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A compact plasmonic optical switch based on a dual-stub metal-insulator-metal (MIM) filtering structure is
proposed for neuromorphic photonic applications. Switching functionality is achieved by integrating a nanoscale
Ge,SbyTes (GST) phase-change layer with dimensions of 35 x 10 nm? into the resonator coupling region. Nu-
merical simulations demonstrate that the proposed device operates with an estimated absorbed switching energy
of approximately 4 pJ in the GST region, representing a significant reduction compared with representative Kerr-
based plasmonic switches reported in the literature. Owing to the optimized resonator geometry and precise
nanoscale engineering of the GST layer, a high switching contrast of up to 87% is achieved while maintaining an
ultra-compact footprint of 0.035 pmz. In addition, the non-volatile nature of GST enables stable optical trans-
mission states and provides a promising physical platform for programmable optical synaptic devices in future
neuromorphic photonic systems. The obtained results highlight the potential of GST-assisted plasmonic switches

as low-energy, compact, and scalable building blocks for next-generation neuromorphic photonic networks.

1. Introduction

The rapid growth of data-intensive applications has created an
increasing demand for computing and communication platforms that
simultaneously provide high processing speed, low energy consumption,
and large-scale integration capability [1-3]. Conventional electronic
systems, which rely on charge transport mechanisms, face fundamental
limitations including excessive power dissipation, thermal management
challenges, and restricted bandwidth, which ultimately constrain scal-
ability and computational efficiency [3-6].

Photonic technologies have emerged as a promising alternative by
utilizing photons as information carriers, enabling high-speed signal
transmission with significantly reduced energy dissipation [7]. Owing to
their immunity to electromagnetic interference and inherent parallelism
in multi-wavelength  operation, photonic  systems enable
high-bandwidth, low-latency data transfer and are therefore strong
candidates for next-generation computing paradigms, including neuro-
morphic computing and artificial intelligence [8-14].

Neuromorphic computing aims to emulate biological neural systems
through distributed and massively parallel architectures capable of
energy-efficient information processing [15-18]. In photonic
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neuromorphic hardware, the realization of compact, programmable,
and non-volatile optical synapses is a critical requirement [19,20].
Despite significant progress in CMOS-based implementations, chal-
lenges related to power consumption, scalability, and thermal limita-
tions remain unresolved [21-25], motivating the exploration of
photonic and plasmonic alternatives.

Plasmonic structures offer a viable route to overcome these limita-
tions by enabling subwavelength optical confinement through surface
plasmon polaritons (SPPs) at metal-dielectric interfaces [26-28]. This
strong confinement enhances light-matter interaction and enables
ultra-compact photonic devices, which have been widely investigated
for applications in integrated photonics, sensing, and neuromorphic
computing [29-34].

A large number of reported plasmonic switches are based on Kerr
nonlinearity, where refractive index modulation is governed by optical
intensity [35-37]. Although such mechanisms enable ultrafast response,
their inherently volatile nature prevents stable state retention, which is
essential for synaptic functionality. Moreover, the relatively weak
nonlinear coefficients of practical materials often require high optical
intensities, leading to increased energy consumption [38-40].

In contrast, phase-change materials (PCMs), particularly GeySbyTes
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(GST), provide an effective route toward non-volatile optical switching
[41-43]. GST exhibits reversible transitions between amorphous and
crystalline phases, accompanied by large and persistent changes in op-
tical constants [44-46]. These states can be retained without continuous
power supply, enabling intrinsic memory functionality. Phase transi-
tions can be triggered by optical pulses with moderate energy, while the
large refractive index contrast between phases enables strong optical
modulation within compact footprints [47-49].

However, most existing GST-based plasmonic switches are still
limited by conventional geometries that restrict field confinement and
device scaling [50-52]. To address these limitations, this work proposes
a co-designed dual-stub metal-insulator-metal (MIM) plasmonic reso-
nator incorporating a nanoscale GST element positioned at the electro-
magnetic hotspot [53-55]. This hotspot-engineered configuration
enhances near-field coupling and strengthens light-matter interaction,
leading to improved modulation efficiency [56-58]. The device geom-
etry is systematically optimized to maximize the transmission contrast at
the selected operating wavelength, which is used -consistently
throughout the subsequent analyses.

Coupled electromagnetic and transient thermal simulations demon-
strate binary non-volatile optical switching with a switching contrast of
up to 87% and an estimated absorbed switching energy of approxi-
mately 4 pJ in the GST region, while maintaining an ultra-compact
footprint of 0.035 pm? The switching process is governed by ther-
mally induced phase transitions in GST, resulting in a switching time of
approximately 50-200 ns. Although this response is slower than Kerr-
based ultrafast mechanisms, it is fully compatible with neuromorphic
photonic applications, where memory retention and energy efficiency
are primary requirements.

Collectively, these characteristics demonstrate that the proposed
GST-assisted plasmonic switch constitutes a promising building block
for compact, energy-efficient, and non-volatile optical synapses in future
integrated neuromorphic photonic systems.

2. Comparative analysis of Kerr nonlinearity and phase-change
materials for plasmonic optical switching in neuromorphic
architectures

The realization of neuromorphic photonic systems requires optical
switching mechanisms that simultaneously satisfy compact footprint,
low-energy operation, high modulation depth, and stable state reten-
tion. In plasmonic architectures, the underlying switching mechanism
critically influences the energy efficiency, operational stability, and the
potential implementation of optical synaptic functionality in neuro-
morphic architectures [59-61]. Among the most widely investigated
approaches, Kerr nonlinearity and phase-change materials (PCMs)
represent two fundamentally distinct physical mechanisms for optical
modulation [61-63].

Kerr nonlinearity originates from the third-order nonlinear optical
response, where the refractive index varies proportionally with optical
intensity [64-67]. In metal-insulator-metal (MIM) plasmonic struc-
tures, strong field confinement enhances this effect, enabling
intensity-dependent refractive index modulation expressed as [68,69]:

n(I)=ng + nal (€D)

where ng is the linear refractive index, ny the nonlinear Kerr coefficient,
and I the optical intensity. The induced phase change A¢ over a device
length L at wavelength X is given by:

2r
Ap=""AnL )
Kerr-based switches exhibit femtosecond-scale response due to the
instantaneous electronic origin of the nonlinearity. However, this
response is inherently volatile, since the refractive index immediately
returns to its initial state after removal of optical excitation [70-72].
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Moreover, the weak nonlinear coefficient in practical materials requires
high optical intensities, leading to increased energy consumption and
optical losses [73,74].

