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Abstract: A novel design of a highly efficient modified grating thin-film solar cell (SC) is
reported and analyzed using a 3-D finite difference time domain (3-D FDTD) method. The
modified grating has side wings and is covered by 1-D silicon nanorods. The suggested grat-
ing has a great potential to harvest the light into the nanoscale active layer. Further, the light
trapping through the suggested design is significantly enhanced by the photonic nanorods.
The modified grating and nanorods produce an absorption enhancement in different parts
of the solar spectrum. Furthermore, the nanorods are considered as a second grating to ob-
tain multiple light trapping which increases the optical path length. Additionally, the nanorods
can couple the incident light into the discrete modes of the active layer over an extended
wavelength range. Therefore, a broadband absorption enhancement for the suggested SC
is achieved. The effects of the structure geometrical parameters on the absorption, ultimate
efficiency, and short circuit current of the proposed design are investigated. The perfor-
mance of the reported SC using crystalline silicon, hydrogenated amorphous silicon, and
gallium arsenide is also studied. The numerical results show that high efficiency of 43.114%
can be achieved using gallium arsenide with short circuit current density of 35.27 mA/cm?.

Index Terms: Grating, photovoltaics, nanorods, finite difference time domain (FDTD)
method, thin-film solar cell (TF-SC).

1. Introduction

Recently, thin film solar cells (TF-SCs) have an extensive research interest. The TF-SC technology
can be used to reduce the cost of the bulk material of photovoltaic devices which paves the road to
abundance nature, and low-cost SCs with long term stability [1]. However, the TF-SC is based on
polycrystalline or amorphous materials with quite low carrier life time which results in short diffusion
length. In order to improve the charge collection efficiency, a relatively thick SC should be used.
Therefore, it is required to increase the light absorption while still keeping the active layer thin. This
can be achieved by using light trapping techniques to increase the optical path length in a wide
range of wavelengths [2], [3]. The light trapping involves the use of random roughness [4], photonic
crystals [5], plasmonics [6] and grating structures. The random surface roughness can excite large
number of diffraction orders while the ordered gratings excite only a well-defined Fourier spectrum
[7]. The theoretical efficiency of such schemes depends on material bandgap [8] and the absorber
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thickness [9]. However, the experimentally demonstrated approaches are still below the theoretical
lambertian limit [10]. Song et al. [11] have studied the optical resonances in laterally oriented Si
nanowire arrays. They have achieved short circuit current of 14 mA/cm? with an enhancement of
60% over the bulk film absorber. Muhammad et al. [6] have also reported plasmonic solar cell with
35% absorption improvement compared to the conventional thin film without metallic nano particles.
Moreover, the impact of the nanoparticles geometry on the light trapping through TF-SC has been
investigated in [12].

The periodic structures such as diffraction grating can achieve better light trapping than random
roughness over a limited spectral range. The main objective of the grating is to increase the optical
path length to keep the light waves inside the active layer by means of total internal reflection. When
the incident light falls normal to the surface of the grating SC, it will pass by anti-reflective coating
followed by grating structure. Then, part of the light will be absorbed by the active region of the SC
and hence generating electric current. The light will be reflected when it reaches the bottom surface
due to the presence of the metallic back reflector. The light will be reabsorbed by the active region
of the SC and the photons will have multiple reflections inside the grating grooves which increases
the optical path length and hence the absorption [13]. Chang et al. [13] have presented a solution to
combine micro- and nano-scale surface textures to increase light harvesting in the near infrared for
crystalline silicon photovoltaics. The nanostructured ITO anti-reflection layer achieves conversion
efficiency of 17.1% with an enhancement factor of 15% [13]. Catchpole and Pillai [14] have also
presented an absorption enhancement due to scattering by dipoles into silicon waveguides. Further,
Kowalczewski et al. [15] have investigated light-trapping in thin-film silicon SCs with rough interfaces
which offer short circuit current of 25.5 mA/cm?.

