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A B S T R A C T

Tunning localized surface plasmon resonance (LSPR) in transparent conducting oxides (TCO) has a great impact 
on various LSPR-based technologies. In addition to the commonly reported mechanisms used for tunning LSPR in 
TCOs (e.g., size, shape, carrier density modifications via intrinsic and extrinsic doping), integrating them in core- 
shell structures provides an additional degree of freedom to expand its tunability, enhance its functionality, and 
widen its versatility through application-oriented core-shell geometrical optimization. In this work, we explore 
the tuneability and functionality of two TCO nanostructures; indium doped tin oxide (ITO) and gallium doped 
zinc oxide (GZO) encapsulated with silver shell within the extended theoretical Mie theory formalism. The effect 
of core and shell sizes on LSPR peak position and line width as well as absorption and scattering coefficients is 
numerically investigated. Simulations showed that LSPRs of ITO-Ag and GZO-Ag core-shell nanostructures have 
great tunning capabilities, spanning from VIS to IR spectral range including therapeutic window of human tissue 
and essential solar energy spectrum. Potential functionality as refractive index sensor (RIS) and solar energy 
absorber (SEA) are examined using appropriate figure of merits (FoM). Simulations indicate that a geometrically 
optimized core-shell architecture with exceptional FoMs for RIS and SEA can be realized. Contrary to carrier 
density manipulation, integrating TCO cores to metallic shells proves to be an effective approach to enhance 
tunability and optimize functionality for high performance TCO-based plasmonic devices, with minimum impact 
on the inherited physical and chemical properties of the used TCO-core materials.

1. Introduction

Extrinsic semiconductor nanomaterials (NMs) are proven to be 
Drude-type non-metal plasmonics that have attracted great interest due 
to its tunable properties in the near-infrared (NIR) range, and potential 
role in the development of new types of nano-optical devices [1–5]. 
Localized surface plasmon resonance (LSPR) in these NMs results in 
resonant scattering, absorption and near field enhancement around NM 
particulates [6,7]. LSPR in these semiconductor plasmonics can be tuned 
across a wide optical range, from visible (VIS) to far-infrared, by varying 
doping level and post syntheses treatment in addition to commonly used 
tunning parameters for traditional Au and Ag plasmonic NMs; e.g., size, 
size-distribution, shape, and external environment [1–12]. An addition 
important fact is that the absorption losses in such plasmonic semi
conductor NMs in VIS range are normally much lower than those in 
noble metal plasmonic NMs [5,7,11]. Also, it exhibits considerable 

thermal and environmental stability as well as low coast and easy 
preparation [5,12,14]. Over the past decades, researchers have achieved 
precise control sizes, shapes and dopant of semiconductor nano
structures using various synthesis techniques tackling good LSPR criteria 
of low optical loss, heavily dopped and negative dielectric constants 
[6–25]. These above-mentioned merits make semiconductor plasmonic 
NMs not only good alternative candidates to replace traditional noble 
metals in some applications, but also to be integrated with noble metals 
to pertain a wider application range in various advanced photophysical- 
and photochemical- based applications with enhanced performance 
[6–12].

Transparent conducting oxides (TCO) such as indium doped tin oxide 
(ITO) and gallium doped zinc oxide (GZO) are among oxide semi
conductor NMs that have been considered for various plasmonics ap
plications in the NIR range [13–16]. Resonating charges in these TCOs 
can be tailored to highly degenerate doping states either intrinsically via 
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controlling lattice defects or extrinsically via foreign atoms doping 
[6–17]. Thus, its permittivity can be flexibly engineered resulting in an 
epsilon near-zero behavior with a tunable spectral range from VIS to far 
IR [16–18]. In otherwards, well-controlled LSPRs absorption band of 
TCOs can be fashioned by manipulating material’s properties such as 
electron density, dielectric constant, and the dielectric constant of the 
surrounding medium as well, which can be contributing significantly in 
plasmon science and applications [19,20]. Kanehara et al. utilized 
solution-phase chemical synthesis to synthetized high-quality ITO 
nanocrystals with an adjustable LSPR that can be tuned from 1618 nm to 
>2200 nm by controlling the Sn concentration [19]. Nevertheless, 
relative to gold that was easily electrochemically oxidized, ITO showed 
excellent stability and withstand voltages of >1000 V in solution or 
polymer films [19]. Experimental measurements packed by theoretical 
modeling simulations showed that LSPR of ITO nanostructures can be 
varied through careful patterning and post synthesis treatment, and also 
demonstrated a shift in the LSPR frequency as a result of changing the 
refractive index of the surrounding medium [21]. Ma et al. reported that 
the LSPR of monodispersed ITO NPs can be adjusted from 1600 to 
1993 nm by controlling the dopant concentration, the size, and the 
shape of ITO NPs [22]. Della Gaspera et al. developed a method to 
synthesis colloidal monodispersed GZO nanocrystals of over 15 % 
atomic doping levels and a tailored NIR LSPR plasmonic absorption 
band [23,24]. Ga doping extends the optical response range of ZnO 
devices to NIR region showing strong absorption in the UV–VIS–NIR 
band (365–1064 nm) [25]. Nano-triangle GZO arrays fabricated by 
nanosphere lithography and pulsed laser deposition also showed a 
similar LSPR behavior that can be tuned in IR region by controlling both 
Ga doping concentration and crystallite sizes [26]. Monitoring the peak 
shift of the NIR LSPR induced by degenerately doped GZO nanocrystal 
thin films have been utilized to detect both oxidizing and reducing gases 
(H2 and NO2) at mild (<100 ◦C) operating temperatures [27]. Moreover, 
by exposing the GZO film to blue light during sensing measurements, a 
room temperature sensitivity to sub-ppm of NO2 concentrations could be 
achieved [27].

Because of the wide tunable LSPR-spectral range of TCO NMs, 
exploring its plasmonic properties remains of great relevance to 
numerous plasmon-based applications [6–12]. Its tunable range co
incides with solar spectrum (250–2500 nm) and hence is appropriate for 
smart windows, solar energy harvesting, and waste heat management 
applications [5–7]. It also overlaps with therapeutic window of human 
tissue; hence is suitable for photothermal therapy and bio-imaging 
[2–12]. While doping is considered as a powerful tool for controlling 
carrier concentration in TCO NMs and hence its LSPR response, it leads 
to a notable deterioration in free electron mobility due to the increased 
scattering probability with ionized dopant atoms or with the produced 
defects [17–26]. This process also broadens the LSPRs and weakens the 
opportunity for strong near-field enhancement. In addition, composi
tional changes via introducing high concentrations of impurity atoms 
can induce changes in its electric, electronic, and thermal properties as 
well as its crystal structure relative to its counter pure stochiometric 
structure [28,29]. Finally, when approaching higher carrier concentra
tion via chemical doping, the solubility limit of the dopant might 
become a limiting factor [27–29]. Thus, it is of considerably important 
to tune and tailor the LSPR of TCOs NMs with minimum impact on the 
inherited physical and chemical properties.

