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Solar cell with multilayer structure based on nanoparticles composite
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ABSTRACT- In this study, a four-layer waveguide structure has been investigated as a solar cell model. In the
proposed structure, a nanoparticle composite layer is added to enhance the efficiency of the solar cell due to
their ability of controlling the light transmission and reflection. The nanoparticles are taken to be a mixture of
Ag and Au embedded in a dielectric media consists of polyacrylic acid laid above a SiNx antireflection coating
layer. Both layers are sandwiched between glass substrate and air cladding. The average reflectance for TE and
TM fields are calculated using Maple. Results show that the reflectance depends on the ratio of the nanoparticle
in the dielectric media, refractive index of SiNx layer and the angle of incidence. Thus, the performance of solar
cell has been optimized by tuning and adjusting the above-mentioned parameters.
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1. Introduction

Solar cells are widely used as a building block for solar systems. Solar cells, which is also known as
photovoltaic (PV) cells, convert absorbed sun light to electrical energy. Recently, solar cell models
based on nanoparticles have been extensively investigated in order to enhance solar cell efficiencies [1-
3]. Particularly, they may be used to obtain zero reflection due to their ability to absorb light if they
used at a specified ratio. Materials such as SiNx are used like antireflection coating layer for high
refractive index, which can be easily varied by varying the deposition parameters [4-7]. For this reason,
they are used intensively to improve the efficiency of solar cells as single or double antireflection
coating layer [4,7,8].

Oh et al. [5] investigated the features that affect potential-induced degradation of the shunting
type. Among these features are the parts of refractive index of SiNx antireflection coating in addition to
emitter sheet resistance. Hsu et al. [6]) were able to apply the hydrogenated amorphous silicon nitride
(a-SiNx:H) as a refractive index (n) equivalent deposits in the middle of glass (n=1.5) and the
transparent conducting oxide (n=2). It is shown that the solar cell performance is enhanced by changing
the refractive index and thickness of the a-SiNx:H deposits.

El-Amassi et al. [2] reported that PV cell efficiency could be improved by using metamaterial
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(MTM) and SiNXx layers surrounded by glass and by air. EI-Khozondar et al. [1] considered dissipative
MTM for the same structure to measure the effect of dissipation. In other work, nanoparticles
embedded in a dielectric media is used to further control the efficiency of the solar cell [3].

In this study, we employed a composite nanoparticle made of Ag-Au embedded in a dielectric
media between SiNx layer from bottom and air from top. In the following section, the theory will be
developed. Section 3 is dedicated to exhibit the results and discussions followed by conclusion.

2. Theory

The simple schematic proposed structure is a four-layer solar cell as shown in Fig. 1. The SiNx
antireflection coating layer is placed on a glass substrate. The nanoparticle-composite sheet is
sandwiched between SiNx antireflection coating layer from below and air layer from above. The
nanoparticle-composite layer is taken to be Ag-Au embeded in polyacrylic acid host media with
thickness di and effective refractive index ni. SiNx layer has a thickness dz and refractive index na.
Glass layer has refractive index ns and air has refractive index no.
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Fig. 1. Proposed solar cell structure

The effective permittivity for the nanocomposite layer (&) is calculated using Dynamical Maxwell-
Garnett theory (Eq. 1) which is an extended version of Maxwell-Garnett theory [9]. The theory
assumes that the host (in our case is polyacrylic acid) is the majority and the metal nanoparticles (Au
and Ag) are the annexation materials with chosen metal fraction in the composite [9-11].
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where &ag is the permittivity of silver nanometal, gau is the permittivity of gold nanometal, & is the
permittivity of polyacrylic acid, fag and fau are the silver nanoparticle and gold nanoparticle volume
fractions. The particle size effect is introduced via « [9,10] as follows
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where X =g, w/(coa) /c , wis the angular frequency, a is the radius of the metal nanoparticle, and c is

the speed of light. The value of a is assumed to be an average value which equals to 20 nm. Once &1 is
calculated, the value of effective refractive index ni is obtained by taking square root of &i.

To understand the performance of the proposed structure, the light assumed to strike the solar cell
air-nanocompsite interface at oblique incidence with an incidence angle (&) that can adopt different
values. For oblique incidence, the optical admittance for the ki layer is derived in the paper of [12,13]
for both transverse electric field polarization (TE) and transvers magnetic field polarization (TM) as
follows

VIE = L n,co#, (3)
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wherer, = ﬂ/yo | &, 1s the air intrinsic impedance. The angle ¢ is related to é by Snell's law:

n,sing, =n, sing,; k =1,2,..m (5)

The 2x2 transfer matrix that relates the field components at two successive boundaries (e.g. 1 and
2) s definedas [1,2,14,15]
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where & =21 nk dk cos(ék)/A is the phase difference.

Assume that E2 and B2 are the electric field and the magnetic field density at boundary “2” and E1
and B are the electric field and the magnetic field density at boundary ““1”, then they are related as
follows:
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For m layers, the overall transfer matrix (Mr) is defined in terms of individual matrix as

M;=MM,..M_ =[]M, (8)
k=1

Then, the reflectance can be derived from Eq. (5) and Eq. (6). The reflectance R = |r|*> where r is the
reflection coefficient defined as [16,10]

r=—=—2 9)

Following the reflectance R™ and R™ for both TE and TM polarization are derived for the
proposed structure [12, 13]. The total reflectance R for the solar cell is taken to be the average value of
R™Eand R™as in Eq. (10).