In contrast, phase-change materials such as GeaSbyTes (GST) enable
non-volatile optical switching through reversible structural transitions
between amorphous and crystalline phases [75-78]. These transitions
induce large and persistent variations in both refractive index and
extinction coefficient, enabling stable optical state retention without
continuous energy input [79].

The phase-transition dynamics are governed by transient heat
diffusion processes [80,81].

oT
e V.kVT) +Q 3

where p is density, c; is specific heat capacity, k is thermal conductivity,
T is temperature, and Q is absorbed optical power density.

In the proposed plasmonic architecture, the switching process fol-
lows a sequential physical pathway. Initially, the TM-polarized guided
mode propagates through the MIM waveguide. This excitation generates
surface plasmon polaritons (SPPs), which are strongly confined within
the dual-stub resonator region [82-84].

The dual-stub geometry leads to hybridized resonant modes and
enhances electromagnetic field localization in the active region.
Consequently, a strong optical hotspot is formed at the GST nanoregion,
resulting in a maximum absorbed optical power density Q.

The localized optical energy is converted into heat, increasing the
temperature of the GST layer. When the temperature exceeds the phase-
transition thresholds, GST undergoes a reversible transition between
amorphous and crystalline states [85-87]. This phase change modifies
the complex permittivity, leading to a variation in the effective modal
index neg.

Throughout this work, the ON state is defined as the high-
transmission state of the device, whereas the OFF state corresponds to
the low-transmission state. The transition from the crystalline to the
amorphous phase (RESET process) and the reverse transition from the
amorphous to the crystalline phase (SET process) modify the optical
transmission through changes in the complex refractive index of GST.
Depending on the selected operating wavelength, either the amorphous
or crystalline phase may correspond to the ON or OFF state due to the
wavelength-dependent resonance characteristics of the proposed device.
These definitions are used consistently throughout the manuscript.
Importantly, this switching mechanism is not solely governed by the
intrinsic properties of GST, but results from the combined effect of
resonator mode hybridization, electromagnetic hotspot engineering,
and the integration of the GST phase-change nanoregion. A key
advantage of GST is multi-level programmability via partial crystalli-
zation. The effective refractive index is expressed as [88]:

Ner (p) = (1 —p)na + pnc C)]

where n, and n, are the refractive indices of the amorphous and crys-
talline phases, respectively. The optical transmission through a GST
layer of thickness d and extinction coefficient « follows:

T = exp(—ad) :exp(—$d> 5)

These relations establish the physical basis for non-volatile multi-
level synaptic weight control through partial crystallization. Although
the present work demonstrates binary optical switching, the same
physical mechanism can be extended to multi-level operation in future
implementations.

A qualitative comparison is summarized in Table 1. Kerr nonlinearity
provides ultrafast femtosecond modulation driven by instantaneous
third-order effects. However, its volatile nature, limited modulation
depth, and high optical power requirement restrict its applicability in
neuromorphic systems requiring memory functionality.
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Table 1

Comparative analysis of Kerr nonlinearity- and GST-based plasmonic switching
mechanisms in terms of their physical operating principles, switching dynamics,
optical memory characteristics, energy consumption, and suitability for neuro-
morphic photonic applications. The comparison highlights the fundamental
trade-off between ultrafast volatile Kerr switching and non-volatile thermo-op-
tical phase-change switching based on GST.

Feature Kerr nonlinearity GST-based switching

Instantaneous third-
order optical
nonlinearity
Response/switching Femtosecond-scale Sub-microsecond to

time hundreds-of-nanoseconds
(optical-pulse dependent)

Physical origin Thermally driven, reversible

phase-change process

Volatility Volatile Non-volatile

State retention Not supported Supported

Modulation depth Limited High

Power/write energy High optical intensity Lower update energy for
required nanoscale cells

Potentially supported Limited Supported via partial

via partial crystallization
crystallization

Neuromorphic Suitable for ultrafast Suitable for synaptic storage
relevance modulation, not and memory-like operation

memory

In contrast, GST-based switching is governed by thermo-optical
phase transitions. Although switching time is longer (nanoseconds to
sub-microseconds depending on geometry and pulse conditions), it
provides essential non-volatility and state retention. Importantly, this
time scale is fully compatible with neuromorphic computing re-
quirements, where synaptic update rates are significantly lower than
optical carrier dynamics.

Unlike conventional GST-based plasmonic switches relying on
single-resonator configurations, the proposed design exploits a dual-stub
MIM resonator supporting hybridized symmetric and antisymmetric
modes. This configuration significantly enhances field confinement and
increases sensitivity to nanoscale refractive index perturbations induced
by GST phase transitions, leading to improved modulation efficiency
and extinction ratio within an ultra-compact footprint.

Although GST exhibits moderate optical loss compared to low-loss
PCMs such as SbyS3 and SbySes, it offers significantly higher refractive
index contrast and mature experimentally validated switching dy-
namics. A comparative overview is presented in Table 2.

Overall, while low-loss materials reduce absorption, GST provides a
more favorable trade-off between modulation depth, fabrication matu-
rity, and reliable nanoscale switching behavior.

In this work, the proposed device adopts a previously reported Kerr-
based dual-stub MIM geometry; however, the physical switching
mechanism is fundamentally redefined. Instead of instantaneous Kerr-
induced refractive index modulation, the nonlinear medium is
replaced with a nanoscale GST element positioned at the electromag-
netic hotspot. This transformation enables a transition from a volatile
intensity-driven response to a non-volatile thermo-plasmonic switching
mechanism, while preserving the original geometric advantages and
significantly enhancing memory functionality and modulation depth.

Overall, although low-loss phase-change materials may offer
reduced optical absorption, GST remains a balanced and practically

Table 2
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favorable choice for the proposed device due to its large refractive index
contrast, non-volatile operation, mature fabrication compatibility, and
reliable nanoscale switching behavior. These characteristics make GST
particularly suitable for compact, low-power photonic switching devices
that can serve as building blocks for programmable optical synapses in
neuromorphic photonic architectures, enabling efficient optical signal
modulation and providing the physical basis for future neuromorphic
information processing [90].

Based on the comparative analysis presented above, the proposed
work adopts the dual-stub MIM architectural framework of Kerr-based
plasmonic switches; however, the underlying physical modulation
mechanism is fundamentally redefined [91]. Instead of relying on
instantaneous Kerr-induced refractive index modulation, the nonlinear
medium is replaced by a phase-change material (GST) positioned at the
electromagnetic hotspot, enabling a transition from a volatile
intensity-dependent response to a non-volatile thermo-plasmonic
switching mechanism. This substitution preserves the geometrical ad-
vantages of the reference structure while introducing memory func-
tionality, enhanced modulation depth, and a bistable optical response
essential for neuromorphic photonic applications [92,93].

