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Abstract  
 Dye-sensitized solar cells (DSSCs) are an alternative method for converting solar energy into electrical energy and 
have attracted significant interest due to their environmentally friendly production process, relatively low fabrication cost, 
and competitive efficiency. This study aims to investigate the efficiency and photoresponse of DSSCs using yttria-
stabilized zirconia (YSZ) as a solid electrolyte to replace the conventional liquid electrolyte. The DSSC consists of 4 main 
components: A photoanode made from mesoporous TiO2, a counter electrode using carbon/graphene, the dye N719, and 
YSZ solid electrolyte. Mesoporous TiO2, YSZ, and graphene were deposited using screen printing, doctor blade, and 
knife coating methods, while the dye N719 was injected into the film. The samples were characterized using XRD, SEM, 
and UV-Vis spectroscopy. Based on the analysis result, with the increase of the thickness from 5 - 25 μm, the crystal size 
was increased from 6.37 - 6.92 nm and porosity was decreased from 63.5% - 58.0%, while the band gap increased (3.34 
- 3.37 eV), respectively. The solar cell efficiency and photoresponse were measured using a solar simulator. The highest 
efficiency achieved was 3.88% for the YSZ thickness. Additionally, the TiO2/YSZ film demonstrated a rapid response to 
light exposure, making it a promising material for light sensors. 
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Introduction 

Electrical energy is one of the primary needs 
nowadays. Energy has a very important role in meeting 
all the needs of life in the world [1]. People will be 
encouraged to search for alternative energy as energy 
needs increase. One alternative energy solution that can 
be utilized is solar energy, which is abundant and 
friendly to the environment. Solar energy can be utilized 
as a power plant with the photovoltaic principle [2]. One 
of the most developed photovoltaic devices is dye-

sensitized solar cells (DSSC). In DSSC, solar energy is 
converted into electrical energy by transferring electrons 
from DSSC components [3,4]. These components 
include photoanodes, counter electrodes, dyes, and 
electrolytes [5]. Besides that, efficiency plays a vital role 
in measuring the performance of a solar cell device. To 
increase efficiency, special treatment for 
semiconductors is necessary. The treatment may 
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influence how the dye adheres to the semiconductor 
layer [6].  
 Currently, mesoporous TiO2 is widely developed 
due to the potential to increase the efficiency of solar 
cells [7]. Mesoporous TiO2 has a high band gap (3.4 eV) 
when compared to ordinary TiO2 and ZnO [8,9], due to 
its high specific surface area (112 m2/g) [10,11], the 
uniform pore diameter [12], and its potential role in 
increasing light absorbance [13]. Mesoporous TiO2 has 
a high band gap value (3.4 eV) [13], in which light 
adsorption occurs at the time of dye absorption [8]. 
Additionally, the presence of pores on the surface of the 
thin layer maximizes the absorption of the dye [14]. The 
more dye is absorbed, the more effectively the dye can 
work. In addition, the thickness of the TiO2 substantially 
affects the VOC and JSC since electron transfer, diffusion, 
and production of current are connected to the thickness 
of the TiO2 photoelectrode. Sharma et al. [15] showed 
that the TiO2 showed the highest efficiency at a 12 µm 
thickness layer. 
 The counter electrode used in this study is 
graphene, which has layers of carbon atoms [16]. 
Graphene has electrolytic properties as well as high 
magnetic properties [17]. This material looks promising 
for use in the present study. This is due to its easy 
availability [18], high specific surface area (305 m2/g) 
[19], and high electrical conductivity (2×10−3 S/cm) 
[20]. Several studies have been conducted, with the 
majority utilizing liquid electrolytes based on I/I3

−, 
demonstrating high-efficiency performance. However, 
using liquid electrolytes has disadvantages, such as 
susceptibility to solvent evaporation, leakage, and 
degradation of electrolyte materials, which can lead to 
photoanode corrosion [21]. As a solution, the 
development of solid-state electrolytes for DSSCs 
presents a promising alternative. Therefore, this study 
switched to using solid electrolytes. Solid-state 
electrolytes offer advantages such as improved stability 
and greater potential for long-term applications. The 
solid electrolyte that will be applied in this research is 
an electrolyte based on yttria-stabilized zirconia (YSZ), 
where this material has high mechanical properties and 
ionic conductivity (> 1×10−3 S/cm) [22,23]. Ionic 
conductivity is electrical conductivity due to the motion 
of ionic charge and is a critical parameter required for 
superionic conductors to be successfully applied as solid 
electrolytes [24]. The ionic conductivity of YSZ 

