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Introduction
Over the past ten years thin film solar cells have attracted 

the attention of optical researchers worldwide after reducing the 
material used in solar cell manufacturing [1,2]. This is due to the 
fact that 40% of a crystalline silicon solar module cost is the cost 
of the silicon material itself [3]. Naturally reducing the absorbing 
semiconductor thickness decreases the absorbing energy close to 
its electronic bandgap. This is also a major problem in Si thin film 
based devices, where Si have poor absorption near the bandgap 
as its absorption length is >300 μm [4,5].

Light trapping is the key solution for such energy-conversion 
efficiency, and it was achieved by different techniques such as 
surface texturing [6] and recently surface plasmon (SP) using 
metallic nanoparticles [3,7-11]. Although these two methods 
showed great improvement especially the later one, the main 
problem of solar cells is not solved which is light reflectance. 

A significant part of the incoming light (up to 35% 
approximately) is reflected by the solar cell surface due to the 
refractive index contrast between the ambient medium (air) 
and the solar cell silicon-based device [12,13]. Researchers 
found that covering the device by dielectric layer (antireflection 
coating) reduces the overall reflection of the incident light [1]. 

In result, this layer increases the amount of light entering the 
device and enhances the power conversion efficiency of solar 
cell [12]. Single layer antireflection coatings (ARC) designed with 
appropriate refractive index (n) and layer thickness (d) results in 
a significant decrease in the reflection coefficient [14,15]. One of 
the simplest and most efficient types of single ARC is called the 
quarter-wave transformer. Its great results make it a good and 
cheaper alternative for using metallic nanoparticles. However, 
using metallic nanoparticles with appropriate parameters might 
have a positive effect on the overall enhancement.

In our previous work [16], light scattering from silver (Ag) 
nanoparticles was investigated numerically by varying the 
adjustable parameters in order to determine some fundamental 
design principles. Light trapping using passivation layer (ARC) 
gave promised results. This paper studies the coupling of light 
into the Si substrate using ARC and Ag nanoparticles.

In this study we are focusing on ARC effect by changing its 
thickness, material and the nanoparticles position. The inter-
particle interaction between the nanoparticles is simulated using 
three Ag nanoparticles at different locations (on the surface of 
ARC, on the surface of c-Si and on the middle of c-Si). 

Numerical Simulation
Numerical simulations were performed using OptiFDTD 

simulation tool from Optiwave Company [17]. Three spherical 
silver (Ag) nanoparticles (NPs) with 30nm diameter were 
modeled using Drude-Lorentz model. Crystalline silicon (c-Si) 
substrate of 100nm in thickness and constant refractive index 
(n=3.45) was used for all cases (semi-infinite and finite) models. 
All the results in this report are in term of electric field (Ey) which 
is limited by using 32-bit simulation type machine. Source is 
assumed normal incidence on the structure, propagating from air 
into substrate and 50nm above the device as shown in Figure 1. 

The main goal of this study is to analyze the antireflection 
coating (ARC) on enhancing the c-Si efficiency in the presence 
of Ag nanoparticles. ARC is a thin layer that coats the thin film 
surface to minimize the reflection.
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Three different ARC materials are used in the analysis; these 
are SiO2, Si3N4 and ITO. Drude-Lorentz model is used as well for 
modelling the ARC layers. APML boundary conditions are used 
throughout all the simulations. Three observation points were 
used to study the electric field intensity, on the surface of the 
device (including the passivation layer) (OP1), on the c-Si surface 
(OP2) and in the middle of the thin film (OP3). All the results 
are normalized to the incident electric field and calculated as a 
function of wavelength. The following section present results 
obtained based two scenarios Semi-infinite c-Si substrate and 
finite substrate.

Results and Discussion
Semi-infinite c-Si substrate 

In order to get a better understanding of the ARC effect on 
the behavior of the model, 50 nm of ARC layer was added above 
the c-Si substrate and the results at OP1,OP2 and OP3, Figure 
1, recorded. To show the light trapping amount gained from 
adding the ARC, differential electric field between OP1 and OP3 is 
obtained as shown on Figure 2 for all three materials. SiO2 oxide 
layer gives the best enhancement with highest resonance, where 
Si3N4 and ITO show almost similar results as there refractive 
indexes are close. These results are in agreement with [18].

Figure 2 highlights clearly redshift phenomena in Si3N4 and 
ITO because of their higher refractive index. Increasing the 
ARC thickness increases the electric field trapped in the device 
as shown in Figure 3, where the thickness has been resulted 
in enhanced light trapping by approximately 10%. A Redshift 
phenomenon is also clear in Figure 3 due to increasing the ARC 
thickness.

Changing passivation layer thickness shows direct proportion 
to electric field enhancement on the surface and inside the 
thin film. The thicker the dielectric layers the more intensity 
enhancement results, this is illustrated in Figure 4 taking SiO2 
as an ARC material and changing its thickness (t) from 20nm to 
90nm. One can notice from Figure 4 that the electric field trapped 
inside the device has increased as the thickness changed from 20-
90 nm, moreover redshift is pronounce after 70nm thickness, this 
result agree with literature Akimov YK et al. [19].

This redshift phenomena allows manufacturer to tune the 
plasmon resonance of the solar cell as desired by changing the 
ARC material or thickness. In order to optimize ARC thickness 
and minimize incidence field reflectance from the device we 

propose using quarter wave transformer as a matching media 
between air and the c-Si substrate. This method depends on 
impedance matching method by forcing the electric length of the 
intermediate region (ARC) to be:

24
t

n
λ

=                     (1)

Where λ is the incident wave length and n2 is the ARC real 
refractive index.Figure 1: Device structure.

