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Abstract: This research investigates the improvement of
power conversion efficiency in thin-film organic—
inorganic halide perovskite solar cells by incorporating
plasmon-enhanced, coupled spherical core—shell
nanoparticles into the absorber layer. To address the
limitations of traditional metallic nanoparticles, core—
shell structures were employed to improve both
chemical and thermal stability. Electromagnetic field
distributions and optical characteristics were analyzed
by solving Maxwell’s equations, while the electrical
performance parameters were obtained through
numerical simulations of the Poisson and continuity
equations. Under optimized conditions, the perovskite
solar cell demonstrated a notable performance,
achieving an open-circuit voltage (Voc) of 1.056 V,
short-circuit current density (Jsc) of 22.885 mA/cm?, fill
factor (FF) of 85.70%, and a power conversion
efficiency (PCE) of approximately 21%. Moreover, the
use of a thinner perovskite absorber layer contributed to
a reduction in lead-related toxicity. This study provides
a comprehensive framework for incorporating
plasmonic coupled core—shell nanoparticles into high-
efficiency thin-film perovskite solar cells. It highlights
the dual benefits of improved photovoltaic performance
and a reduced environmental impact, paving the way for
more sustainable solar technologies.
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Extended Abstract

Introduction

Perovskite solar cells (PSCs) have attracted
tremendous attention over the past decade as highly
promising photovoltaic devices owing to their rapidly
increasing power conversion efficiencies (PCEs),
low-temperature  processability, and  potential
compatibility with low-cost fabrication techniques.
Despite impressive achievements, further
performance improvements and long-term stability
remain critical challenges. Thin perovskite films
inherently suffer from incomplete light absorption,
while interfacial instabilities and environmental
degradation limit device lifetime. Moreover, the quest
for scalable, carbon-based architectures introduces
additional restrictions on optical management and
carrier extraction. To overcome these limitations,
plasmonic nanostructures have been proposed as
effective light-trapping elements. Metallic
nanoparticles (NPs), especially gold (Au) and silver
(Ag), can sustain localized surface plasmon
resonances (LSPRs) that concentrate electromagnetic
fields into subwavelength volumes. When properly

engineered, these resonances enhance light
absorption, promote hot-carrier generation, and
modify carrier dynamics. In particular, strong
plasmonic  coupling between closely spaced

nanoparticles or between plasmonic and excitonic
modes can lead to the formation of hybrid states,
enhanced absorption spectra, and improved
photocurrent generation. The present work aims to
numerically investigate the role of metallic
nanoparticles in carbon-based PSC architectures by
embedding Au and Ag

Materials and Methods

All numerical simulations were performed using
COMSOL. Multiphysics Optical modeling was
conducted with the Wave Optics module, which
solves the full three-dimensional Maxwell’s equations
by the finite element method (FEM). This approach
yields spatial distributions of electromagnetic fields
and absorption spectra for the perovskite active layer
in the presence or absence of nanoparticles. The
calculated optical generation rates were subsequently
imported into the Semiconductor module, where the
coupled Poisson and continuity equations for
electrons and holes were solved self-consistently to
extract key photovoltaic parameters including short-
circuit current density (Jsc), open-circuit voltage
(Voc), fill factor (FF), and overall PCE.

The device structure considered is a planar
perovskite solar cell with a transparent conductive
oxide front contact, a PEDOT: PSS hole transport
layer, the perovskite absorber, a carbon back
electrode, and embedded metallic nanoparticles
positioned near the perovskite layer. Au and Ag
nanospheres with radii, ranging from 30 to 45 nm,
were modeled. In addition to bare metallic
nanoparticles, core-shell structures with a thin SiO,

coating (~5 nm) were included to evaluate the impact
of dielectric separation on optical and chemical
stability. Material parameters such as refractive
indices, dielectric constants, and charge transport
properties were obtained from well-established
literature databases to ensure realistic input values.
Periodic boundary conditions were applied laterally to
simulate ordered arrays, while perfectly matched
layers were used at the top and bottom to absorb
outgoing radiation.