3. Design methodology and electromagnetic modeling of the
proposed GST-based plasmonic switch

This section first reviews the Kerr-nonlinearity-based plasmonic
switch reported in the reference study to establish a physically consis-
tent baseline for comparison. The proposed GST-integrated dual-stub
MIM switch is subsequently introduced, and its electromagnetic design
principles, numerical implementation, and structural optimization are
described in detail. This organization enables a direct assessment of the
effect of replacing the volatile Kerr nonlinear medium with a non-
volatile phase-change material while preserving a comparable plas-
monic resonator architecture.

3.1. Review of the plasmonic switch structure based on Kerr nonlinearity
in the reference article

In this section, previously reported Kerr-based plasmonic switch,
designed based on exploiting the Kerr nonlinear effect, is thoroughly
examined.

The structure consists of a metal-insulator-metal (MIM) waveguide
with a width of w = 50 nm, equipped with two identical parallel stub
resonators having both width and length equal to that of the waveguide
(i.e., width w = 50 nm and length Ls = 500 nm). The distance between
the two stubs is set at d = 420 nm. A Kerr-type nonlinear material fills
the region between and inside the stubs, whose nonlinear refractive
index is actively controlled by the intensity of an external optical pump.

The geometric parameters of the structure are chosen such that the
widths of both the waveguide and the stubs are 50 nm, and the stub
length is 500 nm. To achieve ultrafast switching, metal-insulator com-
posite materials with strong third-order nonlinear susceptibility and
femtosecond-scale response times are employed. Specifically, the Kerr
nonlinear material is selected as an Au:SiOy composite with a linear
refractive index of ng = 1.47 and a Kerr -coefficient of
ny = 2.07x10-1 pm2/W and exhibits femtosecond-scale response
times. The variation of the nonlinear refractive index as a function of

Comparative overview of representative phase-change materials for neuromorphic plasmonic switching in terms of their optical properties, switching performance,
non-volatility, and suitability for photonic synaptic applications. The comparison highlights the characteristics that motivate the selection of GST as the active material

in the proposed plasmonic switch.

Material Refractive Index Contrast Optical Loss Switching Energy Fabrication Maturity References
GST (Ge,Sb,Tes) High Moderate Low High [61-64,89]
Sb,S3 Moderate Very Low Comparable Moderate [90-92]
Sb,Ses Moderate Very Low Comparable Moderate [93-95]
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pump intensity I is defined according to formula (2) in the reference
article.

It is noteworthy that the schematic of the plasmonic switch structure,
along with transmission spectral responses and electric field distribu-
tions presented in Figs. 1 and 2, are derived and redrawn based on the
results of the reference article. They are utilized here to maintain
coherence and allow better comparison with the optimized structure
proposed in this study. Fig. 1 illustrates the schematic of the plasmonic
switch structure with two parallel stub resonators and the Kerr material
located in the gap between them.

Fig. 2 depicts the transmission spectra of the MIM waveguide under
two different pump intensities. Results show that increasing the pump
intensity to 145 mW/um? causes the Fano resonance peak to red-shift
from 1485 nm to 1520 nm, while transmission at 1485 nm simulta-
neously decreases from 0.53 to 0.03. Accordingly, the signal wavelength
for the switching operation is set at 1485 nm.

3.2. Design and analysis of the proposed plasmonic switch structure
incorporating a GST element: geometrical and structural specifications

The proposed plasmonic switch is based on a metal-insulator-metal
(MIM) configuration engineered to achieve an ultra-compact footprint,
strong electromagnetic confinement, and efficient phase-change-based
optical modulation. The architecture is optimized to maximize light-
—matter interaction within a nanoscale GeySbyTes (GST) active region,
enabling non-volatile, low-energy switching suitable for neuromorphic
photonic applications. This section focuses on the electromagnetic
design principles, numerical modeling framework, geometrical optimi-
zation, and material implementation to ensure reproducibility and
physical consistency.

Although the proposed device is conceptually inspired by the pre-
viously reported dual-stub plasmonic switch, the present design is not
obtained by simply replacing the Kerr nonlinear medium with GST.
Instead, the resonator geometry, including the stub dimensions, inter-
stub separation, and the placement of the GST active region, is sys-
tematically re-optimized to maximize electromagnetic field confine-
ment, resonance modulation, and thermo-optical switching efficiency.
Consequently, the performance improvements reported in this work
arise from the combined optimization of the plasmonic resonator and
the phase-change material rather than from material substitution alone.

All electromagnetic simulations are performed using the two-
dimensional finite-difference time-domain (2D-FDTD) method imple-
mented in Lumerical FDTD Solutions. The numerical parameters,
including boundary conditions, mesh refinement, and simulation time,
are selected to ensure numerical convergence and eliminate
discretization-induced variations in the calculated transmission spectra.

Kerr Materials

Fig. 1. Schematic illustration of the reference metal-insulator-metal (MIM)
plasmonic switch employing two identical parallel stub resonators with a Kerr
nonlinear Au:SiO, composite filling the coupling region. The structure is pre-
sented as the baseline architecture for comparison with the proposed GST-based
plasmonic switch, illustrating the original Kerr-based switching mechanism and
device configuration. (Adapted from Ref. [53]).
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Fig. 2. Transmission spectra of the dual-stub MIM plasmonic switch under two
optical pump intensities. The structural parameters are waveguide and stub
width w = 50 nm, stub length Ly = 500 nm, and stub separation d = 420 nm.
The blue solid curve corresponds to the unpumped state (I = 0), whereas the red
dash—dot curve represents the pumped state (I = 145 mW/pm?). Optical
pumping induces a resonance redshift from approximately 1485 nm to
1520 nm, accompanied by a significant reduction in transmission at the oper-
ating wavelength, illustrating the Kerr-nonlinearity-based switching mecha-
nism. (Adapted from Ref. [53]).

This approach is widely adopted in plasmonic and nanophotonic
devices due to its capability to accurately resolve subwavelength field
confinement and dispersive material responses. The 2D formulation is
justified by the translational invariance of the structure along the out-of-
plane direction and the dominant excitation of transverse magnetic (TM)
surface plasmon polariton (SPP) modes in MIM waveguides, where out-
of-plane field variation is negligible.

Perfectly matched layer (PML) boundary conditions are applied
along both x- and y-directions to eliminate artificial reflections. A
fundamental TM-polarized mode source is used to excite the SPP modes
in the MIM waveguide. To accurately capture nanoscale hotspots and
steep field gradients near the GST region, a non-uniform adaptive mesh
with a minimum grid size of 1 nm is employed.

