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Abstract: This work investigates the role of geometric shape in tuning the optical bistability (OB) and local field enhancement
factor (LFEF) of metal-coated dielectric core-shell (CS) nanoinclusions embedded in nonlinear dielectric host matrices. Through
quasi-static analysis and Drude-based modeling, the study reveals that spherical and cylindrical nanoinclusions exhibit distinct
OB thresholds and LFEF behaviors depending on their radii, dielectric environments, and shape-induced plasmonic resonances.
Spherical CS nanostructures display stronger OB responses and field confinement at lower thresholds than their cylindrical
counterparts. Results show that increasing host permittivity significantly widens the OB region, while reducing nanoinclusion
size enhances optical nonlinearity. This investigation underscores the sensitivity of nonlinear optical responses to geometry, shell
thickness, and host environment, providing valuable insights for designing tunable photonic components, including switches and
optical memory devices.
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1. Introduction

Over the last three decades, significant advancements
have been made in the study of the optical properties of
nanoparticles, particularly core-shell (CS) nanocomposites
(NCs), which have emerged as one of the most widely
employed nanostructures across various scientific and
technological domains [1]. A multitude of studies have
established that the optical behavior of CS NCs is highly
sensitive to numerous parameters, including the particle size,
metallic composition, dielectric environment, and the spatial
configuration of the core-shell architecture [2–5].

Among these influencing parameters, the shape of CS
nanostructures plays a critical role in determining their surface
plasmon resonances (SPRs). While the size and embedding
media have traditionally been regarded as primary factors,
recent works have demonstrated that even slight alterations in
the geometry of the nanocomposites can significantly modify
their SPR characteristics [6–8]. This geometric sensitivity

offers a powerful mechanism to engineer the plasmonic and
optical responses of nanostructures, thereby extending their
applicability in tailored photonic devices.

Spheroidal CS nanocomposites, characterized by either
prolate or oblate ellipsoidal shapes, have garnered special
interest due to their capability to extend optical tunability
over the visible to infrared spectral ranges. These structures,
typically comprising a dielectric core enveloped by a metallic
shell, support plasmon resonances that are highly adjustable
through modifications in shape and size [9–11].

The synergy between plasmonic metal shells and dielectric
cores forms the foundation of unique optical behaviors
observed in bimetallic CS nanostructures. Enhanced coupling
between incident electric fields and collective electron
oscillations within the shell leads to pronounced SPR effects.
These are further influenced by the interplay between the shell
plasmons and the core dielectric properties [12–15].

Experimental and theoretical investigations have shown that
CS nanostructures with noble metal shells (e.g., Au, Ag)
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and dielectric cores (e.g., SiO2) exhibit superior performance
in applications such as Surface-Enhanced Raman Scattering
(SERS), where the enhancement of the electromagnetic field is
crucial [16–21]. The location and intensity of the SPR bands
in such systems are directly governed by parameters including
shell thickness, core diameter, and surface morphology [22–
28].

Recent advancements have also underscored the biomedical
and optoelectronic significance of nanoparticles such as
Ag and ZnO due to their excellent antimicrobial activity
and favorable optical properties. These properties make
them desirable candidates in pharmaceutical formulations,
biosensing platforms, and diagnostic imaging tools [29–
36]. Additionally, SiO2 coatings on quantum dots
(QDs) significantly improve their optical stability and
biocompatibility, allowing for applications in long-term
cellular imaging and targeted drug delivery [37–39].

In optoelectronics, materials like ZnTe play an
indispensable role due to their doping versatility and high
quantum efficiency. ZnTe has been widely used in devices
ranging from laser diodes and blue LEDs to solar cells and
terahertz generators. In particular, its integration with CdTe
enhances photovoltaic efficiency by suppressing undesirable
interfacial phenomena [40–47].

Several experimental and computational studies have
investigated the optical response of core-shell nanocrystals
including combinations such as SiO2@Au [48], Ag@SiO2

[49] and CdSe@Ag [50]. However, a comprehensive
understanding of how geometry specifically spherical versus
cylindrical inclusion shapes affects optical bistability (OB) and
local field enhancement factor (LFEF) in nonlinear dielectric
environments remains limited.

