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Abstract: The design and optimization of a nanostructured antireflective coatings for Si solar cells 

were performed by using response surface methodology (RSM). RSM was employed to investigate 

the effect on the overall optical performance of silicon solar cells coated with three different nano-

particle materials of titanium dioxide, aluminum oxide, and zinc oxide nanostructures. Central com-

posite design was used for the optimization of the reflectance process and to study the main effects 

and interactions between the three process variables: nanomaterial type, the radius of nanoparticles, 

and wavelength of visible light. In this theoretical study, COMSOL Multiphysics was utilized to 

design the structures by using the wave optics module. The optical properties of the solar cell’s 

substrate and the three different nanomaterial types were studied. The results indicated that ZnO 

nanoparticles were the best antireflective coating candidate for Si, as the ZnO nanoparticles pro-

duced the lowest reflection values among the three nanomaterial types. The study reveals that the 

optimum conditions to reach minimum surface reflections for silicon solar cell were established by 

using ZnO nanoparticles with a radius of ~38 nm. On average, the reflectance reached ~5.5% along 

the visible spectral range, and approximately zero reflectance in the 550–600 nm range. 

Keywords: antireflection coating; nanostructured materials; solar cells; response surface methodol-

ogy (RSM) 

 

1. Introduction 

The consumption of electrical energy around the world has increased dramatically 

in recent decades, which led to increased demand for fossil fuel sources. Therefore, fossil 

fuels will no longer be available as sources of energy once a maximum rate of petroleum 

and gas extraction has been reached [1]. Hence, efforts are being made to reduce climate 

change and global warming related to this issue. For sustainable development, the prac-

tices of the reduction of greenhouse gas emissions and energy conservation have become 

compulsory. However, the enormous development in technology has led to support en-

ergy shortages and environmental issues. Alternative energy sources have become more 

popular in recent years due to the reduction in fossil fuel reserves and growing global 

warming concerns [1,2]. Most of the focus on renewable energy sources is on solar energy. 

Hence, there are two techniques that employ solar power, namely solar thermal and solar 

cells [3]. Energy from solar cells offers several advantages, such as low maintenance and 

eco-friendly solutions for the environment. 

Different types of Si solar cells are widely used at different scales [4,5]. These solar 

cells are low cost, highly efficient, and long-lasting with a lifespan of around 20–25 years 

[6,7]. Yet, Si has high surface reflectivity, leading to large optical losses even with the cur-

rent antireflection coatings (ARCs) used with commercial products [8,9]. Therefore, an 
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optimized and highly efficient ARC is still required to be incorporated with Si solar cells 

to enhance their power conversion efficiency. 

Nevertheless, even with the high open circuit voltage and photocurrent, Si solar cells 

still suffer from high optical losses due to surface reflections, which account for almost 

37% of losses from the incident light [9,10]. Possible solutions for this issue are the use of 

surface modification techniques such as using ARC to enhance solar cell light collection 

[11]. Different surface modification techniques were have been used to reduce the surface 

reflections of solar cells, such as using antireflection coatings by surface texturing [11], 

subwavelength structures [12], plasmonic surfaces [13], the surface passivation method 

[14], and the quarter wavelength method [15]. The use of ARCs can be carried out with 

single layer coatings, multilayer coatings, or by using nanostructured coatings [16–18]. 

Different types of nanostructures and nanomaterials have been used as antireflective 

coating layers [19]. Moreover, various materials, such as ZnO, Al2O3, and TiO2, are of great 

interest due to their distinctive optical properties [16,18–20]. Nanoparticles with a spheri-

cal shape are under intensive investigation due to their optical properties for use as an 

ARC, as they do not directly depend on the light incident angle [21–23]. Due to its strong 

light scattering, suitable refraction index, and low incident light reflection capability, ZnO 

is widely used as an antireflective coating for different types of solar cells [19]. Addition-

ally, these properties, in addition to high UV resistance, made ZnO the typical coating of 

choice for many applications [23–25]. On the other hand, TiO2, with its electrical, optical, 

and self-cleaning properties, make TiO2 nanoparticles an excellent candidate to be used as 

an ARC [24,26]. Moreover, Al2O3 thin film is an excellent candidate for Si solar cells when 

employed in different single or multilayer coatings [18,27]. 

