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ARTICLE INFO ABSTRACT

Keywords: This paper presents the design of a plasmonic memory based on Metal-Insulator-Metal (MIM) input and output
Non'V°1§tile memory waveguides and Ge2Sb2Te5 (GST) phase-change material. In this design, silver (Ag) is used as the metal, and air
P?fsmomc along with the phase-change material serve as the dielectrics. The results are reported using the Finite-Difference
Filter . Time-Domain (FDTD) method. To achieve a memory structure with optimized dimensions and desired perfor-
Phase-change material L. . X K i R . .

GST mance, a plasmonic filter has been designed. The dielectric function of the metal is characterized using the Drude

theoretical model and the Johnson and Christy experimental model. The filter's transmission curve exhibits a
Gaussian mode with a transmittance of 91% at the resonance wavelength of 1210 nm; the consistency between
the results of the theoretical and experimental models is demonstrated in this design. Several factors were
investigated and reported to assess optimal performance in the designed structure. To realize the proposed
memory structure, GST material and a probe signal are utilized. This memory is programmable from above the
chip and performs the reading operation of the stored state by applying a probe signal to the structure. At the
resonance wavelength, this memory features a contrast of 95% and an extinction ratio of ER = 25 dB for
detecting and differentiating between various states, Additionally, the Insertion Loss (IL) reading bit ‘1" is 0.19
dB and bit ‘0’ is 25.2 dB, providing Footprint = 0.095 yum? and 10.5 bits/um? integration density. Temporal
analysis of the logic state read operation is performed under excitation by a pulse with a square temporal profile
distribution, and the system response is presented in terms of the normalized power |E|2 as a function of time
(femtoseconds). This memory cell is designed for robust binary logic operations, offering high-contrast switching
for non-volatile storage in photonic integrated circuits (PICs). Furthermore, the proposed architecture serves as a
foundational platform for neuromorphic integration in optical artificial neural networks (OANNSs), where the
multi-level crystallization potential of the phase-change material can be leveraged for future analog synaptic
weight modulation.

Neuromorphic integration
Photonic integrated circuits

1. Introduction

In recent years, with the accelerating growth of global data pro-
duction, the demand for high-density and low-power information stor-
age technologies has increased significantly (Wang et al., 2026).
Classical electronic memory architectures, despite decades of optimi-
zation, have reached fundamental physical boundaries in scalability,
speed (Jafari and Danaie, 2025b), and power density (Moon et al.,
2023). These limitations highlight the necessity for novel memory
technologies capable of transcending these frontiers. In this context, all-
optical memories, which perform the processes of encoding, storage, and
retrieval of information entirely within the optical domain, have been
proposed as a promising solution (Hao et al., 2024). Photonics, utilizing
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light for information processing and transmission, offers high data
transfer rates, low latency, and favorable energy efficiency, which has
driven the demand for research into optical and photonic memory
technologies (Pugachov et al., 2024). Among the established ap-
proaches, memories based on Phase-Change Materials (PCMs) have
secured a unique position due to their ability for reversible transitions in
crystalline structure and optical properties. Integrating these materials
with plasmonic nanostructures has enabled the development of a new
generation of high-speed, nanometric single-bit and multi-level optical
memories (Bhatt et al., 2024).

The implementation of all-optical memories is associated with
numerous challenges. Silicon-on-Insulator (SOI) platforms are CMOS-
compatible but suffer from high losses and limited integration (Nikitin
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et al., 2022). Localized Surface Plasmon Resonance (LSPR) concentrates
the field but is limited by Ohmic losses and fabrication complexity
(Haokang et al., 2025). Laser-Induced Surface Plasmon Polaritons
(LASP) are high-speed but sensitive to fabrication defects and thermal
management (Sun et al., 2025). Photonic crystals offer advantages
through the control of light propagation and high quality factors, yet
they are limited by tunability and fabrication precision (Park and H, n.
d.). Kerr materials, through nonlinear effects, enable multi-level mem-
ory and reconfigurability but require high optical intensities and are
sensitive to noise (Galoppo et al., 2025). In contrast, Phase-Change
Materials (PCMs) enable data retention even after the light source is
disconnected due to their non-volatile storage and high optical contrast,
although they face challenges such as low crystallization speed and
cyclic degradation (Ehrmann et al., 2022). Slow-light enhancement
strengthens light-matter interaction but suffers from limited bandwidth
and insertion losses (Pan et al., 2024). Finally, Semiconductor Optical
Amplifiers (SOAs) provide high gain but are limited by polarization
sensitivity and saturation constraints (Cui et al., 2021).

Plasmonics, due to its unique ability to confine and control electro-
magnetic fields at sub-wavelength scales, has become a key platform for
the development of integrated optical components (Mcoyi et al., 2025).
In this regard, the Metal-Insulator-Metal (MIM) waveguide structure,
characterized by high confinement, precise tunability, and compatibility
with photonic integrated circuits, is considered one of the prominent
architectures (Zayets et al., n.d.). It is employed in the design of various
components, including filters (Zegaar et al., 2022), sensors (Rahad et al.,
2024), photodetectors (Oshita et al., 2023), optical switches [19], de-
multiplexers (Wang et al., 2023), Mach-Zehnder interferometers (Jiang
et al., 2018), power amplifiers (Haffner et al., 2015), and memories
[23]. Research in the field of plasmonics remains both attractive and
challenging, paving the way for the advancement of nanophotonic
technologies.

In recent years, plasmonic memories based on Phase-Change Mate-
rials (PCMs) have emerged as a new generation of nonlinear optical
devices (Shen et al., n.d), enabling the combination of non-volatile
storage functionality with a tunable optical response (Dolatabady and
Granpayeh, 2015). These phase-change-based plasmonic structures, by
utilizing localized surface resonances and phase-change dynamics at the
nanoscale, provide a suitable platform for implementing plasmonic
neuromorphic synapses (Song et al., n.d.). In such architectures, syn-
aptic weights are tunable through optical excitation and material phase
transitions, enabling adaptive learning, analog weight adjustment, and
parallel data processing (He et al., 2024). This strategy represents a
fundamental step toward achieving all-optical neuromorphic computing
and the simultaneous integration of logic and memory into a single
photonic platform (Nohoji et al., 2025a).

In recent years, significant advances in neuromorphic photonics have
opened new pathways toward the realization of brain-inspired
computing systems capable of overcoming the limitations of conven-
tional von Neumann architectures (Wang et al., 2026). In these systems,
optical signals are exploited to emulate the behavior of biological syn-
apses, enabling ultra-fast, parallel, and energy-efficient information
processing (Ahmadivand et al., 2017; Nohoji et al., 2026). A funda-
mental requirement in this field is the ability to achieve dynamic and
reversible tunability of synaptic weights in the optical domain. Phase-
change materials, particularly GST, have emerged as highly promising
candidates due to their non-volatile and reversible transition between
amorphous and crystalline states, accompanied by pronounced varia-
tions in refractive index and absorption [19]. By integrating these ma-
terials into nanoscale plasmonic structures, the light-matter interaction
can be significantly enhanced, enabling precise modulation of optical
transmission. This phase-dependent optical response can be directly
mapped onto synaptic weight variation, thereby making plasmonic
phase-change platforms strong candidates for realizing compact, scal-
able, and fully optical neuromorphic photonic systems (Song et al., n.d.).

