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ell refractory plasmonic
nanostructures unlock unprecedented 26.7%
power conversion efficiency in Pb-free perovskite
solar cells

Ahmed A. Mohsen,a Mohamed Zahran,b S. E. D. Habibc and Nageh K. Allam *a

TiN/SiO2 core–shell refractory plasmonic nanoparticles have been utilized as highly efficient nanoantennas

to enhance the performance of lead-free perovskite solar cells (PSCs). The SiO2 shell, selected for its high

refractive index and low extinction coefficient, enables precise light control while minimizing optical losses.

A 3D finite element method (FEM)-based optoelectronic model was developed to analyze the optical and

electrical characteristics of both unmodified and TiN/SiO2-integrated PSCs. The results demonstrate

a strong correlation between power conversion efficiency (PCE) and nanoparticle size. Incorporating

90 nm nanoparticles increases the PCE from 12.9% to 17.3%, while 115 nm nanoparticles achieve an

impressive 26.7%, marking a 97.3% improvement. These findings highlight the pivotal role of tailored

plasmonic nanostructures in maximizing light absorption and energy conversion. This study advances the

understanding of plasmonic nanomaterials in photovoltaics and offers a viable strategy for enhancing the

efficiency of lead-free PSCs. The integration of TiN/SiO2 nanoparticles presents a promising pathway for

developing high-performance, sustainable solar technologies.
Introduction

Over the past decade, research on lead (Pb)-based perovskite
solar cells (PSCs) has surged due to their remarkable efficiency
and cost-effectiveness.1–6 The highest certied power conversion
efficiency (PCE) for PSCs, as reported by the National Renewable
Energy Laboratory (NREL), stands at 26.7%, making them
competitive with silicon (Si) solar cells.7–9 However, the toxicity
of Pb remains a major obstacle to the commercialization of
PSCs.10–14 To address this, researchers have explored ionic
substitution to mitigate toxicity.15–18

Tin (Sn) has emerged as a promising alternative, demon-
strating a signicant PCE improvement from 6% (ref. 18) to
12.2%,19 positioning it as a viable Pb substitute.20 Nevertheless,
Sn-based PSCs still exhibit lower efficiency than their Pb-based
counterparts. A key challenge limiting the PCE of thin-lm solar
cells (TFSCs) is insufficient light absorption due to inadequate
active layer thickness. To overcome this, plasmonic light-
trapping nanoparticles have been introduced to enhance
absorption.21–24 These nanoparticles amplify nanoscale light–
matter interactions by coupling near-eld electromagnetic
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waves (sunlight) to sub-wavelength regions, functioning as
nanoantennas.25–27 The effectiveness of plasmonic near-eld
enhancement depends on factors such as geometry, dielectric
properties, surface roughness, and the surrounding medium.

Metallic nanoparticles, particularly gold (Au) and silver (Ag),
have been employed to improve TFSC efficiency28,29 by redi-
recting scattered light and coupling electromagnetic waves at
air/metal interfaces through surface plasmon-guided
modes.30,31 However, noble metals are costly, exhibit narrow-
band absorption and scattering, suffer from thermal insta-
bility, and are incompatible with CMOS technology. As an
alternative, refractory plasmonic metal nitrides such as zirco-
nium nitride (ZrN) and titanium nitride (TiN) have gained
attention due to their tunable optoelectronic properties.32–37

Recent studies have demonstrated their potential, with ZrN/
SiO2 core/shell nanostructures enhancing the PCE of Pb-free
perovskite solar cells from 12.9% to 20%.37 Dielectric shells
play a crucial role in preventing the plasmonic core from serving
as a recombination center at the nanoparticle surface. Among
the various dielectric materials, silicon dioxide (SiO2) is one of
the most extensively utilized shells for plasmonic nanoparticles
due to its chemical stability and optical transparency.38 The
Hirsch research group demonstrated that modifying metallic
nanoparticles into core–shell structures led to a redshi in their
plasmon resonance frequency, shiing it into the near-infrared
region—a phenomenon leveraged for photothermal therapy
applications.39 Furthermore, several experimental studies40,41
Nanoscale Adv., 2025, 7, 3859–3866 | 3859
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View Article Online
have shown that tuning the dielectric properties of the shell
layer can effectively modulate plasmonic behavior. This
approach has been particularly benecial in enhancing the
performance of plasmonic devices, such as inverted organic
solar cells, by inuencing photoelectric current and light–
matter interactions.

