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Plasmonic enhancement of photovoltaic
characteristics of organic solar cells by employing

parabola nanostructures at the back of the solar

cell

Pankaj Kumar Das and Anuj Dhawan @ *

In this paper, we demonstrate the enhanced performance of organic solar cells (OSCs) comprising low band
gap photoactive layers (PMDPP3T:PC70BM) and 2-dimensional (2D) arrays of either Ag nano-spheres,

nano-hemispheres, or nano-parabolas embedded at the back of the OSCs. Finite-difference time-

domain (FDTD) simulations were performed to compare the performance of the OSCs containing the

different plasmonic nanostructures, in terms of optical absorption, short circuit current density (Jsc) and
power conversion efficiency (PCE). The results demonstrate that single junction OSCs consisting of this
new active layer polymer (PMDPP3T), blended with PC70BM, and plasmonic nanostructures at the back

of the OSC can enhance the optical absorption in the visible and the NIR region. We demonstrate that

the aspect ratio of the nanoparticles embedded at the back of OSCs is a vital parameter for light

absorption enhancement. It is observed that the performance in terms of Jsc and PCE enhancement of
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OSC having 2D arrays of Ag nano-parabola at the back of the solar cell improved by 26.41% and 26.37%,

respectively, compared to a planar OSC. The enhancement in photon absorption can be attributed due
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1. Introduction

Due to the high cost of silicon material and its processing,
silicon solar cells are prohibitively expensive."> Researchers are
looking at new materials for next-generation cost-effective
photovoltaics, such as thin film photovoltaics,>* dye sensi-
tized photovoltaics,*® quantum-dot photovoltaics,”™* organic
photovoltaics,"””** and perovskite photovoltaics.">™” Despite the
fact that perovskite solar cells have the best efficiency of the
photovoltaics listed above ,*®* their stability is low, and they
tend to degrade.?** Organic solar cells (OSCs), which can be
produced at a cheaper cost with earth-abundant materials® and
have long-term stability,>** are currently the suitable option to
replace high-priced silicon photovoltaics. In addition, the
unique properties of OSCs such as semi-transparency,
mechanical flexibility, being light-weight and the ability to
fabricate them through solution methods at room temperature
make them an extremely dependable energy resource in the
current photovoltaic regime.”*** In the recent research work on
OSCs, bulk heterojunction (BHJ) based OSCs have demon-
strated good performance due to the larger interfacial contact
area between the donors and the acceptors within the
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to the enhancement of light scattering from metallic nanostructures near their localized plasmon

dimensions of the exciton diffusion length, which leads to
enhanced charge separation. However, the power conversion
efficiency (PCE) of BHJ based OSCs is still poor compared to
silicon based solar cells. This is because of short exciton diffu-
sion lengths i.e., 1020 nm and poor charge mobility i.e., 10> to
10° em® V7' s7! in most of the polymeric organic semi-
conductors.*” The short exciton diffusion lengths limit the
active layer (AL) thickness to less than 100 nm,* which inevi-
tably decreases the photon absorption in the AL of OSC.
Therefore, increasing the optical absorption in OSCs having low
values of active layer thickness remains a challenge. Several
light management techniques have been proposed and studied
for enhancing the performances of OSCs. The inclusion of
metallic nanoparticles (NPs) in the charge transport layer or in
the AL of the OSCs have attracted immense interest in the past
few years due to the excitation of localized surface plasmons
(LSPs) in these nanoparticles.***” When nanoparticles are
incorporated in the AL of the OSCs, the enhancement of the
localized electromagnetic fields around the nanoparticles can
contribute to some extent towards the enhancement of the
absorption by the solar cell. The incorporation of metallic
nanoparticles into the charge transport layer appears to be
a good way to improve light absorption without hampering the
interfacial morphology of donor-acceptor material in AL or
quenching of photogenerated excitons, both of which could

© 2023 The Author(s). Published by the Royal Society of Chemistry
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have a negative impact on device performance. But when the
metallic nanoparticles incorporated in the charge transport
layer are not in close proximity with the AL, it is assumed that
the forward scattering of the incident light is the primary cause
of absorption enhancement. Fung et al*® demonstrated theo-
retically that the plasmonic enhancement of the local EM fields
(due to the LSPR effect of metallic nanoparticles) incorporated
in the charge transport layer does not extend into the AL of
OSC.* Recently, Lee et al. also demonstrated that the spatial
extent of the light absorption enhancement near the plasmonic
nanoparticle is very low, and it rapidly decreases and falls below
10% at distances of about 10 nm.*® It can be concluded from all
these studies that forward scattering is the primary mechanism
that is responsible for efficiency enhancement when the
metallic nanoparticles are embedded in charge transport layer.

