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ABSTRACT

Using a particle swarm optimization algorithm (a population-based stochastic optimization technique) combined with 3D finite-difference
time-domain simulations, we inverse design periodic arrays of metallic nanoparticles on indium-tin-oxide electrodes and nanoholes in metallic
thin films working as electrodes in P3HT (Poly(3-hexylthiophene-2,5-diyl)):PCBM ([6,6]-Phenyl C61 butyric acid methyl ester) organic solar
cells to achieve the maximum short-circuit currents (/). Nanohole-array electrodes have large optical losses, leading to a net reduction of J,
compared to a reference solar cell. On the other hand, nanoparticle arrays can lead to a significant enhancement of J;. of up to 20%. Detailed
simulations show that this enhancement is caused by the grating coupling of the incident light to surface plasmon polaritons at the interface of
the metal electrode and the hole transport layer, leading to the enhancement of the electromagnetic field in the organic blend.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097964

I. INTRODUCTION

Organic solar cells (OSCs) based on bulk heterojunctions are
promising candidates for renewable energy sources thanks to their
advantages compared to inorganic solar cells, such as low-cost,
lightweight, and mechanical flexibility." Significant progress has
been made on OSC processing, device configuration, and film mor-
phology to achieve high power-conversion efficiencies (PCEs).”™
However, organic materials have several drawbacks that impact the
overall performance of solar cells. For example, the relatively low
carrier mobilities and short exciton-diffusion lengths lead to typi-
cally very thin photo-active layers, of around 100 nm, which limits
the light-absorption and the energy conversion efficiencies.”® Many
efforts have been made to improve the PCE in OSCs by increasing
the short-circuit current (J.),”* open-circuit voltage (Voc), ™' or
extending the absorption spectrum.'” Resonant light trapping in
OSCs has attracted much attention in recent years, as it enables thin
devices with high optical absorption.'”™'” Light absorption could be

improved by implementing metallic nanoparticles or nanohole
arrays into solar cell devices. These structures can introduce plas-
monic effects, such as localized surface plasmon resonances
(LSPRs), ™" surface plasmon polaritons (SPPs),”" and quasi-guided
modes into OSCs.”>*” To introduce resonant structures in OSCs, a
comprehensive analysis of their structure is required to optimize the
size,”** shape,25 composition,Z(’ and lattice constant.”””” Besides
resonant metallic structures for light absorption, metallic nano-
meshes and nanowire networks have been also considered potential
alternatives to indium-tin-oxide (ITO) electrodes.”**’

In this paper, we use evolutionary optimization to explore the
potential of plasmonic nanoparticle and nanohole arrays defining
the cathode of P3HT:PC4;BM OSCs to enhance the short-circuit
current (Ji.) compared to standard devices. Two different OSC
architectures are considered: solar cells with periodic aluminum
nanoparticles on top of the ITO electrode (nanoparticle array solar
cell) and solar cells with nanohole arrays in an aluminum thin film
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acting as a conducting semitransparent electrode that replaces the
ITO electrode (nanohole-array solar cell). A particle swarm optimi-
zation (PSO) algorithm code,”™" combined with 3D finite-
difference time-domain (FDTD) simulations, is used to determine
the nanoparticle or nanohole dimensions and the square lattice
constant for the maximum J, under 1sun illumination. Our
numerical simulations conclude that nanohole-array electrodes
always reduce J,. compared to standard devices due to their relative
low transmission despite being this transmission enhanced at
defined wavelengths due to the excitation of SPPs. On the other
hand, the plasmonic resonances of nanoparticle arrays on top of
the ITO electrode enhance J,. by 20% in the optimized particle
array by confining the electromagnetic field into the organic blend
and extending the absorption spectrum of the solar cell.

Plasmonic nanoparticles can be made of a variety of materials,
such as gold’>*” and silver.”*~*° However, the high cost or stability of
these materials prevents their use in real applications. Therefore, we
will limit our study to aluminum (Al) as an inexpensive and stable
material with a good plasmonic response in the visible.”” Al nano-
particles exhibit not only a resonant enhancement of light scattering
and absorption due to plasmonic resonances, but they can act as
quenchers of triplet excitons, improving the stability of the device.”