In this paper, a novel technologically feasible TF-SC with periodic modified grating is introduced
and studied. The proposed concept of our design is a general way of controlling light based on
tailoring of the Fourier components of periodic structures. The simulation results are obtained
using the 3-D finite differential time domain (3-D FDTD) via Lumerical software package [16].
The suggested grating has side wings that can enhance light guidance through the active layer.
Additionally, one dimensional nano-rods are placed on the modified grating along the active layer
surface. The nano-rods act as a second grating that can be used for multiple light trapping to
increase the optical path length. Furthermore, the coupling with the supported quasi-guided optical
modes results in absorption enhancement. In this study, the role of the grating and nano rods and
their impacts on the absorption enhancement are investigated. It is found that each component
produces absorption enhancement in a specific part of the solar spectrum. This will lead to a
broadband absorption enhancement for the whole device. Carefully engineered structure geometry
is proved to offer light absorption enhancement useful for solar cell applications. The reported
design offers high efficiency of 39.34%, 42.46%, and 43.114% when crystalline silicon (c-Si),
hydrogenated amorphous silicon (a-Si: H), or gallium arsenide (GaAs) are used as active layers,
respectively. The achieved ultimate efficiencies are greater than 39.6% and 21.3% reported in [2],
and [17], respectively. Further, short circuit current density is enhanced to 32.19, 34.752, and 35.27
mA/cm? using c-Si, a-Si:H or GaAs as active layers with modified grating and nano-rods.

2. Design Consideratios

Fig. 1 shows the cross section of a unit cell and 3-D diagram of the reported modified grating
TF-SC. The reported SC has an active material of hydrogenated amorphous silicon (a-Si:H) with
thickness T, length X, and width Y. Additionally, periodic diffraction grating with wings of the same
material is placed on the top surface of the active layer where diffraction of light occurs. The
distance between two adjacent gratings is G while, the height and the thickness of the grating
wings are L and K, respectively. Further, the width and the height of the gratings are W and h,
respectively. Furthermore, 1-D (a-Si:H) cylindrical nano-rods are placed on the nano-grating to
obtain high absorption enhancement. The nano-rods of radius R are placed on the grating surface
with a distance N between two successive nano-rods. Finally, the active layer with modified grating
and nano-rods is coated by ITO layer and is placed over the Al layer.
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Fig. 1. (a) Two-dimensional side view of a unit cell and (b) 3-D diagram of the proposed modified grating
SC with nano-rods.

3. Fabrication Techniques

The suggested design is based on grating solar cell which is widely fabricated in the literature [2],
[3]1, [12]. Therefore, the reported design can be investigated according to the following steps. The a-
Si:H thin film layer can be formed on a glass carrier by plasma enhanced chemical vapor deposition
(PECVD) procedure [12]. The grating structure is then patterned using conventional lithographic
and dry etching techniques via e-beam lithography as previously reported in [12]. In order to have
an ultra-broadband absorption through the suggested design, nanorods and side arms have been
used. It should be also noted that that there is a dramatic improvement in the fabrication techniques
of complex solar cell structures. In this regard, Liu et al. [18] have fabricated hierarchical structure
based on ZnO-NW arrays on Si micro pyramids, as an effective anti-reflection coating (ARC) for
improving the energy-conversion efficiency. Further, Singh et al. [19] have introduced vertical Si
NWs array over three-dimensional micro-pyramid silicon substrate through silver (Ag)-assisted
electrolysis wet chemical etching in aqueous hafnium florid (HF) and AgNOj3 solution. Moreover,
light trapping through thin film has been enhanced using photonic dual grating nanostructures [12].
The dual grating structure shows an appreciable improvement over single gratings patterned either
on the top or bottom of the film.