In this study, we demonstrate the potential of TiN/SiO2 core/
shell nanoparticles to signicantly enhance the efficiency of Pb-
free perovskite solar cells (PSCs). By incorporating these nano-
structures into the active layer, we project that the power
conversion efficiency (PCE) could reach up to 26.7%, making
Pb-free PSCs a viable alternative to their Pb-based counterparts.

Theory and optoelectronic modeling

TiN and ZrN are good alternative plasmonic nanostructures for
applications in the visible light and near infrared spectral
regions, they offer signicant advantages over noble metals in
terms of stability CMOS compatibility. In order to obtain the
plasmonic core–shell nanoparticle scattering cross section,
which is the ratio of the scattered power to the incident power at
a large distance from the particle, we calculated the scattering
cross section efficiency using eqn (1) and (2).

Qsca ¼ Csca

pa2
(1)

Qsca ¼ 1

2pa2Ia
Re

ð2p
0

ðp
0

�
EsqH

*
sf � EsfH

*
sq

�
r2 sin q dq df (2)

where a is the radius of the core–shell nanoparticle and Ia is the
incident radiation intensity. Eqn (3) expresses the scattering
efficiency in terms of Mie scattering.

Qsca ¼ 2

ðkaÞ2
XN
n¼1

ð2nþ 1Þ
�
janj2 þ jbnj2

�
(3)

The above expression is used to describe the scattering effi-
ciency that is used for near eld enhancement. Quinten
Fig. 1 (a) Planar perovskite solar cell structure consisting of (VII) gold (Au)
with a thickness of 200 nm, (V) MASnI3 active material with a thicknes
thickness of 150 nm. (b) Planar perovskite with the core–shell nanopartic
by (II) SiO2 nanoshells with thickness of 40 nm.

3860 | Nanoscale Adv., 2025, 7, 3859–3866
extended the discussion to aggregate the scattered radial eld
components.42 The generalized form of the scattering efficiency
is expressed via eqn (4):

Q
0
sca ¼

r2

pa2

ð2p
0

ðp
0

EsE
*
s sin q dq df (4)

Upon applying those conditions, it was reported that TiN
nanoparticles are good scatterers for applications in the near
infrared.34

Two 3D electromagnetic wave (EMW) models have been
constructed based on nite element method (FEM). The rst
model is used to calculate the interaction of sunlight electro-
magnetic radiation (AM 1.5G) with the proposed planar solar
cell active layers based on Maxwell's equations of light
propagation:

vH

vt
¼ �1

m
V � E (5)

3
vE

vt
¼ V�H � sE (6)

where H is the magnetic eld, E is the electric eld, m is the
permeability, 3 is the electric permittivity, and s is the electric
conductivity.

This model is used to calculate the full eld for the design
introduced in Fig. 1a. For calculating the total generation rate
and short circuit current (Jsc). The optical carrier generation rate
(Gopt) per wavelength over the active layer volume is calculated
using eqn (7).43

GoptðlÞ ¼ 3
00 jEj2
2ħ

(7)

The total generation rate (TGR) can be calculated by inte-
grating the optical carrier generation over the simulated wave-
length (l) using eqn (8),37 where the minimum and maximum
as a back contact with a thickness of 100 nm, (VI) HTM (spiro-OMeTAD)
s 350 nm, (IV) ETM (TiO2) with thickness of 40 nm, and (III) ITO with
les consisting of (I) TiN nanoparticles as a plasmonic core and shielded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wavelengths that have been swept across the optical model are
denoted by l1 and l2.

