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1. INTRODUCTION

For decades, metamaterials have attracted great attention because of their
unnatural properties such as negative permittivity and permeability, perfect
absorption, subwavelength  focusing, asymmetric transmission,  cross-
polarization conversion and hyperbolically engineered dispersion that are not
normally found in nature [1-3]. From laboratory concepts to practical
engineering applications, metamaterial are able to control independently the
amplitude, phase, polarization state/direction, and other features of the irradiated
electromagnetic wave. Related to this category, novel planar devices and
systems are developed working in different frequency bands such as low
frequency, high frequency, microwave, THz, and visible light [4].

However, because of the fabrication complexity of 3D metamaterials, the high
insertion loss in the bulk metamaterials, and significant ohmic losses at optical
frequencies, they are being replaced by 2D unit cells with dimension of
subwavelength, namely metasurfaces [5, 6]. In comparison to 3D metamaterials,
metasurfaces are ultrathin, have low loss, and enable easy integration [7]. In
addition, due to the confinement of the local field, metasurfaces can generate
considerable near-field effects [5]. Regardless of the application, the accessible
spectral range is largely dictated by the material choice for the metasurface
building blocks. Also their features can be controlled through designing suitable
geometrical parameters [8].

Graphene, a 2D hexagonal lattice of carbon atoms and tunable nanomaterial, has
been considered as a suitable alternative for metasurface integration [9, 10].
This is because of Fermi level of graphene’s sheet that is adjustable using an
external electric field or chemical doping to resulting in a broad range
modulated conductivity [11]. Also, it is well established that graphene plasmon
polaritons can provide strong optical confinement [12]. Besides its quantum
confinement and tunable conductivity, the outstanding features of graphene
nanostructures such as graphene nanoribbon are under influence of their high
edge/bulk ratio [13]. So graphene-based metasurfaces attracted extensive
consideration because of their significant optoelectronic features, broadband
absorption, and electronic tenability [14].
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Many researchers have worked on the design, numerical solution, and
simulation of graphene-based metasurfaces. Lerer et al. modeled a periodic
multilayer graphene-dielectric metasurface for terahertz and far infrared
applications. In the abovementioned study, the surface conductivity of graphene
was computed using the Kubo formalism [15]. Parmer et al. proposed an
absorber based on graphene that absorbs broadly in the ultraviolet and visible
range. This absorber consists of three layers including a gold resonator, a
graphene monolayer as a spacer, and a SiO2. This metasurface was analyzed
applying the finite element method and a 94% absorption at the wavelength of
0.4 to 0.7 um was reported [16]. Raad et al. designed and simulated a hollow
nano-pillar based on graphene with the shell-style shape on top of a TiN
substrate. Graphene nano-pillar acted as impedance matching element while
TiN, as a refractory metal, blocked the light transmission from the metasurface.
Kubo formulas and the model of Drude Lorentz were exploited to approximately
calculate the surface conductivity and dispersive permittivity of graphene layer,
respectively. the absorption efficiency was obtained above 96% at the frequency
range of 200-1000 terahertz [17]. Nagandla et al. modulated the electromagnetic
waves by a metasurface based on graphene.This metasurface contained three
layers including bottom reflector layer of gold, a middle spacer layer of Si, and
graphene as a conductive top layer [18].

In this study, we present a metasurface for absorption enhancement in thin film
solar cells. Solar cells are promising eco-friendly energy source to decrease
fossil fuels consumption[19]. Thin film cells are suitable replacement for
crystal-based cells as they have lower production cost [20]. Our structure
contains three layers, including graphene nanoribbons, a dielectric layer, and a
refractory metal. Graphene nanoribbons are utilized to produce the plasmonic
effect. Plasmonic effect is the oscillation of free electrons of a metal
nanostructure under illumination of an electromagnetic wave. The plasmonic
resonance will induce if the frequencies of the incident light and free electrons
oscillation are equal. [21,22]. A plasmonic surface can scatter light toward a
subwavelength area in many directions when is irradiated in its surface plasmon
resonance (SPR). SPR is an optical phenomenon related to the interaction of
irradiated light with free a metal nanostructure [22,23]. SPR boosts the light
absorption by scattering light through a mechanism, namely the far-field
scattering [24].
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2. Material and method

Figure 1 depicts the proposed metasurface structure. This metasurface consists
of three layers, including strips of graphene nanoribbon (GNR), a dielectric
layer, and a refractory metal. The width of GNR strips is considered 50 nm. The
thickness of graphene layer has been considered 0.5 nm and 1 nm by pioneering
researchers [25]. But through synthesizing technology, graphene layers are
separated by the thickness of 0.34 nm in graphite [26]. So in this work, we
model the graphene as a thin layer of 3D material with the thickness of 0.34 nm
and also as a 2D material

Fig. 1. The proposed metasurface structure.