This study addresses that gap by presenting a detailed
theoretical and numerical investigation of LFEF and OB
in metal-coated dielectric CS nanoinclusions with different
geometries embedded in active host matrices. The analysis
incorporates the Laplace equation for potential distribution,
Drude-Sommerfeld theory for the metallic response, and Kerr-
type nonlinearities in the dielectric core. Our findings show
that geometry, CS radii, and host permittivity collectively
govern the nonlinear optical behavior, offering insights
essential for the rational design of nanophotonic devices.

2. Simulations and Theoretical Basis

Our study focused on a type of nanocomposite known
as spherical and cylindrical metal-coated dielectrics (NCs).
These NCs consist of a dielectric core with radius r1 and
a dielectric function denoted by εd. The DF of the
shell surrounding the core, represented by εm, varies with
the applied electric field and has a radius of r2. The
whole nanocomposite is enclosed by a dielectric matrix
composed of dielectric material with a dielectric function
εh. The nanocomposite is subsequently exposed to incoming
electromagnetic radiation [10, 14]. Different dielectric
functions for the host matrices were studied in order to study

the impact of geometric shape, core-shell radii, and various
host matrices on optical characteristics. In this study, we
looked at each of the two geometric shapes separately to better
understand their impacts.

2.1. Electric Potential Distribution in Cylindrical
Core-shell NIs

Through the application of boundary condition
requirements and the solution of the Laplace equations for
spherical CS NIs, the electric potential distributions in the
core, shell, and store matrices was determined. Look at the
parts of the CS nanocomposite materials where the dielectric
core (DC) has a radius r1 and the DF εd. The DF εm
and radius r2 (with r1 < r2) produce the shell. The DF εh
describes the host material. The distribution of the electric
potential in the host matrix, metallic shell, and DC can be
explained by three distinct functions: φd for the host matrix,
φm for the metal shell, and φh for the DC. According to
[16–18], these functions are generated by the equation.

φd =− EhAr cos θ, r ≤ r1

φm =− Eh
(
Br − C

r2

)
cos θ, r1 ≤ r ≤ r2

φh =− Eh
(
r − D

r2

)
cos θ, r ≥ r2

The spherical coordinates of the observation point are
represented by r and θ, whilst the applied electric field is
represented by Eh. It corresponds with the vector Eh-axis.
Because they are not provided, the values of the coefficients
A, B, C, and D must be determined using the continuity
equations for the vectors of displacement and electricity
potential at the boundaries between the shell-host matrix and
CS boundaries. In a CS nanocomposite materials electrical
potential is continuous at the boundary between the dielectric
core (DC) and the metallic shell. This method is based on the
idea that since the electric potential along the interface cannot
change abruptly, the potential values of the metallic (shell) and
dielectric (core) portions must be comparable at the contact.
The description for this condition is as follows:

φd = φm, r = r1 (1)
φm = φh, r = r2 (2)

The continuity of the displaced vector, which is connected
to the electric field, must also be preserved at the contact. The
situation can be described as follows:

εd
∂φd
∂r

= εm
∂φm
∂r

, r = r1 (3)

εm
∂φm
∂r

= εh
∂φh
∂r

, r = r2 (4)

whose dielectric constants are represented by the symbols
εd, εm, and εh for the metal shell, dielectric host, and DC.
Equations (2), (3), and (4) can be solved concurrently to
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provide the values of the following unknown coefficients:

A =
9εhεm
2pη

(5)

B =
3εh(εd + εm)

2pη
(6)

C =
3εh(εd − εm)

2pη
r31 (7)

D =

(
1− 3εh

εm(3− p) + εdp

2pη

)
r32 (8)

According to p = 1 −
(
r1
r2

)3

, In the inclusion, represents
the metal volume fraction,

η =ε2m + qεm + εdεh (9)

q =

(
3

2p
− 1

)
εd +

(
3

p
− 1

)
εd (10)

