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 The article describes the results of a research on the surface morphology and optical 

properties of Al2O3, ZnO, and TiO2 thin films deposited by atomic layer deposition (ALD) 

for applications in silicon solar cells. The surface topography and elemental composition 

were characterised using a scanning electron microscope, and thickness was determined 

using an optical reflectometer. The samples were structurally examined using a Raman 

spectrometer. The structural variant was identified: for Al2O3 it is sapphire, for TiO2 it is 

anatase, and for ZnO it is wurtzite. Possibilities of minimising light reflection using single 

and double thin film systems below 5% were presented. For the first time, the effectiveness 

of these thin films on the current-voltage characteristics and electrical parameters of 

manufactured silicon solar cells was examined and compared. The solar cell with the highest 

efficiency of converting solar radiation into electricity was obtained for Al2O3/TiO2 and the 

efficiency of such a photovoltaic device was 18.74%. 
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1. Introduction 

Optical coatings are widely used in many industries, 

including optics, optoelectronics, and photovoltaics. Optical 

coatings can perform various functions. They can be 

designed to, for example, reduce the reflection of light 

(antireflection) or, for example, perform the opposite 

function (reflective). They can also act as a filter and 

transmit only a specific range of light. They are essential 

elements for many significant technological usages, such as 

increasing the conversion performance of solar cells, 

improving the efficiency of light extraction of diodes, and 

minimizing lens glare [1–5].  

Thin-film antireflection (AR) coatings significantly 

minimize the light loss in optical components using the 

transition of light from one medium to another and the 

dependence of the reflection coefficient on the refractive 

index. A single quarter-wavelength thin film with a perfect 

index can exclude reflection at one wavelength and 

significantly reduce it in a narrow range [4–7]. In order to 

achieve higher-quality requirements, thin-film AR coatings 

consisting of different configurations of thin films have 

been widely applied, such as double thin-film V-type AR, 

double thin-film W-type AR, multi thin-film AR, and 

broadband AR. For multi thin-film AR, it is commonly 

required to deposit a material with a high refractive index 

for the first thin film (higher than that of the substrate), then 

deposit a material with a low refractive index for the second 

thin film (lower than that of the substrate) [3, 5]. One of the 

important applications of AR is their use in the construction 

of silicon photovoltaic cells. Silicon is a semiconductor 

photovoltaic material with a comparatively high refractive 

index. It is a perfect material for a photovoltaic cell, recently. 

First, it is non-toxic, and it is also one of the most frequent 

elements in the Earth’s shell (after oxygen), generating 

minimal environmental or resource depletion issues if used 

on a production scale. Silicon photovoltaic cells have drawn 

significant attention as low-cost and high-performance 

photovoltaic cells. Pure silicon is a very reflective material. 

When the light falls on a silicon wafer, it can reflect up to 

35% of sunlight. To decrease the amount of sunlight losses, 

a surface texture treatment is used, and a thin-film AR 

coating is deposited on a silicon wafer. First, the texture is 

chemically performed on the plate in order to unfold the *Corresponding author at: e-mail: marek.szindler@polsl.pl 
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surface and multiply the reflection of light from a 

developed silicon surface. In this way, unfortunately, the 

negative reflection is not completely eliminated. Therefore, 

AR coatings are used [3, 5–7]. 

At present, one of the most commonly used AR thin 

films in the crystalline silicon photovoltaic cells production 

are SiO2/TiO2, Si3N4, or SiNx:H [6–9].  

In addition to the materials already used, an intensive 

research is carried out on new materials. One of the 

promising materials is Al2O3. Although aluminium oxide, 

a common ceramic material, has been known and used in 

different fields for centuries, today it makes an active 

research area in materials science. This is due to the inte-

resting properties of Al2O3, e.g., transparency over a wide 

range of wavelengths, electrical insulation with a band gap 

over 6 eV, mechanical advantages, and chemical inertness 

that make it a promising candidate for different high-

technology applications. Extensive investigations of this 

material are currently caused by perspectives of their 

applications in different electronic structures and photo 

catalytical and biomedical materials. In photovoltaics, thin 

films of this material can act as a passivating or anti-

reflection layer [3, 6, 8]. Another material that is already 

known and used in photovoltaics, but rediscovered thanks 

to advances in deposition technologies, is TiO2. This 

material has almost ideal properties for use as an AR 

coating on silicon solar cells. Its refractive index is 2.58. 

