Received: 7 October 2021 Revised: 25 March 2022

Accepted: 28 March 2022

| IET Optoelectronics

DOT: 10.1049/0te2.12069

ORIGINAL RESEARCH

—
| The Instituti f
I — I Engineering and Technology VW ILIEY

Rotational freedom thin-film solar cell using a reconfigurable

nano-antenna with 4-Dimethyl-Amino-N-methyl-4-Stilbazolium

Tosylate

Mohammad Ali Shameli' |

'School of Electrical and Computer Engineering,
University of Tehran, Tehran, Iran

2Depmrtmem of Electrical Engineering, Shahreza
Campus, University of Isfahan, Isfahan, Iran

Jimec USA, Kissimmee, Florida, USA

Correspondence

Mohammad Reza Eskandari, Department of
Electrical Engineering, Shahreza Campus, University
of Isfahan, Isfahan, Iran.

Email: m.r.eskandari@shr.ui.ac.ir

Mohammad Reza Eskandari’ |

Reza Safian®

Abstract

In this paper, we proposed a new method to realize the rotational freedom of thin-film
solar cells. In this method, an array of reconfigurable nano-patches fed by a plasmonic
waveguide is integrated inside the solar cell to receive and trap light in the active layer.
The reconfigurable nano-antenna is designed to achieve beam steering by bias voltage in
the direction of sunlight during the day using 4-Dimethyl-Amino-N-methyl-4-Stilbazo-
lium Tosylate as an active electro-optic material integrated into the plasmonic waveguide.
The proposed solar cell is investigated using the finite-difference frequency-domain
method and the drift-diffusion equations of COMSOL Multiphysics software at
different wavelengths of light and a wide range of angles of incidence for transverse
magnetic (TM) and transverse electric (TE) polatizations. The numerical results show
increase in the absorption in large wavelengths of sunlight for the thin-film solar cell with
nano-antenna, resulting in a short circuit current enhancement of 1.48 and 1.45 for TE
and TM polarisations, respectively. Also, another advantage of the proposed reconfig-
urable structure is maintaining the performance in different angles of incidence, which
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1 | INTRODUCTION

Solar energy is the best candidate for solving the energy crisis,
and environmental problems include increasing temperature
and less significant rainfalls preventing carbon dioxide gener-
ation [1-3]. Recently, thin-film solar cells have attracted
considerable attention due to their low cost, light-weight, and
mechanically flexible ability [4-6]. However, the short optical
path length of the photons leads to the low efficiency of solar
cells [4-6]. In addition, changing the incident angle of sunlight
during the day and in different seasons has doubled the
problems of thin-film solar cells [7]. This important problem
leads to using a mechanical rotator for the solar cell to tune the
surface of the structures in the normal direction of the sunlight
which causes increasing volume of the solar panels; thus
designing a rotational freedom solar cell is one of the impor-
tant demands of the photovoltaic cells [7].

may open up a new opportunity in solar energy harvesting.

metamaterial antennas, plasmonics, solar cells

In recent years, nanostructures have been applied to thin-
film solar cells to trap sunlight and increase photo-current
generation [8—21]. The nanostructures inside the solar cell
increase the optical path length of photons leading to ab-
sorption enhancement. The nano-particles (nano-spheres,
core-shell structures, nano-rods) at the thin-film solar cells
trap sunlight inside the cells and enhance the electric field in
the active layers [8—10]. Using metasurfaces as beam-formers
[11, 12], lenses [13], and absorbers [14, 15] increase absorp-
tion of the thin-film solar cells. Directive nano-antennas in-
tegrated inside the solar cells could receive the visible light
from the free space and improve the absorption [7, 16, 17].
The fractal structures trap sunlight at different wavelengths
leading to near-unity absorption [18, 19]. The effects of
incorporating the random distribution of silicon nano-spheres
inside the solar cell to improve the performance of the solar
cells and increase their efficiency have been investigated in
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Refs. [20, 21]. It is shown that not only random distribution
of nano-spheres has an easier fabrication, but also they can
significantly improve the performance of the solar cell in
comparison with periodic structures. Despite all these efforts,
some drawbacks like plasmonic loss [7, 13], dependency on
polarization [11, 12], and narrow bandwidth [11, 17] cause
failure in the realization of an efficient solar cell. Another
important disadvantage of thin-film solar cells is a de-
pendency on the sunlight angle of incidence, which needs
mechanical rotation during the day and in different seasons
of the year [7, 13, 15-17].

