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Abstract: In this paper, a graded-index metamaterial (GIM)
nanostructured waveguide is proposed to enhance the
performance of solar cells via a tunable absorption spec-
trum. The proposed four-layer nanostructured waveguide
consists of two GIM and SiNx films which are squeezes
between glass substrate and air. Using a transmission
matrix method, the transmittances as well as the reflec-
tance are calculated for different film thicknesses, refrac-
tive indices and incidence angles. We demonstrate that the
reflectance is nearly zero where SiNx refractive index is 2.2
in vicinity of 620nm. As the incident angle increases, the
minimum reflectance wavelength blueshifts and slightly
increase in the value. In addition, the variation in the
minimum reflectance due to a change in the thickness of
SiNx layer studied in detail. We show that the absorbance
of a solar cell can be easily controlled by varying refractive
index and/or thickness of SiNx layer in the proposed nano-
structure. The result shows that the best efficiency occurs
at normal incidence, n2 = 2.2, and d2 = 30nm.
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1 Introduction

Due to environmental problems associated with the tradi-
tional sources of energy (fossil fuels) such as global
warming and water contamination, energy policy makers
are seeking for an environmental-friendly source of
energy [1]. Solar energy is the most promising type of
renewable energy which is clean and environmentally
safe. Solar energy can provide unlimited amount of
energy while reducing the carbon footprint and green-
house gases in the atmosphere [1, 2]. Photovoltaic (PV)
cell is the building block for a solar energy generation
system as it absorbs light and converts it to the electrical
energy [1, 2].

Several works have been conducted to increase the
efficiency of the PV cells. To decrease the reflection of
light at the surface of the PV, antireflection coating (ARC)
is used [1]. An important example of ARC is SiNx for its
high refractive index [2]. The refractive index of SiN
depends on the actual fabrication process and has an
interval from 1.77 to 2.5 [3]. In addition, researchers who
are seeking minimum reflectance at PV surface, introduce
new structure, which involve metamaterial (MTM).
Metamaterial is a novel material with negative refractive
index which can have different refractive indices by
changing certain parameter as seen in [4–7].

The utilization of MTM for energy harvesting and
design of PV cells is an interesting field of research. In
2012 [8], using Ni and SiN based periodic MTM, a solar
absorption efficiency of 77 % and 85 % observed in solar
spectrum and visible region, respectively. In 2015 [9], the
efficiency further improved to 99.99 % and 99.90 % at
543.75, 663.75 THz range after adjusting the geometry in
nanostructured MTM periodic waveguide. In recent years,
the same absorption efficiency also observed for proposed
MTM structure in visible and infrared region [10]. Recently,
silicon-based MTM with dielectric base [11] has been
reviewed for visible range applications which revealed
that MTM with its interesting optical properties can pave
the way for important applications including sensing,
nonradioactive data transferring and nano-photonics.
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Currently, design of MTMs as emitter has been done in 1D
structures based on the W-HfO2 layer, which shows the
emission properties at the maximum temperature of 1400
[12]. In this article, a planar waveguide structure with the
combination of SiN and glass substrate is proposed and
the effect of refractive indices and incident angles on the
transmission and reflection efficiencies in the visible spec-
tral range is studied in detail. Transverse matrix method
(TMM) [13–15], a well-known method to analyse the prop-
agation of electromagnetic files through stack layers, is
used in the calculations of transmission and reflection of
the proposed solar cell. Next section presents the model
and results.

2 Model and results

In this work, a new PV structure using a graded-index
metamaterial (GIM) layer is proposed. The schematic of
the proposed PV that consists of SiNx thin film deposited
on glass and covered by GIM bounded by air is illustrated
in Figure 1.

In the proposed structure n0, n1, n2, and ns are refractive
indices for air, GIM, SiNx and glass, respectively. Here,
the GIM layer is assumed to have a graded index with
thickness d1, and SiNx has a thickness of d2 and its
refractive index can take different values depending on
the doping ratio. The values of the film thicknesses (d1
and d2) are chosen to be equal to 50 and 40nm, respec-
tively. The light is considered to shine on the PV at
oblique incidence with different incidence angles (θ).