Phase-change materials (PCMs) refer to a class of materials capable
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of reversible transitions between two structural, electronic, or optical
states. These materials are classified based on the type of thermal,
electronic, spin, or ionic excitation and the mechanism of their phase
transition (Nohoji et al., 2025b): GST alloys (Wang et al., 2023) Mate-
rials with Metal-Insulator Transitions (MIT) (Redaelli et al., 2022) Spin-
transition-based materials (Qu et al., 2017) Ion-based bistable materials
(Haddad et al., 2022) Phase-change polymer compounds (Zhang et al.,
2018).

Recent studies have explored various strategies to enhance PCM
performance, ranging from material-level engineering—such as chemi-
cal doping—to device-level structural design. For instance, (Yao et al.,
2021) demonstrated that Zn-doping in GST significantly improves
thermal stability and crystallization kinetics. Building upon these
material-level advancements, our work shifts the focus to device-level
optimization by utilizing a dumbbell-shaped MIM plasmonic resonator
to achieve extreme sub-wavelength confinement and field enhancement.

In the design of plasmonic memories, optical pulses are utilized as
input signals. Each input signal possesses specific characteristics. The
programming signal contains SET and RESET pulses; applying this signal
to the material alters its microscopic structure, referring to the phase
transition from the amorphous state to the crystalline state and vice
versa (Prajapati and Kandasubramanian, 2020). When the GST material
is in the amorphous state, a SET pulse characterized as a slow laser pulse
with low power (amplitude) and a relatively long duration is applied. By
decreasing resistance and increasing the refractive index, the material
transforms into the crystalline state. In the crystalline state, a RESET
pulse, a fast laser pulse with a relatively short duration and high power
(amplitude) is applied to the GST material. By increasing resistance and
decreasing the refractive index, the material converts back to the
amorphous state (Wang et al., 2012; Sreekanth et al., 2021). In Fig. 1(a),
the excitation of GST with SET and RESET optical pulses causes an
atomic structure rearrangement and induces a phase transition, which
creates phase-dependent modulation of the refractive index and precise
variations in absorption. The spectral curves of the real refractive index
(n) and the imaginary part (k) in Figs. 1 (b, c) compare the amorphous
and crystalline phases. In the amorphous phase, n and k are positive and
n >k, indicating lower absorption and a lower refractive index, while in
the crystalline phase, the simultaneous increase in n and k enhances
scattering and absorption, increasing the optical response of the mate-
rial (Sreekanth et al., 2021).

Unlike passive materials such as silicon, the GST phase-change ma-
terial is an active medium that can be utilized to implement active
plasmonic devices. This material exhibits the capability for reversible
refractive index transitions between the amorphous and crystalline
states at telecommunication wavelengths (Ruhul Fatin et al., 2024; Butt,
2025; Pomianowski et al., 2013; Gupta et al., 2025). This phase transi-
tion leads to fundamental changes in the effective dielectric constant of
the material, arising from the transformation in the band structure and
the electronic density of states (Wang et al., 2019).

Table 1 lists the optical and thermal properties of the materials used
in this design. The density and thermal stability of this material enable
its efficient integration into photonic integrated circuits (PICs) for the
development of all-optical devices with high energy efficiency (Kang
et al., 2021).

The phase transition mechanism in the GST material is inherently
photothermal; the switching process between the amorphous and crys-
talline phases depends on the temperature dynamics of the material
(Zareizadeh and Nozhat, 2023). In our FDTD framework, these phase
transitions are modeled by applying the corresponding complex
refractive indices (n and k) for the amorphous and crystalline states. This
approach is physically justified for assessing the photonic performance
of the integrated circuit, as the optical response is directly determined by
the material's refractive index once the stable phase is established.

The reversible phase transition of the GST layer is driven by
controlled photothermal excitation. In accordance with the thermal ki-
netics reported in (Zareizadeh and Nozhat, 2023) and the energy
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Fig. 1. (a) Atomic structure transformation under optical pulse excitation; Spectral curves of real and imaginary refractive indices for (b) Amorphous and (c)

Crystalline states.

Table 1

Mechanical and Thermal Properties of Utilized Materials (Kang et al., 2021)
Material n J w Kg

% [{ <[] ° ]

GSTerystalline 6.11" + 0.83i° 210 0.8 6200
GSTamorphous 3.94" + 0.045i" 210 0.3 6150
Ag 0.145+ 11.445i 235 420 10,490
Air 1410710 1005 0.024 1.2

*Temperature-dependent parameters; reported values measured at room
temperature.

conversion metrics defined in (Gemo et al., 2019), the GST layer must
reach a crystallization temperature of T.~450 K for the SET process and
a melting temperature of T,~880 K for the RESET process. Accordingly,
the SET operation is triggered by an optical pulse of 50 mW for 150 ns
(~7.5 nJ), allowing sufficient time for atomic rearrangement.
Conversely, the RESET operation is achieved through a higher-power
pulse of 110 mW for 20 ns (~2.2 nJ), facilitating rapid melting and
quenching. These pulse parameters ensure precise control over the
phase state, bridging our photonic simulation framework with estab-
lished thermal and electrical characterization data.

Recent progress in phase-change materials has focused on both
material-level engineering and device-level architectures. For instance,
studies on Bi-doped Zn—Sb alloys have demonstrated that spinodal

decomposition can facilitate controlled transitions through intermediate
resistance states, offering a robust strategy for multi-level data storage
(Chen et al., 2017). Building upon these advancements in material
physics, our work focuses on the device-level optimization of photonic
memories. We propose a dumbbell-shaped MIM plasmonic resonator
that leverages extreme sub-wavelength field confinement to achieve
high-contrast switching, providing a versatile platform that is inherently
compatible with these multi-level phase-change dynamics.

In this paper, a novel all-optical plasmonic memory architecture
based on phase-change materials is designed with the aim of overcoming
the limitations of conventional technologies. Plasmonic memories based
on GST material are categorized under Phase-change Random Access
Memory (PRAM) and Non-Volatile Random Access Memory (NVRAM)
(Zhang et al., 2012). The proposed structure consists of plasmonic
waveguides coupled to a resonator containing phase-change material
and is engineered such that the operating bandwidth, spectral response,
and optical behavior of the system can be effectively controlled by
tuning the coupling distance and resonator dimensions.