A diagonal tensor models the anisotropic permittivity of graphene. Its surface-
normal or out-of-plane dielectric constant is the same as the graphite dielectric
constant and equals to 2.5. The in-plane dielectric constant of graphene is
&, (a)) =g, (a)) =25+ ia(w)/sOwTG . In this equation, w, €, Te and o(w) are

the angular frequency of incident light , the vacuum dielectric constant, the
thickness and surface conductivity of graphene layer respectively [27,28]. The
Kubo formalism is utilized to calculate the frequency dependent surface
conductivity [28]. This formalism contains both inter and intra band terms of the
graphene surface conductivity and is presented as following equation:

i2e’k T e |1 1 ho—2E, ) i (hw+2E,)
0=—"——-+—| —+—arctan| ——— |-—1In -
7h (C'”'Te) 4| 2 « 2k, T 2z (ha)—zEf) +AKT?
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where, e, ks, % T, Ei, 16 are the electron charge, the constant of Boltzmann, the
reduced constant of Planck, the temperature, the graphene Fermi level, and the
graphene carrier relaxation time respectively [28,29]. An external electric filed
or a chemical doping are utilized to adjust the Fermi level [30]. We vary the
graphene Fermi level from 0.3 eV to 1 eV. The Drude model is exploited to

calculate e through equationz, = uE, /ev;. In this  equation

4 =10000cm? /V s is the carrier mobility and Vv, =10°cm/s is Fermi velocity

of carrier [28, 31,32].

As the plasmonic phenomenon occurs in metal/dielectric interface, the GNR
strips are located on the top of a dielectric surface. The plasmon oscillation is
not supported by zigzag GNRs. But metallic or insulating features can be
obtained by armchair GNRs related to their width [33]. The permittivity of
metallic GNRs with armchair-shape can be modeled via ab-initio and Kubo
formalism. As mentioned above, we utilize the second approach in this study.
To produce the SPR, different dielectrics related to metasurface design are
replaced under GNR strips.

The refractory metal at the bottom of the structure is designed as the
transmission blockage element. The absorbance characteristic of a structure is
defined as A(w) = 1 — R(w) — T(w) where, R(w) and T(w) are frequency
dependent reflectance and transmittance, respectively [34].

With the optimal selection of the refractory metal, the transmission coefficient
will have the minimum value. On the other hand, by optimal scattering from the
surface toward the active layer, due to SPR effect, the reflectance coefficient
will reach to its minimum value. Under this condition, the scattering parameters
of Su and Sy; have to get minimize. As a result, the impedance of the surface

z=(1+s,)/(1-s,)can be matched with free space impedance. Impedance

matching is an important characteristic of a perfect metasurface absorber [17,
34].

For simulation process, in the first step, we design a two-layer surface, including
GNR strips and a dielectric layer. This structure is irradiated by a TFSF source
with a spectral range of 300 nm to 1100 nm as it is shown in figure 2. To obtain
the best scattering cross section, we set two types of graphene including, 3D
graphene with the thickness of 0.34 nm and 2D graphene, as the material of
GNR. We swap the Fermi level of the GNRs from 0.3 eV to 1 eV. By variation
of the Fermi level between 0.3~1 eV, graphene behavior changes from a
dielectric with high loss to a metal without loss [35].

Journal of Optoelectronical Nanostructures. 2024; 9 (4): 39- 54 43



Absorption Enhancement of Thin Film Solar Cell Utilizing a Graphene-Based ...

Scattering cross section monitor

TFSF Source
GNR GNR GNR
— — —

Absorption cross section_monitor

Fig. 2.The simulation demo of the GNR/dielectric structure.