Integrating two or more materials with different properties and 
different functionality into single hybrid nanoparticles (NPs) with 
designed properties has become increasingly desirable for wider appli
cation prospects and enhanced performance [30–32]. Core–shell 
configuration is one of these hybrid nanostructures in which an internal 
core is encapsulated by a shell of another material. Relative to single 
element plasmonic NMs, the LSPR properties of core–shell nano
structures depend on not only the size, shape, and local environment, 
but also on relative core–shell compositions and geometries. Core–shell 
nanostructures with various compositions including metallic cores and 

metallic shells (bimetallic nanostructures) [30,31], metallic cores and 
an oxide shells [32,33], and semiconductor cores with metallic shells 
[32–34] have been explored. For plasmonic materials, the hybrid plas
monic response supported by the inner and outer surfaces of core–shell 
nanostructures provides not only a remarkable tuneability but also a 
wider functionality of the core-shell nanostructure [30–34]. Tam et al. 
have theoretically and experimentally investigated the refractive index 
sensitivity (RIS) of SiO2–Au core–shell systems, demonstrating enhanced 
LSPR-based sensitivity [35]. Furthermore, AZO-Au and GZO-Au core-
shell nanostructures demonstrated a remarkable enhancement in hy
perthermia efficiency, surpassing SiO2 by multiple orders of magnitude, 
under identical conditions [36]. With anticipated enhanced sensitivity 
and better surface enhanced Raman scattering, Hong et al. studied the 
effect of coupling ITO and TiO3 deposits to plasmonic Ag thin films [37].

The coupling of plasmonic materials in core–shell nanostructures is 
an effective approach to respond to the current sophisticated industrial 
and technological material demands for advanced state–of–the–art de
vice fabrications and future needs. While the plasmonic properties of 
TCO have been experimentally and theoretical investigated, integrated 
them in core-shell nanostructure and its geometrical optimization have 
been rarely addressed. Furthermore, surface defect states and trap states 
as well as possible attached molecules have been reported to alter the 
electronic structure near the surface of spherical TCO nanocrystals, 
leading to the formation of a depletion layer with reduced charge carrier 
density compared to its inner central density [3,11,38,39]. This depleted 
layer shields the active TCO plasmonic center, affecting its properties 
such as sensitivity and near-field enhancement. The depletion effect 
decreases with larger nanocrystal size and higher doping levels [3,11, 
38]. Minimizing depletion effects e.g.; encapsulating TCO core with 
metallic shell, could be a promising approach for improving its sensi
tivity and enhancing its functionality. In this work, the optical properties 
and functionality of some spherical TCO-metal core-shell nanostructures 
are investigated using Mie theory formalism. Here, ITO and GZO are 
used as typical TCO material examples. The fundamental photonic 
properties of these TCO-Ag nanoshells are studied to explore the effect of 
core and shell sizes on its optical response for geometrical optimization 
and potential functionality. Both absorption (Qabs) and scattering (Qabs)

coefficients are simulated for various core and shell sizes. It is demon
strated that Qabs increases with effective particle volume up to a size 
above which Qsca becomes dominant; giving an opportunity to be uti
lized in either absorption-dominant or scattering-dominant regime. 
Potential functionality as RIS and solar energy absorber (SEA) are 
examined using appropriate figure of merit (FoM). Relative to single 
spherical particles counterparts, these systems showed a wide range of 
LSPR tunability that spans from VIS to MIR. In addition, via meticulous 
geometric optimization of the core and shell sizes, these optimized 
nanoshell structures exhibit exceptional FoM as RIS and SEA functional 
nanostructures, with values surpassing several currently available 
plasmonic nanostructures. This work shades the light on the capabilities 
of adapting TCO-metallic core-shell architectures as an effective 
approach to enhance tunability and optimize functionality, with mini
mum impact on the inherited physical and chemical properties of the 
used TCO-core materials.

2. Theory and simulations

The theoretical formalisms of Aden and Kerker [40,41], based on the 
Mie theory, are employed to calculate the plasmon spectra of spherical 
TCO-Ag nanoshell structures. In the original Mie theory, the internal and 
external (scattered) electromagnetic (EM) fields inside and outside an 
isotropic homogenous spherical particle are expressed as an expansion 
of a series of vector spherical harmonics representing the normal modes 
of the EM field which satisfy the boundary conditions at the 
particle-medium interface [42]. Following the same methodology of Mie 
theory, Aden and Kerker developed a general analytical solution to 
Maxwell’s equations that describes the scattering and absorption of the 
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EM field by a layered nanoparticle or a concentric core and shell spheres 
[40,41]. Refractive indices and dielectric characteristics of the core and 
shell materials are arbitrary. Fig. 1 depicts the incident plane wave and 
the scattering configuration with respect to spherical coordinates taking 
the origin to be at the center of the core-shell nanospheres. The incident 
plane wave is propagating in the positive z direction, and its electric 
vector is linearly polarized in the x direction. The EM field in the 
nanoshell regions (i.e., core, shell, medium) can be determined by 
Mie-like coefficients denoted by an and bn. The scattering and extinction 
coefficients are expressed by [40,41]

Qsca =

(
2
α2

)
∑∞

n=1
(2n+1)

[
Re

(
|an|

2
+ |b|2

) ]
(1) 

Qext =

(
2
α2

)
∑∞

n=1
(2n+1)[Re(an + bn) ] (2) 

where α = 2π(Rs/λ) is the size parameter, λ is the wavelength of light, 
and Rs is the particle radius projected onto a plane perpendicular to the 
incident beam (i.e., Rs is the outer radius of a spherical nanoshell). With 
the help of Eqs. (1) and (2), the absorption coefficient is given by Qabs =

Qext − Qsca.
As part of the ongoing numerical simulation effort, we developed a 

Mathcad code employing Toon and Ackerman’s algorithms [43,44]. A 
complete description of the parameters an and bn shown in Eqs. (1) and 
(2), composed of Riccati-Bessel functions and their derivatives, have 
been reported in [43]. Our code demonstrates a very good match with 
previously reported experimental data for absorption and scattering 
efficiencies for a wide variety of core-shell materials [44].

