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In the proposed study, an investigation has been carried out in order to find a material efficient struc-
ture, capable of harnessing maximum solar spectrum. A material efficient structure designed using a one
dimensional photonic crystal (1D PC) for amorphous silicon. Silicon material is used as it leads to envi-
ronmental friendly design. The principal objective of this study is to maximize the photon absorption, keep-
ing reflection to a minimum. The influence of geometric parameters on the absorption is studied by using
the Finite element method (FEM). The results show that the absorption is affected by the geometry pa-
rameters. The optimum parameters of the proposed structure are period (a =480 nm), a filling factor
(ff = 50 %) and depth (d = 150 nm). The increase of absorption in the lower region where the wavelengths
are around 480 nm, is explained by the reduction of the effective index resulting from the structure of the
absorbent layer. For wavelengths between 480 nm and 600 nm, the absorption is directly related to exist-
ing Fabry-Perot modes within the absorbent layer. Creating additional absorption peaks at wavelengths
above about 600 nm weakly absorbed normally comes from the coupling of the incident light with slow
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Bloch modes of PC located above the light line.
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1. INTRODUCTION

Light trapping techniques are essential for increas-
ing absorption of silicon solar cells. These techniques
increases the efficiency of the solar cell. Understanding
the absorption enhancement that is maximally achiev-
able by light trapping schemes is thus of fundamental
importance in solar cell research.

To increase the light harvesting efficiency, classical
technologies combine the integration of an anti-reflection
film (ARF), a textured top surface, and a reflector on the
back side [1-4]. Traditional light trapping schemes used
in photovoltaic cells are based on geometrical optics.
Furthermore, the light trapping approaches based on
wave optics can be capable of surpassing geometrical
optics approaches in some cases [5].

In the past years, many wave optics light-trapping
techniques have been explored such as plasmonics
based designs [6, 7], scattering into guided modes by
metal nanoparticles [8], grating couplers [9], and pho-
tonic crystals (PCs) (in 1D [10], 2D [11] et 3D [12]).

Light interaction with such structures may yield
phenomenon such as diffraction and optical band gaps
which are caused by the wave nature of light Utilizing
these phenomena may provide light trapping effects
that are not achievable with conventional textures.

Photonic crystals are optical structures consist of di-
electric materials with different refractive indexes. They
have lattice constants and periodicity on the wave-
length scale in one, two or three dimensions, and thus
provide many interesting possibilities for “photon man-
agement” [13].

Have been studied extensively for several applica-
tions, including back reflector [14-15] or selective filters
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for tandem solar cells [16].

In this study, we proposed a one-dimensional pho-
tonic crystal (1D PC) for amorphous silicon. The influ-
ence of the geometrical parameters on the absorption is
studied by using numerical calculations Finite element
method (FEM). The results can be used to fabricate
complete solar cells using such an absorbing structure.

2. CALCULATION METHOD

The Finite element method (FEM) is the method of
choice for analysis, complex geometries and fast simula-
tions of light interaction with photonic crystal [17].

The evolution of electric and magnetic fields in pho-
tonic crystal is described by Maxwell's equations. All
information of light is contained in the electromagnetic
fields, which is used to solve these differential equa-
tions. The Finite element method (FEM) performs rig-
orous simulations of Maxwell’s equations.

This way of solving the Maxwell’s equations allows
the calculation of the reflectance R, the transmittance T,
and thus of the absorption A =1—- R — T of a plane wave
incident on our structures, as well as the plot of the
electromagnetic field distribution in the structure.

Since the sunlight is generally unpolarized, the sen-
sitivity of the proposed structure to the polarization
state of the incident light has to be studied. Due to the
modal properties of the 1D PC developed hereafter,
most of the calculations will be done at normal inci-
dence.

Finally, the integrated absorption of the structure is
defined as the integration of the absorption taking into
account the spectral irradiance of the sun (norm
AM1.5). Thus, the integration is done from 350 nm to
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750 nm since the considered material does not absorb
any more at larger wavelengths.