A significant number of studies have shown the placement of
metallic NPs in the AL to increase the light absorption in the AL
of OSCs.?3*3637:4041 Ag the metallic NPs are incorporated in the
AL, the near-field effect is stronger compared to the case when
the metallic-nanoparticles are incorporated in the charge
transport layer. Further, the metallic nanoparticles inside the
AL also scatter the light within the active material of OSC, which
leads to an increased light absorption. Wang et al. recently
demonstrated ~32% PCE improvement in OSCs containing Au
NPs in the AL.*> Moreover, Ahn et al. presented theoretical as
well as experimental results to show that the presence of
metallic nanoparticles inside the AL leads to significantly
higher field strengths in the AL, which leads to an improvement
in light absorption of more than 100% at the LSPR wave-
lengths.”* When the dimensions of metal nanoparticles incor-
porated inside the AL are well below the wavelength of the
incident light, the scattering (Cscaer) and the absorption (Caps)
cross-sections for a spherical nanoparticle can be estimated
as:*

1 2
Cscatt = Gkﬂasph.‘ (1)
Cabs =k Irn[olsph.] (2)

where k = 27/ denotes the wavenumber of the incident light
and agpp,. is the polarizability of a spherical nanoparticle, given
by:

enp — &m
Asph, = 3V | ——— 3

sph. an + ZSSJ (3)
and where V is the volume of spherical nanoparticle, e, is the
permittivity of the metallic nanoparticles and e, is the
permittivity of the surrounding medium. The scattering
frequency, Qgcar is defined as:*

CSC?lll

Qsczm = = .~
Cscalt + Cabs

4)

From the above equations, it can be concluded that the
metallic nanoparticles embedded inside the active layers can
act either as near-field enhancers or as light scattering centers
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or both, depending on the nanoparticle volume, geometrical
shape, nanoparticle material, and the optical constants of the
surrounding medium.*® The absorption efficiency dominates
for small nanoparticles while the scattering efficiency is domi-
nant for nanoparticles having larger dimensions. At LSPR, the
scattering cross-section of large-sized nanoparticles is signifi-
cantly larger than their geometric cross-section.* It can there-
fore be concluded that particle size influences the relative
significance of absorption and scattering. Thus, in the ongoing
research work on OSCs, the size of the nanoparticles embedded
inside the AL needs to be optimized to achieve maximum light
scattering inside the AL. On the other hand, when the nano-
particles are embedded at back of solar cell are periodically
arranged, the incident light can excite surface plasmon polar-
itons (SPPs) at the nanoparticle-AL interface.

In the regime of plasmonic research, there have been two
widely used plasmonic materials are gold (Au) and silver (Ag).
The Au based nanoparticles show higher absorption loss in the
visible range compared to Ag based nanoparticles but have
higher chemical stability. Although, both Ag and Au nano-
particles exhibits enhanced absorption and scattering efficien-
cies, Au NPs exhibits higher absorption than scattering. Thus,
the Au NPs have a substantially lower scattering-to-absorption
power ratio compared to Ag NPs. Hence, Ag NPs perform
better than Au NPs in terms of scattering enhancement.”

In this paper, we demonstrate an OSC comprising a relatively
new low band gap (LBG) semiconducting polymer, poly[[2,5-
bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]
pyrrole-1,4-diyl]-alt-[3',3"-dimethyl-2,2":5,2"-terthiophene]-5,5’
"-diyl] (PMDPP3T) as the active layer blended with [6,6]-phenyl-
C71-butyric acid methyl ester ([70] PCBM) with a various
geometries of plasmonic silver nanostructures embedded on
top of the back Ag layer of the OSCs to enhance the optical
absorption for the longer wavelengths i.e. near NIR region. A
well-known and extensively researched active layer material
P3HT having a band gap of 1.9 eV restricts the optical absorp-
tion to wavelengths below 650 nm and is unable to exploit the
NIR spectral regime of the sunlight. This results in only 22.4%
of the total photons to be harvested from the solar spectrum.
Previous studies have reported the maximum PCE is around 5%
for OSCs having P3HT:PCBM as the AL polymer.>**** In order
to improve the PCE of OSCs, spectral coverage of the OSC needs
to be extended near the NIR region by lowering the bandgap of
active layer material. On the other hand, lowering the bandgap
of polymer reduces the open-circuit-voltage (Voc) of OSC.
Several studies have reported that the optimal bandgap for
absorbing light in conjugated polymers is between 1.3 €V to
1.9 eV."1823-2650 Therefore, this research paper presents a new
active layer polymer PMDPP3T which has an optimal bandgap
of 1.3 eV, thereby showing a strong photoresponse up to
960 nm. The photoactive layer of PMDPP3T:PC70BM has not
been previously used in a plasmonic enhanced single junction
solar cell. However, Weiwei et al. presented a non-plasmonic
single junction OSCs with a photoactive layer of
PMDPP3T:PC70BM showing a maximum PCE of 7.0%.>°

In this paper, we carry out FDTD numerical simulations to
demonstrate the enhancement of the optical absorption and
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therefore the short circuit current density (Jsc) of the OSCs
containing PMDPP3T:PC70BM as the photo-active layer (AL) by
embedding arrays of optimally sized plasmonic (Ag) nano-
structures such as nano-spheres, nano-hemispheres, and nano-
parabolas at the bottom of the solar cell such that these nano-
structures are in contact with the back silver electrode. This
leads to coupling of the incident light into SPPs as well as LSPs
in these nanoparticles. This leads to enhanced scattering of
light by optimally sized nanoparticles into the active layer,
which leads to a strong optical absorption. Moreover, coupling
of light into SPPs and LSPs leads to an enhancement of the
electric field at the metal-dielectric interface inside the active
layer. It has been demonstrated that the optical absorption of
the proposed OSC having nano-parabolas at the back of the
solar cell is significantly enhanced across wide range of spectral
regime, which leads to a higher Jjsc and PCE compared to
a reference solar cell. The nano-parabola structure has not been
previously employed in any kind of plasmonic solar cell -
whether an organic solar cell or an inorganic solar cell. More-
over, this is the first time a nano-parabola structure has been
employed for an OSC containing a low-bandgap polymer
(PMDPP3T:PC70BM) as the photo-active layer.