The Drude-Sommerfeld methodology provides a simple yet
effective way to study the electrical and optical properties
of electrons in metals, providing a theoretical basis for
understanding their behavior. This model makes it simple to
explain the metal’s DF (εm), which describes the material’s
reaction to an external electric field and influences its optical
properties. According to the Drude-Sommerfeld method,
[10, 11] gives the metal’s DF (εm):

εm =ε∞ −
1

z(z + iz)
(11)

Here, the effect of bound electrons on the polarization
ability is represented by ε∞. The variable z displays the
ratio of the incident energy frequencies (ω) to the bulk plasma
frequency (ωp), and γ displays the ratio of the charge damping
constant (ν) to the frequency of plasma (ωp). Additionally, the
real and imaginary components of εm can be expressed as

εm = ε′m + iε′′m (12)

Where,

ε′m =ε′∞ −
1

z2 + γ2
, ε′′m = ε′′∞ +

γ

z(z2 + γ2)

2.2. LFEF of CS Nanoinclusions

The quasi-static approach ensures that the electric field E0,
which should be directed across the z-axis, is uniform. The
following is a description of the local energy found in the
dielectric core Ed of the spherical nanoparticles using the
relation E = −∇Φ [40]:

Ed = −∇Φ = AEh (13)

Assume that equation (5) defines the complex function A.
The term LFEF refers to the actual quantity |A|2. The
LFEF in the core can be found by squaring and rearranging
equation (12) and then replacing it into equation (5).

|A|2 =
81ε2h(ε′2m + ε′′2m )

4p2 (η′2 + η′′2)
. (14)

where

η′ = ε′2m − ε′′2m + q′ε′m − q′′ε′′m + ε′dεh,

η′′ = 2ε′dε
′′
m + q′ε′′m + q′′ε′m + ε′′dεh,

εh = ε′h + iε′′h, q = q′ + iq′′,

q′ =

(
3

2p
− 1

)
εd +

(
3

p
− 1

)
ε′h,

q′′ = −
(

3

p
− 1

)
ε′′h. (15)

2.3. IOB in Metal-dielectric Nanocomposite Analytically

We now analyze a spherical dielectric particle with radius
r1, surrounded by a metal enclosure with radius r2. The core
is composed of a nonlinear dielectric material of the Kerr type,
which is defined by a nonlinear DF :

εd = ε′d + iε′′d + χ|E|2 (16)

Here, ε′d represents the real part of the DF , while ε′′d
corresponds to the imaginary part (ImP) of the DF of the
core. χ denotes the nonlinear Kerr coefficient, which typically
depends on the frequency of the electromagnetic field, and |E|
indicates the local field amplitude within the core.

By substituting equations (10) and (16) into equation (9), we
can rewrite it as follows:

η = ε2m −Πεm + εh(εd + χ|E|2),

η = η0 + σχ|E|2, (17)

where η0 and α are constants.

η0 = ε2m − εmΠ + εhεd,

Π = εh

(
3

2p
− 1

)
+

(
3

2p
− 1

)
εd,

σ = εh

(
3

2p
− 1

)
+ εd,

η = η′ + iη′′, σ = σ′ + iσ′′,

εm = ε′m + iε′′m, εh = ε′h + iε′′h

Now, by multiplying both sides of the equation in equation
(13) by χ after squaring:

χ|E|2 = |A|2χ|Eh|2. (18)

By replacing the local field EF in equation (18), we obtain:
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χ|E|2 =
81

4p2

∣∣∣εmεh
α

∣∣∣2 χ|Eh|2∣∣ η
σ

∣∣2 + 2Re
(
η
σ

)
χ|E|2 + |χ|E|2|2

(19)

By letting ζ = χ|E|2 and Y = χ|E|, we obtain the
following cubic equation for ζ:

ζ =
81

4p2

∣∣∣εmεh
σ

∣∣∣2 Y

b+ aζ + ζ2
. (20)

To compute the local field of the particle, we derive the cubic
equation:

ζ3 + aζ2 + bζ = φY, (21)

where

a = 2Re
( η
α

)
, b =

∣∣∣ η
α

∣∣∣2 ,
φ =

81

4p2

∣∣∣εmεh
σ

∣∣∣2 (22)

The equation (22) describes how the local field is influenced
by the applied field, the dimensionless frequency z, the
dielectric core, and other system parameters.

