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Abstract

Despite metallic plasmonic excitations can enhance the performance of ultra-thin solar cells however these so-
called plasmonic solar cells suffer from a large resistive (Ohmic) loss caused by metallic elements. In this work, we
report on a new design that uses graphene nanoribbons (GNRs) in a two-dimensional (2D) grating form at the top
of the semiconductor-on-insulator (SOI) solar cells aimed to reduce the resistive loss. The results showed that GNRs
can remarkably reduce the resistive loss compared to the SOI cell with Ag nanograting, while keeping all other
cell’s parameters, comparable with those of Ag SOI cell. Optical absorption and short-circuit current density of the
graphene cells showed, respectively, enhancements of 18 and 1.7 times when optimizations were done with
respect to width and the grating period. Our calculations showed that the graphene solar cells dissipate at most
5% of incident sunlight power as narrow and tiny peaks around 508 nm, which is noticeably lower than those of
Ag solar cells with high and broad band peaks with the maximum values of 29% at 480 nm and 24% at 637 nm.
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Introduction
Nowadays, the huge decrease in fossil energy resources
and high cost of pollution control has forced scientists
to search for sustainable energy sources. During the
years, different methods have been introduced. Among
them, the most important one that guarantees a clean
and environmentally friendly technique, has benefited
from the photovoltaic effect [1, 2]. In spite of huge re-
search which has been accomplished on solar cell topic,
however, there are limitations on the massive production
of solar cells. Regarding to this fact that the sunlight ra-
diation covers almost a broad spectrum range, mainly
from 290 nm in ultraviolet regime to 3200 nm in mid in-
frared one, for absorbing long wavelength photons, those
which lie in near to mid infrared spectrum regime, thick
absorption layers are needed [3]. Increasing the Si wafer
thickness not only imposes additional cost, but also can
cause junk recombinations, because of a short electron

diffusion length [1, 2, 4, 5]. At least, one can name three
types of recombination: the electron jumps back from
conduction band to valence band and recombines with a
hole while a photon is emitted. This process is called
band-to-band recombination, or radiative recombin-
ation. Reed-Shockley-Hall (RSH) recombination is
assisted by trap energy levels in band gap. Auger recom-
bination is a process in which an electron and a hole re-
combine in a band-to-band transition, but the resulting
energy is given off to another electron or hole. In the
case of hybrid solar cell, mismatch of different crystal
lattices may cause a large number of dangling bond at
the interface between two different materials. The inter-
face recombination can be viewed as a type of RSH and
the interface becomes major limiting factor resulting in
rather high interface recombination velocity which
thereby lowers the lifetime of carriers.
Due to the aforementioned difficulties, it was a neces-

sity to find an alternative solution to enhance the light
absorption in the thin solar cells. For the first time, in
order to improve the carrier collection efficiencies, Red-
field [6] introduced dielectric waveguide concept to con-
fine and guide the scattered emission in a Si film with a
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2 μm thickness. The method used by Redfield means
confining the light beams into a dielectric waveguide of
a thin solar cell with an effective technique to enhance
the light absorption. Yablonovitch, based on the ray op-
tics, presented a statistical procedure toward measuring
the enhancement factor for light intensity as 4n2 for bulk
absorption and n2 for surface absorption to make the
process of solar cell fabrication much more cost effective
[7]. Here n is the refractive index of semiconductor film,
Obtaining the highest efficiency in any design and ex-

periment is indeed a precious goal. Authors have inno-
vated various configurations to enhance the quantum
efficiency as well as the short-circuit current density of
solar cells [8, 9]. For example, all-inorganic composition
and suitable band gap of quantum dots (QDs) have been
used in Perovskite solar cells to enhance the power con-
version efficiency [10]. In the recent years, applying di-
electric photonic crystals [3] and periodically patterned
metallic structures [11] as back reflectors in order to en-
hance the electromagnetic energy intensity even beyond
4n2 limit has become a popular trend. Using the plas-
monic excitations in the ultra-thin solar cells, one can
simultaneously increase the efficiency of solar cells and
reduce the cost of film deposition [1, 4, 12–18] which
are two favorite factors in experimental research. Using
perovskite–hybrid plasmonic nanostructured, Zhang
et al. have explained the role of plasmonic coupling and
photonic cavities in enhancing light–matter interactions
and manipulating carrier dynamics [19].
There are at least three main schemes for plasmonic