The photoelectrochemical properties of TiO2 are related to 

the absorption of radiation. The TiO2 is defined by high 

absorption only in the ultraviolet range. In order to increase 

the extent of light absorption in the wider range, which is 

crucial in solar cells and in the degradation of water under 

the influence of light, the work is ongoing to modify its 

properties [5, 7]. Due to their electrical properties and 

transparency, they give the impression of a thin layer made 

of ZnO. In nature, zinc oxide is an oxidic combination  

that can be found as mineral zincite that crystallises in 

a hexagonal structure of wurtzite P63mc. The ZnO belongs 

to the group of semiconductors. It is characterised by 

a wide energy gap of 3.37 eV and high transparency. Due 

to its properties, it can be adapted as an AR coating or 

a transparent conductive layer (TCL), which are mainly 

used in electronic devices as display elements, organic 

diodes, photovoltaic cells, etc. [10, 11].   

The choice of deposition method is of great importance 

in obtaining desired properties for thin films. There are 

many deposition methods of thin-film AR coatings, such as 

magnetron sputtering method, vacuum evaporation 

coating, chemical vapour deposition method, and sol-gel 

method. The choice of the deposition method is decisive for 

obtaining a layer with appropriate properties. Chemical 

vapour deposition is a chemical growth phase in which the 

reaction takes place in a stream and is called the chemical 

vapour deposition technology [9–12]. Sputtering is a method 

of layer deposition which is a type of physical vapour 

deposition (PVD). In this process, a substrate to be coated 

with a thin film and a target (source material) are placed 

into a vacuum chamber that becomes filled with an inert 

gas (generally, Argon). When the high voltage of electricity 

is set, positively charged Argon (Ar+) becomes attracted to 

a negatively charged target material as a cathode and 

collides with it. Upon the collision, target atoms/molecules 

are sputtered off and deposited on the substrate, coating it 

with a layer. Sputtering is conducted in a vacuum to keep 

the process sterile and free of contamination or impurities. 

In the vacuum evaporation method, a heated evaporation 

container with a source material (located in the vacuum 

chamber) can form a thin film of raw material which leads 

to the escape of atoms or molecules from the surface gasi-

fication and shapes a steam flow that falls on the substrate 

surface and condenses into a solid thin film [12–18]. 

In industrial practice, the most used methods are PVD 

and plasma-enhanced chemical vapour deposition 

(PECVD). However, they have their limitations. The PVD 

method covers only the surface of a component perpen-

dicular to the stream. In the chemical vapour deposition 

(CVD) method, it is also possible to cover the surface 

parallel to the stream. In both cases, the so-called "coat" is 

obtained. The further away from the stream, the slower the 

deposition of the layer. Thus, there are variations in 

thickness. 

Within the framework of this article, the use of the 

atomic layer deposition (ALD) method was indicated. The 

ALD method is a variety of the CVD method, which is 

unique in the fact that the precursor and reagent are entered 

separately into the chamber. They react with each other 

only on the surface of the coated element. The benefit of 

ALD is to control the thickness at the molecular level, and 

uniformly cover the element with developed topography. In 

addition, the coating produced by this method imitates the 

shape of the surface, which is often useful, for example, 

when using a silicon solar cell on a textured surface. 

Additionally, the possibility of depositing a double layer in 

one process gives the possibility of using a multi-functional 

coating. It can play not only the antireflective role but also 

a passivating one. 

The available literature contains reports on the use of an 

Al2O3 thin film deposited by the ALD method as a passivat-

ing layer in thick silicon solar cells and the use of Al2O3, 

TiO2, and ZnO thin films deposited by the ALD method in 

thin-film solar cells [19, 20]. However, there is no 

comparison of the properties of these thin films and their 

combinations when used as AR coatings in thick silicon 

solar cells. To the best of our knowledge, there is no 

reported works on the use of these ALD thin films in a thick 

silicon solar cell technology and comparing their optical 

properties on one substrate. In the reported work, the 

authors compare three different ALDs grown oxide layers 

such as Al2O3, TiO2, and ZnO, and their possible combi-

nations to be used as an AR coating in thick silicon solar 

cells. In addition, these oxides can act, for example, as a 

passivating layer or supporting metallic contacts. For the 

first time, the effectiveness of these layers on the current-

voltage characteristics and electrical parameters of manu-

factured silicon solar cells was examined and compared. 