A systematic mesh convergence study is performed to ensure that
transmission spectra, resonance wavelengths, and field enhancement
factors remain invariant under further mesh refinement. The simulation
time window and frequency-domain monitors are carefully optimized to
guarantee steady-state convergence and accurate extraction of spectral
response. The final mesh size represents a compromise between
computational efficiency and numerical accuracy.

The dispersive optical properties of silver (Ag) are modeled using the
experimentally validated Johnson-Christy model, while GST is imple-
mented as a phase-dependent dispersive material using experimentally
measured wavelength-dependent complex refractive index data (n and
k) from Ref. [94]. No fitting or artificial modification of the experi-
mental optical constants is introduced. The significant difference be-
tween amorphous and crystalline phases directly affects absorption,
effective refractive index, and resonance conditions. In particular, the
crystalline phase exhibits higher refractive index and extinction coeffi-
cient, resulting in stronger attenuation and enhanced perturbation of
plasmonic resonances.

Fig. 3 presents the optimized GST-integrated dual-stub plasmonic
switch. The two-dimensional geometry shown in Fig. 3(a) is employed in
all electromagnetic simulations, whereas the three-dimensional
rendering in Fig. 3(b) is included solely to facilitate physical visualiza-
tion of the device architecture.

The structure consists of a MIM waveguide integrated with two
parallel stub resonators. The waveguide width is w; = 50 nm, each stub
has length 1 = 500 nm and width wy = 20 nm, and the separation be-
tween stubs is d = 50 nm. A GST nanostructure with dimensions
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(b)

Fig. 3. Schematic of the proposed dual-stub MIM plasmonic switch incorporating a nanoscale GST active region. (a) Two-dimensional geometry employed for the
electromagnetic simulations, consisting of a MIM waveguide and two parallel stub resonators with w = 50 nm, Ly = 500 nm, and d = 50 nm. (b) Three-dimensional
representation provided for physical visualization of the device architecture. The GST element is intentionally positioned at the electromagnetic coupling hotspot,
where the electric-field intensity is maximized to enhance plasmon-GST interaction and improve switching efficiency.

35 x 10 nm? is positioned at the central coupling hotspot where elec-
tromagnetic energy density is maximized. These dimensions are deter-
mined through the systematic optimization presented in Section 4. The
dual-stub configuration supports strong near-field coupling mediated by
SPP propagation, leading to hybridized resonant modes (symmetric and
antisymmetric states). This mode hybridization produces sharp spectral
features and enhances sensitivity to refractive index variations induced
by GST phase transitions.

Physically, the system behaves as a plasmonic Fabry-Pérot-like
cavity, where multiple reflections between stub resonators create
standing-wave conditions. This results in strong field confinement and
increased local density of optical states (LDOS) at resonance. The stub
resonance condition can be approximated as:

Lzm(“”) (6)
2Nt

where Agpp is the surface plasmon polariton wavelength, ne is the
effective modal index, and m is an integer mode number. The switching
operation is governed by optical excitation of TM modes in the MIM
waveguide. The GST element is intentionally positioned at the electro-
magnetic hotspot, where the local electric-field intensity reaches its
maximum value, thereby maximizing the interaction between the
confined plasmonic mode and the phase-change material. The resulting
strong SPP confinement enhances the absorbed optical power density Q,
which initiates the thermo-optical phase transition while reducing the
switching energy required for device operation.

The dual-stub configuration enables strong near-field coupling
through SPP propagation in the MIM waveguide, creating a highly
localized electromagnetic hotspot at the coupling region. The GST
nanostructure is intentionally positioned at this hotspot, where the local
electric-field intensity reaches its maximum value, thereby maximizing
the interaction between the confined plasmonic mode and the phase-
change material while minimizing the optical energy required to
trigger the phase transition. This resonant-field engineering constitutes
the primary design strategy of the proposed device and forms the
physical basis for the thermo-optical switching mechanism analyzed in
the following section.

3.3. Thermo-optical switching mechanism and comprehensive thermal
model validation

Throughout this work, the amorphous GST state is defined as the ON
state with high optical transmission, whereas the crystalline GST state
corresponds to the OFF state with low transmission. Accordingly, the
RESET operation produces the amorphous state, while the SET operation
restores the crystalline state. This terminology is used consistently
throughout the manuscript.

The thermo-optical switching mechanism of the proposed plasmonic

device originates from photothermal conversion induced by the strong
plasmonic field confinement within the nanoscale GST active region. To
accurately describe the switching process, the electromagnetic response
presented in Section 3.2 is coupled with a transient thermal model,
enabling a self-consistent multiphysics analysis of optical absorption,
heat generation, and phase-transition dynamics.

Switching between the two non-volatile optical states is governed by
reversible phase transitions of the GST layer. During the SET process, a
moderate-intensity optical pulse with a relatively long duration in-
creases the GST temperature above the crystallization threshold
(~413 K) while remaining below the melting temperature (~870 K),
thereby inducing crystallization. Conversely, the RESET process is ach-
ieved by applying a short, high-intensity optical pulse that raises the GST
temperature above its melting point, followed by rapid cooling that
produces the amorphous phase. This thermo-optical mechanism pro-
vides deterministic, repeatable, and non-volatile switching behavior.
The volumetric optical power converted into heat is expressed as:

1 P
Q=7 weoe’|E @)

where ¢” is the imaginary part of GST's permittivity and depends on its
phase. Localized heating is modeled using the transient heat conduction
equation:

oT
P = V.(kVT)+Q ®

where p, ¢, and k represent density, specific heat capacity, and thermal
conductivity, respectively. To maintain consistency with the electro-
magnetic simulations, all thermal calculations are performed using the
same two-dimensional computational framework. This approximation is
justified by the translational invariance of the MIM structure together
with the predominance of in-plane heat diffusion in the proposed
nanoscale geometry. The optical constants of GST are directly taken
from experimentally measured wavelength-dependent data reported in
Ref. [94] and implemented in the FDTD simulations to accurately
represent the phase-dependent optical response.