It is worth mentioning that TCOs, particularly ITO and GZO, have an 
almost energy band alignment with Ag due to their comparable work 
functions; ΦAg ≈ 4.4eV, ΦITO ≈ 4.5 − 5.1eV and ΦGZO ≈ 4.23 − 4.4eV 
(variations in ΦITO and ΦGZO are due to the sensitivity of the measuring 
technique toward surface treatment and/or adsorbates) [45,46]. These 
almost band alignments allow for small electron transfer between Ag 
and adjacent TCO layer with insignificant interfacial barrier. In fact, 
TCO/metal/TCO multilayer films including ITO/Ag/ITO, AZO/Ag/AZO 
and GZO/Ag/GZO have been utilized as solar cell electrodes of superior 
performance, compared to single-layer electrodes, in terms of achieving 
low resistance and high transmittance values at reduced film thicknesses 
[47]. The superior electric and optical performance of such multilayer 
interfacial structural electrodes indicate the dominant ohmic behavior 
and/or insignificant Schottky barrier effect. In otherwards, these pro
posed TCO-Ag core-shell nanostructures not only are experimentally 
feasible, but form composition structures with insignificant interfacial 
effects that might affect the accuracy of our calculations regardless to 

the structure mismatch and different cohesive energies. In the numerical 
simulations, we employ the Drude–Lorentz parameters reported in [48]
since they provide an accurate description of the experimental dielectric 
permittivity of TCOs (i.e., GZO (6 wt%) and ITO (10 wt%)) in the 
350–2000 nm spectral region. When using other Drude-Lorentz pa
rameters, published in literatures to describe different dielectric 
permittivity measurements [4,5], no discernible difference in the results 
of this paper is found. The dielectric function of the TCO core, consid
ering the plasmon damping caused by electron scattering at the core 
surface, is given by 

ϵ
(
reff ,ω

)
= ϵ∞ −

ω2
p

ω(ω + jΓmod)
−

m1ω1

ω2
1 − ω2 − jωΓ1

(3) 

where ϵ∞ is the permittivity at infinite frequency (background permit
tivity), ωp is the plasma frequency, m1 is the amplitude of the Lorentz 
oscillator with principal frequency ω1 and damping rate Γ1. Γmod is the 
modified bulk collision frequency due to the size-dependent electron 
scattering such that; 

Γmod = Γ0 +A
vf

rm
(4) 

Γ0 is the bulk TCO damping constant, rm is the maximum possible 
mean free path of electrons for collisions with the boundary (i. 
e.,rm = 2Rc for the core region and rm = d for the shell region), and vf is 
the Fermi velocity. In Eq. (4), the effective mean free path of electrons is 
reff = rm/A where A is a proportionality constant between reff and rm. In 
this study, A is assumed to be 1 [49]. Overall, the electron concentration 
ne in the TCOs is in the range of 

(
1020 − 1021

)
cm− 3 [7,50,51], while 

the effective mass of an electron m∗
e is approximately in the range of 

(0.3 − 0.7)me. For instance, m∗
e of GZO and ITO equals 0.4me [52], and 

0.35me [51] when ne = 1021cm− 3, respectively. By embedding these 
values in the fermi velocity vf =

(
ℏ/m∗

e
)
(2πne)

1/2, one finds that the 
damping rate due to the surface scattering (vf/2Rc) has a negligible ef
fect in comparison to the electron scattering in the bulk Γ0 (for TCO 
materials ℏΓ0 ∼ 0.1 eV) when Rc≽3 nm. In this study, the relaxation 
rate of electron-surface collisions can be neglected for the assumed 
range of the used core radius. The parameters of the Drude-Lorentz 
model shown in Eq. (3) for ITO (10 wt%), GZO (6 wt%) as reported in 
[48], ϵ∞ = 3.528 and 2.475, ωp = 1.78 eV and 1.927 eV, ℏΓ0 =

0.155 eV and 0.117 eV, m1 = 0.388eV and 0.866 eV, ℏω1 = 4.210 eV 
and 4.850 eV, and ℏΓ1 = 0.092 eV and 0.029 eV, respectively.

The dielectric function of metallic shell (Ag shell) is also determined 
by the Lorentz-Drude theory using notations identical to those in Eq. (3)
[52,53], being given by 

Fig. 1. In the left panel, a schematic illustration of concentric TCO-core and Ag-shell spheres embedded in a surrounding medium where Rc is the core radius and d is 
the shell thickness. ϵc, ϵs, and ϵm denote the dielectric function of the core, shell, and embedding medium, respectively. The right panel illustrates the propagation of 
an incident plane wave with an intensity S0 in the positive z − direction while its electric field vector E0 is linearly polarized in the x − direction.
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ϵ
(
reff ,ω

)
= ϵ(ω)exp +

ω2
p

ω2 + jωΓ0
−

ω2
p

ω2 + jωΓmod
(5) 

In Eq. (5), ϵ(ω)exp is the experimental bulk dielectric function, and 
can be accurately given by [53]

ϵ(ω)exp = 1 −
Ω2

p

ω2 + jωΓ0
+
∑N

j=1

mjω2
p(

ω2
j − ω2

)
− jωΓj

(6) 

where Ωp =
̅̅̅̅
f0

√
ωp is a plasma frequency associated with intraband 

transitions with oscillator strength f0 and damping constant Γ0. The 
contribution of interband transitions to the dielectric function is repre
sented by the third term on the right-hand side in Eq. (6) where mj de
notes the number of oscillators having frequency ωj, strength fj, and 
lifetime 1/Γj. In this study, we use the values of the Lorentz-Drude pa
rameters shown in Eqs. (5) and (6), as reported in [53].

3. Results and discussion

3.1. Tunability of TCO nanosphere and nanoshells

It is well known that the optical properties of a plasmonic particle are 
strongly dependent on its size and shape [3–7,22]. LSPR features of a 
single spherical plasmonic particle are influenced by changing the par
ticle size, including the wavelength of the LSPR resonance peak (λr), 
peak intensity and full width at half maximum (FWHM) as well as the 
field distribution of plasmon modes. This is mainly due to the increase in 
the effective volume of the particle that alters the materials’ polariz
ability and hence the plasmon resonance as well as their scatter
ing/decaying mechanisms. In general, small particles show only dipolar 
modes at frequency close to the conductor’s plasma frequency, while 
larger particles show relatively wider red-shifted dipolar peaks [3–7,17, 
18]. In addition, larger particles can also show higher order plasmon 
resonance modes arising from different arrangements of its resonating 
electrons in response to the incident light. All such effects are precisely 
described by our adopted Mie theory formalism [37,42,55]. Fig. 2 and 
its insets show the effect of the variation in the particle radius Rc on the 
absorption coefficient Qabs of single plasmonic Ag, ITO and GZO parti
cles as calculated for vacuum or air surrounding medium (nmed = 1). For 
the smallest investigated particle size (Rc = 10nm), Ag plasmonic NPs 

