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Abstract: The invention of chemically flexible solar cells, known as dye-sensitive solar cells (DSSC), has led to 
cheaper, more ecologically friendly, yet inefficient solar cells. The poor link between the semiconductor and the 
substrate, which impacts the DSSC electrons' mobility, is the root reason of the low efficiency. TiCl4 pre-coatings 
have been used in many studies on semiconductor engineering to boost electron mobility. In order to lower the 
internal resistance in the DSSC, it is known that using TiCl4 pre-coating affects the mechanical strength between 
the semiconductor and the substrate. TiCl4 pre-coating can be done by immersing FTO glass, where 
semiconductors have deposited, in the TiCl4 solution. This study examines how the TiCl4 pre-coating time in the 
production of TiO2 semiconductors affects DSSC performance. To reveal the effects on alterations in the 
semiconductor morphology of TiO2, immersion times in the TiCl4 treatment were set to 10, 20, 30, 40, 50, and 
60mins. The results show that TiO2 nanoparticles with a 60min TiCl4 treatment had better connectivity between 
individual particles than those with shorter treatments. The performance metrics like open circuit photovoltage 
(Voc), short-circuit photocurrent density (Jsc), and fill factor (FF), and efficiency (η) were 0.569 V, 7,616 mA/cm2, 
43.3%, and 2.208%, respectively. 
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1. Introduction

The potential of solar energy has piqued the interest of various scholars. Wasfi adopted solar cells to harness
the power of the sun [1]. Solar energy can be captured using solar cells through a photovoltaic process. The 
electrons in the crystalline structure of a semiconductor material are released from their atomic bonds to form 
energy packets. These packets are used to create an electric current. Silicon cells have been used to create solar 
cells with success. Although silicon-based solar cells have an efficiency of about 18%, they are expensive and 
difficult to produce [2]. 

Gratzel created dye-sensitized solar cells, which are less expensive and environmentally benign solar cells with 
chemical flexibility (DSSC). The photocurrent voltage curve (IV curve), open circuit photovoltage (Voc), fill 
factor (FF), short-circuit photocurrent density (Jsc), and efficiency (η) are some of the measures to evaluate the 
performance of the DSSC. Substrates, semiconductors (photoanodes), dyes, electrolytes, and counter electrodes 
are the main components of DSSC [3, 4]. The efficiency of DSSC hinges on high electron mobility semiconductors 
with wide surface areas for dye absorption [5]. 

In the DSSC application, the semiconductor layer is used as a dye absorption material on each surface to provide 
electron excitation [6]. It is generally accepted that semiconductor nanoparticles have the highest surface area and 
are the best at optimally absorbing dye molecules. However, because the required connections for electrons are 
diminished and dispersed randomly, these structures decrease the mobility of electrons from one particle to another 
[7]. Materials such as Nickel (II) Oxide (NiO), Titanium Oxide (TiO2), and Zinc Oxide (ZnO) make up DSSC 
semiconductors [8]. The great performance of the DSSC is attributed to semiconductor engineering, which is 
known to boost dye absorption and electron excitation by photons [9]. 

TiO2 semiconductors are well suited for usage as nanoparticle coatings due to their excellence in electron 
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injection and great stability [10]. The ZnO nanofiber semiconductor, on the other hand, possesses the qualities of 
high electron mobility or transport rates as well as a wider energy bandgap value to convert more photon energy 
[11]. For optimum performance, double layer semiconductor engineering is often adopted: the DSSC is 
sandwiched between two layers of semiconductors. In this way, the DSSC can more effectively absorb and 
transform the photon energy. The efficiency of the DSSC can be greatly increased by the TiO2 nanoparticle/ZnO 
nanofiber semiconductors [12]. 

Compared to ZnO semiconductors, TiO2 semiconductors significantly improves DSSC performance [13-15]. 
Semiconductor TiO2 nanoparticles, however, have weak adhesive bonding because of the limited connection 
between the particles. This leads to subpar DSSC performance [16, 17]. The type of adhesive bond between the 
semiconductor and the TCO (transparent conductive oxide) substrate determines the TiO2 semiconductor 
performance in DSSC applications [18]. Increased mobility of oxidized electrons in the semiconductor, due to 
high adhesive qualities, might push up Jsc [19]. 