The authors proposed a new architecture of thin-film solar
cells with nano-antenna to enhance the efficiency of conven-
tional cells without a mechanical rotator. The nano-antenna is
the array of reconfigurable nano-patches fed by plasmonic
waveguides. The dielectric layer of the plasmonic waveguide is
4-Dimethyl-Amino-N-methyl-4-Stilbazolium Tosylate (DAST)
which is an important low loss electro-optic material due to the
large susceptibility and high electro-optic coefficient [33] that is
electrically tuned to make phase delayed leading to rotation of
antenna beams and receive sunlight at different angles of
incidence.

The electro-optic active materials are one of the best
methods for real-time tuning optical devices through applying
a bias voltage. Indium tin oxide (ITO) [22], Ge,Sb,Tes [23],
liquid crystal [24] and VO2 [25] ate some active materials that
could be used in polarisers [26], lenses [27], modulators [28],
and also in beam-formers [29]. The other application of
electro-optic materials is tuning the nano-antennas electrically
with static structures [30-32]. In one case, the beam of semi-
bowtie nano-antenna is steered by changing the conductivity
of a parasitic graphene sheet [30]. Changing the radiation
pattern of Yagi-Uda by tuning a thin layer of vanadium dioxide
is another example of reconfigurable plasmonic nano-antenna
[31]. In another structure, variation of the Fermi level energies
of the graphene layer leads to tuning the direction of the
plasmonic nano-antenna composed of Gold nano-rods [32].

Between the electro-optic active materials, DAST with
negligible ohmic loss is the best choice for the application of
solar energy [33]. Incorporating this material into the plas-
monic waveguide, feeds the array of nano-patches and tunes
the antenna beam at desirable angles through using different
phase delays. Therefore, the proposed solar cell with the
nano-antenna receives sunlight at different angles of inci-
dence of sunlight. In the new architecture of this paper, we
improve the performance of the thin-film solar cell with the
reconfigurable array of nano-patches in terms of absorption
and short circuit current. The enhancement of short circuit
current is higher than other similar studies with the integrated
nano-antennas inside the thin-film solar cells. Also, we real-
ized the international demand for the rotational freedom
solar cell using the reconfigurable nano-antenna. In other
words, tuning the bias voltage of the structure leads to
deviating the antenna beam to the direction of the sunlight
without mechanical rotation. This is one of the most
important advantages of the proposed structure that indicates
the revolutionary progress of the solar cells.

2 | DESIGN AND ANALYSIS OF A TWO-
ELEMENT ARRAY OF NANO-PATCHES
ANTENNA FED BY PLASMONIC
WAVEGUIDE

In this section, the reconfigurable nano-antenna will be designed
and investigated with a full-wave simulation. Modelling the nano-
antennais realized in the transmit mode due to n equal behaviour
to the receiver, based on the reciprocity theorem [34].

Figure 1 shows the schematic of the array of nano-patches
with the dimensions of W= 260 nm and L = 180 nm, which is
fed by the plasmonic waveguide. In this figure, the dielectric
layer of the plasmonic waveguide, sandwiched between Ag and
ITO, is made of Si3N, and DAST. The larger thickness of the
proposed dielectric layer leads to better interaction of plas-
monic modes with the DAST, howevert, the side effect of
increasing thickness is limiting the variation of the refractive
index of the proposed dielectric layer. Therefore, choosing the
thickness of 100 nm provides a proper variation for the
refractive index and the interaction of plasmonic mode with
DAST. The thickness of the ITO and Ag layer is set at 50 nm
to confine plasmonic modes inside the core of the waveguide
(see Figure 2ab). Also, the thicknesses of the Si layer and
substrate are Hg; g, = 50 nm and H, 0.5, = 220 nm; The
lengths of the first and second part of the waveguide with the
width of Wy = 20 nm are designated Lx1 = 200 nm and
ILx2 = 900 nm, based on parametric simulation. We design
nano-antenna with a normal radiation pattern at a wavelength
of 900 nm due to the low-performance of the thin-film solar
cell between 700 and 1100 nm. A broadside beam is realized at
the equal phase delay of two branches of the waveguide,
feeding the nano-patches. Having the equal phase delay, DAST
should have an equal refractive index as the SizN4 with a
refractive index of 2.45 [35]. The refractive index of DAST
tuning by the bias voltage is calculated as:

L +d_ﬂ K (1)
=T\

where d; is the thickness of DAST, V is bias voltage, 19 = 2.2
is the refractive index of the DAST at VV = 0, and
dn/du=3.41nm/V is the electro-optic coefficient. Based on
Equation (1), setting the bias voltage at 6.45 V to the cores of
the two branches of the waveguide leads to the equal refractive
index and the normal radiation pattern of the nano-antenna.
The impedance of the nano-antenna should be matched to
the plasmonic waveguide to have a minimum reflection. With
the assumption of the negligible magnitude of the longitudinal
term of the electric field in comparison with the transversal
one, the transmission line model is applied to the structute
[36], and the impedance of the nano-patch is calculated as [37].
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FIGURE 1 Schematic of the array of reconfigurable nano-patches fed
by the plasmonic waveguide. The proposed waveguide has two branches
with Si3Ny4 and 4-Dimethyl-Amino-N-methyl-4-Stilbazolium Tosylate
DAST as dielectric layers with a thickness of Heope = 100 nm, sandwiched
between the Ag and the Indium tin oxide (ITO) layers, which have
thicknesses of Ha, = 50 nm and Hyro = 50 nm. Also, the Si layer and
substrate have thicknesses of Hgisy, = 50 nm and Hyz,o.50, = 220 nm,
respectively. The length of the first and second part of the waveguide with
the width of Wy = 20 nm is Lx1 = 200 nm and Lx2 = 900 nm, respectively
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FIGURE 2 The numerically calculated magnitude of (a) the electric
field and (b) the magnetic field of the cross-section of the plasmonic
waveguide. (c) The reflection from the array of nano-patches fed by the
plasmonic waveguide. The resonance dip around the wavelength of 900 nm
represents the accurate design of the nano-antenna

whete A is the wavelength of the free space, W is the width of
the nano-patch, and Heoye is the thickness of the silicon nitride
layer in the plasmonic waveguide (see Figure 1). Also, the
characteristic impedance of the plasmonic waveguide feeding
the nano-patch is calculated as [38].

Zpy = —, (3)

whete Zj =377 is the characteristic impedance of the free
space and 7,77 is the effective refractive index of the proposed
plasmonic waveguide.
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FIGURE 3 The numerically calculated radiation pattern at the
direction of (a) normal angle at the bias voltage of vb = 6.45V, (b) +20° at
the bias voltage of vb = 11 V, and (c) —20° at the bias voltage of

vb = —5.85 V with a directivity around 10 in different states

In this step, we simulate the plasmonic waveguide in the
CST using the finite-difference frequency-domain FDFD
method with wave port excitation that propagates the
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FIGURE 4 Schematic of the thin-film solar cell with the array of
nano-patches. The hole transport layer, made of ZnO, has a thickness of
Hiyrr, = 220 nm, and the active layer of the solar cell has a thickness of
350 nm (Hgj_peype = 50, Hsineype = 300). The anti-reflection layer, made of
Indium tin oxide (ITO), has a thickness of Hyrc = 75 nm. Also, the thin
layer surrounding the Ag and ITO layer at the cross-section of the
waveguide is made of SiO, with a thickness of 5 nm pteventing from
dissipation of electrical current due to bias voltage

1 TTITT TTT T T T TTT TTT T T T TTT T T T T 17T
‘d'._
0.8} Sty &1 -
BEE i@ Lk
[ e @ 5
; o E
g o6 i\ -
= ¢
Z 04} £ R : -
sg .. . o
0.2 : —o— SC with Antenna. TE _
""" o---SC with Antenna. TM
I ~-o-Conventional SC I
0 400 600 800 1000
Wavelength[nm]

