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Thin-film solar cells, such as organic solar cells (OSCs), suffer from limited light absorption due to their small
active-layer thickness, which is constrained by the short charge-carrier diffusion length. Plasmonic light
trapping offers an effective strategy to enhance absorption without increasing the film thickness. In this
work, we explore the potential of non-noble metals, namely aluminum (Al) and copper (Cu), for
plasmonic enhancement in low-bandgap polymer-based OSCs and compare their performance with
commonly used but costly noble metals, gold (Au) and silver (Ag), in the form of nanorods (NRs). For
PTB7:PC;1BM-based OSCs, the power conversion efficiency (PCE) increases from 9.13% to 9.75% and
10.06% with Al and Cu NRs, respectively, and to 10.05% and 10.26% with Ag and Au NRs, respectively.
These results indicate that a single non-noble metal NR, particularly Cu, can provide efficiency
comparable to noble metals, owing to its localized surface plasmon resonance (LSPR) being closer to the
absorption maximum of the active layer (AL). Furthermore, embedding NR arrays within the AL leads to
a substantial enhancement in performance, with PCE improvements of 28.43% and 51.58% for Al and Cu,
respectively, and 48.72% and 72.50% for Ag and Au, respectively. This enhancement is attributed to the
emergence of surface lattice resonances (SLRs) arising from the hybridization of individual NR LSPRs with
Rayleigh anomalies, which red-shift the plasmonic response and improve spectral overlap with the
absorption of the PTB7:PC,;BM based AL. Near-field enhancement is identified as the dominant
mechanism for Au and Cu embedded devices, while far-field light scattering governs the performance
improvement in Ag and Al embedded devices despite their blue-shifted LSPRs. Overall, this study
highlights the strong potential of cost-effective non-noble plasmonic materials for high-performance
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fabrication, and characterization techniques have played key
roles in the substantial improvements of OSC performance.

Introduction

Organic solar cells (OSCs) are promising candidates for the next
generation of green energy technologies due to their distinctive
advantages, including low-cost fabrication, mechanical flexi-
bility, lightweight design, and the possibility of roll-to-roll
manufacturing of large-area devices. The power conversion
efficiency (PCE) of OSCs has reached 20.6%, marking an enor-
mous improvement over the past decade." Recent advance-
ments in the design of donor and acceptor materials, device

“Department of Physics, Addis Ababa University, 1176 Addis Ababa, Ethiopia. E-mail:
newaye. medhin@aau.edu. et

*Department of Physics, Hawassa University, 05 Hawassa, Ethiopia

‘Sustainable Energy Center of Excellence, Addis Ababa Science and Technology
University, Addis Ababa, 16417, Ethiopia

‘Nuclear Reactor Technology Center of Excellence, Addis Ababa Science and
Technology University, Addis Ababa, 16417, Ethiopia

“Department of Mathematics, Physics and Statistics, Addis Ababa Science and Technology
University, Addis Ababa, 16417, Ethiopia. E-mail: nika.bekri@aastu.edu.et

© 2026 The Author(s). Published by the Royal Society of Chemistry

Despite this progress, OSCs still struggle to compete with the
commercially available silicon-based solar cells due to their
inadequate light absorption, which is a consequence of the thin
active layers (AL) (100-200 nm) constrained by the limited free
charge carrier diffusion length (around 120 nm).”> Additionally,
the short exciton diffusion lengths and low charge carrier
mobilities remain key limitations that need to be addressed to
further improve the performance of OSCs and facilitate their
commercialization.?

Several mechanisms have been developed to address the
above-mentioned bottlenecks and enhance light absorption in
thin-film OSCs. These include the use of diffraction gratings*
and the incorporation of optical spacer layers, which can
maximize the internal electromagnetic field distribution in the
photoactive layer through constructive interference of the waves
in the layer.” Furthermore, using plasmonic metallic nano-
structures (PMNSs) is a promising approach for improving the
PCE of OSCs.® In this regard, PMNSs with different shapes,’
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photonic crystals, photonic waveguide mode, and plasmon
cavity," plasmonic arrays, and quantum dots have been used to
effectively increase light absorption in OSC devices without
increasing the physical thickness of the AL.'* PMNSs utilize
localized surface plasmonic resonance (LSPR) effects arising
from their interaction with incident light to effectively amplify
the local electromagnetic field and/or increase the optical path
length of light within the AL of OSC devices. This enhancement
occurs without altering the physical thickness of the photo-
active layer, thereby increasing light absorption.****

Currently, noble metals such as gold (Au) and silver (Ag) are
the primary plasmonic materials utilized to enhance the effi-
ciency of OSCs and the most investigated in OSC research.”'*
This is due to their pronounced LSPR effects, which contribute
to the improved performance of these devices.”

Furthermore, mixed noble metal systems, including Ag-Au
alloys, core-shell structures, and other hybrid noble PMNS
architectures, have also been employed to further improve
light trapping by broadening the LSPR response, thereby
enabling the harvesting of a larger portion of the solar
spectrum.”***” For instance, Zhao et al.'’ reported a PCE
enhancement from 15.46 to 16.62% in PM6:Y6-based OSCs by
incorporating a blend of Au nano bipyramids and nano-
spheres. Similarly, Phengdaam et al’ achieved a 7.9%
enhancement in PCE in P3HT:PCBM-based OSCs by incorpo-
rating a mixture of Ag nano prisms into the hole transport
layer (HTL), thereby enhancing light absorption through
multi-mode plasmonic coupling. Prasetio et al.*® also reported
that Ag@SiO,@Au NPs enhance light absorption and charge
generation via dual plasmonic effects, improving the PCE from
7.36% to 8.57%. Furthermore, Alkhalayfeh et al.’® demon-
strated a =70% PCE improvement through LSPR-enhanced
absorption upon incorporation of Au@Ag NPs into both the
buffer layer and AL of PTB7:PC,,BM based OSCs.