It is exciting to study the increase in adhesive bond, as it may enhance DSSC performance. By pre-coating the 
semiconductor and substrate, the researchers could successfully create the adhesive bond [20]. TiCl4 is a promising 
material for pre-coating [21]. In general, semiconductor TCO glass can be immersed to pre-coat TiCl4 on DSSC 
semiconductors [22, 23]. The internal resistance in the DSSC can be decreased thanks to the structure of TiCl4, 
which is known to increase the mechanical strength between the semiconductor and the substrate [24]. The 
increased adhesion between the two can enhance Jsc [25]. This paper investigates the impact of TiCl4 pre-coating 
time on the production of TiO2 semiconductors for the TiO2/ZnO double-layer DSSC. 

2. Methodology

2.1 Semiconductor Preparation 

In this study, the TCO substrate is a kind of fluorine-doped tin oxide (FTO) substrate, which has been doped 
with semiconductor TiO2 nanoparticles. To maintain superior electrical conductivity and avoid electron and hole 
recombination, a large surface area, strong connections between the TiO2 particles, and adequate adhesion between 
the TiO2 layer and the TCO coated glass are essential [26, 27]. To demonstrate that this construct may operate as 
an active layer and scatter simultaneously to boost dye sensitization, electron transport rate, and ultimately cell 
efficiency, it is necessary to optimize the shape of the TiO2 layer in accordance with the aforementioned parameters 
[28]. 

In practice, surface retardation can thwart electron recombination on the TiO2 surface. Through the co-
adsorption of materials with dyes and the use of insulating layers and materials, modified TiO2 surfaces have been 
created in numerous investigations [29-32]. One of the most popular modification techniques is TiCl4 pre-coating, 
which has the ability to prevent electronic recombination [33]. The mechanical contact between the active layer 
and TCO, particle connection, electron transport coefficient, and ensuing power conversion efficiency were all 
enhanced by the TiCl4 treatment [26]. 

In this study, the semiconductor is pre-coated with TiCl4 using a 40 mM molar TiCl4 solution. By combining 4 
mL of TiCl4 solution (Merck, 1 M) with 96 mL of distilled water, 40 mM of TiCl4 solution was created. To disclose 
how TiCl4 pre-coating affects the morphological structure of the semiconductor and the functionality of the DSSC, 
different immersion times (10, 20, 30, 40, 50, and 60mins) were adopted for the pre-coating process. The 
immersion time refers to the period that TiO2 photoelectrodes are submerged in the coagulated dye solution [34]. 

Before the TiCl4 treatment, the FTO glass, deposited with TiO2, was rinsed with water and ethanol. Then, the 
FTO glass deposited with TiO2 semiconductors was immersed in 20 mL of TiCl4 solution at 70°C. After that, the 
glass was drained and rinsed with water and ethanol to remove the dirt, before being sintered at 500°C for 30min 
with a heating rate of 5°C/min. 

TiO2 nanoparticles/ZnO nanofibers with double-layer semiconductors are used in this study. Electrospinning 
was performed to create the ZnO nanofiber. The precursor solution was prepared with 10 mL distilled water and 
1 g of PVA (Merck, MW = 72,000) (H2O). The solution was stirred at 70°C for 4 h to homogenization, and then 
allowed to stand at room temperature for 8h. The Zn (Ac)2 solution was synthesized using 2 g zinc acetate 
dihydrate ((CH3COO)2Zn.2H2O, Merck) and 8 mL distilled water (H2O). Next, the homogenization was carried 
out by stirring at 70℃ for 1h. After that, the homogenization between the PVA solution and Zn (Ac)2 was carried 
out with a 4: 1 wt% at 70℃ for 8h. Furthermore, the PVA/Zn (Ac)2 solution was allowed to stand at room 
temperature for 24h to remove the foams. In the end, the PVA/Zn (Ac)2 solution was obtained to produce the ZnO 
nanofibers, using an electrospinning machine [35]. 

One millimeter of injection pump electrospinning solution was filled with the synthesized solution. The collector 
plate of FTO glass, which has been coated with TiO2 semiconductor nanoparticles through direct deposition, was 
linked to the negative terminal of a 15 kV high voltage at a distance of 8 cm horizontally from the syringe of the 
electrospinning solution pump. 

