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Plasmonic nanoparticles boost low-current
perovskite LEDs governed by photon recycling
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Perovskite light-emitting diodes (PeLEDs) have emerged as a promising technology for next-generation
display and lighting applications, thanks to their remarkable colour purity, tunability, and ease of
fabrication. In this work, we explore the incorporation of plasmonic spherical nanoparticles (NPs) directly
embedded into the green-emitting CsPbBrz perovskite layer in a PeLED as a strategy to enhance both its
optical and electrical properties. We find that plasmonic effects directly boost spontaneous emission
while also influencing charge carrier recombination dynamics. We present a rigorous theoretical electro-
optical analysis to systematically investigate the impact of NP metal, size, and concentration on device
performance, with particular emphasis on the role of photon recycling (PR). Our results demonstrate that
embedding carefully designed silver (Ag) NPs, selected through rigorous theoretical modelling, into
PeLEDs leads to enhanced device performance across a wide range of operating currents. Notably, we
observe a 4-fold improvement in external quantum efficiency (EQE) at injection currents as low as 0.02

2 2

mA cm™ 4, and a 2-fold enhancement at 0.2 mA cm™*, attributed to increased radiative recombination.

Furthermore, results suggest improved efficiency retention at higher injection levels, pointing to reduced
current roll-off limitations and extended high-brightness operation. Additionally, PR plays a crucial role in
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systems, where scattering effects increase the prevalence of trapping states. These findings open up
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Introduction

Light-emitting diodes (LEDs) have been established as the
dominant platform for solid-state lighting and optical
communication. Their versatility has enabled their integration
across a broad range of applications, including both indoor and
outdoor illumination, displays, visible light communication or
LiFi, biomedical devices, and wearable gadgets."® Nevertheless,
LEDs equipped with specialized features are further required to
address all growing demands, such as energy efficiency, high
brightness, colour purity, stability, directionality, and stretch-
able or flexible devices.”** Particularly, with the rise of Internet
of Things (IoT) devices," low-power operation has become
important, yet it remains challenging due to the inherent losses
from non-radiative recombination at low injected currents.'>**
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exciting possibilities for devices requiring energy-efficient, compact, and high-performance light
sources, such as portable electronics and low-power displays.

Additionally, high-power LEDs are essential for applications
requiring high brightness, such as outdoor displays, large-scale
signage and long-range communications, where managing
power dissipation and mitigating roll-off effects are crucial for
maintaining performance and longevity.">*°

Metal halide perovskites have gained significant attention in
the field of light emission due to their outstanding optoelec-
tronic properties, including colour purity, high photo-
luminescence quantum yield, long carrier diffusion lengths,
tuneable bandgap, facile solution processability and photon
recycling (PR) capabilities.”** Recent reports have demon-
strated external quantum efficiencies (EQE) exceeding 30% for
near-infrared and green-emitting perovskite light-emitting
diodes (PeLEDs),**** over 25% for red,”® and over 18% for
blue,” marking significant advancements in their performance
across different spectral regions, paving the way for the
commercialization of both next generation efficient lighting
devices and flat-panel displays.”**' The optimization of the
materials involved in the whole PeLED architecture plays
a crucial role in enhancing charge balanced transport, light
generation, and stability.”***** However, aside from the
intrinsic properties of the device materials, there are other
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factors associated with the light-matter interactions across the
system that limit its potential efficiency. Due to the high
refractive indices contrast between both the perovskite emitting
layer (EML), and the rest of layers composing the device (i.e.,
electron transport layer (ETL), hole transport layer (HTL), and
substrate), and the far-field medium where light is radiated
(generally air), waveguide modes are formed because of total
internal reflections, resulting in suboptimal light extraction.***
In addition, the requirement for specific emission properties
(i.e., colour purity, directionality, integrability, and low- and
high-power operation) across various applications demands
exquisite control over the behaviour of light within the devices.