Despite the excellent plasmonic performance of noble
metals such as Au and Ag, their high cost and scarcity make
them less suitable for large-scale applications. Consequently,
there is an immediate need to explore cost-effective non-noble
metal alternatives such as Cu and AlL>**** Both Al and Cu have
recently attracted considerable attention for plasmonic appli-
cations due to their high abundance in nature and tunable
plasmonic response in the UV-visible light wavelength
region.>***?¢* Moreover, their self-limiting native oxide layer can
provide slight surface passivation and stability, causing only
minimal changes to plasmonic modes and optical
resonance.>*>°

A number of studies have demonstrated the effective inte-
gration of Cu and Al NPs in OSCs to improve the device's
performance through LSPR. For instance, Liu et al.** reported
a PCE increase from 3.58% to 3.96% and from 6.79% to 7.43%
by incorporating Cu NPs into the AL of P3HT:PCBM and
PTB7:PCBM-based OSC devices, respectively. Seimela and
coworkers® in their study, also reported a PCE increase from
3.93% to 5.56% by embedding Cu NRs into the PEDOT:PSS
(HTL) of P3BHT:PCBM-based OSCs. Krassas et al.>* reported 8.7%
PCE enhancement by adding Al NP in the HTL, while Yang
et al.®" and Ismail et al.*® demonstrated that incorporating Al
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NPs into the AL of P3HT:PC¢,BM-based devices can result in
29% and 39% PCE enhancements, respectively. These
enhancements are primarily attributed to LSPR effects that
facilitate the harvesting of photon energy and improve PCE.

The effective enhancement of photon absorption within the
AL of OSCs through LSPR depends strongly on the size, shape,
the refractive index of the surrounding medium, and the type of
metal NPs.*> Optimal spectral matching between the LSPR peak
of the NPs and the absorption band of the photoactive layer is
essential for maximizing photon absorption and hence
enhancing device performance.*?* In this regard, different NPs
of noble (Ag, Au), non-noble (Cu, and Al) have been investigated
for different optoelectronic applications, demonstrating
significant enhancement in J,. and PCE.**** However,
comparative studies of these plasmonic NRs and their impact
on OSC performance remain limited. Additionally, most reports
focus on the LSPR response of individual NPs, often overlooking
inter-particle interactions among NPs and their interactions
with the surrounding polymer medium, which can lead to
collective plasmonic-photonic coupling and enhanced light
harvesting.

Beyond isolated plasmonic NPs, arranging PMNSs into
periodic arrays induces collective optical effects.***” Within
these configurations, the coupling between LSPRs and the
diffraction modes of the lattice resonance generates SLRs,
which enhance near-field intensity, prolong plasmon lifetimes,
reduce the optical loss or enhance the high-quality (Q) factor
resonances, and improve light confinement.?**¢*® While SLRs
are widely studied in fields like biosensing, sensing, photo-
catalysis, and lasing, their application in OSCs is still in its early
stages. The coupling between LSPR and lattice diffraction
modes offers a promising strategy for enhancing optical
absorption in photovoltaic architectures.** For instance,
embedding Al nanosphere (NS) arrays in GaAs-based IOSCs and
Au NRs arrays at the ZnO/BH]J interface of inverted PTB7-
Th:PC,;BM-OSCs has shown efficiency gains of =22%.>"**
Zhukovsky et al.*' also showed that collective lattice resonances
in periodic plasmonic Au NR-arrays enhance local field inten-
sities and significantly increase photocurrent in GaAs-based
I0SCs through SLR-LSPR coupling. However, the role of opti-
mized periodicity in various metallic NR arrays (Ag, Al, Au, and
Cu) for governing LSPR-SLR coupling and achieving broadband
light harvesting in OSCs remains insufficiently explored.

In this work, we are reporting the potential of non-noble
metallic NR arrays based on Al and Cu for plasmonic enhance-
ment in OSC. The arrays are integrated within the low-band-gap
polymer PTB7 (poly[[4,8-bis[(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b]
dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno
[3,4-b]thiophenediyl]]) blended with the fullerene acceptor [6,6]-
phenyl-C,;-butyric acid methyl ester (PC,;BM). The PTB7:PC,;-
BM blend was selected as the AL since PTB7 is a widely studied
benchmark donor polymer for low-bandgap BHJ OSCs, enabling
broad absorption across the visible to near-infrared (NIR)
region.* This absorption profile aligns well with the red-shifted
plasmonic resonances typically observed in metallic NRs and
periodic arrays. The NRs were selected specifically as their
anisotropic geometry supports tunable plasmon resonances

