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A critical barrier to commercializing perovskite solar cells (PSCs) is the trade-off between the efficiency of
thick absorbers and the stability of thin films. Advanced light management is essential to resolve this, yet the

optimal nanophotonic strategy remains debated. Here, we resolve this debate by systematically comparing

planar, dielectric, bare plasmonic, and core—shell architectures within a unified multi-physics framework.
We find the core-shell plasmonic design is clearly superior, with the champion CoreAu architecture
achieving 21.61% efficiency, a 43% relative enhancement over the 15.11% planar baseline, driven by a Jsc
increase from 18.22 to 26.34 mA cm™2. The core physical insight is that the dielectric shell acts as an

active resonant tuner, enabling the excitation of powerful, higher-order plasmonic modes inaccessible to

bare nanoparticles. This unique capability facilitates a strategic shift from specialist near-infrared light
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trapping to a more effective broadband anti-reflection in the visible spectrum, where solar flux is highest.

This work establishes a new design principle for plasmonic PSCs: the shell must be co-optimized as an

DOI: 10.1039/d5ta08034g

rsc.li/materials-a

1. Introduction

Metal-halide perovskites have emerged as a transformative class
of semiconductor materials, catalyzing unprecedented progress
in the field of photovoltaics. Their exceptional optoelectronic
properties, including high absorption coefficients, long charge-
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active optical element to prioritize visible-spectrum photon capture, providing a clear pathway toward
ultra-high-efficiency, stable thin-film photovoltaics.

carrier diffusion lengths, and remarkable defect tolerance, have
enabled a meteoric rise in power conversion efficiencies (PCEs)
for single-junction devices to over 26%, rivalling established
thin-film and crystalline silicon technologies."* This perfor-
mance, coupled with the potential for low-cost, solution-based
fabrication, positions perovskite solar cells (PSCs) as a leading
candidate for next-generation solar energy, with profound
implications for terawatt-scale power generation and high-
efficiency tandem configurations.?

Despite this progress, widespread commercialization
remains reliant upon overcoming the challenge of long-term
operational stability.* A promising strategy to mitigate the
intrinsic degradation pathways of perovskite materials involves
reducing the absorber layer thickness.® Thinner active layers
can suppress deleterious ion migration and improve charge
extraction, but this introduces a fundamental optical trade-off.
As the absorber thickness falls below the optical absorption
length, a significant fraction of incident photons, particularly
those with near-bandgap energies, are incompletely absorbed.®
This leads to substantial transmission losses and a corre-
sponding decrease in the short-circuit current density (Jsc),
creating a critical dilemma where improvements in stability
come at the direct expense of PCE. To decouple these competing
factors, the implementation of advanced light management is
not merely beneficial but essential for realizing the full poten-
tial of stable, efficient, thin-film PSCs.
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Nanophotonics provides a powerful toolkit to overcome this
limitation, with two principal strategies dominating the field:
plasmonic and high-index dielectric scattering. Plasmonic light
trapping utilizes localized surface plasmon resonances (LSPRs)
in metallic nanoparticles (e.g., Au, Ag) to generate intense, sub-
wavelength electromagnetic near-fields that enhance local
absorption.” However, this approach is encumbered by two
intrinsic loss mechanisms: parasitic (Ohmic) absorption in the
metal, which generates heat instead of charge carriers, and non-
radiative recombination at the metal-semiconductor interface,
which can quench photogenerated carriers.? In contrast, the all-
dielectric approach employs high-refractive-index nano-
structures (e.g., Si, GaInP) that support strong, virtually lossless
Mie scattering resonances.’ These can be engineered to increase
the effective optical path length without introducing parasitic
absorption or electronic quenching, though the magnitude of
near-field enhancement is generally weaker than their plas-
monic counterparts.

The parallel existence of these options creates a critical
knowledge gap and a strategic bottleneck in the rational design of
light-trapping architectures. A third, hybrid approach—the core-
shell plasmonic nanostructure—has been proposed as a solution.
Numerous experimental studies have successfully demonstrated
that embedding core-shell nanoparticles (e.g.,, Au@SiO,) can
enhance PSC efficiency, with reported PCE enhancements of up to
27%.'° These gains are typically attributed to a combination of
electronic passivation by the shell and plasmon-enhanced NIR
absorption from the core."*> However, these experimental works
present a complex interplay of coupled optical and electronic
effects that are difficult to deconstruct, and they have not
systematically compared the efficacy of this approach against
other nanophotonic strategies.” Furthermore, this view largely
overlooks the active and potentially decisive optical role of the
shell itself." This gives rise to a more fundamental design ques-
tion: what is the optimal strategy for enhancing a thin-film PSC? Is
it more effective to use resonant light trapping to boost absorption
where it is weakest (the near-infrared), or to engineer broadband
anti-reflection to maximize photon incoupling where the solar flux
is highest (the visible spectrum)? To date, a systematic investiga-
tion that deconstructs these competing strategies within a single,
high-performance device platform is conspicuously absent. To
address this gap, we present a comprehensive computational
study that systematically compares planar, dielectric, bare plas-
monic, and core-shell plasmonic architectures. Our results reveal
that the core-shell design's superiority stems not from passive
shielding, but from the shell's function as an active resonant
tuner. This enables a powerful broadband visible anti-reflection
strategy that is inaccessible to other designs, establishing a clear
design principle that decisively outperforms the specialized near-
infrared light-trapping approaches commonly pursued in the
literature.