Systematic numerical investigations of nanostructured organic
solar cells have been done in the past, where the influence on the
absorption of the spacing between nanoparticles, the diameter, the
position, or the coating is reported. Most of these works rely on para-
metric sweeps to calculate the absorption enhancement, rather than
on evolutionary methods, as the one presented here, to find the
parameters of the best performing solar cell.”***” Recently, a neural
network has been used to determine the maximum absorption
enhancement of nanostructured OSCs compared to cells with the
same thickness but without nanostructures.’ These calculations
found the maximum enhancement for very thin layers of organic
materials, which does not ensure maximum J,. under 1-sun illumina-
tion. In contrast, we have performed an evolutionary optimization of
Js» providing parameters that can be realized in functional devices.
This optimization is limited to square arrays of Al nanoparticles/holes
in P3HT:PCg;BM solar cells. We note that different values of J,. and
further improvements can be obtained when considering different
materials or array’s geometries. These results illustrate the potential of
evolutionary simulations for the improvement of OSCs.

This paper is organized as follows. Section II describes the
geometries of the nanoparticle and nanohole-array solar cells and
illustrate with two examples the effect of nanostructuring the elec-
trode on the absorption of the blend and J.. In Sec. III, we apply the
PSO algorithm to retrieve the parameters of the arrays and the blend
thickness giving the maximum enhancement of J,. Section IV
describes the mechanisms leading to this maximum enhancement in
the nanoparticle solar cell. Finally, we investigate in Sec. V the
oblique angle illumination of the solar cell to retrieve the dispersion
in the absorption.

Il. DESIGN OF NANOPARTICLE AND
NANOHOLE-ARRAY DEVICES

A schematic representation of the investigated standard solar
cell device is depicted in Fig. 1(a). This device consists of a 120 nm
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thick layer of ITO as a cathode on top of a glass substrate, a ZnO
layer for electron transport with a thickness of 40 nm, a blend of
P3HT:PC4;BM defining the bulk heterojunction, a 10nm MoOj;
layer for hole transport, and an Ag layer with a thickness of
100 nm acting as an anode. The complex values of the refractive
index of the blend that are used in the simulations are taken from
the literature and given in Fig. 1(b) with the dashed curves.”’ The
solid curves in this figure are fits to the empirical results satisfying
Kramers-Kroning relations.

For the nanoparticle array solar cell, we design a square array of
Al nanoparticles on top of the ITO cathode, as depicted in Fig. 1(c),
to explore the optical absorption and the J,. enhancement of the
solar cell due to the electromagnetic field confinement in the blend.
The Al nanoparticles, with diameter d and height h, are arranged in
a periodic square array with a lattice constant g, and subsequent
layers are conformally deposited on top.

For the nanohole-array solar cell, a square array of nanoholes
in an Al thin film simultaneously works as a semi-transparent elec-
trode to replace the ITO and to enhance the field in the blend, as
shown schematically in Fig. 1(e) with nanohole diameter d, height
h, and lattice constant a. The holes are filled with ZnO obtaining a
planar structure. We aim to explore the effect of the nanohole array
in the device directly from the J,. enhancement that represents the
total contribution of the transmission through the structured elec-
trode and the absorption in the active layer.

The absorbed power per unit volume can be calculated from
the simulated electric-field distribution,

1 "
Pas(x, y, 2, 0) = - 20| E(x, ), 2, 0))’e (), (1)

where E(x, y, z, ®) is the electric field at coordinates x, y, z and at
the angular frequency @, £ is the imaginary component of the per-
mittivity of the material at the same coordinates, and g, is the
vacuum permittivity. The absorbed power of the organic blend in
the solar cell can be calculated as

Alw) = JJJ Paps(x, y, z, 0)dxdydz, 2)

source

where Py, is the power of the incident wave and V is the volume
occupied by the blend. By assuming an internal conversion effi-
ciency of the organic blend of 100%, i.e., the number of generated
electron-hole pairs is equal to the number of absorbed photons,
the short-circuit current density of the solar cell can be determined
as

]SC

e rz A(@)Sam s do, 3)