© 2026 The Author(s). Published by the Royal Society of Chemistry
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extending into the NIR region.>**>*¢ In periodic arrays, NRs can
also exhibit strong interparticle coupling and collective plas-
monic SLR modes sensitive to array periodicity, making them
ideal for studying the mechanisms of plasmon-enhanced light
absorption. To this end, the performance of a non-noble-metal
array is compared with that of noble-metal (Ag and Au) NR
arrays employing three-dimensional finite-difference time-
domain (FDTD) simulations. The results indicate substantial
performance improvements compared to the reference device,
with PCE increases of 28.43% and 51.58% for Al and Cu,
respectively, and 48.72% and 72.50% for Ag and Au, respectively.
These improvements are attributed to the emergence of SLRs
arising from the hybridization of individual NR LSPRs with
Rayleigh anomalies (RAs), which red-shift the plasmonic
response and improve spectral overlap with the absorption of
PTB7:PC;;BM AL. The results of this study can provide a theo-
retical basis for experimental studies on non-noble-metallic NP-
based OSCs and underscore the potential of periodic PMNSs to
enhance light harvesting and device performance, thereby
establishing a framework for cost-effective plasmonic designs in
next-generation photovoltaics.

Numerical simulation method

The numerical simulations were performed using Ansys
Lumerical FDTD software. The device geometry employed in
this work follows an inverted architecture: glass/ITO (50 nm)/
TiO, (30 nm)/PTB7:PC,;BM (100 nm) (1:1.5 ratio)/MoO; (20
nm)/Ag (100 nm) as illustrated in Fig. 1(a). The device ener-
getics, chemical structures of PTB7 and PC,;,BM, and the multi-
coefficient model (MCM)-fitted curves of the real (n) and
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imaginary (k) refractive indices of PTB7:PC,;BM are shown in
Fig. 1(b-d), respectively. The refractive index spectra of the
device components, as well as the plasmonic NSs (Ag, Al, Au,
and Cu), were obtained from refractive index data bases (CRC
data)”” and fitted using a multi-coefficient model for FDTD
simulations. The MCM-fitted spectra of all layers except the AL
are depicted in Fig. S1 and S2, and their electrical and optical
properties are summarized in Table S1. The plasmonic
response of the NRs was determined using a total-field
scattered-field (TFSF) source in the wavelength range of
300 nm to 1000 nm® which was injected in the z-direction either
in air (n = 1) or PTB7:PC,;BM set to (n = 2).*” The real and
imaginary index spectra of the PTB7:PC,;BM AL is illustrated in
Fig. S3(a). Performance of the devices modeled as shown in
Fig. 1(a) was determined by using a plane wave with a wave-
length range of 300 nm to 1000 nm that was normally incident
along the z-direction; perfectly matched layers (PMLs) were
applied along the z-axis to fully absorb the incident light and
avoid parasitic loss in the z-stack direction. Periodic boundary
conditions were set along the x- and y-axes to accurately model
the 2D NR array. The mesh override region with dx =dy =dz =
1.5 nm was used around the plasmonic nanorods (PNRs) and
the AL to accurately resolve near-field electromagnetic distri-
butions.® The object-defined background refractive index of the
simulation region was set to 1.52. All simulations were per-
formed at 300 K of temperature with a total simulation time of
500 fs to ensure field stabilization. Outside the refined region,
a minimum global mesh step of 1 nm was used to maintain
computational cost and time; a minimum mesh step was set at
0.25 nm.
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(a) Device schematics of OSCs with NR-arrays embedded in (b) energetic of the device (c) chemical structures of active layer materials (d)

MCM model fits for PTB7:PC7;BM of real and imaginary parts with materials data and FDTD data.
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The obtained optical absorption power (P,ps) in the AL of
OSCs was calculated using eqn (1).

- Pin (A) (1)

where P;,(2) is the input power.

Following this, the Js. was calculated assuming an internal
quantum efficiency (IQE) of 100%.> This assumption represents
the ideal case in which an absorbed photon generates
a collected electron-hole pair (exciton) and is commonly used in
optical simulations to estimate the maximum theoretical
photocurrent determined solely by light absorption indepen-
dently of electrical losses.>**** The other photovoltaic param-
eters, V,. and FF, and finally the PCE, were determined
successively. Notably, in FDTD simulation, the electrical prop-
erties (Vo and FF) of the OSC devices cannot be calculated
directly by this simulation software, which is a limitation of this
approach. Therefore, in this work, both parameters (V,. and FF)
are well calculated using well-established theoretical equations
reported in the literature and are treated as constant values.>®
This assumption is justified because AL composition, charge-
transport layers, and electrode materials were kept identical
across all simulated configurations, whereas the embedded
plasmonic nanorods primarily modify the device's optical
response and light-harvesting behavior. Subsequently, the PCE
was calculated using the simulated J,. values together with the
theoretically determined V,. and FF. Detailed calculation
procedures and governing equations for V,., FF, and PCE are
provided in the SI (eqn (S2)-(S5)).