exhibit a resonance peak at ∽390 nm corresponding to the blue to or
ange region of the visible spectrum, while ITO and GZO show resonance 
peaks in the NIR region at ∽1690 nm and ∽1490 nm, respectively. If 
considering an aqueous surrounding medium of higher refractive index 
(nmed = 1.33), λr of Ag, ITO and GZO plasmonic nanospheres shift to 
longer wavelengths, red-shifted, to be 426, 1896 and 1686 nm for Ag, 
ITO and GZO nanospheres, respectively, which is also accompanied by 
an increase in absorption intensity and a narrowing in the absorption 
peaks. This is because a higher refractive index medium allows for more 
efficient coupling of the incident light to the plasmonic oscillations, 
leading to a stronger and sharper LSPR response [8,11,14,22,33]. These 
obtained values of λr for these plasmonic nanospheres are consistent 
with previously reported theoretical and experimental investigations of 
comparable sizes for vacuum and/or aqueous surrounding mediums [4, 
13,19,21,22,26,28,48]. As the particle radius increases from 10nm to 
60nm, these single plasmonic nanospheres exhibit small red shift in their 
peak positions showing a limited size-dependent tunability; 
Δλ ∼20–50 nm width within the considered variation range of particle 
radius (from 10 to 60nm), regardless to the surrounding medium. In 
addition, it is worth noting that higher-order plasmonic effects e.g., 
electric quadrupole modes, start to appear in the absorption spectra of 
Ag nanosphere at Rc ≥ 50 nm. Such higher-order effects are not 
observed for plasmonic TCOs single nanospheres within the investigated 
spherical radius range and for the wavelength range assumed in the 
calculations. Higher order modes are not expected in 60 nm ITO and 
GZO nanospheres, because this size is small compared to their LSPR 
wavelengths (∼1500 nm).

In contrast to single plasmonic nanospheres where LSPR can be 
tuned primarily by changing their size, the LSPR of plasmonic nano
shells can be tuned by varying both the core radius (Rc) and the shell 
thickness (d). Fig. 3(a) and (b) show the effect of shell thickness on Qabs 
and Qsca of ITO − Ag and GZO − Ag nanoshells as calculated at constant 
core radius (Rc = 40nm) and aqueous surrounding medium (nmed =

1.33). By increasing the shell thickness, both ITO − Ag and GZO − Ag 
nanoshells show very strong tunning abilities that extend from NIR to 
VIS, as shown in Fig. 3. The peak positions of the absorption spectrum of 
ITO − Ag and GZO − Ag nanoshells are intensified, narrowed, and 
shifted toward lower wavelengths, blue shifted, as d increased. How
ever, Qsca is intensified and broadened with increasing d. At d = 8nm, 
an absorption shoulder corresponding to Ag-higher plasmonic modes 
start to appear and continue to intensify and blue shifted with further 
increase in the shell thickness d. In addition to the appearance of the Ag 
higher order plasmonic modes, the ability of the plasmonic ITO − Ag 
and GZO − Ag nanoshells to scatter incident light becomes more pro
nounced. In otherwards, Qsca increases on the expense of a relative 
decrease in Qabs suggesting a very strong geometrical tuning dependent 
as well as geometrical optimization and tradeoff between absorption 
and scattering characteristics of these plasmonic nanoshells. This means 
that a larger fraction of the incident light is scattered by the nano
particles, rather than being absorbed or transmitted at that composition. 
The increased scattering coefficient leads to more efficient coupling of 
the incident light to the far-field, allowing the plasmonic NPs to interact 
with and influence the propagation of light over longer distances, which 
results in an enhanced light-scattering patterns, interference effects, and 
hence improved optical sensing and detection [40,41,43].

Fig. 4 shows the results of our systematic investigations of the 
fundamental tuning ability of TCO − Ag nanoshell structures; where the 
variations of λr for ITO − Ag and GZO − Ag nanoshell structures of 
different values of core radius Rc and shell thickness d (up to d = 20nm)

for water surrounding medium (nmed = 1.33) are investigated. It is clear 
that λr of these TCO − Ag nanoshells decreases almost exponentially 
from NIR range, corresponding to the single TCO nanosphere, to almost 
VIS (almost blue) with increasing the value of d in the TCO − Ag 
nanoshells depending on Rc. For Rc = 20nm and d is varied from 0 to 20 
nm, λr of ITO − Ag decreased from 1890 to 517 nm and that of GZO −

Ag decreased from 1690 to 518 nm. This indicates a great tunning 

Fig. 2. The effect of the particle radius (R) on the calculated absorption coef
ficient (Qabs) of single plasmonic Ag, ITO and GZO, assuming air surrounding 
medium (n = 1).
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ability of total tunning range Δλ ∼ 1340 and 1170 nm for ITO − Ag and 
GZO − Ag nanoshells, respectively. Regarding the tunability range, the 
tunning range of ITO − Ag and GZO − Ag nanoshells is larger than that 
observed due to Sn or Ga doping in ITO and GZO. Kanehara et al. was 
able to tune LSPR in colloidal ITO nanocrystals from 1618 nm to 
>2200 nm with tunning range of Δλ ≈ 600 nm by controlling the Sn 
concentration between 0 % and 40 % [19]. Controlling the free carrier 
due to Ga doping in GZO was reported to tune LSPR peak position from 
4000 nm to 3000 nm [12]. However, X. Ye et. al used a generalized 
cation− anion co-doping methodology to tune the LSPR of ITO nano
crystals between 1.5 and 3.3 μm showing a larger tunning range of 
Δλ ≈ 1800nm [18]. H. Long et al. also reported tunning range of Δλ ≈

1200 nm (from 2.4 to 3.6 μm) of Al and Ga co-doped ZnO (AGZO) 
nano-triangle particulates by changing the doping concentrations [56]. 
Despite of the wide tunable range due to this co-doping approach, it 
obviously alters the composition and the intrinsic dielectric properties of 
the TCO material itself in addition to several raised issues that might 
degrade the performance of any plasmonic based devices raised from the 
increased formed defect density and/or ineffective doping due to solu
bility limits, as well as increased ionized impurity scattering [15,27–29]. 
In addition, the LSPR tunability due to doping, red shifts λr toward IR 
range while our TCO-metal integration tunning approach blue shifts λr 
toward VIS and UV range. In any instant, this doping tunning recipe can 
be considered as an additional strong bonus to the current approach 
since TCO cores with any arbitrary and experimentally attainable 

