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Abstract: In this paper, we investigate for the first time antireflection coating structure for silicon solar cell where CNPs (conductive 
nanoparticles) film layer is sandwiched between a semi-infinite glass cover layer and a semi-infinite silicon substrate. The 
transmission and reflection coefficients are derived by the transfer matrix method and simulated for values of unit cell sizes, gab 
widths in visible and near-infrared radiation. In addition, the absorption, reflection coefficients are examined for several angles of 
incidence of the TE (transverse electric) polarized guided waves. Numerical results provide an extremely high absorption, if 
nanoparticles are suitably located and sized. The absorptivity of the structure achieves 100% at gab width of 3.5 nm and CNP layer 
thickness of 150 nm. 
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1. Introduction 

Silicon technology is the most widely used one for 

solar cells, mainly due to a good efficiency-to-cost 

ratio and great reliability [1]. As the thickness of the 

absorption layer decreases, the energy-conversion 

efficiency drops dramatically and this is the main 

drawback of thin-film solar cells. Moreover, reflection 

is undesirable and causes insertion losses. It is well 

known that the application of one or more ARC 

(antireflection coating) layer on the front surface of 

silicon cells reduces the amounted reflection of the 

incident light leading to improve the device 

performance [2-4]. The theory of antireflection 

coating is examined by many authors [5, 6]. The 

matrix method [7, 8] is usually employed for 

calculation of reflection coefficient. Chen et al. [9] 

have presented approach of metamaterial 

antireflection. It reduces the reflection and enhances 

transmission near a specifical frequency over a wide 

range of incidence angles for both TE (transverse 
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electric) and TM (transverse magnetic) polarizations. 

Bouhafs et al. [4] have made a theoretical study of the 

antireflection coatings on silicon solar cells. In recent 

decades, there has been a growing progress in the 

technology of nanoparticles for fabricating solar cell 

structures due to their high efficiency in light trapping 

in the proposed structures. 

Nanoparticles can be embedded inside the solar cell, 

near the p-n junction. Some researchers have shown 

that the scattering of solar radiation from 

nanoparticles, if suitably located and sized, may 

considerably improve the functioning of the thin-film 

cells [10-12]. The light is scattered and trapped into 

the silicon substrate by multiple and high-angle 

scattering, causing an increase of the effective optical 

path length in the cell and, consequently, enabling the 

improvement of its efficiency. Since the first work 

exploiting suchan option [13], many papers have 

investigated thin-film solar cells enhanced by means 

of scattering from gold [14, 15] and silver [16, 17] 

nanoparticles. Atwater et al. [18] have embedded 

metal nanoparticles inside the solar cell. This makes 

use of the strong local field enhancement around the 
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metal nanoparticles to increase absorption in the 

surrounding semiconductor material. This local field 

generates charge carriers in the semiconductor and 

becomes particularly useful in materials with small 

carrier diffusion lengths. Lastly, light can be 

converted into surface plasma polaritons, which are 

electromagnetic waves that travel along the interface 

between a corrugated metal back contact and the 

semiconductor absorber layer. Polaritons excited at 

this interface can trap light and guide it laterally into 

the solar cell. Since solar cell width is much greater 

than thickness, absorption can be greatly increased 

especially among long-wavelength photons.  

Shabat and Ubeid [19] have studied the 

antireflection coatings in waveguide structures with 

silicon nanoparticles interlayer and reported the 

optimization of the structure for solar cells. Other 

multilayered waveguide structure [20] containing 

nanoparticle has numerically been investigated 

showing the importance of nanoparticles in 

minimizing the light reflection of such structures. 

Chung, K. et al. [21] formulated a cubic array of 

conductive particles as universal effective medium at 

visible and infrared frequencies and predicted the 

relative electric permittivity εr and magnetic 

permeability μr with good accuracy for the entire 

range of the particle sizes (b) and unit cell sizes (a). 

This paper aimed to analyze numerically the 

possibility of improving the performance of a planar 

waveguide silicon solar cell under the solar spectrum 

AM1.5 by incorporating CNPs layer (conductive 

nanoparticles) between a semi-infinite glass cover 

layer and a semi-infinite silicon substrate layer. The 

absorption coefficient of the structure is inferred from 

the transmission and reflection coefficients that are 

derived by the transfer matrix method at various 

angles of incidence and for different values of εr 

(different gab widths) at constant μr and at constant εr 

for different values of μr (different unit cell sizes) in 

visible and near-infrared radiation. The paper also 

examines the effect of the CNPs layer thickness on the 

absorption coefficient of the TE polarized. 

