
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

0/
20

24
 1

0:
23

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Efficient broadba
aCenter for Advanced Studies in Energy, U

Peshawar, 25000, Pakistan. E-mail: adnan.d
bCollege of Energy, Soochow Institute for En

Soochow University, Suzhou 215006, China
cKey Laboratory of Advanced Carbon Mater

Jiangsu Province, Key Laboratory of Mode

Education, Suzhou 215006, China
dDepartment of Computer Science, Nation

46000, Pakistan
eCollege of Computer, Qassim University, Al
fDepartment of Electrical Engineering, Milita

of Sciences and Technology (NUST), Islamab

† The rst two authors contribute equally

Cite this: RSC Adv., 2020, 10, 11836

Received 6th December 2019
Accepted 16th March 2020

DOI: 10.1039/c9ra10232a

rsc.li/rsc-advances

11836 | RSC Adv., 2020, 10, 11836–118
nd light absorption in thin-film a-
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Thin film solar cells (TFSCs) suffer from poor light absorption due to their small thickness, which limits most

of their practical applications. Surface plasmons generated by plasmonic nanoparticles offer an opportunity

for a low-cost and scalable method to optically engineer TFSCs. Here, a systematic simulation study is

conducted to improve the absorption efficiency of amorphous silicon (a-Si) by incorporating double

sided plasmonic bi-metallic (Al–Cu) nanogratings. The upper pair of the gratings together with an

antireflection coating are responsible for minimizing the reflection losses and enhancing the absorption

of low wavelength visible light spectrum in the active layer. The bottom pairs are accountable for

increasing the absorption of long wavelength photons in the active layer. In this way, a-Si, which is

a poor absorber in the long wavelength region, is now able to absorb broadband light from 670–

1060 nm with an average simulated absorption rate of more than 70%, and improved simulated

photocurrent density of 22.30 mA cm�2, respectively. Moreover, simulation results show that the

proposed structure reveals many other excellent properties such as small incident angle insensitivity,

tunability, and remarkable structural parameters tolerance. Such a design concept is quite versatile and

can be extended to other TFSCs.
Introduction

Thin-lm solar cells (TFSCs) are some of the most well-known
photovoltaic systems, attracting great research attention due
to their low cost and exible substrates.1–3 However, when
designing TFSCs, one of the main challenges is to effectively
improve the absorption of incidence light over a wide range of
wavelengths. A key technique for obtaining good light trapping
and enhancing the efficiency of solar cells is to engineer the
light behavior by using photonic crystals,4 diffraction gratings,5

anti-reection coatings,6 surface texturing,7 and metallic
nanoparticles.3,8
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Plasmonic nanogratings among other structures show
a substantial progress as they can be used either as an inno-
vative back reector patterned on a metal mirror9–12 and/or on
transparent and conductive oxides (TCO),13–16 to improve both
the optical path length and optical absorption over a broad
spectrum. The effective coupling between metallic nanograting
modes and the incident light essentially presents an efficient
light trapping developing from surface plasmon resonances
and their resultant near-eld light concentration.17–19 X. Meng
et al., proposed a model with different periods of diffraction
gratings by combining 1D and 2D front and rear structures
within TFSC, based on crystalline silicon and showing spectral
density around 90% in the visible range, with a few absorption
spikes in the broader spectrum.20 However, for better perfor-
mance, TFSC required uniform absorption enhancement above
90% at longer wavelength. L. Wen et al., analyzed cascaded
metal nanogratings and achieved a spectral efficiency above
60% in the wavelength range i.e., 300–750 nm.21 However, they
could not cover the long wavelength region in the solar spec-
trum, which indicates high optical losses. Y. Chen et al., pre-
sented Ag–Al bi-metallic gratings integrated with a-Si TFSCs by
suppressing the loss issues of metal and obtain enhanced
absorption from 350 to 750 nm.22 However, broadband
absorption is not achieved, which makes structure not less
appropriate for solar cell applications. Recently, M. Bagmanci
et al., proposed an efficient plasmonic structure, which covers
This journal is © The Royal Society of Chemistry 2020
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ultraviolet and visible range of solar spectrum.23 However, the
suggested structure has absorption efficiency below 20% at near
infrared region, whichmakes structure not capable to tackle the
issue of broadband absorption for TFSCs application. Recently,
Z. Khezripour et al., proposed titanium nitride nanogratings on
top and bottom of TFSC and obtain broadband absorption at
longer wavelengths from 600–1100 nm.24 However, they do not
cover the rich energy visible portion of the solar spectrum.

