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A B S T R A C T

Neuromorphic photonic systems have emerged as a promising platform for overcoming the bandwidth and 
energy limitations of conventional electronic neural networks, where the realization of compact, low-power, and 
non-volatile synaptic elements remains a key challenge. In this work, an all-optical plasmonic nano-synapse is 
proposed for energy-efficient neuromorphic photonic architectures. The device is based on a nanoscale plas
monic ring resonator orthogonally coupled to two independent waveguides, enabling physically separated data 
transmission and optical control. A nanometric Ge2Sb2Te5 (GST) phase-change layer is integrated at the coupling 
region between the resonator and the data waveguide, allowing non-volatile, multi-level modulation of synaptic 
weights through resonance wavelength tuning. Unlike conventional photonic synapses that primarily support 
unipolar weight modulation, the proposed architecture enables bipolar synaptic weight control within a single 
compact device by operating on opposite sides of the resonance wavelength, corresponding to excitatory and 
inhibitory synaptic responses. This spectral-domain weight encoding provides a robust alternative to time- 
domain spiking schemes and enables spike-timing-dependent plasticity (STDP)-compatible weight updates 
while significantly reducing circuit complexity. Numerical simulations demonstrate an ultra-compact footprint of 
approximately 0.09 μm2, an active GST volume below 5 × 10− 5 μm3, and an ultra-low optical switching energy of 
about 5 pJ. The use of a low-loss silver-based plasmonic platform combined with air cladding results in strong 
field confinement and an optical contrast approaching 99%. Owing to its compact size, non-volatility, and 
spectral bipolar weight capability, the proposed plasmonic synapse offers a scalable and practical building block 
for high-density, low-power neuromorphic photonic processors.

1. Introduction

In recent years, neuromorphic architectures inspired by the structure 
and function of the human brain have been increasingly implemented on 
electronic platforms. These architectures aim to emulate features such as 
learning, adaptability, and parallel processing by utilizing integrated 
circuits, CMOS transistors, and memristors. For instance, IBM’s True
North chip with more than one million neurons and hundreds of millions 
of synapses is a successful example that enables image processing and 
pattern recognition with extremely low power consumption (Merolla 
et al., 2014 Aug 8; Davies et al., 2018 Jan 16; Yang et al., 2013 Jan; 
Indiveri and Liu, 2015 Jul 15). Similarly, Intel’s Loihi chip, which 
supports spiking-based algorithms and real-time learning, represents a 
major advancement in electronic neuromorphic systems (Furber, 2016 
Aug 16; Benjamin et al., 2014 Apr 24; Fan et al., 2507). The use of 
memristors as programmable synapses has also provided the ability to 

store weights and emulate synaptic behavior (Strukov et al., 2008 May 
1; Prezioso et al., 2015 May 7; Aguilera et al., 2020 Mar).

Despite these achievements, electronic neuromorphic systems face 
significant challenges. Scaling up the number of neurons and synapses 
results in a substantial increase in energy consumption and demands for 
memory and computational power (Marković et al., 2020 Sep 17; Shastri 
et al., 2021 Feb; Ahmadi et al., 2024 Dec 30). Moreover, the speed of 
electronic signal transmission and the physical limitations of silicon 
chips pose serious obstacles to large-scale parallel processing and scal
ability (Maass, 2016 Oct; Sze et al., 2020 Jun 16; Roy et al., 2019 Nov 
28). Other issues such as electromagnetic interference, excessive heat 
generation, and reduced operational reliability are exacerbated with 
increasing device density (Boahen, 2017 Mar 15; Indiveri et al., 2011 
May; Markovic, 2024). Collectively, these constraints hinder the per
formance and scalability of deep and large neural networks on electronic 
platforms.
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To overcome these limitations, optical neuromorphic technologies 
have been proposed as innovative solutions (Cheng et al., 2017 Sep 27; 
Nohoji et al., 2024 May; Song et al., 2022 Aug 3). Unlike electrons, 
photons are used for information transmission and processing, offering 
remarkable advantages including significantly higher speed, ultra-low 
latency, reduced power consumption, and enhanced robustness 
against electromagnetic noise (Brückerhoff-Plückelmann et al., 2023 
Oct; Prucnal and Shastri, 2017 May 8). Additionally, the ability to 
employ multiple wavelengths simultaneously for data transmission im
proves system scalability and flexibility compared to electronic ap
proaches (Miller, 2010 Jan; Giamougiannis et al., 2022). Consequently, 
optical neuromorphic computing emerges as an efficient and promising 
strategy for realizing high-speed, low-power, and large-scale neural 
networks (Shastri et al., 2021; Soref, 2007 Mar 5).

Silicon photonics has recently become a central platform for devel
oping optical neuromorphic systems. Its key advantages include full 
compatibility with standard CMOS fabrication processes, low-cost mass 
production, thermal stability, integration capability with electronic 
components, and very high data transmission rates (Tsakyridis et al., 
2022; Shen et al., 2017 Jul 1; Maier, 2007). These benefits have led to 
widespread applications of silicon photonics in integrated optical cir
cuits, optical neural networks, and neuromorphic sensors.

Various implementations of artificial neurons and synapses using 
silicon photonics have been reported, such as programmable optical 
synapses based on silicon modulators, optical neural networks 
employing silicon waveguides, and artificial neurons realized via silicon 
ring resonators (Ozbay, 2006; Gramotnev and Bozhevolnyi, 2010 Feb; 
Brongersma et al., 2015 Jan; Boltasseva and Atwater, 2011 Jan 21). 
Furthermore, optical neuromorphic processors containing thousands of 
silicon-based neurons and synapses have been developed for high-speed 
parallel data processing (Anker et al., 2008 Jun; Wuttig et al., 2017 Aug 
1). Silicon-based optical synapses provide programmable weighting and 
nonlinear functionalities that replicate biological synaptic responses 
(Ríos et al., 2015 Nov; Feldmann et al., 2019 May 9).