doping concentrations can be integrated to a suitable metallic shell for 
even wider LSPR tuning range. These TCO-metal nanoshell structures 
have potential tunning ability that by far surpasses metal-metal, met
al-semiconductor, semiconductor-metal core-shell nanostructures [28, 
57–59]. In fact, this wide LSPR tunability range of TCO-metal nanoshell 
structures allows for designing plasmonic devices that can operate at any 
desirable wavelength within such wide tuning range, which gives flex
ibility in the design and engineering of various plasmonic-based devices. 
It is worth noting that, TCO-Ag core-shell configuration, in its optical 
behavior, is closer to bimetallic core-shell rather than dielectric-metal 
core-shell configuration. TCOs have very broad LSPR spectrum that 
expands over VIS-NIR-MIR range due to its available high 
doping-dependent free carrier concentrations and the inherited 
electron-impurities and electron-defect scattering mechanisms [3,4,7, 
11,17]. Metallic NPs normally have narrow and sharp LSPR spectrum in 
the VIS range [8,54]. The current TCO-Ag core shell structure resembles 
bimetallic in the sense that the IR broad LSPR spectrum of ITO and GZO 
are modulated by a varying metallic-shell thickness resulting in a hybrid 
modified blue shifted spectrum. The TCO-Ag LSPR spectrum continues 
to be blue shifted and narrowed reaching the edge of the VIS range at 
larger Ag-shell thickness. In otherwards, LSPR are tuned continuously 
from the dipolar resonance of ITO and GZO single spheres in the NIR 
range to the resonance of Ag at the blue edge of the VIS range. Similar 
behavior commonly observed for bimetallic core shell structures, but 
with limited modifying range (within the VIS region only) and narrower 

Fig. 3. The simulated absorption coefficient (Qabs) and scattering coefficient (Qsca) spectra of TCO-Ag nanoshells; (a) ITO-Ag nanoshell and (b) GZO-Ag nanoshell. 
The spectrum is calculated at constant core radius of 40 nm and at different Ag shell thickness assuming an aqueous surrounding medium (nmed = 1.33).

Fig. 4. Variation of the resonance wavelength (λr) of TCO-Ag nanoshell structures with various core and shell sizes: (a) ITO − Ag nanoshell and (b) GZO −

Ag nanoshell.
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FWHM [30,31,57,59].

3.2. Geometrical optimization and functionality

As mentioned above, TCO-Ag nanoshells have shown wide LSPR 
tunability range inheriting them a great design flexibility and enables for 
the realization of multifunctional plasmonic devices. These devices can 
integrate various functionalities, such as sensing, energy conversion, 
and optical control, within a single platform or can be geometrically 
optimized to achieve an optimum desired performance for specific 
application. However, this geometrical optimization and design process 
normally involves complex trade-offs amonge various controlling or 
functionality parameters such as scattering, absorption and trans
perancy. Fig. 5 shows the absorption and scattering coefficients at res
onance,(Qabs)r, for ITO − Ag and GZO − Ag nanoshells calculated at 
various core and shell sizes and aqueous surrounding medium. It is clear 
that (Qabs)r increases with increasing the shell thickness d, till it reaches 
a maximum at shell thickness dm, after which (Qabs)r starts to decrease 
with further increase in d. This behavior is observed for both ITO − Ag 
and GZO − Ag nanoshells. For small core sizes (Rc = 20 and 30 nm), the 
maximum in (Qabs)r is observed at dm located between 12 and 16 nm for 
both TCO − Ag nanoshell structures. However, at higher core radius (Rc 
> 30 nm), RC independent maximum in (Qabs)r is observed at dm ≈ 8 nm. 
The scattering coefficient at resonance, (Qsca)r exhibits nonlinearly in
crease with increasing d throughout the investigated range. However, it 
pertains a lower increasing rate at higher values of d; particularly for 
higher values of Rc. While a maximum of (Qabs)r is observed within the 
investigated range of core and shell sizes, (Qsca)r have its maximum 
value slightly larger or beyond these ranges; at lower values of Rc. The 
consensus is that Qabs increases with effective particle volume up to a 
size above which Qsca becomes dominant. Thus, one can manipulate the 
geometrical parameters of these TCO-Ag nanoshell structures to utilize 
the optimum absorption and/or optimum scattering characteristics i.e., 
it can be geometrically optimized to operate either in absorption- or 
scattering-dominated regime. Whereas absorption-dominated regime is 
desirable for photothermal therapy, photocatalysis, and solar energy 
harvesting, scattering-dominated regime is advantageous for applica
tions such as optical sensing, imaging, and optical switching. Based on 
these results, TCO-Ag with relatively small TCO cores and small Ag 
shells (d < 12 nm) can be utilized for absorption-dominated applica
tions while those with large TCO cores and large Ag shells (d > 12 nm)

can be utilized for scattering-dominated applications. In plasmonic- 
based enhanced solar cells, Qabs and Qsca are believed to be equally 
important as effective approaches to strategically maximize light ab
sorption and/or trapping [60]. Manipulating absorption and scattering 
components using plasmonic NPs have previously exploited to enhance 

efficiencies of photovoltaic solar cells adapting different photoelectron 
generation mechanisms [61,62]. Whereas Qabs of plasmonic NPs can 
provide an enhanced broadband spectral absorption of the solar spec
trum added to that naturally absorbed by active medium, Qsca of 
embedded plasmonic NPs can be utilized to capture light photon within 
the active medium via wide angel scattering or antireflecting-like 
mechanisms; an approach usually obtained by surface texturing [60]. 
Incorporating plasmonic NPs between the hole transport layer and the 
active layer was reported to significantly increase light absorption and 
scattering, leading to higher power conversion efficiency [61,62]. It has 
been demonstrated that the placement of these plasmonic NPs (at sur
face of the front or back electrodes or embedded among/within active 
layer) plays a crucial role in improving light absorption, scattering, and 
electrical properties facilitated by these incorporated plasmonic NPs 
[60–62]. Thus, absorption peak tunability of these TCO-Ag nanoshell 
can enhance photoelectron conversion efficiency via widening the 
absorbed solar spectrum and the effective formation of hot electrons, 
which can be drifted toward the solar cell active layer providing an 
enhanced solar energy conversion. In addition, such plasmonic nano
shells can be embedded within the active medium where the scattered 
light from plasmonic NPs is trapped allowing for an improved photo
electron generation, and a higher solar cell efficiency.