Results and discussion
Plasmonic properties of noble and non-noble nanorods

Plasmonic nanorods (NR) exhibit unique light-matter interac-
tions that can be employed to enhance light harvesting in OSCs
(OSCs) through their LSPR, which amplifies electromagnetic
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fields near the NPs surface.® Noble (Au and Ag) and non-noble
(Cu and Al) NPs were employed in this work to explore their
potential in performance enhancement of PTB7:PC,;BM-based
OSCs. In this regard, the plasmonic properties of four NRs with
a width of 40 nm and a length of 75 nm, namely Cu, Al, Ag, and
Au, were investigated. Here, it is worth mentioning that the
dimensions chosen for these calculations are based on the
optimized performance (see below for details). The absorption
cross-section spectra, scattering cross-section, and electric field
intensity distributions of NRs were calculated using FDTD
simulations in air under longitudinal light excitation, and the
results are shown in Fig. 2 and S3(b). As shown in Fig. 2(a), Ag
and Au NRs exhibit LSPR peaks around 390 nm and 521 nm,
respectively. In contrast, Cu NR shows a broader LSPR response
in the visible region, while Al displays no distinct resonance
within the simulated range, indicating strong damping losses
in the later.”* These spectral variations are consistent with the
differences in free-electron density, interband transitions, and
dielectric properties, which collectively determine LSPR peak
tunability and optical performance of the four NRs.* The
scattering cross section of each types of PNR is also presented in
Fig. S3(b). In Fig. S3(b), an Ag NR shows a more pronounced
scattering cross section than the others due to its plasmonic
properties.*

Furthermore, the electric field strength around the NRs was
simulated as shown in Fig. 2(b) and the amplification factor,
EFA, was determined using eqn (2).

i |E(x,2)|?
2
EFA = 2]
a

da
(2)

where E, is the amplitude of the incident field, E(x,z) is the
induced electric field, and a is the area (a) provided in the
electric field contours.

The EFA values were calculated to be 12.74, 8.26, 8.24, and
7.90 for Ag, Al, Au, and Cu, respectively. The high EFA of Ag is
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(a) Absorption cross-section spectra and (b) electric field strength around Ag, Al, Au, and Cu NRs in air.
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expected to improve light trapping when used in the AL of an
OSC. 1t is also interesting to see that the non-noble metals, Al
and Cu, also afforded comparable EFA with Au. Since light
trapping using plasmonic NRs is through both their light
scattering ability and EFA via absorbed photons, their
scattering-to-absorption cross-section ratio was further calcu-
lated and found to be 0.40, 1.21, 0.10, and 0.12 in Ag, Al, Au, and
Cu, respectively, indicating a much higher scattering property
of Ag and Al compared to Cu and Au NRs.

In summary, it is evident that non-noble metals such as Al
and Cu also show promising, comparable plasmonic perfor-
mance with the most commonly used noble metals, Ag and Au.
This suggests that, through appropriate tuning of their LSPR
characteristics, non-noble metals can serve as cost-effective
alternatives to noble metals for light harvesting in OSCs.'***

Effect of aspect ratio of plasmonic nanorods on performance

It is known that the size of plasmonic NRs can be optimized to
utilize the LSPR through their longitudinal and transversal
modes, which can be optimized by their aspect ratios.** Hence,
the performance of the PTB7:PC,;BM-based device was opti-
mized by embedding NRs of different aspect ratios. The width
of the NRs was kept at 40 nm for effective localized and lattice
plasmonic coupling as recommended by Schmucker et al.>* The
aspect ratios of the NRs were changed by changing their length,
and subsequently, the performance of the devices was opti-
mized. The corresponding Ji. of each device with different NR of
different aspect ratios is calculated using eqn (3), and following
that, the PCE of the devices is calculated using eqn (S5). The
calculated Ji. and PCE for each aspect ratio of the NRs are
depicted in Fig. 3.

900 nm 2
Joo = qJ A(2) - AM1.5G(2)d2 (3)

300 nm
where AM1.5G is the solar irradiance spectrum, A(4) is optical
absorption in the AL of the devices and is determined from the
time-averaged optical absorption power in the absorber layer as
estimated in eqn (1) using FDTD simulation.

The calculated J,. for the pristine device was 15.36 mA
em 2, yielding a device performance a PCE of 9.13%, which is
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in close agreement with the experimentally reported value of
9.15% for PTB7:PC,;BM-based OSCs, indicating that our
simulation parameters do not overestimate the device's
performance.®* Here, it should be noted that the present
calculations assume ideal device conditions with an IQE of
100%, which is commonly adopted in optical simulations to
evaluate the upper limit of photocurrent generation. Never-
theless, the predicted performance remains consistent with
experimentally reported values. For example, Ng et al
demonstrated that incorporating Au NPs into the HTL of the
same PTB7:PC,;BM-based AL increased the PCE from 7.5% to
8.2%.%* Furthermore, the obtained results are comparable to
the numerical study reported by Alahmadi,*® where a Js. of
16.43 mA cm ™~ and a PCE slightly above 8% were achieved.
These comparisons confirm that the simulated device perfor-
mance is near the realistic range reported in both experi-
mental and theoretical studies. Furthermore, the calculated
PCE value aligns well with the experimental study by Zhihai
Liu et al.*®* on PTB7:PC,,BM-based conventional OSC, in which
Cu NPs were incorporated into the HTL. The resulting plas-
monic OSC showed an enhancement in PCE from 6.79% to
7.43%, providing strong experimental evidence for the
potential of plasmonic effects of non-noble metals in OSCs.
The aspect ratio of all NRs that afforded the highest j;. was
found to be 1.88, as shown in Fig. 3. The longitudinal LSPR of
the NRs is expected to play the major role in improving the
performance of the devices, as it is closer to the absorption
peak of PTB7. On the contrary, the transverse mode of the NRs
LSPR falls on the UV region,* which limits its contribution to
the photon harvest of the devices. The aspect ratio is expected
to tune the magnitude of both the longitudinal and transverse
modes; hence, the optimization yields the highest LSPR to
improve the Js. and PCE of the devices. An optimized aspect
ratio of plasmonic NR helps to use near-field and light-
scattering enhancement charge generation in the AL of the
devices, potentially improving the (Js.) and (PCE).** Consistent
with this observation, Phengdaam et al.** also reported that
variations in the aspect ratio of NRs affect the tunability of the
LSPR mode, thereby influencing the photovoltaic performance
of OSC devices.