T hS o ®
where e is the electron charge, /i is Planck’s constant, S is the
surface area of the device, and S 5 is the AM 1.5 solar spectrum.
The integral limits are defined by the absorption spectrum of the
organic blend, i.e., w; = 430 and w, = 1000 THz, corresponding to
wavelengths in the range of 300-700 nm. The simulations are done
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FIG. 1. Schematic cross sections of the layer stack of (a) the reference solar cell, (c) the nanoparticle array solar cell, and (e) the nanohole-array solar cell ().
(b) Experimental refractive index (n) and extinction coefficient (x) of P3HT:PCgBM from Ref. 21 (dashed curves). The fits to the experimental values used for the FDTD
simulations are displayed with solid curves. (d) Absorptance of P3HT:PC¢1BM in the reference solar cell (black curve) and in the Al nanoparticle array solar cell (red curve,
period a = 400, diameter d = 120, height h = 30, and thickness of blend { = 120 nm). The Js; values for both solar cells are given in the inset. (f) Absorptance of
P3HT:PC41BM in the reference solar cell (black curve) and in a nanohole-array solar cell (red curve, a = 307, d = 257, h =52, and t = 123 nm). The Js; values for
both solar cells are given in the inset.

for an incident wave with an amplitude of 1V/m and a spectral
range covering the absorption of the blend.

absorptance spectrum of a standard solar cell with the same thick-
ness of blend is plotted with a black curve. We observe that the

To illustrate these calculations, we display the absorptance
spectrum of the blend in Fig. 1(d) with the red curve for a nanopar-
ticle array solar cell with d = 120, h = 30, a = 400, and a 120 nm
thick layer of blend under normal illumination. For comparison, the

absorptance for the nanoparticle array solar cell increases around
600 nm. The absorptance is reduced at shorter wavelengths, with
the exception of 480 nm, leading to a net reduction of J,. compared
to the reference device as indicated in the inset table of Fig. 1(d).
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Similarly, we also calculate the absorptance spectrum of the
blend in a nanohole-array solar cell with d = 257, h = 52, a = 307,
and 123 nm thickness of blend. The result is displayed in Fig. 1(f)
with a red curve, where also, the absorptance of the reference solar
cell is plotted for comparison with a black curve. As shown in the
inset table of Fig. 1(f) and despite a slight absorptance enhance-
ment that can be observed around the long-wavelength absorption
edge of the blend, J is greatly reduced compared to the reference
due to the lower optical transmittance through the nanohole array.

Although J,. is not improved by introducing the nanoparticle
and nanohole arrays into solar cell devices for the above examples,
the absorptance spectrum is greatly affected by resonances in these
arrays. Next, we optimize the size of nanoparticles and nanoholes,
the period of the arrays, and the thickness of the blend to achieve
the maximum J;., which eventually improves J;. of the equivalent
devices without structured electrodes. We also analyze the main
resonances in the arrays contributing to Jg.

lll. PARTICLE SWARM OPTIMIZATION OF THE
SHORT-CIRCUIT CURRENT ENHANCEMENT

We incorporate the concept of evolutionary optimization in
the form of a PSO algorithm to find the best structural parameters
of the nanoparticle and nanohole arrays. This optimization is done
by performing 3D-FDTD simulations that yield the highest possible
J.c enhancement in OSCs.””** The J,. enhancement is defined as
Use/. 79 1).100%, where J'¢ is the short-circuit current of the
reference solar cell with the same thickness of the blend but with a
flat ITO electrode instead of the nanohole array or the ITO with a
nanoparticle array on top.

The PSO algorithm is used to optimize the ], enhancement
by iteratively improving the parameters. It calculates the ]
enhancement by having a population of solar cell devices that
evolve toward the optimum by changing parameters in the search
space. Each population change is influenced by its local best-known
parameters but is also guided toward the best-known parameters in
the search space, which are updated as better parameters are found
by other populations. This procedure is expected to move the pop-
ulations toward the global best set of parameters that correspond to
the maximum J,. enhancement.

The diameter d and height & of the cylindrical nanoparticles
and nanoholes, the period of the square array 4, and the thickness
of the blend t for light-harvesting are the parameters that are opti-
mized. For the nanoparticle array solar cells, these parameters are
varied in the ranges d = 20-200, h = 20-80, a = 200-500, and
t = 80-140 nm, while for the nanohole array, solar cells are varied
in the ranges d=20-500, h=20-150, a = 200-600, and
t = 80-140 nm. These ranges are limited by realistic values in
devices.