TGR ¼
ðl2
l1

GoptðlÞdl (8)

The second model is based on coupling the rst model as an
input to simulate the nanostructured core/shell nanoparticles.
TiN/SiO2 nanoparticles are used as nanoantennas with different
plasmonic core radii (50 nm, 75 nm) and a dielectric shell of
40 nm thickness decorated above the Sn-based PSc, as shown in
Fig. 1b, and compare the localized surface plasmon enhanced
PSC with the planar PSC design Fig. 1a. The normalized
absorption is calculated using eqn (9).44

Normalized absorption ¼ absorption of nanostructured film

absorption of planar film

(9)

The external quantum efficiency (EQE) was obtained for the
planar, TiN/SiO2, nanostructured solar cells using eqn (10)
assuming single-path absorption and unit internal quantum
efficiency (IQE).44

EQE = IQE* absorption (10)

The optical refractive indices, extinction coefficients, and
electrical parameters of Au, MASnI3, TiO2, spiro-OMeTAD, ITO,
and TiN were extracted from previously published data.45–53 Gopt

was used as an input parameter in the electrical model. The
dri-diffusion and 3D Poisson's equations were solved to
determine the current–voltage characteristics. Series and shunt
resistances were used as tting parameters from previously
measured data.54 Jsc was calculated using eqn (11).55

Jsc ¼ q

ðl2
l1

AM 1:5GðlÞ � ð1� expð�fdÞÞ
hc

l

dl (11)

where q is the elementary charge, d is the active layer thickness,
and f is the absorption coefficient calculated using eqn (12).

f ¼ 4pkðlÞ
l

(12)
Fig. 2 Electric field profiles at different wavelengths: (a) 300 nm, (b) 80

© 2025 The Author(s). Published by the Royal Society of Chemistry
where k(l) is the extinction coefficient per wavelength. Since Jsc
is directly proportional to the total carrier generation rate and
have the same dimensions of the planar model, eqn (13) can be
used to calculate any enhancement in Jsc.56

Jsc enhancement ¼ total generation rate using nanostructures

total generation rate of a planar cell

(13)

We integrated the AM 1.5G solar spectrum as an input power
source into the Electromagnetic Waves Model in COMSOL
Multiphysics. A wavelength range of 100–1350 nm was swept in
10 nm increments to encompass the UV, visible, and IR regions.
This approach maximizes the enhancement effect in PSCs, as
TiN exhibits increasing plasmonic activity in the IR band.50,51

The PSC structure is enclosed by periodic boundary conditions
(PBCs) along the x–y plane, while perfectly matched layers
(PMLs) are applied in all directions to ensure accurate opto-
electrical modeling.
Results and discussion
Core/shell-decorated nanoparticles

The optoelectrical model for a planar PSC is created rst in
order to compute the Gopt and Jsc for a planar PSC for better
comparison before building the optoelectrical model of the TiN/
SiO2 core/shell-decorated PSCs. The TiN/SiO2 core/shell struc-
ture has been employed to enhance the efficiency of PSCs,
utilizing TiN cores with radii of 50 nm and 75 nm, each sur-
rounded by a 40 nm SiO2 shell. This core/shell conguration is
designed to modulate the localized surface plasmon resonance
(LSPR) of TiN, which is inuenced by the surrounding dielectric
medium. The proposed planar PSC design is shown in Fig. 1a,
where the thicknesses of Au, spiro-OMeTAD, MASnI3, TiO2, and
ITO layers are 100, 200, 40, 350, and 150 nm, respectively with
600 nm width. TiN/SiO2 nanoparticles were implanted on-top of
the PSC active layer as discussed in model 2 and shown in
Fig. 1b. Fig. 2a–d shows the electric eld proles for planar
perovskite solar cells aer being illuminated by AM1.5G at
different wavelengths of 300, 800, 1000, and 1200 nm,
respectively.
0 nm, (c) 1000 nm, and (d) 1200 nm for planar PSCs.

Nanoscale Adv., 2025, 7, 3859–3866 | 3861
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Fig. 3 Electric field profiles for TiN/SiO2 core/shell decorated PSC with a core radius of 50 nm at different wavelengths: (a) 300 nm, (b) 800 nm,
(c) 1000 nm, and (d) 1200 nm.
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Fig. 3a–d illustrates the electric eld prole aer decorating
the surface with TiN nanoparticles (50 nm radius) and a silica
shell (40 nm thickness) at various frequencies spanning the
visible, near-infrared (NIR), and infrared (IR) regions. At wave-
lengths of 800 nm and 1000 nm, a signicant enhancement in
the electric eld coupling is observed. This enhancement is
attributed to the localized surface plasmon resonance (LSPR)
effect of TiN nanoparticles, which amplies the local electric
eld in the NIR and IR regions, effectively coupling the incident
electromagnetic wave into the active medium.