(a) (b)
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(a) Jsc and (b) PCE of PTB7:PC;,BM-based OSCs incorporating Ag, Al, Au, and Cu NRs calculated for different aspect ratios of NRs.
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The maximum J. values obtained in Ag, Al, Au, and Cu were
16.89, 16.38, 17.24, and 16.91 mA cm >, respectively, indicating
a 9.83%, 6.51%, 12.11%, and 9.96% corresponding improve-
ment compared to the pristine device, respectively. Comparing
the four NRs, it can be seen that Au afforded the highest PCE
owing to its red-shifted longitudinal LSPR, while Al afforded the
lowest improvement in PCE due to its UV-lying LSPR properties.
It is worth mentioning that Cu produced a better improvement
than Ag and a closer value to Au, despite its much lower cost
compared to the noble metals, confirming the potential of non-
noble metals for light trapping in OSCs. As summarized in
Table 1, the performance enhancement of PTB7:PC,,BM-based
OSC devices clearly shows that low-cost, non-noble metals such
as Cu and Al exhibit comparable performance to noble metals
and provide a benchmark for comparing noble-metal plas-
monic with non-noble metals with further modification of their
plasmonic effect in addition to LSPR. Furthermore, the
absorption power spectra of the PTB7:PC,;BM incorporated
with Ag, Al, Au, and Cu NR of aspect ratio (1.88) is presented in
Fig. S4(a) and the corresponding J-V curves of the devices was
calculated using eqn (4) and depicted in Fig. S4(b).

Light trapping by single nanorods

The improved device performance upon embedding plasmonic
NRs is primarily attributed to enhanced light trapping arising
from their absorption and scattering capabilities, which
together increase the effective interaction of incident photons
with the AL.>**** To elucidate the contribution of individual
plasmonic materials, the absorption and scattering cross-
sections of Ag, Au, Al, and Cu NRs with an optimized aspect
ratio of 1.88 embedded in the PTB7:PC,;BM AL were calculated,
as shown in Fig. 4. The absorption spectra exhibit distinct
resonance peaks at approximately 500 nm for Ag, in the 600-
700 nm range for Au and Cu, and below 400 nm for Al NRs. In
terms of scattering, Ag and Al NRs exhibit appreciable scattering
cross-sections, indicating strong plasmonic excitation accom-
panied by efficient collective electron oscillations
pronounced far-field scattering.

and
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(a) absorption and (b) scattering cross-sections of single NRs with an aspect ratio of 1.88 inside the active layer.

When compared with the absorption spectrum of
PTB7:PC,,BM (Fig. 1(d)), the absorption resonances of Au and
Cu NRs show good spectral overlap with the photoactive layer,
suggesting that their performance enhancement is dominated
by near-field-mediated absorption rather than scattering. In
contrast, Ag NRs exhibit both significant absorption and scat-
tering cross-sections in a spectral region close to the AL
absorption peak. The strong scattering response of Ag NRs is
expected to promote light redirection and in-plane scattering
into the absorber, thereby extending the optical path length and
improving photon harvesting efficiency.>® Hence, this dual
contribution results in a PCE enhancement of 10.08% relative to
the pristine device, despite a slight blue shift with respect to the
photo absorber absorption maximum.

Conversely, Al NRs exhibit both absorption and scattering
resonances predominantly in the UV region, where the contri-
bution to photocurrent generation in PTB7:PC,,BM is minimal.
As a result, Al-based devices show the lowest PCE enhancement
(6.79%). These observations highlight the importance of opti-
mizing NR material properties and resonance positions to
achieve balanced light trapping, leading to enhanced photo-
voltaic performance. Similar conclusions have been reported by
Zhao et al.** and Phengdaam et al.,” confirming that optimized
plasmonic effects can simultaneously enhance J;. and PCE,
consistent with the results summarized in Table 1.

To further quantify light-trapping effects induced by indi-
vidual NRs, the near-field electric-field enhancement within the
device was evaluated, as shown in Fig. 5. The maximum electric-

Table 1 Optimized PCE and J;. of NRs embedded PTB7:PC;,BM-
based OSCs

NR Jse (MA em™?) PCE (%) Jse (%) PCE* (%)
Ag 16.89 10.05 9.83 10.08
Al 16.38 9.75 6.51 6.79
Au 17.24 10.26 12.12 12.38
Cu 16.91 10.06 9.96 10.19

“ Enhancement relative to the reference device with J;. = 15.38 mA cm >

and PCE = 9.13%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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field intensity enhancement (|E|/|Ey|) at 750 nm wavelength
around Ag, Al, Au, and Cu NRs was found to be 8.41, 7.70, 10.35,
and 9.38, respectively. These results further confirm that near-
field enhancement is more pronounced for Au and Cu NRs,
whereas Ag and Al NRs exhibit comparatively weaker near-field
contributions, consistent with the stronger contribution of far-
field scattering mechanisms in these NRs.