3. PROPOSED STRUCTURE.

Physical Model with Structural parameters are illus-
trated in Fig. 1, which consists of a periodic array of
amorphous silicon a-Si strips.
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Fig. 1 — Physical Model of the Photonic Crystal

4. RESULTS AND DISCUSSION
4.1 Influence of Depth (d)

The influence of depth on absorption was calculated
when the filling factor (ff) and period were fixed at 50 %
and 480 nm, respectively. The results are shown in
Fig. 2a for TE and in Fig. 2b for TM wave. The absorp-
tion of unpatterned layer 1D PC a-Si is also shown for
comparison.
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Fig. 2 — Absorption of 1D PC a-Si for different depths,
ff=50 % and a = 480 nm for (a) TE (b) TM wave

As shown in Fig. 2a and Fig. 2b, in the shorter wave-
length region (A < 550 nm), we can find that the absorp-
tion of the a-Si increases strongly as the depth (d) is
increased. It is also observed that the absorption curve
broadens as depth decrease.
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Fig. 2a for TE shows that the absorption peak at
wavelengths below 550 nm shifts towards the right with
increase in depth. The absorption magnitude peak in-
creases when the depth increases from 0 to 150 nm.

Another peak in absorption begins to appear at
around 675-750 nm range. The absorption is very sharp
and close to unity for d = 100 nm at A= 440 nm.

It is evident from Fig. 3 that the high energy radia-
tion is absorbed near the surface and fails to penetrate
enough into the inside the amorphous silicon, at low
wavelengths for TE and TM wave. And the simulated
results for Max and Min Electric field are given in ta-
blel.
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Fig. 3 — Electric field intensities , calculated for the depth
(d =150 nm): (1-2) for TE wave, (3-4) for TM wave. The pro-
files in column I and II are corresponding to the wavelength of
400 nm and 550 nm respectively

4.2 Influence of the Width (D)

The influence of the width (D) on the absorption is
studied with different filling factor (ff = D/a), where the
depth and period are fixed at 150 nm and 480 nm for
TM and TE respectively at normal incidence. The ab-
sorption of unpatterned layer 1D PC a-Si is also shown
for comparison.

As shown in Fig.4a for TE wave, the Absorption
spectra can be divided into two regions. In the first
region (350 nm < A1 < 560 nm), the absorption spectra for
the three structures (ff=33.33%, ff=50.00% and
ff=66.67%) are almost overlapping together. In the
second region (4 > 560 nm), the absorption peak begins to
appear at around 560-650 nm range. It is also observed
that the absorption curve broadens as the filling factor
is increased.

The results in Fig. 4b show the filling factor does not
affect the peak location but it influences the maximum
value significantly.

At higher wavelengths, silicon has poor absorption,
as a result of which the incident radiation penetrates
deep into the substrate, as seen in Fig. 5. And the simu-
lated results for Max and Min Electric field are given in
Table 2.
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Table 1 — Max and Min Electric field calculated for the following depths (d)

TE wave T™M wave
depth (d) avelength Max Electric Min Electric Max Electric Min Electric
P w g field (V/m) field (V/m) field (V/m) field (V/m)
U it d A=400 nm 148.932 1.297E-6 149.139 1.188E-5
e 4 =550 nm 43.843 1.531 142.982 1.522
Y A =650 nm 141.743 12.877 142.098 12.824
A =400 nm 268.837 2.286E-5 221.283 9.908E-5
d =150 nm A =550 nm 167.434 0.468 447.772 0.203
A =650 nm 151.286 0.168 361.424 1.429
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Fig. 5 — Electric field intensities, calculated for the filling
factor (ff = 33.33 %): (1-2) for TE wave, (3-4) for TM wave. The
profiles in column I and II are corresponding to the wave-
length of 400 nm and 550 nm respectively

Table 2 — Max and Min Electric field calculated for the following filling factor (ff)