In this context, photonic structures for improved light
management in PeLEDs have been proposed.*'* Optimized
functional layer thicknesses,**?** controlled anisotropy of the
EML,**** photonic crystals,**** and modifications of planar
interfaces, such as nanophotonic substrates,**® nanopatterned
structures,”** domical textures® or perovskite nanoplatelets,**
have been extensively explored as promising strategies for
improved light outcoupling. Other nanophotonic approaches
managing surface plasmons (SPs) have also been studied to
reduce the optical energy lost in surface plasmon polaritons
modes at metallic-dielectric interfaces, and to accelerate
spontaneous emission rate at the device,**** featuring improved
EQEs. For instance, the use of Tamm-plasmon resonances at
metallic-photonic crystal interfaces have been employed for
spectral and directional emission control.>® Coaxial hetero-
structured PeLEDs combining gold (Au) nanoparticles (NPs)
and 7n-ZnO nanowires as carrier injectors have also been
considered, simultaneously addressing emission efficiency and
stability issues.*® Silver (Ag) nanorods have been embedded in
a barrier layer placed between the perovskite EML and the
HTL,”” and Ag and Au NPs have been included inside the HTL or
ETL.°®*% However, in contrast to other more matured
perovskite-based optoelectronic devices such as single-junction
and tandem perovskite solar cells,**% the use of metallic NPs
directly integrated into the EML layer in PeLEDs aimed at
leveraging local density of optical states (LDOS) enhancement,
remains largely unexplored from a rigorous theoretical stand-
point. In addition, perovskite semiconductors exhibit a low
Stokes shift, enabling PR through re-absorption of emitted
photons.®*” When combined with optimized designs and
highly radiative materials, PR enhances optical outcoupling by
redirecting originally trapped photons, potentially contributing
up to a 70% of the EQE in state-of-art devices.”"””

Herein, we propose the use of metallic NPs supporting
localized surface plasmonic resonances (LSPRs) directly
embedded into the EML for a surgically management of both
optical and electrical behaviour in the system. In contrast to
other strategies aimed at improving PeLED efficiency, such as
the use of photonic crystals or the optimization of emitting layer
thickness, our approach leveraging plasmonic NPs offers
a promising pathway to not only enhance spontaneous emis-
sion by increasing the LDOS but also extend the operational
range of PeLEDs across low and high current injection regimes.
We first present a three-dimensional (3D) Finite-Difference
Time-Domain (FDTD) model that enables the inclusion of
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volumetric metallic nanostructures within the EML. Simula-
tions reveal that embedding spherical Ag NPs with a 15 nm
radius in a 50 nm thin CsPbBr; film can lead to an 8-fold
enhancement in dipolar emission to the far-field compared to
a NP-free reference. Additionally, in PeLEDs with a 150 nm thick
EML, the angular emission distribution can be effectively tuned
via NP size, with 50 nm and 20 nm Ag NPs promoting forward
directed or diffuse light output, respectively. A more realistic
plasmonic PeLED model is then evaluated, incorporating the
carrier-density-dependent quantum yield (QY) and, for the first
time reported in this context, PR effects in this complex 3D
system. The integration of metal NPs is shown to enhance the
effective QY, lowering radiative threshold and enabling efficient
low power operation. This not only reduces temperature-
induced losses and material degradation but also increases
tolerance to defect states by masking the impact of trap-assisted
recombination. Similarly, a delayed onset of the Auger recom-
bination regime is observed, effectively mitigating the current-
efficiency roll-off, and enabling highly bright and stable
PeLED operation."*

Theoretical modelling

In LEDs, the EQE is defined as the ratio between the number of
photons extracted from the device and the number of injected
charges. It can be expressed by the product of several efficien-
cies that characterize different processes occurring in the
device, from the injection of charges to the emission of photons
into the far field, as represented in eqn (1),

EQE=vy-®9 (1)

where vy represents the electrical efficiency of the system prior to
any photon emission. It involves two factors, usually denoted in
the literature as fpajance and fe_n, representing the charge
injection balance, and the likelihood of forming a correlated
hole-electron pair or exciton from each pair of injected carriers,
respectively. For simplicity, in this work, y will be ideally
assumed to be equal to unity since our discussion will be strictly
centred in recombination processes and optical behaviour. In
the above expression, @ denotes the QY, which expresses the
ratio of radiatively recombined excitons to all the recombina-
tion processes involved, and can be expressed in terms of the
spontaneous radiative (I';) and non-radiative (I',;) decay rates as
@ = I',/(I'y + I'yy). Finally, n denotes the outcoupling efficiency,
which sets the fraction of photons that escapes the whole device
from those that were generated.*>”?