Studying the factors and their colorations that affect the selection of nanoparticle size 

and type is vital for reaching minimum surface reflections, and can reduce a lot of the 

associated costs and experimental work related to lab trials [19,28]. Different methods can 

be utilized for this purpose, such as using response surface methodology (RSM), as this 

method has proven its efficacy in different fields [28,29]. The design of experiment (DOE) 

method is the most critical component in RSM utilization. The goal of DOE is to choose 

the most relevant points where the response should be well investigated and analyzed. 

Therefore, the selection of the design of the experiment has a great impact on defining the 

correctness of the surface response [30,31]. On the other hand, coupled with COMSOL 

Multiphysics analysis, the produced models can highly improve the design optimization 

and the selection of the type and size of the nanomaterials used. 

In the current results, we report on the investigation of the factors affecting the Si 

surface reflections, taking into consideration the type of nanoparticles and the size of the 

nanoparticles. The response surface methodology technique was used to optimize the so-

lar cell performance, by using the nanoparticles material type, and to identify the key var-

iables associated with improving the performance yield in Si solar cells. There are many 

variations that could influence the solar cell efficiency. Consideration of all the possible 

important variations which can have large impact on the performance is the focal point. 

This study varied the nanomaterial type used as an ARC between three different materials 

(aluminum oxide, zinc oxide, and titanium dioxide), the diameter of the nanoparticles, 

and finally the wavelength of the visible light spectrum. In addition, interactions between 

these parameters, and their main effects on the solar cell performance, were considered in 

the optimization process. The optical models were built by using COMSOL Multiphysics. 
As a result, ZnO nanoparticles with radius ~38 nm were found to produce minimum re-

flections in a wide spectral range. 

2. Materials and Methods 

This work investigated the effect of nanomaterials on the overall optical performance 

of Si solar cells. The proposed structures and the simulation analysis were developed in 

the COMSOL Multiphysics commercial package by using the wave optics module and 
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electromagnetic wave frequency domain. Then, the results were optimized by using the 

response surface methodology technique. 

2.1. 2D Model Simulation and Analysis 

Antireflection coatings using nanostructures can be divided into homogenous and 

non-homogenous layers according to the size distribution [32–34]. The homogenous lay-

ers have an advantage of reducing the light reflection more than the non-homogenous 

layers. This can be attributed to the controlled effective change of the refractive index from 

air to the Si surface. Several homogenous geometries have been reported, such as using 

cubic, spherical, and pyramidal nanostructures as an ARC layer [34]. 

To better build and simulate the problem model, and to reduce any artificial reflec-

tions, certain boundary conditions were selected. For this purpose, the four sides of the 

domain were chosen to be periodic boundaries when building the model using COMSOL 

Multiphysics. Equal spacing between the selected nanostructures was also imposed to 

produce the required domain periodicity. With this taken into consideration, the incident 

electromagnetic waves appeared with the same angular position on the opposite side of 

the structure. The top and bottom boundaries were set as identical to mimic a real-life 

device with their absorption, reflection, and transmission of the electromagnetic waves. 

On the other hand, and to reduce the demand for more computational power, the total 

incident energy was accounted for, and the S-parameter method was used to calculate the 

values of both reflectance and transmittance. The slit port boundary condition was used 

for the bottom layer to account for the electromagnetic wave source 

The dimensions of the Si part of the 2D structure were typically taken as (8–104 nm) 

in width and 300 nm in length; immersed in air as (8–104 nm) in width and 200 nm in 

length, whereas the radius of the nanoparticles was considered as (5–50 nm) for the case 

of the spherical shape. Figure 1 shows the 2D schematic structure of the selected nanopar-

ticles that were used in the design and simulation processes. 

 

Figure 1. A schematic diagram showing the Al2O3, TiO2, and ZnO nanoparticle 2D model placed on 

top of a Si substrate. 

2.2. Operational Parameter Statistical Analysis 

A statistical factorial analysis was conducted to study the effect of the nanoparticle 

type and size to be used as an ARC for Si solar cells (geometrical nanostructure: spherical 

shape) to produce the minimum reflection value along the visible light spectrum. Moreo-

ver, the geometrical parameters, including the structural dimensions, were varied for the 

selected shape and size in order to understand the light–matter interaction from this per-

spective, hence optimizing the surface reflectivity of the solar cell. Furthermore, the 
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changes in the reflectance over the considered spectral range were taken into considera-

tion for each nanoparticle size under study. The optimal parameters used for reducing 

reflections from the solar cell surface by an antireflective coating were analyzed by a 

standard RSM design called central composite design (CCD). 