TE wave TM wave
filline f. wavelength Max Electric Min Electric field Max Electric Min Electric
illing factor (/) g field (V/m) (V/m) field (V/m) field (V/m)
U th d A =400 nm 148.932 1.297E-6 149.139 1.188E-5
nplz s;ne A =550 nm 43.843 1.531 142.982 1.522
Y A =650 nm 141.743 12.877 142.098 12.824
A =400 nm A =400 nm 195.644 199.742 6.133E-5
ff=383.33% A =550 nm A =550 nm 153.543 349.132 0.155
A =650 nm A =650 nm 139.493 445.171 1.521
4.3 Influence of the Period (a) e PO | i D SR
0.9 [ N\ .‘.‘ ¥ mah 4
T v\ ade oPe
To discuss the influence of the period, the absorp- 81 ) re.uee‘""""' . "'.:'v-‘
. . . . 0.7+ E
tion with various periods were calculated, and the re- e dl ‘,'.-:'" Sedvv A
A . = FegatYY [pp—— e g
sults are shown in Fig. 6, where the depth and the ) ns_’*’ L e -
1y . = 3 -
filling factor are fixed at 150 nm and 50 %. oI . ]
<< -
10 — : . . 3] | - .
0.9 AAI ".A T pe 02 : :::::: (b) TM Wave 1
08 Y4evep, ¥ *a Y e** "% q 0.1 5
R T L *a wv $
07 14%y ‘ ',v:e. "’.“‘liin"“ 1 P50 a0 40 sk sw  sbo e o0 750
c 064 o " eek ] Wavelength (nm)
5 B Rl
B 05 _pewww=® "u it A . . :
2 o4 1 Su, . Fig. 6 — Absorption for various periods, d=150nm and
< 03] o uneanemed layer '--_'_ ff=50 % for (a) TE (b) TM wave
0.2 A amStm (a) TE Wave E . .
o1] v a=s80nm ] For wavelengths below 550 nm a slight improve-
00 : ment in absorption is observed when the period is in-

T T
500 600

Wavelength (nm)

T
700

creased and shows that there is very little change in

03046-3



A. MERABTI, A.HASNI, M. ELMIR

absorption. Fig. 6 for TE and TM shows that the ab-

sorption peak at wavelengths at around 350-500 nm
shifts towards the right with increase in period. The
various periods do not significantly affect the absorp-
tion at wavelengths at around 540-650 nm, but they
have a notable effect at higher wavelengths.

In Fig. 7 we show the electric field inside the (a) TE
wave (1-2) and (3-4) TM wave , under normally incident
illumination. Remarkably, there is more energy pene-
trating into the absorption material.
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Fig. 7- Electric field intensities, calculated for the period

Table 3 — Max and Min Electric field calculated for the following period (a)

(a =380 nm): (1-2) for TE wave, (3-4) for TM wave. The pro-
files in column I and II are corresponding to the wavelength of
400 nm and 550 nm respectively

TE wave TM wave
. Max Electric Min Electric field Max Electric Min Electric field

period (@) wavelength field (V/m) (V/m) field (V/m) (V/m)

A =400 nm 148.932 1.297E-6 149.139 1.188E-5
Unplztteesned % =550 nm 43.843 1.531 142.982 1.522
Y A =650 nm 141.743 12.877 142.098 12.824

A =400 nm 248.811 7.737E-5 306.062 9.012E-5
a =380 nm A =550 nm 144.795 0.039 429.073 0.588
A =650 nm 145.416 2.155 449.609 1.185

4.4 Influence of the Incidence Angle ()

The influence of incidence angle on absorption was
calculated when the filling factor, period and depth were

tle the optical properties of the studied structure. It is
seen that the absorption slightly increases for 6 under

fixed at 50 %, 480 nm and 150 nm, respectively. The

results are shown in Fig. 8a for TE and in Fig. 8b for

T™ wave.
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60°. For TE wave when incidence angle increases the
absorption peak becomes very low.

It 1 evident from Fig. 9 that the high energy radia-

enough into the CP.
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Increasing the incidence angle changes only very lit-
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Table 4 — Max and Min Electric field calculated for the following incidence angle ()

J. NANO- ELECTRON. PHYS. 8, 03046 (2016)

TE wave TM wave
Plane of . . . C . s
Incidence wavelength M'ax Electric Min Electric field | Max Electric field | Min Electric field
) field (V/m) (V/m) (V/m) (V/m)
A =400 nm 268.837 2.286E-5 149.139 1.188E-5
6=0° A =550 nm 167.434 0.468 142.982 1.522
A =650 nm 151.286 0.168 142.098 12.824
A =400 nm 233.665 0.000 251.858 3.367E-5
6 =30° A =550 nm 164.822 0.000 440.965 0.364
A =650 nm 197.022 0.000 437.976 2.175

5. CONCLUSION

In the present work we have investigated potential
for light trapping by the use of one-dimensional photon-
ic crystal structures. The aim object has been to identify
structures that can provide good light trapping, that are
to be used in amorphous silicon solar cell applications.

The influence of layers geometric parameters on the
absorption is studied by using the Finite Element
Method (FEM). The effect of the incident angle on the
absorption also was discussed. The optimum parame-
ters of the proposed structure are, period a =480 nm, a
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