Here, we proposed a double-sided hybrid bilayer Al–Cu
nanograting structure, which is feasible for TFSC based on a-Si
absorber. We examine the corresponding role of both front and
back nanogratings and evaluate their inuence on the broad-
band absorption efficiency attainment. The proposed optimized
solar cell structure removes the deciency of a-Si to poorly
respond to high wavelength photons and exhibit broadband
response with an average absorption of more than 70% over
broad spectral range, and enhanced photocurrent density (Jsc)
of 22.30 mA cm�2.
Simulation model

The proposed a-Si solar cell structure accompanied by front and
back side bilayer grating is shown in Fig. 1. The grating is
composed of aluminum (Al) and copper (Cu) metals. Since, the
plasma frequency of Al is higher than Cu due to high electron
density, therefore, it is distinctive that the metal inter-band
transition loss in the short-wavelength locality can be muted
by placing Al on top with rear Cu grating layer.25,26 In our design,
the front Al–Cu bilayer metal gratings are used to improve the
optical absorption in the active layer due to surface plasmon
resonance (LSPR) effect. In contrast to the front surface, at the
back side, the inverted version of themetal grating is used along
with mirror metal to reect the transmitted light usually the red
to near infrared ranges of the spectrum (700–1100 nm), to the
active layer.27 The anti-reective SiO2 (ARC) layer is also utilized
along with a metal grating for suppressing front side light
reection and serves as a passivation layer due to high band
Fig. 1 Schematic view of the proposed structure of double side bi-
layer gratings.

This journal is © The Royal Society of Chemistry 2020
gap.28 A very thin absorber layer with thickness of 200 nm, made
of a-Si is inserted between plasmonic bilayer nanograting's/ARC
and bilayer nanograting's/metal mirror for improved light
management. It is notable that numerous research groups have
been working on thin lm solar cell materials as an absorber
layer such as copper indium gallium selenide (CIGS), cadmium
telluride (CdTe) with plasmonic nanogratings.18,29 However,
silicon-based devices show less problems than their contenders
such as toxicity and scarcity problems with CdTe cells, and low
manufacturing prots of CIGS due to material complexity.
Furthermore, a-Si can be produced in a variety of shapes and
sizes and greater resistance to heat, as a-Si PV modules experi-
ence good results even in high temperatures as observed by
National Renewable Energy Laboratory (NREL).30,31

The dimensions of the unit cell composed of the proposed
structure along x and y is dened to be ax ¼ ay ¼ a ¼ 400 nm.
The top and bottom Al–Cu resonant bilayer gratings having Al
thickness of tg1 ¼ 30 nm, width wg1 ¼ 60 nm and length lg1 ¼
400 nm, while Cu grating thickness tg2 ¼ 30 nm, width wg2 ¼
50 nm and length lg2 ¼ 400 nm, respectively. The ARC layer
thickness is taken as tarc ¼ 60 nm, while that of the active layer
a-Si as tabs ¼ 200 nm. The thickness of the back-metal reector
is set as tbp ¼ 50 nm. The complex dielectric function of Cu, Al,
and a-Si are chosen from,32 while the dielectric constant of SiO2

is taken as 3.9.33 The perfectly matched layer thickness of
400 nm is utilized along z-direction to eradicate the back
reections. A plane wave illuminates normally on the solar cell
with the polarization along x direction, which denotes the
incident wave propagating along the positive z-axis. Floquet
periodic boundary conditions are used to repeat the structure
along x and y directions. The environment is chosen to be air of
all the simulations and all of them are performed in COMSOL
Multiphysics soware v5.3 with radio frequency module.

