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Abstract 
For decades, silicon solar cells had been established as commercialized solar cell. However, 
silicon solar cells require high cost and tedious fabrication techniques that utilized chemical 
which may be toxic to the environment. In this case, dye-sensitized solar cell (DSSC) has 
gained recognition in these recent years due to its simple and low-cost fabrication technique 
by utilizing natural resources when compared to commercial silicon solar cells which are fully 
chemical-based synthesis. DSSC is a thin film solar cell typically consist of a thin layer of porous 
titanium dioxide (TiO2) coated on a transparent conductive oxide such as indium tin oxide 
(ITO) or fluorine-doped tin oxide (FTO), light-absorbing dye, counter electrode and electrolyte 
to regenerate the electron. In this study, the effects of TiO2 thin film thickness were analyzed 
to determine whether the thickness of TiO2 thin film has significant effect on the performance 
of the DSSC device. TiO2 in this study was synthesized using sol-gel method with titanium (IV) 
butoxide used as the precursor. Spin coating method was utilized to deposit the thin film 
layers. Analysis on the structural, morphology, optical and electrical properties of the TiO2 

thin film using X-ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), 
Ultraviolet-visible Spectrophotometry (UV-Vis) and 2-Point Probe respectively. The results for 
XRD pattern identified the production of the amorphous phase of TiO2 structured thin films, 
with a tendency towards anatase phase at 25° (highest peak on 3 deposition layers). FESEM 
images demonstrate that the TiO2 thin film with 3 layers has more porous, agglomerated, and 
compact morphology than the other two deposition layers. The bandgap energy of TiO2 thin 
films calculated from Tauc plot based on UV-visible absorbance spectra were 2.24 eV, 2.13 
eV, and 2.04 eV for 1, 2, and 3 deposition layers, respectively. These properties indicate that 
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3 deposition layers is the optimized deposition layer of TiO2 thin film for DSSC application 
which will ensure good absorption of dye molecules onto the semiconducting metal oxide 
layer. Further research and new findings on other components like dye, electrolyte and 
counter electrode also necessary to improve the efficiency and stability of DSSC for future 
commercialization potential which will be more economically sustainable. 
Keywords: Solar Cell, DSSC, Titanium Dioxide, Sol-Gel, Deposition Layer 
 
Introduction  

Photovoltaics (PV) is a process of utilising semiconducting materials that exhibit the 
photovoltaic effect to collect solar light and convert them into energy. Photovoltaic cell or 
solar cell utilising the photovoltaic effect is a method which directly convert light energy into 
electricity [1]. 

Dye-sensitized solar cells, a type of third generation solar cell is gaining interest in 
photovoltaic technology because of their potential to convert energy at a low cost [2]. 
O'Regan and Gratzel developed the dye-sensitized solar cells (DSSC) in 1991. DSSC have 
garnered a lot of interest because of their performance, low production costs, lower weight 
and low toxicity [3]. These type of solar cell are more effective than other thin films, yet are 
still less efficient than crystalline solar cells [4]. 

The photoanodes for the older generation of solar cells were typically made of 
semiconductor materials like CdS, Si, or GaAs, but eventually they became electrochemically 
unstable in response to photo-corrosion when exposed to light. Large bandgap 
(approximately 3 eV) semiconductors such ZnO, TiO2, and SnO2 commonly utilised in the 
fabrication of DSSC provide a chemically stable cell since they are resistant to photo-corrosion 
[5]. 

The photoanode, which is made of semiconducting oxide materials like (TiO2, ZnO, etc.), 
as well as organic or inorganic dye molecules that act as sensitizers, iodide/tri-iodide-based 
electrolytes that act as redox mediators, and counter electrodes made of platinum or carbon 
are the main components of DSSC. The excited electrons from the dye molecules are injected 
into TiO2's conduction band during photon absorption from sunlight and diffuse through the 
transparent conductive oxide (TCO) to the external circuit [6]. 

Among the those semiconducting metal oxide nanomaterials, titanium dioxide (TiO2) is 
a material of interest for various applications due to its non-toxic nature, good optical 
electrical capabilities and great stability in DSSC and other photocatalytic applications. 
Anatase phase of TiO2 is used as a photoanode in DSSC and as a photocatalyst for organic 
molecule degradation because it is an effective charge separator of photoexcited charge 
carriers. The quantity of dye molecules adsorbed on TiO2 surfaces, the number of photons 
absorbed by the dye molecules for effective electron harvesting and the number of electron-
hole pair recombinations are the main factors influencing the effectiveness of DSSC and 
photocatalytic applications. For enhancing TiO2 absorption into the visible region, researchers 
have employed a variety of strategies [7]. 