2. Material descriptions and research methodology  

The aluminium oxide (Al2O3), zinc oxide (ZnO), and 

titanium oxide (TiO2) thin films and their combinations 

were deposited using an ALD Picosun R 200 (Espoo, 

Finland) reactor. The organometallic compounds like 

trimethyl aluminium (TMA) and diethyl zinc (DEZ) and 

chloride like titanium tetrachloride were used as a precursor, 

respectively. In each case, deionized water was used as a 

reagent. For the selected compounds, the thermal ALD 
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parameters were used with a deposition temperature of 

250 °Ϲ with pulse lengths of 0.1 and 4 s creating precursor 

and water, respectively. The purge step with N2 of 4 s 

flowing was used between pulses to remove the remains of 

precursors and reaction by-products. Different sets of the 

number of cycles of individual thin films were prepared. 

The number of cycles for single Al2O3, ZnO,  and TiO2 thin 

films was in the range of 100–1000. First, ALD thin films 

were deposited on a polished silicon substrate (2 × 2 cm 

plates) with a low roughness coefficient to eliminate the 

influence of the substrate and characterise it well. Later in 

the experiment, thin films were deposited on a textured 

silicon wafer with a P-N junction and with a chemical 

texture without any passivating or AR layers (5 × 5 cm 

plates). After the deposition of the tested thin films, 

metallic contacts were deposited by screen printing. 

The surface morphology of the analysed specimens was 

evaluated by the scanning electron microscope (SEM). The 

images were taken with a Zeiss Supra 35. The accelerating 

voltage was 3÷5 kV. To registered images of the surface 

topography, the secondary electron detector (by the in-lens 

detector) was used. The qualitative research of chemical 

elements was also performed using energy-dispersive 

spectrometry (EDS).  

The samples were structurally examined using a 

Renishaw in Via Reflex Raman spectrometer equipped 

with a 514.5 nm (green) excitation laser. The spectra were 

recorded over a wide Raman shift range from 50 to 

3100 cm−1. Raman spectroscopy enables the measurement 

of active Raman phonon modes (in crystalline materials) 

and active Raman oscillatory modes (in particles). Thanks 

to this, it is possible to obtain a unique spectral fingerprint 

of various crystalline polymorphic materials and spectral 

information from the molecules at the measurement site. 

The thickness of the prepared thin films was designated 

using an FR-pRo-UV/VIS optical reflectometer (Theta-

Metrisis SA., Peristeri Greece). The reflected light 

technique was used for the measurements. Reflectometric 

measurements are based on the theory of total reflection. 

This value defines the ratio of reflected light to incident 

light. A beam of light falling on the sample surface is 

disturb by reflecting off the upper and lower sides of the 

thin film. Then, this beam is directed to the CCD matrix by 

an optical fibre and processed on the computer. In the end, 

a spectrogram with rectilinear interference oscillations 

proportional to the thin-film thickness registered on the 

monitor was obtained. First, the substrate on which natural 

SiO2 oxides with a thickness of 2 nm were identified was 

characterised. Their presence in the optical model was 

considered.  

The optical properties of the thin films were determined 

using a UV/VIS spectrophotometer from Thermo Fisher 

Scientific Company (Waltham, MA, USA), model 

Evolution 220. The spectral range of the research was in 

the range of 300–900 nm. Absolute reflection was 

determined using an ISA-220 integrating sphere accessory. 

Current-voltage characteristics of silicon photovoltaic 

cells were measured using a solar simulator model 

SS150AAA. Standard conditions were used in the 

measurements (Pin = 1000 W/m2, AM1.5G spectrum, 

T = 25 °C). The most important electrical parameters of the 

silicon photovoltaic cells were determined by using the I-V 

curve tracer software. 

3. Results 

The microscopic images were registered with a Zeiss 

Supra 35 using an accelerating voltage of 3÷5 kV. To get 

images of the surface morphology, the secondary electron 

(in-lens) detector was used because the specimen and the 

thin films are very smooth. It was necessary to use high 

magnification (100 000x and higher) to see surface 

elements. The surface morphology of the Al2O3, ZnO, and 

TiO2 thin films was examined. The topography of the thin 

films prepared by the ALD method is homogeneous and 

smooth (Fig. 1).  