FIGURE 5 The reflection of the thin-film solar cell with the array of
nano-patches in transverse electric (TE) and transverse magnetic (TM)
polarisations and the conventional cell with an equal thickness of the active
layer

plasmonic wave inside the waveguide between Ag and SizNy
layers. One of the results of the proposed simulation is the
effective refractive index of the waveguide, which is equal to
1.75, leading to the characteristic impedance of 215. In
Figure 2a and b, the electric field and the magnetic field rep-
resents the plasmonic mode between the dielectric and Ag
layer. Due to the matching with nano-antenna, the width of the
nano-patch should be W = 260 nm, and the length of the
nano-patch is set equal to the quarter wavelength of the
plasmonic wave propagating in the proposed waveguide
(L = 180 nm See Figure 1).

After determining the dimensions of the waveguide and
nano-patch to achieve a minimum reflection, the nano-antenna
has been investigated by the full-wave simulation with the
FDFD method. In this simulation, the open boundary condi-
tions are applied around the structure of the nano-antenna, and
the wave port excitation propagates the plasmonic mode inside
the core of the waveguide, which is made of DAST and Si3Ny.
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FIGURE 6 The magnitude of the electric field at the cross-section of
the plasmonic waveguide (xz-plane), under the plane-wave illumination to
the solar cell with transverse electric polarization for the wavelength of
900 nm. The electric field profile shows the propagation of the plasmonic
mode in the proposed waveguide at the normal incidence of sunlight
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FIGURE 7 The absorption of the thin-film solar cell with the array of
nano-patches in transverse electric (TE) and transverse magnetic (TM)
polarisations, and the conventional cell with an equal thickness of the active
layer

Also, the mesh size of the structure in our simulations is set
automatically, with 38,581 meshes. Meshing automatically leads
to defining a small mesh size for the plasmonic waveguide with
thin dielectric and metallic layers and defining large mesh size
for large areas, such as the substrate made of ZnO. Figure 2¢
shows the reflection of the array of nano-patches, matched
with the plasmonic waveguide around the wavelength of
900 nm. As shown in this figure, increasing the mesh number
of the FDFD simulation has a low impact on the reflection of
the patch nano-antennas, however, the reflection dip slightly
shifts to shorter wavelengths.

The radiation pattern is the other important characteristic
of the nano-antenna, shown in Figure 3. In this figure, the
directivity of the nano-antenna at the normal state is 10.5
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FIGURE 8 The reflection and absorption of the thin-film solar cell with the array of nano-patches in (a), (c) transverse electric and (b), (d) transverse
magnetic polarisations, calculated by normal and dense mesh in the simulation process. (¢) The reflection and (f) the absorption of the conventional cell with an

equal thickness of the active layer for normal and dense mesh in the simulation process

(10.2 dB); the radiation efficiency of the nano-antenna, calcu-
lated by the FDFD method, is %71.

Changing the bias voltage of the DAST leads to the rota-
tion of the antenna beam. As investigated, using a bias voltage
of vb = 6.45 V causes the refractive index of DAST to be equal
to 2.45, the same as silicon nitride, and the radiation pattern
stays at the normal state. Increasing bias voltage to 11 V leads
to 20° deviation of the antenna beams (with ditectivity of 10).
Also, on decreasing this parameter to vb = —5.85 V, the an-
tenna beam is placed at —20° (with directivity of 9.69) as
shown in Figure 3c. Therefore, beam steering of the antenna is

realized by changing the bias voltage, and it could be integrated
inside the thin-film solar cells to avoid mechanical rotation.