Based on the previously fabricated complex structures, side arms have been added to the sug-
gested modified grating solar cell to obtain ultra-broadband absorption. The side arms can be
experimentally fabricated as reported by Jiang et al. [20]. Further, Wang et al. [21] have presented
the solution based technique for branched nanostructures with controlled diameter of identical arms.
Moreover, branched nano arms can be formed by vapor transport and condensation during growth
as presented in [20] and [21]. Furthermore, a general approach that can control the synthesis of
branched and hyper branched nano arms structures has been investigated in [21]. Wang et al. [21]
can control the nanocluster diameter and density by using a multistep nano-cluster-catalyzed vapor-
liquid-solid (VLS) growth process. Further, the nano-rods can be deposited on the grating surface as
introduced in [11]. In this regard, scalable processing methods such as chemical vapor deposition
(CVD) can be used to grow nanowires on cheap substrates over large areas with reduced manufac-
turing cost. Additionally, different mechanisms can be used to fabricate silicon nano-wire (SiINWs)
[19] such as bottom-up growth mechanisms and top-down etching processes. While growing of
SiNWs normally is conducted by using the vapor-liquid-solid (VLS) mechanism, which needs high
temperatures, toxic gases and expensive vacuum equipment, top-down etching can be performed in
easier ways. It is worth noting that the physical or dry etching is usually conducted in reactive gases
through the reactive ion etching process. However, the chemical etching relies on wet chemistries
based on hydrofluoric acid for silicon based solar cells. Further, the wet-chemical (WC) etching
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Fig. 2. Wavelength dependent absorption characteristics of (a) dual grating SC [12] and (b) plasmonic
SC [25].

is fast and has advantages in terms of cost-effectiveness for mass production. Therefore, it is
believed that the suggested design can be experimentally fulfilled.

4. Numerical Approach

In this study, the 3-D-FDTD method [16], [22] is applied to calculate the transmission, reflection,
and absorption of the proposed modified grating SC. In order to prove the high accuracy of the
optical data and simulation technique that are used in our study, the following two validations have
been done. Firstly, the dual grating solar cell reported in [12] has been studied by the 3-D-FDTD via
Lumerical software package [16]. It is worth noting that Schuster et al. [12] have used the transfer
matrix method (TMM) to calculate the absorption through the dual grating design. The studied
grating solar cell has a:Si layer of thickness 400 nm and 2D dual gratings with a periodicity of
300 nm for both sides. Further, the heights of the upper and lower gratings are equal to 80 nm
and 60 nm, respectively. Fig. 2(a) shows the wavelength dependent absorption calculated by the
FDTD and that reported experimentally by Schuster et al. [12]. Further, the calculated absorption
by the TMM [12] is also included in Fig. 2(a). It may be seen from this figure that a good agreement
between our results and that obtained from the experimental measurements and the TMM results.
The types of the glass or the glue (refractive index) that have been used in the studied grating
SC are not clarified in [12] which may cause the slight difference between the 3-D-FDTD and
those reported by Schuster et al. [12]. Additionally, from modeling point of view, the TMM has
some limitations particularly in calculating the proper set of modes (guided and radiated). Unlike
the FDTD which solves for the “whole” field, the TMM can sometimes show little discrepancy due
to its limitations. Further, the FDTD is different than the TMM in terms of different physical concepts
and assumptions [23].

It is worth noting that the reported design is based on hydrogenated amorphous silicon
(a-Si:H) whose optical data has been extracted from that reported by Akimov et al. [24]. In order to
prove the high accuracy of the used optical data, the plasmonic solar cell based on hydrogenated
amorphous silicon has been studied and compared to that investigated in [24]. In this study, the
optical absorption of a-Si:H solar cell with photo-active layer of thickness 240 nm is calculated as
shown in Fig. 2(b). Further, an ITO layer of thickness 20 nm is used as a coating layer with 80 nm
thickness of Al back contact. Additionally, metallic nano-particles of radius 10 nm have been placed
over the ITO layer as a plasmonic material. It may be seen from Fig. 2(b) that a good agreement
is achieved between our results and that reported in [24] which ensures the high accuracy of the
used optical data.