There are no visible discontinuities, cracks, pores or 

defects. The Al2O3 thin films are characterised by a low-

roughness surface topography with repetitive globular 

structures, like the typical amorphous structure. The ZnO 

thin film is described by a uniform surface morphology 

with repeated oval crystallites elongated in the direction of 

the x-axis. The TiO2 thin film, on the other hand, is 

characterised by a uniform grain structure. A detailed 

description of structural studies has been included in 

previous papers together with discussions on this 

phenomenon [5, 8, 17, 19]. Electrochemically polished 

silicon substrates were used in the tests in which the 

delivery declares the root mean square (RMS) coefficient 

of roughness below 4 nm. In previous studies, the RMS 

factor was respectively measured for Al2O3 = 0.28 nm, 

TiO2 = 2.37 nm, and for ZnO = 1.34 nm by the AFM 

microscope [21].  

(a) 
 

(b) 
 

(c) 
 

Fig. 1. Surface morphology of Al2O3 (a), ZnO (b), and TiO2 (c) 

thin films prepared on the polished silicon specimen. 
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The microanalysis of the deposited thin films has been 

registered with the X-ray EDS. The tests using EDS were 

aimed at showing that the obtained thin films are 

homogeneous and free of impurities. Only peaks from 

elements present in the layer or substrate were recorded. In 

EDS testing for metallic elements, high voltages from 

10 keV are usually used. The lower voltage applies only to 

light elements. The EDS spectra of thin films of Al2O3, 

ZnO, and TiO2 are shown in Fig. 2, respectively. In the 

spectrum of the Al2O3 thin film, peaks of 0.525 and 

1.486 keV were recorded, which are from oxygen and 

aluminium, respectively. Peaks were also recorded for 

silicon (from the substrate) and for carbon which is always 

present in the environment. In the spectrum of a ZnO thin 

film, peaks of 0.525, 1.012, and 8.630 keV were recorded 

which are from oxygen and zinc, respectively. In the last 

case, peaks from oxygen and titanium from the thin film 

and silicon from the substrate were recorded. 

In the theoretical group analysis, the representation of 

alpha-aluminium oxide for optical modes is given as 

2A1g + 2A1u + 3A2g + 2A2u + 5Eg + 4Eu. In Raman scattering, 

vibrations with symmetry A1g and Eg are active. Therefore, 

seven phonon modes are expected in the Raman shift, at or 

close to: A1g at 418 and 645 cm−1, and Eg at 379, 431, 450, 

578, 750 cm−1. All active modes were registered and shown 

in Fig. 3(a). In the theoretical group analysis, the titanium 

dioxide representation has six active Raman modes: 

3Eg + 2B1g + A1g. The Eg modes are symmetric stretching 

of Ti–O bonds. The B1g and A1g are symmetric and 

antisymmetric bending motions of O–Ti–O, respectively. 

Their values are at or close to: Eg at 144 cm−1, at 197 cm−1, 

and at 638 cm−1, B1g at 399 cm−1, and at 513 cm−1, A1g at 

519 cm−1. All active modes were registered and shown in 

Fig. 3(b). In the theoretical group analysis, the represen-

tation of zinc oxide is given as 1A1 + 2B1 + 1E1 + 2E2. The 

optical phonons of ZnO are observed at 327 cm−1, 

433 cm−1, and 566 cm−1 which is shown in Fig. 3(c). The 

peak at 433 cm−1 arises from the first-order Raman 

scattering by the E2 phonons, which ensures the good ZnO 

crystal quality. The E2 modes in ZnO of non-polar optical 

phonons are assigned to the wurtzite structure.  

The deposition of single atomic layers in the ALD 

process is based on two mechanisms: chemisorption on the 

surface and chemical reactions at the surface of the coated 

element. Chemisorption should be treated as a chemical 

reaction between adsorbate molecules (precursor) and atoms 

(a) 

 

(b) 

 

(c) 

Fig. 2. EDS spectra of Al2O3 (a), ZnO (b), and TiO2 (c) thin film 

prepared on the polished silicon specimen. 
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Fig. 3. Raman spectra of the Al2O3 (a), TiO2 (b), and ZnO (c) 

thin film on the polisher silicon substrate. 
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of the solid surface (substrate). Therefore, the correct 

course of the process largely depends on the affinity of the 

precursor for the substrate and of the reagent for the 

precursor [22–24]. In the case of Al2O3, during the first step 

of the ALD cycle, the OH-terminated starting surface is 

exposed to a pulse of TMA. These precursor molecules will 

interact with the OH surface groups when binding to the 

surface, forming CH4 as a reaction product. The CH4 

molecules and the rest of TMA are removed from the 

chamber. The reactant in the case of thermal ALD is H2O. 