2. Computational methods
2.1. Coupled optoelectronic framework

The optical and electrical performance of the perovskite solar cell
(PSC) architectures was simulated using a comprehensive, multi-
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physics computational framework. The methodology involved
a two-step process. The optical properties were determined using
a commercial-grade finite-difference time-domain (FDTD) solver
(Ansys Lumerical FDTD) to calculate the three-dimensional,
spectrally-resolved optical generation rate, G(x,y,2,4).*>*® This
generation rate profile subsequently served as the input for the
electrical device modeling, which was performed using a finite-
element charge transport solver. All simulations were conducted
assuming a standard device operating temperature of 300 K.

2.2. Device architecture and optical modeling

The baseline device architecture, depicted schematically in
Fig. 1a, consists of a planar multi-layer stack representative of
a high-performance inverted p-i-n PSC. The complete layer
stack, including material specifications and thicknesses, is
detailed in Table S1. The optical constants for all materials were
defined using experimentally measured, wavelength-dependent
complex refractive index (n, k) data obtained from established
literature sources.”’® Fig. 1b details the photonic crystal-
embedded structure.

For the nanophotonically-enhanced designs, a periodic
square array of nanoparticles was embedded at the rear inter-
face of the perovskite absorber layer. A comprehensive para-
metric optimization was performed for each material (Ag, Au,
GalnP) and geometry (bare sphere, core-shell) to maximize the
integrated short-circuit current density. The final optimized
geometric parameters for each of the six photonic crystal
configurations are summarized in Table S2. The naming
convention used throughout this manuscript is as follows: Bare
(planar reference), PCAg, PCAu, PCGaInP (bare nanoparticle
arrays), and CoreAg, CoreAu, CoreGaInP (core-shell nano-
particle arrays). The simulated nanoparticles are idealized as
perfectly spherical and uniform to establish the theoretical
optimum for each design.
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Fig. 1 (a) FDTD simulation structure and (b) photonic crystal-
embedded perovskite solar cell structure.
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The 3D FDTD simulation domain in Fig. 1a was defined with
periodic boundary conditions on the lateral (x and z) axes to
model an infinitely repeating array and “steep angle” profile
perfectly matched layer (PML) absorbing boundaries with 8
layers on the vertical (y) axis. A broadband plane wave source
(300 nm to 900 nm) was used to model normally incident solar
illumination under the AM1.5 G spectrum. To simulate unpo-
larized sunlight, the final results were calculated as the inco-
herent average of two separate simulations with orthogonal
polarizations. A non-uniform conformal mesh was employed
with a global mesh accuracy setting of 4, with targeted mesh
refinement regions enforcing a maximum mesh step of 5 nm at
the critical front interfaces and 2 nm in the immediate vicinity
of the nanoparticles to accurately resolve plasmonic near-
fields.”® The simulation was terminated only after the total
electromagnetic energy decayed to 10 ° of its initial maxima,
ensuring full convergence of all resonant phenomena. More-
over, the high precision of the reported performance metrics of
this work is a direct result of the deterministic nature of the
coupled opto-electronic model and rigorous convergence
testing of the FDTD simulations. This ensures that the
numerical uncertainty reported in our final device metrics is
well below 0.01%.

2.3. Calculation of optical metrics

The spectrally-resolved power absorption density, Paps(x,y,2,1),
was calculated from the simulated electric fields within the
perovskite layer. For the purposes of this primarily optical
study, a key assumption is made: the internal quantum effi-
ciency (IQE) is taken to be 100%.%>** This assumes that every
photon absorbed within the perovskite active layer generates an
electron-hole pair that is successfully collected. The external
quantum efficiency (EQE) is considered to be equal to the
spectrally-resolved absorptivity of the active layer. The total
absorptivity of the active layer, A(4), is calculated from the
simulated reflectance R(1) and transmittance T(2) of the full
device stack as:

AN =1 - RQ) — T()

The optically-limited short-circuit current density, Js., which
represents the theoretical maximum current assuming perfect
charge collection, was then calculated by integrating the
product of the EQE and the standard AM1.5 G solar photon flux,
®amis 6(A), over the relevant wavelength range:

Jsc = I]J ‘ EQE(A)'@AMI.S G(A)d

Amin

where ¢ is the elementary charge.

2.4. Electrical device modeling

The electrical performance of the devices was subsequently
modeled using a drift-diffusion solver.**** The crucial link
between the optical and electrical models was the optical
generation rate. The spectrally-integrated, three-dimensional
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optical generation rate matrix, G(x,),2), calculated by the
FDTD solver for the entire active layer volume, was saved and
then directly imported as the generation source term for the
electrical simulation. The simulation then solved the Poisson
and drift-diffusion equations self-consistently to determine the
final device characteristics. The simulation incorporated
a comprehensive set of recombination models to ensure
a physically realistic description of carrier dynamics. The
models included: Shockley-Read-Hall (SRH) recombination,
which accounts for non-radiative losses via defect trap states,
the dominant loss pathway in most perovskite devices; Radia-
tive (direct) recombination, which represents the fundamental
recombination pathway in direct-bandgap semiconductors and
sets the thermodynamic limit for V,,.; and Auger recombination,
a non-radiative process that becomes significant at the high
carrier densities present under illumination. The inclusion of
these three models provides a robust framework for accurately
simulating the performance of high-efficiency PSCs. The key
material and device parameters used in the electrical simula-
tion are summarized in Table S3. From the simulated current
density-voltage (J-V) curves, the terminal characteristics,
including the final self-consistent Jy., Vo, fill factor (FF), and
PCE, were extracted. A detailed breakdown of voltage losses was
also performed based on the principle of detailed balance,
separating the total voltage deficit, (Eg/q) — Vo, into three
components: AV1 (thermalization loss), AV2 (radiative recom-
bination loss), and AV3 (non-radiative recombination loss). To
isolate the impact of the optical design, the parameters gov-
erning AV3 were held constant across all simulated devices,
thereby creating an idealized electronic platform to rigorously
compare the distinct optical strategies.