structures to be integrated with a solar cell. The first
method involves locating the plasmonic elements at the
top of the solar cell [13, 20–22]. It provides us with two
important advantages: improving the optical absorption
in absorption layer through scattering of light into it and
preventing the reflection back [23]. Embedding the plas-
monic structures inside the absorption layer is another
approach [24], in which plasmonic nanoparticles act as
subwavelength lenses enabling enhancing the light ab-
sorption. The third method is to arrange a grating or
striped-like plasmonic structures at the back surface of
the solar cell [25–27]. In this method, surface plasmon
polaritons (SPPs) are excited in the absorption layer,
leading to an increase in the optical absorption. Further-
more, in this scheme, where plasmoic structures are
served as a back contact [28], a short distance provides
proper conditions for collecting the charge carrier to be
collected.
To support the SPPs in the active layer of a solar cell,

it is a crucial need to find the optimum plasmonic ma-
terial. Although for many years gold and silver have been
of the most interesting and extremely popular materials
[29, 30], they impose limitations one practical applica-
tions such as energy loss from intraband transitions,

large Ohmic losses at the optical frequencies caused by
electron-electron scattering, electron-ion scattering, and
inelastic scattering from defects and grain boundaries
[31], lack of tunability, and difficulties during the fabri-
cation process. Since the first investigation on plasmonic
effect, silver has been the best choice for visible light ap-
plications, because it has the lowest Ohmic loss and a
high onset of intraband transitions. For near infrared/
terahertz region, gold and copper can be used, but gold
is usually preferred over copper since it doesn’t oxidize
and is therefore more stable. There are other materials
that have lower losses than silver and gold such as so-
dium and potassium, however these materials are not
stable and would therefore not be easy to be used in
plasmonic devices. Nevertheless, due to the lack of tun-
ability and difficulties during the fabrication process,
they impose limitations on practical applications.
The discovery of graphene and other 2D materials

such as hexagonal boron nitride (h-BN), transition metal
chalcogenides to a class of monoelemental 2D materials
(Si, Ge, Sn, etc.) which happened in “postgraphene age”
triggered a wide range of research concerning 2D mate-
rials covering metals, semiconductors, and insulators, all
with intriguing properties [32–34]. It has been shown
that strongly confined surface plasmonic excitation in
graphene with outstanding properties such as electrical
tunability [35], low dissipative losses [36], strong light-
matter interactions [37], and extreme field confinement
[38–40] can be a trustable substitution for noble mate-
rials. Compared with plasmons in noble metals, the elec-
tronic properties of graphene can be effectively
controlled by changing the Fermi energy through the
use of a gate voltage, chemical doping, and electric and
magnetic fields [28]. Prominent properties of graphene
along with its electronic [32–34, 41–43] and photonic
[44–46] features have made it an interesting platform
for plasmonic waveguiding applications [37, 47–49].
However, so far its abilities have been proven more in
the terahertz and mid-infrared frequency range [50, 51]
rather than optical spectral region [52] (http://pubs.acs.
org/doi/abs/10.1021/acssuschemeng.5b01504), (https://
www.ncbi.nlm.nih.gov/pubmed/28295982). Patel et al.
showed that multilayer graphene acts as an efficient
transparent conducting electrode in a graphene/Si het-
erojunction solar cell [53]. Up to 40 layers of n-type gra-
phene, the efficiency found to be constant and enhanced
only to 7.62%. After further optimization on the parame-
ters of p-crystalline silicon wafer, a maximum efficiency
of 11.23% has been achieved.
In this work, we investigate the impact of graphene