Nevertheless, silicon photonics entails inherent challenges. The most 
significant limitation is the diffraction limit, which restricts device 
miniaturization and integration density due to relatively large compo
nent sizes (Zhang et al., 2019 Mar; Rudé et al., 2015 Jun 17). Addi
tionally, silicon's indirect bandgap inhibits its use for active optical 
sources, such as lasers and optical amplifiers, necessitating comple
mentary or hybrid materials (Salinga et al., 2018 Aug; Zhang et al., 2018 
Jan 1; Tame et al., 2013 Jun; Ambrogio et al., 2018 Jun 7). High energy 
consumption of silicon modulators and optical losses from scattering 
and absorption further reduce overall system efficiency (Xu et al., 2020 
Dec; Tait et al., 2017 Aug 7). Additional constraints include temperature 
sensitivity, lack of intrinsic high-speed electro-optic modulation, and 
integration challenges with emerging materials and technologies such as 
phase-change materials and plasmonic (Shastri et al., 2021 Feb; Li et al., 
2022 Jul).

In this context, plasmonic nanostructures have been attracting 
growing interest as a novel solution. Exploiting the unique physics of 
surface plasmon resonances collective oscillations of free electrons at 
metal-dielectric interfaces plasmonic structures can confine electro
magnetic energy to volumes far smaller than the diffraction limit (Miller, 
2009 Jun 10; Wright et al., 2013 May 13; Zhang et al., 2019 Sep 30). 
This enables ultra-compact optical components and greatly enhanced 
light-matter interactions. Surface plasmon polariton propagation at 
metal-dielectric boundaries allows nanoscale control of optical signals, 
making plasmonic devices highly attractive for next-generation in
terconnects, modulators, and optical switches (Hosseini et al., 2014 Jul 
10; Stegmaier et al., 2017 Jan). Plasmonic optical switches benefit from 
high environmental sensitivity and the capability to modulate light in
tensity and phase, resulting in faster switching, reduced footprint, and 
improved performance. Moreover, plasmonic filters with high spectral 
selectivity and tunable transmission, along with highly sensitive plas
monic sensors, have found widespread applications in optical 

communications, signal processing, and biochemical as well as envi
ronmental sensing (Soref, 2007 Mar 5; Erickson et al., 2022 Apr 8; 
Sabella, 2019 Oct 24).

The strong electromagnetic field enhancement at plasmonic hotspots 
facilitates stronger nonlinear effects, higher sensitivity, and faster 
switching speeds (Tittl et al., 2018 Jun 8; Yoo et al., 2023 Oct). How
ever, practical implementation of plasmonic devices is challenged by 
ohmic losses in metals and the scarcity of effective, non-volatile mod
ulation mechanisms (Wang et al., 2016 Jan; Li et al., 2016 Aug). Most 
existing plasmonic switches are volatile, requiring continuous energy 
input to maintain their state, which is incompatible with the demands of 
large-scale neuromorphic and memory systems.

A transformative solution has arisen with phase-change materials, 
particularly Ge2Sb2Te5 (GST). GST is a chalcogenide compound that 
reversibly switches between amorphous and crystalline phases upon 
application of fast electrical or optical pulses (Gholipour et al., 2013 Apr 
29; Farmakidis et al., 2022 Jul; Li, 2016). Each phase exhibits distinct 
optical and electrical properties, enabling dynamic, high-contrast opti
cal modulation with extremely low energy consumption. The amor
phous phase of GST features a disordered atomic structure, lower 
refractive index, and higher optical bandgap, whereas the crystalline 
phase has an ordered lattice, higher refractive index, and lower 
bandgap. These phase transitions occur on nanosecond time scales and 
remain stable at room temperature, making GST ideal for non-volatile 
data storage and optical switching (Wuttig et al., 2017 Aug 1; Gholi
pour et al., 2013 Apr 29).

Despite these advantages, integrating GST with conventional silicon 
waveguides is limited by weak overlap between the optical field and the 
phase-change material, resulting in modest modulation depth and de
vice efficiency. However, combining GST with plasmonic nano
structures opens new avenues (Ríos et al., 2015 Nov; Zhang et al., 2019 
Mar; Wu et al., 2018 Dec 19). The strong field confinement at plasmonic 
hotspots maximizes the interaction between even a thin GST layer and 
the optical field, greatly enhancing modulation contrast between 
amorphous and crystalline states (Rudé et al., 2015 Jun 17; Salinga 
et al., 2018 Aug). This synergy enables ultra-compact, energy-efficient, 
and reprogrammable optical devices essential for scalable neuromorphic 
hardware (Tame et al., 2013 Jun; Xu et al., 2019 Jan 7). For instance, a 
plasmonic resonator loaded with GST can function as a non-volatile 
optical switch or synaptic weight, consuming orders of magnitude less 
switching energy than all-silicon platforms. The strong field enhance
ment also supports multi-level (analog) modulation, emulating the 
variable weights of biological synapses an important factor for advanced 
neural network architectures (Ambrogio et al., 2018 Jun 7; Sharifipour 
et al., 2025 Jun; Sharifipour et al., 2025 May 31). Furthermore, the 
broadband optical contrast of GST combined with the spectral tunability 
of plasmonic resonators enables multi-wavelength operation, enhancing 
the density and performance of optical neural networks (Xu et al., 2020 
Dec; Tait et al., 2017 Aug 7; Feldmann et al., 2021 Jan 7).