Electromagnetic propagation is described by the Helmholtz equa-
tion:

V2E +ko*ng?E =0 €©)

where xy = % and negr depends on the crystallization state of GST.
Resonant behavior follows a Lorentzian response:

(F/z) ’

F (E; Epes, T) :m

(10$)

Fig. 4 presents the normalized transmission spectra corresponding to



O. Sharifipour et al.

= 08F
=
& Amorphous
E === Crystalline
£ 06F |= =Contrast N\
= \
Q
N
= 04 .
g
St
=
V4
0.2
0 z i
1500 1600 1700 1800 1900 2000
Wavelength(nm)

Fig. 4. Normalized transmission spectra of the proposed GST-based dual-stub
plasmonic switch for the two stable phase states of the GST active region. The
amorphous phase (blue curve) exhibits a transmission exceeding 90%, corre-
sponding to the ON state, whereas the crystalline phase (red curve) suppresses
the transmission to below 5%, corresponding to the OFF state. The resulting
transmission contrast (black curve) exceeds 87%, demonstrating efficient
modulation arising from the phase-dependent optical properties of GST and
confirming strong optical state discrimination suitable for non-volatile neuro-
morphic photonic applications.

the amorphous and crystalline GST phases. At the selected operating
wavelength of the proposed device, the amorphous phase exhibits a
transmission exceeding 90% and therefore corresponds to the ON state,
whereas the crystalline phase exhibits a transmission below 5% and
represents the OFF state.

The resulting transmission contrast exceeds 87%, demonstrating
excellent optical state discrimination suitable for neuromorphic pho-
tonic applications. These ON/OFF definitions are used consistently
throughout the manuscript. The transmission contrast is defined as:

Contrast =Ty, — Tog (€8 D)

which exceeds 87% for the optimized device geometry [95-98]. The
transmission dependence on GST absorption can be approximated by:

—4nkd

Txe (12a)

The corresponding electromagnetic field distributions are shown in
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Fig. 5. In the amorphous phase, strong field localization (|E|* > 1.6) is
observed inside the GST region, indicating efficient plasmon-GST
coupling and enhanced optical confinement. After crystallization, the
increased absorption and modified complex refractive index weaken the
field confinement and reduce the transmitted intensity [99]. These re-
sults confirm that optical switching originates from the phase-dependent
redistribution of the confined electromagnetic field rather than from
material absorption alone [100-102].

Fig. 6 illustrates the simulated temperature distributions during the
switching process. During RESET operation, the GST temperature rea-
ches approximately 950 K, exceeding the melting temperature and
enabling melting followed by rapid quenching into the amorphous
phase. During SET operation, the temperature stabilizes around 470 K,
remaining above the crystallization threshold while below the melting
temperature, thereby enabling controlled crystallization.

At the nanoscale, thermal transport across the GST-silver interface is
influenced by Kapitza thermal resistance arising from phonon mismatch
[103,104]. Instead of explicitly modeling atomistic interface transport,
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Fig. 6. Simulated temperature distribution in the GST active region under
optical excitation. (a) During the RESET process (amorphization), the temper-
ature reaches approximately 950 K, exceeding the GST melting temperature
and enabling melting followed by rapid quenching. (b) During the SET process
(crystallization), the temperature stabilizes at approximately 470 K, remaining
above the crystallization temperature while below the melting point, thereby
enabling controlled crystallization. The temperature profiles demonstrate
highly localized photothermal heating within the GST active region, supporting
efficient thermo-plasmonic switching under the adopted two-dimensional
simulation framework.
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Fig. 5. Normalized electric-field magnitude (|E|) distribution in the proposed GST-based dual-stub plasmonic switch for the two stable phase states of the GST active
region. (a) In the amorphous state, strong electromagnetic field localization is observed at the GST hotspot, indicating efficient plasmon-GST coupling and enhanced
light-matter interaction, which promotes localized optical absorption for thermo-optical switching. (b) In the crystalline state, the increased refractive index and
optical absorption of GST modify the resonant field distribution, resulting in weaker field confinement and reduced transmitted intensity. The pronounced phase-
dependent redistribution of the electromagnetic field confirms that optical modulation is governed by the perturbation of the localized plasmonic resonance

induced by the GST phase transition.
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this effect is incorporated through an effective thermal coupling
approximation, which is widely adopted in nanoscale opto-thermal
simulations and provides a computationally efficient yet physically
realistic description. Owing to the high thermal conductivity of silver,
heat dissipation is dominated by lateral heat spreading, effectively
suppressing excessive thermal accumulation within the GST region
[105-108].

The thermophysical parameters used in the transient thermal simu-
lations are summarized in Table 3. Temperature dependence of the
material properties is neglected because of the short optical pulse
duration and the extremely small thermal volume, which represents a
commonly adopted approximation in phase-change nanophotonics
[109,110].

Optical excitation is introduced through a TM-polarized guided
mode operating at the selected resonance wavelength of the optimized
plasmonic switch. Gaussian optical pulses with full-width at half-
maximum (FWHM) values of 100 ns for the SET operation and 10 ns
for the RESET operation are employed. The corresponding pulse powers
are selected to satisfy the thermal requirements for crystallization and
amorphization while maintaining switching energies in the picojoule
range.

The switching energy is defined as:

i
Egyicch = / / Q(r,t)dvdt (12b)
0 v
while the required thermal energy is estimated as:
Ethermat :pVCPAT+pVL 13

where L is the latent heat of phase transition.

Since both the electromagnetic and thermal simulations are per-
formed within a two-dimensional framework, the reported switching
energy represents the optical energy absorbed inside the effective GST
simulation domain. The absorbed power density Q is integrated over the
GST cross-sectional area and simulation time while assuming a unit out-
of-plane thickness. Therefore, the reported 4 pJ represents the absorbed
energy within the effective GST simulation domain rather than the
launched pulse energy.

Consequently, the reported switching energy (~4 pJ) corresponds to
the effective absorbed energy responsible for inducing the GST phase
transition rather than the launched optical pulse energy at the wave-
guide input. Parameters such as optical coupling efficiency, three-
dimensional confinement, and total launched pulse energy are beyond
the scope of the present two-dimensional model. Accordingly, all
switching-energy values reported throughout this work refer exclusively
to the absorbed energy within the active GST region, providing a
physically consistent metric for evaluating the intrinsic thermo-
plasmonic switching performance.

Transient simulations predict switching times ranging from approx-
imately 50 to 200 ns, which are consistent with experimentally reported
GST switching dynamics in plasmonic structures. The achievable
switching speed is primarily limited by thermal diffusion and phase-
transition kinetics of GST, establishing a practical lower bound within
the tens-of-nanoseconds regime for the proposed nanoscale geometry.
Previous experimental studies have demonstrated reliable cycling

Table 3
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stability of thin GST films under comparable operating conditions
[111-113], while the high thermal conductivity of the surrounding sil-
ver further facilitates heat extraction and reduces the possibility of
thermal degradation.