nanoribbons (GNRs) on the optical and electrical per-
formance of ultra-thin SOI solar cells and compare the
results with those of SOI cells incorporated with Ag
nanostrips. Due to the extremely light confinement, high
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carrier mobility, and zero band gap characterizations,
graphene is worth investigating the light absorption in
the Si absorber layer by putting GNRs on SOI (G-SiO2-
Si-SiO2) cells. Since graphene is a semimetal material, it
seems that its special optical properties can help the
waveguide-like modes in the optical frequency range to
be strongly excited. These modes are not necessarily
confined at the graphene/Si interface, but they are ex-
panded in Si throughout. Our results show that these
abnormally excitations can help the optical absorption
to be increased in the active layer.
To evaluate systematically the cell’s performance, the

optical absorption and short-circuit current density en-
hancements and resistive (Ohmic) loss of G-SiO2-Si-
SiO2 solar cells are calculated and compared with those
of Ag nanostrips incorporated SOI (Ag-SiO2-Si-SiO2)
cells. For Ag-SiO2-Si-SiO2 solar cells, the optimum de-
sign which has been reported previously [17, 18] is used.
For G-SiO2-Si-SiO2 cells, width and the period of GNRs,
which are two key parameters in the performance of
proposed structure, are optimized.

Model and theory
The geometry of our proposed solar cell is schematically
shown in Fig. 1a which comprises GNRs at the top of a
SOI solar cell. A 10 nm buffer SiO2 layer at the bottom
of GNRs prevents undesired and strong damping of the
surface plasmons resonances due to the Schottky effect
[2]. A 50 nm absorption silicon layer is located under

SiO2. Si layer is grown on a SiO2 layer with a 240 nm
thickness. Figure 1b shows a unit cell of our G-SiO2-Si-
SiO2 solar cell. Figure 1c illustrates an Ag-SiO2-Si-SiO2

solar cell in which an Ag nanograting is placed at the
top of a SOI solar cell. For simplicity, a unit cell is
shown. Ag nanostrip has a triangle cross section with a
60 nm height and an 80 nm base. For Ag nanostrips, ex-
perimental data of Johnson and Christy [31] including
the real and imaginary parts of refractive indices were
utilized. For optical properties of Si layer, we have used
its dielectric function given in Ref. [54]. Refractive index
of SiO2 is also set to 1.45. Note that the period of G-
SiO2-Si-SiO2 and Ag-SiO2-Si-SiO2 solar cells are chosen
to be 314 nm, except for Figs. 5 and 6b in which the
grating periods are optimized.
A plane electromagnetic wave is illuminated from the

top side of the simulation frame with a normalized value
of unity. To solve the Maxwell’s wave equations and ex-
traction of the solar cell parameters, we have considered
only one unit cell with suitable boundary conditions to
reduce the runtime and computational machine RAM.
To ensure a realistic cell, we have used periodic bound-
ary conditions for the lateral sides to include the period-
icity of the structure, as shown in Fig. 1b and c. We
have also used a perfectly matched layer (PML) for the
top and the bottom sides of the simulation frame. PML
boundaries can help diffracted waves to be absorbed
properly. The wavelength scan is performed from 250 to
1100 nm with respect to ASTM-G173 and Si band gap