Next, the suggested design has been studied using the 3-D-FDTD method [16], [22]. The incident
plane wave has an electric field linearly polarized along the x-axis and is normal to x-y plane as
revealed from Fig. 1(a). The reported design with only one grating is studied due to the symmetry of
the structure. In this case, periodic boundary condition (BC) in x and y- directions are applied with
perfect matched layer (PML) BC in z- direction to eliminate unnecessary reflections at the top and
bottom boundaries of the simulated unit cell. The multiple scattering caused by grooves, slits, and
nano-rods interactions are taken into account using the BCs. Two frequency domain monitors are
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Fig. 3. Schematic diagram of surface diffraction by 1-D surface grating.

also placed above and below the unit cell to calculate the reflection R(1) and the transmission T (1),
respectively as shown in Fig. 1(a). The meshing parameters and the positions of the source and
monitors are first studied to obtain convergent absorption. In this study, the computational domain is
taken as 200 nm, 200 nm, and 1090 nm in X, y, and z directions, respectively. Further, non-uniform
meshing with minimum cell size of Ax = Ay = Az =0.5nm are used to obtain accurate results.
Moreover, the source, and reflection monitor are placed above the ITO layer by 390 nm and 400 nm,
respectively. However, the transmission monitor is placed above the Al layer as shown in Fig. 1(a).
The absorption of the active layer can then be calculated as follows:

A(x)=1—=R(*) —T(). (1)

It is assumed that each absorbed photon produces one electron-hole pair without recombination
losses. Therefore, the ultimate efficiency (1) can be used to evaluate the absorption capability of
the proposed solar cell as given by [25]

~ Jsdorm Fs(%) A() £ dn

n= 4000 nm
300 nm FS()‘)d)‘

where 1 is the wavelength of the incident light, A4 is the bandgap wavelength of the active layer,
and F (1) is the photon flux density in the ASTM AM 1.5 solar spectrum. The short circuit current
density Jgc of the proposed design can be calculated by

@)

en 4000 nm
Joo = —2 / Fs(1) dr = 81.835 (mA/cm?). (3)
he Jaoo0 nm
It is worth noting that the ultimate efficiency 7 is related to the short circuit current density Jsc by
assuming perfect carrier collection efficiency. This means that each absorbed photon with higher
energy than the bandgap results in one electron-hole pair. Consequently, all generated carriers are
collected.

5. Results and Discussion
5.1 Surface Diffraction

The suggested design has a modified grating structure in order to enhance the absorption through
the active layer. Therefore, the diffraction effects of the reported design are studied and compared
to the conventional grating SC.

Fig. 3 shows a schematic diagram of the conventional 1-D grating SC design. As the incident
light reaches the solar cell’s grating surface, it will penetrate the cell at specific diffraction angles.
The diffraction angle 6., depend on the diffraction order, as shown in Fig. 3, the diffraction orders
can be calculated for the 1-D surface grating using the following equation:

. . A
no sinfy, = nqysing; + mX (4)
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Fig. 4. Fraction of the transmitted power to each physical grating order at different wavelengths.
(a) » = 450nm and (b) » = 650 nm.

TABLE 1
Shows the Transmitted Light Fraction of the Different Orders at A = 350nm and » = 650nm

Design A =450nm A =650nm
GratngOrders m=+1 m=0 m=+4+1 m=-1 m=0 m= -1
Theta (0) 26.69° 0° —26.6° 46.6° 0° —46.6°
Thin film SC 0 1 0 0 1 0
Grating SC 0.1215 0.7567 0.1215 0.206 0.586 0.206
Proposed SC 0.159 0.681 0.159 0.258 0.482 0.258

where ny and n, are the refractive indices of the first and second mediums, respectively. Additionally,
6; represents the angle of incidence; A is the grating spacing; A is the wavelength; and m is the
diffraction order with values of 0, &1, -2, etc. Moreover, the reflection from the surface, is known
as backward diffraction and a similar expression can be obtained. For 2-D Si gratings surrounded
by air, the diffraction angles can be expressed as

A

Nsi SiNOmp COS Ppmp = M— (5)
Ax
. . A
Ngj SiNOpp SIN Py = M— (6)
Ay

where 6mn and ¢gmp are the diffraction polar angle and the azimuthal angle at the diffraction order of
(m, n), respectively. It should be noted that the diffraction angles are basically independent of the
grating depth, d [26].