2. Materials and methods

2.1. Organic solar cell materials and architecture

The device architecture of OSCs having plasmonic nano-
structures at back of cell are shown in Fig. 1, wherein Fig. 1(a)
show the reference OSC (without any plasmonic nanostructure)
consisting of a 100 nm Ag layer as back reflector layer, a 20 nm
MoO; layer as anode buffer layer (ABL), a 80 nm
PMDPP3T:PC70BM layer as photo-active layer (AL), 30 nm TiO,
layer as cathode buffer layer (CBL), and a 50 nm indium-tin-
oxide (ITO) layer. Fig. 1(b), show the OSC with Ag nano-
spheres (Ag-NS) on the top of the back Ag layer of OSC, an
OSC with Ag nano-hemispheres (Ag-HS) on the top of the back
Ag layer of OSC is shown in Fig. 1(c), an OSC having Ag-nano-
parabola (Ag-NP) on the top of the back Ag layer of OSC is
shown in Fig. 1(d). The tunable parameters of plasmonic
nanostructures are shown in Fig. 1(e). The molecular structures
of the new NIR absorbing polymer poly[[2,5-bis(2-hexyldecyl)-
2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-

[3,3"-dimethyl-2,2":5",2"-terthiophene]-5,5"-diyl] ~ (PMDPP3T)
and the real (n) and complex (k) refractive indices of the AL
material PMDPP3T:PC70BM are presented in Fig. 1(f) and (g),
respectively. However, the metallic nanoparticles embedded at
the bottom of the OSC are extended inside the AL too. Recent
studies have demonstrated that the spherical nanoparticles
such as sphere, hemisphere, disc etc. shows a strong confined
localized field in AL having thickness less than 100 nm.** The
optimally sized nanoparticles inside the active layer have
demonstrated strong near field effect as well as enhanced
scattering of light inside the active layer.**** Therefore, in the
proposed OSCs the tunable parameters such as diameter of Ag
nano-spheres (Ds) and the periodicity P of Ag nano-spheres were
optimized to maximize the Jsc and PCE of OSCs. For the plas-
monic hemispheres array at the bottom of the cell, the tunable
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parameters, diameter of Ag-hemispheres (Dys) and the period-
icity P of the Ag-HS array were optimized. For Ag nano-parabolas
at the bottom of the cell, the tunable parameters, such as
diameter of Ag nano-parabola (D) and periodicity P of Ag nano-
parabolas were optimized. However, in order to prevent from
electrical shorting, the maximum height of nanoparticles
placed at the bottom of the OSCs was fixed to 80 nm.

2.2. Numerical simulations of the organic solar cells

A commercial three-dimensional (3D) FDTD simulations soft-
ware LUMERICAL FDTD solutions was used to calculate the
plasmonic absorption enhancement, electromagnetic (EM)
field distributions, and light scattering in the AL with optimally
sized plasmonic nanoparticles embedded at the back of the
solar cell. A TM polarized plane wave (polarization along x-
directions) source in the spectral range from 350 nm to 1200 nm
was normally incident on top surface of the OSCs from
a distance 500 nm away from the top surface of OSCs structure.
In order to simulate the proposed OSCs, the periodic boundary
conditions were set in the x and y directions, and perfectly
matched layer (PML) boundary conditions were set in z-direc-
tions (top and bottom boundaries). A non-uniform mesh size of
1 nm x 1 nm x 1 nm was taken for the simulation region of
plasmonic nanostructure, and a mesh size of 3 nm x 3 nm X
3 nm was taken for the remaining region of OSCs. The Ag
plasmonic nanoparticles were periodically placed at the back of
the OSC with equal spacing in x—y directions. For FDTD simu-
lations, the refractive indices (n, k values) of PMDPP3T:PC70BM
were extracted from literature and plotted in Fig. 1(g).*°

FDTD simulations were carried out to calculate the optical
power absorbed in photoactive layer as a function of the
incoming light wavelength in the range of 350 nm to 1200 nm.
The time-averaged optical absorbed power in photoactive layer
of OSCs was estimated by integrating the electric field.>>*

Pun() = 50¢" [ |EGep 2Py 5)
where ¢” is the imaginary part of photoactive material dielectric
constant, w denotes the angular frequency of incident photon, E
represents the electric field in the AL of OSC, and V is the
volume of photoactive material. The volume integral (V)
encompasses the entire photoactive medium of OSCs consid-
ering the fact that, - the power absorbed (P,,s) in the photo-
active layer of the OSCs is solely responsible for generation of
electron-hole pair inside the active layer and contributes to the
current generated in the OSCs. Thus, during the simulation, the
index monitor was modelled to filter out the absorption of light
by metallic nanoparticles. The optical absorption (A(2)) in the
photoactive layer is determined by normalizing the power
absorbed by the AL of OSC to the incident input power:*

Pabs(a)
Py, (%)