The FWHM of the LSPR peak is of crucial consideration during 
geometrical design optimization; either in absorption-dominated or 
scattering-dominated regime [63,64]. Generally speaking, a narrow 
FWHM of the LSPR peak, i.e. sharp resonance, allows for high spectral 
selectivity, which is importante for applications that require precise 
wavelength-dependent interaction such as chemical and biological 
sensing [1,19,33,42,59]. In that context, the FWHM is inversely related 
to the sensitivity of plasmonic sensors, as a narrower FWHM allows for 
the detection of smaller shifts in the resonance wavelength due to 
changes in the local environment. In addition, the FWHM of the LSPR 
peak can also impact the efficiency of energy transfer and coupling be
tween plasmonic nanostructures and other systems, such as quantum 
emitters or photovoltaic materials. A narrower FWHM can enhance the 
coupling and energy transfer, leading to improved performance in ap
plications like light-emitting devices, energy harvesting, and nano
photonic circuits. Fig. 6 shows the variation of the FWHM of ITO − Ag 
and GZO − Ag nanoshells calculated at various core and shell sizes while 
impeded in aqueous medium. This figure indicats that the shell tickness 
d can effectivly contrrol the FWHM of the LSPR absorption peaks of 
these TCO − Ag nanoshell structures. To aviod any misinterpretation of 
the observed variations in the simulated FWHM with the variation in 
core and shell sizes of TCO-Ag nanoshells due to presentation in the 
wavelength domain, the FWHM values are estimated from the Lor
entzian fitting of the LSPR in the frequency domain as well. Similar 

Fig. 5. The absorption and scattering intensities at resonance, (Qabs)r and (Qsca)r , of TCO-Ag nanoshell with different core Rc and shell d sizes; (a) ITO − Ag 
nanoshell and (b) GZO − Ag nanoshell.
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trends are observed for the variation of FWHM with geometrical para
mters in both wavelength and frequency domains. However, due to our 
focus on the emplolyemnt of the investigated nanoshells in the appli
cations of RIS and solar energy harvesting, we present the FWHM 
dependent using wavelength scale as shown in Fig. 6. The FWHM steply 
decreases with increasing d value from 2 to 4 nm for both TCO − Ag 
nanoshel structures; for ITO-Ag nanoshells it decreases to almost its half 
value, while for GZO-Ag nanoshells it decreases with lower rates. With 
further increase in d, the FWHM exhibits a minimum value between d =
8 and 12nm for both TCO − Ag nanoshel structures. Afterword, the 
FWHM slowly increases with increasing d. This observed behavior is 
consistent with previously reported size dependent FWHM of several 
plasmonic nanostructures due to the intertwined of various LSPR 
damping mechanisms [3,11,65,66]. These damping mechanisms might 
include scattering mechanisms such as electron-surface, electro
n-electron, electron-lattice, and electron-phonon scattering, in addition 
to spontaneous radiative damping. These damping effects are customilly 
included within a single constant damping coefficient (Γ0) in the 
dielectric functions of the core and shell materials [3,11,38]. In specific 
cases, the damping mechanisms of surface-scattering and radiative 
emission were taken to be size-dependent similar to Eq.4, thus, transi
tions of the FWHM from 1/r surface scattering dominated regime to r3 

radiative damping dominante regime were reported [65,66]. In the 
current study, the modified damping coefficient (Γmod) is used for Ag 
shells due to the significant contribution of surface scattering damping 
relative to its Γ0 constant bulk damping factor. However, such damping 
component is found to be negligible for the TCO cores, as discussed 
earlier. In addition, radiative damping coefficients are taken to be 
constant for both TCO cores and Ag shell within the bulk value Γ0. While 
the increased surface scattering damping at lower shell thickness ex
plains the initial reduction of the FWHM with the shell thickness, the 
increased FWHM at higher shell thickness can be explained in terms of 
the increased contribution of the superimposed component of Ag plas
monic higher order modes at larger Ag shell thickness. As shown in 
Fig. 3, a shell thickness-dependent shoulder in the LSPR spectrum close 
to ∼ 600nm due to such multipole plasmonic resonance is observable at 
d ≥ 8nm for both ITO-Ag and GZO-Ag nanoshells. Fig. 4 also shows an 
increase in the FWHM of these TCO-Ag nanoshell with increasing Rc for 
any given shell thickness d. These results confirm the importance of the 
shell thickness d in controling the FWHM of these TCO-Ag nanoshell 
structures. Similar observation have been previously reported for CdSe- 
and CdTe-coated Au nanoshells [63].

In order to explore the functionality of our plasmonic TCO-Ag 
nanoshells for biological and chemical sensing, or even for environ
mental monitoring, the effect of the change in the refractive index of the 
surrounding medium on λr is investigated. The sensitivity factor S is a 

commonly used parameter to assess the sensing functionality of LSPR- 
based sensors; where S is defined as the change in λr relative to the 
change in the refractive index unit (RIU) of the surrounding medium 
nmed; i.e.; S = dλr/dnmed [35,44,59,67–69]. However, the FWHM of the 
LSPR spectrum is a crucial parameter in determining the sensor func
tionality such that it may deteriorate or enhance the sensing and/or 
detecting functionality of the system. For example, it is difficult to detect 
small shifts in λr due to any change in nmed for wide FWHM LSPR peaks. 
Therefore, a Figure of Merit (FoM) factor, defined as the ratio of the 
sensitivity parameter S to the FWHM of the LSPR peak (FoM =

S/ΔλFWHM), is commonly used to quantify the functionality of LSPR 
sensors [35,44,67–69]. This FoM guarantees that the LSPR sensor 
concurrently addresses both requirements; high sensitivity and sharp 
LSPR spectrum. Fig. 7(a) and (b) show the variation of λr with the 
change in nmed for ITO − Ag and GZO − Ag nanoshell structures as 
calculated at Rc = 60nm and at various values of shell thickness d. 
Satisfying the essential criterion for good refractive index sensing, the 
nanoshells exhibit consistent linear redshift in λr with increasing nmed, 
but with different rates depending on both Rc and d. In fact, the increase 
in the refractive index of the surrounding medium or core material re
sults in a decrease in Coulombic restoring force acting between the 
oscillating electrons and the positive lattice, which in turn affects the 
light-plasmonic coupling, reduces the surface plasmon resonance en
ergy, and shifts λr to longer values [68,70]. Fig. 7(c) and (d) show the 
variations of both S and FoM with the Ag-shell thickness for both ITO −

Ag and GZO − Ag nanoshell structures. Because of the dependence of 
the FWHM on nmed, FoM calculations are performed at n = 1 and n =