In this study, the forward (transmission) diffraction for each diffraction order of the suggested
modified grating design is calculated using the FDTD Lumerical software package [16]. Fig. 4(a)
and (b) shows the fraction of the transmitted power of each physical grating order of the thin film
SC, grating SC and the suggested modified grating design at A = 450 and 650 nm. It may be
noted from this figure that most of the transmitted light is distributed between m =0, £1 orders. At
m = =£1, the light is propagated through the active layer at oblique angles. Further, the transmitted
powers at higher orders increase by increasing the wavelength as may be seen from Table 1 and
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Fig. 5. (a) Wavelength dependent absorptions of thin film SC, grating SC, grating SC with wings,
and proposed design with nano-rods. (b) Ultimate efficiency n and short circuit current Jsc of the
studied designs. Steady-state field distributions along x-z plane of Ex and Ey components at wavelength
A =460nm in (c) conventional SC without grating, (d) grating SC, (e) grating SC with wings, and
(f) proposed SC.

Fig. 4. Therefore, the light path and hence the light absorption in the active layer will be increased
as shown in Fig. 4(a) and (b).

5.2 Modified Grating Design

Fig. 5(a) and (b) show the absorption variation with the wavelength and corresponding ultimate
efficiency and short circuit current density of the conventional thin film SC, grating SC, grating SC
with wings and our proposed structure with modified grating and nano-rods. Further, the steady
state field profiles of E, and E, components in z-direction through the different structures are shown
in Fig. 5(c)—(f) at A = 600 nm. In this investigation, the photoactive layer is based on hydrogenated
amorphous silicon (a-Si:H) of thickness T = 430 nm while the thickness of the anti-reflective coating
ITO is equal to 20 nm to reduce the surface reflections. Further, the Al layer of thickness 80 nm
is used as a back reflector to reduce the transmission through the photovoltaic SC. The grating
structure is also made of a-Si:H of height h = 80 nm and width W = 94 nm with a distance G =
104 nm between two adjacent gratings. It is worth noting that the initial dimensions of the suggested
design have been chosen based on the conventional grating SC reported in [12]. It has been noted
that low absorption was achieved using the conventional grating SC design at short wavelength,
as shown in Fig. 5. In order to increase the absorption in such wavelength range, side wings are
added to the modified grating. This means that the grating structure is etched from the active
layer so that the absorbing material decreases. However, the absorption enhancement increases
due to the diffraction effects. The initial dimensions of the side wings are chosen according to the
recent fabrication feasibility. The suggested modified grating has side wings of length =20 nm, K =
20 nm, and L = 60 nm. In order to further increase the absorption of the suggested design, nano-
rods are placed over the grating design as shown in Fig. 1. The distance N between two successive
nano-rods of radius 20 nm is equal to 30 nm. The length and width of the simulated unit cell shown
in Fig. 1(a) are equal to 200 nm. Consequently, the thickness and weight of the photovoltaic cell
will be reduced due to reduced amount of manufacturing SC material. Therefore, the cost per watt
of output power is ultimately reduced. In this investigation, a parametric study for the geometrical
parameters is made to increase the absorption in the active layer and hence the ultimate efficiency.
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The effect of a specific parameter is investigated while the other parameters are kept constants at
their optimum values.