Twenty populations are allowed to evolve during 50 genera-
tions, as illustrated in Fig. 2(a). This evolution for nanoparticle
array solar cells shows an increase in J;. for all the populations as
they converge toward the optimum device geometry. This geometry
corresponds to the ], enhancement of ~20% and parameters
d=214, h=79.7, a=2286, and t=129.4nm. For the
nanohole-array solar cells, we always retrieve a reduction of J,. with
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a minimum value of 6%, which corresponds to the parameters of
d =333.5,h=31.2,a=383.5and t = 127.2 nm.

The evolution of J, in the 20 populations of nanohole-array
solar cells is illustrated in Fig. 2(b). Even though the transmission
through a hole array can be enhanced at selected wavelengths by
the excitation of surface plasmon polaritons," this enhanced reso-
nant transmission cannot compensate for the high reflection at
other wavelengths and the absorption in the metal layer, which give
rise to a net reduction of J..

The best i, mean value of ], and standard deviation (SD)
for each iteration or generation number are displayed in Figs. 2(c)
and 2(d) for the particle and nanohole-array devices, respectively.
These figures illustrate the convergence of the maximum J, and
the mean toward the highest J,. and the reduction of the SD during
the evolution. To illustrate the changes of the parameters of the
population with the highest ], as a function of the generation
number, we show in Fig. 2(e) for the nanoparticle array solar cells
and in Fig. 2(f) for the nanohole solar cells period a (black curve),
diameter d (red curve), height h (pink curve), and thickness of
organic blend ¢ (dark-red curve) for this best population. It is
worth noting that all the parameters remain nearly constant after
23 generations with a tolerance of <2nm compared to the best
values at the last generation (50), which illustrates the relative fast
convergence of this method.

We also note that the proposed Al nanodisks can be easily
fabricated using electron-beam lithography (EBL) or nanoimprint
lithography for patterning a photoresist or a sol-gel, followed by
electron-beam evaporation for depositing Al nanoparticles with the
defined thickness,* followed by standard spin coating and evapora-
tion techniques for organic solar cells.”®

IV. INVESTIGATION OF THE OPTIMUM NANOPARTICLE
ARRAY DEVICE

Based on the results of the PSO algorithm, J; can be signifi-
cantly enhanced by a nanoparticle array on top of ITO. In this
section, we describe the mechanisms responsible for this enhance-
ment. The refractive index n and the extinction coefficient k of the
different materials forming the solar cell are shown in Fig. S1 of the
supplementary material. Besides the organic blend and the Ag
anode, the other materials exhibit almost no absorption in the
visible, with the absorption increasing in the UV. Therefore,
mainly, the organic blend (donor) absorbs photons under sun light
illumination, forming the excitons that have to be dissociated at the
interface between the donor and the acceptor. Electrons are col-
lected at the transparent ITO cathode through the electron trans-
port layer (ZnO), while holes are collected at the Ag anode through
the hole transport layer (MoO3).

Figure 3(a) shows the absorptance spectrum calculated in the
volume occupied by the organic blend in the device with the
optimum nanoparticle array for a maximum J (black curve). This
spectrum is compared to the absorptance of the blend in a standard
(reference) device [dashed curve in Fig. 3(a)]. The absorptance is
enhanced by the nanoparticle array over the full visible spectrum,
being reduced at short wavelengths (<360 nm). The red curve in
Fig. 3(a) represents the absorption enhancement in the organic
blend by the nanoparticle array, calculated as the ratio between the
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FIG. 2. Js; enhancement of (a) nanoparticle array solar cells and (b) nanohole-array solar cells for all the populations and generations of the PSO. (c) and (d) display the
best (black lines), mean (black dashed lines), and standard deviation (red lines) values of the Js; enhancement as a function of the generation number of the PSO for par-
ticle array solar cells and hole array solar cells, respectively. The numbers on the line indicate the generations at which the best Js; enhancement value of the populations
evolves to a higher value. (e) and (f) show period a (black lines), diameter d (red lines), height h (pink lines), and thickness of the blend ¢ (dark-red lines) of the best pop-
ulation as a function of the generation number for nanoparticle and nanohole-array solar cells, respectively.

absorptance in the blend of the nanoparticle device and the absorp-
tance in the blend of the reference device. There are two clear
peaks in the spectrum of the absorption enhancement, located on
the absorption edges of the organic blend.