3. Results and discussion

The performance of a photovoltaic device is fundamentally
governed by its interaction with the incident solar spectrum. An
effective design must first minimize optical losses i.e. reflection
and transmission, to ensure the maximum possible number of
photons enters the active material. It must then maximize the
absorption of those photons to generate charge carriers. This
section presents a systematic analysis that flows from these
fundamental optical principles to the final device characteris-
tics, deconstructing the precise mechanisms and strategic
trade-offs inherent to each nanophotonic design.

3.1. Nanophotonic control of optical properties: reflection
and transmission

The initial interaction of sunlight with the solar cell dictates the
upper limit of its performance. The primary optical loss chan-
nels, front-surface reflection and parasitic transmission,
represent photons rejected without any opportunity for
conversion. The integration of nanophotonic structures is
intended to mitigate these losses by engineering the device's
optical response. A detailed deconstruction of the reflectance
and transmittance for each architecture reveals a complex
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interplay of resonant coupling and interference, exposing the
distinct strategies and trade-offs inherent to each design.

The initial primary optical loss channels are the front-
surface reflection and parasitic transmission, which represent
photons rejected without absorption. The integration of nano-
photonic structures is intended to mitigate these losses by
engineering the device's optical response. A detailed decon-
struction of the reflectance and transmittance for each archi-
tecture reveals a complex interplay of resonant coupling and
interference, exposing the distinct strategies and trade-offs
inherent to each design.

The device reflectance spectra, presented in Fig. 2b, imme-
diately reveal that the nanophotonic structures induce highly
wavelength-selective behaviours. The planar Bare cell estab-
lishes the baseline, exhibiting a pronounced reflection peak
approaching 0.8 near 710 nm. This is a strong Fabry-Pérot
resonance characteristic of the optical cavity formed by the thin-
film stack, representing a major loss channel for near-band-
edge photons.”® The devices incorporating dielectric GaInP
nanoparticles (PCGaInP and CoreGalnP) not only fail to miti-
gate this reflection but dramatically worsen it. Both exhibit
a sharpened reflection peak near 690 nm, confirming they are
detrimental to light incoupling. This resonant lineshape is the
classic signature of a Fano resonance, a phenomenon that ari-
ses from the interference between a discrete, resonant pathway
and a broad, continuum-like pathway. In this context, the broad
continuum is the reflection from the planar thin-film stack,
while the discrete resonance is a sharp Mie scattering mode
supported by the high-index GaInP nanoparticle.”” At the reso-
nant wavelength, these two pathways interfere destructively in
the forward direction, which suppresses transmission into the
active layer and leads to a sharp increase in total reflection. This
effectively transforms the nanoparticle from a potential light-
coupler into a highly efficient, wavelength-selective mirror
that actively rejects photons, fully explaining the subsequent
collapse in absorption and quantum efficiency for these devices.

Markedly different, the plasmonic devices present two
distinct and far more effective strategies. The first, represented
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by the bare plasmonic particles PCAg and PCAu, is specialized
NIR anti-reflection. Both leverage their primary LSPR to create
a deep resonant dip in reflectance centered around 740 nm,
suppressing reflection from over 0.7 to below 0.1.***° This is
a classic light-trapping approach, specifically engineered to
efficiently couple weakly absorbed, near-band-edge photons
that are lost to reflection in the Bare cell.

The champion CoreAu device executes a completely different
and more sophisticated strategy. It achieves excellent anti-
reflection in the photon-rich visible spectrum, with a sharp
dip near 630 nm. However, this benefit is achieved by intro-
ducing two extremely intense reflection peaks at 690 nm and
725 nm, where reflectance again approaches 0.8. This is a crit-
ical insight: the CoreAu architecture is not a simple anti-
reflector but a complex resonant system that strategically
sacrifices performance in narrow spectral bands to maximize
photon incoupling across the broader, more intense visible
region. This strategic trade-off is quantitatively validated by
analyzing each device's photocurrent budget relative to the Bare
cell, with the full results presented in Table S4 of the SI. By
integrating the photocurrent difference across the solar spec-
trum, we can separate the total current gained from regions of
reduced reflection (Jgin) from the current lost in regions of
increased reflection (Jj,ss). For the champion CoreAu device, the
superior anti-reflection in the visible spectrum yields a massive
Jgain Of 6.79 mA cm 2, while the narrow reflection peaks in the
near-infrared correspond to a minimal Jj,s of only —0.11 mA
cm 2. This results in a substantial net gain of 6.68 mA cm ™2
from reflection management alone, providing clear quantitative
evidence that this strategy is highly effective. The CoreAg device
displays a hybrid behavior, with a reflection peak near 730 nm
followed by a broader region of suppressed reflection, posi-
tioning its strategy between that of the bare plasmonics and
CoreAu.

The transmittance spectra in Fig. 2a quantify photon leakage
through the rear of the device. For wavelengths beyond the
perovskite bandgap (~780 nm), the Bare and CoreGaInP devices
exhibit the highest transmittance, confirming significant
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Fig. 2 (a)Transmittance and (b) reflectance spectra.
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photon loss. The plasmonic designs, by virtue of the opaque
metal nanoparticles, function as near-perfect back-reflectors
and completely eliminate this transmission loss channel.****
This dual functionality, simultaneously manipulating front-
surface reflection while guaranteeing zero rear-surface trans-
mission, is a fundamental advantage of the plasmonic
approach that underpins its potential for dramatic performance
enhancement.