Fig. 5(a) reveals that the absorptions of the grating SC with and without side wings are greater
than that of the conventional thin film SC. Additionally, the absorption of the suggested design with
modified grating and nanorods is greater than the grating SC only. The reported design supports
multiple reflections of the photons inside the grooves and between the nanorods i.e. (each groove
or slit act as a source of light). Therefore, the optical path length and the absorption inside the active
layer are increased. Consequently, the a-Si:H structure has multiple total internal reflections which
improve the light trapping inside the active layer. Additionally, the reflected light from the surface
of the substrate can be absorbed by the grating or wings instead of reflecting it back. Further,
the nano-rods act as a grating deposited on the surface of a rectangular grating i.e. (dual grating).
The dual grating is used to have multiple light trapping and to couple the incident light into the
discrete modes of the thin absorbing layer over an extended wavelength and angular range. Fur-
thermore, the nano-rods produce absorption enhancement in a different part of the solar spectrum
than that produced by the grating structure. This will lead to a broadband absorption enhancement
over the conventional TF-SC as shown in the field plots of Fig. 5 at . =600 nm. However, the grat-
ing surface causes some reflection and hence the active layer absorption percentage is less than
100%. It is also revealed from Fig. 5(b) that the proposed design achieves an overall enhancement
for short circuit current density and ultimate efficiency over the conventional thin film SC and grating
SC. Additionally, the suggested design has a short circuit current density of 34.752 mA/cm? which
is greater than 19.73 mA/cm? and 31.466 mA/cm? of the conventional thin film and grating SCs, re-
spectively. The achieved ultimate efficiencies are greater than 39.6% and 21.3% reported in [2], and
[17], respectively. Moreover, the Jsc of the proposed design is greater than 25.5 mA/cm? that intro-
duced in [14]. Further, the total enhancement of the modified grating SC violates that presented in
[18]. Chang et al. [13] have presented a solution to combine micro- and nano-scale surface textures
to increase light harvesting in the near infrared for crystalline silicon photovoltaics. The nanostruc-
tured ITO anti-reflection layer achieves conversion efficiency of 17.1% with an enhancement factor
of 15% [13].

It is worth noting that the calculated harvesting efficiency is based on the optical (ultimate)
efficiency shown in equation (2). The ultimate efficiency n is defined as the maximum efficiency of
a photovoltaic cell as the temperature approaches 0 K when each photon with energy greater than
the bandgap produces one electron-hole pair as reported in [24] and [27]. It is also worth noting
that Huang et al. [28] have shown that the maximum theoretical ultimate efficiency of silicon SC
is equal to 49.6%. Therefore, the suggested design with ultimate efficiency of 43.114% does not
exceed the theoretical limit. However, Shockley Queasier efficiency (power conversion efficiency) is
the fraction of the incident power which is converted to electricity. Therefore, the ultimate efficiency
can violate the Shockley Queasier limit [30] as reported in [2], [27] and [29]. In this regard, ultimate
efficiencies of 39.6%, 39.3%, and 39.9% have been introduced in [2], [27], and [29], respectively,
which exceed the Shockley Queasier limit of 33.7%.

Fig. 6(a) and (b) show the absorbed field of the Ex components along x-y plane in the active
layer of the conventional and grating TF-SC, respectively. In addition, the absorbed fields in the
grating SC with wings and the suggested design with nano-rods are plotted in Fig. 6(c) and (d),
respectively. It may be seen from Fig. 6 that the modes are strongly confinement around the grating
orin the grooves between gratings and between nano-rods. Therefore, the light trapping through the
active layer is increased with reduced reflection. Consequently, the absorption through the active
layer of the reported design is better than those of the grating SC with and without wings. This is
confirmed by the filed plots in z-direction shown in Fig. 5. Furthermore, the absorption exceeds
90% over wide band of wavelengths as shown in Fig. 5. It should be also noted that the peak and
valley shown in Fig. 5 around A = 900 ~ 930nm and > =800 ~ 870 nm are due to the Fabry—Perot
cavity resonance within the a-Si:H active layer. Moreover, the other absorption peaks and valleys
are resulted from constructive and destructive interference. The effect of the structure geometrical
parameters is studied to maximize the light absorption through the suggested design.
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Fig. 7(a) shows the wavelength dependent

photoactive layer absorption % of the reported struc-

ture at different nano-rods radii. The figure reveals that the absorption increases as the radius of
the rods increases from R = 5nmto R = 20 nm due to the strong confinement of the light between

the nano-rods as evident in Fig. 5(c)—(e). The

se figures show the field distributions along x-y plane

of the Ex components at . = 300nm at R =5nm, 15 nm and 20 nm. If the nano-rods radius is
further increased, the reflection increases, and hence, absorption decreases, as shown in Fig. 7(b).
Fig. 7(b) shows the absorption enhancement as a function of nano-rods radius. At R =20nm,
maximum absorption enhancement of 79.42% can be achieved over conventional thin film SC. The
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Fig. 8. Spectral absorption as a function of the wavelength at different grating widths W = 80, 94, 100,
120, and 140 nm. (b) Variation of the absorption enhancement with the grating width.
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Fig. 9. Wavelength dependent spectral absorption at different grating heights h = 60, 80, 100,
and 120 nm. (b) Variation of the absorption enhancement with the grating height.