Fig. 4a–d presents the electric eld proles aer embedding
TiN/SiO2 nanoparticles, where the TiN nanoparticles have
a radius of 75 nm and the SiO2 shell is 40 nm thick. While
Fig. 4a shows the electric eld prole at 300 nm, panels 4b and c
demonstrate a signicant enhancement in electric eld
coupling at a wavelength of 800 nm. This improvement is
attributed to the high-quality factor of localized surface plas-
mon resonance (LSPR) within the 777–860 nm range, in agree-
ment with the ndings of Guler et al., demonstrating TiN as an
effective scatterer in the near-infrared (NIR) region.57

Using eqn (7), the corresponding optical generation rate
(Gopt) is calculated for each simulated TiN/SiO2 nanoparticle
size and presented in Fig. 5a. TiN exhibits strong absorption
Fig. 4 Electric field profiles for TiN/SiO2 core/shell decorated PSC with a
(c) 1000 nm, and (d) 1200 nm.

3862 | Nanoscale Adv., 2025, 7, 3859–3866
within the 300–580 nm range, with a signicant decline in its
absorption coefficient beyond 780 nm. Notably, TiN/SiO2

nanoparticles with a 90 nm radius exhibit a plasmonic peak
near the infrared (IR) region, demonstrating high scattering
capabilities. Meanwhile, PSCs decorated with 115 nm radius
TiN/SiO2 nanostructures show a plasmonic resonance peak at
880 nm, rmly within the IR spectrum.51 As shown in Table 1,
the transmission gain ratio (TGR), calculated using eqn (8),
indicates a maximum enhancement of 97.3% for PSCs inte-
grated with 115 nm TiN/SiO2 nanoparticles compared to their
planar counterparts.

Fig. 5b illustrates the normalized absorption, derived using
eqn (9), for the simulated PSCs. TiN/SiO2 nanoparticles act as
nanocouplers, enhancing light absorption through their surface
plasmon resonance (SPR) modes, which are effectively coupled
to the PSC active layer. This enhancement is particularly
signicant in the IR range (>770 nm), where plasmonic nano-
particles function as waveguides, directing sunlight through
localized SPR effects. This process generates surface plasmon
polaritons (SPPs) at the air/TiN/SiO2 nanoparticle interface,
facilitating sub-wavelength light connement within the active
layer and improving overall solar absorption efficiency. Note the
signicant improvement in both the optical generation rate
core radius of 75 nm at different wavelengths: (a) 300 nm, (b) 800 nm,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Optical carrier generation rate (Gopt) and (b) normalized light absorption profiles for planar and TiN/SiO2-decorated PSCs.

Table 1 The optical and electrical parameters of the TiN/SiO2-decorated in comparison with previously published work ZrN/SiO2 nanostructure
PSCs

Structure TGR (m−3 s−1) TGR enhancement Jsc (mA cm−2) Voc (mV) FF (%) PCE (%)

Planar 7.184 × 1027 — 27 680.5 70.2 12.9
TiN/SiO2 (90 nm) 9.441 × 1027 31.42% 35.4 687.4 73.2 17.3
ZrN/SiO2 (90 nm)37 9.1853 × 1027 31% 34.5 687.4 71.2 16.9
TiN/SiO2 (115 nm) 1.418 × 1028 97.3% 53.2 691.4 95.8 26.7
ZrN/SiO2 (115 nm)37 1.0721 ×1028 55% 40.3 691.4 71.8 20
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(Gopt) and optical absorption within the active layers of PSCs
upon incorporating TiN/SiO2 nanoparticles. Specically, the
substantial boost in optical generation at 710 nm for TiN/SiO2
Fig. 6 (a) J–V, (b) P–V, (c) EQE, and (d) SCS characteristics of proposed

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoparticles with a 90 nm radius, increasing from 2.56 × 1025

m−4 s−1 (planar) to 6.15 × 1025 m−4 s−1. Additionally, for TiN/
SiO2 nanoparticles with a 115 nm radius, the optical generation
TiN/SiO2-decorated PSCs.

Nanoscale Adv., 2025, 7, 3859–3866 | 3863
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exhibits a remarkable enhancement at 860 nm, rising from 2.8
× 1025 m−4 s−1 to 1.41 × 1026 m−4 s−1.