A comprehensive analysis of key performance parameters, including
resonance wavelength, optical contrast, Extinction Ratio (ER), footprint,
and storage density, has been performed using the Finite-Difference
Time-Domain (FDTD) methods, demonstrating optimal results in terms
of stability and optical efficiency. Simulation results indicate that the
designed structure can function as a dynamically tunable plasmonic
filter between band-pass and band stop states, a non-volatile single-bit
plasmonic memory, and a programmable neuromorphic synapse. This
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multi-functional capability makes the proposed architecture a suitable
candidate for integration into compact and low-power photonic chips,
providing an efficient framework for realizing next-generation photonic
neuromorphic computing.

The content presented in this paper is organized as follows: Section
two: Design Methodology Section three: Design of the Plasmonic Filter
Structure Section four: Design and Performance Analysis of the Non-
Volatile Plasmonic Memory based on Phase-Change Material, Section
five: Neuromorphic Photonic Performance and Time-Domain Analysis,
Section six: Fabrication and Structural Integration, Conclusion of find-
ings and elucidation of the technology's applications in neuromorphic
computing.

2. Design methodology

SPPs emerge at metal-dielectric interfaces through the coupling of
electromagnetic waves with a metal's free electrons. The dispersion
relation for the fundamental surface plasmon TM mode can be obtained
as follows (Wang et al., 2020):

Kepp =

(€8]

€4€m(®) ®
€4 +em(w) c

In Eq. (1), kspp is the plasmonic wave vector, &, (®) is the permittivity
of the metal, ¢, is the permittivity of the dielectric and c is the speed of
light in vacuum. The optical response of noble metals such as silver and
gold in plasmonic nanostructures has been modeled using the Drude
formalism Eq. (2), which describes the free-electron behavior across
visible and infrared spectral regimes. ¢(w) is the complex dielectric
function, e, is the high-frequency dielectric constant, ), is the plasma
frequency, y is the damping constant and o = 2¢ is the angular fre-
quency of the incident light [49,50].

2

2 (2)

"0+ iyw

Q)
e(0) = €x

In Eq. (2), &, representing the dielectric constant of metals at high
frequencies, exhibits a value approaching unity. By incorporating
intrinsic loss mechanisms, it achieves superior accuracy compared to the
Drude model. The complex dielectric constant of silver is thereby
determined (Maier, 2007),

9()\) = Sreal(}\) + i-eimag O\) (3)

with its real part &rq(1) = n%(1) — k(1) and imaginary part €imeg(1) =
2n(2)k(A) components being precisely computed through this formula-
tion (Blakemore, 1985).

2in(0)K(0)K?(0) —n?(0) = (o) + iK(0)]* = &) @

The optical response of the plasmonic filter at wavelength A can be
calculated by combining experimental data from Johnson and Christy
with Maxwell's equations, as described by Eq. (5). E is the electric field, p
is the magnetic permeability and w = %< is the angular frequency of the
incident light (Johnson and Christy, 1972).

V x Gv x E) —o’¢(ME=0 5)

To evaluate the performance of plasmonic filters, it is essential to
calculate two key parameters the FWHM and the quality factor, which
are presented in Egs. (6) and (7), respectively. 1y is the high wavelength,
A is the low wavelength and 4, is the central resonance wavelength
(West et al., 2010).

FWHM =My — Ay, (6)

Mo

Q= FwHM

)
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Thus far, the theoretical foundations and fundamental formulations
governing the phenomenon of surface plasmons have been briefly
reviewed. Additionally, the essential equations required for evaluating
and validating the performance of plasmonic filters have been precisely
presented. Next, the design details and specifications of an advanced
single-mode plasmonic filter are examined, which leverages the unique
capabilities of surface plasmons for precise light control.

3. Plasmonic filter design

In this paper, a non-volatile plasmonic memory based on Metal-
Insulator-Metal (MIM) input and output waveguides and Ge2Sb2Te5
(GST) phase-change material is proposed. To achieve a structure with
desired performance and optimized dimensions, a single-mode plas-
monic band-pass filter has been designed, and the results are investi-
gated and reported. In this filter design, silver (Ag) is utilized as the
metal and air serves as the dielectric. The Drude model is employed to
characterize the dielectric function of the metal, and the results are re-
ported using the two-dimensional (2D) FDTD method.

In the simulation, a Gaussian pulse with the capability of exciting the
Transverse Magnetic (TM) mode is used as the light source, which is
applied to the structure via the input waveguide. To enhance simulation
accuracy, a mesh size of 3 nm and Perfectly Matched Layer (PML) re-
gions are utilized to model infinite space.

The topology of the single-mode plasmonic bandpass filter structure
is illustrated in Fig. 2. This filter is based on MIM input and output
waveguides and a rectangular resonator surrounded by two semi-disk
resonators. The dimensions of the variable parameters for this design
are provided in Table 2. This filter is classified as a passive plasmonic
device.

The transmission curve of this filter within the 1000-1500 nm
wavelength range is shown in Fig. 3. The filter exhibits a Gaussian
transmission spectrum with a transmittance of 91% at the central
wavelength of 1210 nm. Using egs. (6), the Full Width at Half Maximum
(FWHM) was calculated to be 56 nm, Using egs. (7), the Quality factor
(Q) was determined to be 21, respectively.

Optimizing the geometric dimensions of the variable parameters
plays a critical role in achieving these enhanced performance metrics. In
this study, a Parametric Sweep Simulation (PSS) approach was imple-
mented to identify the ideal structural dimensions. During this proced-
ure, the dimension of a single target parameter is swept across a
specified range using designated step sizes, while all other structural
parameters remain fixed. Crucially, to ensure that geometric variations
are accurately reflected in the output response, the incremental step size
of the swept parameter must be an integer multiple of the predefined
mesh grid size (Ax) within the simulation domain, and must never fall
below this spatial resolution limit (Palik, 1998).

Fig. 4 illustrates the transmission curves as a function of variations in
three parameters: R, D, and L, within the wavelength range of
1000-2500 nm. In Fig. 4(a), the 3D transmission curve is shown as the
radius of the semi-disk resonator (R) increases from 240 to 360 nm with
a step size of 6 nm. It is observed that increasing the radius results in a

X
|:| Air
z
D Silver é—’ y
Fig. 2. Schematic of the proposed single-mode plasmonic band-pass fil-
ter structure.
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Table 2
Dimensions of Variable Parameters for the Plasmonic Filter.
Parameter R D L g w
Dimensions (nm) 300 270 500 0 50
1 . . . .
0.8}
[}
o
§ 06f
g o4l
g .
=
0.2}
0 I 1 1 1
1000 1100 1200 1300 1400 1500
Wavelength (nm)

Fig. 3. Transmission spectrum of the proposed plasmonic band-pass filter. The
device demonstrates a Gaussian-like resonance mode at the central wavelength
of 1210 nm with a peak transmittance of 91%.

redshift of the resonance wavelength, which indicates a reduction in the
energy required to excite surface plasmon polaritons (SPPs); however,
this is accompanied by a degradation in the transmission coefficient. In
Fig. 4(b), the 3D transmission curve is presented for variations in the
width of the rectangular resonator (D) from 210 to 330 nm with a step
size of 6 nm. It is evident that an increase in dimensions enhances the
transmission coefficient and induces a blueshift in the transmission
peaks, suggesting an increase in the energy required for SPP excitation.
In Fig. 4(c), the 3D transmission curve is depicted for changes in the
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length of the rectangular resonator (L) from 440 to 560 nm with a step
size of 6 nm. It is observed that increasing the dimensions leads to a shift
in the resonance wavelength, while the transmission coefficient exhibits
a non-monotonic behavior, initially increasing and subsequently
decreasing.

