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Abstract

Reflection of the incident photons by the silicon surface is a major source of losses during photovoltaic conversion. However, these 
losses can be minimized by depositing an antireflection layer, usually silicon nitride SiNx: H, combined with an appropriate texturing. 
This layer should also provide a good passivation where a real dilemma can be arising. In contrast the surface passivation gets better 
with increasing Si content (large optical index for n > 2.3) and the minimum reflectivity was found for small optical index. To achieve 
this, one first approach consists to use a double antireflective layer with two materials of different refractive index n. Among the 
materials that are appropriate from the standpoint of physics and technology are SiNx:H-rich silicon, Oxynitride SiOxNy and silicon 
oxide SiOx. To optimize the antireflection multilayer, we have developed a numerical simulation code with Matlab software package 
where we have used the method of transfer matrix to solve the optical equation. These solutions permit us to plot the optical reflectivity 
and the absorption versus wavelengths and layer thicknesses. The optical refractive index and thicknesses of considered materials, which 
allowed us to have the lowest reflection, were used to simulate the electrical properties of the cell with PC1D and Silvaco software. 
Thus, our results showed the cell efficiency increase  by 0.3 % and effective reflectivity of 7.4 % is obtained with a first oxide layer 
(n1=1.5 and d1=55 nm), and a second layer of silicon nitride (n2=2.1 and d2=53 nm) non-encapsulated compared to a reference solar cell 
(with a SARC SiN). In the case of multilayer non-encapsulated, our optimization has shown that it is possible to increase the efficiency 
by 0.7 % with the refractive index (1.48, 2 and 2.4) and thicknesses (80, 5 and 50) nm. 

© 2013 The Authors. Published by Elsevier Ltd.  
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1.  Introduction  

During the last decade, diverse antireflection layers (ARC) deposited on non-encapsulated or encapsulated solar cells 
have been optimized theoretically and experimentally [1]. Many works are reported on the double antireflection layers 
where different types of materials were employed like SiO2/Si3N4, SiO2/TiO2 and ZnS/MgF2 [2, 3, 4]. However, few 
works are done on the optimization of multilayer antireflection (MARC, Fig. 1) using the SiNx:H, SiOxNy and SiOx as 
basic materials. 

The reflection of the incidental photons by surfaces of the silicon substrates is an important source of losses for 
photovoltaic conversion. 
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The deposition of multilayer antireflection seems to be a good solution to reduce the optical losses (the silicon surface 
reflects more than 30%). From this perspective, the appropriate materials considered physically and technologically are 
SiNx:H-rich silicon, Oxynitride SiOxNy and silicon oxide SiOx. They can be used as antireflection coating due to their low 
absorption and adjustable optical properties and as a layer of passivation. 
The refractive index n and the extinction coefficient k of SiNx: H increase with the content of silicon in the layer [5].  
Thus, it can vary from 1.9 to 3.0 at 628 nm. The optimal optical index of a transparent antireflection layer of non-
encapsulated solar cell silicon is 2.05 and about 2.4 for an encapsulated solar cell (glass, acetate and EVA). 
According to Soppe and al [6], the best efficiency of solar cells is obtained for optical low refractive indexes. However, 
surface passivation becomes better for indexes above 2.3 and the bulk passivation is good for a refractive index between n 
= 2.1 and 2.2. 
 To combine between the minimization of the reflectivity and the adequate surface passivation, one first approach 
consists to use a double antireflective layer DARC with two materials of different refractive index n:  a lower 
layer relatively rich in silicon to allow good surface passivation and a top layer with low refractive index to minimize 
reflection at the surface of the solar cell [7]. Optimization calculations of such a DARC were already carried out 
by Wright et al [8]. These results indicate a failure of the double layer concept. To resolve this problem, we have studied 
antireflective multilayer composed of three layers with a variable index 1.45 ≤ n ≤ 3. The indexes of three materials used 
are: SiOx (1.45 ≤ n1 ≤ 1.5), SiOxNy (1.5 ≤ n2 ≤ 1.8) [9] and SiNx: H (1.8 ≤ n3≤ 3) [10]. 
In this work, a lower thickness limit of d(SiN) > 30 nm was assumed for the inner layer because referring to Lauinger et al 
[11] a minimum thickness is needed to achieve an effective surface passivation. It is important to note that the optical 
properties of materials used vary considerably with the method and the deposition conditions that generate the 
inhomogeneity of the refractive index along the depth of materials. 
The theory of antireflection coating is examined by many authors [2, 7, 11, 12]. The transfer matrix method [13] is usually 
employed for calculation of reflection coefficient.                                                                               
 In this paper, we present the result of calculation obtained by our computer program of single, double and 
multilayer ARC on silicon substrate. 

