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Titanium oxide has excellent optical and chemical properties, which makes it an important 
and good element in many applications. Adding other elements to titanium will improve 
many of its properties, especially SiO2. This research deals with how these effects can 
improve the general properties of titanium by adding different ratios of SiO2 and how these 
ratios affect the crystal structure and optical and chemical properties of the prepared films. 
The sol-gel method was used and a broad analytical view of the effect of silica on the surface 
shape and energy gap of thin films was presented. In this research, we adopted the ratios 
between SiO2:TiO2 (1:0.1, 1:0.2, 1:0.3 and 1:0.4). The tests that were conducted were 
represented by X-ray diffraction, infrared spectrum, scanning electron microscope (SEM), 
and atomic force microscope (AFM). To be applied in the solar cell system, the results 
showed a significant improvement in the performance of the solar cell at certain doping 
ratios compared to other ratios. Results reveal that SiO2 doping promotes an amorphous 
phase in TiO2, alters surface morphology, and impacts optical properties, making the 
composite material suitable for applications in photocatalysis and environmental 
remediation. In addition, the performance of these films in solar cell applications was 
evaluated, with results showing a significant improvement in power conversion efficiency, 
opening a new horizon for their use in upgrading the execution of solar cells. 
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1. Introduction 
 
With the ever-increasing global energy demands and the limitation of readily available 

conventional fuels, the pursuit of alternative energy sources, especially solar energy, has become of 
paramount importance [1]. Despite the obvious benefits of adopting solar cells, they must be 
economical and affordable with standard energy sources, as all scientific or breakthrough 
developments must be balanced against the associated cost [2]. Solar cells demonstrate an efficient 
and ready-to-implement technology for future energy installations. They provide equivalent power 
conversion efficiency (PCE) with low material and manufacturing costs. Titanium dioxide (TiO2) is 
inexpensive, abundant, and environmentally friendly [3].TiO2 has been widely used in photo-
assisted response, water filtration for hydrogen production in solar photovoltaic cells, and more [4, 
6] Amidst this application, remarkably, TiO2 has been applied as a great solar catalyst for removing 
harmful natural pollutants [7,8]. However, the unnecessary use of light in VL or sunlight and the 
low quantum energy efficiency of photocatalytic responses, which are respectively due to the 
relatively wide band gap of 3.0–3.2 Å that requires UV exposure to stimulate them [9] and the high 
rate of electron-hole (e–h) dimer reconstruction, restrict their applications to the spectacular range 
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[10]. The large band gap in the photonic range requires that the small-sized TiO2 fragments are 
isolated and recovered much more strongly than in the modified mixture [11]. Thus, the efficient 
partitioning of electron-hole (e–h) conformations and the extension of the gap lifetime are very 
beneficial for the photodegradation reaction. Anatase, rutile, and brookite are all possible crystalline 
phases of TiO2, each with a distinct chemical and structural structure. [12,13].The most stable form 
of TiO2 is rutile. Sol-gel is one of the most successful methods for fabricating high-nanometer 
(photocatalytic TiO2) structures[14]. Due to the high purity and high homogeneity, in addition to the 
lack or little need for temperature control, this technology is excellent for application. [15]. 

TiO2 is a semiconductor element with good conductivity and is widely used in many 
applications that include improving optical and electrical properties. [16-18] Despite the wide use 
of these elements, there are some limitations or restrictions that may affect the results, including that 
the energy gap is considered relatively large (about 3.0-3.2 eV) in addition to the low consumption 
of the visible spectrum. In order to confront and overcome these limitations, many methods have 
been proposed, one of which is doping titanium dioxide with silica, which is considered an effective 
technology in this regard [19]. 

In addition to the fact that titanium has been widely studied, silica has also been widely 
studied due to its many properties and advantages and its high ability to influence the crystalline, 
surface and electrical properties of titanium, as it effectively helps to increase the rate of light 
scattering as well as reduce the effect of the electron gap, which causes energy loss and dissipation. 
All of these reasons have made silica an effective element in solar cell applications [20]. 

In recent years, researchers have focused on the phenomenon of solar cells and their 
development due to the low costs provided by this technology, as well as the reduction in fuel 
consumption rate, in addition to the fact that it is considered environmentally friendly and does not 
cause pollutants[21]. By using titanium dioxide as a basic component in our research, we were able 
to obtain good energy conversion efficiency. Solar cell technology has provided good efficiency at 
low costs in a way that is considered safe and environmentally friendly, which enhances its role in 
providing energy needs that will be increasingly in demand, especially in the future [22]. 

