater. 

2.6. DSSC Performance 

The sun simulator provides a controllable indoor testing 
environment in a lab setting. A solar simulator will offer an 
I-V graph displaying the current and voltage produced by 
the solar cell manufactured under regulated wavelength 
and energy illumination. The measurement of a solar 
simulator is fixed during measurement by using Equation 
(3) that calculate the efficiency of the sample, Equations (4) 
and (5) focus on the calculation to get the Pin and Pout value, 
and Equation (6) to measure the fill factor [26]. 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
× 100% (3) 

𝑃𝑖𝑛 = Intensity × Effective Surface Area (4) 

𝑃𝑜𝑢𝑡 = 𝐼𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥  (5) 

 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐼𝑠𝑐 × 𝑉𝑜𝑐
 (6) 

When plotting an I-V curve for a solar cell, the short-circuit 
current (Isc), open-circuit voltage (Voc), current and voltage 
at maximum power point (Imax and Vmax, respectively), and 
maximum power point (Pmax) are typically highlighted. Imax 
and Vmax will right away read from the IV measurement 
data. 

The light utilized for the measurement had an intensity of 
100 mW/m2, or irradiance. An effective solar cell surface 
area was 0.25 cm2. Meanwhile, (FF) was The ratio between 
the maximum power output (Vmax · Imax) and the maximum 
theoretical output (Voc . Isc) that can be used to calculate the 
efficiency of the device 

3. RESULTS AND DISCUSSION 

3.1. XRD Analysis 

Figure 5 displays the changes in the XRD pattern of TiO2 
nanostructured film fabricated by spray pyrolysis at 
different motor speeds. According to JCPDS File No. 98-015-
4604, TiO2 for samples MS100 is naturally polycrystalline. 
The (101) diffraction peak has the strongest intensity, while 
the intensity of other peaks is weak and broad. In the 
diffraction patterns, distinct peaks for sample MS100 were 
observed at 2Ɵ values of 25˚, 37˚, 48˚, 53˚, and 55˚, 
corresponding to the 101, 004, 200, 105, and 211 planes of 
TiO2, respectively. 

The crystallite size of the film was determined by applying 
Scherrer's equation at different motor speeds. The 
crystallite size varied from 16.62 nm to 46.14 nm at MS80. 
The crystallite size ranged between 30.85 nm and 32.96 nm 
for MS100. Finally, the crystallite size varied from 16.61 nm 
to 12.82 nm at MS120. 

 

Figure 5. The XRD patterns of TiO2 anatase  
(JCPDS card no. 98-015-4604) 
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3.2. UV-Vis Analysis 

The UV–vis spectra of TiO2, samples MS80, MS100, and 
MS120 are presented in Figure 6. UV-Vis spectra are 
acquired in this experiment at wavelengths spanning from 
300 nm to 800 nm. The absorption edge at approximately 
360 nm in TiO2 results from the intrinsic bandgap excitation 
of anatase, which has a bandgap of 3.2 eV. The increase in 
motor speed during the TiO2 deposition process results in 
an effective absorption threshold. As shown in sample 
MS100, there is a single sharp absorption at around 351 nm 
in the absorption spectra, which is in good agreement with 
the bulk anatase's band gap value. This absorption 
corresponds to 3.2 eV. 

According to TiO2 UV-Vis spectroscopy data, the peak 
absorption occurs between 320 and 360 nm. Figure 6 shows 
the greatest absorbance at a sample MS120 was found to be 
at 327 nm, and absorbance fell off sharply after that. The 
highest absorption at samples MS80 and MS100 was 
measured at 351 nm. The three observations' absorbance 
values varied from 0.1 to 1.0 a.u. These differences in peak 
absorbance wavelengths at various speeds might be related 
to the TiO2 sample's properties and the testing setup. The 
TiO2 absorption spectra were examined to evaluate how 
well it could absorb light in the visible band (300–800 nm). 
TiO2 typically absorbs light with a peak wavelength of 
around 320 to 380 nm, indicating its strong absorption of 
UV radiation within this range. 

3.3. Surface Profiler Analysis 

The surface profiler was used to determine the sample's 
thickness as shown in Table 1. The TiO2 thickness of 
measured samples is calculated by using the characteristics 
of optical films. The thickness for sample MS100 shows the 
optimum range at 15.17 µm. While excessive thickness for 
DSSCs encourages aggregation and prevents atom transfer, 
 

excessive thinness causes breakage and poor dye 
absorption. By establishing the right balance, which ensures 
efficient dye absorption and electron transmission, the 
DSSC's efficiency is boosted. 

3.4. DSSC Analysis 

Solar cell efficiency is a measure of the performance of 
DSSC. The energy output produced by a solar cell is divided 
by the energy input received from sunshine to calculate its 
efficiency. It displays the solar cell's capacity to transform 
light into useful electrical energy. The efficiency of a solar 
cell can be affected by factors such as temperature and light 
intensity. TiO2-Dye N719 films' I-V graph and efficiency 
studies demonstrate that annealing them at 450°C increases 
current and efficiency. The highest efficiency of 9.4% was 
achieved at sample MS100 as shown in Figure 7. Because it 
resembles printer action, this speed is thought to be great 
and suitable for the pressure and spray solution applied to 
the substrate. MS80 results in a 6.4% efficiency, whereas 
MS120 results in a somewhat lower 7.8% efficiency. 

Under solar illumination, the maximum voltage that can be 
generated by the cell is equal to the difference between the 
Fermi level of TiO2 and the redox potential of the electrolyte, 
around 0.7 V (Voc). If there is a light it is connected to it in an 
"open circuit". Regarding voltage, DSSC has a developed Voc 
compared to silicon, ranging from 0.7 V to above 0.6 V. 
Different strategies for using TiO2 in DSSC have been 
investigated in earlier research. 

Table 1. The thickness data of TiO2 thin film at various motor 
speeds 

 

Motor Speed  

(steps/rev) 

Thickness 

(µm) 

MS80 13.04 

MS100 15.17 

MS120 27.50 

 

 

Figure 6. The different range of motor speeds for UV-Vis 
absorption spectra 

 

Figure 7. The I-V measurement of TiO2 thin film with different 
motor speeds 
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4. CONCLUSION 

The use of the 2-axis Controlled Spray Pyrolysis Deposition 
Device enabled the effective production of TiO2 thin films 
at different motor speed deposition rates. The regulated 
spray speed during deposition resulted in improved 
performance and consistency of the thin films. After 
analyzing the XRD, it can be concluded that sample MS100 
contains an anatase structure. Meanwhile, the UV-Vis 
analysis reveals the sample MS100 has a band gap value of 
3.2 eV which is the optimum value based on previous 
studies. The MS100 sample also yields an optimum 
thickness value of 15.17 µm, which is suitable for DSSC 
application as determined through surface profiler 
characterization. The DSSC based on TiO2 nanoparticles 
was characterized using a current-voltage measurement 
instrument, achieving a power conversion efficiency of 
approximately 9.4% for sample MS100. Spray pyrolysis 
was chosen as the method for producing thin films on a 
wide scale because of its potential. For DSSCs, it provides a 
straightforward setup and excellent efficiency. 
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