Fermi's golden rule, commonly used to describe interband
radiative recombination in direct bandgap semiconductors,
reveals that the spontaneous emission rate depends on the
emitter's environment through its relation to the LDOS.”*7® The
enhancement of I'; of a material embedded in a given system,
relative to the intrinsic rate of an infinite homogeneous
medium (I'; ), is known as the Purcell factor (¥).”””® As a result,
the actual emission rate within the system can be expressed as
I't = F-T'.,. Incorporating this relationship into the expression

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for the QY, allows us to define the effective QY of the system, &,
as a function of the intrinsic QY of the material, ®,:"°

F-T, F-&,

D = =
F-I'io+ I'y, 1+((F-1)0,

(2)

Note that the theoretical intrinsic quantum yield, ®,, corre-
sponds to that of an infinite medium, and therefore differs from
the experimentally observed value, which is inevitably influ-
enced by material interfaces and other geometrical
features.®*®”®*® Furthermore, @, strongly depends on the local
charge density in the semiconductor, which, in turn, is gov-
erned by the spatial distribution of recombination processes
through the charge continuity equation. Specifically, in perov-
skite materials, where the recombination mechanisms are
known to be monomolecular -trap-assisted, bimolecular -radi-
ative, and Auger, the continuity equation for the charge carrier
density can be defined as follows:

% = G — kyn(r) — F(r)kon*(r) — ksn®(r) (3)
where G denotes the charge generation rate, that can result
from either irradiance absorption or current injection in
a photoluminescence (PL) or electroluminescence (EL) frame-
work, respectively. The constants k;, k, and k; are rate coeffi-
cients corresponding to trap-assisted, radiative and Auger
recombination processes, respectively.'®***! Importantly, both
the carrier density n and the Purcell factor F are spatially
dependent quantities (7), due to the local variation of the optical
environment introduced by geometry and material distribution.
Since a perfectly balanced charge carrier density is assumed, we
use a single carrier density n to indistinguishable represent
both electron and hole densities. In addition, excitonic effects
are not included in this model, which would require a more
complex set of equations.®**

Results and discussion

The reference PeLED device (without NPs) uses a standard
architecture for green photon emission, shown in Fig. 1a. It
consists, from top to bottom, of glass, indium-doped tin oxide
(ITO) as transparent contact, poly(3,4-ethylenedioxythiophene)
(PEDOT) as HTL, CsPbBr; as the EML, 1,3,5-Tris[(pbiphenyl)-
2-yllbenzene (TPBi) as ETL, and aluminium (Al) as back
contact. Band to band spontaneous emission processes can be
modelled as a dipole transition, where the recombining hole-
electron pair acts as an oscillating electric dipole, emitting
electromagnetic radiation in accordance with classical electro-
dynamics and quantum mechanical dipole transition theory.”
As depicted in the figure, individual dipole sources are located
along the vertical axis, z, to obtain the contribution to the
emitted light coming from specific height, z;, at the EML. For
this simple 1D reference system, simulations are performed
using Optical Multilayer Simulator from Lumerical Inc.,** based
on the Transfer Matrix Method (TMM).** In each calculation,
a single dipole source is placed at a specific vertical position z;
within the perovskite layer. To model an isotropic emission

© 2025 The Author(s). Published by the Royal Society of Chemistry
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source, three orthogonal dipole orientations along the x, y and z
directions are considered. The total emission response is ob-
tained by sweeping the perovskite film thickness, performing
successive calculations with the dipole source at different z;,
averaging the individual contributions from each dipole polar-
ization. More details about these simulations, as well as the
employed spectral complex refractive indices***° to optically
characterize all the materials in the PeLED architecture, are
provided in the SI A (Fig. S1-S3). Fig. 1b shows normalized
curves of both the extinction coefficient (k) and the pristine PL
spectrum of the CsPbBr; perovskite.”> As observed, the
absorption of the material decays until it vanishes at its
bandgap wavelength, at A, = 530 nm, while the PL distribution
is centred at A, = 514 nm, providing green emission. The
spectral overlap of these curves, due to the small Stokes
shift,**® facilitates the PR effect, which will significantly
enhance the PeLED efficiency, as discussed later.

Triangle-shaped colour map in Fig. 1c represents the out-
coupling efficiency of monochromatic dipole sources centred at
%o- The total perovskite thickness is varied from Z = 10 nm to
300 nm, thus changing the available z; positions for locating the
dipole source, providing the triangled-shaped distribution. As
observed, there is a progressive transition from one to three
outcoupling maxima modes within the EML as the thickness is
enlarged. Vertical dashed lines highlight the specific thick-
nesses Z = 50 nm and Z = 150 nm, corresponding to thin and
thick EML thickness, for which the effect of incorporating
plasmonic NPs will be evaluated. These values were selected
because the thinner layer represents a typical PeLED architec-
ture, exhibiting a monomodal behaviour centred at mid-height,
while the thicker layer accommodates a broader range of NP
sizes, enabling the tuning of plasmonic resonances over
broader extents.