Figure 2: Effect of adding 50 nm ARC on semi finite c-Si.

Figure 3: Effect of adding 70nm ARC on semi-finite c-Si.

Figure 4: SiO2 effect as t changes.
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Applying the quarter wave length matching theorem [20] n2 
can be found from: 

2 31 2

1 2 2 3

n nn n
n n n n

−−
=

+ +
                      (2)

2 1 3n n n=                 (3)

Where n1 and n3 are the refractive indices of the incident and 
the target regions respectively

In this study c-Si base solar cell with refractive index n3=3.45 
is used as substrate, using (3) results in n2=1.85. Si3N4 and ITO 
both satisfy this condition according to [21] database. For λ=550 
nm, thickness of Si3N4 and ITO 68nm and 72nm respectively 
from (3). Figure 5 shows the backscattering electric field from 
the three ARC materials for comparison. Although SiO2 doesn’t 
satisfy the n2 condition [21], it is included in the analysis to prove 
the matching method.

As shown, Si3N4 scattered the least amount of the incident 
electric field around the target wave length, whereas SiO2 gave 
the highest backscattering in spite of using the matching method. 
Figure 6 shows the absorbed electric field at the middle of the 
devise as comparison between Si3N4 and ITO ARCs. Si3N4 allows 
the device to absorb more electric field with wider resonance 
region. Less thickness and higher electric field absorption are 
two main reasons to make Si3N4 preferable through this study.

All the results shown until now are before adding the Ag NPs. 
To show the advantage of adding ARC between the substrate and 
the NPs electric field was measured inside the c-Si at P3 for three 
different positions for the NPs as shown in Figure 7.

Ag NPs were placed on the top of the ARC (Si3N4 + NPs), 
partially inside the ARC (Si3N4 + NPs in1) and on the surfaces of 
c-Si totally covered with ARC (Si3N4 + NPs in 2). As can be noticed 
in Figure 7 Adding NPs not always enhances the solar thin film 
absorption. Adding NPs on the ARC surface gave the best results 
inside the device, although not a big difference can be noticed 
after adding the NPs to the ARC layer. 

From the backscattering electric field shown in Figure 8, it can 
be noticed that adding the NPs partially inside the ARC results in 

Figure 5: Ey backscattering from lambda/4n2 ARC on semi finite c-Si.

Figure 6: Ey@P3 for 68nm Si3N4 and 72nm ITO ARCs.

Figure 7: Ag NPs effect on Ey absorbing inside semi finite c-Si.

Figure 8: Ag NPs position effect on BS Ey.

less scattered field compared to the other cases although all the 
cases show very close results. This can be related to metal loss 
and back scattering which can be compensated by increasing the 
NPs diameter or number with appropriate spacing [16].  

Finite c-Si substrate
Changing to finite substrate, the overall refractive index of 

the structure is reduced. All previous cases were repeated to 
study the effect of this reduction. 
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The new obtained results showed higher electric field 
intensity and some results show almost double of the infinite case. 
Starting with the effect of adding 50 nm ARC to the solar ultrathin 
film (100 nm), Figure 9 shows almost double enhancement in 
electric field trapping for each ARC material. 

Also increasing the ARC layer thickness in the finite case 
enhanced the absorbed electric field as shown in Figure 10. In 
both Figure 9 & 10 it can be noticed that two resonance peaks 
at least appeared compared to semi finite case Figure 2 & Figure 
3. Using the quarter wave transformer method for finding the 
best ARC refractive index in the finite case as in (3) didn’t show 
good results compared to semi finite case. Figure 11 shows the 
backscattering electric field after adding matching ARCs.

Although in finite case we reached almost zero reflectance, 
we can notice SiO2 gave the best results this time compared to 
Figure 5 Also the minimum reflection value is not around the 
target wave length.

These results conclude that quarter wave transformer method 
is not compatible with finite case and correction parameters 
must be added.

Studying the effect of Ag NPs position on the absorbed electric 
field, NPs on the surface of the ARC shows clear enhancement 

compared to the other cases as in Figure 12 Compared to the 
semi-infinite case in Figure 7, all the positions showed better 
enhancement in the finite case. 

Conclusion
This paper investigated the surface plasmon and light 

absorption enhancement of c-Si thin film by studying the ARC 
layer effect [22]. The main parameters in this study were the ARC 
thickness, material and NPs position. Finite and semi finite c-Si 
substrates are the structures for the carried simulation.

It was found that finite structure is preferable to improve 
the weak resonance region and decreasing the overall refractive 
index in general can improve the device behavior and this agrees 
with [16] results. Dielectric refractive index can be changed to 
tune the resonance location. Different materials can be used 
as ARC and get almost close results according to quarter wave 
transformer method but two parameters will be crucial, the 
target wave length and the ARC thickness. Placing the NPs on the 
ARC is preferable in both cases where electric field absorption 
enhanced inside the thin film.
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Figure 9: Effect of adding 50nm ARC on finite c-Si.

Figure 10: Effect of adding 70nm ARC on finite c-Si.

Figure 11: Ey backscattering from lambda/4n2 ARC on finite c-Si.

Figure 12: Ag NPs position effect on Ey absorbing inside finite c-Si.
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