We have calculated the absorptance spectrum in the volume
occupied by the Al nanoparticles to characterize the loss introduced by
the plasmonic nanostructures. This absorptance, shown in Fig. 3(a)
with the blue curve, is negligible compared to the absorption in the

blend. Furthermore, the absorptance spectra of the electrodes and
transport materials are given in Fig. S2 of the supplementary material.
The total reflectance and absorptance spectra of the solar cells are dis-
played in Fig. 3(b) with black and red curves, respectively, and for the
nanoparticle array solar cell and the reference solar cell with solid and
dashed curves, respectively.

To sort out the mechanism leading to the enhanced absorption
of the nanoparticle array in the OSC, we investigate the electric-field
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FIG. 3. (a) Absorptance spectra of the blend in the optimal nanoparticle array solar cell (black curve), in the reference solar cell with the same thickness of blend (dashed
black curve), and the absorption enhancement (red curve). The absorptance in the Al nanoparticles is plotted as a blue curve. (b) Total reflection (black curves) and
absorptance (red curves) of the optimal nanoparticle array solar cell (solid curves) and the reference solar cell (dashed curves). (c) and (d) are the electric-field intensity
|E|* integrated in the xy-plane and in the wavelength range of 300~700 nm as a function of height for the reference solar cell and the optimal nanoparticle array solar cell,
respectively. The dashed lines indicate the height of the different interfaces. The cross sections of the solar cells are schematically represented on the right panels of
(c) and (d). Electric-field intensity distributions |E \2 in the xz-plane (e) and the xy-plane (f) at 635 nm in a unit cell of the optimized nanoparticle array solar cell. The
boundaries of the Al nanodisk and the device layers are indicated with the dashed white lines/curves in (e).

intensity integrated in the xy-plane as a function of position in the
z-direction and the wavelength, as shown in Fig. 3(c) for the refer-
ence solar cell and in Fig. 3(d) for the nanoparticle solar cell. The
field in the blend for the reference cell is mainly enhanced at ~340
and ~700nm due to Fabry-Perot resonances in the planar

structure. The resonant field enhancement at 700 nm does not con-
tribute to the net solar cell absorption due to the low extinction
coefficient of the blend at these wavelengths.

The resonant field enhancement due to the Fabry-Perot reso-
nances in the nanoparticle solar cell is reduced compared to the
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FIG. 4. (a) Absorptance dispersion of the organic blend in a reference solar cell (left) and in an optimal nanoparticle array solar cell (right). (b) Absorption enhancement of
the organic blend for the nanoparticle solar cell. The dispersion of grating coupled SPPs and in-plane diffraction orders (Rayleigh anomalies) are indicated with black
dotted and white dotted curves, respectively. (c) Dispersion relation of SPPs in an Ag/MoOs/blend three-layer system with a MoOj3 thickness of 10 nm (black curve). The
light cone of the organic blend (dashed red line) and MoO; (dashed blue line) are also plotted.

reference solar cell [see Fig. 3(d)]. However, a pronounced
enhancement of the field close to the Ag anode-MoOs layer is
apparent at 635 nm. This enhancement is also visible in the spatial
distributions of the electric-field intensity in a unit cell at 635 nm
for normal incidence, shown in Fig. 3(e) for the xz-plane across the
middle of the particles and Fig. 3(f) for the xy-plane at the inter-
face between Ag and MoOj;. We attribute this enhancement to
the diffractive coupling of the incident light to surface plasmon
polaritons (SPPs) at the Ag interface. This excitation of SPPs con-
tributes to a 2.5-fold absorption enhancement in the blend. In
addition, it results in absorption peaks in Ag and MoOs, but a
reduction of the absorption in ITO, as shown in Fig. S2 of the
supplementary material. The SPP corresponds to a minimum of
the reflectance and a peak of the total absorptance of the full
device, as can be seen in Fig. 3(b).