 
 
2. Experimental part 
 
2.1. Materials and methods 
Titanium dioxide and silica with purity of 99.0% were purchased from Tecnan, Spain. 

Titanium isoprenoid Ti[OCH(CH3)] and tetraethyl orthosilicate (Si(OC2H5)4) were used as raw 
materials for titanium dioxide and silica, and the dissolution of these elements using ethanol and 
acetic acid was purchased from SCM-Aldrich. 

 
2.2. Synthesis of TiO2:SiO2 thin films 
Ethanol and acetic acid were used as solvents to prepare TiO2 and SiO2 solutions. The TiO2 

solution was prepared by mixing isoprene titanate with ethanol and acetic acid under continuous 
stirring. The SiO2 solution was prepared by hydrogenating tetraethyl orthosilicate using ethanol and 
water. After preparing these solutions, they were combined in different ratios (1:0.1, 1:0.2, 1:0.3, 
and 1:0.4), and the resulting gel was deposited on glass slides by spin-coating. The resulting films 
were then dried at 80°C, followed by an annealing for 10 hours at 450°C to ensure film stability. 
Figures 1 illustrate the preparation of the gel and thin films. 
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Fig. 1. The different ratio dopant of TiO2 sol-gel: Sio2and preparation thin films. 
 
 
2.3 Characterization techniques 
Using X-ray diffraction (XRD), analyze the phase composition, crystallite size, and crystal 

structure of the films, providing insight into their structural properties. Fourier transform infrared 
spectroscopy (FTIR) was conducted to recognize operational sets, confirm the incorporation of 
SiO2, and detect any possible chemical interactions. SEM, or scanning electron microscopy, was 
used to investigate the surface shape and size of the particles, and the uniformity of the films, while 
atomic force microscopy (AFM) provided detailed measurements of surface roughness, film 
uniformity, and topographical features. To ascertain the optical band gap, assess the light absorption 
characteristics, and investigate the films' potential for optical and electrical applications, the optical 
investigation was also carried out using UV-Vis spectroscopy. 

 
 
3. Results and discussion 
 
3.1. Structural analysis 
Figure 3 displays the XRD patterns of the TiO2 thin films doped with SiO2 at various ratios 

(1:0.1, 1:0.2, 1:0.3, and 1:0.4). Pure TiO2 showed a combination of rutile and anatase phases, 
according to XRD examination. In the sample containing only TiO2, the anatase phase clearly 
appears at angles 25.29° (peak at (101)) and 47.90° (peak at (200)), while the rutile phase appears 
at angle 27.48° (peak at (110)). When SiO2 was added to TiO2, a gradual shift toward the amorphous 
phase was observed with increasing SiO2 ratio. In the sample with a 0.1 SiO2 ratio, anatase remained 
the dominant phase, but as the ratio increased to 0.2, some changes in the intensity of the crystalline 
peaks began to appear, especially at 25.29°, indicating the influence of SiO2 in disrupting the crystal 
growth. As the SiO2 ratio increased to 0.3 and 0.4, the transformation to the amorphous phase 
became more obvious, and the intensity of the crystalline peaks of titanium decreased significantly. 
This change reflects the effect of SiO2 in reducing the crystal order and transforming the crystal 
structure towards the amorphous phase [8]. 
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Fig. 3. XRD patterns of TiO2:SiO2 thin films with different SiO2 doping ratios. 
 
 
In the samples containing only TiO2, the anatase phase is clearly visible at angles of 25.29° 

and 47.90°, while the rutile phase is visible at angle 27.48°. As the SiO2 ratio increases, its effect 
begins to modify the crystal structure, with changes in the strength from a crystalline summit 
observed. During the sample with a SiO2 ratio of 0.1, the anatase phase remains dominant, but as 
the SiO2 ratio increases to 0.2 and 0.3, the peaks gradually disappear, indicating a transformation 
towards the amorphous phase. In the sample with a SiO2 ratio of 0.4, the crystalline peaks become 
less clear, demonstrating the effect of SiO2 in disrupting the crystalline structure of TiO2 and 
gradually transforming it into an amorphous phase. Table 1 shows the XRD parameters for TiO2 
doped with SiO2 at different weight ratios. 

 
 

Table 1. X-ray diffraction parameters for TiO2 doped with SiO2 at different weight ratios. 
 

x 2θ (Deg.) FWHM (Deg.) DHL Exp.(Å) C.S (nm) hl Phase 
 

0.1 
25.29 0.5080 3.5185 16.0 (101) Anatase TiO2 
27.48 0.6604 3.2435 12.4 (110) RutileTiO2 
47.90 0.7620 1.8976 11.4 (200) Anatase TiO2 

0.2 25.24 0.4572 3.5255 17.8 (101) Anatase TiO2 
27.32 0.6604 3.2613 12.4 (110) RutileTiO2 