A(%) = (6)

where P,;,¢(2) is the power absorbed by photoactive layer of OSC

and P;,(4) is the incident input power. The Jg¢ is evaluated by
multiplying the optical absorption A(1) of the photoactive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic of the OSCs with and without plasmonic nanostructures: (a) Planar OSC i.e. OSC without plasmonic nanostructures (b) an OSC
having a periodic Ag nano-spheres (Ag-NS) array on the top of the back Ag layer of the cell (c) an OSC with a periodic array of Ag nano-
hemispheres (Ag-HS) on the top of the back Ag layer of the cell (d) an organic solar cell with a periodic array of Ag nano-parabola (Ag-NP) on the
top of the back Ag layer of the cell (e) tunable parameters of plasmonic nanostructures (f) molecular structure of the new NIR-absorbing polymer
(PMDPP3T) (g) real (n) and complex (k) refractive indices of the AL material PMDPP3T:PC70BM.

material with the solar irradiance spectrum AM1.5G and then
integrated in entire wavelength range from 350 nm to 1200 nm.
Considering that all the generated electron hole pairs in the AL
contribute to the photocurrent, the Jsc of solar cell can be
calculated as:

£ JA(A)AMI.S(A)dA )

Ise = he

where e denotes the electronic charge, 4 denotes the Planck

constant and ¢ represents the speed of light in free space and
AM1.5G is solar spectrum. The open circuit voltage (Voc) of
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a proposed OSCs made of a low band gap (band gap = 1.3 eV)
photoactive material (PMDPP3T:PC70BM) having donor and
acceptor blend is**

1
Voo = (1ol — [EST]) - 03 ®

where, e is the electronic charge. An empirical value of 0.3 V is
added in the ref. 53. For the active layer of proposed OSCs
Eromo’ " = 5.2 eV, and Efoie” = 4.0 eV.*** Thus, the Voc =
0.9 V.

Finally, PCE of proposed OSCs was evaluated by using the
formula,

B FF x VOC XJSC

o ©)

where, solar cell fill factor is FF, and Py, is the incident power
(100 mW cm™?).

3. Results and discussion

This section demonstrated the plasmonic enhancement of
photovoltaic characteristics of proposed OSCs in terms of Jsc
and PCE due to the addition of the Ag-NS arrays, Ag-HS arrays,
and Ag-NP arrays at the bottom of the OSCs. Using the
LUMERICAL FDTD simulation software, the solar cell perfor-
mances Jsc and PCE were analyzed for the four different device
structures shown in Fig. 1(a)-(d). The Jsc and PCE of the OSCs
were maximized by using low band gap active layer material and
by varying the tunable parameters such as diameter and height
of plasmonic nanoparticles embedded at the back of the cell.
However, to prevent from the electrical shorting the maximum
height of nanoparticles present at the bottom of the cell was
kept constant to 80 nm.

3.1. Optimization of bottom layer nanoparticle parameters
of the OSCs

In order to increase the light absorption in AL of OSCs, the
spherical nanoparticles have been placed into the AL. The
spherical nanoparticles have been gaining great attention due
to their simple and low-cost fabrication process. Colloidal metal
NPs having a spherical shape can be incorporated in polymer
based OSCs by mixing them in polymeric solutions and
employing spin coating. Moreover, nanostructures of plas-
monic metals such as gold and silver can conveniently be
fabricated using nano-sphere lithography or nanoimprint
lithography.>**”

The two fundamental mechanisms - light scattering and
near-field enhancement - are responsible for absorption
enhancement in the active material of OSCs having spherical
nanoparticles embedded into the AL. The dominance of each
mechanism depends on particle size and shape. Therefore, the
FDTD method is used to optimize the structural parameters of
the bottom NPs to enhance the Js¢ and PCE of the proposed
OSCs. Fig. 2 illustrates the optimization of the structural
parameters of the different plasmonic NP arrays embedded at
the back of the OSCs. Fig. 2(a) shows the improvement in Jgc of
OSCs due to the Ag-NS arrays for different diameters (Dg) as
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a function of Ag-NS period. It can clearly be observed from
Fig. 2(a) that the maximum value of Jsc enhancement of 10.09%
was achieved for an Ag-NS period (P) of 300 nm and a Ag-NS
diameter (Ds) of 80 nm. It has to be mentioned that the Jsc of
solar cell increases with the diameter of nano-spheres irre-
spective of the period. However, in order to prevent electrical
shorting of the device, the diameter of nano-spheres embedded
at the back of the solar cell should not be increased beyond the
length of ABL + AL. Therefore, the maximum diameter of nano-
spheres embedded at the back of the cell has to be restricted to
80 nm (less than the length of ABL + AL). Although nano-
spheres of such small dimensions (and covering only 2.9% of
the volume of ABL + AL) can enhance the near-field around the
nano-spheres, but the light scattering by the plasmonic nano-
particles is underachieved. Hence, the maximum possible
absorption enhancement in active layer is not achieved.

In order to enhance the light scattering phenomena in AL of
OSC same class of spherical nanoparticles i.e. hemispheres have
been introduced at the bottom of the OSC which are able to
cover more volume of thin AL compared to nano-spheres.
Fig. 2(b) shows the enhancement in Jsc of OSC due to the Ag-
nano-hemispheres (Ag-HSs) array for different diameter (Dy;)
as a function of Ag-HSs period. We can clearly observe from
Fig. 2(b) that the maximum value of Jgc enhancement 25.22%
was achieved for a nano-hemisphere period (P) of 300 nm and
a nano-hemisphere diameter (Dy,s) of 160 nm. It has to be noted
that the jsc enhancement of solar cell having Ag hemispheres
(Dns = 160 nm) at the bottom of the OSC is much higher than
the Jsc enhancement of solar cell having Ag spheres at the
bottom of the OSC. Fig. 2(b) clearly shows that the Jsc
enhancement increases with the diameter of hemispheres. The
structural limitations associated with hemisphere that the
diameter and height both are related to each other and has to be
tuned with single parameter (height of hemisphere is half of
diameter). Hence, the maximum diameter of hemisphere has to
be restricted to 160 nm (maximum height is fixed to 80 nm)
which occupied 11.91% of volume of ABL + AL. Therefore, the
Jsc of solar cells can be further maximize by introducing the
same class of nanostructures which have two independent
tunable parameters in x-z direction.