To investigate the effect of the corrugation introduced by the
nanoparticle array that is responsible for the diffractive coupling to
SPPs and to exclude a possible effect of the nanoparticles, we have
simulated a similar corrugated solar cell but without nanoparticles.
These results are given in Sec. IV of the supplementary material,
showing a similar enhancement of the absorptance in the OSC and
of Ji, albeit having slightly lower values. This result supports the

interpretation that the main mechanism leading to the increased
absorption are SPPs at that Ag electrode. Nanoparticles are needed
to form the periodic structure and corrugation that enables the dif-
fractive coupling to SPPs. However, the material forming these
nanoparticles is not as critical as could be initially expected.
Further improvement in the absorption could be attained by con-
sidering periodic lattices with a higher rotational symmetry, such as
hexagonal arrays.

V. OBLIQUE ANGLE ILLUMINATION

To investigate the dispersive response of the nanoparticle array
solar cell, we have simulated the absorptance under oblique angle
illumination. The absorptance dispersion diagrams for TM polariza-
tion are plotted in Fig. 4(a) for the reference solar cell (left panel)
and the nanoparticle array solar cell (right panel). These dispersion
diagrams represent the absorptance of the blend as a function of the
photon energy/wavelength and the wave vector component of the
incident wave parallel to the surface, ie., k| = (27/A)sin(6), where
6 is the angle of incidence. The dispersions are symmetric with
respect to normal incidence (kj = 0); therefore, we only plot them
for negative and positive angles, respectively, to facilitate their
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comparison. As can be appreciated, the absorptance of the blend is
enhanced in almost the entire angular dispersion, apart from the
UV region where the Fabry-Perot resonance in the planar structure
is reduced by the nanoparticles.

The dispersion absorption enhancement is plotted in Fig. 4(b).
The main features in this figure are the enhancement peaks that, as
we show next, follow the dispersion of SPPs. To determine the SPP
dispersion, we first calculate the SPP wave number for a three-layer
system, consisting of a semi-infinite Ag layer and blend, separated by
a layer of 10 nm of MoOs. The dispersion relation can be obtained
by calculating the eigenstates of this three-layer system, given by

o2kl _ ki/er + ka/er ki /er + ks /e
k1/€1 — k2/82 k1/81 — k3/€3

(4)
and

klz = ﬁz - kgei) (5)
with i =1,2 and 3 corresponding to MoOs;, Ag, and the blend,
respectively, and I = 10 nm is the thickness of MoOj3. The dispersion
of the SPP at the interface Ag-MoOs/blend is displayed in Fig. 4(c).
At low frequencies, the SPP dispersion (black curve) approaches the
light cones of the blend (dashed red line) and of MoOs (dashed blue
line). However, the incident plane wave onto the nanoparticle solar
cell acquires an additional momentum by scattering with the peri-
odic lattice, leading to the diffraction coupling condition into SPPs,

B =+ 2 i i), ©)

where (i, j) is the order of diffraction in the x- and y-directions and
a is the period of a square array. Here, we focus on the in-plane (1,0)
and (—1,0) diffraction orders from the array, defined by the polariza-
tion of the incident wave. The calculated SPPs dispersion is plotted
with the dotted-black curve in Fig. 4(b). This dispersion follows the
simulated dispersion bands of enhanced absorption, confirming that
these bands result from the grating coupling of the incident wave to
SPPs at the Ag interface.

We also see in Fig. 4(b) bands with a weaker absorption
enhancement. These bands follow the dispersion of Rayleigh anom-
alies (RAs), i.e., in-plane diffracted orders, which can be calculated
with the grating equation considering that the diffracted wave is on
the plane of the array.”* The white-dotted curves in Fig. 4(b) repre-
sent the calculation of these RAs for the degenerate (0,4 1) diffrac-
tion orders. Considering that the nanoparticle array is placed on
top of ITO and covered by the layer of ZnO and the organic blend,
two RAs are apparent, corresponding to the upper and lower
media. Both RAs slightly increase the absorption due to the diffrac-
tion of the incident wave in the plane of the array (see Sec. III in
the supplementary material).

VI. CONCLUSIONS

To summarize, we have investigated the J,, enhancement of
organic solar cells with nanostructured electrodes formed by Al
nanoparticle or nanohole squared arrays. By combining a particle

ARTICLE scitation.org/journalljap

swarm optimization algorithm with 3D finite-difference time-
domain simulations, the structural parameters of the arrays and the
thickness of the organic blend layer have been optimized to maxi-
mize the J,. enhancement of the solar cell. The optimal nanoparti-
cle array solar cell reaches a remarkable 20% enhancement of J,
compared to a standard planar solar cell, which is mediated by the
grating coupling of the incident light into surface plasmon polari-
tons at the Ag electrode interface and in-plane diffraction orders.
However, . is reduced even for the optimum nanohole array due
to the reduction of coupling of the incident light into the active
blend of the organic solar cell. These findings reduce the applicabil-
ity of nanohole arrays as semitransparent electrodes replacing ITO
but highlight the potential improvement of organic solar cells with
nanoparticle arrays on top of ITO.