The H2O molecules will remove the remaining CH3 ligands 

and create CH4 as a reaction product from O-bonds 

between the Al atoms creating the Al2O3 thin film and 

terminating the surface with OH-bonds. The remaining 

H2O molecules and the formed CH4 will be removed during 

the subsequent pump time, leaving a new OH-terminated 

surface for the next precursor pulse to react with. It is 

suggested that the amorphous Al2O3 phase becomes 

metastable with respect to a crystalline alumina polymorph. 

Reports in the literature describe the deposits as 

amorphous, but metastable with respect to a crystalline 

alumina polymorph [25]. This correlates with the obtained 

Raman and SEM results. A similar mechanism occurs in 

the case of ZnO deposition using diethylzinc (DEZ) and 

water. The use of this organometallic compound enabled a 

stable hexagonal crystalline form of ZnO called wurtzite 

[26] which correlates with the results obtained by the 

authors. A slightly different situation occurs when a 

precursor in the form of TiCl4 is used for the TiO2 thin film. 

The reactant is water, but the growth rate is much lower. It 

is not clear why the experimentally obtained growth rates 

of the thin films are up to two times lower than the 

theoretical value calculated for the process in which no 

ligands are released from adsorbed TiCl4. It has been 

discussed that HCl, which is released in the reaction 

between TiCl4 and surface hydroxyl groups, may re-adsorb 

and occupy adsorption sites for TiCl4. Nevertheless, this 

reaction, according to literature data, allows obtaining a 

stable crystalline structure of anatase TiO2 [27]. The 

authors confirmed this with Raman studies. 

The reflection of light from the samples in the range of 

300–900 nm was measured and then their thickness was 

determined based on these results. Figure 4 shows a selected 

experimental and fitted spectrum. All results were distin-

guished by a high fit factor. The parameter matching R2 

was in each case above 0.980 (it should be as close as 

possible to the value 1). The influence of the number of 

cycles on the thickness of the deposited thin film is shown 

in Fig. 5. Based on the obtained results, the growth rate of 

individual thin films was estimated. Thus, a thin film of 

Al2O3 grew at 0.1 nm/cycle, ZnO at 0.12 nm/cycle, and 

TiO2 at 0.036 nm/cycle, respectively. 

The Al2O3, ZnO, and TiO2 thin films prepared with a 

number of cycles from 100 to 1000 were measured. Based 

on the calculated thicknesses, it was possible to designate 

the average speed of thin-film growth through one ALD 

cycle. The aluminium oxide is characterised by approxi-

mately 0.1 nm per cycle, for zinc oxide it is 0.12 nm, per 

cycle and for titanium oxide thin film it is 0.035 nm per 

cycle. Subsequently, AR coating consisting of two thin 

films with different thickness and composition was 

obtained using Al2O3 ZnO, and TiO2 materials. 

The possibility of minimizing light reflection was 

investigated using different materials (Al2O3, ZnO, and 

TiO2) and their double thin-film combinations (Figs. 6, 7). 

From the point of view of optical properties, thin films 

are indeed assumed to be deposited from the lowest 

refractive index to the highest. Nevertheless, the 

multifunctionality of the deposited coatings is also 

considered. As in the SiO2/TiO2 system, although the SiO2 

thin film has a lower refractive index, it also acts as a 

silicon passivating layer, and the Al2O3 thin film can also 

play such a role. Therefore, the authors decided to deposit 

such systems, as well.  

Single AR coatings allow minimization of light only in 

a small range. The Al2O3 thin film with a thickness of 

90 nm has its minimum reflection in the range of 600–

700 m. Reducing the thickness shifts the minimum to 

shorter wavelengths [Fig. 6(a)]. 

Since ZnO has a higher index of refraction than Al2O3 

at the same thickness (e.g., 90 nm), the minimum of 

reflection occurs at longer wavelengths (700–800 nm). As 

in Al2O3, the tendency of changing the reflection minimum 

to shorter wavelengths with the reduction of a thin-film 

thickness is similar [Fig. 6(b)]. 