This paper introduces a parabola nanostructure at the
bottom of the OSC for the first time to obtain the extremely large
light absorption enhancement in the AL. Although the parabola
nanostructure has a similar geometrical construction to that of
a hemisphere, it has two independent tunable parameters —
diameter and the height. Fig. 2(d) shows the Jsc enhancement of
OSC due to the parabola nanostructures array for different
diameters (varying from 160 nm to 320 nm) as a function of the
nano-parabola period. It is seen from Fig. 2(d) that the highest
value of Jsc enhancement of 26.41% was achieved for a nano-
parabola period of 350 nm and a nano-parabola diameter of
280 nm. However, the height of nano-parabola is kept constant
80 nm. Considering the optimal period of nano-parabola
350 nm, Fig. 2(c) shows the enhancement in Jsc of OSC
having nano-parabola at the bottom of the OSC as a function of
bottom nano-parabola diameter. We can observe from Fig. 2(c)
that the Jsc enhancement increases with nano-parabola

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a)—(d) FDTD simulation results demonstrating the effects of varying the structural parameters and the periodicity of plasmonic NPs on the
values of the enhancements in the Jsc (compared to the Jsc of planar OSC) of the OSCs containing these plasmonic NPs on the top of the back
Ag layer of the OSC. The periodicity (P) of the NPs must be greater than the diameter of the NP. Therefore, the curves in plot (d) have different
starting points. Plot (e) shows the absorption spectra as a function of the nano-parabola diameter (D). Plot (f) show the optimized structure
absorption (left y-axis) and absorption enhancement (right y-axis) as a function of wavelength for a solar cell with 2D array of nano-parabola at
the back of the solar cell.

diameter varied from 160 nm to 280 nm and then decreases. back Ag layer of the cell for different values of the nano-parabola
Fig. 2(e) shows the absorption in photoactive layer as a function ~ diameter (Dp). Fig. 2(e) also demonstrates that the OSC struc-
of wavelength for an OSC having nano-parabola on top of the ture having the nano-parabolas at the back of the cell has higher
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absorption compared to a planer OSC for wavelengths ranging
from 350 nm to 480 nm and for wavelengths longer than
650 nm. Fig. 2(f) presents the absorption enhancement spectra
as a function of wavelength for optimized structure OSC having
nano-parabolas on the back layer of the OSC. The strong
absorption enhancement is observed in photoactive layer of
OSCs due to enhanced scattering of light by optimally sized
metal nanoparticles inside the AL. Thus, it is demonstrated that
the OSC having nano-parabolas at the back of the cell shows
highest enhancement in the absorption and Jsc compared to
other OSC structures.

3.2. Comparative analysis of a planar OSC, an OSC having
Ag-NS on the top of the back Ag layer, an OSC having Ag-HS on
the top of the back Ag layer, and an OSC containing Ag-nano
parabola on the top of the back Ag layer

The absorption spectra of OSCs containing different opti-
mally sized plasmonic nanostructures are plotted as a func-
tion of wavelength and shown in Fig. 3(a). The absorption
spectrum of a planar OSC (an OSC having no plasmonic
nanostructure) is also included in Fig. 3(a) for comparison.
Fig. 3(b) shows the absorption enhancement spectra of OSCs
having different optimally sized plasmonic nanostructures
array at the back of the cell. The results demonstrate that the
inclusion of the plasmonic nanostructures array increases the
light absorption in the AL over a wide spectral region. Fig. 3(a)
and (b) demonstrate an absorption enhancement for wave-
lengths between 350 nm and 490 nm (with 25.70% absorption
enhancement at 420 nm) for the OSCs having nano-spheres at
the back of the solar cell, an absorption enhancement for
wavelength between 350 nm and 480 nm (with 60.90%
absorption enhancement at 410 nm) for the OSCs having
nano-hemispheres at the back of the cell, and an absorption
enhancement for wavelength between 350 nm and 480 nm
(with 90.21% absorption enhancement at 410 nm) for the
OSCs having nano-parabolas at the back of the cell. Another
strong absorption enhancement is registered for longer
wavelengths (i.e., for wavelengths greater than 600 nm) for
OSCs with nano-hemispheres and nano-parabolas-with
a major peak of 110.94% enhancement at 660 nm and
a minor peak of 49.57% enhancement at 900 nm for the OSCs
having 2D nano-hemispheres arrays at the back of the cell,
with a major peak of 101.28% enhancement at 900 nm and
a minor peak of 77.03% enhancement at 690 nm for the OSCs
having 2D nano-parabolas array at the back of the cell. These
enhancement mechanisms in photoactive layer due to the
incorporation of metallic nanoparticles array such as nano
spheres, nano hemispheres, and nano parabolas inside the
AL of OSCs exploits the near-field enhancement (strongly
confined field of the localized surface plasmon resonance)
and efficient far-field light scattering inside the AL.