3.2. Active absorption and spectral responsivity

The absorption analysis is best understood by dividing the
spectrum into two critical regions: the visible absorption band
(400-650 nm), where the perovskite is a strong absorber and
solar flux is highest, and the near-infrared (NIR) light-trapping
region (1> 650 nm), where the perovskite is intrinsically weak.**

Fig. 3a presents the active absorption in the perovskite layer,
while Fig. 4 shows the corresponding spectral responsivity (SR),
which directly translates this absorption into potential photo-
current. In the crucial NIR region, the Bare cell and the
dielectric PCGaInP and CoreGalInP devices perform poorly, with
their absorption and responsivity falling precipitously towards
the band edge. This confirms the failure of the dielectric Fano
resonance to enhance optical path length for weakly absorbed
photons.

The plasmonic devices, however, reveal two differing and
successful strategies. The first is specialized NIR light trapping,
executed effectively by PCAg, PCAu, and CoreAg. These archi-
tectures exhibit a powerful and broad resonant absorption peak
centered near 780 nm, boosting the SR to exceptional values
greater than 0.5 A W', This feature is the classic signature of
a highly effective light-trapping mechanism, likely a plasmoni-
cally-coupled waveguide mode, specifically engineered to
harvest near-band-edge photons that would otherwise be lost.**

The champion CoreAu device employs a completely different
approach. In the NIR, it exhibits a profound absorption
minimum, a resonant “dead zone” between 670 nm and 750 nm
where its performance is the worst of all plasmonic configura-
tion. This null absorption directly corresponds to the intense
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reflection peaks identified previously, confirming that this
specific resonance strongly rejects light rather than coupling it.
The key to the CoreAu device's success therefore lies in the main
visible absorption band. Here, where the primary role of
nanophotonics shifts from light trapping to improving incou-
pling via anti-reflection, the CoreAu device is the top performer.
Across this entire window, its absorption and SR are consis-
tently among the highest, capitalizing on its unique resonant
structure to maximize photon capture in the most intense part
of the solar spectrum.

This analysis reveals two distinct design philosophies: PCAg,
PCAu, and CoreAg are optimized as specialist NIR light trap-
pers, excelling at capturing low-energy photons. In contrast,
CoreAu is optimized as a superior broadband visible anti-
reflector, sacrificing all performance in the NIR to achieve
unparalleled photon incoupling in the 400-650 nm range.

For the NIR-specialist devices, parasitic losses in Fig. 3b, are
correlated with their regions of enhanced active absorption,
representing the classic trade-off where strong plasmonic
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Fig. 3 (a) Active absorption spectra and (b) parasitic absorption spectra.
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enhancement is accompanied by some ohmic loss.*
Conversely, the parasitic peak for the CoreAu device aligns with
its NIR “dead zone,” suggesting its resonance is not only highly
reflective but also dissipative. The ultimate device efficiency will
depend on the integrated effect of these competing strategies.
The success of the CoreAu architecture implies that for this
thin-film perovskite system, maximizing photon capture in the
high-flux visible band provides a greater net benefit to Js. than
specializing in capturing the fewer available photons near the
band edge.**

3.3.
limits

Benchmarking performance against thermodynamic

To quantitatively assess the efficacy of each nanophotonic
strategy, we benchmark their total absorption (A =1 - R - T)
against fundamental physical limits, as shown in Fig. 5. The
performance of each device is compared against two key
metrics: the Single-Pass Limit (Beer-Lambert absorption for
a 350 nm film) and the Yablonovitch Limit, the thermodynamic
maximum for a perfect Lambertian light-trapper.®***® The
Yablonovitch limit, Ay,p, is given by:*

Ayab(z) = L)l

a(A) + ——-

4n(A)°d

where (1) is the material's absorption coefficient, n(4) is its
refractive index, and d is the film thickness. This framework
provides a rigorous evaluation of each design's ability to
enhance the effective optical path length.

The plot provides definitive evidence for the failure of the
dielectric nanophotonic strategy in this architecture. The
PCGaInP and CoreGaInP devices exhibit a sharp dip in
absorption centered at 690 nm, where their performance
plummets far below even the single-pass limit. This occurs
because the single-pass limit assumes perfect incoupling of
light (R = 0), whereas these devices are intensely reflective at
this wavelength due to the Fano resonance. Their performance
is therefore significantly worse than the Bare cell, which itself
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Fig. 5 Light trapping analysis vs. theoretical limits.
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closely tracks the single-pass limit, confirming its status as
a poor light-trapper.

In contrast, the NIR-specialist devices, PCAg, PCAu, and
CoreAg, demonstrate exceptional light-trapping performance
where it is most needed. For wavelengths greater than 700 nm,
their absorption curves are dramatically elevated above the
single-pass limit and closely approach the thermodynamic
Yablonovitch limit. The resonant absorption peak near 780 nm
for the PCAg and PCAu devices nearly touches this limit,
signifying an almost physically perfect light-trapping efficiency
that maximizes the optical path length to its theoretical
potential. This quantitatively confirms their status as elite NIR
light-trappers.

The CoreAu device presents a completely different and more
complex strategic trade-off. In the NIR region (1 > 700 nm), it is
a demonstrably poor light-trapper; its absorption curve shows
a deep null around 725 nm, falling below the single-pass limit
due to high reflection. However, its strength lies in the main
visible absorption band (600-650 nm), as shown in the inset. In
this photon-rich region, where the perovskite is already a strong
absorber, the CoreAu curve consistently follows the Yablono-
vitch limit more closely than any other design. While the
absolute gains in path length are smaller here, this indicates
superior light incoupling and anti-reflection performance. This
plot, therefore, quantitatively deconstructs the two competing
successful strategies: PCAg, PCAu, and CoreAg achieve near-
perfect light trapping in the NIR, while the CoreAu device
sacrifices NIR performance to achieve superior light coupling in
the visible spectrum.