In this paper, we present an all-optical nanophotonic synapse based 
on the phase-change material GST and a plasmonic nanoscale ring 
resonator structure, which is orthogonally coupled to two waveguides 
for data and control signals, enabling precise and rapid modulation of 
the synaptic weight. The main innovation of this work lies in the capa
bility to simultaneously implement bipolar synaptic weights both posi
tive and negative—using a single integrated structure, achieved through 
spectral control and resonance wavelength tuning, applied in STDP 
learning.

This approach not only significantly reduces the hardware volume 
and complexity but also leads to considerable optimization in energy 
consumption (estimated to be around 5 picojoules) and increases the 
integration density in practical neuromorphic photonic networks. 
Moreover, the proposed structure, with an ultra-compact footprint of 
approximately 0.09 μm2, a very limited active GST volume, and 
achieving a very high optical contrast (close to 99%), ensures reliable, 
fast, and low-power operation.
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Given the advancements attained in this study, this synapse repre
sents a milestone in the design and development of neuromorphic 
photonic systems featuring high throughput, low energy consumption, 
and multi-level, multi-parameter learning capability, which can play a 
key role in advanced and complex future information processing.

To address these limitations and build upon the recent advances in 
plasmonic and phase-change photonic architectures, this work proposes 
an ultra-compact all-optical plasmonic synapse that enables non- 
volatile, multi-level, and spectrally encoded bipolar weight control 
within a single device. The proposed design leverages a nanoscale 
plasmonic ring resonator with orthogonal coupling paths to physically 
separate data transmission from optical control, while a nanometric GST 
layer integrated at the coupling region enables efficient resonance tun
ing with extremely low switching energy. Unlike previously reported 
photonic synapses that mainly support unipolar or time-domain weight 
modulation, our architecture provides a novel spectral-domain 
approach in which excitatory and inhibitory weights naturally emerge 
on opposite sides of the resonance. This unique capability, combined 
with an active GST volume below 5 × 10− 5 μm3 and switching energies 
around 5 pJ, results in a practical and scalable building block for high- 
density neuromorphic photonic processors.

2. Background

This section establishes the theoretical foundation for the proposed 
plasmonic nano-synapse, bridging neuromorphic computing principles 
with the material properties of GST for optical synapses.

2.1. Spiking Neural Networks (SNNs) and Synaptic plasticity

Spiking Neural Networks (SNNs), the third generation of artificial 
neural networks, provide event-driven, temporally discrete processing, 
which significantly reduces energy consumption while maintaining high 
temporal precision (Nunes et al., 2022 Jun). The human brain contains 
approximately 86 billion neurons and more than 100 trillion synapses, 
each playing a crucial role in learning and adaptation. Fig. 1a illustrates 
a biological neuron, highlighting dendrites (which collect incoming 
signals), the soma (which integrates signals), and the axon (which 
transmits processed signals to other neurons). In contrast, Fig. 1b depicts 
an artificial neuron model inspired by its biological counterpart.

This model includes a set of weighted inputs xi with corresponding 
synaptic weights wi, to which a bias b is added. The sum is then passed 
through a nonlinear activation function f(⋅) to produce the neuron’s 
output. This mathematical model forms the basis for both artificial 
neural networks and spiking neural networks: 

y = F (
∑N

i=1
ωixi + b) (1) 

Unlike ANNs that transmit information continuously, SNNs use discrete 
timed spikes, enabling closer biological plausibility and significant en
ergy efficiency improvement (Pfeiffer and Pfeil, 2018 Oct). Fig. 2a de
picts the weighted spike transmission and thresholding of postsynaptic 
neuron membrane potential.

A key learning mechanism in SNNs is Spike Timing Dependent 
Plasticity (STDP), where if the presynaptic spike precedes the post
synaptic spike, synaptic weight is potentiated (LTP); conversely, if it 
follows, the weight is depressed (LTD) (Zhang et al., 2020 Jun 16). Spike 
Timing Dependent Plasticity (STDP) provides a learning mechanism 
where presynaptic spike timing relative to postsynaptic spikes potenti
ates or depresses synaptic weights (Fig. 2b). The physical propagation of 
spikes through synapses, shown in Fig. 2c, underpins event-driven 
learning in both biological and artificial spiking systems (Wang et al., 
2018 Feb).

Neuromorphic hardware implementations leverage non-volatile 
materials, including memristors and phase-change materials (PCMs) 
such as GST, to store multilevel synaptic weights and support scalable, 
energy-efficient photonic and electronic training methods] (Neftci et al., 
2019 Nov 5).

2.2. Phase-Change materials for plasmonic Synapses: Focus on Ge2Sb2Te5 
(GST)

Phase-change materials (PCMs) are characterized by rapid and 
reversible transitions between amorphous and crystalline phases, 
accompanied by a pronounced contrast in their refractive index. These 
properties make PCMs essential for implementing memory and neuro
morphic photonic circuits (Fong et al., 2017 Sep 21). Among them, GST 
stands out due to its high switching speed (sub-10 ns) and optical sta
bility (Rudé et al., 2013), enabling efficient, low-energy, and non- 
volatile optical modulation.