Fig. 4(a)-(i) shows the normalized E-field (|E|/|E,|) distri-
bution of OSCs having the 2D periodic array of Ag NPs (nano
spheres, nano hemispheres, and nano parabolas) at the back
of the cells in x-z plane. Fig. 4(a)-(c) shows the normalized E-
field distribution of OSCs having the 2D periodic array of Ag-
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Fig. 3 (a) Absorption spectra of the OSCs containing — 2D array of Ag
NSs on the top of the back Ag layer of OSC (silver line), 2D array of Ag-
HSs on the top of the back Ag layer of OSC (blue line), and 2D array of
Ag nano parabolas on the top of the back Ag layer of OSC (red line) and
a planar OSC (black line), (b) absorption enhancement spectra of OSCs
containing — 2D array of Ag nano spheres (black line), 2D array of Ag
nano hemispheres (blue line), and 2D array of Ag nano parabola (red
line) at the back of the OSC (the enhancement is calculated with
respect to planar OSC).

NS at the back of the cell in x-z plane, Fig. 4(d)-(f) shows the
normalized E-field distribution of OSCs having the 2D peri-
odic array of Ag-HSs at the back of the cell, and Fig. 4(g)-(i)
shows the normalized E-field distribution of OSCs containing
the 2D periodic array of nano-parabolas at the back of the
cell. The normalized field distribution in the vicinity of nano
sphere, nano hemisphere, and nano parabola shows several
LSPR modes such as dipole, quadrupole, and octupole at
different wavelengths. It can been observed from Fig. 4 that
the near-field enhancement effect (due to localized surface
plasmons) is more prevalent for nano spheres (nanoparticles

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a)—(c) Normalized electric field distributions in the x—z plane at a wavelength of 420 nm, 630 nm, and 930 nm for an OSC having 2D array

of Ag nano-spheres at the back of the cell. (d)—(f) Normalized electric field distributions in the x—z plane at a wavelength of 410 nm, 660 nm, and
900 nm for an OSC having 2D array of Ag nano-hemispheres at the back of the cell. (g)-(i) Normalized electric field distributions in the x—z plane
at a wavelength of 410 nm, 690 nm and 900 nm for an OSC having a 2D array of Ag nano parabolas on the top of the back Ag layer of the cell.
These graphs were plotted using the optimized values of diameters and periods. For the OSC having a 2D array of Ag nano-spheres on the top of
the back Ag layer of the cell, the optimized values of sphere diameter (Ds) and periodicity P were used to be 80 nm and 300 nm, respectively. For
the OSC having a 2D array of Ag nano-hemispheres on the top of the back Ag layer of the cell, the optimized values of diameter (D) and
periodicity P were used to be 160 nm and 300 nm, respectively. For the OSC having a 2D array of Ag nano parabolas on the top of the back Ag
layer of the cell, the optimized values of diameter (Dp), height (h), and periodicity P were used to be 280 nm, 80 nm, and 350 nm, respectively.

having a small diameter, i.e. for Ds = 80 nm). On the other
hand, hemispheres and nano parabolas which have a higher
diameter (Dys = 160 nm and D,. = 280 nm). The scattering
and absorption cross section of spherical nanoparticles are
calculated by eqn (1) and (2). As the diameter of the NPs
(hemispheres and parabolas) increases, the light scattering
increases significantly more than the absorption. Therefore,
the enhancement due to light scattering is more prevalent for

© 2023 The Author(s). Published by the Royal Society of Chemistry

the OSCs containing nano hemispheres and nano parabolas
(large sized nanoparticles) at the back Ag layer of the cell. On
the other hand, the near-field enhancement effect is preva-
lent for the OSCs having spheres (small size nanoparticles) at
the back Ag layer of the cell. As the optimized diameters of
nano hemispheres and nano parabolas are much higher than
the nano-spheres, the scattering effect will become stronger
for nano hemispheres and nano parabolas according to Mie
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theory. Higher diameter nano hemispheres and nano
parabola structures have large scattering cross sections, and
a large amount of light is scattered into the photoactive layer.
Moreover, the enhanced scattering of light inside the AL of
the OSC makes the effective optical path length substantially
longer than the actual thickness of the AL. This leads to an
increased absorption of light in the AL. Hence, Fig. 3(a) and
(b) demonstrate that the light absorption enhancement is
higher for OSCs having 2D array of nano hemispheres and
nano parabolas on top of the back Ag layer of the cell
compared to the OSCs having 2D array of nano spheres on top
of the back Ag layer of the cell. The light scattering and
absorption cross sections for optimized plasmonic NPs such
as sphere, hemisphere, and parabola are shown in Fig. 5(a)
and (b), respectively. It has clearly observed from Fig. 5(a)
and (b) that the scattering cross section as well as the
absorption cross section is the highest for the nano parabola
over a wide wavelength range due to the excitation of LSPRs
at several wavelengths in the case of a nano parabola. The
enhancement of the scattering cross section implies that the
parabola nanostructure scatters more light back into the AL
of OSC, leading to an enhanced absorption of light in the AL
of the OSC.