Then we design a thin film solar cell (TFSC) utilizing the GNRs/dielectric
surface with the best scattering cross section. Figure 3 shows this structure that
is consisted of four layers, including GNR strips, a dielectric layer, a absorber
layer of Si and the refractory metal as the bottom electrode. This structure is
irradiated by a source of plane wave in the spectral range of 300 nm to 1100 nm
in the direction of Z. Its characteristics are computed applying FDTD method.
We put two field and power monitors at the above and below of the structure
including reflection and transmission monitors. We the periodic boundary
conditions are chosen along X and Y directions and PML boundary condition is
chosen along Z direction. Finally, we use the solar generation rate solver for
optical simulation. To obtain the minimum transmission, we change the material
of the refractory metal

Fig. 3. The structure of the TFSC based on Si utilizing GNR metasurface.
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Poynting theory is utilized to solve Maxwell equations to calculate the solar cell
absorption through following equation:

P, = —0.50|E|" img (¢) (2)

abs
where o, |E| and img () are angular frequency, the intensity of electric field, and
the imaginary part of the permittivity, respectively [28,36,37]. We run our
simulation under standard normalized spectrum AM 1.5. So the solar generation
rate (G) and short circuit current density (Jsc) are obtained via following

equations:
_ 1100 nm Pabs
G(2)= [ gom 17 94 ®
1100nm 4, Pas
Jo=ef T Ly 15(2)d2 4)

where, h is constant of Plank, c is the light speed, A is wavelength, Pi, is the
irradiated light power, and Iam1s is AM 1.5 solar spectrum [28,37-39]

3. Results and discussion

The structure of GNRs/dielectric is irradiated using TFSF source in the spectral
range of 300 nm to 1100 nm and its scattering cross section is extracted using
FDTD simulation. We try different materials as the dielectric layer, including
Si0,, Al;Os, and ZnSe. For GNR strips, we have two options, including 2D
graphene and 3D graphene with Es varying from 0.3 eV to 1 eV and T of 0.34
nm. To model 3D graphene ribbons, we utilize the isotropic permittivity which

is extracted throughs,, ; = (¢, /3)+(2¢,,/3), where &, . is the graphene

equivalent permittivity, e, is dielectric constant along Z direction and ey is
dielectric constant along X and Y directions. The simulation results reveal that
the plasmonic effect induces at all GNRs/dielectric structures and cause a peak
in the scattering cross section at different wavelengths. Because SiO: is one of
the most common dielectrics in the design of solar cells, at this step, we chose to
continue our study with this material.

The plasmonic effect, which is induced at the interface of GNRs and SiO- layer,
is under the influence of not only the properties of GNRs but also the thickness
of SiO,. When the thickness of GNRs/SiO; is below 30 nm, the peak of
scattering occurs beyond the wavelength of 300 nm. For GNRs/SiO; with the
thickness of 40 nm, 60 nm, and 80 nm, the peaks of scattering are located at the
wavelength of 426 nm, 538 nm, and 653 nm, respectively.
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For GNRs/SiO with a thickness of 100 nm, the peak of scattering is red-shifted
forward 700 nm. According to the position of the scattering peaks, it seems that
GNRs/SiO with the thickness of 60 nm is a reasonable alternative for our study.
Fig. 4 shows the scattering cross section of SiO;, 3D-GNRs/SiO,, and 2D-
GNRs/SiO.. The depicted results have come out by including 2D metallic GNRs
and 3D GNRS with E=2.4 eV and T¢=0.34 nm.

According to Fig. 4, the scattering cross sections of GNRS/SiO, metasurface
with 2D graphene ribbons have a higher peak. On the other hand, 3D graphene
ribbons with lower Er make a red shift at the position of the scattering peak. So
at this step, we chose to continue our study with 2D graphene ribbons.
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Fig. 4. The scattering cross section of SiO2, 3D-GNRs/SiO; and 2D-GNRs/SiO,.