2. Simulation of multilayer antireflective coating 

2.1. Modeling  
 
 Let us consider an external environment “0” with refractive index n0 and N thin layers Cn. The refractive indexes of 
these layers are: ni, ni+1, ni+2,…,ni+n, and their thicknesses are : di, di+1, di+2,…, di+n. The refractive index of a substrate S is 
ns (Fig.1).  

               

 
 
 

Fig. 1. Model of multilayer reflection coating (MARC), nN>…> n2> n1. 
 
First, we describe the characteristic matrix of a single layer. As mentioned earlier, the matrix relates tangential components 
of the electric E(z) and magnetic H(z) fields at the layer boundaries z=0 and z=s.  
 

                                                     

                                                                           
(1) 

 

0 s z 
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The matrix itself is 
 

                                                                                                                                        (2) 

 
The characteristic matrix of a multilayer is a product of corresponding single layer matrices. If i is the number of layers, 
then the field at the first (z=z0) and the last (z=zi) boundaries are related as follows: 
 

 

                                                                                                                              (3) 
 
The transfer matrix method is used to evaluate the optical properties of a multilayer system deposited on a substrate. A 
system of N layers is characterized by the equivalent matrix Mi 
 
 

                                                                                                                        (4) 

 
With j2= -1, ni the refractive index of the ith layer,  is dephasing between the reflected waves of layers i and i+1 
 
 
                                                                                                                                                     (5) 
 
 
ϕ  is the angle of wave propagation in the layer. The detailed derivation of amplitude reflection (r) and transmission (t) 
coefficients is given in [16]. The resulting expressions are shown in Equations 6 and 7. 
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Mij are the elements of the characteristic matrix of the multilayer. The energy coefficients (reflectivity, transmissivity, and 
absorptance) are given by 
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With Re the real part, ns and no is refractive index of the silicon and vacuum respectively.               

                                                          R T A 1                                                                           (11) 
  
The absorption coefficient α is defined by the following equation. 
 

                                                           
4πkα
λ                                                                                                           

(12) 
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2.2. Optimization of the MARC  

     A good antireflective coating (ARC) is vital for solar cell performance as it ensures a high photocurrent by minimising 
reflectance. Unlike many other optoelectronic devices, solar cells operate at a range of wavelengths, from 300 – 1200 nm, 
which means they need a broadband ARC. 
 
The dispersion n and k were used to determine the optimum parameters of antireflection coatings on silicon non 
encapsulated solar cells and encapsulated ones using glass and EVA copolymer encapsulate, we have developed a 
numerical simulation code with a Matlab software package where we have used the method of transfer matrix to solve the 
optical equation and that to have different reflectivity for each index and layer thickness. These simulations were done with 
a flat front surface. 
 
The IQE was calculated using PC1D and Silvaco software. For the simulation of the cell « Al BSF cell », the parameters used 
are grouped in Table 1. 
 

Table.1. Parameters used to calculate the electrical parameters of silicon solar cells « Al BSF cell » using simulation software (PC1D and Silvaco). 
 

Parameters Value 

 
Cell thickness [μm] 
Diffusion length within the base [μm] 
Specific resistivity of the base [Ω.cm] 
First emitter peak doping [cm–3] 
Second emitter peak doping [cm–3] 
BSF 
Emitter sheet resistance [Ω/sq] 
Front surface recombination velocity[cm/s] 
Back surface recombination velocity [cm/s] 
JSCmax (R = 0, A = 0) [mA/cm2] 
JSCmin (without ARC) [mA/cm2] 

 
200 
140 
1,   p-type 
1.1021, 0.1μm, Erfc 
1.1020, 0.4 μm, Gauss 
5.1019,  p+-type 
40 
105  
107 

35.0  
22.3  
 

 
2. Result and discussion 
 
3.1. Reflection of MARC 
  
 The table.2 includes the best results of effective reflectivity (Reff average across a wavelength range 300-1100 nm) of 
SARC, DARC and MARC. The best results of Reff, are for a stacking of three layers SiOx (n1 = 1.48, d1=80 nm), SiOxNy 
(n2= 2, d2=5 nm) and SiNx : H (n3= 2.4, d3=50 nm).  
 