material depends on factors like grain size, amount of 
dopant, method of production, temperature, etc. [25]. 
YSZ-based solid electrolytes have a lower 
environmental footprint when compared to conventional 
liquid electrolytes in DSSCs because they do not use 
toxic organic solvents. On the other hand, liquid 
electrolytes produce emissions and are difficult to 
recycle, thus increasing the potential for environmental 
pollution. Thus, overall, YSZ-based solid electrolytes 
are more environmentally friendly in the long term than 
liquid electrolytes for DSSC applications [21]. Solovyev 
et al. [26] have reported the electrical properties of YSZ 
solid electrolyte thin films through current and voltage 
relationships. The measurement results show that the 
cell that YSZ thin film electrolyte produces a maximum 
power density of 425 mW/cm2 at 600 ℃ [26]. The power 
density measurement uses a liquid electrolyte of 300 
mW/cm2 at 550 - 600 ℃ [27]. Therefore, this study 
aimed to determine the crystal structure and optical 
properties and improve performance in DSSC using 
YSZ solid electrolyte. This research will combine 
mesoporous TiO2 films as photoanodes with YSZ 
thickness variations of 5, 15 and 25 µm, which are 
expected to improve efficiency performance.  
 
Materials and methods 
 Blocking layers were synthesized using 0.5 mL 
titanium (IV) (tri ethanol) isopropoxide (TTIP) mixed 
with 5 mL isopropanol and then stirred for 2 h at 500 
rpm at room temperature. Deposition on ITO glass by 
the spin method at 3,000 rpm. Then, it was heated on a 
hot plate at temperatures of 100, 300 and 500 ℃ for 15, 
15 and 30 min, respectively. To synthesize TiO2 
mesoporous, 0.25 g of PEG, 1 g of TiO2, and 1 mL of 
HNO3 were mixed and ground for a total of 70 min. The 
deposition of TiO2 on ITO glass was done using the 
screen-printing method. The film was then heated on a 
hot plate at 100, 300 and 500 ℃ for 15, 15 and 30 min, 
respectively. Next, post-treatment was carried out on the 
ITO/TiO2 film. 100 µL TTIP was added to a 20 mL 
isopropanol stirrer for 30 min at 500 rpm at room 
temperature. Then, heat it in the oven for 30 min. Clean 
the sample with ethanol p.a., then heat it on a hot plate 
at a temperature of 500 ℃ for 30 min. After that, 
synthesize the solid electrolyte. YSZ was heated at 
1,200 ℃ for 2 h. Two g of YSZ powder were crushed 
for 30 min, then 300 µL isopropanol and 180 µL HNO3 



Trends Sci. 2026; 23(3): 11651   3 of 12 

p.a were added. Deposition on the substrate using the 
doctor blade method with varying thicknesses of 5, 15 
and 25µm. Heat at 100 ℃ for 1 h. To synthesize the 
carbon counter electrode, 0.02 g of graphene was mixed 
with 0.02 g of PVDF and dissolved in 2 mL of NMP. 
Then, stir at 600 rpm for 24 h. Deposition on a silicon 

wafer with the knife coating method and keep it in the 
oven for 1 h at 100 ℃. The N719 dye was injected into 
the film before the characterization to finish the 
fabrication. Illustrate the DSSC using YSZ electrolyte, 
as shown in Figure 2.

 
 

 
Figure 1 Schematic illustration of the deposition mechanism for TiO2/YSZ films and graphene film. 
 

 
Figure 2 Illustrate of TiO2/YSZ Film. 
  

The successfully fabricated TiO2 mesoporous and 
TiO2/YSZ films were then characterized by X-ray 
diffraction (XRD) using a PANalytical X’Pert Pro with 
a monochromated Cu-Kα source (λ = 1540 Å) to 
determine the crystal structure. Ultraviolet-visible (UV-
Vis) spectroscopy, using an Analytik Jena Specord 200 
plus, was performed to determine the band gap and 
absorbance values of the TiO2/YSZ film. A scanning 
electron microscope (SEM) detected the thickness of the 
layered material. In addition, low-cost solar simulators 
abet technologies model 10500, providing a constant 
light intensity of 100 mW/cm², and photodetector 
measurements were used to determine the efficiency of 
this TiO2 mesoporous/YSZ film. The TiO2/YSZ thin 
films were labeled as YSZ-5, YSZ-15, and YSZ-25, 
corresponding to YSZ thicknesses of 5, 15 and 25 µm. 
 
