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ABSTRACT    

In this study, the efficiency of silicon solar cells is enhanced by using a titanium dioxide (TiO₂) anti-reflective (AR) 

coating. The use of the TiO₂ AR coating aims to reduce recombination at the solar cell interface. Many researchers 

have developed TiO₂ AR coating using the spin coating method. However, research with variations in spin coating 
speed has not yet been studied. Based on the UV-DRS results, the minimum reflectance was obtained in the sample 

with the lowest spin coating speed. Low reflectance indicates that more photons reach and are absorbed by the 

silicon. These results were confirmed by the results of the I-V test that had been carried out at the lowest spin 

coating speed, resulting in the highest Jsc of 135.4 mA/cm² and a maximum efficiency of 20.7%. This high Jsc can 
be attributed to maximum photon absorption, thereby increasing efficiency. The EIS results also showed that the 

highest recombination resistance of 836.4 Ω was obtained for the lowest spin coating speed variation . Where 

recombination was successfully suppressed with the increase in Rrec obtained in this study. 
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Introduction 

Silicon solar cells were the first type of 

solar cells to be mass-produced.1 However, 

the main obstacles to achieving high 

efficiency in these solar cells are losses due 

to electron-hole recombination, thermal 

losses, and unwanted reflections.2 Pure 

silicon cells have a high refractive index of 

around 3.8, which causes silicon reflection 

losses to range from 31 to 51%.1,3 This causes 

approximately 30% of sunlight to be lost due 

to reflection, and only 70% can reach the 

solar cell 1. This light loss due to reflection 

can be reduced by applying an antireflective 

(AR) coating.4 Coating solar cells with an AR 

coating can significantly increase the amount 

of sunlight absorbed by the cell surface, 

thereby reducing energy losses due to 

reflection and increasing conversion 

efficiency.5,6 

Several materials have been used 

extensively as AR layers, such as TiO₂, ZnO, 

SiO₂, and Al₂O₃.7 Among the various AR 

materials available, titanium dioxide (TiO₂) 

is widely used due to its good electrical and 

optical properties, high chemical resistance, 

and excellent stability at high temperatures.8,9 

TiO₂ has the ability to absorb ultraviolet light 

and high transmittance throughout the visible 

region, which promotes more absorption of 

incident light in solar cells.10,11 In addition, 

TiO₂ has a high electrical resistivity (around 

1014 Ω cm), which makes it a good 

passivation layer that ensures no 

recombination occurs on its surface, thus 

helping the efficiency of solar cells.11 

Research conducted by Jain et al., using TiO₂ 

as AR by the sputtering method, resulted in 

an efficiency of 12.58% with a reflectance of 

12%.11 Meanwhile, the research conducted 

by Anbupalani et al. with the same method 

achieved a maximum efficiency of 15.01% in 
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an open-source environment with a 

reflectance of 14%.12
 

AR coatings can be prepared using several 

methods, such as electron beam evaporation 

(e-beam), chemical vapor deposition (CVD), 

and sol-gel. One of the sol-gel methods 

widely used for AR coatings is the spin 

coating method. The spin coating method has 

advantages such as the formation of a highly 

homogeneous film layer, coating on a wider 

surface area, and cost efficiency compared to 

other coating methods.13 In addition, the spin 

coating method allows high thickness 

control, so it can be used to coat nanolayers.14 

Research conducted by Jung et al. using TiO₂ 

with the spin coating method obtained an 

efficiency of 13.08%.15 Meanwhile, research 

conducted by Azaiez et al., using TiO₂ with 

the same method, obtained a maximum 

efficiency of 15.8%.16 This shows that AR 

coating using the spin coating method can 

increase the efficiency of silicon solar cells 

by controlling the layer thickness and 

refractive index of the anti-reflective layer so 

that minimum reflectance can be achieved.3 

Although the spin coating method has been 

widely used for the deposition of TiO₂ as an 

AR coating, the effect of varying spin coating 

speeds on the efficiency of silicon solar cells 

has not been systematically studied. 

Therefore, in this study, a study will be 

conducted on how the spin coating speed 

affects the reflectance and efficiency of the 

TiO₂ AR layer of silicon solar cells.  

Materials and Methods  

Materials 
The materials used in this study include a 

silicon substrate, Ti-Nanoxide Blocking 

Layer (Greatcell Solar Materials), and 

alcohol (Merck, 96%). 

Deposition AR TiO2 

The deposition process of the TiO₂ AR 

layer begins by washing the silicon substrate 

using alcohol. The next step is to prepare 

ready-to-use titanium nanooxide BL as a 

TiO₂ precursor. Then, the solution is 

deposited using a spin coating method at 

speeds of 3000, 5000, and 7000 rpm for 60 

seconds onto the silicon substrate, which we 

then refer to as TiO₂-3k, TiO₂-5k, and TiO₂-

7k, respectively. Variations in speed of 3000, 

5000, and 7000 rpm are based on our 

previous study. Next, the samples are 

annealed using a hotplate at temperatures of 

100, 300, and 500℃, as shown in Figure 1. 

Result and Discussion 

The optical properties of the TiO₂ AR 

layer were measured using ultraviolet diffuse 

reflectance spectroscopy (UV-DRS) to 

determine the reflectance of the TiO₂ AR 

layer deposited on a silicon substrate using 

the spin coating method at variations in spin 

coating speeds. 