Table. 2. Results of simulation of reflectivity (Matlab) 
 

Cells non-encapsulated n1   (d1) 
(SiOx) 

n2   (d2) 
(SiOxNy) 

n3   (d3) 
(SiNx :H) 

Reff (%) 

no ARC    35,4 

SARC   2,03 (73) 11,7 

DARC  1,5 (55) 2,1 (53) 7,4 

MARC      1,48 (80) 2 (5) 2,4 (50) 4,4 

 
Fig 2 shows the losses due to reflection and absorption in MARC. On the one hand one can see that the reflectivity of the 
surface non-textured of the cell with MARC is reduced to less than 30 % compared to a standard cell and has two minima 
at about 380 nm and 700 nm.  On the other hand the absorption loss especially in the UV range of the spectrum is 
considerably high and thus dominates the total losses of the MARC, this is due to the layer of SiN that a large refractive 
index n=2.4 and the extinction coefficient k = 0.18. 
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Fig.2. Reflection and absorption losses as a function of wavelengths of non-encapsulated MARC 

  
The effects of the optical index n2 (SiOxNy) and the optical index n3 (SiNx: H) on the reflectivity are represented in the Fig. 
3. 
 
The results confirm that the minimum reflectivity is assigned to MARC with a layer of SiNx: H refractive index n3 = 2.5,  
d3 = 50 nm, but it does not lead to the optimal result photovoltaic. This is due to the strong absorption of the layer. The best 
compromise between the minimization of the reflectivity and absorption is obtained for a SiNx: H layer with refractive 
index about n3=2.4 and d3=50 nm thickness. 

 
Fig.3. The influence of the optical indexes n2, n3 on the effective reflectivity of the cell. 

 
 
3.2. Electrical parameters of solar cells  
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 Simulations using Silvaco and PC1D software, allowed us to optimize the antireflection layer to reach the maximum 
photogenerated current. Table. 3 combine the electrical results of different designs of the antireflection layer. The obtained 
results for MARC show that the JSC is increased by 11, 6 mA.cm-2 compared to a reference solar cell (no ARC). 
 
 

Table.3. Results of simulation of JSC and η (PC1D and Silvaco) 
 

 n1   (d1) 
(SiOx) 

n2(d2) 
(SiOxNy) 

n3   (d3) 
(SiNx :H) 

JSC (mA.cm-2) 
(PC1D)  

(Silvaco) 

η (%) 
(PC1D)   

(Silvaco) 
 
no ARC 

   22 ,9 
 

22.3 

11,2 
 

10.9 
 
SARC 

   
2,03 (73) 

32,9 
 

 32.2 

16,4 
 

 16.0 
 
DARC 

  
1,5 (55) 

 
2,1 (53) 

33,4 
 

 32.9 

16,7 
 

 16.3 
 
MARC  

 
1,48 (80) 

 
2 (5) 

 
2,4 (50) 

         34,5 
 
         34.1 

17,1 
 

16.7 
 
Fig 4 shows a good improvement in external quantum efficiency (EQE) for a solar cell with the MARC compared to the 
DARC and SARC designs. This improvement at λ <450 nm (emitter region) and λ> 700 nm (base region) is important and 
it’s due mainly to the role of the different layers of the MARC. Thus, the SiOx and SiOxNy layers can reduce the reflection 
of high energy photons. The losses caused by the absorption of layer SiNx: H (n > 2.3) is compensated with the passivation 
of the surface of the cell was achieved by Soppe et al [6]. 
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Fig.4. Reflectivity, EQE and IQE of the solar cells with a SARC, DARC and MARC versus the wavelength λ 

 
 The thicknesses influences of the second layer d2 (SiOxNy) and the third layer d3 (SiNx: H) and the index refractive n3 on 
the current of short circuit JSC is shown in fig. 5 and fig. 6. The influence of the layer of SiNx:H is considerable compared to 
the influence of the SiOxNy layer. The best results of JSC are for small thicknesses of d2 and for the average thicknesses d3 
(40 nm<d3<55 nm). 
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Fig.5. Current density as a function of d2 and d3 of solar cells with MARC.  
 

 
Fig. 6. Current density as a function of n3 and d3 of solar cells with MARC 

 
4.  Conclusions  
 
 The SiNx: H, SiOxNy and SiOx are remarkable materials for the photovoltaic applications with silicon. From their 
optical and electric properties, the combination of these three materials can be exploited to reduce both the optical losses 
and the losses related to the recombination of the minority carriers. 
 Finally, we have shown that antireflection multilayer composed of silicon nitride, silicon oxynitride and silicon oxide 
could induce a significant improvement in the photogenerated current (+1.6 mA.cm-2) compared to cells with a SARC, in 
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the case of a non-encapsulated cell. Nevertheless, we did not get a satisfactory combination of layers in the case of 
encapsulation. The use of a SiNx: H layer with an index n3=2.4 and d3>30 nm is supposed to lead a good bulk and surface 
passivation. 
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