It is essential to clarify that the spectral trends in Fig. 4 are governed
by a combination of geometric and modal effects. While the radius R
mainly scales the optical path length, leading to a consistent redshift, the
rectangular dimensions D and L significantly alter the modal confine-
ment and impedance matching of the SPP mode. The non-monotonic
behavior observed for these parameters is a physical manifestation of
the competition between resonant mode enhancement and the increased
intrinsic propagation/scattering losses that occur as the resonator di-
mensions deviate from the optimal coupling condition.

Table 3 summarizes the parametric sensitivity analysis of the pro-
posed resonator. To quantify the influence of geometric variations on
the resonance condition, the sensitivity (S) is defined as S = AA /
Aparam. The results indicate that the resonator radius (R) is the most
dominant factor affecting the resonance wavelength, exhibiting a high
positive sensitivity of +2.22 nm/nm, which leads to a significant
redshift. Conversely, the rectangular width (D) demonstrates a negative
sensitivity of —0.69 nm/nm, inducing a blueshift due to the modulation
of the effective refractive index and modal confinement. The resonator
length (L) shows a moderate positive sensitivity of +0.30 nm/nm,
contributing to a slight redshift. These quantitative findings confirm that
the resonance wavelength can be precisely tuned by adjusting the geo-
metric parameters, providing a clear roadmap for the design and opti-
mization of the plasmonic filter and memory device.

The effect of the coupling gap between the input/output waveguides
and the resonator is investigated in Fig. 5. The gap size is varied from 0
nm to 18 nm with a step size of 3 nm. It is observed that the transmission
coefficient undergoes a progressive degradation as the gap dimension
increases, indicating a strong dependence of the coupling efficiency on
the spatial separation between the waveguide and the resonant cavity.

360 1 330 i
]
340 310
0.8 0.8
320 290
e 06 F 0.6
£.300 £270
Y 04 R 04
280 250
260 0.2 230 0.2
240 0 210
1000 1500 2000 2500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
(@) (b)
560 )
540
0.8
520
) 0.6
£500
- 04
480
460 02
440

1000 1500

2000 2500

Wavelength (nm)

(©

Fig. 4. Normalized transmission curves for dimensional variations of (a) R, (b) D, and (c) L.
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Table 3

Parametric sensitivity analysis of the proposed dumbbell-shaped resonator. The
sensitivity S is defined as AL / Aparam, where a positive value denotes a redshift
and a negative value denotes a blueshift.

Parameter Variation Range AX (nm) Sensitivity (nm/ Trend
(nm) nm)
R 240-360 +267 +2.22 Red shift
D 210-330 —83 —0.69 Blue shift
L 440-560 +36 +0.3 Red shift
1 T T T
——g=0 nm
g=3 nm
o 0.8 g=6 nm
;.:) —g=9 nm
g=12 nm
S06¢
g 0.4
&
0.2
0 — . S —
1150 1200 1250 1300 1350
Wavelength(nm)

Fig. 5. Transmission variation curve as a function of the coupling gap (g).

The dependence of transmission on the coupling gap is governed by
the evanescent coupling mechanism. As the waveguide and the reso-
nator are brought into contact (g = 0 nm), the spatial overlap of their

Y(nm)
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respective SPP modes is maximized, facilitating efficient energy transfer
into the resonant cavity. As the gap increases, the evanescent field in-
tensity at the resonator boundary decays exponentially, leading to a
rapid decrease in the coupling efficiency. Additionally, the increased
gap distance disrupts the phase matching and induces an impedance
mismatch at the interface, which results in significant reflections and
radiative losses. Thus, the observed transmission drop is a direct
consequence of the diminished evanescent interaction and the degra-
dation of the mode-coupling efficiency.

In plasmonic structures, evaluating the magnetic and electric fields
at the resonance wavelength is essential. At this wavelength, the electric
field of the surface plasmons at the silver-air interface is significantly
enhanced, leading to the excitation of Surface Plasmon Polaritons (SPPs)
(Taflove et al., 2005). Figs. 6(a) and 6(b) illustrate the magnetic field
magnitude (|H|) and electric field magnitude (|E|) distributions at the
resonance wavelength of 1210 nm, respectively.

The magnetic field profile of the filter structure in Fig. 6(a) demon-
strates that the maximum energy is trapped within the central rectan-
gular resonator, confirming energy storage, while energy conduction is
facilitated through the semi-disk resonators. The electric field profile in
Fig. 6(b) shows high-intensity field enhancement at the corners of the
central rectangular resonator at the interface of the two materials. This
enhancement, caused by the resonance of plasmon polaritons, indicates
the potential suitability of this filter for sensing applications.

In this design, the refractive index of the surrounding dielectric (air)
is varied from 1 to 1.05 in increments of 0.01. As shown in Fig. 7, a
refractive index increase of 0.01 results in a resonance wavelength shift
from 1210 nm to 1225 nm. This pronounced shift indicates the strong
dependence of the spectral response on the effective refractive index of
the plasmonic mode. Such behavior highlights the high tunability of the

%1073

)

200 400 600

X(nm)

400

300

200

100

Y(nm)

-100

-200

-300

-400

-600 -400

(a)
3.5
3
2.5
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1.5
- - 1
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X(nm)

(b)

¥

Fig. 6. Field distribution profiles: (a) Magnetic field magnitude (|H|), (b) Electric field magnitude (|E|).
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Fig. 7. Resonance wavelength shift induced by a 0.01 increment in refrac-
tive index.

proposed structure, enabling precise control and engineering of the
resonance wavelength through the selection of dielectric materials with
different refractive indices.

In plasmonic systems, several theoretical models are employed to
describe the dielectric function of metals. In this study, the metal
permittivity is described using the classical Drude model, which ac-
counts for the free-electron response and provides an accurate approx-
imation of the optical properties of metals in the considered wavelength
range. To conduct a rigorous evaluation of the designed structure, the
transmission curves obtained using the Drude theoretical model, the
Johnson and Christy experimental model, and Palik data are compared
in Fig. 8(a). The transmission curves derived from the Drude and
Johnson/Christy models exhibit nearly perfect agreement at the reso-
nance wavelength of 1210 nm with a transmittance of 91%, as shown in
Fig. 8(b). In contrast, the transmission curve using Palik data shows a
transmittance of 67% at a resonance wavelength of 1214 nm.