R=r— (10)

3. Results and Discussion

To obtain the total average reflectance R, Equation 10, has been solved numerically using Software
Maple 17. In our calculations, we choose the operating wavelength to vary from 400 nm to 1200 nm
following previous work [1,3,17-21]. The values of di and d2 are selected to be equal quarter
wavelength in the media. The values of dielectric permittivity for Ag and Au nanoparticles are
respectively [22]: eag = -15.493+ j0.36873 and eau = -9.5160+ j1.3133. The value of refractive index
for polyacrylic acid is 1.5270 [9]. The refractive index for SiNx (n2) may assume different values
between 1.78 and 2.3 [4-7]. The refractive index for air and substrate are no = 1 and ns=1.47
respectively.

Initially, the average reflectance R versus the operating wavelength for normal incidence has been
computed as shown in Fig. 2-Fig. 5. Then, we perform the same calculation for oblique incidence (see
Fig. 6). Fig. 2 displays the dependence of R on the wavelength at fag:fau = 1:3.4 for different values of
n2 where the solid curve, dash curve, dotted curve and dash-dot curve correspond to n2=2.1, 2, 1.9, 1.8
respectively. For all the curves, the value of R decreases as A increases until it reaches a minimum
value around A=640nm, then, it increases again. It is also clear that as n2 decreases the value of R
decreases to reach its minimum at n2=1.8. This can be explained from Eq. (9) where R is directly



proportional to the square of mz1 which directly proportionality to the refractive index.

To find the effect of the volume fraction between Ag and Au on R, we repeat the previous
calculation for fag:fau =1:6 and 1:1.8 in Fig. 3 and Fig. 4 respectively. Comparing Fig. 2, 3, and 4, we
can easily realize that as the fraction of Au gets smaller, the reflection decreases to reach its minimum
at fag:fau = 1:1.8. This is clearly presented in Fig. 5 where the value of R is plotted versus the
wavelength at n2=1.8 (where the values of R have the minima) for the three values of fag:fau. Fig. 5
illustrates that as the fraction of Au gets smaller, the value of A, at which the minimum of R occurs, has
blue shift. This is because the Ag has higher absorption coefficient.
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Fig. 2. The reflectance versus the operating wavelength, A nm at different values of n2 for Ag to Au
volume fraction=1:3.4. Solid curve corresponds to n2=2.1, dash curve corresponds to n.=2, dotted
curve corresponds to n2=1.9, dash-dot curve corresponds to n2=1.8.
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Fig. 3. The reflectance versus the operating wavelength, A nm at different values of n2 for Ag to Au
volume fraction=1:6. Solid curve corresponds to n2=2.1, dash curve corresponds to n.=2, dotted curve
corresponds to n2=1.9, dash-dot curve corresponds to n2=1.8.
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Fig. 4. The reflectance versus the operating wavelength, A nm at different values of n2 for Ag to Au
volume fraction=1:1.8. Solid curve corresponds to n2=2.1, dash curve corresponds to n.=2, dotted
curve corresponds to n2=1.9, dash-dot curve corresponds to n2=1.8.
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Fig. 5. The reflectance versus the operating wavelength, A nm at n2 =1.8 and for Ag to Au volume
fraction equals 1:1.8 (Solid curve), 1: 6 (dash curve) and 1:3.4 (dotted curve).

For oblique incidence, the calculations are repeated for é& = 15°, 30°, 45°, 60°. The calculations are
performed at n2 =1.8 and fag:fau =1:1.8 where R has its minimum. Fig. 6 displays R as a function of
wavelength for & = 60°, 45°, 30°, 15°, 0° indicated by solid line, dash line, dash-dot line, dotted line,
and dash-double dot line respectively. Normal incidence 0° is added for comparison.
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Fig. 6. The reflectance for oblique incidence versus A at n2 =1.8 and Ag to Au volume fraction
equals 1:1.8. Solid line is for é = 60°, dash line is for é = 45°, dash-dot line is for & = 30°, dotted line
is for & = 15°, and dash-double dot line corresponds to & = 0°.

From Fig. 6, we can conclude that the reflectance is highly dependent on the angle of incidence and
the value of A at which minimum occurs also changes. In addition, it has been observed that the change
is big for & = 60°. Moreover, there is a red shift as & decreases. All the computed figures have clearly
shown that the minimum reflectance can effectively be obtained by controlling the light incident angles
and contents of the nanoparticle layer.

4, Conclusion

A Multilayer antireflection coating have been modeled in which a nano-composite layer is added
on top of SiNx ARC layer. The nanometals used in the work are Ag and Au. The effect of the refractive
index of SiNx layer and the volume fraction of Ag to Au nanoparticles on the reflectance has been
studied for both normal and oblique incidence. It is found that we may control the minimum of the
reflectance as well as the value of wavelength at which minimum might occur by varying the refractive
index of SiNx layer or/and by changing the ratio of Ag to Au. Moreover, it is noticed that the smaller
the incidence angle, the smaller the value of reflectance. The obtained promising results could be used
in design and manufacture future solar cells.
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