Numerous methods have been used to produce TiO2 nanoparticles. Geffcken and 
Berger first introduced the sol-gel process in 1939 and it has attracted a lot of interest since 
then. On account of its basic operation, low reaction temperature, great chemical 
homogeneity, simple substrate requirements and high product purity, it has become a 
common technique for generating TiO2 [2]. The sol-gel method is one of the most 
common synthesis techniques to generate nanomaterials since it involves only ambient 
temperature and pressure for the synthesis process, requiring no extensive preparations. In 
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sol-gel synthesis, a titanium precursor is hydrolysed or condensed to yield a sol and then a 
gel. A xerogel is created immediately after the solvent evaporates and it is ground and heated 
to produce crystalline TiO2 nanopowders [8]. 

To increase the amount of light that was potentially absorbed, a nanoporous TiO2 
electrode with a large surface area per projected area was used [9]. Rutile, anatase, and 
brookite are the three polymorphisms of TiO2. The three structures are metastable, with 
rutile structure being the most thermodynamically stable. Comparing to TiO2 from the rutile 
phase, which has a band gap of 3.0 eV, anatase phase TiO2 has a wider energy band gap of 
3.2 eV, improving photoactivity and making it the most suitable choice for DSSC applications 
[10]. 

Most of mesoporous TiO2 nanoparticles used in DSSC fabrication have surface areas 
between 50 and 250 m2/g. The conducting side of TCO glass is coated with TiO2. The most 
preferred TiO2 coating methods including screen printing,  doctor blade method, spin coating, 
electrophoretic deposition and tape casting. After removing organic binders and obtaining a 
pure TiO2 film, a high temperature heat treatment is used to improve the inter-particle 
adhesion of the TiO2 nanoparticles [5]. Align with the aim of this paper to investigate impact 
of TiO2 thin film thickness for DSSC application [2]. 
 
Methodology 
A. Preparation Of TiO2 Nanoparticles by Sol-Gel Method 

All of the chemical substances are in analytical grade and have not undergone further 
processing. The TiO2 was made by mixing 50 ml of titanium (IV) butoxide with 50 ml of ethanol 
and stirred for an hour. The solution was then gradually diluted with 25 ml of deionized water 
after that. The resulting gel formed almost immediately and was stirred again for few minutes. 
The solution was filtered after kept for 24 hours. The leftover water and organic material will 
then be evaporated for the following 12 hours in a 100°C oven. The substance was milled into 
a fine powder after drying. 

 
B. Preparation Of TiO2-Coated Thin Film 

2 g of the prepared TiO2 powder was added into 100 ml of ethyl alcohol and stirred for 
30 minutes to form a homogenous TiO2 paste. Before usage, the solution was kept in the dark. 

The glass substrate was cleaned in a sonicator for 15 minutes alternately with ethanol 
and deionized water before coating. 10 drops of TiO2 paste were dropped onto the dried and 
cleaned glass substrates at a speed of 3000 rpm to create a single layer of coating. The glass 
substrate was then dried at 100°C for 10 minutes. The same technique was repeated for 
second and third layer of coating. The final coating underwent a 30-minute annealing at 
500°C. 

 
C. Characterisation 

FESEM was utilised for analysing the surface morphology of the TiO2 while UV-Visible 
spectrometer was used to evaluate the transmittance and bandgap energy of both types of 
TiO2 at the 300 nm to 800 nm range. X-ray diffraction (XRD) was used to identify the phase of 
the thin film spin coated with different layers and 2-point probe was used to measure the 
current-voltage for electrical properties analysis. 

 
 

Results and Discussion 
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A. Morphological analysis 
FESEM images in Fig. 1, Fig. 2 and Fig. 3 show the microstructure of 3 deposition layers 

of TiO2 thin films in 10K magnification. 
 
 

 
Fig. 1. FESEM images of 1 deposition layer of TiO2 thin film (10,000x magnification, bar = 1μm, 
1 µm = 1000 nm). 
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Fig. 2. FESEM images of 2 deposition layers of TiO2 thin film. (10,000x magnification, bar = 
1μm, 1 µm = 1000 nm) 
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Fig. 3. FESEM images of 3 deposition layers of TiO2 thin film. (10,000x magnification, bar = 
1μm, 1 µm = 1000 nm) 

 
From the FESEM images, it can be seen that thin film with 3 deposition layers (Fig. 3) 

which is the thickest layer, appeared to be in highly compact with a widespread sand-like 
particles which is highly agglomerated with irregular structure of particles compared to 1 and 
2 deposition layers. 