Thus far, the proposed filter structure, its operational mechanism,
the optimization process of variable parameters, the effects of refractive
index variations, and various metal dielectric models have been
comprehensively analyzed.

Table 4 presents a comparative analysis of the proposed filter's
critical performance metrics—including resonance wavelength (4¢),
peak transmission (T), FWHM, and the Quality factor (Q)—against
previously reported plasmonic filters. To ensure physical consistency,
the dielectric properties of silver were modeled using both the Drude
and Johnson and Christy models; both approaches show excellent
agreement at the resonance wavelength of 1210 nm, yielding an iden-
tical peak transmission of 91%. While minor variations in the FWHM are
observed between these models, the proposed dumbbell-shaped struc-
ture consistently demonstrates a superior peak transmission and an
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enhanced Quality factor compared to existing literature. It should be
noted that there exists a fundamental trade-off between transmission
efficiency and the Quality factor in plasmonic resonators. Our design
prioritizes high transmission to ensure optimal signal detection when
integrated with phase-change materials for memory operations, where
distinct discrimination between logic states ‘0’ and ‘1’ is required. These
results confirm the structure's enhanced spectral selectivity and its po-
tential for high-performance photonic applications.

Table 4 presents a comparative analysis of the proposed dumbbell-
shaped filter against previously reported plasmonic resonators. It
should be clarified that the filter presented here serves as the passive
backbone for our proposed plasmonic memory architecture. In the
design of such resonators, there is a fundamental trade-off between the
transmission efficiency (T) and the Quality factor (Q). In this work, we
deliberately prioritized high peak transmission (91%) over an ultra-high
Q-factor. This design choice is critical for the intended integration of the
GST phase-change material; since the active GST layer introduces sig-
nificant optical losses during the phase-transition process, a high-
transmission baseline is essential to compensate for these losses and
maintain a clear signal-to-noise ratio for memory read-out operations.

4. Plasmonic memory

To achieve a non-volatile plasmonic memory, a phase-change ma-
terial with dimensions L1 x D1 and a probe signal have been integrated
into the plasmonic filter design. The optimized dimensions of the vari-
able parameters for this memory are listed in Table 5. In this design,
silver (Ag) is used as the metal, while air and GST phase-change material
serve as the dielectrics. The Drude model is employed to characterize the
metal's dielectric function, and the results are reported using the FDTD
method. The schematic design of the non-volatile read-only plasmonic
memory structure is shown in Fig. 9.

The operation of the memory structure is based on two independent
optical signal pathways. The control signal, which comprises the set and
reset pulses required for inducing phase transitions in the GST material,
is applied to the structure from above the chip using a laser source, as
depicted in the schematic of Fig. 9b. In contrast, the optical probe signal
is guided through the input MIM waveguide to interrogate the memory
state. The logic level (‘0° or ‘1’) is distinguished by detecting the
transmission coefficient at the output MIM waveguide, where the
contrast between the amorphous and crystalline phases provides the
basis for signal read-out.

The programming of the memory structure is achieved through an
external optical addressing approach, referred to as top-chip program-
ming. As depicted in Fig. 9(b), SET and RESET pulses are applied as a
top-illumination control signal, which induces the phase transition of
the GST resonator via localized photothermal heating. This process is
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Fig. 8. (a) Comparison of the filter transmission curve using theoretical (Drude), experimental (Johnson-Christy), and Palik data; (b) Consistency between theoretical

and experimental models.
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Table 4

Comparison of the Proposed Filter Characteristics with Existing Literature.
Ref. Year Number of modes Simulation model Ao (nm) Maximum Transmittance (%) FWHM Q-factor

(nm)
(Hajshahvaladi et al., 2022) 2020 2 - 857, 541 85, 89.7 26.5, 82 20.4,10.4
(Fonteyne et al., 2007) 2020 2 - 710, 1430 54,51 - -
(Heidari and Nozhat, 2022) 2022 2 Drude 1010, 1550 80, 70 28.6, — 35.27, —
(Shafagh et al., 2020) 2022 3 Johnson and Christy 700, 800, 860 74, 85, 86 - 14,8, 8
(Hasan et al., 2020) 2023 2 - 1110, 1340 72,77 - -
(Zegaar et al., 2022) 2024 2 Johnson and Christy 1551, 761 22,76 - 19.1
(Abd-Elsamee et al., n.d.) 2024 3 Coupled Mode Theory 61,580 - 8025 7.67
(Cui et al., 2023) 2024 1 Experimental 1430 79 - -
(Yang et al., 2024) 2025 1 Drude 1148 89 114 10.3
Proposed Filter Drude 1210 91 56 21.6
1 Johnson and Christy 1210 91 57 21.2

Table 5
Dimensions of Variable Parameters for the Plasmonic Memory.

Parameter R L D g L1 D1

0

Dimensions (nm) 300 500 270 500 190 40 50

spatially and functionally independent of the readout operation, which
involves the propagation of a probe signal through the MIM waveguide.
By decoupling the control and probe signals, the device enables efficient
non-volatile logic state switching and robust high-contrast readout.

The programming of this memory is performed externally to the
integrated circuit using a laser; specifically, a programming signal
containing RESET and SET pulses is applied to the structure, performing
the processes of writing logical states 0 and 1 into the memory,
respectively.

The state stored in the memory is read by applying a low-power (low-
amplitude) probe signal to the structure. This signal lacks the intensity
to alter the refractive index or the state of the phase-change material and
determines the stored state in the memory solely by comparing the

transmission curves.

By applying the probe signal to the structure, the logic value written
in the memory is read. Upon applying this signal, the transmission
curves for both the amorphous and crystalline states of the GST material
are illustrated in Fig. 10.

In the amorphous state, the transmission curve within the wave-
length range of 1600-2200 nm exhibits a Gaussian-shaped transmission
mode at the resonance wavelength of 1912 nm, featuring a trans-
mittance of 95%. Conversely, in the crystalline state, the transmission
curve is entirely zero. Thus, the memory read operation is performed
within the structure. This non-volatile read-only memory is categorized
as an active plasmonic device.

Consistent with the previous analysis, the 3D transmission spectra of
the proposed GST-based rectangular resonator, in terms of the geometric
variations of parameters D1 and L1, are illustrated in Fig. 5. Although
these parameters are dependent on the global dimensions L and D, their
individual optimization is crucial for achieving the desired memory
performance.