The 3D plasmonic PeLED is modelled with the inclusion of
a single metal NP of radius R positioned at the centre of the
perovskite EML. Assuming the NP is at the centre of the
perovskite film is a reasonable approximation given the relative
sizes of the NP and the film thickness.”* FDTD simulations are
performed using the 3D Electromagnetic Simulator from
Lumerical Inc.,** employing perfect matching layers (PMLs) in
all system directions to absorb outgoing waves. By doing so, we
assume no interaction among different particles, a valid
approximation for low particle concentration devices, as here
considered. The glass substrate dimensions significantly exceed
both the scale of the studied system and the emitted wave-
length, allowing interference effects within the layer to be
neglected. Therefore, it is modelled as a semi-infinite layer by
placing a PML within it, assuming a non-absorbing medium
with a constant refractive index (Ngiass = 1.5). The electromag-
netic field profile at the glass substrate is recorded, allowing the
calculation of the fraction of power emitted upwards. This is
then projected to the far-field using plane-wave expansion and
Fresnel coefficients transformation to account for the refractive
index change from glass to air (i.e., N,i; = 1), providing angularly
resolved information on the radiation emitted outside the
device. As illustrated in Fig. 2a, due to the rotational symmetry
of the system, simulations are performed by sweeping the

RSC Adv, 2025, 15, 32497-32508 | 32499
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(a) lllustrative scheme of the simulated PeLED device architecture: glass/ITO (150 nm)/PEDOT (14 nm)/CsPbBrz (Z)/TPBi (60 nm)/Al (100

nm). (b) Normalized extinction coefficient (orange) and PL spectrum (blue) of the CsPbBrz perovskite with bandgap A5 = 530 nm, showing the
overlapping between the absorption and the emission, which is centred at A, = 514 nm. (c) Colour map of the outcoupling efficiency as
a function of the perovskite layer thickness, considering the spatial contribution of independent dipoles located along the Z position, z;. The local
contribution within the EML vertical axis is depicted, exhibiting multimodal outcoupling patterns that change with the thickness. Vertical dashed
lines correspond to total thicknesses of Z =50 nm and Z = 150 nm, showing one or two outcoupling maxima, respectively, which are chosen for

further analysis embedding plasmonic NPs.

isotropic point-like source positions along the (x, z) plane,
which bisects the spherical NP, ensuring that the plane cuts the
sphere into two symmetrical halves. We refer the reader to SI A
and Fig. S4 to see more information on the details of the FDTD
simulations and the employed computational setup.

Both the calculated electric power emitted by each individual
source, Pj,(x, z), and their corresponding outcoupled power,
Poui(x, 2), are normalised to the analytical expression for the
total radiated power of an electric dipole in a homogeneous
medium (see SI A), where the refractive index corresponds to
that of the emitting perovskite. Note that P;,(x, 2z) is in fact, by
definition, the Purcell factor — the emission ratio within the
system compared to an infinite medium. Exploiting the rota-
tional symmetry, the total density power P, emitted by the
system can be calculated integrating over a chosen cylinder
volume V of radius R., thus Poy = [ PouedV/(m R.?) . In this
regard, the choice on R, sets the volume of the system, which in
turn sets the particle volume concentration (C) of the NP in the

3
—4/37512 x 100. Fig. 2b shows the
TZR,
calculated total power density in PeLEDs of Z = 50 nm, incor-
porating Ag NPs of varying sizes and concentrations. To avoid
plasmonic coupling between particles, the maximum particle
concentration was limited to 30%.% Under these conditions, the
enhanced far-field radiated power can be attributed solely to the
presence of isolated spheres, without contributions from
collective or array-induced effects. These results are then
compared to the power density from a reference system (i.e., the
same architecture without NPs). It can be seen that R = 15 nm
Ag NPs, at concentrations between 15% and 20%, result in
approximately 8-fold enhancement in the far-field dipole
emission. In contrast, spherical Au NPs were also studied, and
exhibited significantly lower performance, with noticeable
emission quenching, as seen in Fig. S5 in SI B. Therefore, the
optimal system, with 15 nm Ag NPs will be the focus of study in
the following sections. However, it is important to note that this