3.4. Diagnosing internal losses and light coupling with
quantum efficiency analysis

The External Quantum Efficiency (Fig. 6a) represents the
probability that an incident photon generates a collected elec-
tron, thus encompassing all optical losses. The Internal
Quantum Efficiency (Fig. 6b) is the probability that an absorbed
photon generates a collected electron, providing a direct
measure of internal loss mechanisms like parasitic absorp-
tion.*” The relationship is given by:

B EQE(%) _Active absorption
TQE(2) = 1 —R(A)— T(1)  Total absorption

The EQE spectra directly quantify the outcomes of the two
strategic approaches identified previously, with the NIR-
specialist devices (PCAg, PCAu, CoreAg) showing a strong
peak near 780 nm, and the champion CoreAu excelling in the
580-650 nm visible window, with a dip at around 720 nm, and
another sustained peak from 760 nm and beyond.

The IQE spectra provide the critical diagnostic insight into
internal loss pathways. The non-plasmonic devices (Bare,
PCGalInP, CoreGalnP) act as a crucial control group, all exhib-
iting a consistently high and flat IQE approaching 0.95. This
demonstrates that the pristine perovskite active layer is highly
efficient at converting absorbed photons into charge carriers,

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Quantum efficiencies: (a) EQE and (b) IQE.

and that the poor EQE of these devices is almost exclusively due
to external optical losses such as high reflection.

The introduction of plasmonic nanoparticles fundamentally
alters this internal efficiency. While all four plasmonic devices
maintain a high IQE in the non-resonant region (4 < 650 nm),
they each exhibit a sharp, pronounced dip in the 670-780 nm
range. This is the unambiguous signature of parasitic absorp-
tion (Ohmic loss) in the metal nanoparticles, where a significant
fraction of absorbed photons generates heat instead of elec-
tron-hole pairs.*® The specific features of these IQE dips reveal
the extent of this intrinsic trade-off. The CoreAu device exhibits
an exceptionally deep and sharp IQE dip that plummets below
0.4 at 725 nm, aligning perfectly with its reflective “dead zone.”
This confirms that the small fraction of light that is not re-
flected at this resonance is predominantly dissipated as heat.
The NIR-specialist devices also pay a price for their enhance-
ment, with significant IQE dips centered around 710 nm.

Further analysis, detailed in the SI, provides a complete
picture of the optical trade-offs. The IQE/EQE ratio (see Fig. S2),
a proxy for light incoupling, confirms that from a purely optical
perspective, bare plasmonic particles offer the most potent peak
anti-reflection. However, this metric is inadequate, as it neglects
the well-established electronic consequences of placing a bare
metal nanoparticle in direct contact with the perovskite, which
is known to introduce severe non-radiative recombination
centers and possible short-circuit pathway.** Thus, the core-
shell architecture is the necessary solution.** Our study, there-
fore serves to isolate and quantify the optical price of this
solution, revealing that a minor sacrifice in peak optical
coupling is the required trade-off for an electronically viable
device.** The effective optical density of each architecture is
quantified by the effective absorption coefficient and skin depth
(see Fig. S3).** This confirms that the NIR-specialist devices
dramatically reduce the skin depth at longer wavelengths, while
the champion CoreAu device achieves the lowest skin depth in
the visible spectrum, proving it makes the device more optically
dense and absorptive in the most photon-rich part of the solar
spectrum.

This journal is © The Royal Society of Chemistry 2026
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3.5. Visualizing resonant modes and light trapping
mechanisms

The spectral data provides a quantitative account of what
optical enhancements occur; we now turn to a spatial analysis to
understand how and where they are physically realized. Fig. 7
presents the spectrally-resolved optical generation rate within
a cross-section of the perovskite active layer for each architec-
ture. To best visualize the distinct spatial features of the reso-
nant modes, the colour scale for each panel is normalized to its
own maximum value, which is indicated within the plot. This
direct visualization of the underlying physics provides a clear
foundation for understanding the vast differences in device
performance.

The planar Bare cell (Fig. 7A) serves as the essential baseline,
revealing a clear, periodic pattern of alternating horizontal
bands, the definitive signature of a one-dimensional standing
wave pattern caused by thin-film interference.* This establishes
that even the planar cell possesses a rudimentary light
management mechanism. The goal of advanced nanophotonics
is to surpass this weak 1D effect with a more powerful, three-
dimensional light concentration strategy. The integration of
the dielectric PCGaInP nanoparticle (Fig. 7B) fails to provide any
meaningful enhancement. Instead of concentrating light, the
nanoparticle creates a distinct “shadow” region beneath it
where the generation rate is suppressed. This visual evidence
provides the direct physical explanation for the catastrophic dip
in its spectral performance, confirming that the Fano-like
resonance actively rejects light from the active layer.