Therefore, the nano-parabola array leads to a higher
enhancement in the Jsc of the OSCs, which was shown in Fig. 2.
Fig. 3(b) shows three enhanced peaks in the absorption spec-
trum at 410 nm, 690 nm, and 900 nm for the OSCs having nano
parabolas on top of the back Ag layer of the cell which are in
good correlation with the scattering cross section peaks of
nano-parabola structure. On the other hand, we can observe
from Fig. 5(b) that the peaks of the absorption cross-section of
the of parabola nanostructure are not in good correlation with
the peaks in the absorption spectrum of the OSC. This implies
that scattering of light by the parabola nanostructures has
a significantly greater impact in enhancing the light absorption
in the AL of OSC as compared to the near-field enhancement by
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the NPs. It can also be observed from Fig. 5(a) that the nano
hemispheres have a higher scattering cross section as compared
to the nano spheres. Therefore, the OSCs with plasmonic
hemispheres shows higher jsc compared to the OSCs with
plasmonic spheres.

3.3.
OSCs

Power conversion efficiency of the various structure

This section analyses the j-V characteristics of the different
OSCs shown in Fig. 1. The J-V characteristics of different
OSCs were analyzed taking the operating conditions to be
ideal. Under ideal operating conditions, the series resistance
and shunt resistance are considered to be zero and infinite,
respectively, and the j-V characteristics of different structure
OSCs were assessed using the ideal diode equation.?®%°

V= E1n(J +JJSC + 1)

- (10)
where e denotes the electronic charge, k£ denotes the Boltz-
mann constant, 7 = 300 K represents the ambient tempera-
ture, and J, represents the saturation dark current density.
The open circuit voltage (Voc) for the BHJ photoactive layer
(PMDPP3T:PC70BM) used in this paper was estimated from
eqn (8), i.e., Voc = 0.9 V and the Jsc of planar OSC was eval-
uated from eqn (7), i.e., Jsc = 16.85 mA cm ™~ >. When the OSCs
operates under open circuit condition i.e., V= Voc and J = 0,
the dark saturation current density (J,) = 1.29 x 10-13 Am™>
was evaluated for planar OSC and it was used as a constant for
plotting the J-V curves of the different structure OSCs depic-
ted in Fig. 6. Finally, using the realistic value of fill factor (FF)
of proposed OSCs = 0.66,%° the PCE of organic solar cells were
evaluated using eqn (9), where the input power (P;,) = 100
mW cm 2 and open circuit voltage (Voc) = 0.9 V of proposed
OSCs, the eqn (9) minimizes to:
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(a) Scattering cross section and (b) absorption cross section of for different optimized plasmonic NPs. The NPs were embedded at the

back of the solar cell and extends inside the active layer too. The diameter of plasmonic spheres, hemispheres, and parabolas were taken to be
80 nm, 160 nm, and 280 nm, respectively. The periodicity for Ag spheres and Ag hemispheres were taken to be 300 nm, while the periodicity for

Ag parabolas was taken to be 350 nm.
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Fig. 6 J-V characteristics of planar OSC (black line), OSC having Ag-
NS on top of the back Ag layer of the cell (silver line), OSC having Ag-
HS on top of the back Ag layer of the cell (blue line), and OSC having
Ag-NP on top of the back Ag layer of the cell (red line). The optimized
nanostructure parameters (optimized value of diameters and periods)
have been used for the calculation of Jsc of various structure solar
cells. For the array of plasmonic nano-spheres, the values of sphere
diameter (Ds) and periodicity P were taken to be 80 nm and 300 nm,
respectively. For the array of plasmonic nano-hemispheres, the values
of diameter (Dys) and periodicity P were taken to be 160 nm and
300 nm, respectively. For the array of plasmonic nano-parabolas, the
values of diameter (Dy), height (h), and periodicity P were taken to be
280 nm, 80 nm, and 350 nm, respectively.

n= 0.009 x FF x JSC (11)

The photovoltaic characteristics of various structure OSCs
shown in Fig. 1 were evaluated using the realistic value of FF
and the numerical values are presented in Table 1. It was
observed that for the OSCs having a 2D periodic array of Ag
nano-spheres on top of the back Ag layer of the cell (for opti-
mized geometries of the nano-spheres), there is a Jsc and PCE
enhancement of 10.09% and 10.09%, respectively, compared to
that of a planar OSC. It was also observed that for an OSC having
a 2D periodic array of Ag nano-hemispheres on top of the back
Ag layer of the cell (for optimized geometries of the nano

View Article Online
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hemispheres), there is a Jsc and PCE enhancement by 25.22%
and 25.17%, respectively, compared to that of a planar OSC.
Finally, it was observed that for an OSC having 2D periodic array
of parabola nanostructures (for optimized geometries of the
parabola nanostructures) on top of the back Ag layer of the cell,
there is a significant enhancement of the Jsc and the PCE by
26.41% and 26.37%, respectively, compared to that of a planar
OSC.

The PCE is primarily dependent on the Voc, Jsc, and FF of
solar cell. Table 1 presents the PCE of different OSCs which was
calculated using the same realistic fill factor = 0.66. The
introduction of plasmonic nanoparticles at the back of the OSC
may further enhance the FF of OSCs.**** Thus, the proposed
plasmonic OSCs may offer higher PCE compared to the PCE
estimated in Table 1.