The solution will be drawn to the electrostatic field on the negatively charged FTO glass collecting plate when 
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the solution is forced out and the tip of the needle where the solution exits has been exposed to high voltage. A 
flow rate of 4 L/min was employed to move the solution through the needle. The solution then pulls strands known 
as green fibers that adhere to the collecting plate's surface. To get rid of stuck-on dirt, the green fibers were then 
sintered at 500°C for an hour at a heating rate of 5°C/min. A double-layer semiconductor could thus be created by 
depositing nanofibers in FTO. 
 
2.2 DSSC Fabrication and Testing 
 

The FTO glass is submerged in N719 dye from diesel for 24h after the sintering process is complete, so that the 
dye can be thoroughly absorbed. The counter electrode is then joined with the FTO glass, and the electrolyte is 
injected through the counter electrode's hole. Iodide (I3-) EL-HPE from Dyesol was employed as the electrolyte 
solution. 

Next, an SEM (Scanning Electron Microscope) test was carried out to determine the morphological structure of 
the semiconductor TiO2 nanoparticles. Before electrospinning, a SEM examination is performed after the initial 
sintering process. To ascertain the impact of TiCl4 pre-coating on the structural shape of semiconductor compounds, 
X-ray diffraction (XRD) tests were performed. The Uv-Vis test was utilized to determine the dye loading value, 
or how much dye the semiconductor can absorb. The Uv-Vis test yields the absorbance, which is used to determine 
the dye loading value using the Lambert-Beer formula: 
 

𝐴𝐴 = ɛ. 𝑐𝑐. 𝑙𝑙 (1) 
 
where, A is the absorbance intensity of the solution; ε is the extrinsic molar coefficient of the solution; c is the 
concentration of the solution; l is the length of the light path in the beam or cuvette. 

The solar simulator test can be used to determine the DSSC performance. An IV curve will be generated from 
the solar simulator test, and this curve will then be used to generate other parameters like Jsc, Voc, FF, and η. 
When the solar cell electrodes are short-circuited together, a current known as Jsc flows via the external circuit. 
The voltage at which there is no current flowing through the external circuit is known as Voc. This is the highest 
voltage a solar cell can produce. The maximum power point (PMPP) on the current curve IV is the sum of the 
current and voltage. The FF is the ratio between the maximum power (PMPP) and the product between Isc and 
Voc: 
 

𝐹𝐹𝐹𝐹 =
𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀 × 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀
𝐼𝐼𝑆𝑆𝑆𝑆 × 𝑉𝑉𝑂𝑂𝑂𝑂

 (2) 

 
Finally, η is the ratio between the maximum power (PMPP) to the power emitted by light in the active region 

of the solar cell (Plight).  
 

𝜂𝜂 =
𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

=
𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀
𝐼𝐼 × 𝐴𝐴

=
𝐼𝐼𝑆𝑆𝑆𝑆 × 𝑉𝑉𝑂𝑂𝑂𝑂 × 𝐹𝐹𝐹𝐹

𝐼𝐼 × 𝐴𝐴
 (3) 

 
3. Results 
 
3.1 X-ray Diffraction Test 
 

Figure 1 depicts the glass phase structure of the FTO-deposited glass phase determined by X-ray diffraction 
(XRD) after being treated with TiO2 and/or TiCl4. The anatase phase and the rutile phase of TiO2 can be identified 
by all of the diffraction peaks.  The peaks of TiO2 in the rutile phase were more precise after TiCl4 treatment than 
they were before. This is due to the fact that some anatase phase TiO2 undergoes rutile phase TiO2 transform 
following 500°C heat treatment. 

The previous research shows that the mixture of TiO2 anatase and TiO2 rutile results in greater efficiency than 
using either of these materials alone. After pre-coating TiCl4, the TiO2 structure had no discernible impact. The 
angle of 26,836° at which the highest intensity value is found has a D value of 3.31947 18.4, as shown in Table 1. 