The introduction of bare plasmonic nanoparticles
completely transforms the physics of light absorption. Both the
PCAg (Fig. 7C) and PCAu (Fig. 7E) nanoparticles generate an
intense, highly localized plasmonic hotspot. This hotspot
exhibits a classic dipolar mode shape, with two strong lobes of
enhancement at the particle’'s equator and a concentrated
region directly beneath it. This is the definitive signature of an
excited localized surface plasmon resonance (LSPR) coupling its
intense near-field energy into the adjacent perovskite,
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Fig.7 Spatial profiles of the spectrally-resolved optical generation rate in the perovskite active layer. The architectures shown are: (A) bare planar
cell, showing a weak 1D standing wave pattern. (B) dielectric PCGalnP, showing a detrimental “shadowing” effect. (C) Bare plasmonic PCAg,
showing a classic dipolar LSPR hotspot. (D) Core-shell plasmonic CoreAg, showing a powerful, higher-order multipolar “necklace” resonance. (E)

Bare plasmonic PCAu. (F) Core-shell plasmonic CoreAu.

a powerful 3D mechanism that completely overwhelms the
weak 1D interference seen in the baseline.**

The addition of a dielectric shell fundamentally alters the
nature of the plasmonic resonance, elevating the core-shell
design from a simple particle to an advanced optical tuning
element. This transformation is best understood through the
lens of plasmon hybridization. In a simple, bare nanoparticle,
incident light primarily excites the strong dipolar LSPR, while
higher-order modes (e.g., quadrupolar) often remain “dark” as
they cannot be efficiently excited by a plane wave due to
symmetry constraints. The dielectric shell breaks this
symmetry, causing the primitive plasmon modes of the metallic
core to couple and hybridize, creating new resonant modes and
providing a pathway for incident light to channel energy into
these previously inaccessible, higher-order modes.

The excitation of such multipolar resonances in core-shell
structures is a known physical mechanism; for example, early
work on Au@SiO, nanoshells demonstrated that the shell's
geometry could be tuned to excite these higher-order modes.*>*¢
However, the strategic implication of this effect for solar cell
design has been underexplored. Our work's novelty lies in
demonstrating that by treating the shell as an active optical
tuner within a complete device architecture, these higher-order
modes can be leveraged to execute a superior light management
strategy. Instead of focusing on NIR enhancement, we use the
shell to enable a powerful broadband anti-reflection in the
visible spectrum.

This mechanism is visualized with clarity in the CoreAg
device (Fig. 7D). While a full eigenmode decomposition is
beyond the scope of this study, the visual evidence is

14644 | J Mater. Chem. A, 2026, 14, 14637-14649

unambiguous: the dielectric shell has transformed the simple
dipolar hotspot of the bare PCAg particle into a stunningly
intense, higher-order multipolar resonance, manifesting as
a necklace-like series of multiple, discrete hotspots. The peak
generation rate within these hotspots reaches 2.0 x 10%°
m s, the highest value observed across all designs. This
provides overwhelming visual evidence that the shell's primary
optical function is to enable the excitation of these powerful,
spatially-concentrated resonant modes. The CoreAu device
(Fig. 7F) shows a similar, albeit less intense and more diffuse,
higher-order mode structure, confirming that the shell's optical
tuning capability is a general principle for both Ag and Au cores.

3.6. Synthesis: impact on short-circuit current density

The preceding optical and spatial analyses have established the
precise physical mechanisms governing photon management in
each architecture. This culminating section synthesizes these
findings to explain the final, terminal device characteristics,
beginning with the Ji., which is the most direct consequence of
superior optical design.

The total optically-limited /. is determined by the convolu-
tion of the device's EQE with the standard AM1.5 G solar photon
flux.”” Fig. 8 plots both the EQE and the integrated Js. as
a function of wavelength, which serves as the bridge between
spectral performance and final current output, visually
demonstrating how the distinct enhancement strategies trans-
late into tangible performance gains.

The Bare cell, establishes the baseline performance. Its
integrated J,. curve rises steadily through the visible spectrum
but begins to saturate and flatten significantly beyond 650 nm.

This journal is © The Royal Society of Chemistry 2026
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This flattening is the direct consequence of its low EQE in the
NIR, confirming its inability to harvest weakly absorbed
photons and resulting in a modest final optically-limited
current of 18.2 mA cm 2 The dielectric PCGaInP and Cor-
eGalnP devices track the Bare cell's performance closely, with
their integrated Js. curves further suppressed by their resonant
EQE collapse near 690 nm.

The plot illustrates the competition between the two
successful plasmonic strategies. The CoreAu device, leveraging
its superior visible-spectrum anti-reflection, takes the lead. By
650 nm, it has already accumulated a significantly higher j.
than all other configurations. Conversely, the NIR-specialist
devices, PCAg, PCAu, and CoreAg, initially lag behind.
However, their defining feature is the steep, persistent rise of
their integrated J,. curves in the 650 nm to 850 nm range, long
after the Bare cell's curve has plateaued. This sustained accu-
mulation of current, clearly visible as they begin to catch up to
and even surpass some of the other designs, is the direct elec-
trical advantage of their powerful NIR light-trapping
resonances.

The final integrated values reveal the winning strategy. While
the NIR-specialists make a powerful late surge, they cannot
overcome the substantial lead built by the CoreAu device in the
photon-rich visible spectrum. The final optically-limited Jg.
values confirm a clear hierarchy: CoreAu achieves the highest
photocurrent potential (26.3 mA cm™?), followed closely by
CoreAg (26.1 mA cm™?), with PCAg and PCAu forming a strong
second tier. This demonstrates that for this thin-film perovskite
system, a holistically optimized strategy that excels at both
visible light incoupling and effective NIR light trapping, a feat
best accomplished by the CoreAu architecture, yields the
greatest overall current enhancement.