As illustrated in Fig. 3a, a thin GST layer integrated into a plasmonic 
waveguide can be switched between amorphous and crystalline phases 
using short optical pulses. The Reset process (crystalline → amorphous) 
involves melting followed by rapid quenching, which disrupts the or
dered atomic network, producing a disordered amorphous structure 
with distinct bonding patterns, especially in Ge–Te and Te–Te bonds. 
The Set process (amorphous → crystalline) proceeds via controlled 
heating, allowing atomic ordering and nucleation, as shown in the 
staged energy profile in Fig. 3b. This atomic-scale rearrangement un
derpins the fast, energy-efficient, and repeatable phase transitions of 
GST.

Fig. 1. Conceptual illustration of biological and artificial neurons. (a) Biological neuron consisting of dendrites, soma, and axon. (b) Generic artificial neuron model 
featuring weighted inputs, synaptic weights, bias, and a nonlinear activation function. These illustrations are provided solely for background purposes and do not 
depict the architecture, operation, or results of the proposed GST–plasmonic nano-synapse. No experimental or simulation data are represented.
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The phase change directly affects the optical properties of the plas
monic structure. As the crystallization ratio of GST increases, the 
effective refractive index rises, producing a red-shift in the resonance 
wavelength and modulating transmission intensity around the reso
nance peak (Fig. 4). Fully amorphous and fully crystalline states repre
sent the two extremes of transmission contrast, demonstrating the strong 
switching capability of GST-based devices.

Fig. 5 highlights the impact of GST phase on the electromagnetic 
field distribution within the resonator. In the amorphous phase, strong 
field confinement inside the resonator ensures efficient coupling with 
the waveguide, corresponding to a low-transmission (“OFF”) state or 
near-zero synaptic weight. Conversely, in the crystalline phase, field 
confinement inside the resonator is weakened, coupling is reduced, and 
light predominantly propagates through the waveguide, corresponding 
to a high-transmission (“ON”) state or high synaptic weight. These ef
fects arise from simultaneous changes in both the real and imaginary 
components of GST’s refractive index, effectively modulating optical 
phase and loss mechanisms.

By integrating GST with plasmonic structures, multiple advantages 

Fig. 2. Conceptual illustration of spike transmission and learning mechanisms in spiking neural networks. (a) Weighted presynaptic spike transmission and post
synaptic spike generation upon membrane potential thresholding. (b) Classical spike-timing-dependent plasticity (STDP) rule illustrating synaptic weight changes as 
a function of spike timing difference. (c) Physical representation of presynaptic and postsynaptic spike interactions. All panels are presented for conceptual back
ground purposes only and are independent of the proposed device. No experimental or simulation data from this work are included.

Fig. 3. Components of plasmonic waveguide with GST layer and its phase-change process. (a) Thin GST layer embedded in plasmonic waveguide switching between 
amorphous and crystalline states via optical pulses. (b) Energy profile and staged transition between amorphous and crystalline phases of GST.

Fig. 4. Transmission spectra of the proposed structure at different crystalliza
tion levels of GST (10% to 80%), as well as the fully amorphous and fully 
crystalline states.
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are realized, including intense field confinement, ultracompact device 
footprints, non-volatile optical modulation without holding power, and 
multilevel tunable synaptic weights. These properties enable the 
emulation of biological synaptic plasticity, where synaptic weights can 
be continuously tuned, facilitating the development of scalable neuro
morphic photonic systems (Abdollahramezani et al., 2020 May 26; 
Prabhathan et al., 2023). Despite these benefits, challenges remain, such 
as ensuring thermal stability, repeatable switching, and structural 
robustness at the nanoscale, which require further investigation.

Building on this theoretical foundation, the following section pre
sents the design of the proposed PCM-plasmonic nano-synapse (PPNS), 
detailing its structural configuration, operational principles, and antic
ipated neuromorphic performance.

3. Proposed PCM-Plasmonic Nano-Synapse (PPNS)

This section introduces the proposed plasmonic nano-synapse 
(PPNS) design based on the phase-change material (PCM) GST. The 
PPNS architecture consists of a nanoring resonator (NRR) coupled to two 
orthogonal waveguides: a horizontal control waveguide and a vertical 
data waveguide (Fig. 6). A nanometric triangular-shaped GST layer (20 
× 55 × 80 nm3) is strategically placed at the interface between the 
control waveguide and the NRR, serving as the active PCM modulating 
device.

Importantly, the PPNS leverages the intrinsic phase-change behavior 
of GST to emulate synaptic plasticity. In the amorphous phase, GST 

exhibits low absorption and a reduced refractive index, which facilitates 
strong coupling between the control waveguide and the NRR. This re
sults in a resonant dip in the data waveguide transmission, corre
sponding to a low synaptic weight (OFF state). Conversely, in the 
crystalline phase, the higher refractive index and increased absorption 
weaken the coupling, allowing light to propagate largely unimpeded 
through the waveguide, corresponding to a high synaptic weight (ON 
state). This modulation directly mimics the dynamic adjustment of 
biological synaptic weights, enabling non-volatile, multi-level synaptic 
functionality in a compact plasmonic device.

The device is embedded in an air environment (refractive index n =
1) and supported on a silver substrate with a real refractive index of ~ 3 
and a small imaginary component representing plasmonic loss, modeled 
using experimentally tabulated Johnson and Christy data. Silver is 
chosen for its low plasmonic absorption, which enhances resonator 
performance and reduces dissipative losses. In Fig. 6, air, silver, and GST 
are color-coded green, white, and red, respectively.