EML, defined as C(%) =

32500 | RSC Adv, 2025, 15, 32497-32508

enhancement in dipole emission does not directly translate to
a similar improvement in the overall performance of the PeLED.
As will be discussed later, when considering real material
properties and charge carrier dynamics, this radiative
enhancement is limited by the number of injected carriers and
the presence of non-radiative recombination pathways, which
will impact the overall efficiency. While our model provides
valuable insights into the effects of plasmonic NPs on PeLEDs,
it is based on certain assumptions, such as the lack of interac-
tion between NPs and the simplification of charge carrier
dynamics. These assumptions may limit the model's ability to
capture all the physical effects in a real device, particularly at
higher NP concentrations or in systems with more complex
charge transport behaviours. Thus, future research should
refine the model to include more complex interactions and
dynamics to better represent all type of real-world conditions.
The directionality of the emitted light from Ag NPs-
embedded devices is also analysed. The polar plot in Fig. 2c
shows the far-field angular radiated power distribution for the
different explored plasmonic PeLEDs of Z = 50 nm thickness. It
can be observed that all the curves reveal a negligible modifi-
cation in directionality, following an angle distribution very
similar to Lambertian profiles, slightly modified mostly due to
refraction and interference effects occurring in the device.
Subsequently, P, from the Z = 150 nm PeLEDs, where the
increased thickness allows for a greater variation of NP radii, is
shown in Fig. 2d. For the smaller tested radii of R =20 nm, R =
35 nm and R = 50 nm, results show a noticeable improvement
in power density emission compared to the reference, though
this enhancement is not as pronounced as in the case of Z =
50 nm. On the other hand, larger NPs, i.e., R = 65 nm, lead to
emission quenching, with the radiated power failing to surpass
that of the reference system. Additionally, more interesting
results are obtained for emission directionality, as displayed in
Fig. 2e. Radiated angular distributions from the R =20 nm, R =
35 nm and R = 50 nm NP systems are presented alongside those

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Scheme of the simulated plasmonic PeLED device, where the cylindric symmetry is illustrated. (b) Power radiated by dipoles to the far

field in a Z =50 nm system as a function of the NPs volume concentrations, for different sphere radius R = 10 nm (blue), R = 15 nm (orange) and R
= 20 nm (green). Results are compared to those of a reference system (i.e., devices without NPs) represented with a black dashed line. (c)
Corresponding polar plot of the angular distribution of the power emitted to the far field compared to a Lambertian profile. The represented
curves overlap in all cases (including the reference system, demonstrating the lack of modification in directionality. (d) Analogous results fora Z =
150 nm perovskite layer, incorporating R = 20 nm (blue), R = 35 nm (orange), R = 50 nm (green) and R = 65 nm (red). (e) Analogous polar plot for
a Z = 150 nm PelLED. A change in directionality behaviour can be observed, establishing angular distribution broadening (R = 20 nm) and
narrowing (R = 35, R = 50 nm), in comparison to the reference PelLED.

of the reference and a Lambertian profile, exhibiting an evident
modification in their directional properties. While the former
showcases a broadened profile resulting in diffuse emission,
the others exhibit the opposite behaviour, narrowing the
emission angles and focusing outcoupled light towards the
forward direction. Although this aspect was not further explored
in this work, we would like to highlight the potential applica-
tions of this finding in achieving tailored lighting properties to
meet specific requirements. The optimization of plasmonic NP
size and concentration not only enhances the spontaneous
emission in these devices but also paves the way for tuneable
directional emission when combined with appropriate EML
thicknesses. Additional results showing the variation in far-field
angular distribution as a function of NP concentration can be
found in Fig. S6.

The analysis presented here corresponds to the record-
performing NP configuration (R = 15 nm), for which an exten-
sive simulation effort was carried out. A total of 1104 dipole

© 2025 The Author(s). Published by the Royal Society of Chemistry

positions were considered, excluding those falling inside the NP
volume (which amount to 148), and each was simulated under
three orthogonal polarizations—resulting in 2868 individual
FDTD simulations. The spatial distribution of the Purcell factor
corresponding to each individual dipole source is represented
in Fig. 3a, showcasing extremely high values at the NP
surroundings, benefiting from the near-field enhancement
induced by the LSPRs. However, even an infinitely high Purcell
factor cannot push the QY beyond 1 (see eqn (3)), ultimately
relativizing the emission of the device to the number of avail-
able charge carriers, and the non-radiative pathways, which
remain unaffected. For this reason, the enhancement in EQE
will not be as pronounced as the above reported radiated power
improvements in dipolar emissions, at least when the intrinsic
quantum yield (®,) of the material is sufficiently high. The
corresponding spatial outcoupling efficiency is depicted in
Fig. 3b, where it can be observed that extraction of light is lower
near the NP. This light trapping is associated with stronger

RSC Adv, 2025, 15, 32497-32508 | 32501
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Fig. 3 (a) Colormap of the calculated Purcell factor (log scale) over the perovskite layer in the optimal plasmonic PeLED (Z =50 nm, R =15 nm).