1.33 for the two extreme investigated values of core radius, Rc = 20 nm 
and 60nm, at different values of d. Both ITO − Ag and GZO − Ag 
nanoshells exhibit geometrical optimization behaviors regarding high 
sensitivity and great FoM, as shown in Fig. 6(c) and (d). The sensitivity S 
of ITO − Ag and GZO − Ag nanoshells initially show a nearly expo
nential decreasing behaviors with increasing d at both values of Rc. For 
further increase in d, the sensitivity S presents a minimum befor it starts 
to increase with further increase in d. Such l minmum is observed be
tween d = 8 nm and 12 nm for both TCO − Ag nanoshell structures at 
Rc = 60nm,while it shifts to larger values of d; between 12 and 16 nm, 
for Rc = 20 nm. The variation of the FoM factors of these TCO-Ag 
nanoshells with d values show inverse behaviors with broad maxima 
observed at d = 12 nm for Rc = 60 nm and at d = 18 nm for Rc = 20nm. 
At R = 60 nm, ITO − Ag and GZO − Ag nanoshell structures show 
refractive index sensitivities ranging from ∼350 to ∼550 nm/RIU 
depending on the value of d. For lower core radius (Rc=20 nm), the 
nanoshells show lower values of S, ∼200 to ∼300 nm/RIU depending on 
the value of d. In any cases, these values are larger than or comparable to 
those of silica-Au nanoshell, a common reported nanoshell, where an S =

Fig. 6. The FWHM of the LSPR peaks TCO-Ag nanoshell as calculated for different core and shell sizes: (a) ITO − Ag nanoshell and (b) GZO − Ag nanoshell.
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378 nm/RIU for a 60-nm was reported. For hollow gold nanoshell, S 
values ranging from 250 to 550 nm/RIU were reported [71]. Using 
quasistatic approximation, a sensitivity S = 166 nm/RIU was reported 
for Au-Ag bimetallic nanoshells [72]. This indicates that these TCO-Ag 
nanoshells not only can provide wider tunable sensing range that ex
tends from VIS to NIR, but high sensitivity that obviously surpass single 
metallic nanospheres, bimetallic nanoshells, and semiconductor-metal 
nanoshells [58,63,67,69,72]. At optimum geometrical conditions, 
ITO − Ag and GZO − Ag nanoshells present FoM values ∼2.5 and ∼3.5 
for water and air surrounding medium, respectively, while presenting 
the minimum sensitivity. It is worth noting that ITO-Ag and GZO 
nanoshells have lower S values, but higher FoM values, compare to 
single homogenous ITO and GZO nanospheres. This is because plas
monic TCOs normally have wider LSPR than common metallic plas
monics resulted from their inherited differences associated with 
resonating free charge carrier’s density as well as their structural and 
dielectric properties [6,7,73,74]. Metals, such as gold and silver, have 
very high free carrier concentrations (1022 − 1023 electrons/cm3), while 
plasmonic TCOs have much lower free carrier concentrations 
(1020 − 1021 electrons/cm3) [74]. Metals have lower damping rates 
associated only with electron-electron and electron-phonon in
teractions, thus narrow or sharp LSPR peaks. On the contrary, plasmonic 
TCOs normally have wider LSPR peaks due to higher damping rates 
associated with increased electron-impurity and electron-phonon scat
tering, in addition to higher structural and compositional in
homogeneities normally encountered in TCOs systems [73,74]. 
Therefore, compare to homogenous metallic or TCOs plasmonic single 
nanosphere, integrating TCOs cores with metallic nanoshells provides a 

great opportunity to control LSPR location, broadening, and enhanced 
RIS based on their unique inherited physical properties. In other words, 
a flexible geometrical optimization is always conceivable in these TCO −

Ag nanoshell structure if good selectivity, high extinction, and/or high 
scattering are required, as is the case for many near-infrared absorption 
applications.

Exploiting the unique properties and capabilities of plasmonic effects 
e.g.; light absorption, hot electron generation and near-field enhance
ment, to enhance the efficiency of solar energy harvesting remains a 
technologically important strategy for current and future development 
[74,75]. Aligned with that strategy, it is valuable to perform a system
atic theoretical search for optimize geometries of our current TCO-Ag 
plasmonic nanoshells to maximize the extinction cross-section or ab
sorption cross-section of nanoshell structure for a desire photocatalysis 
or photovoltaic applications. In that regard, a figure of merit for solar 
energy absorption (IQabs) is used. This IQabs is defined as [76]: 

IQabs =

∫2000nm

300nm

Qabs(λ)Esun(λ)dλ (7) 

where Esun(λ) is the wavelength dependence of the sun’s spectral irra
diance in W/m2.nm. Indeed, IQabs provides a reliable indicator of the 
ability of a given absorbing system to practically harvest solar energy 
throughout the essential solar radiation spectrum. Nevertheless, addi
tional considerations must be taken in order to specifically utilize such 
absorbed energy in particular energy utilization channels e.g.; photo
voltaic, photocatalytic, or thermal utilization [74,77]. Fig. 8 demon
strates the absorption coefficient of ITO − Ag and GZO − Ag nanoshell 

Fig. 7. Exploring the refractive index sensitivity of TCO-Ag nanoshell structures: (a) the variation of λr with nmed for ITO − Ag nanoshells of Rc = 60 nm and at 
various values of shell thickness d, (b) the variation of λr with nmed for GZO − Ag nanoshells of Rc =60 nm and at various values of shell thickness d, (c) the variation 
of the refractive index sensitivity S and FoM with the shell thickness d for ITO − Ag nanoshells as calculated at Rc= 20 nm and 60 nm. (d) the variation of the 
refractive index sensitivity S and FoM with the shell thickness d for GZO − Ag nanoshells as calculated at Rc= 20 nm and 60 nm.
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structures relative to the solar energy spectrum at different core size Rc 
= 20 − 70 nm and fixed shell thickness of d = 12 nm. The LSPR-spectrum 
of ITO − Ag and GZO − Ag nanoshells can be manipulated (by varying 
either Rc or d or both) to coincide with any portion of the solar radiation 
spectrum for various potential photo-enhanced application. With the 
goal is to enhance solar energy absorption and utilization, it is important 
to have a wide LSPR spectrum that is located at wavelength of high 
intensity solar irradiation, which suggests using a larger TCO cores. 
Indeed, increasing the TCO core size widens the LSPR absorption spec
trum, but shifts it to a lower intensity of solar irradiation. In contrary, 
increasing the metallic shell thickness shifts the LSPR spectrum to the 
higher solar irradiation intensity, narrows its width, and generates 
higher order plasmonic effects. This necessitates an optimum geomet
rical structure of these TCO − Ag nanoshells for energy harvesting.