VIl. METHODS

Numerical simulations of the absorptance and short-circuit
currents of different organic solar cells were carried out using a
commercial FDTD software (Lumerical Solutions, Inc., 2022a and
2021R1.4). 3D-FDTD simulations were performed to calculate the
absorbed power by the blend layer in OSCs. The raw n(w) and
k(w) data of P3HT:PCy; BM were obtained from Ref. 21. Complex
refractive indexes of Al, Ag, MoO3, ITO, and ZnO were obtained
from spectral ellipsometry. The optical constant of the glass sub-
strate was set to 1.46. Before running the simulations, Lumerical
uses a multi-coefficient model with a polynomial fit to the real and
imaginary components of the experimental/raw complex refractive
index in a specific wavelength range that is consistent with
Kramers-Kronig relations.

The simulations of the organic solar cells based on nanostruc-
tured electrodes were performed using Bloch periodic boundary
conditions in the x- and y-directions that define the size of the unit
cell of the periodic arrays and perfectly matched layer (PML)
boundaries in the z-direction at a distance of five times the longest
simulated wavelength. The particle or hole arrays were positioned
in the middle plane. The illumination consists of a broadband
beam, approximated by a plane wave with TM-polarization, which
is incident normal or oblique to the array plane (the xy-plane)
from the glass substrate. Non-uniform meshes are used, and a set
of dx =dy =2 and dz = 1 nm refinement mesh is used in the
array layer and corrugated conformal interfaces, extending over a
distance of 10nm from the edges of the nanoparticle/nanohole.
Long simulation times (6000 fs) with auto-shut off levels of 10~°
were used to ensure the convergence of the simulations. To extract
the absorptance of the blend layer, an analysis group that measures
the spatial absorption profile was created. This group includes a
3D-field monitor to extract the spatial near-field amplitude and a
3D-index monitor to retrieve the spatial refractive index data.
These two monitors should have the same grid points in the same
volume. An analysis script was edited in the analysis group to cal-
culate the fraction of the power from the source that is absorbed
within the volume using Eq. (1). Another script file was created to
calculate the power absorbed in a region where the refractive index
is that of a particular material (organic blend, Al, ITO, ZnO,
MoO:s, or Ag) for all frequencies by integrating the absorption over
this material. The 3D-field monitor in the above analysis group can
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also be used to calculate the electric-field intensity by integrating
the fields in the xy-plane for different z positions.

To calculate the short-circuit current of the organic solar cells,
a volume analysis was created in the simulations with a 3D-field
and index monitors where the organic blend was placed. An analy-
sis script was edited to calculate the number of absorbed photons
by the organic blend per unit volume, which was assumed equal to
the number of generated electron/hole pairs (photon generate rate).
The short-circuit current is obtained by dividing the source inten-
sity, which is normalized to match the standard AM1.5 solar power
spectrum.

A homemade PSO code was edited in a Lumerical script to
optimize the structural parameters of the plasmonic nanostructured
electrodes yielding the highest J,.. To begin the optimization, the
algorithm was initialized with 20 Al nanoparticle-/nanohole-array
OSCs with random parameters, which were simulated using
Lumerical to obtain the Ji.. The computed J,. values were evaluated
with the PSO algorithm, producing a new set of parameters for the
next generation that was simulated with Lumerical. This iteration
was repeated until 50 generations were performed.

SUPPLEMENTARY MATERIAL

See the supplementary material that includes complex refrac-
tive indexes of the different materials forming the organic solar
cells that were used for the optimization and simulations, absorp-
tion spectra of each material for the reference solar cell and the
nanoparticle solar cell with maximum J, localized surface plasmon
(LSP) resonance of a single nanoparticle embedded into a solar cell
environment, and the effect on the absorptance of removing the
nanoparticles but retaining the corrugation of the solar cell.
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