Fig. 1 a 3D schematic of G-SiO2-Si-SiO2 solar cell. A 10 nm SiO2, a 50 nm absorption layer (Si), and a 240 nm SiO2 substrate are considered. b A
detailed unit cell of G-SiO2-Si-SiO2 solar cell. The thickness of GNR is set to 0.5 nm. c A detailed unit cell of Ag-SiO2-Si-SiO2 solar cell. An Ag strip
with triangle cross section with 60 nm height and 80 nm width on a 10 nm SiO2, 50 nm absorption layer (Si), and 240 nm SiO2 substrate. For the
top and the bottom sides of the unit cell, a perfectly matched layer (PML), and for lateral sides, the periodic boundary condition (PBC)
is considered
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(1.1 eV). It is worth mentioning when the imaginary part
of the graphene surface conductivity is positive, the gra-
phene layer behaves like a thin metal material and sup-
ports only transverse-magnetic (TM) mode [29]. Note
also that under the transverse-electric (TE) mode, the
graphene (and even Ag and Au with the thicknesses
around 1 nm) will not represent any electromagnetic re-
sponse in the solar cell, since their thickness is much
smaller than the wavelength of the incident field. There-
fore, in the following, we have only focused on the TM
mode. By solving the Maxwell’s wave equations in the
unit cell for the transverse-magnetic (TM) mode, the
distribution of electric and magnetic fields was obtained.
Here, the complex permittivity of graphene is calculated
directly by using εg = 1 − iσg/(ε0ω t) [36], where ε0 is the
permittivity of free space, t is the effective thickness of
the graphene, and σg is the complex surface conductivity
of graphene which depends on the angular frequency, ω,
chemical potential, μc, temperature, T, and charge par-
ticle scattering rate, Γ = 1/τ, with τ being the relaxation
time of charge carriers. Regarding the intraband and
interband transitions, the total conductivity of graphene
(σg = σinter + σintra) is described according to the local
random phase approximation of the Kubo formula [55]
which is written as [56]:

σ intra ¼ 2ie2TkB
ℏ2π ωþ i=τð Þ ln 2 cosh

μc
2TkB

� �� �
; ð1Þ

σ inter ¼ e2

4π
1
2
þ 1
π

arctan
ℏω−2μc
2TkB

� ��

�−
i
2π

ln
ℏωþ 2μcð Þ2

ℏω−2μcð Þ2 þ 2TkBð Þ2
#
: ð2Þ

In the above expression, e represents the charge of the
electron, kB is the Boltzmann’s constant, and ℏω is the
photon energy. In our calculations, we set the graphene
parameters as τ = 5 ps, T = 300 K, and μc = 0.5 eV. Hav-
ing found the electric and magnetic field distributions,
the absorbed power in Si slab can be determined by the
following formula [57]:

∇: S
!¼ 1

2

Z∞

0

ω Im εSið Þ Eðx; y; zÞj j2 dV ð3Þ

where S
!

is Poynting vector, Im(εSi) is the imaginary part
of the Si permittivity, and dV = dx dy dy is the differential
volume of the absorption layer (Si). According to the ab-
sorption power formula, Eq. (3), the integration is taken
over the whole absorption layer volume. In our 2D mod-
eling, the cell is assumed to be invariant along the z-
direction, so that the electromagnetic field varies only
along x and y. Thus dV = l dx dy, where l is the cell
length along the z-direction.

Absorption enhancement, Π(λ), is defined as the ratio
of power absorbed in the Si layer of the cell with gra-
phene nanoribbon (Ag nanostrip) to that of bare cell.
Bare cells do not possess any graphene nanoribbon.
Therefore, the absorption enhancement is given by:

Π λð Þ ¼

Z
GNR=AG cell

E x; y; λð Þj j2 dxdy
Z

bare cell

E x; y; λð Þj j2 dxdy
ð4Þ

To perform fully evaluation on the solar cells, the
short-circuit current density (JSC) of the proposed struc-
tures should also be calculated. JSc is the current density
flowing through the solar cell when the voltage over the
cells is assumed to be zero. For an ordinary cell, the
short-circuit current density is calculated through the in-
tegration of the product of solar irradiance, I(λ), and cell
spectral response, SR(λ), over the solar wavelength as:

J SC ¼ R∞
0
IðλÞ � SRðλÞdλ. In this integration, it is assumed

that the quantum efficiency is unity, QE = 1, and SR(λ) =
qλ/hc, where q is the elementary charge, h is Planck’s
constant, and c is the speed of light. Therefore, the JSC
enhancement is given as [58]:

JSC Enh:ð Þ ¼

Z800

400

I λð Þ � SR λð Þ �
Y

λð Þdλ

Z800

400

I λð Þ � SR λð Þdλ
ð5Þ

where Π(λ) is the absorption enhancement given by Eq. (4).
The resistive (Ohmic) loss, RL, which is the solar light

power converted to the heat in the cell, is an important
parameter for a solar cell which, to the best of our
knowledge, has not been reported yet in the solar cells
decorated with plasmonic elements. Resistive loss can
warm the cell through the Ohmic heat in the cell, so it
restricts the cell performance. Cell heating through
Ohmic loss is an undesired phenomenon which should
be considered in designing the plasmonic solar cells. In

order to calculate resistive loss, we integrate J
!
: E
!

( J
!

is
the current density) over the GNR volume as:

RL ¼
Z

J
!
: E
!

dV ð6Þ

Results and discussion
In this section, we present the results of absorption en-
hancement, short-circuit current density enhancement,
and resistive loss of G-SiO2-Si-SiO2 and Ag-SiO2-Si-

Sabaeian and Hajati Journal of the European Optical Society-Rapid Publications           (2020) 16:14 Page 4 of 10



SiO2solar cells as well as absorption enhancement of hy-
brid Ag-G-SiO2-Si-SiO2 solar cell. In all schemes, the
thickness of the absorption layer (Si) is taken to be the
same.
Figure 2 shows the effect of GNR width (W) on the

absorption enhancement of G-SiO2-Si-SiO2 solar cell.
To compare the results with those of Ag-SiO2-Si-SiO2

one, we have also plotted the absorption enhancement
of Ag-SiO2-Si-SiO2 solar cell in this figure. It is seen that
the absorption enhancement of G-SiO2-Si-SiO2 cell
strongly depends on the GNR width. For example, as W
is increased from 150 to 250 nm, the absorption en-
hancement increases, too. If W is increased further to
280 nm, the absorption enhancement reduces drastically.
Therefore, in the rest of this paper, we choose W = 250
nm as the optimum value for GNR width. It is interest-
ing to note that for W = 250 nm, the absorption en-
hancement has a sharp peak around 508 nm (blue curve
in Fig. 2.). This peak is related to the waveguide mode
which is excited in Si layer. Figure 3a, which shows the
normalized magnetic field distribution, clearly illustrates
this mode happens at 508 nm.
As the blue curve in Fig. 2 shows, the absorption en-

hancement in Si layer is much stronger than that of Ag-
SiO2-Si-SiO2 cell which happens at 508 nm. From the
magnetic field distribution, Fig. 3c, for Ag-SiO2-Si-SiO2

cell, one can conclude that there is no enhanced optical
near field for absorption enhancement, because this
wavelength is far from the plasmonic resonance wave-
length. Interestingly, at this wavelength, the magnetic
field is strongly confined and enhanced in the G-SiO2-
Si-SiO2 cell (see Fig. 3a). Therefore, due to the special
transport properties of graphene, the light energy

concentration and near field enhancement occur in the
silicon layer. In the visible range, there are also other
modes for G-SiO2-Si-SiO2 cell happening at 624 nm and
for Ag-SiO2-Si-SiO2 happening at 642 nm, which assist
in solar light absorption in Si layer. For G-SiO2-Si-SiO2

cell, we call it plasmonic-like mode, because for gra-
phene, the plasmonic modes excite at Mid-IR or tera-
hertz spectrum region [28]. For Ag-SiO2-Si-SiO2 cell, it
is definitly a localized surface plasmonic (LSP) mode,
which occurs at 642 nm and is illustrated clearly in Fig.
3d. Although due to the plasmonic mode excitation for
Ag-SiO2-Si-SiO2 cell at 642 nm, the absorption enhance-
ment is much higher than that of G-SiO2-Si-SiO2 cell
mode at 624 nm, the latter has an enahncement over a
wider range of wavelengths (see Fig. 2). For instance, by
increasing the wavelength from 510 nm to 600 nm, the
absorption enhancement of the Ag-SiO2-Si-SiO2 cell
drops down to 1, but for G-SiO2-Si-SiO2 cell, it changes
from 1.5 to 1.85. This charactristic will be much more
effective in the future calculations for quantities such as
short-circuit current density.
In order to enhance even more the light-graphene