Results and discussion

To better uncover the physical mechanism of the broadband
absorption, we divide the structure into several segments as
shown in Fig. 2. The segment S1, contains only Al metal mirror
layer, and a-Si absorber layer, see Fig. 2(a); segment S2 consist of
SiO2 ARC layer on top of absorber layer, see Fig. 2(b); S3
accompanies single Al metal nanograting resonator on top of
ARC, see Fig. 2(c); S4 encompasses complete front structure of
proposed model having double Al nanograting resonator at the
top of a-Si and ARC layer, and a back metal mirror see Fig. 2(d).

Fig. 2(e) shows the measured absorption characteristics of
different models. It is found that, the absorption resonance of
model S1 is below 60% in the low-wavelength region, while
exhibit near unity narrow band response from 700 to 760 nm.
Moreover, S1 supports very poor performance in the high-
wavelength region because a-Si does not absorb light in this
region. So, as a whole, the average absorption efficiency of S1
over broader spectrum is very low due to strong front and back
surface reections, which will not generate enough electron–
hole pairs. However, S2 shows slightly better response because
of ARC layer. By adding single metallic nanograting (S3), the
absorption efficiency comparatively enhances from 520 to
RSC Adv., 2020, 10, 11836–11842 | 11837
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Fig. 2 Structure of (a) reference solar cell (S1), (b) ARC layer on top of solar cell (S2), (c) single nanograting and ARC layer (S3), and (d) double
nanogratings and ARC layer (S4). (e) Absorption efficiency of S1, S2, S3, and S4 structures, respectively.
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980 nm as indicated by black curve. This is because, metal
nanograting harvest the incoming photons by forward scat-
tering or LSPR and the back Al metal foil reects the trans-
mitted light to the active layer for further absorption.34–36 Now,
by using double nanogratings (S4), the light absorption is
improved approximately 13% in the wavelength region from
300 to 800 nm because the surface plasmons of both the grat-
ings couple strongly and enhanced the absorption in the a-Si
layer.37–39

Since, the LSPR strongly depends upon the geometric
parameters and the gap between the nanogratings, therefore, to
tune the absorption efficiency in the solar spectrum, we varied
the gap and width wg1 of both the gratings as shown in Fig. 3. It
appears that the variation in the gap region slightly affect the
absorption in the low wavelength region as shown in Fig. 3(a).
This is because, the incoming eld uniformly couples to the
nanogratings for every gap value. The impact of wg1 on the
absorption prole is very large as shown in Fig. 3(b). For small
values of wg1, the absorption characteristics in the low wave-
length is large, and in the high wavelength region, it is small,
whereas for large values, the reverse has occurred. This is
because, by changing the size, the coupling of the surface
plasmons supported by the gratings interfere constructively and
destructively in various region in the spectrum.

In order to further improve the absorption spectral efficiency
over broader spectrum, we placed a copper (Cu) grating beneath
Fig. 3 Influence of (a) gap, and (b) width of nanogratings on absorption

11838 | RSC Adv., 2020, 10, 11836–11842
the Al as shown in Fig. 4(a). So, the Al–Cu bilayer gratings with
Cu gratings in contact with the SiO2 layer and Al gratings on top
of Cu may be able to harvest the solar photons in both the long
and short wavelength regions. Moreover, the fabrication of
bilayer gratings is not complex because metal alloys or
composites have presented higher degree freedom in the design
for plasmonic harvesting. For instance, solar cell with multi-
mode Au/Ag bimetallic nanostructures showed an improvement
of power conversion efficiency from 6.72% to 7.70%.40 In order
to check whether Cu is best to be paired with Al gratings, we
tested different materials for the bottom gratings with xed wg2