Now, we simulate a standard TFSC and obtain its optical Jic and G utilizing
FDTD method. The abovementioned TFSC is consisted of three layers including
SiO2 with the thickness of 60 nm, Si with the thickness of 300 nm, and Ag with
the thicknesses of 100 nm. We compute the optical Jsc and G of this cell 10.66

mA/cm? and 6.57x10” (1/ m®) /s, respectively. Then, to investigate the influence

of our graphene-based metasurface on the performance of the TFSC, we add 2D
GNRs at the top of the SiO; layer. Again, we calculate the characteristics of this
solar cell. The optical J increases to 19.07 mA/cm® and G rises

t02.62x10*(1/m°)/s.
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Figure 5 shows the normalized absorption profile for these two solar cells.
According to Fig. 5, the localized plasmonic resonance has three peaks at the
wavelengths of 567 nm, 680 nm and, far infrared region. The third resonance is
useless for solar cell applications. Figure 6 demonstrates the far field
enhancement in a 50nm-unit cell at the wavelength of 680 nm without and with
GNR strip at the top of SiO: layer

Normalized absorption profile

0.9 1

— Si0,/SiAg
2D GNRs/SiO 2 /Si/Ag
680 nm_
]
567nm
D
()
——m AR N S ——

300 400 500 600 700 800 900 1000 1100

Wavelenght (nm)

Fig. 5.The normalized absorption profile of a standard TFSC and TFSC with graphene-

based metasurface.

uz

uz

ux

Fig. 6.The far field enhancement in a 50nm-unitcell at the wavelength of 680 nm (a): without

GNR strip, (b): with GNR strip.
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To find out the best alternative as the bottom layer of our structure, we extract
the transmission cross section of TFSC with different refractory metals
including Tungsten (W), Ag, Al, and TiN. Figure 7(a) presents the transmission
cross section of TFSC with Tungsten and TiN bottom electrode and Figure 7(b)
presents the transmission cross section of TFSC with Ag and Al bottom
electrode. According to the Figure 7 the value of normalized transmission cross
section in Figure 7(b) is much less that this value in Figure 7(a). According to
Figure 7(b) the cell with Al bottom electrode has better transmission
performance compared to the cell with Ag bottom electrode. So in this case,
refractory metal of Al is chosen as the bottom layer of our metasurface and
consequently as the bottom electrode of TFSC

o 9927 =
2 TIN
8 a
E 0015 (@)
w
=
s
E
g 0014
N
=
- -
° 0.0054
r4

0 : y y y y

300 an 500 000 700 800 900 1000 1100

Wavelenght (nm)
2.56-005+
Al
5 2e005
b
)
‘H 1.50.005- (b)
»
=
£ 10005
&
=
o
g 5e-0004
«
E 0- R
o
7
56-006 ; : : . , , : y
300 400 500 000 700 800 900 1000 1100

Wavelenght (nm)

Fig. 7. The transmission cross section of TFSC with different refractory metals
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4. Conclusion

In this research, we have introduced a graphene-based metasurface to absorption
enhancement of TFSC. The metasurface consists of GNR strips with a width of
50 nm that are located on the top of a SiO> layer with a thickness of 60 nm. We
have extracted the scattering cross section of GNRs/SiO; metasurface,
considering GNR as 2D and 3D materials. To model the permittivity of 3D
graphene ribbons, we have utilized the Kubo formalism considering E=0.3~1eV
and T¢=0.34 nm. Under the irradiation of a TFSF source in the spectral region
of 300 nm to 1100 nm, 2D-GNRs/SiO; structure has depicted a better scattering
performance. To confirm the effect of the 2D-GNRs/SiO, metasurface on the
absorbance of TFSCs, we have designed a TFSC based on our metasurface. This
cell consists of 2D GNR strips, SiO2 (60 nm), Si (300 nm), and refractory metal
(100 nm). We have computed the characteristics of this cell through FDTD
method with and without 2D GNR strips. The results of the simulation confirm
that, by considering 2D GNR strips, the plasmonic resonance occurs at the
wavelength of 567 nm and 680 nm. As a result, the optical Js. increases
from10.66 mA/cm? to 19.07 mA/cm? and G increases from

6.57x10” (1/ m°) /sto 2.62x10* @/ m’)/s.

Finally, we have extracted the transmission profile of the mentioned TFSC with
different refractory metals. Although TiN has a better performance in reflecting
light towards the active layer of the solar cell, the calculating of G reveal that Al
is a better alternative for the bottom layer.
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