It should be emphasized that the proposed device is designed for
neuromorphic photonic applications rather than ultrafast optical mod-
ulation. Although Kerr-based nonlinear devices provide femtosecond-
scale switching due to their instantaneous electronic response, they
remain inherently volatile and therefore cannot retain synaptic states
without continuous optical excitation [114-116]. In contrast, GST-based
switching relies on thermally driven phase transitions, resulting in
nanosecond-scale switching dynamics while providing intrinsic
non-volatility and stable state retention. This operating timescale is fully
compatible with neuromorphic computing, where synaptic update op-
erations typically occur within the nanosecond-to-microsecond range
rather than at optical carrier frequencies [117-119].

Overall, the excellent agreement between electromagnetic confine-
ment, localized thermal response, experimentally validated GST mate-
rial parameters, and the coupled multiphysics simulations confirms the
physical robustness of the proposed thermo-plasmonic switching
mechanism. Within the assumptions of the adopted two-dimensional
simulation framework, the reported transmission contrast, absorbed
switching energy, and thermal characteristics provide a reliable basis for
evaluating the proposed device as a compact, energy-efficient, and non-
volatile optical switching element suitable for neuromorphic photonic
applications [120].

Finally, to systematically evaluate the robustness and tunability of
the proposed device, a parametric study is performed by varying both
the GST dimensions and the geometrical parameters of the dual-stub
resonator. The effects of these variations on transmission contrast,
resonance wavelength, and spectral response are presented and dis-
cussed in Figs. 7 and 8.

4. Tunability analysis of GST and resonator dimensions on
optical response

To precisely evaluate the tunability of the proposed structure, the
effects of the geometric dimensions of both the GST region and the stub
resonators are investigated independently with respect to their influence
on transmission contrast. These analyses aim to optimize key perfor-
mance metrics including transmission contrast, resonance wavelength
position, and spectral tunability. The reported transmission character-
istics correspond to the selected operating wavelength of approximately
1800 nm, at which the maximum transmission contrast is obtained
following systematic geometric optimization of the proposed device.
The parametric analyses presented in this section therefore identify the
structural dimensions that maximize the transmission contrast at this
operating wavelength. The results are presented in Figs. 7 and 8.
Importantly, the obtained optimized dimensions are also consistent with
the fabrication feasibility constraints discussed in Section 5.

4.1. Effect of GST dimensions on transmission contrast

Fig. 7 illustrates the influence of GST geometrical parameters on the

Thermophysical properties of the constituent materials used in the transient thermal simulations of the proposed thermo-plasmonic switch. The listed density (p),
specific heat capacity (c,), and thermal conductivity (k) of amorphous/crystalline GST and silver (Ag) are employed in the coupled electro-thermal model to evaluate

heat generation, temperature evolution, and phase-transition dynamics.

Material Density p (kg/ Specific Heat cp (J/ Thermal Conductivity k (W/ Notes
m?) kg-K) m-K)
GST (amorphous/ ~6150 ~200 0.2 - 0.6 (phase-dependent) Values assumed constant during simulations
crystalline)
Silver (Ag) 10490 235 ~429 Representative room-temperature properties assumed constant during

simulations
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Fig. 7. Influence of GST geometrical parameters on the optical response of the proposed plasmonic switch. (a) Optical contrast as a function of GST length
(15-60 nm) and wavelength (1000-2000 nm), showing that the transmission contrast increases up to an optimum GST length of approximately 35 nm before
reaching saturation due to the finite extent of the localized plasmonic field. (b) Effect of GST width (10-30 nm) on the transmission response, demonstrating that
narrower GST regions provide stronger electromagnetic field confinement and higher transmission contrast, whereas increasing the GST width weakens the plas-
mon-GST interaction and reduces the modulation efficiency. The optimized GST dimensions (35 x 10 nm?) are selected based on these results and are used

throughout the subsequent electromagnetic and thermo-optical analyses.
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Fig. 8. Effect of dual-stub resonator geometry on the optical response of the proposed plasmonic switch. (a) Variation of the resonator length (300-500 nm) produces
a systematic resonance redshift by increasing the effective optical path of the Fabry-Pérot-like cavity, thereby modifying the transmission contrast at the selected
operating wavelength. (b) Influence of resonator width (10-60 nm) on the optical response, showing that narrower resonator widths provide stronger electro-
magnetic field confinement, enhanced plasmon-GST interaction, and higher transmission contrast, whereas wider resonators weaken mode confinement and reduce
the modulation efficiency. The optimized resonator dimensions adopted in this work are selected based on these parametric results to achieve maximum transmission

contrast while remaining compatible with practical nanofabrication constraints.

optical response of the device. In Fig. 7(a), the GST length is varied from
15 to 60 nm over the wavelength range of 1000-2000 nm. The results
indicate that increasing the GST length enhances the transmission
contrast up to an optimum value around 35 nm. This improvement arises
from the increased overlap between the confined plasmonic hotspot and
the phase-change region, leading to stronger modulation of absorption
between amorphous and crystalline states. Beyond this optimum, satu-
ration occurs due to the finite spatial extent of the electromagnetic
hotspot. The optimum GST dimensions (35 x 10 nm?) adopted
throughout the remainder of this work are selected based on this para-
metric optimization, providing the highest transmission contrast while
maintaining strong field localization and fabrication feasibility.

In Fig. 7(b), the effect of GST width variation (10-30 nm) is
analyzed. A monotonic reduction in transmission contrast is observed
with increasing GST width. This behavior is attributed to reduced field
confinement and weaker overlap between the plasmonic mode and the
active GST region, which decreases the sensitivity of the effective
refractive index modulation induced by phase transition. The highest
transmission contrast is achieved at the minimum width (10 nm), where
field localization is strongest. Further reduction of the GST width is not
considered because fabrication tolerances become increasingly chal-
lenging below 10 nm, while wider GST regions weaken plasmonic
confinement and reduce modulation efficiency.

4.2. Effect of stub resonator dimensions on transmission performance

Fig. 8 presents the influence of the dual-stub resonator geometry on
the optical response of the proposed plasmonic switch. Fig. 8(a) illus-
trates the effect of varying the resonator length from 300 to 500 nm.
Increasing the resonator length produces a systematic redshift of the
resonance wavelength, which is consistent with the Fabry-Pérot-like
resonance behavior of the coupled stub cavities. As the physical cavity
length increases, the effective optical path becomes longer, resulting in
resonance at lower optical frequencies (longer wavelengths). The
transmission contrast is simultaneously modified because the interfer-
ence condition between the reflected surface plasmon polariton modes is
altered by the cavity geometry. The optimized resonator length adopted
in the proposed device corresponds to the geometry providing the
highest transmission contrast at the selected operating wavelength and
is therefore used throughout the subsequent analyses.