Fig. 9 shows the variation of FoM for energy absorption IQabs as a 
function of the normalized geometrical parameter (d/Rc) for ITO − Ag 
and GZO − Ag nanoshell structures at different values of TCO − core 
radius. The calculations are performed assuming the surrounding me
dium to be air (nmed = 1.0) and water (nmed = 1.33), however only those 
for water are presented. ITO − Ag and GZO − Ag nanoshell structures 
show strong correlation between IQabs and the normalized geometrical 
parameter (d/Rc). At any given core radius Rc, the nanoshells present an 
utmost solar energy absorption at specific value of (d/Rc) indicating the 
geometry of the highest FoM for SEA for this TCO core size. At lower 
values of R, IQabs tends to have a broad maximum that may be extend to 
high values of the normalized geometrical parameter outside the 

investigated range i.e.; (d/Rc) > 1. This indicates that comparable 
quality of energy harvesting can be achieved via different TCO-Ag 
nanoshell structures having different values of normalized geometrical 
parameter such that d > Rc. This scenario remains valid for larger core 
sizes, up to Rc ≤ 40 nm. Within that range, ITO − Ag and GZO − Ag 
nanoshells show IQabs magnitude that increases with increasing the core 
radius with less broad maximum trend. This suggests limited choices of 
TCO-Ag nanoshells of comparable energy harvesting merits regarding 
the optimized geometrical parameters. For TCO − Ag nanoshell struc
tures with Rc ≥ 40 nm, optimum energy harvesting can be only attained 
at specific (d/Rc) value. This behavior become more pronounced at 
higher values of Rc, but with a decreased maximum value of IQabs. Ul
timate IQabs attaining value of ∼ 1692 is observed for ITO − Ag nano 
shell at Rc = 60 nm with d/Rc = 0.3 geometrical structure (d = 18nm), 
while a highest IQabs value of ∼ 1702 is observed for GZO − Ag nano 
shell at Rc = 60nm with d/Rc = 0.2 (d = 12 nm). For Rc > 60 nm, the 
magnitude of the maximum IQabs and its corresponding (d/Rc) value 
decrease with increasing Rc for the two ITO − Ag and GZO − Ag 
nanoshell structures. Similar trends of IQabs as a function of (d/Rc) for 
various values of Rc are observed for both ITO − Ag and GZO − Ag 
nanoshell structures assuming air surrounding medium (nmed = 1.0). 
The TCO − Ag shell thickness corresponding to the highest IQabs de
creases with increasing core radius for both surrounding mediums. 
However, a blue shift relative to that of water (nmed = 1.0) of the LSPR 
band accompanied by a decrease in the absorption efficiency are 
noticeable. In addition, the magnitude of the absorption coefficient 

Fig. 8. The absorption coefficient of TCO-Ag nanoshell structures relative to the solar energy spectrum. The LSPR-spectrum is calculated at d = 12 nm and for various 
values of Rc assuming n=1.33: (a) The absorption coefficient of ITO-Ag nanoshell relative to the solar energy spectrum (b) The absorption coefficient of GZO-Ag 
nanoshell relative to the solar energy spectrum.

Fig. 9. The variation of the figure of merit for energy absorption IQabs of TCO-Ag nanoshells as a function of geometrical optimization parameter (d/Rc). Calculations 
are performed for n=1.33 of the surrounding medium. (a) ITO-Ag nanoshells, (b) GZO-Ag nanoshells.
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Qabs(λ) obtained in air, and consequently IQabs, is lower than that ob
tained in water, but the highest FoM for energy harvesting occurs at the 
same (d/Rc) ratio for any given value of Rc.

4. Conclusions

In this work, the tuneability and functionality of plasmonic ITO-Ag 
and GZO-Ag nanoshell structures have been explored within the 
extended theoretical Mie theory formalism. The effect of core and shell 
sizes on LSPR peak position and line width as well as absorption and 
scattering coefficients is numerically investigated. Relative to single Ag, 
ITO, and GZO plasmonic nanospheres, which present limited size- 
dependent tunability (i.e., the tunning range Δλ ∼ 20 − 50 nm as Rc 
increased from 10 nm to 60 nm), ITO-Ag and GZO-Ag core-shell nano
structures demonstrate tunning abilities that span from VIS to NIR with 
total tunning range of Δλ ∼ 1340 and 1170 nm, respectively. Contrary 
to doping and co-doping tunning mechanisms, this achieved tunning 
range has minimum impact on the inherited physical and chemical 
properties of TCO materials because it is realized by controlling its 
geometrical dimensions; core radius and shell thickness. Nonetheless, 
TCO-metal core-shell nanostructure with even wider LSPR tuning range 
can be accomplished by utilizing TCO cores with the highest experi
mentally possible carrier concentrations using doping or co-doping ap
proaches.

Derived by its geometrically dependent LSPR spectrum, a systematic 
search for geometrically optimized ITO-Ag and GZO-Ag nanoshell 
structures with enhanced performance is performed. It is found that 
TCO-Ag with relatively small TCO cores and small Ag shells (d < 12 nm)

can be utilized for absorption-based applications while those with large 
TCO cores and large Ag shells (d > 12 nm) can be utilized for scattering- 
based applications. In addition, the potential functionality of these 
nanoshell structures as RIS and SEA are examined using appropriate 
FoM. Simulations indicate that a geometrically optimized core-shell 
architecture of outstanding FoM for RIS and SEA can be realized. For 
Rc = 60 nm when nmed = 1, ITO-Ag nanoshell structures show a highest 
RIS sensitivity (320 − 550 nm/RIU) and optimum FoM (2.8) at d =

12 nm. For smaller core radius (Rc = 20 nm), a higher FoM and lower 
sensitivity are obtained at larger d value. Nearly comparable values and 
almost similar optimized geometrical parameters are also observed for 
GZO-Ag nanoshells. For nmed = 1.33, both ITO-Ag and GZO-Ag nano
shell structures show lower RIS FoM values. Furthermore, the LSPR- 
spectrum of ITO − Ag and GZO − Ag nanoshells can be manipulated 
(by varying either R or d or both) to coincide with any portion of the 
solar radiation spectrum to maximize its functionality for various po
tential photo-enhanced applications, which is estimated using FoM for 
energy absorption IQabs. ITO − Ag and GZO − Ag nanoshell structures 
show strong correlation between IQabs and the normalized geometrical 
parameter (d/Rc). ITO − Ag nanoshell with Rc = 60nm and normalized 
geometrical parameter d/Rc = 0.3 (d = 18 nm) is an optimized struc
ture of ultimate IQabs value. Optimized GZO − Ag nano shell of Rc =

60 nm with d/Rc = 0.2 geometrical structure (d = 12nm) shows a 
comparable utmost IQabs value of ITO − Ag nanoshells.

This work highlights the additional degree of freedom of integrating 
the plasmonic TCOs with noble metals into nanoshell structures to 
expand its tunability, optimized its functionality, and increase its 
adaptability. With the available varieties of TCO-core and metallic-shell 
material combinations, these optimized nanoshell structures can pro
vide enhanced performance plasmonic-based devices for sensing, pho
tocatalytic, and energy harvesting related applications.
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