For oblique incidence, the optical reflectance and
admittance for the kth layer including negative index
materials with graded index are derived in the literature

[16, 17] for both transverse electric field polarization (TE)
and transvers magnetic field polarization (TM) as follows:

γTEk =
1

η0μk
nk cos θk (1)

γTMk =
1

η0μk

nk
cos θk

(2)

where θk is related to θ0 by

n0 sin θ0 = nk sin θk; k = 1, 2, . . .m (3)

The 2 × 2 transfer matrix (Mk) that relates the field
components at two successive boundaries is
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where δk = 2πnkdkθk/λ is the phase difference.
For m layers, the overall transfer matrix (MT) is

defined in terms of individual matrix as follows

MT =M1M2 . . .Mm =
Ym
k = 1

Mk (6)

Then the reflectance can be derived from eqs. (5) and (6).
The reflectance R = |r|2 where r is the reflection coeffi-
cient defined as follows

r =
Er1

E0
(7)

The sunlight consists of both TE and TM polarizations.
Thus, the total reflectance R for the solar cell is defined
as the average of both values RTE and RTM

R=
RTE +RTM

2
(8)

And the total transmittance is also defined as the average
of both values TTE and TTM

T =
TTE + TTM

2
(9)

Figure 1: The schematic of the proposed nanostructured solar cell.

2 H. J. El-Khozondar et al.: Highly Efficient Solar Energy Conversion

Bereitgestellt von | De Gruyter / TCS
Angemeldet

Heruntergeladen am | 24.02.20 09:55



Eqs. (8) and (9) are solved numerically using the
software Maple 17 to verify the characteristics of the
proposed PV cell. The thicknesses are chosen such that
d1 = 40 nm and d2 = 40nm. The spectral response of
SiNx goes from 300 to 1200nm [4]. Thus, this range is
taken to limit the spectrum of the incident light. In the
calculations, only normal incidence is considered.

Figure 2 exhibits the total reflectance R at different val-
ues of n2: 2.5, 2.4, 2.3 and 2.2 and GIM has n1 = −2 + Δ(n)
at normal incidence, where Δ(n) is chosen to have quadratic
dependence on the layer thickness.

We notice that the spectral approaches minimum value
when n2 = 2.2 for λ around 620 nm and all other curves
maintain a reflectance lower than 0.2. Our results are
considered to be good in comparison with structure has
one or two ARC layers [4].

The effect of incident angle on the reflectance is
shown in Figure 3, where the value of n2 = 2.2. From
Figure 3 one can easily notice that as θ increases the
minimum reflectance slightly increases and the value of
λ at which minimum occurs shifts toward smaller values.

For n2 = 2.2, normal incidence, and d1 = 40 nm, the
average reflectance and average transmittance are per-
formed for different values of d2 as in Figures 4 and 5.

We notice that as the valued of d2 decreases, the values
of minimum reflectance value decreases towards zero and
the corresponding wavelength shifts to higher wavelength
(see Figure 5). Similarly, maximum transmittance value
increases as d2 decreases and the corresponding wavelength
shifts to higher wavelength (see Figure 4). In our model, the
minimum reflectance and maximum transmittance occur at
normal incidence, n2 = 2.2, and d2 = 30nm.

The comparisons between different reflectance of the trans-
mitted light from PV cells with different structures are pre-
sented in Table 1. Table 1 shows that different structures give
different values of reflectance around certain wavelength.

The obtained values are good result compared to
other values. This due to the graded-index structure can
trap light more efficiently than other structures.

3 Conclusion

In this work, a four-layer nanostructured PV cell is proposed
using GIM. The nanostructured waveguide reflectance and

Figure 2: The reflectance is calculated for n1 = −2 + Δ(n), under
normal incidence at different values of n2.

Figure 3: The reflectance is calculated for n1 = −2 + Δ(n) and
n2 = 2.2 at different incident angles.

Figure 4: The transmittance is calculated at normal incidence for
n1 = −2 + Δ(n) and n2 = 2.2 at different values of d2.
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absorbance are studied using TMM method. Results show
that the reflectance shows a minimum around 620nm at a
SiNx refractive index of 2.2. Moreover, as incident angle
increases, the minimum value of reflectance blueshifts and
become almost zero with SiNx layer thickness of 30nm. We
clearly demonstrate that the solar cell reflectance and trans-
mittance can be controlled by changing refractive index,
incident angle and layer thickness in the proposed nano-
structure which can have important applications in harvest-
ing the solar energy. The result show that the best efficiency
occurs at normal incidence, n2 = 2.2, and d2 = 30nm.
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Figure 5: The reflectance is calculated at normal incidence for
n1 = −2 + Δ(n) and n2 = 2.2 at different values of d2.

Table 1: Presents a comparison between our results and other
papers.

Work Value of
minimum
reflection (%)

Wavelength at
minimum

reflection (nm)

This work . .
Beye et al. [] Less than  

El-Alamassi et al. [] Less than  

El-Khozondar et al. [] Less than  

Shabat et al. [] Less than  

El-Khozondar et al. [] Less than  
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