As a guide to the eye, dashed white line describe the particle shape. To avoid numerical divergences, dipoles are not placed within a buffer zone
extending 4 nm (2 mesh cells) from the nanoparticle surface. This exclusion region appears as a dark shell surrounding the particle. (b) Cor-
responding colormap of the outcoupling efficiency. (c) EQE results for the plasmonic PeLED device calculated as a function of the NP
concentration (x-axis) and the intrinsic quantum yield, @, (y-axis), of the material. (d) Comparison between the EQE of the plasmonic and the
reference systems are depicted. The dashed black line marks the unity contour, separating the region where EQE is enhanced by plasmonic
effects (lower red area) from the region where efficiency is reduced (upper blue area).

scattering effects due to strong LSPRs, revealing a double-edged
nature of plasmonic effects in our system. While near-field
plasmonic effect contribute to enhanced QY, scattering may
lead photons into waveguide modes, preventing them to be
extracted outside the device. By convoluting both the QY and
the outcoupling efficiency, the effective EQE of the system can
be calculated as follows:

L 2 Re (Z)2
EQE(R., ®,) = J J (D, 1, z)n(r, z)rdzdr (4)

ZRZ )o Jzp

with z and r being the vertical and radial components in cylin-
dric coordinates. Fig. 3¢ shows the calculated EQEs results
when no PR phenomena are considered. The plot displays
a sweep of intrinsic quantum yield values, @, (y-axis), alongside
a sweep in cylinder radii, which determine the NP concentration
(x-axis). As expected, the EQE values increase with the emissive
quality of the material, quantified by the intrinsic @,, reaching
EQEs values higher than 10%. The comparison between the
plasmonic and the reference system is displayed in Fig. 3d,
where the corresponding EQEs values are expressed as the ratio
between the plasmonic and the reference cases. The depicted
dashed black line represents the unity contour line, delimiting
the region of plasmonically enhanced EQE (lower part of the
panel, in red colour) with respect to the region in which the
efficiency is reduced (higher part of the panel, in blue). This
reveals that, since two competing effects are at play, only the
systems with initial low emissive materials, i.e., low intrinsic
quantum yield values, @, < 0.3, benefit from enough radiative
enhancement to be able to overcome the losses in extraction
efficiency.

At first glance, the results just presented suggest that the
inclusion of plasmonic NPs may not be as beneficial as initially
expected. However, the analysis so far has not considered the PR
effect, which is crucial to realistically model light-matter
interactions within perovskites, especially when the number of
trapped photons due to scattering effects increases. To address

32502 | RSC Adv, 2025, 15, 32497-32508

this, a PR model has been developed to accurately calculate
a realistic outcoupling efficiency. As schematised in Fig. 4a,
photons undergoing reflections back into the EML interfaces
due to their high-angle trajectories will couple to trapped
modes. As a consequence of the small Stokes shift present in
perovskite materials, a reabsorption and subsequent ree-
mission at any wavelength in the PL of those trapped photons
becomes possible, opening a new chance for these to be out-
coupled from the PeLED. Understanding this as an iterative
process, in which the fraction of recycled photons, p, can be re-
used in subsequent PR events, the corrected outcoupling effi-
ciency can be expressed as a power series, as in eqn (5a), where
no denotes the initially calculated outcoupling efficiency. Note
that the second equality arises from considering an infinite
number of PR events (m — o), valid for |p| < 1. The recycling
probability is calculated as expressed in eqn (5b), where S and A
represent, respectively, the probability of being trapped and re-
absorbed. We refer the reader to SI C where more information
on the model is given.

m l
M = o + Mo + 10p” + ...+ mpp™ = [, (52)

p=SA4-®

The QY of the device is dependent on the availability of
charge carriers to recombine, so the current injected in the
device must be considered to properly characterize the EQE.
Assuming an ideal carrier diffusivity behaviour without any
electrical losses, we substitute the generation rate in eqn (3) by