2.3. Continuous Factors 

In order to obtain an optimized design which can be used to enhance the solar cell’s 

efficiency, and to reduce its reflectance, there are two continuous factors to be considered. 

One of them is the wavelength, which is considered to be in the range (380–720 nm), and 

the second one is the radius of the nanoparticle which is considered to be in the range (5–

50 nm). The wavelength is usually the only factor studied in most studies, as it has great 

influence on the amount of light absorption [19,35]. Therefore, the influence of the wave-

length range along the visible light spectrum is considered the most important parameter 

in solar cells’ performance. In this research, the COMSOL Multiphysics model considers 

wavelengths ranging from (380–720 nm), with a step size equal to 10 nm. The nanoparti-

cles’ sizes were varied in the range of (5–50 nm) to investigate the size effect in the selected 

spectral range by using RSM. 

2.4. Categorical Factors 

Three different types of nanomaterials were considered as an antireflective coating 

(TiO2, Al2O3, and ZnO) due to their distinctive optical properties and because their refrac-

tive indexes match for Si. The average refractive indices in the desired spectral range of 

the considered materials (Si, Air, Al2O3, TiO2, and ZnO) are approximately 3.98, 1, 1.77, 

2.61, and 2.02, respectively. Despite these values, and due to the change in the refractive 

index with the considered wavelength, the refractive indices were given as a set of data 

points as input to the model. Hence, the refractive index value designated for each con-

sidered wavelength value was accounted for. Factors affecting the final surface reflectance 

of the solar cell are not yet fully understood, and there is no way to connect these factors 

in direct relations. Explaining and clarifying these factors for optimization and implemen-

tation to increase the light absorption can highly reduce trial and error experiments and 

their associated costs. 
Mathematical models describing the response were produced by using analysis of 

variance (full factorial), and experimental datasets were used to assess the fit of the models 

generated with the simulation data. For process optimization, 39 runs were used for a 

silicon solar cell with one replicate. Table 1 shows the process parameters and the consid-

ered ranges. Process parameters that were selected were nanoparticle radius, the wave-

length spectrum, and nanomaterial type. In this RSM study, the considered levels were 4 

nm, 11 nm, 28 nm, 45 nm, and 52 nm, in which both the 4 nm and 52 nm levels were 

outside the (5–50 nm) range in order to confirm the model validity at the boundaries. 

Table 1. The model process parameters and ranges. 

Symbol Process Parameter Unit Range 

A Radius (R) nm 5–50 

B Wavelength (λ) nm 380–720 

C Nanomaterial type - Al2O3, ZnO, TiO2 

3. Results and Discussion 

3.1. Interpretation of Regression Model and Analysis 

The analysis of variance (ANOVA) method was used to justify the suitability of the 

Si model. A reflectance model with a high F value and low p value indicates significant 

factors. The p value represents the probability of residual error involved in determining a 

certain factor as a significant factor. Normally, the effect of different factors must be below 
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0.05 in order to be considered as a significant factor, which represents a 95% confidence 

level. Table 2 displays the ANOVA for the second-order model proposed for reflectance 

given in the suggested model. 

Table 2. Analysis of variance of silicon solar cell (reflectance model). 

Source DF Adj SS Adj MS F-Value p Value 

Model 11 0.535781 0.048707 12.33 0.0002 

Linear 

A, Radius (R) 1 0.066718 0.066718 16.88 0.001 

B, Wavelength (λ) 1 0.053480 0.053480 13.53 0.003 

C, Nanomaterial type 2 0.006938 0.003469 0.88 0.427 

Square 

AA 1 0.232468 0.232468 58.83 <0.001 

BB 1 0.066449 0.066449 16.82 <0.001 

2-Way Interaction 

AB 1 0.091424 0.091424 23.14 0.011 

AC 2 0.032866 0.016433 4.16 0.027 

BC 2 0.013248 0.006624 1.68 0.206 

DF: degrees of freedom, SS: sum of squares, F: F-test value, and p: error variance at a given 

response; parameters belonging to the filled cells are effective within 95% reliability interval. 