Fig. 8(b) shows the effect of varying the resonator width between 10
and 60 nm. Increasing the stub width produces a broader optical mode
distribution inside the cavity and reduces electromagnetic field
confinement within the resonant region. Consequently, the localized
plasmonic hotspot becomes weaker, reducing the interaction between
the confined optical field and the GST active region. This reduced
coupling lowers the transmission contrast of the device. Conversely,
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narrower resonator widths in the range of 10-20 nm provide stronger
field localization, improved resonant confinement, and enhanced opti-
cal modulation. Considering both the optical performance and practical
nanofabrication constraints, the selected resonator width represents a
balanced compromise between strong plasmonic confinement, high
transmission contrast, and fabrication robustness.

Overall, the parametric optimization demonstrates that the optical
response of the proposed plasmonic switch is predominantly governed
by the combined optimization of the GST active region and the dual-stub
resonator geometry. The selected structural dimensions are not arbitrary
but are obtained through systematic optimization to maximize trans-
mission contrast while preserving compactness, strong plasmonic
confinement, and practical fabrication feasibility. These optimized
geometrical parameters are therefore adopted consistently throughout
the remainder of this work in all electromagnetic and thermo-optical
simulations.

5. Fabrication considerations

Although the proposed plasmonic switch is demonstrated through
full-wave numerical simulations, its geometry is designed to remain
compatible with state-of-the-art nanofabrication techniques used in
plasmonic and phase-change nanophotonic devices. Importantly,
experimental demonstrations of GST-based nanostructures and sub-50
nm plasmonic gaps have been widely reported in the literature, con-
firming the feasibility of the proposed dimensional scale.

The fabrication process typically begins with the deposition of a
transparent SiO; substrate with low surface roughness to ensure optical
quality. Subsequently, a silver (Ag) layer (~50 nm) is deposited using
thermal evaporation or magnetron sputtering to support low-loss sur-
face plasmon polariton (SPP) propagation. To improve chemical sta-
bility and prevent oxidation of silver, a thin Al,O3 passivation layer
(~5 nm) can be deposited using atomic layer deposition (ALD), which is
a standard technique in plasmonic device fabrication.

The MIM waveguide and dual-stub resonator pattern are defined
using high-resolution electron beam lithography (EBL) or focused ion
beam (FIB) milling, both of which are routinely used for sub-20 nm
plasmonic structures. In particular, EBL systems combined with opti-
mized resist processes have demonstrated feature sizes approaching
10-20 nm, while self-aligned lithographic techniques further improve
dimensional control in plasmonic nanogaps.

The GST active region (35 x 10 nm?) is integrated into the hotspot
using RF sputtering, pulsed laser deposition (PLD), or thermal evapo-
ration, followed by lift-off or hard-mask patterning to achieve nanoscale
placement. Although the proposed GST dimensions approach the lower
limit of conventional nanolithography, comparable GST volumes and
nanoscale phase-change elements have already been experimentally
demonstrated in plasmonic waveguides and nanogap devices, confirm-
ing that the proposed geometry lies within current state-of-the-art
fabrication capabilities.

From a practical standpoint, fabrication imperfections such as edge
roughness, line-edge fluctuations, and alignment tolerances (+5-10 nm)
may slightly modify the local electromagnetic field distribution, result-
ing in minor variations in the resonance wavelength and transmission
contrast. Consequently, the optimized dimensions reported in this work
represent a practical compromise between optical performance and
fabrication tolerance rather than an idealized numerical optimum.
Nevertheless, owing to the strong near-field confinement provided by
the dual-stub configuration, the proposed device is expected to maintain
robust ON/OFF switching behavior under moderate fabrication de-
viations. This intrinsic tolerance further enhances the reliability and
practical manufacturability of the proposed design.

It is also important to note that while large-scale integration may be
affected by lithographic variability and nanoscale alignment errors, the
present work primarily targets proof-of-concept demonstration. There-
fore, such fabrication constraints are consistent with current
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experimental practices in nanoscale plasmonics and phase-change
photonics.

After material deposition, phase transitions in the GST layer are
induced via controlled optical or thermal excitation. Electro-thermal
simulations confirm that the absorbed switching energy is highly
localized within the GST region, thereby minimizing thermal diffusion
into the surrounding metallic and dielectric layers while preserving
structural integrity. Finally, an encapsulation layer (AlO3 or SigNy) is
applied to protect the device from oxidation and environmental
degradation.

The geometrical parameters of both the GST active region and the
dual-stub resonator adopted in this work are determined through sys-
tematic parametric optimization to achieve maximum transmission
contrast, robust resonance behavior, and compatibility with current
nanofabrication capabilities. In particular, the GST dimensions are
selected to maximize electromagnetic field confinement at the plas-
monic hotspot while remaining consistent with experimentally demon-
strated fabrication limits for nanoscale phase-change devices.

6. Analysis and comparison of our proposed plasmonic optical
switch with phase-change material (PCM) and Kerr nonlinearity-
based switches

In this section, the performance of the proposed thermo-plasmonic
optical switch is compared with representative optical switching de-
vices based on phase-change materials (PCMs) and Kerr nonlinear
mechanisms reported in the literature. The comparison encompasses
silicon photonic, photonic crystal, and plasmonic platforms using key
performance metrics including device footprint, optical transmission
contrast, and switching energy. The objective is to position the proposed
device within the current state of the art while highlighting its suitability
for neuromorphic photonic applications.

As summarized in Table 4, PCM-based optical switches generally
provide non-volatile operation together with a large refractive-index
modulation, enabling Transmission contrasts typically ranging from
approximately 60% to 90% while maintaining stable optical-state
retention. However, many reported PCM devices employ footprints
extending from tens to thousands of square micrometers and require
switching energies ranging from tens to hundreds of picojoules, which
may limit large-scale integration in densely interconnected neuro-
morphic photonic circuits.

Conversely, plasmonic switches relying on Kerr nonlinearities
generally exhibit extremely compact footprints together with ultrafast
femtosecond-to-picosecond response owing to their purely electronic
nonlinear mechanism. Nevertheless, these devices are intrinsically vol-
atile and therefore do not provide persistent optical memory. As a
consequence, their reported transmission contrasts are typically limited
to approximately 49-65%, making them less suitable for applications
requiring non-volatile synaptic weight storage.

The proposed device is conceptually related to previously reported
dual-stub plasmonic Kerr-based switches, particularly the 2021 design
employing an Au:SiO2 nonlinear medium [54], which achieved an op-
tical contrast of approximately 49% within a compact plasmonic foot-
print. In the present work, the nonlinear Kerr medium is replaced by a
nanoscale GST active region (35 x 10 nmz), while the dual-stub reso-
nator geometry is systematically optimized to maximize electromag-
netic field confinement within the phase-change region. This design
strategy increases the transmission contrast to more than 87% while
simultaneously reducing the effective absorbed switching energy to
approximately 4 pJ. In addition, the incorporation of GST introduces
non-volatile operation, enabling stable synaptic-weight storage without
continuous optical bias.