The reversible phase transition of GST between amorphous and 
crystalline states drastically modifies both its real (n) and imaginary (k) 
refractive index components (Wen et al., 2018 Mar 21). To quantify this, 
the effective optical constants of the coupled GST–waveguide–NRR 
system can be expressed as: 

neff = na +Xc(nc − na) (2) 

keff = ka +Xc(kc − ka) (3) 

where na, ka and nc, kc are the refractive indices of GST in amorphous 
and crystalline states, respectively, and Xc represents the crystallization 
fraction. This relationship provides a direct link between GST phase and 
effective optical properties, which modulate light–matter interactions 
within the NRR (Wu et al., 2022 Sep 29).

The effective optical constants in Equations (2) and (3) are calculated 
using an effective-medium approximation (EMA), where the optical 
response of partially crystallized GST is represented as a weighted 
combination of the amorphous and crystalline phases according to the 
crystallization fraction Xc (Ríos et al., 2015 Nov; Wuttig and Yamada, 
2007 Nov; Rudé et al., 2013). This model assumes that the amorphous 
and crystalline domains are much smaller than the operating wave
length, allowing the GST layer to be treated as an optically homoge
neous medium. Under this approximation, the effective refractive index 
components vary approximately linearly with the crystallization frac
tion, which has been widely adopted for modeling intermediate GST 
states in integrated photonic and plasmonic devices. Therefore, the 
proposed relations provide a physically valid and computationally effi
cient approach for analyzing resonance tuning, absorption modulation, 
and light–matter interaction in GST-integrated NRR structures.

In the crystalline phase, increased keff enhances plasmonic absorp

Fig. 5. Magnetic field distribution in the fully amorphous and fully crystalline phases corresponding to the structure shown in Fig. 3.

Fig. 6. Schematic of the GST–plasmonic nanoring resonator on a silver sub
strate in air, showing color-coded layers (green: air, white: silver, red: GST) and 
illustrating how GST phase transitions modulate plasmonic resonance and op
tical transmission. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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tion and damps resonance intensity, resulting in strong transmission 
attenuation. In the amorphous phase, reduced absorption allows sus
tained resonance and higher transmission at the resonant wavelength.

The NRR geometry is parameterized by inner radius Rin = 250 nm, 
outer radius Rout = 300 nm, and inter-waveguide gap distance d = 15 
nm, with waveguides width W = 50 nm. These parameters impact 
coupling efficiency, resonance linewidth, wavelength, and thereby the 
synaptic weight modulation capability. The resonance wavelength λ_res 
of the NRR is given by: 

mλres = 2πReff neff (4) 

where m is the mode number, Reff is the effective radius of the ring, and 
neff is the effective refractive index of the coupled ring-waveguide sys
tem (Pernice and Bhaskaran, 2012). GST phase changes, through neff and 
keff , shift λres, providing tunable resonance modulation.

The triangular GST shape induces local electric field enhancement 
(“tip enhancement”) at corners, increasing light confinement, coupling 
efficiency between the control waveguide, GST, and NRR, and promot
ing rapid phase transitions, confirmed by FDTD simulations (Ríos et al., 
2022 Oct 26). The energy coupling coefficients between the control 
waveguide, GST segment, and NRR, as well as between NRR and the 
data waveguide, depend on gap d, waveguide width W, and GST optical 
constants. GST phase modulates resonator loss: in the amorphous state, 
lower neff and keff reduce losses, enhancing resonance and transmission; 
in the crystalline state, increased keff suppresses resonance and decreases 
transmission. By modulating GST optically or electrically, the output 
data intensity can be tuned, implementing a programmable synaptic 
weight.

Synaptic contrast C is defined as: 

C =
Tamorphouse − Tcrystalline

Max(Tamorphouse,Tcrystalline)
(5) 

where Tamorphous and Tcrystalline are the transmitted powers in the 
respective states. High contrast indicates clear differentiation between 
active and inactive synaptic states, enhancing accuracy and stability in 
neuromorphic photonic applications.

Fig. 7 illustrates the optical performance of the proposed structure: 
(a) Transmission ratio of the data waveguide for crystalline (blue) and 
amorphous (pink) GST. Normalized contrast (green) peaks at the reso
nance wavelength (2072 nm), demonstrating effective ON/OFF 

switching. (b) Transmission of the control waveguide (dB) for crystalline 
(blue) and amorphous (red) GST, showing strong attenuation (− 30 to 
− 40 dB), ensuring isolation of control from data paths.

The simulated electromagnetic field distribution (Fig. 8) confirms 
these transmission behaviors. In the amorphous phase (OFF state), 
coupling into the ring is efficient, producing a resonant dip (~0.02 
transmission) and strong field localization. In the crystalline phase (ON 
state), weak coupling prevents resonance, and transmission remains 
high (~0.87), indicating a near-unity synaptic weight. Overall, this 
design demonstrates how GST’s reversible phase change enables non- 
volatile, tunable synaptic weights, directly emulating the plasticity 
observed in biological synapses. The mechanism modulating light 
transmission via phase-dependent coupling provides a robust and 
energy-efficient platform for neuromorphic photonic computing.

As a result, a pronounced resonance dip appears in the transmission 
spectrum, with the output dropping from nearly unity (outside reso
nance) to approximately 0.02 at the resonant wavelength. This sup
pression is clearly reflected in the electromagnetic field distribution, 
showing strong field confinement inside the nanoring and the sur
rounding GST region. In this amorphous phase, the resonator is active, 
enabling selective signal blocking at the target wavelength, effectively 
representing the “OFF” state or a near-zero synaptic weight, while 
transmission remains high at other wavelengths.