This study examines the optical response of plasmonic NRs
for enhanced light absorption and current density in OSCs. The
predicted device's performance in this work thus represents an
optical upper-limit estimation under ideal charge collection.” In
practical OSC devices, metallic NRs also influence charge
transport, recombination, and local fields, with effects that
depend on their size, concentration, and distribution.**>®3*

Effect of surface lattice resonance of NRs on performance of
OSCs

In practical applications, plasmonic NRs are typically
embedded in multiple numbers as homogeneously as possible.
Therefore, a periodic array of optimized NRs was incorporated
into a 100 nm PTB7:PC,;BM-based AL, and their plasmonic
response was systematically studied. The periodicity (P) of the
array was varied from 20 to 350 nm in both the x- and y-direc-
tions (see Fig. 1). The J,., of devices incorporating NR arrays,
was calculated as a function of the array periodicity, as shown in
Fig. 7(a). Furthermore, the J-V curves of the devices with opti-
mized performance when NR arrays are embedded in the AL is
calculated using eqn (4) and depicted in Fig. 7(b).

© 2026 The Author(s). Published by the Royal Society of Chemistry

nkT J.
V=—n i—l—l) 4
g (JO ()

where V is the applied voltage, n is the diode ideality factor
(1.79) for PTB7:PC,;BM,* k is a Boltzmann constant, T is the
operating temperature (T = 300 K), and J, (18.6 mA cm ™ ?) is the
saturation current.”® Under the working conditions, V, = V,, n,
and J, were determined in the experimental work. In this case,
parasitic resistances and shunt resistance are treated as ignored
and infinite, respectively.?

As the periodicity increases from 20 to 350 nm, the calcu-
lated J, initially spikes at 30 nm and remains approximately
constant over the range of 30-350 nm, followed by
a pronounced enhancement and subsequent reduction. This
behavior indicates the emergence of an additional collective
optical resonance that contributes to enhanced photocurrent
generation. Notably, the maximum J,. for all NR-based devices
is observed at a periodicity of 275 nm. For Al NRs, however, the
Jsc values at periodicities of 30 nm and 275 nm are comparable.

Furthermore, the Ji-periodicity dependence exhibits
a plateau preceding the sharp increase at P = 275 nm. This
feature is indicative of the onset of surface lattice resonance
(SLR) formation, arising from the hybridization between the
LSPR of individual NRs and the diffractive modes of the peri-
odic array.”” The formation of SLRs due to the periodicity is
verified by calculating the optical cross section using the FDTD
simulation, and the results are depicted in the SI (see Fig. S5(a-
c)). Fig. S5(a—c) reveals narrow, strongly angle-dependent reso-
nances that follow the Rayleigh anomaly condition, confirming
the formation of surface lattice resonances. The emergence of
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Fig. 6 (a) Absorption and (b) scattering cross-section of NR-arrays at
a periodicity of 275 nm embedded in the AL.

these SLRs leads to a significant enhancement in J;. compared
to devices with isolated NRs, which support only localized
plasmonic resonances.

The maximum J,. values of the NR arrays embedded in the
devices are 22.82, 19.75, 26.47, and 23.26 mA cm™ ~ for Ag, Al,
Au, and Cu NRs, respectively, as given in Table 2. For single NR
incorporation in the AL, the corresponding J,. values are 16.89,
16.38, 17.24, and 16.91 mA cm 2, while the pristine device
afforded 15.36 mA cm™ 2. Consequently, the device performance
improves substantially when NR arrays are used. Correspond-
ingly, the PCE increases when NR arrays are incorporated
compared to single NRs, reaching 48.57%, 28.58%, 72.33%, and
51.43% for Ag, Al, Au, and Cu, respectively.

To elucidate the origin of the J;. enhancement at a period-
icity of 275 nm, we calculated the absorption and scattering
cross-sections of the NRs in an array with P = 275 nm, as shown
in Fig. 6(a) and (b), respectively. The absorption cross-sections
of Ag, Au, and Cu NR arrays exhibit a sharp NIR peak
compared to single NRs (Fig. 4(a)), which is absent for Al NRs.
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This sharp peak can be attributed to the interaction between the
lattice diffraction called Rayleigh anomaly, (RA) and the NRs'
LSPR, collectively forming SLRs.** Notably, the RA occurs
approximately at Agp = nP, where n is the refractive index of the
absorber and P is the array periodicity.”® Hence, at high peri-
odicities around 275 nm, Agra is sufficiently close to the LSPR of
Ag, Cu, and Au NRs to enable SLR formation, whereas this is not
possible for Al due to its blue-shifted LSPR. This observation is

Table 2 Optimized PCE and Js. of NRs-arrays embedded
PTB7:PC,1BM based OSCs

NR Jse (MA cm™?) PCE (%) Js* (%) PCE* (%)
Ag 22.82 13.58 48.57 48.72

Al 19.75 11.75 28.58 28.43

Au 26.47 15.75 72.33 72.50

Cu 23.26 13.84 51.43 51.58

“ Enhancement relative to the reference device with J,. = 15.36 mA cm >

and PCE = 9.13%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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consistent with the maximum J,. occurring at similar NR peri-
odicities across different metals.