interaction [50], we have designed a hybrid solar cell by
placing GNR between Ag nanostrip and the SOI sub-
strate (Ag-G-SiO2-Si-SiO2), as is schematically shown in
the Fig. 4a. Figure 4b represents the absorption enhance-
ment of the proposed hybrid Ag-G-SiO2-Si-SiO2 cell,
where different heights of 10, 40, and 60 nm for Ag
nanostrips were considered. For comparison, in Fig. 4b,

Fig. 2 The optical absorption enhancement in G-SiO2-Si-SiO2 solar
cell for GNR width of W = 150 nm (doted red curve), W = 200 nm
(dashed green curve), W = 250 nm (solid blue curve), and W = 280
nm (dot-dashed violet curve). Solid black curve shows this
parameter for Ag-SiO2-Si-SiO2 cell

Fig. 3 Distribution of normalized magnetic field: a and b are the
waveguide and plasmonic-like modes of G-SiO2-Si-SiO2 solar cell
corresponding to 508 and 624 nm, respectively, c and d are the
waveguide and plasmonic modes of Ag-SiO2-Si-SiO2 solar cell
corresponding to 508 and 642 nm, respectively
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we have also shown the results for solely G-SiO2-Si-
SiO2 and Ag-SiO2-Si-SiO2 solar cells. It is found that
for an Ag-SiO2-Si-SiO2 cell with a 10 nm height,
there is only a single waveguide peak at 506 nm with
a 2.2 enhancement in optical absorption. The mag-
netic field distribution of this mode is shown in Fig.
4c. From the field distribution, it is observed that the
electromagnetic field is strongly confined in the Si
layer. For this height, there is a very wide peak for
optical absorption in the longer wavelengths region,
where we have not shown its distribution. As the
height of the Ag nanostrip is increased (i.e. when
reach h = 40 nm and 60 nm) the absorption enhance-
ment corresponding to the plasmonic mode is arisen.
From Fig. 4b we observe that for h = 40 and 60 nm
for Ag height, an enhancement of 4.5 and 3.8 is ob-
served for plasmonic mode at 659 nm and 667 nm, re-
spectively (violet and dashed green curves in Fig. 4b).
Figure 4d, e, and f show normalized magnetic distri-
butions for hybrid solar cell with an Ag nanostrip
with the height of h = 10 nm at (c) 506 nm and (d)
620 nm, and h = 60 nm at (e) 497 nm and (f) 659 nm.

In the following, we optimize the cell’s performance
with considering the period of the GNRs and Ag nano-
strips. Figure 5a shows the results for optical absorption
of G-SiO2-Si-SiO2 cell for different periods. It is ob-
served that by increasing the period of GNRs from 300
nm, the optical absorption is increased. Also, the absorp-
tion peaks are shifted toward longer wavelengths. Our
calculations show that the optimum period is around
358 nm. Precisely, the G-SiO2-Si-SiO2 solar cell has a
peak for optical absorption enhancement at 500 nm with
magnitude of 5.67 for P = 300 nm which increases up to
18.37 at 540 nm for P = 358 nm.
From Fig. 5b we observe that the period of the Ag-

SiO2-Si-SiO2 cell has more impact on enhancing the op-
tical absorption through waveguide mode rather than
plasmonics mode. It is seen that for P = 300 nm, the ab-
sorption enhancement corresponding to the waveguide
and plasmonic modes occurs at 480 nm and 641 nm with
the value of 2.10 and 6.18, respectively. For P = 358 nm,
these peaks shift to 537 nm and 654 nm with magnitude
of 4.95 and 7.42, respectively. From Fig. 5 a and b, one
can conclude that for P = 358 nm, the absorption