Fig. 11(a) displays the 3D transmission curve as a function of the
parameter D1. As D1 is increased from 160 nm to 220 nm with a step size
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Fig. 9. (a) Schematic of the second read-only memory (ROM) structure design, (b) Memory programming based on phase-change GST material using laser excitation

to induce reversible transitions between the amorphous and crystalline phases.
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Fig. 10. Transmission curve of the memory structure upon application of the
Probe signal.

of 3 nm, a clear redshift of the resonance wavelength is observed.
Furthermore, the transmission coefficient exhibits a non-monotonic
behavior, showing an initial enhancement up to 196 nm, followed by
a subsequent decrease.

Similarly, the 3D transmission spectra of the proposed memory cell
concerning the variation of parameter L1 is depicted in Fig. 11(b). In this
case, L1 is varied from 470 nm to 530 nm with a step size of 6 nm. It is
observed that increasing L1 leads to a simultaneous redshift of the
resonance wavelength and an improvement in the transmission
coefficient.

To evaluate the capability of the plasmonic memory in detecting
states 0 and 1, and its ability to differentiate between them, it is essential
to examine two factors: Contrast Ratio (CR) and Extinction Ratio (ER).
These two factors can be calculated using egs. (8) and (9), respectively.

Contrast = Toy — Ter (8)
. . . Tam
Extinction Ratio (dB) = 10log;, T ()
cr
bits Total Number of Bits
Densi — | = 1
Storage Density (,um2> Total Area (jm?2) (10)

In Fig. 12(a), the contrast curve of the memory structure at the
resonance wavelength of 1912 nm is illustrated, showing a 95% contrast
between the amorphous and crystalline states. In Fig. 12(b), the
extinction ratio curve at the resonance wavelength, which represents the
memory structure's capability to differentiate between states 0 and 1, is
measured at ER = 25 dB. This memory features Footprint =
0.095 ym? and 10‘5:% integration density, which has been calculated
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using Eq. (10). In the GST-based plasmonic memory, phase transition
between amorphous and crystalline states is observed through the
analysis of magnetic field distributions, while the energy transfer
mechanism within the structure is visualized via electric field distribu-
tions (Taflove et al., 2005).

The proposed memory cell achieves an ultra-compact footprint of
0.095 um?, yielding a bit density of 10.5 bits/um?. This density is
calculated based on the active GST-filled rectangular resonator area. A
key design feature of our architecture is the use of air-filled regions for
the surrounding plasmonic side resonators and MIM waveguides. These
air-filled gaps not only provide a low-index background that facilitates
superior field confinement within the GST layer but also minimize
coupling losses and spatial crosstalk. Furthermore, the implementation
of external top-chip optical programming eliminates the requirement for
dense on-chip wiring, allowing for a scalable and dense memory array
where photonic components are integrated within an air-gap topology to
minimize the overall system footprint.

The magnetic field profile for reading logic state 1 is shown in Fig. 13
(a), where the application of the probe signal results in maximum
resonance within the rectangular resonator containing the phase-change
material. The electric field profile during the “read 1” operation is
depicted in Fig. 13(b). The intense confinement of light in the resonators
above and below the GST region demonstrates the structure's capability
to transfer energy to the material and guide it toward the output
waveguide.

The magnetic and electric field profiles for reading logic state 0 are
shown in Figs. 14(a) and 14(b), respectively. It is demonstrated that
upon applying the probe signal to the structure, the energy is absorbed
due to the high losses of the GST material in its crystalline state, pre-
venting transmission to the output waveguide.

To evaluate the propagation efficiency of the proposed memory cell
at the resonance wavelength of 1912 nm, the insertion loss (IL) was
calculated for both the amorphous (Logic ‘1’) and crystalline (Logic ‘0’)
states using the relationship defined in Eq. (11).

Insertion Loss (dB) = — 10log,,T an

As illustrated in Fig. 15, the device exhibits an IL of 0.19 dB for the
amorphous state and 25.2 dB for the crystalline state. The remarkably
low insertion loss in the amorphous state highlights the high propaga-
tion efficiency of the structure and its viability for large-scale, high-
density photonic integration. Furthermore, this result demonstrates that
the design effectively mitigates the impact of ohmic dissipation typically
associated with metal-based plasmonic waveguides, confirming the
robustness of the architecture for active signal processing.

The electromagnetic response of the proposed structure is governed
by Maxwell's curl equations in the time domain (Wang et al., 2020):
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Fig. 11. Normalized transmission curves for dimensional variations of (a) D1, (b) L1.
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Fig. 12. Performance metric curves: (a) Optical Contrast, (b) Extinction Ratio (ER).
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JoE
H = ¢goe,—
V x €€ o

13
where E and H are the electric and magnetic field vectors, i, is the
vacuum permeability, €y is the vacuum permittivity, and ¢, represents
the relative complex permittivity of the material. The volumetric power
density Q generated by optical absorption within the GST cell is calcu-
lated as (Verma and Srivastava, 2024):

1
Qoptical (Xv Y, Z) = E U)EOIIII(Er) |E|2 (14)

This optical power acts as a heat source in the Fourier heat con-
duction equation to determine the spatiotemporal temperature

10

distribution T(t, r):

JaT
pCPE = V((KVT)) + Qoptical (15)
where p, Cp, and K denote the density, specific heat capacity, and
thermal conductivity of the GST, respectively (Korani et al., 2024). The
crystalline volume fraction X (0 < X < 1) is then calculated using the

Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetics:
X(t) =1 —exp(— Kmax(T).t]") (16)

with the crystallization rate constant k(T) defined by the Arrhenius
activation relation:
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Ea
KJMAK (T) =V eXP( — m) (17)

where n is the Avrami exponent, E, is the activation energy, and v is the
pre-exponential factor (Kehtarmanesh et al., 2025). Finally, the dielec-
tric function of the GST layer is updated using the Effective Medium
Approximation (EMA) (Anopchenko et al., 2023; Stegmaier et al., 2016):

n(x,y,z) = X.n, + (1 — X).0, (18)
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This multiphysics cycle, iterating between electromagnetic absorp-
tion, heat diffusion, and phase evolution, is integrated into our FDTD
framework to ensure the physical consistency of the switching process.

Although the primary investigation of this device is focused on its
photonic performance through FDTD simulations, the physical feasi-
bility of the switching mechanism is rigorously justified by photo-
thermal analysis. To provide a precise thermal justification of the
structure, one can utilize the governing relations defined in this work.
Specifically, the optical power density Q (Eq. 14) serves as the heat
source term in the Fourier heat conduction equation (Eq. 15), incorpo-
rating the high thermal conductivity of the silver (Ag) layers and the
surrounding dielectric environment. Furthermore, the phase transition
kinetics, dictated by the Avrami equation (Eq. 16) and the Arrhenius
activation relation (Eq. 17), determine the phase evolution (Eq. 18).
These analytical relations confirm that the chosen SET/RESET pulse
parameters—configured in alignment with reference (Zareizadeh and
Nozhat, 2023)—are sufficient to induce a reversible phase transition
while maintaining the structural integrity of the device.