Results and discussion 
 Figure 3(a) shows the diffraction pattern of TiO2 
mesoporous. Some of the TiO2 mesoporous peaks 
formed are at angles of 25.19°, 37.66°, 53.75°, 55°, 
70.26°, and 74.97°. All peaks correspond to the 
mesoporous tetragonal TiO2 anatase phase with the 

41/amd space group, according to a study conducted by 
Singh et al. [28]. Based on the results of the analysis 
using Rietica Software with code AMCSD 0019093, 
there are other ITO peaks found at angles of 30.1°, 
35.13°, 47.93°, 50.59°, 60.02°, and 62.57°. The lattice 
parameters of the mesoporous TiO2 sample from Rietica 
showed a = b and c of 3.786 and 9.520 Å, respectively, 
which aligns with previous research by Wang et al. [29]. 
Crystal size is obtained from the calculation of the 
Scherrer Eq. (1): 
 

𝐷𝐷 = 𝐾𝐾𝐾𝐾
𝛽𝛽 cos 𝜃𝜃

                                                               (1) 

 
 The K value is 0.9, which is the value of the 
Scherrer constant and depends on the crystal form [30]. 
λ is the wavelength that represents X-rays with a 
magnitude of 0.154056 nm. β is the dominant peak’s full 
width at half maximum (FWHM) value shown in Table 
1. θ is the diffraction peak angle in rad. So, the crystal 
size obtained at the hkl peak (101) is 7.36 nm. Figure 
2(b) shows the diffraction pattern of TiO2/YSZ films 
with varying YSZ thickness. The thicknesses given are 



Trends Sci. 2026; 23(3): 11651   4 of 12 

5, 15, and 25 µm, respectively. Based on the XRD 
results, the thicker the YSZ, the higher the YSZ peak. 
The YSZ has a cubic crystal structure with a 3 m Fm 
space group [31]. Some of the YSZ peaks that are 
formed are at angles of 30.21°, 31.51°, 35.13°, 59.91°, 
62.79°, and 74.29°. According to the analysis, the lattice 
parameters of YSZ are 𝑎𝑎 = 𝑏𝑏 = 𝑐𝑐 = 5.154 Å, which aligns 
with previous research by Wang et al. [32]. Meanwhile, 
the smaller the mesoporous TiO2 peak detected. This is 
because YSZ is more dominant when compared to TiO2 
at the thickest thickness.  
 The surface morphology, cross-section, and 
particle size distribution of the films are shown in 
Figure 4. The figure shows the TiO2 thickness of 10.4 
µm and the diameter analysis curve for mesoporous 
TiO2 with an average 400 - 500 nm diameter. This is 
following research conducted by Zhang et al. [33], 
which resulted in a diameter of 200 - 500 nm. The YSZ 
surface morphology with thickness variations of 5, 15, 
and 25 µm, respectively. The SEM analysis shows that 
the different thicknesses of the doctor blade method did 
not contribute much to surface morphology. On the 
other hand, agglomeration of the YSZ particles is 
evident due to the high-temperature treatment. Table 1 
shows the porous diameter and porosity of TiO2 and 
TiO2 mesoporous/YSZ in several variations. It can be 
seen that the thicker the YSZ, the bigger the porous 
diameter appears. This corresponds to the XRD 

analysis, as explained previously. The agglomeration 
also resulted in a larger particle size of YSZ [34]. It can 
be seen from the graph that the thicker the YSZ, the 
lower the porosity value would be. The porosity values 
for each variation of YSZ thickness are provided in 
Table 1. These values can be calculated using Eq. (2) 
[35]. 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) =  �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

� ×

100%                                                         (2) 

 
 This relates to the results of the particle size 
obtained, which shows that the lower the average 
diameter value obtained, the higher the porosity value. 
If the porosity value is greater, the dye absorption will 
also be maximized because the active surface area 
produced is greater [36]. A larger active surface area can 
improve overall solar cell performance [37]. This is due 
to the larger active surface area. The cross-section 
results from the SEM with the variation of YSZ are 5, 
15 and 25 µm, respectively. The results are pretty good. 
Several things influence the thickness of this film. The 
thickness of the TiO2 mesoporous layer is affected 
during the screen-printing process, so the thickness is 
not controlled for each sample. Meanwhile, the 
thickness of the YSZ solid electrolyte is adjusted during 
the doctor blade process.