3. Numerical Results and Discussion
In this study, we investigated the enhancing factor and

OB of ZnTe@Ag CS nanostructures embedded in various
surrounding matrices. The model considers a silver (Ag)
shell with a dielectric core of ZnTe, analyzed for different
host media [43, 44]. The parameters used in the numerical
calculations are: ε∞ = 4.5, plasma frequency ωp = 1.6 ×
1016 rad/s, dimensionless frequency z = 0.2, and damping
constant ν = 1.67 × 1014 rad/s. Table 1 summarizes the
physical constants used, based on values from references
[10, 11].

Table 1. Physical constants used in numerical computations.

Constant Value

εd 9.8

εh 2.5

ε∞ 4.5

γ 1.15× 10−2

Figure 1 displays the LFEF as a function of the
dimensionless frequency z for spherical and cylindrical
nanocomposites, keeping the shell thickness fixed at r2 =
30 nm. The LFEF exhibits two distinct resonance peaks
for both shapes. Notably, the first resonance peak (at
lower frequencies) shifts toward lower frequencies when
transitioning from cylindrical to spherical nanostructures,
while the second resonance peak shifts to higher frequencies.

Moreover, the LFEF magnitude of spherical nanocomposites
is approximately 2.3 times greater than that of cylindrical
ones at the same CS radii. This difference is attributed to
the geometrical influence on plasmon hybridization modes,
consistent with the quasi-static plasmon hybridization theory
[45, 46, 48]. According to this theory, the plasmon resonances
arise from coupling between sphere plasmons (outer shell
surface) and cavity plasmons (inner shell surface), yielding
symmetric (lower energy) and antisymmetric (higher energy)
modes influenced by shell thickness and shape.

Figure 1. Local field enhancement factor (LFEF = |A|2

The effect of varying the core-shell radii ratio r1/r2 on
the LFEF for spherical and cylindrical nanocomposites
is shown in Figures 2(a) and 2(b), respectively. For
spherical nanostructures (Figure 2(a)), increasing the core
radius results in a blue shift of the first resonance peak (shift
to higher frequencies or shorter wavelengths) and an increase
in peak intensity. Conversely, the second resonance peak
exhibits a slight red shift (to lower frequencies or longer
wavelengths) with increasing core radius. This behavior
reflects modifications in the localized electromagnetic field
distribution within the core-shell structure, affecting how
incident light couples to plasmon modes. Cylindrical
nanocomposites (Figure 2(b)) show qualitatively similar
trends, although the shifts and intensities differ due to
geometry.

Figures 2(a) and (b) collectively reveal that as the ratio
r1/r2 decreases, the first resonance peak shifts toward higher
frequencies (blue shift), while the second peak shifts slightly
toward lower frequencies (red shift). This indicates that
reducing the core radius relative to the shell enhances the
local electromagnetic field inside the nanostructure and tunes
the resonance frequencies. Such tunability is valuable for
designing nanocomposites with tailored optical properties.
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Figure 2. Effect of core-shell radius ratio r1/r2 on LFEF of (a) spherical and (b) cylindrical core-shell nanocomposites with host dielectric constant εh = 2.5.

Figure 3 explores the influence of the host matrix
dielectric constant εh on LFEF for spherical and cylindrical
nanocomposites at fixed radius ratio r1/r2 = 0.22. Increasing
εh shifts both resonance peaks to different frequencies and
increases the magnitude of LFEF . The results show a more
pronounced enhancement for spherical nanocomposites, with

the first peak LFEF rising from about 90 for cylindrical
structures to nearly 270 for spherical ones. This amplification
arises because a higher host dielectric constant modifies the
local field environment around the nanostructure, enhancing
light-matter interaction [47].