 
0.3 

25.24 0.5080 3.5255 16.0 (101) Anatase TiO2 
27.43 0.5080 3.2494 16.1 (110) RutileTiO2 
35.81 0.4572 2.5055 18.2 (101) RutileTiO2 
47.90 0.4064 1.8976 21.4 (200) Anatase TiO2 

 
0.4 

25.19 0.4572 3.5325 17.8 (101) Anatase TiO2 
27.32 0.3556 3.2613 23.0 (110) RutileTiO2 
37.84 0.4572 2.3756 18.4 (004) Anatase TiO2 
47.95 0.5080 1.8957 17.1 (200) Anatase TiO2 

 
 
3.2 Morphological analysis 
The surface morphology of the TiO2:SiO2 thin films was analyzed using SEM and AFM. 

SEM images (Figure 4) revealed that the TiO2 particles were uniformly distributed on the substrate, 
with particle sizes decreasing as the SiO2 doping ratio increased. For the TiO2:SiO2 (1:0.1) sample, 
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the particles were approximately 30 nm in size, while for the TiO2:SiO2 (1:0.4) sample, the particle 
size was reduced to around 20 nm.  

• TiO2:SiO2 (1:0.1): Particle size ~30 nm 
• TiO2:SiO2 (1:0.4): Particle size ~20 nm 

 
 

 

 
 

Fig. 4. Nanoparticles of TiO2:SiO2 (1:0.1) prepared without Dye A: SEM B: Effective Zone Pointer 
Dimensions and C: Energy Dispersive Spectrum. 

 
 

Figure 5 shows a 3- topological picture of the film surface in three dimensions the image 
we can conclude that the SiO2-coated TiO2 spherical particles have a diameter of the order of nm. 
The surface morphology of the TiO2 thin films changes with the different ratios of SiO2. The Nano 
grain size accumulation distribution for different ratios of SiO2 without dye shows appearing the 
increase of SiO2 leads to increasing in the roughness values. Table 2, has details of the morphology 
parameter. This result can be attributed to the nucleation process which is associated with the 
presence of TiO2 particles taking into belief the clear effect of this inclusion in the nucleation and 
growth. The rates of heights in the samples ranged from 28.9 to 49.39 nm, while the smallest 
parameter we obtained was at the grain diameter ratio of 45.97nm. 
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Fig. 5. AFM images of TiO2:SiO2 thin films with different doping ratios showing surface roughness. 
 
 

Table 2. Morphology parameters of TiO2:SiO2. 
 
 

TiO2:SiO2 
 

ml 

Avg. Height 
NM 

Avg. Diameter 
nm 

Roughness average 
nm 

Root mean square 
 

nm 
1:0.1 28.9 105.87 5.81 7.52 
1:0.2 29.02 54.35 5.04 6.67 
1:0.3 41.71 45.97 7.07 9.52 
1:0.4 49.39 60.82 10.2 12.8 
 
 
The increase in roughness values with higher SiO2 concentrations indicates the presence of 

more pronounced surface features, which may enhance the photocatalytic activity of the films by 
increasing the surface area available for reactions. In addition, the variation in grain size distribution 
and topological dimensions may affect the optical properties of TiO2 films, impacting their 
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efficiency in applications such as solar cells and sensors. These morphological features, facilitated 
by SiO2 modification, suggest a modifiable approach to improve the functional properties of TiO2 
films based on the requirements of the intended applications. Future studies could explore the direct 
relationship between the morphological features of these composite films and their functional 
performance[1]. 

 
3.3. Optical properties  
UV-Vis spectroscopy was used to study the optical properties of TiO2:SiO2 thin films. The 

absorption spectra (Figure 6) showed that SiO2 doping slightly increased the optical band gap of 
TiO2 from 3.2 eV (for pure TiO2) to 3.4 eV for the TiO2:SiO2 (1:0.4) sample. This shift is due to the 
increased amorphous content and quantum confinement effects in the nanostructures. 

• Pure TiO2: Band gap ~3.2 eV 
• TiO2:SiO2 (1:0.4): Band gap ~3.4 eV 

 

 
 

Fig. 6. UV-Vis absorption spectra of TiO2:SiO2 thin films with different doping ratios. 
 
 
The widening of the band gap could be beneficial for applications where higher energy 

absorption is required, such as in photocatalytic degradation or solar cell applications [23]. 
FTIR spectra (Figure 7) confirmed the incorporation of SiO2 into the TiO2 matrix by 

showing a distinct Si-O-Ti bond stretching vibration at approximately 1080 cm⁻¹. This was observed 
for all SiO2-doped samples, with increasing intensity as the SiO2 doping ratio increased, indicating 
a higher degree of bonding between TiO2 and SiO2. 

• Characteristic Si-O-Ti bond observed at ~1080 cm⁻¹ 
 • Increase in intensity with higher SiO2 doping ratios 
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Fig. 7. Tauc relation for TiO2 doped with SiO2 at different weight ratios. 
 
