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ABSTRACT— In this paper, a thin film silicon
solar cell with anti-reflection coatings on front
surface and the combination of periodic grating
and photonic crystal on its back surface has
been considered. The thickness and number of
anti-reflection coatings, as well as the geometric
and physical parameters of photonic crystal and
grating are optimized to increase the optical
absorption of solar cell. The simulations have
been performed using the finite difference time
domain method with Lumercial software. The
results show that the optical absorption of solar
cell has been increased significantly by utilizing
the anti-reflection coatings, photonic crystal and
grating.
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|. INTRODUCTION

Due to increase in air pollution and
concentration caused by fossil fuels such as
oil, gas, etc., and the gradual warming of the
earth, tendency to wuse solar energy is
increasing. Photovoltaic technology is one of
the best ways to use solar energy and based on
this, it is important to study solar cells as a
clean source for producing energy [1]. Among
all semiconductor solar cells, a large part of
the photovoltaic market are devoted to silicon
(Si) solar cells. To increase the absorption in
thin Si layers, various techniques such as
utilizing the anti-reflective coatings (ARC) on
front surface of the solar cell and also utilizing
metals, photonic crystals and grating as back
reflectors, have been used [2]-[3]. Recently,
some studies have been conducted on the
simultaneous use of photonic crystals and
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grating as a back reflector in solar cells and it
has been shown that this method has
significant increase in absorption and thus
efficiency of solar cells [4]-[5].The aim of this
study is to use photonic crystal and grating as
a back reflector of the thin film Si solar cell
and optimize its geometrical and physical
parameters in order to increase the absorption
in the active layer of Si. Also, the type,
thickness and number of ARC layers will be
optimized to increase the absorption of the
active Si layer.

Il. COMPUTATIONAL METHOD

The structure of the solar cell studied in this
paper has been shown in Fig. 1. The active
layer of the solar cell is Si with a thickness
of D. The one-dimensional photonic crystal is
composed of SiO, and InSb dielectric layers
with refractive index and thicknesses of
(n,,d;) and (n,,d,), respectively. The grating
iIs made of SiO, and its diffraction
characteristics are grating period, A, depth, h,
and width, b, as shown in Fig. 1. The thickness
of the ARC is optimized to get the lowest
reflection from the solar cell structure. The
thickness of ARC is equal to t, when it is a
single layer, and for the case of two layers
ARC, the thicknesses of layers are represented
with t, and t,, as obtained from the following

relations [6]:
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Fig. 1. Schematic representation of the studied solar
cell structure.

In the above relations, 4, is the wavelength of
the incident light in free space, n,,n,,n,and
nare the refractive index of the input

medium, the first ARC layer, the second ARC
layer and active Si layer at the this
wavelength, respectively. In this paper, in
order to calculate the absorption spectrum of
the studied solar cell structure, the finite-
difference time-domain method (FDTD) using
the Lumerical software has been utilized [7]-
[8]. The simulation area for the propagation of
the TM-polarized light (electric field along the
Z axis) has a periodic boundary condition in
the lateral direction (X direction) and the
perfect matched layer (PML) absorbing
boundary condition [9] is applied in the Y
direction. The dimensions of the computing
area are 0.86umx6um and the spatial steps

are considered as Ax = Ay = 0.25nm.

111.RESULTS AND DISCUSSION

The structure of the solar cell includes a thin
layer of active Si with thickness of D =2um.
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To begin, we obtain the absorption spectrum
of the Si without coating and back-reflector
structures, called reference solar cell. The
corresponding absorbance spectrum is shown
in Fig. 2 in black solid curve. It should be
noted that the simulation was performed with
Lumerical software and the obtained data for
absorption spectra were plotted in Matlab
software.
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Fig. 2. The absorbance spectra of thin film Si solar
cell with SiO single layer ARC at four cases: 1)
Reference (without ARC, photonic crystal and
grating), 2) with ARC, 3) with ARC and photonic
crystal, and 4) with ARC, photonic crystal and
grating, which are represented by solid, dashed,
dotted and dashed-dotted lines, respectively.

Then, the effect of ARC is investigated on
transmission spectrum of the reference solar
cell. The transparent ARC layer is considered
to reduce the reflection from the surface of the
solar cell. Mostly, the materials TiO,, SiOg,
Zn0O, Al,O3 and etc, are used as ARC in solar
cells. In this paper, SiO is used as a single
layer ARC and ZnO/TiO,, MgF,/TiO, and
Al,O5/TiO, are used as double layer ARC.
First, we study the effect of single layer ARC
on absorption spectrum of the solar cell. The
SiO material with refractive index of
Ngo =1.99 at target wavelength A, =525nm

[11] is considered as a single layer ARC,
where its optimum thickness equals to
t =65.95nm, which is obtained from Eg. (1).
The absorbance spectrum of thin film Si solar
cell with ARC is shown in Fig. 2 in blue
dashed curve. It is obvious that the absorbance
of Si has been increased remarkably by adding
the ARC on its front surface.
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In the next step, the photonic crystal as a back-
reflector structure is added to enhance the
absorption of Si layer. The photonic crystal
composed of 8-periods of SiO, and InSb
dielectric layers with refractive indices
n, =1.46 and n, =4.72, respectively [10]. The

thickness of the dielectric layers are set to be
the quarter-wavelength of the materials, i.e.,
d=41/4n(=12), A, is the central

C
wavelength. In Fig. 3, the transmitance spectra
of the photonic crystal at different central
wavelengths are plotted. The numerical
calculations show that the transmittance
spectrum of the photonic crystal represents a

very large photonic band gap at A, =750nm

and varies in the wavelength range of 550-
1200nm. Therefore, the more fraction of the
AM 1.5G solar spectrum intensity distribution
in wavelength range of 300-1200nm can be
reflected into the active Si layer due to the
presence of this wider photonic band gap,
which leads to increased absorption of Si. As
shown in Fig. 2, the absorbance of solar cell
has been increased noticeably by adding the
photonic crystal on its back surface, which is
represented by red dotted curve.
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Fig. 3. The transmittance spectra of the photonic
crystal at different central wavelengths.