In contrast, in the crystalline phase, the increased real refractive 
index and reduced absorption of GST weaken the coupling between the 
waveguide and the nanoring. Consequently, light primarily propagates 
through the waveguide without significant interaction with the reso
nator. The ring resonance is inactive, and the transmission spectrum 
remains nearly flat and high (around 0.87). Field mapping confirms that 
the electromagnetic energy is concentrated along the waveguide, with 
minimal intensity inside the ring. This phase corresponds to the “ON” 
state or a high synaptic weight, indicating efficient signal transfer and an 
active synaptic channel.

Comparing the two GST phases demonstrates that the phase transi
tion not only modulates coupling and resonance conditions but also 
directly determines the spatial field profile and the optical transmission 
at the output. The interplay of real and imaginary refractive index 
changes in GST simultaneously alters both optical phase and loss 
mechanisms. From a practical perspective, this mechanism enables non- 
volatile, multi-level photonic synaptic switching, which is essential for 
scalable and energy-efficient neuromorphic photonic systems.

Fig. 7. Illustrates the optical behavior of the proposed plasmonic nano-synapse under the two GST phase states: (a) Transmission ratio of the data waveguide as a 
function of wavelength for crystalline (blue curve) and amorphous (pink curve) phases. A pronounced transmission dip occurs at the resonance wavelength (2072 
nm) in the crystalline phase due to strong absorption, while the amorphous phase maintains high, stable transmission. The normalized contrast curve (green) 
highlights the performance difference between the phases. (b) Control waveguide transmission (in dB) for crystalline (blue) and amorphous (red) phases, showing 
strong attenuation (− 30 to − 40 dB) indicating effective isolation of the control path from the data path. Minor variations due to GST refractive index changes exist 
but isolation performance is preserved. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Building on the structural design and optical functionality of the 
proposed PPNS, the next section focuses on switching performance 
modeling and thermal analysis. Understanding the thermal dynamics 
and heat transfer within the GST layer is crucial, as the reversible phase 
transitions underpin the synaptic weight modulation. Transient thermal 
simulations, combined with empirical data, allow precise estimation of 
temperature distribution, switching energy, and the impact of optical 
pulse parameters on device reliability and efficiency. This analysis 
provides the necessary framework to quantify and optimize the practical 
operation of the nanophotonic synapse, ensuring both energy-efficient 
and stable neuromorphic photonic behavior.

4. Switching performance modeling and thermal analysis of the 
proposed nanophotonic synapse based on GST

The switching operation in the proposed nanophotonic synapse 
structure is based on the phase-change material GST, whose atomic 
structure reversibly transitions between crystalline and amorphous 
states under controlled optical pulses. This phase change induces sig
nificant variations in the optical and thermal properties of the GST layer 
and forms the foundation for synaptic weight modulation (Wuttig and 
Yamada, 2007 Nov; Zhang et al., 2019; Loke et al., 2012; Zeng et al., 
2024 Dec 23). To precisely understand the heat transfer mechanisms and 
temperature distribution, transient thermal simulations were conducted 
considering the actual dimensions of the GST layer, 20 × 55 × 80 nm3.

As illustrated in Fig. 9, the temperature profiles of the GST layer 
under two critical operating conditions are presented. In the crystalline 

state (SET) with a long pulse at 5 mW power (Fig. 9a), the generated heat 
is distributed more uniformly throughout the GST volume, resulting in a 
gradual and extensive temperature rise. These uniform thermal condi
tions promote homogeneous crystallization and the recovery of the 
original optical properties (Simpson et al., 2010 Feb 10). In contrast, in 
the amorphous state (RESET) with a short pulse at 20 mW power 
(Fig. 9b), a severe temperature concentration and energy absorption 
occur at the center of the GST layer, coinciding with the region of 
maximum electric field intensity. This localized energy accumulation 
increases the local energy density, raising the temperature close to the 
material’s melting point, thereby enabling a rapid and complete phase 
transition to the amorphous state (Kiselev et al., 2022 Mar).

These fundamental differences in temperature distribution form the 
basis for functional variations in the synapse operation and directly 
demonstrate the critical influence of optical pulse characteristics on the 
phase transition process.

These precise thermal simulations effectively highlight the signifi
cant impact of pulse parameters on the phase-transition mechanism and 
consequently on the device performance.

To address the theoretical aspects, a Multiphysics model incorpo
rating transient heat conduction and localized optical absorption 
derived from electromagnetic simulations is expressed as (Zhang et al., 
2019; Wright et al., 2019): 

ρ(T)Cp(T)
∂T(r, t)

∂t
= ∇.[κth(T)∇T(r, t) ] +Qabs(r, t) (4) 

Fig. 8. Simulated electromagnetic field distribution and transmission behavior in the PPNS structure for two GST phases: In the amorphous phase, efficient coupling 
to the nano-ring activates resonance and reduces transmission at the target wavelength (OFF state). In the crystalline phase, the ring is inactive and light propagates 
directly through the waveguide (ON state).

Fig. 9. Transient thermal analysis of the GST-based plasmonic nano-ring synapse with actual GST dimensions of 20 × 55 × 80 nm320 × 55 × 80 nm3. Temperature 
distribution maps under two critical operational states: (a) amorphous (RESET) phase induced by a short optical pulse at 20 mW, showing localized high temperature 
concentration at the nano-ring center leading to melting and rapid phase transition; (b) crystalline (SET) phase with a longer optical pulse at 5 mW, resulting in more 
uniform heating and gradual temperature rise, favorable for homogeneous crystallization. These thermal profiles underscore the essential role of optical pulse 
parameters in precise switching control and stable synaptic operation.
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Qabs(r, t) =
1
2

ωε0ε˝(T,φ)|E(r, t)|2 (5) 

Where ε′′(T,ϕ) is the temperature- and crystallinity-dependent imagi
nary part of the permittivity and |E(r,t)|2 denotes the local electric field 
intensity (Simpson et al., 2011). The phase transition dynamics are 
modeled using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetics: 

φ(t) = 1 − exp( − K(T)tn) (6) 

where ϕ(t) represents the crystallization fraction, K(T) is the 
temperature-dependent rate constant, and n is the crystal growth 
exponent.