 
Figure 1. Deposition of AR TiO2
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Figure 2. Reflectance spectra of AR TiO2 

with variations in spin coating speed 

Figure 2 shows the reflectance spectrum of 

the AR TiO₂-coated surface in the visible 

region, which is in the spectral range of 400 

nm to 900 nm. From the reflectance spectrum, 

the minimum photon reflection is obtained in 

the TiO₂-3k sample. From the reflectance 

spectrum, it can be understood that the 

reflectance decreases in the order from the 

lowest to the highest spin coating speed, as 

shown in Table 1. This reflectance is lower 

compared to the reflectance results obtained in 

the study conducted by Jung et al., which was 

around 5.42% in the wavelength range of 

400−1000 nm.15
  

Table 1. Reflectance of AR TiO2 with 

variations in spin coating speed 

Samples Reflectance (%) 

TiO2-3k 0.55 

TiO2-5k  0.56 

TiO2-7k 0.62 

The reduction in reflection losses increases 

the photovoltaic cell's light capture capacity.12 

Additionally, low reflectance indicates that 

the absorption of incident photons is 

maximized, allowing more photons to reach 

silicon. This can lead to an increase in Jsc.
17  

 

 
Figure 3. J-V curve of AR TiO2 with 

variations in spin coating speed 

Figure 3 shows the J-V curve of titanium 

nanoxide-based TiO₂ for TiO₂-3k, TiO₂-5k, 

and TiO₂-7k samples. Based on the analysis, it 

is known that the lower the spin coating speed, 

the higher the efficiency of the silicon solar 

cell. Silicon solar cells made with the lowest 

spin coating speed variation (TiO₂-3k) 

produced the highest Jsc of 135.4 mA/cm² and 

an efficiency of 20.7%. Meanwhile, the TiO₂-

5k and TiO₂-7k samples showed a decrease in 

Jsc of 94.47 and 61.36 mA/cm², respectively, 

as in Table 2. This resulted in a decrease in the 

resulting efficiency of 13.9% and 9.13%. This 

shows that a sufficient thickness of the AR 

layer can significantly reduce the surface 

reflectance so that it can increase the 

photocurrent density from 61.36 mA/cm² to 

135.4 mA/cm².3 Decreasing reflectance can 

increase sunlight absorption, leading to 

increased current and overall cell efficiency, 

with optimized cells achieving efficiencies of 

up to 20.7%.18 The efficiency results in this 

study are higher compared to the efficiency 

obtained in the research conducted by Jung et 

al. and Azaiez et al., with efficiencies of 

13.08% and 15.8%, respectively.15,16
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Table 2. Parameters I-V of AR TiO2 with 

variations in spin coating speed 

Samples 
Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

𝛈 
(%) 

TiO2-3k 135.4 0.49 31 20.7 

TiO2-5k  94.47 0.50 29 13.9 

TiO2-7k 61.36 0.49 30 9.13 

Electrochemical Impedance Spectroscopy 

(EIS) is used to understand how 

electrochemical parameters vary with the spin 

coating speed on AR coatings, such as series 

resistance (Rs), recombination resistance 

(Rrec), and parallel or junction capacitance (Cj) 

on TiO₂-based silicon solar cells as an AR 

coating.19 

 

Figure 4. Nyquist plot of AR TiO2 with 

variations in spin coating speed 

Figure 4 shows the Nyquist plots of solar 

cells with various spin coating speeds for 

TiO₂-based AR coating. In this study, the 

smallest Rs of 5.975 Ω and the highest Rrec of 

836.4 Ω were obtained for the TiO₂-3k 

sample, where the high Rrec indicates an 

increase in the AR layer and a reduction in 

leakage current. The increase in the AR layer 

is related to a decrease in defect states at the 

AR layer interface, thereby reducing 

recombination with holes at the interface. A 

low recombination in the material can 

increase the efficiency of the solar cell.20  

 

Table 3. Parameters EIS of AR TiO2 with 

variations in spin coating speed 

Samples Rs (Ω) Rrec (Ω) Cj (Ω) 

TiO2-3k 5.975 836.4 0.165 

TiO2-5k  30.53 256.5 0.189 

TiO2-7k 10.96 535.3 0.285 

A low Rs value can efficiently improve 

charge transport and result in higher Jsc and 

FF.21 Meanwhile, Rrec is a key parameter 

affecting cell performance, as a high Rrec can 

suppress charge carrier recombination and 

suppress leakage current at the junction. Thus, 

maintaining a higher FF improves overall 

efficiency.19 

Conclusion 

The performance improvement of silicon 

solar cells studied here was achieved by 

optimizing the structure of the TiO₂ 
antireflective layer with the spin coating 

method. The efficiency of silicon solar cells 

deposited with the lowest spin coating speed 

variation resulted in the highest Jsc and 

maximum efficiency. This is due to the 

minimum reflectance produced by the sample 

with the lowest spin coating speed. This is also 

supported by the maximum recombination 

resistance produced by the sample deposited 

with the lowest spin coating speed that can 

minimize recombination in silicon solar cells. 

Based on the results obtained, a decrease in 

reflectance can increase the absorption of 

sunlight, which leads to an increase in current 

and overall cell efficiency. 
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