the number of injected charges ZLe’ where J represents the

injection current density and e denotes the elementary charge.
Solving eqn (3) at each spatial point in the system gives the
charge density distribution, from which an effective QY can be
calculated for further analysis:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4b shows the calculated EQE of the reference system as
a function of the current density for different hypothetical
device performances. The displayed curves are calculated
considering different k;, k, and k; combinations ranging within
reported values,'>'®®#3929  with representative values
describing low-, medium- and high-performing perovskite
materials. A yellow band representing the usual current density
operation range for which EQEs are maximized in state-of-the-
art PeLEDs**?¢ is also shown. The results highlight the impact
of PR effects, revealing a significant enhancement in EQE driven
by improved outcoupling efficiency. This enhancement exceeds
the classical ray-optics limit of 1/2Re(Ngny)’,°**° which assumes
no interference effects typically present in thin-film structures.
Here, Ngpy, refers to the complex refractive index of the emitting
material, which in our perovskite is approximately 2, setting
a theoretical limit near 12.5%. This aligns well with our calcu-
lated EQE values (dashed lines), which range from 10 to 15%
under realistic device conditions. Notably, when PR is included,
simulated EQE exceed 22% for high-performing perovskites,
consistent with reported values.” In all curves, different
regimes can be observed depending on the injected current. At
low injection currents, trap-assisted recombination, that scales
linearly with the population density, is the dominant mecha-
nism. The constant k; that governs its behaviour accounts for
the presence of trap states induced by defects and impurities,
and its values roughly ranges between 10°-10” s . In this
regime, radiative recombination is effectively suppressed,
leading to negligible EQE values. Then, for higher currents at
which the bimolecular recombination mechanism governed by
k, (roughly 107°-10"% em® s ') starts dominating, spontaneous
emission that scales with n”> becomes stronger and the EQE
starts taking off. At considerable higher currents, Auger
recombination processes involving inelastic scattering between
more than two particles appears, quenching the emissivity of
the material. It is worth noting that, for reported values of k3 ~

© 2025 The Author(s). Published by the Royal Society of Chemistry

107>® em® s™7, the onset of the Auger-dominated regime occurs
at high current densities, well beyond the typical low-power
operating conditions of PeLEDs. Nevertheless, highly bright
devices for applications such as outdoor displaying, large-scale
signage or long-range optical communications, could experi-
ence current-efficiency roll-off when Auger recombination
becomes a limiting factor.'>*®

In the following, the EQE results for plasmonic systems
using the record NP (R = 15 nm), and including PR effects, are
discussed. We also want to highlight that, in plasmonic
systems, due to increased trapped states caused by scattering
effect, PR effects become more evident, helping to mitigate the
decrease in outcoupling that was significantly reducing the
EQE. The comparison between calculations including and
excluding the PR effect can be found in Fig. S7. Fig. 5(a-c) shows
the EQE contour plots for the same three performing (high,
medium, low) perovskite-based devices as those considered in
Fig. 4b, but including plasmonic effects. Their comparison with
respect to the reference system under the same working
conditions are shown in Fig. 5(d-f). For high-performing
perovskite devices, the incorporation of plasmonic NPs leads
to EQE enhancement only at low injected currents (<1 mA
cm~?), where the reduced QY of the reference PeLED leads to
negligible radiative output. This implies that the radiative
threshold of the device can be significantly lowered by plas-
monic enhancement. As a result, the system becomes capable of
emitting efficiently at ultra-low injection levels—regimes where
the reference (non-plasmonic) device remains effectively non-
emissive. In other words, plasmonic effects unlock low-power
operation that would otherwise be unattainable. In fact, as
shown in detail in Fig. S8, EQEs values of 6% and 2% are ach-
ieved at current densities as low as 0.2 mA cm ™2, and 0.02 mA
ecm 2, respectively. Translating these values into power densi-
ties, and based on state-of-the-art PeLED studies that report J-V
curves,**° our designs demonstrate ultra-low power operation
at 0.4 mW em ™2 and 0.02 mW cm >, respectively. Indeed, when
compared to commercial devices labelled as very low-power
consumption LEDs (e.g., 4 mW), these values represent

RSC Adv, 2025, 15, 32497-32508 | 32503
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where EQE is enhanced by plasmonic effects (lower red area) from the region where efficiency is reduced (upper blue area). At low current

densities, these results highlight the potential for energy-efficient applications. The enhancement becomes more pronounced as nonradiative

losses increase, illustrating the ability of plasmonic structures to induce defect tolerance and expand the operational versatility of PeLEDs.

a reduction of approximately 3 and 4 orders of magnitude in
power consumption for a hypothetical device with equivalent
surface area (e.g;, 1 mm?).** These results highlight the
potential of plasmonic PeLEDs as highly efficient, ultra low-
power light sources for applications such as IoT devices, wear-
ables, and other energy-constraint technologies.