Due to the complexity and inherent discontinuities in thermal 
models and energy transfer within this structure, direct estimation of 
switching energy solely through Multiphysics simulation is challenging 
(Hosseini et al., 2014). Therefore, the switching energy is estimated by 
combining high-fidelity thermal simulations of the temperature distri
bution using the actual GST volume (20 × 55 × 80 nm3) and empirical 
data from reported experimental values in well-established ISI-indexed 
literature (Zhang et al., 2020).

The switching energy is approximated to lie within the range of 4 to 
8 picojoules, consistent with the reported findings in the literature. This 
estimated range reasonably accounts for thermal losses, nonuniform 
absorption, thermal boundary resistance, and other inevitable non
idealities present in real systems. For a first-order energy estimate, the 
classical heat capacity relation is used: 

Eswitch = VGST × ρ × Cp × ΔT (7) 

Where ρ≈6150 kg/m3 is the density of GST, VGST = 20 × 55 × 80 nm3 

= 8.8 × 10− 23 m3 is the actual GST volume, Cp≈200 J/(kg⋅K) is the 
specific heat capacity, ΔT≈800 Kis the temperature change required for 
Reset (Abou El Kheir et al., 2024).

Numerical substitution provides an initial energy estimate of 
approximately 0.065 pJ. However, as reported in previous studies, the 
actual switching energy is typically an order of magnitude higher due to 
thermal dissipation, nonuniform heating, and other practical device 
limitations. By applying an empirical correction factor, an effective 
switching energy range of 4 to 8 pJ (adopting 5 pJ for this work) is 
justified and aligns with experimental observations (Zheng et al., 2018 
May 17). Although numerical models solving coupled thermal and op
tical equations can offer higher accuracy, they require precise parame
ters and boundary conditions that are often limited in theoretical 
studies. Therefore, in this work, thermal simulations were conducted 
reflecting the exact dimensions and operating conditions of the GST 
layer, switching power and energy estimates were grounded on existing 
experimental evidence from recognized journals to ensure reliability, 
and advanced analytical models were referenced mainly to provide a 
theoretical framework and enable comparison with the scientific liter
ature (Zhou et al., 2021; Wang et al., 2022 Mar 1; Pobegen et al., 2016).

Thermal analysis, Multiphysics modeling, and empirical energy es
timates collectively demonstrate that the proposed GST-based nano
photonic synapse can achieve stable, rapid switching with optimized 
energy consumption in the range of 4 to 8 picojoules (taken as 5 pJ 
here). Careful control of optical pulse parameters, including power and 
duration, optimizes thermal distribution and phase transition dynamics, 
leading to improved device performance and reduced energy usage 
(Johnson et al., 1972). These characteristics make the proposed nano
photonic synapse an excellent candidate for efficient, multi-level 
learning neuromorphic photonic systems characterized by low power 
consumption and high scalability.

The precise control of phase transitions in GST, established through 
thermal simulations and switching performance modeling, directly in
forms the spectral behavior of the proposed nanophotonic synapse. The 
crystallization fraction and localized temperature distribution not only 
determine the ON/OFF synaptic states but also modulate the effective 

refractive index and absorption profile of the GST layer. Consequently, 
these thermal and material dynamics play a critical role in shaping the 
resonance characteristics, transmission spectra, and synaptic weight 
tunability. In the following section, we explore spectral engineering and 
transmission control, linking phase-change dynamics to resonance 
optimization and multilevel synaptic modulation in GST-based ring 
resonator nano-synapses.

5. Spectral engineering and transmission control in GST-Based 
ring resonator Nano-Synapses

Precise control of spectral response and transmission dynamics in 
plasmonic nano-synapse architectures is essential for optimizing neu
romorphic photonic systems. In GST-integrated nano-ring resonators, 
both the geometric design of the resonator and the engineered geometry 
of the GST phase-change segment play direct and synergistic roles in 
spectral tunability, resonance selectivity, and switching contrast (Wuttig 
and Yamada, 2007 Nov). By adjusting the inner and outer radii of the 
resonator, it is possible to modulate the resonance wavelength and 
linewidth, enabling customizable multi-wavelength operation and 
improved selectivity. Simultaneously, tailored GST geo
metry—particularly in the form of a triangular patch—amplifies field 
localization at critical regions, influencing phase transition thresholds 
and maximizing transmission contrast between amorphous and crys
talline states. These approaches pave the way for achieving high- 
performance, programmable, and energy-efficient synaptic modulation 
for advanced photonic computing applications (Ríos et al., 2015 Nov).

5.1. Spectral tunability through inner and outer radius engineering in the 
ring resonator

Following the confirmation of the GST phase-state impact on the 
resonant and transmission characteristics of the device, one of the key 
advantages of ring-based architectures lies in their inherent capability to 
tailor optical properties via precise geometric modifications. Here, we 
investigate the influence of independently varying the inner and outer 
radii of the proposed resonator on its spectral tunability while main
taining robust switching performance.