total enhancement of the optical power absorption E% is calculated by using the total absorbed

power Py Of the proposed design, and the total absorbed power Py Of the conventional TF-SC
without grating as follows [1]:

Piotal (Proposed design)

E% = B
’ Ptotal (conventional TF-SC)

1. @)

The total absorbed powers are calculated by integrating the absorption rate of the photoactive
layer. It is found that the grating a-Si:H SC without wings or nano-rods offers 66.7% absorption
enhancements over the conventional TF-SC. However, the proposed design achieves 79.42%
absorption enhancement.

Fig. 8(a) shows the spectral absorption at different grating widths while the grating height and
nano-rods diameter are taken as in 80 nm and 20 nm, respectively. Additionally, the absorption
enhancement as a function of the grating width is shown in Fig. 8(b). It is revealed from Fig. 8(a)
that the absorption increases by increasing the grating width from 80 nm to 94 nm. If the grating
width is further increased, the surface area of the (a-Si:H) grating, and hence, the reflection will be
increased. Consequently, the absorption and absorption enhancement through the active area will
be decreased as shown in Fig. 8. The effect of the grating height is next studied.

Fig. 9 shows the variation of the absorption percentage % of the photovoltaic active layer at
different grating heights h = 60, 80, 100, and 120 nm while the width of the grating is fixed at
W = 96 nm. Further, the variation of the absorption enhancement with the grating height is shown
in Fig. 9(b). It is evident from Fig. 7 that maximum absorption, and hence, absorption enhancements
are achieved at height of 80 nm.

The tolerances of the nano-rods radius and the grating height and width are also investigated. It
is worth noting that the tolerance of a specific parameter is calculated while the other parameters of
the proposed design are kept constants at their optimum values. It is found that the grating height
and width and nano-rods radius allow a tolerance of 5% at which the ultimate efficiency are still
better than 42%.
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TABLE 2
Optimum Parameters of the Suggested Modified Grating Thin Film SC

Parameter  Value (nm)  Parameter  Value (nm)

w 94 N 30
G 106 X 200
h 80 Y 200
K 20 4 550
L 60 T 550
R 20
80 Thin film 100
—with back reflector
70 —-with back reflector and ARC 20
K3 g
= 80 o 80
K] S
850 2 70
3 8 =—Proposed design
g 40 2 60 - -with back reflector
=—with back reflector and ARC
30 50
200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)
() (b)

Fig. 10. (a) Wavelength dependent absorptions of thin film only, with back reflector and with back
reflector and ARC, and (b) wavelength dependent absorptions of the proposed design only, with back
reflector and with back reflector and ARC

The effects of the anti-reflection coating (ARC) and back reflector on the absorption of the
suggested SC are also studied. Table 2 shows the optimum dimensions of the proposed struc-
ture. Fig. 10(a) shows the absorption curve for thin film solar cell without grating structure. Also,
the wavelength dependent absorptions of thin film solar cell with back reflector with/without antire-
flection coating are also shown in this figure. It may be seen from the figure that at short wavelength,
the ARC has a dominant effect that can increase the absorption through the active layer of the solar
cell. Further, the use of ARC along with back reflector enhances significantly the absorption through
the active layer at longer wavelength. Fig. 10(b) shows the impact of the ARC and back reflector
on the absorption of the suggested thin film solar cell with modified grating design. It may be seen
from this figure that the proposed modified grating design improves the absorption in the short
wavelength region compared to thin film only shown in Fig. 10(a). Therefore, the short wavelength
spectrum is highly absorbed due to the modified grating of the solar cell, since silicon exhibits a
high absorption coefficient for shorter wavelengths. However, the longer wavelength region can
be absorbed by using additional structure help. In this regard, back reflector has been used to
increase the light trapping and the power absorption in the silicon layer. Therefore, interferences
between the forward and backward propagating waves occur through the active layer and hence an
absorption enhancement is achieved as shown in Fig. 10(b). Further, spatial resonance of optical
wave occurs due to the presence of both diffraction conditions by surface texturing and reflection by
back reflector which are met simultaneously within narrow bandwidth and limited incident angles.
Therefore, the usage of the anti-reflection coating and back reflector can play a vital role in the
absorption of the long wavelength. Since a diffraction grating with the proposed design results in
a gradual change of refractive index compared to a rectangular groove grating, it provides better
anti-reflection and, hence, larger Jsc, compared to thin film SC structure.
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Fig. 11. (a) Spectral absorption of the photo-active layer of the proposed design and conventional TF-
SC at different materials c-Si, a-Si:H, and GaAs. (b) Ultimate efficiency n and short circuit current Jg¢
calculated as a function of the photoactive layer material type.
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Fig. 12. Spectral absorption of the photo-active layer of the proposed design, Grating SC, and
conventional TF-SC using y-polarized incident plane wave.