3 | NUMERICAL ANALYSIS OF THIN-
FILM SOLAR CELL USING INFINITE
ARRAYS OF PATCH NANO-ANTENNAS

In this section, we investigate the performance of the array of
nano-patches integrated inside the thin-film solar cell. As
shown in Figure 4, the nano-antenna is placed close to the
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depletion layer (between the p-type and n-type layer) to
enhance the electric field and separate electron-holes to reduce
the recombination rate of the cell. The hole transport layer in
this = structure, made of ZnO with a thickness of
Hyprrr = 220 am, is placed at the bottom of the active layer of
the solar cell with a thickness of 350 nm (Hsipype = 50,
Hsingpe = 300). The ITO, as an anti-reflection coating, has a
thickness of Harc = 75 nm, and the thin layer, which is sur-
rounding the Ag and ITO layer at the cross-section of the
waveguide, made of SiO2 with a thickness of 5 nm, prevents
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FIGURE 9 The absorption enhancement of the thin-film solar cell
with the array of nano-patches in (a) transverse electric and (b) transverse
magnetic polarisations, at the angles of 0°, +30°, and —30°

from dissipation of electrical current on applying the bias
voltage. Also, the thin layer of SiO2, as an insulator, sur-
rounded the Ag and ITO layer of the waveguide (shown at the
cross-section of the waveguide in Figure 4), prevents the
dissipation of electrical current due to the bias voltage.

The proposed solar cell is simulated in the full-wave
software with the FDFD method using periodic boundary
conditions and the plane-wave excitation in the transverse
electric (TE) and transverse magnetic (TM) polarisations. The
periodic boundary conditions are realized by using the unit cell
boundary of CST, and the excited first and second Floquet
modes cause excitation of a plane-wave in TE and TM
polarisations, respectively. To have a comprehensive investi-
gation, we will compare the result of the proposed solar cell to
the conventional cell with an active layer of 350 nm, and the
results are depicted in Figures 5-10. The conventional SC is a
simple solar cell without any antenna in the active layer of the
structure. In other words, the active layer of the proposed
conventional cell are simple bars of N- and P-type silicon with
thicknesses of 300 and 50 nm, respectively.

The reflection of the proposed solar cell in TE and TM
polarisations is depicted in Figure 5. As shown in this figure,
the reflected sunlight from the solar cell with nano-antenna
decreases in most wavelengths of light, representing the
improvement of the proposed structure. Also, the reflection
reduction around the wavelength of 900 nm shows the proper
performance of the array of nano-patches in receiving sunlight.
Figure 6 shows the electric profile of the cross-section of the
solar cell with nano-antenna at the wavelength of 900 nm in
TE polarisation. In this figure, the noteworthy enhancement of
the electric field in the plasmonic waveguide is the sunlight
received by nano-antenna. Also, an exciting local surface
plasmon mode at the edge of the Ag layer causes absorption
enhancement at this wavelength.

The absorption of the proposed structure is calculated as

Alw) =S otm(e(w)) [|ELdv, (4)

where |E| is the electric field intensity, @ is the angular fre-
quency, Im(e(w)) is the imaginary permittivity of silicon and

TABLE 1 Short circuit current and current enhancement of the proposed solar cell with the array of reconfigurable nano-patches compared to previous

works
Refs Short circuit current (mA/cm?) Current enhancement Nano-structure in the solar cell Realization
[7] Not mentioned 1.32 Travelling nano-antenna Simulation
[13] Not mentioned 1.18 Metasurface lens Simulation
[17] Not mentioned 1.39 Spiral nano-antenna Simulation
[40] 12.26 1.22 Micro-textured Simulation
[41] 13.90 Not mentioned Nano-needle antenna Measurement
[42] 12.50 1.26 Nano-imprinted pattern Measurement
[43] 16.18 1.40 Random nano-pattern Measurement
This work 16.13 1.46 Array of reconfigurable patch nano-antenna Simulation
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FIGURE 10 ThelV curves of the thin-film solar cell with the array of nano-patches at 0°, +30°, and —30° for (a) transverse electric (T'E) and (b) transverse
magnetic (TM) polarisations. (c) Current enhancement of the proposed solar cell in comparison with the conventional cell for TE and TM polarisations as a

function of incident angle from —60° to 60°

the integral is taken in the active layer (silicon volume) [7].
Using Equation (4), the absorptions of the proposed structures
in TE and TM polarisations are calculated and shown in
Figure 7. As shown in this figure, the absorption of the pro-
posed solar cell has improved with respect to the conventional
cell, especially around wavelengths of 900 nm. This noteworthy
enhancement represents the proper working of the nano-
antenna. Also, exciting surface plasmonic mode between the
Ag layer and silicon causes trapping of sunlight and improving
absorption at the wavelength range of 550—750 nm. To validate
the numerical results, which are calculated by the FDFD of
CST software, we increase the mesh number in the simulation
process. As shown in Figure 8, using dense mesh in the
investigation of the thin-film solar cells leads to very little
change, and both results calculated by normal and dense mesh
have very good agreement with each other.