The high refractive index of TiO2 means that to obtain 

the minimum in the same range as Al2O3 or ZnO, it is 

enough to deposit a thinner thin film. Nevertheless, the 

reflection values are slightly higher [Fig. 6(c)]. 

Figure 7(a) shows the reflection of light from the 

surface of silicon covered with thin films of Al2O3, ZnO, 

and TiO2. The thicknesses were selected to obtain the 

minimum of light reflection in a similar range. Similar 

results were obtained for the Al2O3 and ZnO thin films, 

while for the TiO2 thin film, slightly higher reflectance 

values were obtained. 

 

Fig. 4. Example of the experimental and fitted spectrum of a 

single layer AR coating of 55.30 nm of Al2O3 deposited 

on the polished silicon. 

 
Fig. 5. The influence of the number of cycles on the thickness of 

the deposited thin film. 
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Since a single thin film only minimizes reflection in a 

narrow range, and beyond that, reflection increases signifi-

cantly. The possibility of minimizing the reflection using 

a double thin-film AR coating consisting of a combination 

of Al2O3, ZnO, and TiO2 films was investigated. The best 

results were obtained for TiO2 27nm/Al2O3 65 nm 

[Fig. 7(b)]. In the wavelength range of 500–700 nm, the 

light reflection was below 5%, while in the literature for 

classic AR coating such as SiO2/TiO2, the reflection was 

between 8–10% [22] and similar results for Si3N4 [28].  

Current-voltage characteristics of silicon photovoltaic 

cells with selected single and double AR coatings were 

measured (Fig. 8). On their basis, the electrical parameters 

of the solar cells were determined (Table 1). The solar cell 

with the highest efficiency of converting solar radiation 

into electricity was obtained for Al2O3/TiO2. The perfor-

mance of such a photovoltaic cell was 18.74%. 

Table 1. 

Summary of electrical properties of the polycrystalline silicon 

photovoltaic cells with Al2O3 ZnO and TiO2 thin-film single and 

double AR coating with different compositions. 

Sample Isc [mA] Uoc [V] FF η [%] 

ZnO 632.4 953.512 0.700 16.62 

Al2O3 634.6 969.708 0.734 17.75 

TiO2 637.2 975.872 0.742 18.10 

Al2O3/ZnO 638.7 957.572 0.735 17.88 

Al2O3/TiO2 634.6 974.037 0.770 18.74 

TiO2/Al2O3 633.2 961.890 0.773 18.50 

 

 

 

Fig. 6. The curve of light reflection from the polished silicon 

with the deposited Al2O3 (a), ZnO (b), and TiO2 (c) thin 

films of different thickness. 

               

                     

  

  

  

  

  

  

 

 

            

            

            

               

                     

  

  

  

  

  

  

 

 

          

         

         

               

                            

  

  

  

  

  

  

 

 

           

           

           

 

 

Fig. 7. The curve of light reflection from the polished silicon 

with the deposited Al2O3 ZnO and TiO2 thin film of 

different thicknesses to obtain similar minimization of 

reflection in the same range in single (a) and double (b) 

systems. 

               

                            

  

  

  

  

  

  

 

 

                                      

          

               

                            

  

  

  

  

  

  

  

  

  

 

 

                      
                     
                      
                    

  

Fig. 8. Current-voltage characteristics of a photovoltaic cell with 

deposited Al2O3 ZnO and TiO2 thin-film single and 

double AR coating of different compositions. 
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4. Conclusions 

The article examines the possibility of using metal 

oxide thin films deposited by the ALD method in the 

structure of polycrystalline silicon solar cells. For this 

purpose, the growth rate of the deposited Al2O3, ZnO, and 

TiO2 thin films was determined. The possibility of 

minimizing light reflection for different combinations of 

thin films was investigated. Single thin film made it 

possible to minimize light reflection in a narrow range. The 

bigger the refractive index of the thin film, the smaller the 

thickness needed to obtain minimum light reflection in the 

same wavelength range. In order to extend the range of 

minimizing the reflection, double AR thin films were used. 

The best results were obtained for the combination of thin 

films with TiO2 and Al2O3 of a thickness of 27 nm and 

65 nm, respectively. Then, the electrical properties of the 

silicon photovoltaic cells with deposited thin films were 

measured. The solar cell with the highest efficiency 

(18.74%) was obtained for the Al2O3/TiO2. 
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