Figure 3. Influence of host matrix dielectric constant εh on LFEF of (a) spherical and (b) cylindrical core-shell nanocomposites with fixed radius ratio r1/r2 = 0.22.

The geometric shape effect on LFEF is further highlighted
in Figure 4. When the dielectric constant of the core εd exceeds
that of the host matrix εh, spherical nanocomposites show
higher LFEF compared to cylindrical ones. Conversely, for
εd < εh, cylindrical nanocomposites yield larger LFEF .

These findings suggest that for high LFEF , cylindrical
nanocomposites are favorable when the core has a relatively
low dielectric constant, whereas spherical structures dominate
when the core dielectric is higher.

Figure 4. Effect of core dielectric constant on LFEF for (a) spherical and (b) cylindrical core-shell nanocomposites with radius ratio r1/r2 = 0.22.
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Figures 5(a) and 5(b) illustrate the effect of the core-to-shell
radius ratio on the OB threshold for spherical and cylindrical
nanoinclusions with εh = 2.25. We observe that the OB
threshold increases as the ratio r1/r2 decreases, implying that
stronger incident fields are required to induce bistability for

smaller core radii. Spherical nanoinclusions exhibit a lower
OB threshold compared to cylindrical ones, likely due to
their higher symmetry and stronger field localization, which
facilitate bistability at reduced applied fields.

Figure 5. Effect of core-shell radius ratio r1/r2 on optical bistability (OB) of (a) spherical and (b) cylindrical core-shell nanoinclusions with εh = 2.25.

The influence of the host matrix dielectric constant on OB is
presented in Figure 6 for fixed radius ratio r1/r2 = 0.22. Both
the up and down switching intensities increase with increasing
εh, broadening the OB hysteresis loop. This means that
nanocomposites embedded in matrices with higher dielectric
constants require stronger applied fields to switch states, but
they also exhibit larger bistability ranges. Such control over
OB characteristics via the host matrix can be exploited in
optical switching and memory device design.

Figure 6. Effect of host matrix dielectric constant on optical bistability (OB) of (a)
spherical and (b) cylindrical core-shell nanoinclusions with radius ratio r1/r2 = 0.22.

Finally, it is evident from Figure 5 that increasing the
core-shell radius r2 reduces the required applied field
at the switching-up threshold, particularly for spherical
nanocomposites. This implies that larger spherical
nanostructures facilitate bistability at lower incident
intensities, whereas cylindrical nanocomposites demand
comparatively higher fields to achieve similar OB behavior.

4. Conclusion

This study investigated the effects of host matrix
permittivity, CS radii, and geometric shape on the local field
enhancement factor (LFEF ) and OB of CS nanoinclusions.
By solving the Laplace equation within the quasi-static
approximation, expressions for the electric potential of the
nanoinclusions were derived. Incorporating the Lorentz-Drude
model and varying the CS radii, an analytical formula for
the enhancement factor inside the core was established. The
results reveal that, regardless of whether the CS radii were
fixed or varied, the nanoinclusions exhibited two distinct
enhancement factor peaks. Furthermore, increasing the
host matrix permittivity εh led to a significant rise in the
peak intensities of the enhancement factor. The shape of
the nanoinclusions spherical versus cylindrical was found
to strongly influence both the magnitude of the LFEF
and the optical bistability characteristics. Importantly, the
enhancement factors and bistability thresholds could be
effectively tuned by adjusting parameters such as the host
matrix dielectric constant and the core-shell radii. These
tunable optical properties highlight the potential practical
applications of such nanoinclusions in areas including optical
sensing, photonic circuits, logic devices, and optical memory
technologies.
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Abbreviations
OB Optical Bistability
LFEF Local Field Enhancement Factor
CS Core-shell
NCs Nanocomposites
SPRs Surface Plasmon Resonances
QDs Quantum Dots
DC Dielectric Core
DF Dielectric Function
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