The OSCs proposed and simulated in this paper can easily
be fabricated using a low-cost and large-area fabrication
process. In order to fabricate the plasmonic nanostructures
such as the arrays of silver nano-parabola being proposed in
this paper, a combination of several processes such as nano-
sphere lithography, reactive ion etching, and argon ion
milling may need to be employed.® If the plasmonic nano-
structures are developed on the silicon substrates, the
substrate wafers can first be coated with a thin film of silver
(~200 nm), with a thin adhesion layer (5 nm) of titanium
deposited between the silicon substrate and the silver film.
This can be followed by self-assembly of polystyrene nano-
spheres (diameter ~500 nm) on the silver film, wherein the
polystyrene nano-spheres act as an etch mask. This can be
followed by reactive ion etching with an oxygen plasma to get
a reduction in the size of the nano-spheres. This can be fol-
lowed by argon ion milling first of the polystyrene spheres
themselves and then the underlying silver film to form nano-
parabola structures, with a polystyrene cone on top of the
nano-parabola structures of silver. This can finally be followed
by reactive ion etching with an oxygen plasma to remove the
polystyrene cone on top of the nano-parabola structures of
silver and thereby obtain the desired array of silver nano-
parabolas. In order to form the OSC containing the nano-
parabola shaped plasmonic nanostructures, deposition
(using sputter deposition or thermal evaporation) of a thin
MoO; layer (20 nm) can be carried out. The polymeric mate-
rials forming the AL (PMDPP3T:PC70BM) of the OSC can then
either be spin-coated, sprayed, or dip-coated on top of the

Table1l Photovoltaic characteristics of the OSCs containing plasmonic nano-spheres, nano-hemisphere, and nano-parabola on top of the back

Ag layer of the cell

Jsc Fill PCE (n) Relative PCE

Jsc (mA cm™2) enhancement (%) Voc (V) factor (%) (%) enhancement (%)
Planar OSC 16.85 NA 0.9 66 10.01 NA
Ag nano spheres on top of the back Ag 18.55 10.09 0.9 66 11.02 10.09
layer of the OSC
Ag nano hemispheres on top of the back 21.10 25.22 0.9 66 12.53 25.17
Ag layer of the OSC
Ag nano parabola on top of the back Ag 21.30 26.41 0.9 66 12.65 26.37

layer of the OSC

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MoO; coated plasmonic nanostructures. This can be followed
by deposition (using sputter deposition or thermal evapora-
tion) of a thin TiO, layer (30 nm). Finally, this can be followed
by sputter deposition of the top ITO layer (50 nm).

4. Conclusion

This paper employs FDTD simulations to describe the plasmonic
enhancement of the Jsc and the PCE for a single junction solar cell
that employs a relatively new low band gap photoactive polymer
(PMDPP3T) that is capable of absorbing the incident light up to
a wavelength of 960 nm. The introduction of plasmonic nano-
structures at the back of the OSC significantly enhances the
overall photovoltaic characteristics of the OSC. This paper
discusses three different nanostructured OSCs-OSCs containing
plasmonic nano-spheres on top of the back Ag layer of the cells,
OSCs containing plasmonic nano-hemispheres on top of the back
Ag layer of the cells, and OSCs containing plasmonic nano-
parabolas on top of the back Ag layer of the cells. It was demon-
strated that the OSCs having nano-parabolas on top of the back Ag
layer of the cells show a significant absorption enhancement in
photoactive layer in the wide range of spectral regime due to the
higher scattering of light inside the AL, resulting in a significant
enhancement in Jgc and PCE. An optimized OSC having 2D array
of Ag nano-parabolas on top of the back Ag layer of the cell showed
a 26.41% enhancement in the Jsc as compared to the Jsc of the
planar OSC (OSC having without plasmonic nanostructure),
whereas optimized OSCs having 2D array of Ag nano-
hemispheres, and 2D array of Ag nano-spheres on top of the
back Ag layer of the cells showed Jsc enhancements of 25.22%,
and 10.09%, respectively, as compared to that of a planar OSC. It
was demonstrated that the enhancement in the absorption of
OSCs can be mainly attributed due to the light scattering by metal
nanostructures, which is the main mechanism behind enhanced
light trapping inside the OSCs.

Appendix A

Optimization of diameter and height of nano-parabolas
present at the back of the OSC

To obtain the maximum enhancement in Jsc due to the pres-
ence of a bottom parabola array (parabola array present at the
top of the back Ag layer), the diameter and height of the bottom
parabolas were varied from 160 nm to 320 nm and from 20 nm
to 80 nm, respectively. Fig. 7 presents the Jsc enhancement as
a function of bottom parabola diameter Dy, when the bottom
parabola cone height (H,,) was varied from 20 nm to 80 nm. A
maximum Jsc enhancement of 26.41% was obtained for D, =
280 nm and H, = 80 nm. The Js¢ of solar cell increases with the
height of parabola cone (Hp,) irrespective of the parabola cone
diameter (Dp). However, to prevent from electrical shorting of
the device, maximum height of parabola embedded on the top
of back Ag layer of the cell must be less than ABL + AL length.
Therefore, the maximum height of parabola embedded at the
back of the cell is restricted to 80 nm. Further, to optimize the
solar cell (solar cell having nano-parabola on the top of back Ag
layer), the height of parabola is kept constant 80 nm and the
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Fig. 7 Jsc enhancement in the OSC by employing the 2D array of
nano-parabolas on the top of back Ag layer as a function of back
parabola diameter (D) for varying height — H, = 20 nm, 40 nm, 60 nm,
and 80 nm.

diameter of the parabola is varied from 160 nm to 320 nm. We
can observe from Fig. 7 that the jsc enhancement increases
when the parabola diameter is varied from 160 nm to 280 nm
and then decreases for higher values of the parabola diameter.
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