3.7. Final device performance: J-V characteristics and power
conversion efficiency

The final current density-voltage (J-V) characteristic encapsu-
lates the interplay of all photogeneration and loss mechanisms

EQE T Integrated Jlsc (mA/cm?) T 7
1.3 A Bare Bare
——PCAg ——PCAg A o4
1.2 4 ——PCAu  ——PCAu
CoreAg CoreAg
1.1+ CoreAu CoreAu 421
CoreGalnP CoreGalnP
1.0 4 ———PCGalnP =———PCGalnP 18

Integrated Jsc (mA/cm?)
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Wavelength (nm)

Fig. 8 EQE and integrated short-circuit current density.
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into a measurable output.”® Fig. S4 compares the optically-
limited photocurrent potential with the final self-consistent Jg.
extracted from the full electrical device simulation. This anal-
ysis bridges the ideal optical domain with the realities of
semiconductor device physics.**** While the CoreAu and Cor-
eAg configurations boast the highest optical potential, they also
exhibit the largest absolute recombination losses (~3.3-3.5 mA
ecm?). This is not an indication of inferior material quality, but
rather an expected consequence of operating at a significantly
higher internal charge carrier density (n). Since dominant
recombination mechanisms (e.g., radiative, Auger) scale with »*
and n°, a higher generation rate inevitably leads to a higher
absolute rate of recombination.’®** The fact that these devices
still deliver the highest final J;. of 26.34 and 26.08 mA cm ™ for
CoreAu and CoreAg, respectively, confirms that the optical gains
are robust enough to far outweigh this inherent increase in
recombination.

The J-V and corresponding power density-voltage (P-V)
curves for all seven architectures are presented in Fig. 9a, with
the final performance metrics summarized in Table 1. The j-V
curves clearly illustrate the performance hierarchy established
in the optical analysis, segregating the devices into three
distinct tiers based on their j.. The lowest tier consists of the
Bare and dielectric devices (18.2-18.8 mA cm ™ ?), the middle tier
comprises the bare plasmonic devices (~25 mA cm™2), and the
top tier is exclusively occupied by the core-shell plasmonic
architectures, which deliver the highest current densities (>26
mA cm ).

While the differences in Jg. are profound, the open-circuit
voltage (V,.) and fill factor (FF) are remarkably consistent. The
FF is exceptionally high (>85.9%) for all high-performing
devices, indicating well-controlled parasitic resistances and
efficient charge extraction.”> A closer look at the V,. reveals
a small but systematic decrease of ~10 mV for the core-shell
devices (0.954 V) compared to the bare plasmonic devices (0.965
V). A detailed-balance voltage loss analysis, presented in Fig. S5
of the SI, provides the physical explanation for this. The analysis
confirms that the non-radiative recombination loss component
(AV3) is constant, and the minor V,. deficit is instead
a predictable optical trade-off.**** It arises from a slight increase
in the radiative recombination loss (AV2), which is directly tied
to the complex resonant spectra of the core-shell designs.* This
is a critical finding, as it confirms that the performance differ-
ences are overwhelmingly dictated by optics, not by any degra-
dation of the device's electronic quality.

The P-V curves, which represent the final power output,
mirror the hierarchy observed in the j-V characteristics. The
substantial gains in current translate directly into a superior
power-generating capability for the core-shell devices. The final
PCE values confirm the unequivocal champion architectures:
CoreAu achieves a final efficiency of 21.61%, closely followed by
CoreAg at 21.39%. This represents a remarkable 43% relative
enhancement over the 15.11% baseline, establishing the
optically-tuned core-shell plasmonic design as the superior
strategy for enhancing thin-film perovskite solar cells.

Furthermore, a comparison of the final PCE against the
Spectroscopically Limited Maximum Efficiency (SLME), shown
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Table 1 Key Performance Metrics

Sample name Ji (MA cm™2) V. (V) FF (%) PCE (%) SLME (%)
Bare 18.22 0.963 86.09 15.112 24.362
PCAg 24.787 0.965 86.11 20.601 32.894
PCAu 24.963 0.965 86.105 20.735 32.994
CoreAg 26.075 0.954 85.989 21.392 32.027
CoreAu 26.339 0.954 85.987 21.605 32.322
CoreGalnP 18.715 0.964 86.101 15.539 25.139
PCGalnP 18.78 0.968 86.141 15.66 25.851

in Fig. 9b and Table 1, reveals the deeper impact of this optical
enhancement. The SLME represents the thermodynamic effi-
ciency ceiling for a given EQE spectrum, assuming perfect,
purely radiative electronics.”®® The analysis shows that the
nanophotonic structures do not merely increase the actual PCE;
they fundamentally raise the maximum achievable PCE. The
Bare cell, with its poor optical properties, has a relatively low
SLME of 24.4%, whereas the champion CoreAu device, by virtue
of its superior EQE, raises this thermodynamic ceiling to 32.3%.
This demonstrates that the optimized core-shell architecture
creates a device that is not just better, but one that is capable of
achieving a much higher ideal efficiency, providing a signifi-
cantly greater headroom for future improvements in material
quality.

A final power loss waterfall analysis provides a top-level
account of each device's energy budget (see Fig. S6 in the
SI).*® It reveals that the baseline device is fundamentally
impaired by a massive Optical Loss of 28.2%, which is its single
largest barrier to performance. The success of the champion
CoreAu architecture is driven by the drastic reduction of this
dominant loss channel to just 12.0%. This superior photon
management fundamentally alters the device's energy budget,
and as a consequence, Recombination Loss becomes the new
primary bottleneck. This provides a clear roadmap for future
research: with the optical design now highly optimized, the next
major innovation must come from improving material and
interface quality to mitigate non-radiative recombination.
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4. Limitations and future work

While this computational study provides a robust framework
and a clear design principle, its conclusions are based on an
idealized model designed to isolate optical phenomena. The
primary limitation of this work is its purely optical focus. We
have intentionally held the non-radiative recombination
parameters constant across all architectures to create
a controlled platform for comparing their theoretical optical
potential. This is a critical idealization, as the well-documented
electronic losses associated with placing bare plasmonic
nanoparticles in direct contact with a semiconductor are
a known experimental reality that our model intentionally
excludes. Our approach allows us to deconstruct the optical
trade-offs of the core-shell design with high clarity. A key
conclusion from our work is that even if the electronic issues of
bare nanoparticles could be perfectly solved, the optically-tuned
core-shell architecture still represents a superior strategy due to
its ability to excite more effective resonant modes.