Now, the parameters of the grating are
optimized to improve the light trapping of Si
solar cell. The diffraction grating is made of
SiO, and plays an important role in light-
trapping for our solar cells. To design the
gratin structure, three parameters need to be
considered: grating period, A, depth, h, and
width, b. In Fig. 4 (a), we show the absorbance
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spectra of the solar cell at different values of
A. In this simulation, we set the grating depth
and width to be h=0.31zm and b=0.40um,

respectively; both are optimal values, as we
will show later. The optimal ARC and
photonic crystal are used. It is obvious that the
absorption of the solar cell is noticeable at
A =0.86 um. Then, we investigated the effect
of grating width on Si absorption at optimal
values of A=086um and h=0.31um.
Figure 4(b) illustrates the absorbance spectra
of Si solar cell for different values of grating
width, b, at fixed value of above mentioned
parameters. It can be seen that the absorbance
is remarkable at b =0.40um.
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Fig. 4. The absorbance spectra of the Si solar cell
for different values of (a) A at fixed grating
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parameters h=0.31xm and b=0.40um, (b) b at
fixed grating parameters A =0.86xm and
h=0.31um, (c) h at fixed grating parameters
A=0.86um and b=0.40um.

In addition, by selecting the optimal values for
grating period, A =0.86xm, and width,
b =0.40um, the effect of grating depth, h, is
investigated on optical absorption of Si solar
cell. Figure 4(c) shows the absorbance spectra
of the cell for different values of grating depth
when the other optimal grating parameters are
applied. The results indicate that the
absorption of solar cell is remarkable at
h=0.31um. As Fig. 2 shows, the solar cell
with optimal ARC, photonic crystal and
grating structures represents very noticeable
absorption, denoted by green dashed-dotted
curve. It is clear that in all solar cell structures
the trapping factors (ARC, photonic crystal
and grating) lead to a significant increase in
the optical absorption of the active Si layer and
also the existence of ARC leads to noteworthy
increase of absorption in lower frequency
region.
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Fig. 5. Schematic representation of Si solar cell (a)
without and (b) with diffractive grating on photonic
crystal (PC).

To clarify the effect of grating on optical
absorption of Si, we have schematically
compared the Si solar cell with and without
grating on photonic crystal, as shown in Fig. 5.
It is clear that the gratin diffracts light and
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therefore reflects back into the Si layer again,
which consequently leads to the optical path-
length enhancement. Therefore, the diffractive
grating plays an important role in optical
absorption enhancement of Si layer.

In the next step, we consider two layers of
ARC. In this case, the target wavelength is

assumed to be A, =750nm, because the wide

range of wavelengths with least reflection can
be achieved from the surface of the solar cell.
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Fig. 6. The absorbance spectra of thin film Si solar
cell with two coating layers of ZnO/TiO, at four
cases: 1) Reference, 2) with ARC, 3) with ARC and
photonic crystal, and 4) with ARC, photonic crystal
and grating, which are represented by solid, dashed,

dotted and dashed-dotted lines, respectively.
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Fig. 7. The absorbance spectra of thin film Si solar
cell with two coating layers of MgF,/TiO, at four
cases: 1) Reference, 2) with ARC, 3) with ARC and
photonic crystal, and 4) with ARC, photonic crystal
and grating, which are represented by solid, dashed,
dotted and dashed-dotted lines, respectively.

For this target wavelength, the refractive
index of ARC layers are n;, =2.35,

Nyge, =142, Ny =1.6, and n, o =1.76
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[11]. Therefore, according to Eq. (1), the
thickness of two-layers anti-reflective
coatings ZnO/TiO,, MgF,/TiO, and
Al,O3/TiO, are (76.15 nm, 50.88 nm),
(87.30 nm, 61.68 nm) and (75 nm, 38.3
nm), respectively. The obtained results for
absorbance spectra of the solar cell
structures with two-layers ARC are shown
in Figs. 6-8. Similar to previous structure,
the absorbance spectra are calculated in
four cases. Again, it can be observed that
in all structures, the light trapping factors
(ARC, photonic crystal and grating) have
caused a significant increase in solar cell
absorption, where the presence of double
layer ARC leads to a significant increase in
light absorption at low wavelength region.
These figures show that the maximum
absorption of solar cell structures with
double coating layers of ZnO/TiO,,
MgF2/T|02 and Aleg/TiOz are 92.73%,
94.9%, and 95.45%, respectively.
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Fig. 8. The absorbance spectra of thin film Si solar
cell with two coating layers of Al,O3/TiO, at four
cases: 1) Reference, 2) with ARC, 3) with ARC and
photonic crystal, and 4) with ARC, photonic crystal
and grating, which are represented by solid, dashed,
dotted and dashed-dotted lines, respectively.

1\VV.CONCLUSION

In this paper, the thin film Si solar cell
structures including anti-reflective coating
layers on the front surface and one-
dimensional photonic crystal and grating, as
back reflectors, were designed. The thickness
and number of anti-reflective coating layers,
also, the geometrical and physical parameters
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of back reflector materials were optimized to
enhance the absorption of active Si layer. The
obtained results show that the absorption of
active Si layer increases significantly by
utilizing photonic  crystal, grating and
antireflective coatings. Also, it is clear that the
width of absorbance spectrum for solar cell
with double layers ARC is larger than the case
with single layer ARC.
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