¼ 50 nm as shown in Fig. 4(b). The absorption characteristics
indicate that Cu supports superior absorption efficiency and
therefore it is preferred to be paired with Al nanogratings. In
Fig. 4(c), we varied the widths of the Cu gratings to further
optimize the structure. It appears that the absorption efficiency
slightly improves compared to single layer gratings because due
to high plasma frequency, the top Al gratings suppress the
parasitic interband transition loss. In addition, among all the
values, wg2 ¼ 50 nm is the optimum value for the Cu gratings
because it exhibits better response in the wavelength range 400–
700 nm.

Since, the absorption prole at the long wavelength region is
still very poor, therefore, we select the optimized structure S5
and introduced double metal gratings at the top surface of
bottom Al metal foil as shown in Fig. 5(a). This structure is
efficiency.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Schematic view of bilayer grating structure (S5), (b) absorption spectra for nanograting materials, and (c) different with of bottom
gratings.
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named as S6 and the additional gratings will improve the
absorption of long wavelength photons which usually reects
from the back Al foil. At rst, we tested different materials for
the bottom gratings and compare their absorption features as
shown in Fig. 5(b). It is found that Al gratings essentially exhibit
much better response both in the short and long wavelength
regions. Therefore, Al gratings are preferred to be used at the
bottom side. Next, the inuence of the nanogap between the
Fig. 5 (a) Schematic view of bottom single layer grating structure S6. Ab
different gaps between the bottom gratings, and (d) width of nanogratin

This journal is © The Royal Society of Chemistry 2020
bottom gratings is studied and again, the absorption efficiency
approximately remains the same as shown in Fig. 5(c). So, this
indicates that the proposed design is almost independent of the
gap spacing between the gratings. The widthwg3, which strongly
affect the absorption resonances, are also varied as shown in
Fig. 5(d). Here, between 980–1200 nm, the width values from
80–100 nm are suitable due to large absorption enhancement,
however, such values of the width exhibit poor absorption
sorption spectra for (b) different plasmonic nanograting materials, (c)
gs.

RSC Adv., 2020, 10, 11836–11842 | 11839
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efficiency from 770–980 nm, which is a rich energy portion in
the solar spectrum. Therefore, in order to maintain uniformity,
we select wg3¼ 60 nm, which is the same as the front Al gratings
and such value of the width comparatively shows better
response.

Finally, a Cu grating has been placed at the top of Al grating
at the rear side as shown in Fig. 1. We named this structure as
S7. This bilayer nanogratings at the back side will reect the
transmitted light usually the red to near infrared ranges of the
spectrum (700–1100 nm), to the active layer, which will further
improve the light absorption. Again, we tested different mate-
rials for the newly placed grating, and it is found that Cu
supports better absorption features as shown in Fig. 6(a). The
impact of different values of the width wg4 on the absorption
efficiency is also studied, which is approximately the same as
the previous structures as shown in Fig. 6(b). Therefore, to
maintain structure symmetry, the material and dimensions of
the new gratings are selected the same as the top gratings.
Furthermore, the average absorption efficiency of the structure
S7 is more than 92.23% over a broad solar spectrum from 300–
1060 nm, which is quite high than the previous structures S4,
S5, and S6 as highlighted in Fig. 6(c). Around 25% improvement
is observed in S7 compared to S4 solar cell. We also calculated
the transmission, reection and absorption spectra of the
double-sided bilayer gratings structure S7 to clearly show the
optical losses in the cell. As can be seen in Fig. 6(d), the trans-
mission through the cell is almost zero and the top reections
from the cell is only 7.77%, indicating best performance of the
solar cell.