  
 

 
Figure 3 Diffraction pattern of (a) TiO2 mesoporous, (b) TiO2/YSZ films. 
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Figure 4 Morphology, cross-section, and particle size distribution of TiO2 and TiO2/YSZ with a magnitude of 10,000×. 
 
Table 1 The crystal size, FWHM, porous diameter, porosity of TiO2 mesoporous, and several thickness variations of 
YSZ. 

Sample Crystal Size (nm) 
FWHM 

(rad) 
Miller index 

(hkl) 
Porous diameter (nm) Porosity (%) 

TiO2 mesoporous 7.36 0.0024 1 0 1 469.4 ± 0.3 55.9 

YSZ-5 6.37 0.0034 1 1 1 474.1 ± 0.3 63.5 

YSZ-15 6.63 0.0027 1 1 1 655.3 ± 0.4 60.4 

YSZ-25 6.92 0.0031 1 1 1 758.9 ± 0.2 58.0 
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Figure 5 The absorbance and fitting bandgap of (a) TiO2 mesoporous and (b) TiO2/YSZ films in different thicknesses. 
 
 

In Figure 5, the results of absorbance data 
processing of the absorbance of TiO2/YSZ show a 
wavelength range of 300 - 800 nm. Currently, TiO2/YSZ 
films are known only to be able to absorb light at this 
wavelength due to the band gap. This causes the 
absorbance value to be relatively high [38]. In the figure, 
it can also be seen that the absorbance wavelength of this 
film is around 300 nm. According to research by 
Sutherland et al. [39], this can happen because this film 
is closer to the ultraviolet wavelength spectrum. Many 
factors can affect the size of an absorbance value. One 
of these factors is the tire gap value, grain size, and the 

amount of oxygen contained in the material [40]. The 
band gap value of TiO2 mesoporous and the band gap of 
TiO2/YSZ at 5, 15, and 25 µm variations. The TiO2 
mesoporous band gap is 3.73 eV. This value is quite 
significant compared to the absorbance value of 
ordinary TiO2, whose band gap is around 3.2 eV [41]. 
This is the same as Maddu’s study due to the presence 
of other materials, such as PEG material, which can 
result in high band gap values [42]. And the thicker the 
thickness of TiO2 mesoporous/YSZ, the greater the band 
gap value would be.

 
 
Table 2 Absorbance and band gap of TiO2 mesoporous and TiO2/YSZ films. 

Sample Absorbance (nm) Band gap (eV) 

TiO2 mesoporous 274.9 3.73 

YSZ-5 324.9 3.34 

YSZ-15 320.1 3.36 

YSZ-25 323.8 3.37 

 
 

Table 2 presents the absorbance and band gap of 
TiO2 mesoporous/YSZ at varying thicknesses. The 
results show that the highest absorbance value occurs in 
the band with the smallest band gap. Even though it does 
not look much different when viewed from the crystal 
size, the thinnest YSZ layer is obtained, which has the 
smallest particle size, so the surface area obtained in the 
thin layer is the largest. In addition, the smaller the band 

gap, the easier it is to transfer electrons from the valence 
band to the conduction band [43]. The photodetector test 
has a function to determine how quickly the light 
responds to the sample. In this study, testing was carried 
out by irradiating the sample with light for 10 s and not 
being exposed to light for 10 s so that it can be seen how 
fast the response of the sample.
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Figure 6 Photoresponse of TiO2 mesoporous/YSZ. 
 

 
Figure 7 Fitting Photoresponse of Voltage and Current of TiO2/YSZ film in different thicknesses (a), (b) 5 µm, (c), (d) 
15 µm, and (e), (f) 25 µm. 
 