Fig. 4 a Detailed structure of a hybrid Ag-G-SiO2-Si-SiO2 cell including GNR with 0.5 nm height and W = 250 nm width and the Ag nanostrip with
80 nm base length and variable heights of h = 10, 40, and 60 nm. b The absorption enhancements of the hybrid cell for h = 10 nm (dashed red
curve), 40 nm (dot dashed green curve), and 60 nm (solid doted violet curve) in comparison with a cell comprising solely a G-SiO2-Si-SiO2 cell
(solid blue curve) and Ag-SiO2-Si-SiO2 cell (solid black curve). Distribution of the normalized magnetic field of hybrid cell with h = 10 nm at (c)
506 nm and (d) 620, and h = 60 nm at (e) 497 nm and (f) 659 nm
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enhancement for waveguide modes of the G-SiO2-Si-
SiO2 cell is much higher than that of the Ag-SiO2-Si-
SiO2 cell. However, as it has been discussed earlier, Ag
solar cells lead to an increase in optical absorption by
their localized surface plasmons (LSP). Therefore, in-
creasing the period of Ag nanograting helps better ab-
sorption of incident light due to its multiple peaks,
proportional to their LSP modes. However, it is very cru-
cial issue whether or not this absorbed power would
cause a stronger short-circuit current density. In this

regard, and in order to compare the performance of G-
SiO2-Si-SiO2 and Ag-SiO2-Si-SiO2 cells, we have empha-
sized JSC enhancement, which is the ratio of JSC of the
cell with nanostrip (nanoribbon) divided to JSC of the
bare cell without nanostrip (nanoribbon).
Figure 6a and b show the short-circuit current density

(Jsc) enhancement for G-SiO2-Si-SiO2 and Ag-SiO2-Si-
SiO2 solar cells, respectively. In Fig. 6a, we have evalu-
ated the Jsc for various widths of GNRs, where, as we ex-
pected, W = 250 nm gives the optimum value. In Fig. 6b

Fig. 5 Absorption enhancement of a G-SiO2-Si-SiO2 and b Ag-SiO2-Si-SiO2 solar cells for different periods; P = 300 nm (solid violet curve), P = 314
nm (dashed green curve), P = 328 nm (dotted blue curve), P = 340 nm (solid cyan curve), P = 358 nm (dot-dashed black curve), and P = 400 nm
(dot-dashed red curve)

Fig. 6 a Short-circuit current density (JSC) enhancement of G-SiO2-Si-SiO2 solar cell for different widths of GNRs. b JSC enhancement of G-SiO2-Si-
SiO2 with the optimum width (left bars) and Ag-SiO2-Si-SiO2 solar cells (right bars) for different periods of P = 314 nm (dark blue bars), P = 328 nm
(cyan bars), P = 340 nm (yellow bars), and P = 358 nm (brown bars)
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we have compared the results of period optimizations of
both G-SiO2-Si-SiO2 with W = 250 nm and Ag-SiO2-Si-
SiO2 cells. It is seen that as the period is increased, the
Jsc for G-SiO2-Si-SiO2 cell also increases. As expected,
P = 358 nm is the optimum period for Jsc of G-SiO2-Si-
SiO2 solar cell. However, for Ag-SiO2-Si-SiO2 solar cell,
various periods (in the range of 314 to 358 nm) give al-
most the same Jsc. Interestingly, for G-SiO2-Si-SiO2 solar
cell with P = 358 nm, two types of cells give more and
less the same value.
The last important quantity which has been investi-