The J–V and P–V characteristics of TiN/SiO2 core–shell
nanostructured perovskite solar cells (PSCs) are shown in
Fig. 6a and b and summarized in Table 1. Table 1 also recorded
the TGR, FF, Jsc and PCE as compared to those previously re-
ported in the literature.37 The series and shunt resistances were
optimized while considering recombination mechanisms in
PSCs, as previously reported in the literature.54 The optimal
values were determined to be 50 U for series resistance and 400
U for shunt resistance. Incorporating TiN/SiO2 nanoparticles
signicantly enhances the short-circuit current density (Jsc)
compared to planar PSCs, as it is directly linked to optical
generation enhancement. Table 1 reveals that embedding TiN/
SiO2 nanoparticles with a 90 nm radius increases the total
generation rate (TGR) from 7.184× 1027 m−3 s−1 to 9.441× 1027

m−3 s−1, leading to an increase in Jsc from 27 mA cm−2 to 35.4
mA cm−2. Furthermore, using TiN/SiO2 nanoparticles with
a 115 nm radius results in a remarkable TGR enhancement
from 7.184 × 1027 m−3 s−1 to 1.418 × 1028 m−3 s−1, boosting Jsc
from 27 mA cm−2 to 53.2 mA cm−2.

Notably, PSCs decorated with 115 nm TiN/SiO2 nanoparticles
exhibit the highest power conversion efficiency (PCE),
increasing from 12.9% (for planar PSCs) to 26.7%, representing
an impressive 97.3% efficiency enhancement. Fig. 6c illustrates
the external quantum efficiency (EQE) enhancement for the
TiN/SiO2-decorated PSCs. The PSC integrated with 115 nm TiN/
SiO2 nanoparticles achieves an EQE of 91%, aligned with the
calculated scattering cross section (SCS) prole shown in
Fig. 6d. This enhancement aligns with the localized surface
plasmon resonance of TiN/SiO2 nanoparticles at 880 nm,
consistent with the ndings by Shalaev et al.34

The remarkable 97.3% improvement in power conversion
efficiency (PCE) of the TiN/SiO2-decorated perovskite solar cells
(PSCs) arises from a combination of optical, electronic, and
thermal enhancement mechanisms. The TiN core exhibits
strong localized surface plasmon resonance (LSPR), which
concentrates the electromagnetic eld and enhances photon
absorption in the perovskite layer. The SiO2 shell amplies light
scattering, increasing the optical path length without compro-
mising charge transport. Plasmon-induced hot carrier genera-
tion contributes to more efficient charge separation and
reduced recombination, while the dielectric shell prevents
direct contact between metal and perovskite, minimizing trap
states. Additionally, localized photothermal heating from TiN
facilitates strain relaxation and defect passivation in the
perovskite crystal lattice, improving material stability and
carrier lifetimes. These effects collectively result in enhanced
light harvesting, optimized charge extraction, and suppressed
nonradiative losses, driving a substantial improvement in
photovoltaic performance.

Conclusions

This study demonstrates the signicant potential of TiN/SiO2

core–shell nanoparticles in enhancing the efficiency of lead-free
perovskite solar cells (PSCs). By incorporating 115 nm TiN/SiO2
3864 | Nanoscale Adv., 2025, 7, 3859–3866
nanoparticles, the power conversion efficiency (PCE) surged
from 12.9% in planar PSCs to 26.7%, marking a 97.3%
improvement. The results highlight the crucial role of nano-
particle size, with 90 nm nanoparticles achieving a PCE of
17.3%, while 115 nm nanoparticles delivered the highest effi-
ciency. A 3D nite element method (FEM)-based optoelectronic
model was developed to analyze the optical and electrical
properties of modied and unmodied PSCs. The ndings
reveal a strong correlation between PCE and nanoparticle
dimensions, emphasizing the importance of tailored plasmonic
structures for optimal solar energy harvesting. This research
advances the understanding of plasmonic nanostructures in
photovoltaics and offers a viable pathway for improving solar
cell performance. The integration of TiN/SiO2 nanoparticles
presents a promising approach to developing high-efficiency,
lead-free PSCs, contributing to the advancement of sustain-
able and next-generation solar technologies.

Data availability

The data supporting this article are included in the manuscript.
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