 

 
 

Fig. 8. FTIR spectra of TiO2:SiO2 thin films with different doping ratios. 
 
 
The SiO2-doped TiO2 films demonstrate significant potential for applications across various 

fields. In photocatalysis, the increased surface area and decreased electron-hole pair recombination 
improve the efficiency of degradation of organic contaminants by photocatalysis. In solar cells, the 
increased optical band gap renders these films suitable for applications requiring UV absorption, 
contributing to improved performance. Furthermore, in environmental remediation, the amorphous 
TiO2:SiO2 films, with their enhanced surface properties, are effective in the treatment of wastewater 
and air pollutants. 
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4. Solar cell characteristics 
 
The samples were investigated for use as an active layer in dye-sensitized solar cells 

(DSSCs). Pure TiO2 and TiO2 supplemented with various ratios of SiO2 were tested, and the results 
showed that the solar cell based on TiO2:SiO2 at a ratio of 1:0.1 improved the performance by 23 
times compared to the solar cell based on TiO2 alone. The increase is due to the improvement in 
Estimating the density of short-circuit current (Jsc) from 2.73 to 7.51 mA/cm2, which is due to the 
improved charge transport due to the improved surface structure of the films as shown in the AFM 
and SEM images, which enhances the absorption properties and current density. The improvement 
in Jsc resulted in the power conversion efficiency (PCE) rising from 0.07% to 2.57%, and the fill 
factor (FF) increased from 17% to 62% due to the improvement in the series resistance (Rs) and 
branch resistance (Rsh). With the increase of SiO2 to 0.3, the Jsc increased to 11.71 mA/cm², but the 
increase of SiO2 led to a decrease in Rsh, which negatively affected the cell performance such as FF 
and PCE, while the high concentration of SiO2 led to a deterioration in the performance of solar cells 
Table 3 shows the solar cell parameters based on different SiO2 enriched TiO2 ratio. 

 
 

Table 3. Solar cell parameters based on different SiO2 ratio doped TiO2. 
 
SiO2 Ratio Jsc ,(mA.,cm-2,) Voc, (Volt), F, F %, , PCE, % Rs ,(kΩ,) , Rsh (M,Ω) 

0 2.73 0.152 17 0.07 33.33 30.303 
0.1 7.51 0.552 62 2.58 1.7 289.636 
0.2 11.71 0.52 34 2.07 1.7 27.3 
0.3 7.57 0.5 30 1.15 2 39.66 
0.4 6.66 0.5 30 1.01 2.5 37.74 

 
 

 

 
 

Fig. 9. Solar cell characteristics with different SiO2 ratios. 
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Fig. 10. Shows all the solar cell parameters for the TiO2:SiO2 samples under study with different trend. 
 
 

 

 
 

Fig. 11. Solar cell parameters with different ratios of SiO2, A:FF and PCE, B:Jsc and Voc, C:Rs and Rsh. 
 
 
5. Conclusion 
 
In this research, the consequence of SiO2 addition on the structural, optical, and surface 

properties of TiO2 thin films prepared using the gel-solidification method was studied. The results 
showed that SiO2 significantly affects the crystalline structure of TiO2, causing a gradual 
transformation from crystalline to amorphous phases with increasing SiO2 ratio. It was found that 
when adding silica at ratios of (0.1), which are considered somewhat low, the anatase phase 
remained dominant, while on the other hand, when using ratios of 0.3 and 0.4, we found that there 
was a significant decrease in the crystalline phase, which is considered useful in some applications. 
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X-ray diffraction (XRD) showed that there is a shift from the crystalline phase when adding silica 
to (TiO2), where we notice the shift of some peaks as the obtained data shows. It also showed that 
there is a clear increase in the crystal sizes as the concentration of silica added to titanium increases.  

On the other hand, AFM and scanning electron microscope (SEM) analysis showed that 
adding silica will definitely affect the surface roughness, as the roughness features increase as the 
doping percentage increases. As for the optical properties, the results of the UV examination showed 
that the doping process caused an increase in the energy gap, which is considered useful in 
photocatalytic processes. When the doping process occurred and the nanoparticles were formed, 
which led to an increase in the surface to volume ratio, in addition to reducing the electron-gap 
formation processes in the produced films, all of which led to improving the light transmission 
properties and catalytic efficiency, as the results of TiO2:SiO2 films in solar cells showed better 
performance than the elements that include TiO2 only, especially in the sample that had a low doping 
ratio compared to the higher ratios. Where the results of the solar cells deteriorated at these ratios.  

In the end, the most important conclusion we can draw from this research is that the doping 
processes that are low will certainly lead to an increase in the efficiency of the solar cell, according 
to the efficiency factor that was calculated. 
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