gated in this work as the highlight prospect is the resist-
ive (Ohmic) loss. This quantity says about an undesired
phenomenon which is the main factor of dissipation of
useful energy absorbed from the sunlight. To make a
comparison, we have calculated the ratio of absorbed
power in the GNRs/Ag nanograting layer to the total
sunlight power radiated to the cell. We call it as normal-
ized resistive loss (RL). Figure 7 depicts the normalized
resistive loss as a function of wavelength for Ag-SiO2-Si-
SiO2 (dashed red curve) and G-SiO2-Si-SiO2 solar cells
(solid blue curve) in the visible frequency range. It can
be observed that the normalized loss of the G-SiO2-Si-
SiO2 is much lower than that of the Ag-SiO2-Si-SiO2. It
is found that G-SiO2-Si-SiO2 dissipates at most 4.7% of
the incident power which happens at 508 nm, but Ag-
SiO2-Si-SiO2 generally dissipates much higher solar en-
ergy entire the solar spectrum. For instance, at 480 nm
and 637 nm, Ag-SiO2-Si-SiO2 dissipates, respectively, up
to 29% and 24% of the incident power. This portion nat-
urally is converted to the heat. The very low amount of
dissipation for G-SiO2-Si-SiO2 cell is an invaluable point,
because heating the solar cell actually reduces the cell’s
performance. Therefore, it is safe to say that in the
meantime that G-SiO2-Si-SiO2 and Ag-SiO2-Si-SiO2 en-
hance the solar cell’s electric and optical performance

with the same values, GNRs impose noticeably lower en-
ergy dissipation in the cell, so it is a better candidate for
incorporating in photovoltaic ultra-thin cells. Recently,
several experiments have shown that the chemical vapor
deposition (CVD) graphene can be used to improve the
performance of the solar cells [59, 60]. Indeed, CVD is
the primary technique used to obtain large-area gra-
phene sheets, which are usually in high demand for
various solar cell applications. In these experiments,
the graphene was synthesized on a Cu foil by an at-
mospheric pressure CVD (APCVD) and then trans-
ferred to a glass substrate. The number of graphene
layers could be well controlled via altering the H2

flow rate, which also provides a wide selection range
of transparency and sheet resistance. In order to
provide a better coverage and contact on CdTe solar
cell, the graphene was synthesized with a three-
dimensional (3D) structure using porous Ni foam as the
growth substrate. A similar method was employed to grow
graphene and the 3D structure was successfully ob-
served and transferred to CdTe device [61]. The final
graphene back contact thickness exceeded 10 μm with
an excellent electrical conductivity (550–600 S/cm),
which assisted a significant device efficiency improve-
ment up to 9.1%.

Conclusion
In summary, we have numerically studied the optical ab-
sorption and short-circuit current density enhancements
and resistive loss of G-SiO2-Si-SiO2 and Ag-SiO2-Si-
SiO2 solar cells which are SOI solar cells with, respect-
ively, GNR and Ag nanogratings at the top. We have
compared the results of both cells in the visible fre-
quency range. It is found that the performance of the G-
SiO2-Si-SiO2 solar cell strongly depends on the width
(W) of GNRs and the period (P) of the structure. By op-
timizing the W and P of the G-SiO2-Si-SiO2 cell, we
could achieve the maximum absorption enhancement
for GNR solar cell (18.37 at 540 nm) which is three
times higher than that of Ag solar cell at this wave-
length. It is demonstrated that the GNR cells with
optimum W and P can intensify the waveguide mode
peak and cause a better confining of the light into
the Si layer. However, Ag solar cell has strong ab-
sorption enhancement due to conducting the light
into the Si layer by its localized surface plasmons
(LSP) modes. The result of calculating short-circuit
current density enhancement confirmed that the GNR
solar cell with optimized W and P can intensify the
waveguide modes high enough such that having a
same JSC enhancement compared to Ag solar cell,
despite their lack of plasmonic behavior in this fre-
quency range. The outstanding point of this work is
the low resistive loss of GNR solar cells. Our

Fig. 7 The resistive loss of G-SiO2-Si-SiO2 (solid blue curve) and Ag-
SiO2-Si-SiO2 (dashed red curve) solar cells
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calculations showed that GNR solar cells dissipate
only less than 5% of incident sunlight power inside
the SOI cell happening at 508 nm, compared to high
values for Ag solar cells which dissipate the solar
power up to 29% and 24% happening at, respectively,
480 and 637 nm.
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