In the following, we investigate the performance of rota-
tional freedom of the solar cell at different angles of the
incidence. The advantage of free rotating structure realized by
tuning the bias voltage leads to deviating the antenna beam to
the direction of the sunlight and prevents reducing the pet-
formance of the thin-film solar cell at different angles of
sunlight. In this section, we calculate absorption enhancement
in 0°, 30°, and —30° by tuning the nano-antenna. As shown in
Figure 9, the absorption of the proposed solar cell improved in
most of the wavelengths of light and TE and TM polarisations.

Also, the performance of the proposed structure at different
angles of incidence maintains at a good level representing the
proper performance of the reconfigurable nano-antenna.

In the following, we electrically simulate the proposed
structure using the Semiconductor module of the COMSOL
based on the drift-diffusion equations. The doping of the p-
type and 7n-type of the crystalline silicon layer is determined to
be 10'°[1/cm’] based on parametric simulation, and the elec-
tron and hole mobility are assumed to be 1450 cm®/(V*s) and
500 cm?/ (V*s). The electron affinity of silicon is set at 4.05 eV.
The generation rate of the electron-hole in a solar cell is one of
the important parameters in quantum efficiency, which is
proportional to the absorption of incident photons. Here, we
calculate the generation rates from the absorption of full-wave
simulation of CST with the FDFD method, and then these
values are imported to COMSOL. Also, the impact of
recombination rate has been considered using lifetimes of
7, = 500 ps and 7, = 800 us based on doping of the silicon
layer [39]. The result of the simulation shows that the thin-film
solar cell with nano-antenna has a short circuit current of
16.28 mA/cm” and 15.97 mA/cm®, in TE and TM polar-
isations, respectively, while this parameter for the conventional
cell is 11.01 mA/cm® This enhancement was realized by
receiving sunlight with nano-antenna and excitation of plas-
monic mode in the Ag and silicon layers. As another com-
parison, Table 1 compares the short circuit current and current
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enhancement achieved in this work with those reported in the
previous works. As shown in this table, the current enhance-
ment achieved in this work is higher than the enhancement
reported in the previous thin-film solar cells.

Figure 10a and b show the IV curves of the proposed solar
cell at the incident angles of —30°, 0°, and 30° for both TE and
TM polarisations. As shown in these figures, using the
reconfigurable antenna with a rotational beam causes main-
taining IV curve as the normal incidence angle. The current
enhancement of the structure, shown in Figure 10c, represents
the independence to the angles of incidence and the rotational
freedom of the proposed solar cell, which is not necessary to
the mechanical rotator. The important note is tuning the
proposed reconfigurable nano-antenna integrated inside the
thin-film solar cell by hand, however, for the final structure
with optimum parameters, the tuning can be automatically at
different times of the day and seasons.

4 | CONCLUSION

A new method was proposed to enhance the performance
of thin-film solar cells. In this method, an array of recon-
figurable nano-patches was integrated inside the solar cell to
receive and trap sunlight in the active layer. The beam of
the reconfigurable nano-antenna deviated in different di-
rections of sunlight resulting in the realization of freedom
rotational thin-film solar cell. The proposed structure was
numerically analysed in a broad range of wavelengths as
well as different angles of incidence and TM and TE
polarisations. The numerical results showed that the pro-
posed technique enhances light absorption in all wave-
lengths at the range of 300—1100 nm. This enhancement in
large wavelengths is due to the reconfigurable nano-antenna
that makes this structure unique among other thin-film solar
cells. Also, the short circuit current enhancement in 0° of
the incidence light was 1.48 and 145 for TE and TM
polarisations, respectively.
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