While this study demonstrates the binary switching functionality of
the proposed plasmonic memory, the device architecture is inherently
compatible with multi-level weight modulation. The optical trans-
mission is directly controlled by the complex refractive index of the GST
layer; thus, the well-documented ability of GST to undergo fractional
crystallization (Wuttig and Yamada, 2007; Rios et al., n.d.; Michel et al.,
2014) enables intermediate phase states that correspond to analog
synaptic weights. The physical feasibility of such transitions is rigor-
ously supported by a photothermal framework where the optical power
density Qupical (EQ. 14) serves as the heat source in the Fourier con-
duction equation (Eq. 15). Furthermore, the phase evolution kinetics,
governed by the Avrami (Eq. 16) and Arrhenius (Eq. 17) relations,



M. Kehtarmanesh et al.

confirm that the SET/RESET pulse parameters are sufficient to induce
precise phase changes. This analytical foundation ensures that our de-
vice serves as a robust platform for both binary logic and future analog
neuromorphic applications.

5. Neuromorphic photonic performance and time-domain
analysis

The neuromorphic functionality of the proposed plasmonic memory
structure can be directly inferred from its phase-dependent optical
response. The pronounced difference in optical transmission between
the amorphous and crystalline states of GST enables controlled modu-
lation of the output intensity, which can be mapped onto synaptic
weights in neuromorphic systems. This behavior is further supported by
the high optical contrast (95%) and extinction ratio (25 dB), ensuring
clear discrimination between logic states. Specifically, the high-
transmission state (amorphous phase) corresponds to a potentiated
synaptic state, whereas the low-transmission state (crystalline phase)
represents a depressed synaptic state. In addition, the transient re-
sponses observed in the time-domain analysis indicate the capability of
gradual weight modulation rather than purely binary switching. This
behavior, arising from the strong coupling between plasmonic reso-
nance and phase-change dynamics, confirms that the proposed structure
can function as an all-optical synaptic element for neuromorphic
computing applications. Furthermore, the ultra-compact footprint
(0.095 um?) enables high-density integration in photonic integrated
circuits. The high storage density (10.5 bits/pm?) further highlights the
strong potential of the proposed architecture for on-chip neuromorphic
and photonic information processing applications.

It should be noted that while this study demonstrates the binary
switching functionality of the proposed plasmonic memory, the device
structure is inherently compatible with multi-level weight modulation.
The optical transmission of the proposed design is directly controlled by
the phase state of the GST layer. Given the well-documented ability of
GST to undergo fractional crystallization (Wuttig and Yamada, 2007;
Rios et al., n.d.; Michel et al., 2014), intermediate phase states between
the fully amorphous and fully crystalline levels can be achieved. These
states are expected to provide continuous control over the optical
transmission, thereby serving as a foundational platform for analog
synaptic weight modulation in photonic neuromorphic networks.
Exploring the specific kinetics of these intermediate states remains a
significant direction for future research.

For the transient analysis, the excitation source is modeled as a time-
normalized square pulse on a femtosecond scale. The pulse profile is
defined by a null-power state for the initial 100 fs, a transition to unity
magnitude spanning 100 fs to 800 fs, and a subsequent return to zero
within the 800-1200 fs interval. By employing sharp rising and falling
edges, this excitation scheme facilitates a precise assessment of the de-
vice's switching dynamics, including signal propagation delay, power
attenuation, and overall temporal stability. The schematic of this exci-
tation signal is shown in Fig. 16.

To quantify the propagation losses intrinsic to the input and output
metal-insulator-metal (MIM) waveguides, a reference simulation was
performed by launching the femtosecond excitation pulse into the
waveguide channels in the absence of the GST-loaded dumbbell reso-
nator. As depicted in Fig. 17(a), the output signal retrieved at the
waveguide terminus exhibits a peak amplitude of 0.95, while the pulse
profile remains nearly identical to the input excitation. This observation
confirms that the utilized MIM waveguides provide low-loss signal
propagation and preserve signal integrity without introducing substan-
tial temporal distortion. Consequently, any deviations from the original
temporal profile observed in the complete device architecture can be
attributed solely to the light-matter interaction within the resonator and
the phase-state of the GST layer.

When the GST material is switched to the amorphous state (logic
state ‘1’), which exhibits a lower absorption coefficient compared to the
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Fig. 16. Schematic of the excitation signal applied to the input waveguide for
performing transient analysis in the dumbbell memory structure.

crystalline phase, the output power—despite existing coupling
losses—is depicted in Fig. 17(b). The output power exhibits an initial
propagation delay (T4) of 7 fs, followed by a gradual increase, reaching
approximately 0.95 by 200 fs. This behavior is attributed to propagation
delay, dispersion, and mode coupling effects, while the value below
unity arises from initial coupling losses and modal mismatch. Within the
200-800 fs interval, a quasi-steady state is observed, indicating stable
pulse propagation through the amorphous phase with limited losses.

Upon termination of the input pulse, the power gradually decays due
to ohmic losses, reaching zero at approximately 1100 fs. Based on the
quasi-steady state value of 0.95, the rise time (10% to 90% of steady-
state) is calculated to be 82 fs, and the fall time (90% to 10%) is 84 fs.

Conversely, in the crystalline state (logic state ‘0’), induced by the
SET control pulse, the increased refractive index and absorption coef-
ficient of the GST layer significantly alter mode coupling and enhance
propagation losses. The temporal response for this state is shown in
Fig. 17(c). Beyond the initial 7 fs delay, an abrupt increase to 0.12 occurs
at 107 fs, stemming from the transient excitation of parasitic modes and
modal mismatch upon source activation. Within the 200-800 fs interval,
the signal settles into a quasi-steady state of approximately 0.04, signi-
fying an ‘OFF’ regime with limited leakage. A secondary power rise to
~0.08 is observed, likely resulting from internal reflections and back-
propagating wave interference. Finally, the output power decays to
zero by 1100 fs under the influence of higher ohmic losses. Based on the
0.04 steady-state value, the rise time and fall time are measured to be 2
fs and 48 fs, respectively.

It should be noted that the temporal responses presented here are
independent of the material's phase-change kinetics. Instead, they
reflect the electromagnetic impulse response of the plasmonic structure
during the read-out operation, governed by the system's impulse
response and the optical parameters associated with the pre-set phase of
the GST material.

The temporal characteristics of the read operation are determined by
the electromagnetic response of the plasmonic structure, as shown in
Fig. 17. While our study focuses on the stationary optical states, the
practical switching speed and endurance of the GST layer are supported
by extensive experimental literature (Zhang et al., 2019), which reports
endurance up to 10° cycles and switching frequencies between 1 and 10
MHz, confirming the suitability of this material for high-performance
memory applications.