Based on the results in Table 2, in the reflectance model of Si (F value 12.33, p value 

0.0002), all the main factors, A, B, AA, BB, AB, and AC, are significant with a p value less 

than 0.05%. The linear, square, and two-way interaction model equations were fitted for 

the reflectance response variable of silicon substrates. It is clear that the p value of the 

reflectance model for Si is less than 0.05, showing that the model is significant with a con-

fidence level of ~95%. The reflectance model of Si shows that the R-square value is ~83.9%. 

For each factor, the model was developed to produce certain values representing the best-

case scenario. 

The statistical factors were estimated by using ANOVA. From the central composite 

design output, and the values shown in Table 2, a second-order polynomial regression 

model equation was derived to define the response in terms of the independent factors. 

The proposed mathematical model of silicon substrate reflectance is presented in the fol-

lowing equation: 

����������� (��)

= �[1.175 − 0.00238 (�) − 0.00331(�) + 0.000365(�)� + 0.000004(�)�

− 0.000043(��)]

+ � [1.257 + 0.00287 (�) − 0.00377 (�) +  0.000365(�)� + 0.000004(�)�

− 0.000043(��)] + �[1.163 − 0.00055 (�) − 0.00343(�) + 0.000365(�)� + 0.000004(�)�

− 0.000043(��)] 

 

where Y: predicted reflectance response, R: radius, λ: wavelength, (X, Y, Z): dummy factor 

(X: Al2O3, Y: TiO2, Z: ZnO). For example, if the material is TiO2, then Y = 1, (X and Z) = 0. 

3.2. Estimation of Factor Effects 

Analysis of the surface reflectance model of Si, and the effect of the independent fac-

tor data, began with the estimation of the effect of factors A, B, and C towards the re-

sponse, which is the reflectance of the silicon surface, as shown in Table 2. From the 

ANOVA, it can be observed that factors A and B contribute the most significant effect 

toward output response, which is the reflectance. From the estimation effect analysis 

shown in Table 2, the normal plot for the standardized effects can be developed from the 

Pareto chart, as shown in Figure 2. The standardized effects show the significant factors 
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towards the response “reflectance of silicon substrates”, which are A, B, AB, AC, BB, and 

AA. Each of them represents radius, wavelength, interaction between radius and wave-

length, and interaction between the radius and nanomaterial type. 

 

Figure 2. Pareto chart of the standardized effects of Si. 

The guideline that was used for this analysis is based on a 95% confidence level. If 

there are any effects exceeding the 2.052 line, the effect is considered significant. Figure 2 

shows factors AA, AB, A, BB, B, and AC that produce the most significant effects on the 

reflectance response. Based on the Pareto chart, factor A, which is nanoparticle size, has a 

direct effect on the reflectance. By changing the nanoparticle size, the reflectance value 

changes accordingly. The size of the nanoparticles changes the effective refractive index 

when it changes from air (n = 1) to Si (n ~ 3.7) [36], as the nanoparticle coverage per unit 

area changes from smaller particles to larger particles [19,32,34]. However, according to 

the optical behavior of each material, different reflection values can be found from differ-

ent materials at a certain considered nanoparticle size. On the other hand, factor B is found 

to have an effect on the reflectance response, which is the wavelength of the spectrum 

light. This factor is noted to be of great importance as different materials with different 

refractive indices have different reflectance values at each wavelength. These results are 

in agreement with published reports elsewhere [37,38]. Hence, the ARC behavior can be 

engineered in a selective manner to obtain a certain reflection level if needed for different 

applications, such as light reflectors, waveguides, or any other application that requires a 

certain level of reflectivity. 

The Pareto chart displays the absolute value of factor effects. It can determine which 

factors have greater effects than others. The normal probability plot of the standardized 

effects was used to examine the magnitude and direction of factor effects on the surface 

reflectance of Si, as shown in Figure 3. Factors further from 0.0 on the x-axis have greater 

magnitude and are more statistically significant. 
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Figure 3. Normal plot of the standardized Si effects. 