Light trapping via surface lattice resonance

As shown in Fig. 6, the incorporation of NPs arrays leads to the
emergence of surface lattice resonances (SLRs), which are
responsible for the improved device performance.* To further
elucidate the differences in performance at the optimized
periodicity of the NR arrays, the power absorbed spectra of
devices with and without NR arrays are presented in Fig. 8.

The spectra reveal a broad enhancement in absorbed power
for devices incorporating all NR arrays. However, a pronounced
enhancement beyond 700 nm is observed for Au-based devices,
followed successively by Cu and Ag, whereas Al does not exhibit
a noticeable increase in this spectral region. Since the near-
infrared (NIR) region contains significantly higher solar irradi-
ance than the blue region, the enhanced absorption of NIR
photons leads to a substantial increase in J.. This observation
explains the comparatively lower J,. obtained for Al-based
devices.

The physical origin of the enhanced absorbed power can
arise from either near-field-enhanced light absorption or far-
field light scattering. To distinguish between these mecha-
nisms, the absorbed power spectra are compared with the
absorption and scattering cross-sections shown in Fig. 6. The
high absorption cross-sections of Au and Cu NR arrays above
700 nm, corresponding to the SLR peak, indicate that near-field
enhancement plays a dominant role in boosting photocurrent
for these materials. In contrast, Ag exhibits a relatively lower
absorption cross-section in this spectral region. Despite this, Ag
NR array-embedded devices yield a high Js.. Moreover, although
Al exhibits a much lower absorption cross-section in the visible
region due to the interband transition* an appreciable
enhancement J,. is still observed.

A closer examination of the scattering cross-sections in Fig. 6
reveals that Ag and Al NR arrays exhibit significantly higher
scattering efficiencies. Enhanced scattering increases the
optical path length of incident photons within the AL, thereby

© 2026 The Author(s). Published by the Royal Society of Chemistry
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improving light trapping and absorption. Therefore, it can be
concluded that the enhanced J. in Au- and Cu-based devices is
primarily driven by near-field enhancement associated with
SLR-mediated absorption, whereas increased far-field scat-
tering is the dominant mechanism contributing to the photo-
current enhancement in Ag- and Al-based devices.

It is important to recognize that cu NSs (NSs) are susceptible
to oxidation, forming native oxidation layers (Cu,O or CuO) at
ambient conditions.®® As reported in the literature, the forma-
tion of these oxide layers introduces additional optical losses by
modifying the dielectric function of Cu, leading to increased
damping of plasmon oscillations, reduced free electron density,
broadening of the LSPR, and decreased peak intensity and
electric field enhancement. Furthermore, continuous oxidation
results in an increase in the oxide shell thickness, which can
significantly reduce or even suppress the LSPR response over
time. These effects highlight the inherent limitations of Cu
when compared to noble metals due to its susceptibility to
oxidation for further plasmonic applications.*>** Despite these
challenges, Cu remains a viable alternative to noble metals due
to its low cost and favorable plasmonic response in the visible
region. Therefore, addressing and mitigating oxidation effects
are critical to successfully utilize Cu for different plasmonic
applications while preserving its plasmonic properties.®® In
practical solar cell devices, this issue can be mitigated through
various strategies that stabilize the Cu NPs and preserve their
optical properties. One of the most common approaches is
using encapsulation or protective dielectric coatings (e.g., SiO,,
Al,03, ZnO, or TiO,), which have been reported to stabilize Cu
plasmonic NSs while preserving their optical properties.>**%%
Polymer capping of Cu NPs is also another effective strategy to
prevent the oxidation of Cu NPs and induce plasmonic near-
fields that enhance the performance of SCs.** Cu NPs can also
be positioned outside the AL, i.e., within the HTL or ETL, to
reduce their exposure to oxygen while still enabling plasmon-
mediated light trapping through near-field coupling or back-
scattering. For example, Cu nanorods embedded in PEDOT:PSS
(HTL) have been reported to enhance charge transport and light
harvesting in OSCs while remaining outside the AL.** Similarly,
embedding Cu NPs within the ETL can also help in the
passivation of defects, such as oxygen vacancies, while main-
taining their plasmonic properties.** While oxidation may
slightly modify the resonance characteristics, the simulations
presented in this study can provide valuable insight into the
intrinsic plasmonic potential of Cu NR arrays under idealized
conditions. The results demonstrate their ability to enhance J,.
in OSCs and serve as a design guideline for experimentalists by
giving a clue how stabilized Cu NSs can be employed as cost-
effective plasmonic alternatives to noble metals. Although
oxidation may slightly modify the resonance characteristics, the
present simulations provide valuable insight into the intrinsic
plasmonic potential of Cu NRs arrays under idealized condi-
tions. The results demonstrate their ability to enhance Jy. in
OSCs and serve as a design guideline for further experimental
work. The authors wish to highlight that, with proper stabili-
zation strategies such as dielectric coatings or encapsulation,
Cu NSs can be employed as cost-effective plasmonic alternatives
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to noble metals rather bare Cu NPs, bridging simulation
predictions and practical devices.

Electric field amplification in OSCs with plasmonic NRs array

Leveraging plasmonic NR arrays enables collective photon scat-
tering among neighboring NRs, which suppresses radiative los-
ses or enhances the quality (Q) factor resonances and prolongs
plasmon mode lifetimes.>**”% This collective response gives rise
to hybrid plasmonic-photonic modes, resulting in strong
electric-field amplification within the surrounding dielectric
medium."*®*% Such enhanced local fields are critical for
improving light harvesting and charge generation in OSC devices.