Results
The optical simulations revealed that embedding
plasmonic nanoparticles significantly modified the
absorption profile of the perovskite layer. Both Au
and Ag nanoparticles exhibited strong near-field
enhancement and scattering, leading to increased light
harvesting, particularly in the visible spectrum.
However, Ag nanoparticles consistently outperformed
Au in terms of field confinement and resonance
alignment with the perovskite absorption band. Figure
analyses showed that decreasing the interparticle
spacing enhances the coupling strength. When
nanoparticles were placed in close contact (gap ~ 0
nm), the local fields strongly overlapped, producing
plasmonic dimer coupling that resulted in red-shifted
and broadened absorption peaks. This effect directly
was translated into higher photogeneration rates,
improved Jsc, and increased PCE. In contrast, when
the spacing exceeded ~20 nm, the coupling weakened,
and the enhancement became marginal.
Quantitatively,  reference  devices  without
nanoparticles exhibited modest optical absorption and
limited Jsc. Introducing Ag nanoparticles (radius 40
nm, closely packed) led to an increase in Jsc by more
than 20% and a PCE enhancement of approximately
15%. Au nanoparticles produced smaller gains under
similar conditions. The addition of a SiO, dielectric
shell further improved performance by preventing
quenching effects at the metal-perovskite interface
and mitigating possible chemical reactions between
the nanoparticles and adjacent layers such as
PEDOT:PSS. As a result, SiO,-coated Ag
nanoparticles delivered the best overall performance,
achieving the highest simulated PCE among all
studied configurations.

Discussion and Conclusion

The findings clearly demonstrated that plasmonic
coupling in metallic nanoparticle ensembles could
significantly enhance the optical and electrical
performance of carbon-based PSCs. Strong coupling
between adjacent nanoparticles provided additional
channels for light-matter interaction, manifested as
hybrid plasmon—exciton states and improved carrier
generation. While both Au and Ag nanoparticles
exhibited plasmonic benefits, Ag emerged as the more
practical choice due to its stronger resonance in the
visible spectrum and substantially lower cost.
Importantly, at the nanoscale, the total material
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consumption was extremely small, rendering the use
of Ag economically viable. Moreover, the observed
superiority of Ag in both optical enhancement and
techno-economic aspects highlighted its potential as
the preferred plasmonic additive.

The use of SiO, shells played a dual role:
optically, the dielectric coating modified the local
refractive environment and fine-tuned resonance
conditions; chemically, it acted as a barrier preventing
direct interaction between the metal surface and
sensitive perovskite or transport layers. This barrier
was expected to prolong device stability by
suppressing interfacial degradation pathways. Hence,
the adoption of core-shell Ag@SiO, nanoparticles
represented a practical route toward stable and
efficient plasmonic PSCs. From a broader
perspective, the study confirmed that plasmonic
enhancement was not merely a theoretical curiosity
but a viable strategy to tackle light-management and
stability challenges in PSCs. Nevertheless, several
hurdles remained. The intrinsic losses of metals,

potential parasitic absorption, thermal effects, and
difficulties in reproducibly controlling nanoscale gaps
all need careful consideration. Furthermore,
translating these enhancements from simulation to
experimental devices requires scalable and low-cost
nanoparticle synthesis and integration methods.

Future  research  directions include the
development of hybrid plasmonic—photonic cavities
with optimized field distributions, the exploration of
low-loss alternative materials or dielectric—-metal
hybrids, and engineering selective hot-carrier
extraction interfaces. Industrially, the feasibility of
large-area fabrication and long-term operational
stability must be rigorously evaluated. Despite these
challenges, the present work provides compelling
evidence that incorporating core-shell plasmonic
nanoparticles into PSCs is a promising pathway to
achieve higher efficiencies while maintaining cost-

effectiveness and stability.
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1. Electron Transport Layer
2. Localized Surface Plasmon Resonance
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2. Plasmon resonance energy transfer
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