Table 6 presents a comparative performance analysis of the proposed
dumbbell-shaped memory against various state-of-the-art optical ar-
chitectures. This comparison encompasses both plasmonic and photonic
crystal-based devices utilizing diverse modulation mechanisms,
including GST and nonlinear Kerr-effect media.

Our proposed memory cell achieves superior performance at a
resonance wavelength of 1912 nm. By systematically integrating spec-
tral selectivity with phase-change functionality, the dumbbell-shaped
configuration achieves a transmission contrast of 95% and an extinc-
tion ratio of 25 dB within an ultra-compact footprint of 0.095 pm?2.
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Fig. 17. Temporal response of the structure under excitation by a pulse with a square temporal profile mode: (a) plasmonic MIM waveguide in the reference state
(without the memory structure) (b) read operation of logic state “1” (GST in the amorphous phase) (c¢) read operation of logic state “0” (GST in the crystalline phase).

Unlike conventional resonator geometries, this architecture facilitates
highly localized field enhancement, effectively bridging plasmonic
filtering and non-volatile memory functionalities to provide a robust
advancement in high-density storage solutions. These metrics, derived
from comprehensive FDTD simulations, intrinsically account for
metallic dissipation, scattering, and mode-coupling effects within the
MIM-GST configuration, demonstrating a clear performance advantage
over existing plasmonic topologies.

6. Fabrication and structural integration

The proposed memory structure is engineered for compatibility with
Back-End-of-Line (BEOL) Complementary Metal-Oxide-Semiconductor
(CMOS) integration, utilizing standard nanofabrication protocols such
as electron-beam evaporation, sputtering, electron-beam lithography
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(EBL), and reactive ion etching (RIE). The design employs an air-gap
cavity configuration—a strategy widely adopted in integrated plas-
monics to maximize light confinement—ensuring structural stability
and dimensional accuracy consistent with established high-performance
Metal-Insulator-Metal (MIM) resonators.

A critical design feature is the monolithic nature of the resonant
cavity. In the optimized configuration, the coupling gap between the
MIM waveguides and the resonator is fixed at 0 nm, allowing the entire
resonant system to be patterned as a single continuous unit. This
approach effectively bypasses the technical challenges associated with
maintaining nanometer-scale alignment precision. The sensitivity anal-
ysis presented in Fig. 5, which examines gap variations from 0 nm to 18
nm, quantifies the impact of potential structural deviations—such as
over-etching or lithographic inaccuracies—on the transmission coeffi-
cient. These results confirm that device performance is robust and
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Table 6
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Comparative analysis of key performance metrics for the proposed dumbbell-shaped plasmonic memory versus various plasmonic and photonic crystal-based memory

architectures utilizing GST and nonlinear Kerr-effect materials.

Ref Year Material Simulation A (nm) Contrast ER (dB) IL (dB) Footprint Density
(%) (ﬂmZ) (bits/
um?)
(Du et al., 2022) 2020 Kerr Plasmonic 708 64 10.06 1.48 0.83 1.2
(Skelton et al., 2012) 2020 Kerr Plasmonic 755 62 15.05 1.93 0.23 4.3
(Youngblood et al., 2023) 2021 Kerr Plasmonic 1485 49 12.38 2.83 0.31 3.2
(Khani et al., 2020a) 2022 GST Plasmonic 1550 15.8 - 1.3 0.0045 222.2
(Khani et al., 2020b) 2025 GST Plasmonic 1598 67 - 0.031 32.2
(Karimi et al., 2021) 2025 GST Plasmonic 1178 74 - - 0.14 7.1
(Sun et al., n.d.) 2025 GST Plasmonic 1550 47 4.1 4.1 - -
harifi r et al.
(Sharifipour et al., 2025  Kerr Plasmonic 830 68.6 - - 1.2 0.83
2025a)
(Sharifipour et al., Photonic
2025b) 2025 Kerr Crystal 1550 66.6 - - 30 0.03
(Anusha et al., 2026) 2026  GST Photonic 1550 80 0.28 49 14.8 0.06
Crystal
afari a Janai
(J;[S;S;';’d Danaie, 2026  GST Plasmonic 1776 84 43.66  Read: amorphous:7.86 crystalline:27.86 0.09 11.11
1-bit: : hous:0.
(86] 2026  GST Plasmonic 1814 87 44.04 it: Read: amorphous:0.60 0.219 45
crystalline:45.60
Proposed Memory GST Plasmonic 1912 95 25 Read: amorphous:0.19 crystalline:25.2 0.095 10.5

reaches its peak at the zero-gap configuration, validating the architec-
ture for monolithic fabrication without the need for sub-10 nm
alignment.

To ensure long-term environmental stability and prevent the oxida-
tion of silver elements, the device can be encapsulated with ultra-thin
dielectric passivation layers, such as Silicon Dioxide (SiO3) or
Aluminum Oxide (Al;03), which provide protection without compro-
mising plasmonic confinement. Furthermore, the design flexibility al-
lows for the adoption of other CMOS-compatible materials by re-
optimizing geometric parameters to maintain peak performance for
switching operations (Jafari and Danaie, 2025a).

Finally, thermal management is intrinsically addressed by the device
architecture. The high thermal conductivity of the silver substrate serves
as an efficient passive heat sink for the active Germanium-Antimony-
Tellurium (GST) layer. Coupled with the nanosecond-scale duration of
the control pulses—which restricts the energy deposited into the deep-
subwavelength volume of the GST resonator—this rapid heat dissipa-
tion prevents thermal crosstalk and ensures the structural reliability
required for repeatable, high-fidelity switching between logic states ‘0’
and ‘1°.

7. Conclusion

In this paper, we have reported the design and analysis of a single-
mode plasmonic bandpass filter and a non-volatile plasmonic memory
cell based on phase-change material (PCM). Through rigorous numerical
evaluation, we demonstrated that the proposed structures achieve su-
perior performance metrics—including high transmission contrast, a
robust extinction ratio, and an ultra-compact footprint—that compare
favorably with existing plasmonic topologies. While this study primarily
validates the binary operational stability of the proposed memory cell,
the device architecture provides a robust foundational platform for
neuromorphic applications. The optical transmittance of the resonator,
which is fundamentally governed by the complex refractive index of the
GST layer, is intrinsically sensitive to the material's phase state. By
leveraging the well-documented capability of PCM-based devices to
undergo fractional crystallization, this architecture holds the potential
to support multi-level transmission states. Such analog tunability is a
prerequisite for implementing synaptic weight modulation. Conse-
quently, the proposed device serves as a scalable building block for all-
optical neuromorphic synapses, where the optical transmittance func-
tions as a variable synaptic weight. This framework offers a clear path
toward reproducing advanced learning dynamics, such as Spike-Timing-
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Dependent Plasticity (STDP), by employing tailored pulse-programming
sequences to modulate the device's transmission levels in future neuro-
morphic circuits.
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