A comparison of the most recent entries in Table 4 further indicates a
general trend toward improved optical performance through enhanced
field confinement, optimized resonator geometries, and advanced
phase-change materials. The proposed device follows this trend by
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Table 4
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Comparative performance of representative optical switches based on phase-change materials (PCMs) and Kerr nonlinear mechanisms reported in the literature. The
comparison includes silicon photonic, photonic crystal, and plasmonic platforms in terms of switching mechanism, active material, device footprint, optical trans-
mission contrast, and switching energy, highlighting the competitive performance of the proposed thermo-plasmonic GST-based dual-stub MIM switch for compact and
energy-efficient neuromorphic photonic applications.

Ref Year Platform Switching Mechanism Active Footprint Transmission Contrast Switching Energy
Material (um?) (%) (pJ)

[79] 2015 Silicon Phase-Change Material (PCM) SiVO, 10000 16 1400

[60] 2015 Plasmonic Kerr Nonlinearity Au:SiO, 0.002 65 —

[61] 2015  Silicon PCM GST 1.00 21 430

[ 2017 Silicon PCM GST 289 27 20

[93] 2017  Silicon PCM GST 3600 63 190

[10] 2017 Silicon PCM GST 504 18 216-404

[121] 2018  Plasmonic Kerr Nonlinearity Ag/BaO 0.61 56 —

[63] 2018  Silicon PCM GST 3600 74 620

[122] 2018  Plasmonic Kerr Nonlinearity Ag/BaO 0.26 49 —

[91] 2019  Silicon PCM GSST 900 35 5.5 x 10°

[29] 2019  Photonic Crystal PCM GST 13.80 96 150

[123] 2019  Plasmonic Kerr Nonlinearity Ag/BaO 0.84 64 —

[80] 2019 Plasmonic PCM GST — 60 16

[84] 2019  Silicon PCM GST 180 78 —

[19] 2019  Silicon PCM GST 183600 8 430/71

[53] 2020 Plasmonic Kerr Nonlinearity Au:SiO, 15.75 62 —

[75] 2020  Plasmonic PCM GST 29.22 62 —

[55] 2021 Plasmonic Kerr Nonlinearity Au:SiO, 0.35 59 —

[99] 2021 Plasmonic PCM SboSes 198 — 14000

[54] 2021 Plasmonic Kerr Nonlinearity Au:SiO, 0.31 49 —_

[70] 2022  Plasmonic PCM GST — 1.50 650

This 2026 Plasmonic (MIM dual- Thermo-plasmonic PCM GST 0.035 >87 ~4 (2-8 range)

work stub) switching

Note: The switching-energy values listed in Table 4 are taken directly from the corresponding references and may represent different physical definitions, including
absorbed optical energy, launched optical pulse energy, or electrical programming energy, depending on the reported experimental or simulation methodology. The
value reported for the proposed device corresponds to the effective absorbed optical energy within the active GST region, as defined in Section 3.

combining strong plasmonic localization with nanoscale GST integra-
tion, thereby improving light-matter interaction and reducing the en-
ergy required for reversible phase transitions. Consequently, higher
synaptic density and lower energy consumption can be achieved, both of
which are highly desirable for large-scale neuromorphic photonic
integration.

Overall, the comparative analysis demonstrates that the proposed
thermo-plasmonic GST switch provides a favorable balance among
transmission contrast, switching energy, device compactness, and non-
volatility. Although Kerr-based switches remain advantageous for ap-
plications requiring ultrafast optical modulation, their lack of intrinsic
memory limits their applicability in photonic synaptic systems. By
contrast, the proposed device combines strong plasmonic confinement
with reversible GST phase transitions, providing an energy-efficient,
compact, and non-volatile optical switching platform that is well
suited for programmable photonic neural networks.

7. Conclusion

In this work, a compact thermo-plasmonic optical switch based on a
metal-insulator-metal (MIM) dual-stub resonator incorporating a
GeySbyTes (GST) phase-change material is proposed and numerically
investigated for neuromorphic photonic applications. Rather than
relying solely on the large refractive-index contrast of GST, the proposed
architecture combines systematic co-design of the dual-stub resonator
with hotspot-engineered placement of the nanoscale GST element to
maximize electromagnetic field confinement and strengthen light-
-matter interaction within the active region. This integrated design
strategy enables efficient optical modulation while maintaining an ultra-
compact device footprint. The optimized device geometry, particularly
the reduced stub separation (~30 nm), provides strong near-field
coupling and efficient resonance modulation, resulting in an overall
footprint of approximately 0.035 pm2. Numerical simulations demon-
strate a transmission contrast exceeding 87% together with an effective
absorbed switching energy of approximately 4 pJ within the GST active

10

region. These results indicate that strong optical modulation can be
achieved with low switching energy while preserving the non-volatile
characteristics of phase-change materials. The optimized localization
of the electromagnetic hotspot further improves the interaction between
the confined plasmonic field and the GST region, providing an efficient
mechanism for programmable optical transmission and synaptic-weight
implementation. The proposed switching mechanism is governed by
thermally induced reversible phase transitions in GST and therefore
operates in the nanosecond regime rather than the femtosecond regime
characteristic of Kerr-nonlinearity-based optical switches. However, this
operating timescale is well aligned with the requirements of neuro-
morphic photonic systems, where non-volatile state retention, energy
efficiency, and multi-level programmability are generally of greater
importance than ultrafast carrier dynamics. Consequently, the inherent
trade-off between switching speed and non-volatility is compensated by
the functional advantages required for photonic synaptic devices.
Comparative analysis with representative PCM- and Kerr-based optical
switches further demonstrates that the proposed device achieves a
favorable balance among compact footprint, high transmission contrast,
low switching energy, and non-volatile operation. These characteristics
highlight the effectiveness of combining plasmonic field confinement
with nanoscale phase-change materials to improve switching perfor-
mance while maintaining compatibility with practical nanophotonic
integration. Overall, the present study demonstrates that hotspot-
engineered GST-integrated MIM plasmonic resonators constitute a
promising platform for realizing compact, energy-efficient, and pro-
grammable optical switching. The proposed architecture therefore
provides a scalable building block for future neuromorphic photonic
circuits requiring stable optical memory, efficient synaptic weighting,
and high-density photonic integration.
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