The effect of polarization plays an important role in the
performance of solar cells because in general, light for solar
cells is polarized in random directions.41 Therefore, in order to
see the signicance of incident light polarization and also to
Fig. 6 Absorption efficiency for different (a) nanograting materials, and (
S5, S6, and S7 structures. (d) Absorption, transmission and reflection spe

11840 | RSC Adv., 2020, 10, 11836–11842
analyze the actual role of the grating elements, we took the
structure S7 and calculated the absorption characteristics in the
active a-Si layer. Fig. 7(a) shows the absorption spectra of the x-
polarized light, which is calculated with and without nano-
gratings. It appears that the cell without gratings exhibit poor
response in the long wavelength region, which is improved in
greater amount by introducing grating. Again, this is due to the
fact that the bilayer grating arrangement can overwhelm the on-
resonance parasitic absorption loss in metals at the longer
wavelengths because of the small imaginary part of Cu dielectric
function and suppress the interband transition loss in the
smaller wavelength region due to the large plasma frequency of
Al. As a result, approximately 40% improvement in absorption
is attained in case of plasmonic nanograting-integrated a-Si
solar cell compared to without nanogratings in the long wave-
length region. In Fig. 7(b), we have considered the y-polarization
case and calculated the absorption prole in the active layer for
with and without nanogratings. Here, due to geometry of
nanogratings, the incident light couples inefficiently to the
solar cell compared to the x-polarized case, which results in
week absorption in the spectrum. Apart from this, it is well
known that the angle between the incoming photons and the
normal on the solar cell surface plays an important role in the
solar cell performance. At different time of the day, before noon
to evening, sun rays fall on the solar cell with various angles and
potentially affects the trapping of photon inside solar cell.
Therefore, in order to illustrate the performance of the
proposed solar cell, we varied the incident angles q and
measured the light absorption efficiency in the active layer for
the x-polarized case as shown in Fig. 7(c). It is observed that
even for higher value of q i.e., q ¼ 45o, the structure exhibit
broadband absorption resonance, which indicates that the
proposed structure is highly suitable for practical applications.
b) nanograting widths. (c) Comparison of absorption efficiencies of S4,
ctra of double-sided bilayer gratings structure (S7).

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C9RA10232A


Fig. 7 Absorption spectra in a-Si layer with and without nanogratings for (a) x-polarized light, and (b) y-polarized light, and (c) different incident
light angles.
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Moreover, to quantify the performance of the proposed cell over
the entire solar spectrum, we calculated the photocurrent
density under the assumption of unity internal quantum effi-
ciency.42,43 The expression is

Jsc ¼ e

ð
l

hc
AðlÞIAM1:5ðlÞdl (1)

where e is the electron charge, which is equal to 1 eV (1.602 �
10�19 C), l is the incident light wavelength, which ranges from
300–1200 nm, h is the Planck's (h) constant, which is h ¼
6.626176 � 10�34 joule-seconds, and IAM1.5(l) is the solar irra-
diance for Air Mass (AM)1.5. The calculated Jsc value for the
proposed model is 22.30 mA cm�2, which is high than the
structure without gratings (16.46 mA cm�2).
Conclusion

In summary, novel light harvesting double sided hybrid bi-
metallic Al–Cu nanograting structure for thin lm a-Si solar
cell is investigated. We demonstrated that each grating struc-
ture contribute to surface plasmons, which couples and
enhance the light absorption in the active layer in greater
amount. We have shown that the top metal gratings are
responsible to reduce the reection losses from the top surface
and enhance the transmission of photons in the absorber
medium, while the role of the bottom nanogratings are to trap
the incident light at long wavelengths into the active layer.
Therefore, aer optimizing the dimensions of the grating
structures (wg1 ¼ wg4 ¼ 60 nm, and wg2 ¼ wg3 ¼ 30 nm), the
double sided bi-metallic solar cell structure lead to average
broadband absorption of 70% from 670–1060 nm in the a-Si
layer and improved Jsc of 22.30 mA cm�2 compared to single
sided or double sided single metal gratings. Furthermore, the
This journal is © The Royal Society of Chemistry 2020
structure performed well when the incident light angle is varied,
which indicates that the proposed solar cell can potentially be
employed for practical applications.
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