The effect of the material type of the photoactive layer is also investigated. Fig. 11(a) shows the
spectral absorption of the photoactive layer of the proposed design and conventional TF-SC based
on GaAs [31], a-Si:H [24] and c-Si [32]. It is evident from Fig. 11(a) that great enhancement occurs
in the absorption of the proposed design over the conventional TF-SC in all studied cases over a
wide range of wavelength. The numerical results reveal that 178.7%, 79.42% and 50.4% absorption
improvements are achieved by using c-Si, a-Si:H, or GaAs, respectively, over the corresponding
conventional TF-SCs without grating. This is due to the good confinement of the mode around the
modified grating with wings and the modified light trapping through the active layer. Therefore, the
optical path length and hence the absorption through the active layer are increased which is vital
for SC based on indirect bandgap materials. It is also evident from Fig. 11 that the absorptions
of the GaAs and a-Si:H photoactive layers of the proposed design are greater than that with c-Si
material specially for long wavelength. Fig. 11(b) shows the ultimate efficiency and the short circuit
current as a function of the active material type. The suggested design with photoactive layer of
¢-Si, a-Si:H, and GaAs have high ultimate efficiency of 39.34%, 42.46%, and 43.114%, respectively.
Additionally, the short circuit current densities Jsc of the corresponding designs are improved to
32.19, 34.752, and 35.27 mA/cm?. It is worth noting that the achieved efficiency of the proposed
design using GaAs of 43.114% is higher than that reported in [2], [12], [27] and [33]. Additionally, the
suggested design has an ultra-broadband absorption over wide range of wavelengths compared
to the absorption investigated in [2], [12], [27], [33], [34]. Further, the achieved short circuit current
density of 35.27 mA/cm? is greater than that presented in [35]-[40].

Finally, the effect of the polarization of the incident plane wave on the performance of the
suggested design is finally investigated. Fig. 12 shows the absorption spectra using the incident
y-polarized plane wave for thin film SC, grating SC and modified design with nano-rods and side
wings. It may be shown from this figure that the proposed design offers an absorption enhancement
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relative to the thin film SC and the conventional grating SC. Further the ultimate efficiency of the
studied design are equal to 24.362%, 29.0885% and 33.0166%, respectively. It is worth noting that
the absorption of the y-polarized plane wave is less than that of the incident x-polarized case. This
is due to the configuration of the grating design which has more index variation in x-direction than
that in y-direction. Therefore the absorption enhancement due to the diffraction effect in x-direction
is better than that occurs in y-direction.

6. Conclusion

The absorption enhancement of TF-SC by using modified grating with nano-rods is studied using 3-
D-FDTD method. We identify the mechanism used to calculate the absorption, short circuit current
and ultimate efficiency of the proposed design. Additionally, the influences of nano-rods, grating
size, and material type are considered in order maximize the absorption enhancement of the sug-
gested SC. The grooves arrays with nano-rods offer considerable increase in the absorption of the
photoactive layer. The suggested design based on the GaAs as an active material shows maximum
efficiency of n = 43.114% compared to the other different materials with Jsc = 35.27 mA/cm?.
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