2. Model and Theory 

This work predicts anti-reflection coating structure. 

The film layer is gold CNPs (conductive nanoparticles) 

sandwiched between a semi-infinite dielectric cover 

layer and a semi-infinite substrate layer. Light is 

incident from glass (n0 = 1.47) onto CNPs film. The 

permittivity εr and permeability, μr of the CNPs film 

are characterized [19] by  
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where εh is the relative permittivity of the host 

dielectric material, b is the particle size, a is the unit 

cell size, g is the gap between particles (a = b + g), lSD 
is the skin depth and Φ = b/2lSD. As apparent from the 

model and Eq. (1), εr can be turned over a very wide 

range by varying the gab width g and fixing the unit 

cell size a below the skin depth (a = 20 nm), in this 

case μr = 1, while μr can be independently tuned by 

varying a at constant g. The substrate is assumed to be 

silicon (ns = 3.77-i0.012) (see Fig. 1). A beam of light 

undergoes reflection at (i) and the transmitted portion 

undergoes another reflection at (ii), Er1, Et1 are the 

sum of all reflected, transmitted beams at (i) 

respectively. Ei2, Et2 represent the sum of all incidents, 

transmitted beam at (ii) respectively. The optical 

parameters of the structure are studied using the 

transfer matrix method which is widely used for 

reflection and transmission calculations of multilayer 

structures. The transfer matrix is the matrix which 

relates to the incident and reflected waves at the input 

layer with the incident and reflected waves at the 

output layer [7, 20].  
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Fig. 1  Light interfering in a thin film of CNPs between glass cover layer and silicon layer. 
 

Following the notation and approach in Refs. [1, 4, 

19, 20] by using Maxwell’s equation and then 

implementing the continuous boundary conditions of 

the electric fields E and magnetic fields B, where the 

components of both fields are parallel to the interface 

to be continuous, we get: 
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where the generic equation relating to electric fields 

and magnetic fields is 
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The phase difference is  
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with λ0 being the incident wavelength and d is the 

thickness of CNPs layer. 
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By aid of the upper equations, the following matrix 

system is obtained: 
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where 

 

 

The 2  2 matrix in Eq. (6) is called the transfer 

matrix, which is generally represented by 
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For a multilayer stack of N thin films, Eq. (6) can 

then be generalized as: 

       (8) 
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Dividing the matrix equations by 0E  and using the reflection and transmission amplitudes as 

, the reflection coefficient 
2

rR  is [19]:  
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And the transmission coefficient is  

 

  )(tan)cos(
)cos(

)cos()cos(
)cos()cos(

)cos(2
.

2

2

11
1

0

1

02
00

2
00

0





















n
n

nn
nn

n

n

n
T

ss
ss

s     (10) 

 

The absorption coefficient A (λ) is given by 

application of the law of conservation of energy 

A(λ) = 1  R(λ)  T(λ)       (11) 

Where λ is the operating wavelength of the light and 

the angle of refraction is related to the incidence angle 

θ0 by the Snell’s law  

ssnnn  sinsinsin 1100 
     

(12) 

3. Numerical Results and Discussion 

The numerical calculations of Eq. (1) in Ref. [19] 

predict independently the exact values of μr and εr. Fig. 

2a [21] displays a graph of permeability of conductive 

particles of gold (CNPs) versus the unit cell size (a) at 

a skin depth of 30 nm while maintaining (g/a) 
constant at 0.1, μr can be tuned between the value of 1 

and 0.4. And the εr remains constant value of 20. Fig. 

2b illustrates the variation of permittivity of CNPs 

with the gab width g and fixing the unit cell size 

below the skin depth (a = 20 nm), in this case μr = 1, 

εr is independently tuned between values of 42 and 2.  

Eqs. (9)-(11) have been solved numerically to find 

out the reflectance, transmittance and absorption of 

TE polarization versus the incident wavelength for 

different incident angles, gab widths, cell sizes, and 

CNPs layer thicknesses. The results of the simulations 

are displayed in Figs. 3-6. 