 

Figure 6(a) is a photoresponse graph of TiO2/YSZ 
currents. In contrast, Figure 9(b) is a photoresponse 
graph for measuring TiO2/YSZ voltages, testing this 
sample using a solar simulator with a laser power of 100 
mW/cm2. The graph shows that the TiO2 
mesoporous/YSZ sample responds well. When the 

sample is given solar simulator light, the photocurrent 
can show a rapid increase, and when the sample is not 
given light, the sample responds well without reaching 
saturation [44]. 
 Figure 7 presents the voltage and current 
photoresponse fitting of TiO2/YSZ films at different 
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thicknesses. Under light exposure (Light on), the 
thinnest film shows the most effective response. In 
darkness (Light off), a thinner TiO2/YSZ film also 
responds more rapidly, with response times under 1 s. 
This high responsiveness to light changes makes the 
TiO2/YSZ film well-suited for applications requiring 
fast detection or reaction to light exposure, such as in 
sensors, aligning with the efficiency results obtained.  
 The current photoresponse fitting similarly shows 
that, under illuminated conditions (Light on), the 

thinnest sample achieves the best results, and the same 
trend is observed in darkness (Light off) as well. Thinner 
TiO2/YSZ films produce faster responses, with response 
times consistently within 1 s, indicating strong 
performance. The sharp peak observed in the current is 
due to synchronization when switching from light to 
dark or vice versa [45]. Table 3 provides a summary of 
the photoresponse fittings for TiO2/YSZ films at various 
thicknesses.

 
 
Table 3 Voltage and current photoresponse fitting of TiO2/YSZ films. 

Sample 
Voltage Current 

Light on (𝝉𝝉𝒓𝒓𝒓𝒓) (s) Light Off (𝝉𝝉𝒅𝒅𝒅𝒅) (s) Light on (𝝉𝝉𝒓𝒓𝒓𝒓) (s) Light Off (𝝉𝝉𝒅𝒅𝒅𝒅) (s) 

YSZ-5 0.81 0.66 0.81 0.83 

YSZ-15 0.91 0.72 0.84 0.88 

YSZ-25 1.03 1.16 1.31 1.70 

 
 The performance of DSSC based on solid electrolyte YSZ that has been successfully fabricated is then tested I-V 
with a solar simulator. 
 

 
Figure 8 Efficiency of TiO2/YSZ films in different thicknesses. 
 
 

Figure 8 shows the efficiency fittings of TiO2 
mesoporous/YSZ in different thicknesses, 5, 15, and 25 
µm. It can be concluded that the thinner the thickness of 
mesoporous TiO2 mesoporous/YSZ, the greater the 
efficiency value. This is following research conducted 
by Takayanagi et al. [46]. So, the thinner the film 
thickness, the better the conductivity. The oxygen ion 

conductivity arises due to YSZ oxygen vacancies [43]. 
Increasing the conductivity for thin films can change the 
structure around the vacancies on the surface of YSZ 
grains [46,47]. The following is a table of the results of 
fitting TiO2 mesoporous/YSZ in several thicknesses 
shown in Table 4.
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Table 4 Efficiency parameters TiO2 mesoporous/YSZ. 
Parameters YSZ-5 YSZ-15 YSZ-25 

Rs (Ω) 17.10 6.63 4.12 

Isc (mA) 0.08 0.08 0.07 

Jsc (mA/cm2) 0.78 0.76 0.72 

Voc (V) 4.76 4.76 4.10 

Fill Factor 0.42 0.41 0.35 

Pmax (W) 0.16 0.15 0.10 

Imax (mA) 0.06 0.07 0.03 

Vmax (V) 2.65 2.10 2.95 

Efficiency (%) 3.88 3.71 2.76 
 
 

Based on the results obtained, it can be concluded 
that the thicker the YSZ, the lower the efficiency. This 
can happen because the conductivity of YSZ thick films 
is lower [48]. In addition, YSZ-5 has a smaller crystal 
size, so dye absorption is maximized due to the greater 
active surface area produced [49]. 
 
Conclusions 
 DSSC based YSZ solid electrolyte prepared using 
doctorblade method, with the thickness varying from 5 
to 25 µm. Based on data analysis, increasing the YSZ 
thickness resulted in a increase in crystal size (6.37 - 
6.92 nm) and band gap (3.34 - 3.37 eV), while the 
porosity slightly decreased (63.5% - 58.0%). It can be 
concluded that the thicker YSZ has the smallest crystal 
size correspond to leading to a higher porosity due to its 
larger active surface area. The current and voltage fitting 
results indicated that as the film thickness decreases, the 
response to light becomes faster exhibited superior 
photoelectric response. Finally, the highest efficiency of 
3.88% was achieved at the lowest YSZ thickness, likely 
due to the reduced conductivity in thicker YSZ films. 
Consequently, reducing the YSZ thickness appears to 
enhance the efficiency of solar cell devices. 
Additionally, the TiO2/YSZ film exhibits a quick 
response to light exposure, making it a promising 
material for solar cell.  
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