The average particle size of 1 layer TiO2 thin film deposition was 450 nm (see Fig. 1). 
TiO2 attained a mean particle size of 498 nm for 2 layers of deposition (see Fig. 2) while TiO2 
thin film deposited in 3 layers have the measured mean particle size of 604 nm (see Fig. 3). It 
can be deduced that as the thickness of the TiO2 deposition layer increase, the particle size 
increases. Addition of TiO2 layers in the form of nanoparticles will improve the performance 
of solar cells fabricated by ensuring the electron injection [11]. 
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Agglomeration and aggregation of the irregular sized particle are primarily caused by 
the high surface energy of the materials, leading them to clump and cluster in order to reduce 
their surface energies [12]. Weak photon diffusion towards the inner region of the TiO2 layer 
is caused by increasing TiO2 particle sizes. This reduces the number of photogenerated 
carriers, which has a small impact on the photocurrent. Furthermore, the rate of electron-
hole pair recombination is accelerated by higher particle sizes. More electrons and holes 
recombining leads to a significant decrease in the amount of charge carriers, which reduces 
photocurrent detection [13]. In order to be deposited on a transparent conductive oxide 
(TCO) substrate, TiO2 paste should have the nanoparticles size with no larger than 20 nm [14]. 

Findings revealed that different thickness of deposition layer improve the dilution of 
electrolyte species surround the TiO2 film while smaller surface area reduces the time needed 
for electrons to travel through the film [15]. Wide surface area and porous structure of 
photoanode increase the light absorption of the thin film. DSSC efficiency increase with 
increase in TiO2 film thickness because the condition will provide better dye absorption 
capacity. However, longer route length for electron transport will increases the 
recombination of photo-excited electrons with I3 ions at the surface of TiO2, thus reduced 
transparency of TiO2 thin film. This condition will reduce conversion efficiency [16]. The TiO2 
film layer adsorbent properties and absorption performance will depend on the film thickness 
and compactness after being immersed in dye [17]. 

 
B. Structural Analysis 

Structural properties of TiO2 thin films with different layers of deposition were studied 
using X-ray Diffraction (XRD) analysis ranging the 2theta of 10◦ to 90◦. The XRD pattern in Fig. 
4 can be observed not showing a clear peak of crystallisation. This condition indicating the 
presence of amorphous phase. However, the peak was not totally absent, a potential peak of 
anatase still can be seen at 25°. From literature, anatase is the preferred orientation. The 
orientation of this phase is  in (101), (004), (210), (200), (111), (211) planes at 25.35°, 37.56°, 
41.45°, 44.48°, 45.45°, 55.72° peaks which aligned with JCPDS data [13] [18]. Anatase has 
been proven to perform as an indirect semiconductor which exhibit electron excitation from 
the conduction band to the valence band. Anatase also has a longer electron-hole lifetime 
than rutile which is a direct semiconductor with a lower carrier lifetime [19]. 

 
Fig. 4. XRD spectra of 3 deposition layers of TiO2 thin films. 
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When the film thickness was increased, the peaks of the (101)-plane for the samples 
sharpened, indicating the enhancement of crystallinity. The (101) peaks of TiO2 films 
displayed a clear alignment of the (101)-axis with the substrate surface. These results 
demonstrate that TiO2 film structure is improved by increasing film thickness [20]. 

Considering anatase has a more flexible molecular structure than rutile, the initial phase 
development of crystalline TiO2 synthesis is often anatase, thereby the short-range order of 
TiO6 octahedra can be easily assembled into long-range anatase structure. In other words, 
anatase is the preferred phase generated during TiO2 synthesis due to their more 
flexible structure which leads to enhanced formation kinetics [21]. 

Theoretically, sol-gel precipitates produced by the sol gel process are 
typically amorphous. Thus, further heat treatment required for crystallisation to occur. 
Annealing temperature higher than 300°C is usually required to initiate the transition from 
amorphous to anatase phase, triggering a significant increase in particle size [22]. In this case, 
impurities from the sample preparation have to be avoided to prevent a reduction in the 
intensity of desired diffraction peaks. 

TiO2 suggests that a 400°C heat treatment might convert the rutile phase into the 
anatase phase, in accordance with prior studies [5]. In contrast, all of the samples in this 
experiment remained in amorphous condition even after being annealed at 500°C for 30 
minutes, but they were almost in the anatase phase. The results of this experiment may have 
been affected by the pH value and annealing time utilised, according to further research. 