The most critical next step is the experimental fabrication
and validation of the champion CoreAu architecture. Advanced
colloidal synthesis and nano-imprinting techniques will be
essential to realize these structures and confirm the predicted
performance gains in physical devices. Future modeling efforts
should advance beyond the idealizations of this work. A more
sophisticated, fully-coupled opto-electronic-thermal framework
would allow for the investigation of how intense plasmonic
near-fields and localized ohmic heating might affect carrier
dynamics and material stability over time. Furthermore, the
insights gained here should motivate a broader exploration of
the nanophotonic design space. Investigating alternative
nanoparticle geometries, different dielectric shell materials,
and integration at the front interface could unlock further
performance enhancements.

The experimental fabrication of the champion CoreAu
architecture, while challenging, is highly feasible with modern
techniques. The synthesis of monodisperse ~100 nm gold

This journal is © The Royal Society of Chemistry 2026
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nanoparticle cores is a mature process achievable through well-
established seeded-growth methods.>*® The subsequent depo-
sition of a uniform, conformal ~17 nm dielectric shell such as
TiO, can be achieved with angstrom-level precision using
methods such as Atomic Layer Deposition (ALD). ALD is
particularly well-suited for this application as it ensures
a complete, pinhole-free coating, which is critical for preventing
the electronic quenching that our model idealistically
excludes.®* Alternatively, wet-chemical routes like the Stober
method have also proven highly effective for depositing uniform
silica shells on gold cores.®”” While our simulations assume
a perfect geometry, the broad spectral nature of the visible
enhancement suggests a degree of robustness to minor fabri-
cation imperfections. Based on established plasmon hybrid-
ization theory, slight variations in shell thickness or core
centering, such as +1-2 nm, are expected to cause minor,
predictable shifts in the resonant peak positions but are
unlikely to fundamentally alter the beneficial mechanism of
higher-order mode excitation.

Furthermore, this study does not include a thermal analysis
of photothermal effects. The parasitic absorption inherent in
plasmonic nanoparticles (Fig. 3b) will inevitably be converted
into localized heat at the nanoparticle-perovskite interface.®
This localized temperature increase could have significant
implications for real-world device performance and long-term
stability. Given the known thermal sensitivity of metal-halide
perovskite materials, uncontrolled plasmon-induced heating
could potentially act as a local degradation accelerator,
compromising the very stability that thin-film designs seek to
achieve.”” While some studies have speculated on potential
benefits of localized heating, the risk of accelerated degradation
remains the primary concern.* A comprehensive investigation
of these effects would require a fully-coupled opto-electro-
thermal simulation framework, which is beyond the scope of
this work. Such models, which correlate nanoscale heat gener-
ation with material degradation pathways and temperature-
dependent carrier dynamics, represent a critical and necessary
next step in designing truly robust and efficient plasmonically-
enhanced solar cells.

The most critical overall next step is the experimental
fabrication and validation of the champion CoreAu architecture
to confirm the predicted performance gains. The insights
gained here should also motivate a broader exploration of the
nanophotonic design space, investigating alternative nano-
particle geometries, different dielectric shell materials, and
integration at the front interface to unlock further performance
enhancements.

5. Conclusion

The central challenge in advancing perovskite solar cell tech-
nology lies in resolving the inherent trade-off between the effi-
ciency of thick absorbers and the stability of thinner films,
a dilemma that necessitates advanced light management.
Through a systematic and comprehensive computational anal-
ysis, this study has rigorously compared planar, dielectric, bare
plasmonic, and core-shell plasmonic architectures within an

This journal is © The Royal Society of Chemistry 2026
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identical, high-performance PSC platform. We have demon-
strated that the core-shell plasmonic nanostructure is the
unequivocally superior strategy. The champion CoreAu design
achieved a power conversion efficiency of 21.61%, a remarkable
43% relative enhancement over the 15.11% planar baseline,
driven by a massive increase in short-circuit current density
from 18.22 mA cm ™2 to 26.34 mA cm 2.

The core physical insight of this work is that the dielectric
shell functions as an active resonant tuner, fundamentally
altering the nature of the plasmonic response. It is not an
optically passive component, but rather an essential tool that
enables the excitation of powerful and complex higher-order
resonant modes that are inaccessible to simple bare nano-
particles. This mechanism facilitates a critical strategic shift in
light management. Instead of narrowly enhancing absorption
in the near-infrared where the perovskite is weak, the optimized
CoreAu architecture leverages these unique modes to achieve
superior broadband anti-reflection in the visible spectrum,
maximizing photon capture where the solar flux is greatest.

This study establishes a clear and robust design principle for
the next generation of high-efficiency, thin-film photovoltaics.
By demonstrating the multifaceted optical superiority of the
core-shell paradigm, this work moves the field beyond the
simple plasmonics-versus-dielectrics debate and provides
a validated, high-performance pathway for overcoming the
fundamental absorption-stability dilemma. The findings iden-
tify a clear roadmap for progress: having optimized the optical
design to a near-ideal state, the primary remaining bottleneck is
non-radiative recombination. Future efforts must therefore
focus on improving the material and interface quality to fully
realize the near-30% efficiency potential of these optically-
enhanced architectures.
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