A measurable electric-field amplification is observed for all NR
materials considered, as shown in Fig. 9, indicating that plas-
monic enhancement is not limited to noble metals and high-
lighting the potential of non-noble metals in plasmonic OSC
architectures. In the UV-visible region below 500 nm, Ag and Al NR
arrays exhibit higher electric-field enhancement factors (E/E,) than

20126 | RSC Adv, 2026, 16, 20117-20130

Au and Cu, consistent with their LSPR excitation ranges, whereas
Cu and Au dominate in the region above 600 nm. At 500 nm, the E/
E, values for Ag and Al reach 8.89 and 7.96, respectively, compared
to 7.94 and 7.95 for Au and Cu. In particular, Al shows dominant
enhancement in the UV region around 375 nm, as shown in Fig. 9.
In contrast, at wavelengths above 600 nm, Au and Cu NR arrays
exhibit significantly stronger electric-field amplification than Ag
and Al. For example, at 805 nm, Ag and Al show enhancement
factors of 8.69 and 8.37, respectively, whereas Au and Cu reach
substantially higher values of 12.54 and 10.69. Similar plasmonic
responses for Au and Cu were reported by Fabijani¢ et al.,* who
attributed the slightly superior performance of Au to its lower
intrinsic damping. Additionally, optical losses and quality factors
contribute to the subtle variations in electric-field amplification
observed among the plasmonic NR arrays.**® The spectral region
where Cu and Au showed higher electric field strength is especially
relevant for PTB7:PC,;BM-based OSCs, whose absorption
maximum lies above 600 nm. Consequently, the enhanced Js. and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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PCE observed in Au- and Cu-based devices can be attributed
primarily to near-field-enhanced light absorption arising from
their higher electric-field amplification within the AL due to the
presence of NR arrays.

Finally, a comparison of the electric field intensity distribu-
tion between periodic NR arrays and isolated single NRs at
800 nm reveals substantially stronger electric field amplifica-
tion in the NR array configurations. This enhancement arises
from hybrid plasmonic-photonic modes supported by the
periodic NR arrangement, leading to the formation of SLRs with
good quality factors.’” These SLRs promote strong near-field
coupling, enhanced far-field diffraction, and improved light
localization within the AL.* Consequently, lattice-induced
collective effects, rather than isolated plasmonic resonances
alone (as discussed in the previous sections of the results and
discussion), play a central role in the enhanced near-field
amplification and the improved performance of NR-array-
based OSC devices. It is important to note, however, that the
near-field enhancement and/or far-field scattering due to the
overlap of the LSPR excitation spectra with that of the AL spectra
also contribute to the optical response. In this context, SLR-
mediated collective effects act as the dominant mechanism,
coordinating and amplifying these processes via coherent
plasmonic-photonic coupling within the periodic array, thereby
driving the observed performance enhancement. Recent studies
have demonstrated that the non-radiative energy transfer
mechanisms, such as plasmon-induced energy transfer (PIRET)
and hot-electron injection (HEI), can occur in hybrid plasmonic
systems under specific interfacial and spectral conditions.”®
However, these processes require well-defined interfacial and
electronic conditions.*

Conclusion

The performance of low-band-gap polymer-based PTB7:PC,;BM
OSCs was enhanced by incorporating noble (Ag and Au) and
non-noble (Cu and Al) plasmonic NRs (NRs). Finite-difference
time-domain (FDTD) simulations were employed to systemati-
cally evaluate the optical and device performance of
PTB7:PC,,BM-based OSCs with and without embedded NRs.
The optimal NR aspect ratio and periodicity for maximizing
light absorption and device performance were identified as 1.88
and 275 nm, respectively, for all four metallic NRs. The incor-
poration of a single metallic NR resulted in a 6-12.38%
enhancement in PCE relative to the reference device, primarily
due to LSPR. This enhancement increased to over 25% when
periodic NR arrays were embedded, owing to the hybridization
of LSPR with lattice diffraction, leading to the formation of
surface lattice resonances (SLRs). Among the investigated NR
arrays, PTB7:PC,;BM devices incorporating Cu and Au NRs
exhibited the highest PCE enhancements of 51.58% and
72.50%, respectively, compared to the reference device. These
improvements are attributed to the strong spectral overlap
between the hybrid plasmonic resonances and the absorption
spectrum of the AL. Ag NR arrays showed a comparable
enhancement of 48.72%. In contrast, devices incorporating Al
NR arrays exhibited the lowest PCE improvement (28.43%),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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which is mainly attributed to the blue-shifted plasmonic
response of Al relative to the absorption window of the
PTB7:PC,;BM AL. Mechanistically, near-field electric field
enhancement was found to dominate performance improve-
ments in Au- and Cu-based NR arrays, whereas far-field light
scattering played a more significant role in Ag- and Al-based NR-
embedded devices. Overall, this study demonstrates that non-
noble metal NSs, particularly Cu NRs, offer a cost-effective
and efficient alternative to noble metals for enhancing light
harvesting, charge generation, and overall device performance
in polymer solar cells, while also providing insight into miti-
gating oxidation effects. Furthermore, the findings provide
a solid theoretical foundation for future experimental investi-
gations of non-noble metallic nanostructure-based OSCs.
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