The direction of the main effects of all factors on the reflectance of the silicon cell was 

in agreement with the mathematical model equation described above. It is noted that the 

coefficients of (R)2 and (λ)2 both have positive values, which supports the location of AA 

and BB on the right side from 0.0, as shown in Figure 3. Similarly, the negative effects of 

AB, A, and B on the left side from 0.0 represents a decrease in the silicon cell reflectance, 

which can be achieved by increasing the values of R, λ, and Rλ as shown in the equation 

above. All the factors along the line can be ignored (BC and C). For the purpose of up-

grading the model, factors AC, BC, and C can be removed from the full model analysis, 

because they are not significant. In order to optimize the surface reflectivity of the solar 

cell, the changes in the reflectance over the considered spectral range were taken into con-

sideration for each nanoparticle size in the range of (5–50 nm) in this study. The standard 

RSM design, which is called central composite design (CCD), was used to find the optimal 

parameters of the antireflective coating for reducing reflections from the solar cell surface, 

as described in the contour plots below for the three nanoparticles used in this study. 

3.3. Interpretation of Residual Plots 

In the ANOVA described above, it was assumed that all runs produced from the 

model were normally and independently distributed with the same variance at each level 

of the variables. These assumptions should be checked by examining the residuals and 

the residual plots produced from the ANOVA. A residual is the difference between each 

observation and its estimated (or fitted) value from the statistical model being studied 

[39]. These plots play an important role in assessing model adequacy and are used to ex-

amine the goodness-of-fit in regression. The normal probability plot of the residuals was 

used to verify the normality assumption. In this study, the normal probability plot of the 

residuals for the silicon cell followed a straight line, as shown in Figure 4a. If the residuals 

generally fall on a straight line, this indicates a good validity of the approximation of the 

linear regression model. In addition, a good variability between residuals and observation 

order is clear, as shown in Figure 4b. As the residuals fall in a horizontal band with no 

systematic pattern, no unusual structure is apparent, as shown in the versus order plot 

(Figure 4b). This means that the proposed model is adequate and there is no reason to 

presume any constant variance assumptions or violation of independence. 
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(a) (b) 

Figure 4. (a) Normal probability plot for standardized residuals of Si, and (b) versus fits for standardized residuals of Si. 

3.4. Response Surface Methodology—Interpretation of Contour Plots 

3.4.1. Aluminum Dioxide ARC Results 

The 2D contour plot of the Al2O3 nanoparticle ARC depicts the interactive effects of 

two variables and their individual effect on the reflectance of Si, as shown in Figure 5. 

Here, the effects of the wavelength and the nanoparticle size of Al2O3 on the Si reflectance 

are presented. The minimum reflectance of Si (~5.57%) was achieved at a wavelength of 

~644 nm, with an Al2O3 nanoparticle radius of ~41 nm, while the maximum silicon cell 

reflectance (>50%) was produced at wavelengths above 650 nm with an Al2O3 nanoparticle 

radius less than 12 nm. Other published reports show (~5%) reflection achieved by using 

both Al2O3 and TiO2 as double layer coatings [18,27] which, in general, can add more costs 

and complexity when used in an experimental setup. Therefore, the use of Al2O3 as a sin-

gle layer ARC improves the overall process efficiency. 

 

Figure 5. Contour plot of Al2O3 reflectance vs. wavelength and radius. 

3.4.2. Titanium Dioxide ARC Results 

Figure 6 shows the contour plot of TiO2 reflectance on Si with respect to nanoparticle 

size. From this figure, it can be seen that both wavelength and the TiO2 nanoparticle size 

have an influence on the surface reflectance of Si. As the radius increases from 5 to 36 nm, 

the surface reflectance of the silicon cell is decreased from the maximum, which is above 

(60%), to the minimum value (<6%). On the other side, in the region of wavelengths of less 

than 450 nm and with a radius more than 42 nm, the reflectance increases dramatically. 

Moreover, the minimum reflectance of Si with TiO2 nanoparticles (~3.24%) was achieved 
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at the wavelength of 675 nm and nanoparticles with a radius of 36 nm, as shown in Figure 

6. The achieved reflection value can highly enhance the solar cell’s efficiency when imple-

mented in an experimental setup. Comparing the achieved value in this design with the 

(~5%) reflection by using double layers made of Al2O3 and TiO2 [18,27], or the (~7%) re-

flection by using a TiO2 single layer, gives the current results more significance for ARCs 

for Si [20,26,40]. 

 

Figure 6. Contour plot of TiO2 reflectance vs. wavelength and radius. 