Fig. 3 displays the reflected and the absorbed TE 

polarization versus the incident wavelength for many 

values of incident angles (θ = 0°, 50°, 70°). An 

increase in the reflection coefficient with the increase 

in angles of incidence can be noticed in the 

wavelength range (λ = 400-600nm) and (λ = 

1,000-1,600nm). Reflectance has minimal values of (0, 

0.04, 0.045) while absorption attains maximum values 

of (1, 0.96, 0.95) about (λ = 800, 900, 1000nm), for (θ 

= 70°, 50°, 0°) respectively. It is worth to note that at 

(θ = 0°), the absorption coefficient attains maximum 

of 0.95 and minimum of 0.62 in a wide wavelength 

range of (400-1,600 nm). The reflection and 

absorption coefficients versus the operating 

wavelength at normal incidence for several fixed 

values of the unit cell size (a) of CNPs layer are 

plotted in Fig. 4. At cell size of values (250, 150, 50 

nm), the magnetic permeability of CNPs (μr) increases 

to the values of (0.579, 0.728, 0.953) and its refractive 

index n1 changes to the values of (3.4, 3.816, 4.367) 

respectively. As depicted in Fig. 4, at cell size 250 nm, 

it shows minimum reflectance of 0.192 and maximum 

absorption of 0.87 at wavelength around 400 and 700 

nm. The influence of variation of the gab width g on  

the reflection  and absorption  of TE waves is 

presented  in  Fig. 5. As it can be seen in the figure, at  
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Fig. 2  (a) Permeability of conductive particles of gold versus the unit cell size, nmlSD 30 , 1.0)/( ag  and (b) 
Permittivity of conductive particles of gold versus the gab width, a = 20 nm [13].  

 

  
Fig. 3  (a) Reflection; (b) Absorption of TE polarization versus the wavelength for different incident angles, d = 150 nm, g = 
5 nm, 1r . 

  

(a) 
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Fig. 4  (a) Reflection coefficient; (b) Absorption coefficient of TE polarization versus the wavelength for different unit cell 
sizes (a), r 20 and d = 150 nm, θ = 0°. 

 

  
Fig. 5  (a) Reflectance; (b) Absorption of TE polarization as a function of normal incident wavelength for different gab 
widths (g), μr = 1, d = 150 nm.  
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Fig. 6  Absorption, reflection and transmission coefficient as a function of the normal incident wavelength for (a) d = 150 nm, 
(b) d = 250 nm, g = 5 nm, μr = 1. 
 

gab width of values (15, 10, 5, 3.5 nm), the electric 

permittivity of CNPs (εr) varies to the values of (1.05, 

1.5, 3.53, 5.33) and its refractive index n1 changes 

very slightly to (1.025, 1.224, 1.879, 2.3) respectively. 

Reflectance increases by increasing the gab width g 

(decrease of n1). If g is held constant at 3.5 nm, it 

achieves reflection coefficient of (0) at wavelength of 

(450, 1,400 nm) respectively and the absorption 

coefficient peaks to 1 at wavelength of the same 

values. For n1 = 2.3, minimum reflectance spectra and 

high absorption power are achieved since n1 is 

approximately closed to snn0 for single layer ARC 

under normal incidence. This indicates that g = 3.5 nm 

at ARC thickness of 150 nm improves the absorptivity 

of the considered structure and ARC process. In Fig. 6, 

the reflection, transmission and absorption coefficients 

are plotted versus the light wavelength for ARC 

thickness of values (150, 250 nm). It is interesting to 

show that the absorption coefficient peaks sharply to 

0.95 in the wavelength range of (600-1,400 nm) at 

thickness of 150 nm whereas it drops off sharply away 

from the peak to 0.6 at a thickness of 250 nm in the 

same wavelength range, demonstrating the sensitivity  

to variations in ARC thickness. As a comparison 

between the absorption at normal incidence of 

conventional anti-reflective coating structure where 

the CNPs are replaced by a silicon nitride (siNx) layer 

and the absorption of the proposed structure [23, 24] 

shows that the absorption is nearly zero for the 

conventional structures which confirm that the 

implementation of CNPs layer—with suitable 

nanoparticles size—adjacent to silicon layer 

dramatically reduces the reflection and greatly 

enhances the absorption in a wide frequency spectrum 

at a normal incidence. 

4. Conclusions 

In this communication, a new tri-layered structure 

consisting of CNPs has been investigated in order to 

improve the optical absorption of silicon solar cells. 

Reflection, transmission and absorption are derived, 

simulated and analyzed. It is demonstrated that the 

enhanced maximum optical absorption can be 

achieved by optimizing both the thickness of CNPs 

layer and nanoparticles size.  
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