XRD patterns with nano-TiO2 and without nano-TiO2 were shown in the rutile and anatase phases. With nano-
TiO2, the XRD pattern shows strong diffraction peaks at 27°, 36° and 55° indicating TiO2 in the rutile phase. On 
the other hand, in the absence of nano-TiO2, the XRD pattern exhibited strong diffraction peaks at 25° and 48° 
indicating TiO2 in the anatase phase. All of the peaks are quite well in agreement with spectrum standards (JCPDS 
no.: 88-1175 and 84-1286). From Figure, it is shown that the peak diffraction pattern of TiO2 intensity increases 
in proportion to the increasing particle size. The results showed that the nano-TiO2 powder consisted of irregular 
polycrystalline. The presence of amorphism reveals a broad pattern of low intensity; However, the effect of the 
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amorphous material on the expansion of the XRD pattern on nanoTiO2 was negligible. In the rutile phase, the d-
spacing obtained was 0.301 nm, while the anatase d-spacing was 0.313 nm. 
 

 
 

Figure 1. XRD test results 
 

Table 1. XRD test peak point 
 

Angle D value Net intensity Gross intensity Rail. intensity 
22,485 ° 3.95101 Å 13.0 25.1 70.2% 
26,836 ° 3.31947 Å 18.4 32.7 100.0% 
47,920 ° 1.89683 Å 13.2 37.6 71.5% 
68,408 ° 1.37030 Å 14.9 35.5 80.9% 
70,869 ° 1.32863 Å 13.2 31.2 71.6% 
71,112 ° 1.32468 Å 15.3 33.3 83.2% 
73,299 ° 1,29046 Å 12.3 30.2 66.8% 

 
3.2 SEM Testing 
 

Using an SEM device, the morphological structure of the semiconductor TiO2 nanoparticles was observed. The 
SEM structure of the nanoparticles following TiCl4 treatment is depicted in Figure 2. TiCl4 was used to treat TiO2 
nanoparticles with different immersion times (10, 20, 30, 40, 50, and 60 mins) at a temperature of 70°C. Subgraphs 
(a) and (b) of Figure 2 show the SEM results after TiCl4 treatment for 10 and 20mins respectively. The results 
demonstrate that there is still a lack of connectivity between the particles. There are still numerous gaps or spaces 
between these particles. The TiO2 interparticle connection is better, as seen by the declining gaps between the 
particles in subgraphs (c) and (d) of Figure 2. These two figures show the SEM results after TiCl4 treatment for 30 
and 40 mins, respectively. 

Moreover, subgraphs (e) and (f) of Figures 2 show the SEM results after TiCl4 treatment for 50 and 60min, 
respectively. There is a good connectivity between TiO2 particles, suggested by the small to zero gaps between 
particles. This is in line with earlier research, which indicates that the connection between semiconductor particles 
can be impacted by TiCl4 treatment [35]. The reason is that the hydrolysis of TiCl4 produces the TiO2 layer, 
increasing the semiconductor's surface area [35, 36]. The flow of electrons and dyes absorbed in semiconductors 
will increase with increased connection between particles and semiconductor surface area, pushing up the Jsc value 
and DSSC efficiency [36-38]. 

The gaps' location and sizes were determined using ImageJ. Table 2 displays the significant amount of the gap 
region that the TiO2 nanoparticles semiconductor's SEM data contain. With the aid of the Image J program, the 
distance between particles and the size of the distance may be estimated. The smallest gap area measured after 
immersion for 60mins is 6.76%. 

As shown in Figure 2, the longer the immersion time between the gaps or between the particles, the thicker the 
resulting TiO2 layer. Due to the hydrolysis of TiCl4, the formation of the TiO2 layer will also increase the 
semiconductor surface area, which in turn affects the amount of dye absorption and DSSC efficiency [36, 39, 40]. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
Figure 2. SEM results 

 
Table 2. Percentage of gap area in semiconductors 

  
Immersion time (mins) Gap area (nm2) Percentage (%) 

10 2237308,727 11.14 
20 2141125,133 10.66 
30 2038865.56 10.15 
40 1820467,571 9.07 
50 1564363,779 7.79 
60 1358361,544 6.76 

 
3.3 Dye Loading Measurement 

 
By separating the dye that has been absorbed into the semiconductor, the desorption method is used to calculate 

the amount of dye absorbed by the semiconductor. The dye-absorbing semiconductor was submerged in an alkaline 
solution for one hour to complete out the separation process. The solution will turn pink when the N719 dye 
dissolves, and the semiconductor will be colorless [40]. 