Additionally, it is observed that as the performance of the
perovskite material decreases, the threshold current below
which the plasmonic system exhibits EQE enhancement
(depicted with the dashed black line) increases. This indicates
that the beneficial effects of embedding plasmonic NPs are
more pronounced in lower-performing devices. Even for high-
performing devices, the incorporation of plasmonic NPs yields
EQE enhancement under low injection currents. Interestingly,
for medium-performing perovskite-based devices, modelled by
increasing k; to 10”7 s, indicating a higher density of trap
states, the enhancement threshold shifts to significantly higher
current densities, in the range of 10-100 mA cm ™. This range
notably overlaps with the typical operating regime of PeLEDs,
suggesting that plasmonic integration may provide tangible
performance benefits under realistic device conditions. These
results reveal that the use of plasmonic NPs integrated into the
EML can provide devices with greater tolerance to defects in the
emitting material. Furthermore, as seen in the low-performing
case, the effect is more evident for low emitting material
where the k, was decreased to 10 ° cm?® s~ *. Here, the radiative
threshold of the plasmonic system is further lowered with
respect to the reference, even promising a radiative regime at
standard operation currents for which the reference device

32504 | RSC Adv, 2025, 15, 32497-32508

would barely emit light. In addition, other calculations have
been performed in which k; was increased, as shown in Fig. S9.
In them, plasmonic systems also exhibit improvements at high
currents, indicating a delay in the onset of the Auger-dominated
regime. Altogether, the results demonstrate that integrating
plasmonic NPs into the EML can enhance device versatility and
robustness across a wider range of injection levels. This enables
PeLED operation at lower currents, thereby reducing adverse
thermal effects associated with high charge population, and
high currents, thus enabling highly bright devices. By strategi-
cally incorporating plasmonic NPs into PeLEDs, we are not only
enhancing emission efficiency but also enabling low-power
operation suitable for energy-sensitive applications. This
approach holds promise for devices such as portable elec-
tronics, efficient lighting, and low-power displays, where mini-
mizing energy consumption without sacrificing brightness or
performance is paramount. As we continue refining this tech-
nology, we envision plasmonic PeLEDs playing a key role in
shaping the future of compact, energy-efficient lighting solu-
tions for a wide range of practical applications. However, it is
worth noting that significant enhancements are only achieved
when the size, concentration, and placement of the NPs are
carefully optimized based on a rigorous theoretical design.
Indiscriminate NP integration often fails to deliver noticeable
benefits and can even be detrimental to device performance.
Finally, the long-term stability of PeLEDs incorporating plas-
monic NPs must be considered. While the improvements in
emission and EQE are promising, further studies should assess
the impact of NP integration on the material degradation and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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long-term operational stability of the devices,'®**'* including
possible contributions from local photothermal heating or
electric-field-driven ion migration. Although such effects are
expected to remain minimal under the ultra-low current
densities primarily considered in this work, they represent
important aspects to be addressed in future experimental
validation.

Conclusions

In this work, we have developed an advanced FDTD-based
volumetric model to investigate the complex emission charac-
teristics of PeLEDs, integrating photon recycling and plasmonic
effects. Our results show that incorporating 15 nm Ag NPs into
a device with a 50 nm thick CsPbBr; perovskite layer leads to an
8-fold enhancement in dipole emission into the far-field.
However, this comes with a trade-off: the Purcell enhance-
ment improves spontaneous emission, while the strong plas-
monic scattering can hinder light extraction, reducing
outcoupling efficiency.

Moreover, our analysis demonstrates that the size of the NPs
can influence the emission directionality, with a shift from
diffuse emission to more directional, forward-directed emis-
sion, as the NP size and perovskite thickness varies. This ability
to control the angular distribution of emitted light presents
opportunities for tailoring emission profiles, which could be
useful for applications requiring precise light directionality.

Further, our EQE analysis highlights the potential of plas-
monic PeLEDs for low-power operation. The integration of
plasmonic NPs shifts the radiative recombination threshold to
lower injection currents, thereby improving the device's toler-
ance to trap-assisted recombination, especially in scenarios
where material defects or fabrication imperfections are
a limiting factor. On the other hand, the reduction of Auger
recombination due to plasmonic effects results in reduced
current-efficiency roll-off, further enhancing the device's ability
to operate at high currents.

Despite these promising results, it is essential to note that
incorporating plasmonic NPs into the PeLED system requires
careful design. Simply adding NPs without consideration of
their size, concentration, and placement could lead to subop-
timal performance. Thus, a well-optimized design is necessary
to maximize the benefits of plasmonic enhancements. Impor-
tantly, these findings also provide chemical and structural
design guidelines for tailoring perovskite-plasmonic hybrid
systems, offering insights relevant to the composition,
morphology, and integration strategies of next-generation
optoelectronic materials. Moreover, while our results indicate
significant improvements in emission and efficiency, the long-
term stability and scalability of this approach need to be
further investigated to ensure its applicability in real-world
scenarios. Future research should focus on refining fabrica-
tion processes and evaluating the impact of plasmonic NPs on
the durability and performance of PeLEDs under operational
conditions, including potential effects such as local photo-
thermal heating or field-induced ion migration that could
compromise stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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