3.4.3. Zinc Oxide ARC Results 

Figure 7 shows the contour plot of ZnO nanoparticles on Si, and the particle sizes 

with respect to the wavelength. Surface reflectance of Si was decreased in the region of 

wavelengths ranging from (550–720 nm) and a ZnO particle radius from (28-46 nm) to less 

than (6%), with minimum reflectance reaching (0%) with a ZnO nanoparticle radius of ~38 

nm at a wavelength of 656 nm. Achieving near zero reflection for Si is of great importance, 

as it enhances the light absorption in the device structure dramatically. In this context, 

Jalali Alireza et al. Han Seung-Yeol et al. and others reported, on average, (3–4%) reflec-

tion values after using different sizes of ZnO nanoparticles as an ARC for Si, while in the 

current results it has been shown that near zero reflection can be achieved by using ZnO 

nanoparticles as an ARC layer for Si [16,41–43]. 

 

Figure 7. Contour plot of ZnO reflectance vs. wavelength and radius. 
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3.5. COMSOL Multiphysics Results 

The spectral range study was done from (380–720 nm) for all three nanoparticle types, 

Al2O3, TiO2, and ZnO. The selected range is the range at which Si absorbs most of the light 

in the visible region to be converted into electrical power. The spherical structure shows 

different optical performances at different wavelengths. It is noted that the reflectance 

changes dramatically with the radius. The input parameters to the COMSOL model are 

shown in Table 3 below. 

Table 3. Input parameters to the COMSOL Multiphysics model. 

Input Parameters Details 

Geometry Nanoparticle size range: 5–50 nm 

Nanoparticles 

Materials  
Al2O3, TiO2, and ZnO 

Model Physics 

Electromagnetic wave frequency domain (emwf), 

with the following boundary conditions: 

- Top and bottom surfaces: Periodic 

- Left and right sides: Floquet periodicity 

Mesh size  Physics-controlled mesh with element size (Fine) 

Study 

 Type: Wavelength domain 

 Unit: nm 

 Range: 380–720 nm, with resolution: 10 nm 

However, ZnO nanoparticles with a radius of ~38 nm showed a better reflection re-

duction when compared to the other studied types. The reflectance spectra of pristine Si 

and Si with ZnO nanoparticles are shown in Figure 8 below. The results reveal an average 

reflection percentage of (5%) along the selected spectral range, and approximately zero 

reflectance in the range (550–600 nm), which is in agreement with the RSM results. Table 

4 shows summarized reflectance values for ZnO nanoparticles at different spectral ranges. 

With these results, it has been shown that Si can absorb most of the incident light found 

in the visible region when the Si has the highest external quantum efficiency. Hence, better 

power conversion efficiency can be obtained. 

 

Figure 8. Reflectance spectra of ZnO nanoparticles with radius 38 nm for Si cell obtained by COM-

SOL Multiphysics model. 
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Table 4. Average reflectance values of using ZnO nanoparticles with radius 38 nm as an ARC 

layer. 

Interval (nm) Reflectance 

380–720 5.5% 

500–720 2.3% 

550–600 ~0% 

4. Conclusions 

Silicon solar cells suffer from high reflection values due to their refractive index. 

Hence, reducing the reflection highly enhances the device performance. Antireflective 

coatings using nanomaterials can highly influence the reflection values, and bring down 

the surface reflection to near zero values to maximize the output power generated by Si 

solar cells. RSM-based optimization of the antireflection coatings by using the CCD 

method was used to evaluate and to optimize the effect of the nanoparticle types, radius 

of nanoparticles, and wavelengths to best reduce the reflection from the surface of Si. 

Three different types of nanoparticles, namely Al2O3, TiO2, and ZnO antireflective coat-

ings on Si substrates, were modeled numerically by using finite element simulation by 

solving the Maxwell wave equation for periodic nanostructure arrays. COMSOL Mul-

tiphysics software was used to perform the simulation by selecting the electromagnetic 

wave optics module. Various factors, including radius of nanoparticles and wavelength 

period, were studied in order to obtain better insight into how the light–matter interaction 

is affected by changing the nanomaterial types. 
Between the studied nanoparticle types, Al2O3 provides the worst optical perfor-

mance. The TiO2 nanoparticles show intermediate optical performance, while the ZnO 

nanoparticles were the best to reduce the optical reflection by decreasing the light reflec-

tion to near zero. The optimization process shows less than 5% reflection values over a 

wide spectral range, while reaching near zero reflection at ~560 nm for a 38 nm ZnO na-

noparticle size, which can highly enhance the solar cell performance. 
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