Figure 3 displays the Uv-Vis test results about the absorbance value against the wavelength. The absorbance 
values are 0.118%, 0.161%, 0.178%, 0.263%, 0.333%, and 0.370% for immersion times of 10, 20, 30, 40, 50, and 
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60 mins, respectively, at the wavelength range of 530-550 nm. Given that the length of the light path is 1 cm and 
the extrinsic molar value of the N719 solution is 14.100 M-1.cm-1, Figure 4 displays the dye loading value or the 
number of dye molecules absorbed. It can be seen that the dye loading was at its greatest with TiCl4 treatment and 
a 60min immersion, at 20.9x10-8 mol/cm2. This is due to the TiO2 layer being formed, which expands the 
semiconductor surface area and raises the dye absorption potential [36, 40]. This is in accordance with the findings 
of the SEM test, which demonstrate that the formation of the TiO2 layer increases with growing immersion duration 
and consequently raises the semiconductor's dye loading [36, 37]. 
 

 
 

Figure 3. Variation of absorbance with wavelengths 
 

 
 

Figure 4. Dye loading value 
 

Table 3. DSSC performance 
 

Immersion time (minute) Voc (V) Jsc (mA / cm2) F (%) η (%) 
10 0.585 4,447 47.5 1,235 
20 0.578 5,533 42.7 1,365 
30 0.562 6,341 45.0 1,607 
40 0.558 7,854 45.8 2,008 
50 0.559 8,387 44.6 2,070 
60 0.569 8,963 43.3 2,208 

 
Table 3 lists the metrics of DSSC performance, including Jsc, Voc, FF, and η. Figure 5 shows the current density 

against voltage. The results of diesel test simulator are placed under a light intensity of 1000 W/m2. DSSC with 
TiCl4 treatment for 60 mins obtained the highest efficiency. 

Table 3 shows how the DSSC performed with the changing immersion time of TiCl4 treatment. As can be seen 
in Table 3, the Jsc of DSSC increased with the immersion time. This is because, the longer the immersion time, 
the better the connectivity between TiO2 semiconductor particles, and the faster the electrons flow [38]. Apart 
from connectivity, the Jsc of the DSSC is also influenced by the amount of dye that the TiO2 semiconductor can 
absorb. Previous research shows that the performance of the DSSC will increase in direct proportion to how much 
dye the semiconductor can absorb [37]. Consequently, the 60min-immersion period has the highest dye loading 
value, and the highest efficiency of 2.208%. 

Figure 5 shows that the Jsc of the DSSC grew while the Voc value, which ranged from 0.6 to 0.7 V, did not 
changed significantly. This is partly due to the use of materials. Because the Voc of the DSSC is directly 
proportional to the bandgap of the semiconductor, semiconductors have the same bandgap values [9]. 
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This study finds that DSSC efficiency rises as immersion time in TiCl4 treatment increases. This correlation is 
significantly affected by the growth of Jsc. The increase of Jsc is attributable to the formation of a TiO2 layer 
during the TiCl4 treatment, which can promote particle connection and increase semiconductor surface area [36, 
38, 40]. The TiO2 semiconductor will transfer electrons faster due to the increased particle connection [36]. 
Additionally, the Jsc value will rise as a result of the increased semiconductor surface area due to an increase in 
dye loading value [35, 38, 39]. 
 

 
 

Figure 5. Graph IV 
 
4. Conclusions  
 

This paper successfully researches the production of DSSC double-layer TiO2/ZnO with TiCl4 treatment on 
TiO2 nanoparticle semiconductors, when the immersion time varies. The results show that the TiO2 
semiconductor's connection between its particles and the amount of dye it can absorb will both grow when the 
immersion time of TiCl4 treatment is extended. Due to an increase in electron production and transport, the Jsc 
and the efficiency of DSSC will both rise. The immersion time, which is set as 10, 20, 30, 40, 50, and 60mins, led 
to some variations. For DSSC efficiency, the highest value was achieved by the DSSC treated with TiCl4 with a 
soaking time of 60 mins. This improves the efficiency by 2.208%. The best Voc, Jsc and FF values were 0.569 V, 
8,963 mA/cm2, and 43.3%, respectively. The immersion time was limited to 60min to ensure the measurement 
accuracy and speed up the analysis. 
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