 
C. Optical analysis 

From Fig. 5 below, TiO2 thin films with three different deposition layers without the 
addition of dyes coating in wavelength range between 300 and 800 nm were observed 
according to the transmittance and band gap energy. 

  
Fig. 5. (a) Transmittance spectra and (b) Tauc plots of 3 different deposition layers of TiO2 

thin films. 
 

The optical transmittance measurements for TiO2 thin film samples are shown in Fig. 5 
(a). The transmittance for all 3 samples shown the increasing transmittance. All 3 samples 
exhibited small increase in transmittance. However, 1 deposition layer thin film exhibited 
highest transmittance which maximum at 85%. Comparing the 3 different deposition layers 
thin films, it can be seen that transmittance values decrease as film thickness increases. The 
decrease in transmittance with increasing film thickness is related to the free carrier 
absorption and photon scattering because of the rougher surface of the film [23]. 

(a) (b) 
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Beer's law was used to estimate the optical band gap energy (Eg) based on the 
absorbance spectra obtained from UV-Vis characterization and Tauc plot was used to 
calculate the Eg using the following equation: 

                                                αhν = A(hν − Eg)n                                                                  (1) 
where α is the absorption coefficient, Eg is the nanoparticle band gap value, hν is energy of 
photon and A is the constant associated with the effective masses of the bonds, n denotes 
the transition nature; n = 2 corresponding to the allowed indirect transitions. It was estimated 
by extrapolating the linear portion of (αhν)2 vs photon energy curve to the photon energy axis 
respectively [24]. 

The tauc plot of TiO2 thin films produced at various deposition layers is shown in Fig. 5 
(b). While the thin films with thicker layers of 2 and 3 layers recorded band gap energy values 
of 2.13 eV and 2.04 eV respectively, TiO2 thin film with 1 layer displays larger energy band 
gap with value of 2.24 eV. 

The optical bandgap values decrease with increasing film thickness, which is due to the 
addition of new energy levels near the valence band inside the energy gap brought about by 
the increase in film thickness. This condition creates bridges for the electrons (with lower 
energies than the energy gap value for the first thin film) transmitted between the valence 
band and the conduction band, increasing the quantity of electron transfers and altering the 
Fermi level. Due to reaching the lowest bandgap energy in this instance, 3 layers TiO2 
deposition layers thin film shows the largest number of electrons that can be transferred 
[11]. 

 
D. Electrical analysis 

The current-voltage (I-V) measurements of sol-gel synthesised TiO2 thin films for 
different deposition layers are shown in Fig. 5. Due to its symmetrical and linear shape, it 
implies that the TiO2 thin film and the Au metal contact possess ohmic contact characteristics 
[25]. The thicker deposition layers (layers 2 and 3) were found to have the highest current 
(8.0x10-9 A) and this condition enhanced the high electrical conductivity of the solar cell. 

 
Fig. 5. I-V measurement plots of TiO2 thin films with 3 different deposition layers. 
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Conclusion & Recommendation 
This study has analysed the effects of the deposition layer of TiO2 thickness on the 

performance of the dye-sensitized solar cell (DSSC) on the morphological, structural, optical, 
and electrical properties of the TiO2 thin films. The results demonstrate that DSSC efficiency 
initially increases with the rise in TiO2 film thickness because increasing the thickness 
improved the ability of the photoanode to absorb dye. The findings showed that when the 
thickness of the TiO2 deposition layer increases, crystal quality increases. As film thickness 
increases, the crystals was observed to become bigger and the film surface becomes more 
compact and agglomerated. 

In commercialisation perspective, DSSC can be concluded to be one of the photovoltaic 
cell which having a good potential for future commercialisation in indoor electricity 
application which is economically sustainable due to their advantages including abundant raw 
materials, a quick energy payback period, consistent power production and compatibility with 
flexible applications. Commercialisation of DSSC will accelerate the uptake of solar energy in 
both developed and developing nations. However, this can only be done if more research on 
the energy conversion effectiveness, long-term stability, and production cost being explored. 

In conclusion, the commercialisation of DSSC technology has the potential to have a 
positive impact on the economy in a number of ways, including by lowering manufacturing 
costs, creating jobs opportunity, reducing cost of energy resources and increasing import-
export opportunities. However, it also encounters obstacles with reliability, legal barriers, 
scalability of production and market competition. The extent to which these concerns are 
resolved and how successfully DSSC technology develops in the international solar industry 
will determine the total economic impact. 
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