Fig. 10a depicts the variation of transmission contrast as a function of 
the operating wavelength and the outer radius Rout with the inner radius 
kept constant. An increase in Rout induces a redshift in the resonance 
wavelength, originating from the elongation of the effective optical path 
length, which in turn lowers the resonance frequency. The high-contrast 
region (bright yellow) maintains a narrow spectral bandwidth and sharp 
roll-off, indicative of high spectral selectivity and operational stability 
even under dimensional perturbations. Notably, the peak contrast 
consistently exceeds 0.8, confirming the effectiveness of outer-radius 
variation for coarse spectral tuning.

Fig. 10b examines the effect of inner radius variation Rin while 
holding Rout constant. Similar to the outer-radius case, increasing Rin 
produces a redshift in the resonance; however, the magnitude of the shift 
is more substantial due to the stronger influence of the inner boundary 
on optical mode confinement and the effective refractive index within 
the ring. Across the full range of inner-radius variations, the maximum 
contrast remains stable between 0.75 and 0.85, demonstrating the 
preservation of high switching quality.

These results clearly indicate that independent control over the inner 
and outer radii enables both coarse and fine spectral tuning without 
compromising transmission contrast. This geometric degree of freedom 
renders the proposed structure a strong candidate for neuromorphic 
photonic systems, where precise wavelength alignment is vital for 
implementing and dynamically programming synaptic weights in opti
cal neural networks.
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5.2. Impact of GST triangle geometry on spectral tunability and 
transmission contrast

This section investigates the influence of geometrical modifications 
in the triangular GST region on the spectral response and transmission 
contrast of the proposed device. The studied parameters include the 
triangle height hGST and the triangle base length bGST, as illustrated in 
Fig. 11a and b, respectively.

In Fig. 11a, the transmission contrast is plotted as a function of 
wavelength and hGST . As the height increases, the GST volume inter
secting the optical path grows, which modifies the effective refractive 
index and increases the optical path length. This results in a redshift of 
the resonance wavelength. Furthermore, the high-contrast region re
mains spectrally narrow and stable for medium-to-large heights, indi
cating robust switching performance under height variations.

In Fig. 11b, the effect of bGST on the spectral behavior is examined 
while keeping other parameters fixed. Increasing the base length en
larges the effective interaction area between the guided mode and the 
GST material, altering the modal field distribution and the coupled 
plasmonic modes. Similar to height variation, this produces a redshift in 
the resonance wavelength. However, the changes in peak position and 
contrast profile exhibit slight differences due to the distinct impact on 
the coupling region. Notably, the maximum contrast remains within the 
0.75–0.85 range over the entire base variation, demonstrating that this 
parameter also enables wavelength tuning without degrading the 
switching performance.

Overall, the results in Fig. 11 confirm that geometrical tailoring of 
the GST region, via both height and base length, provides an effective 
means for spectral tuning of the device without significant contrast 
deterioration. This tunability is particularly advantageous in 

Fig. 10. Transmission contrast of the nano-ring synaptic structure as a function of operating wavelength and (a) outer ring radius and (b) inner ring radius. In both 
cases, increasing the radius shifts the resonance to longer wavelengths, while the high-contrast region remains spectrally narrow and stable. This dimensional 
tunability enables both coarse and fine resonance tuning without significant loss in switching performance.

Fig. 11. Impact of geometric variations in the triangular GST region, including the triangle height and base length, on the spectral response and transmission contrast 
of the nano-ring synaptic structure. Increasing either parameter shifts the resonance wavelength toward longer wavelengths, while the high-contrast region remains 
narrow and stable. These results demonstrate that precise wavelength tuning can be achieved through GST geometry modification without noticeable degradation in 
switching performance, highlighting its importance for neuromorphic photonic applications and the implementation of optical synaptic weights.
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neuromorphic photonic applications, where precise wavelength align
ment is essential for implementing and dynamically adjusting synaptic 
weights in optical neural networks.

The spectral engineering strategies and transmission control 
methods discussed in the previous section lay the groundwork for 
advanced synaptic functionalities. By precisely tailoring the resonator 
geometry and the GST triangular segment, it is possible to achieve high- 
contrast, tunable transmission that can differentiate multiple synaptic 
states. Building on this capability, the next section introduces a novel 
framework for bipolar synaptic weight realization, where both positive 
and negative transmission contrasts are harnessed to emulate excitatory 
and inhibitory synaptic behaviors in a single GST–plasmonic structure. 
This approach leverages the engineered spectral response to implement 
versatile, multilevel synaptic weight modulation for neuromorphic 
photonic systems.

6. A novel framework for bipolar synaptic weight realization via 
Positive and negative transmission contrast in GST–Plasmonic 
structures

Based on an extensive survey of the existing literature, the concept of 
positive and negative transmission contrast has not yet been indepen
dently identified, systematically analyzed, or exploited as a fundamental 
physical mechanism for realizing bipolar synaptic behavior in plasmonic 
synapses incorporating phase-change materials such as GST (Wu et al., 
2022 Aug 2; He et al., 2025 Jul). In this work, we introduce, for the first 
time, a rigorous and unified framework in which bipolar synaptic 
weights emerge naturally from the spectral sign reversal of the trans
mission contrast between the amorphous and crystalline phases of GST.

This approach establishes a direct physical bridge between the 
wavelength-dependent resonance behavior of plasmonic nanostructures 
and synaptic weight polarity in neuromorphic photonic systems 
(Abdollahramezani et al., 2022; Oh et al., 2019; Farmakidis et al., 2019). 
Beyond its conceptual novelty, this framework provides a practical route 
toward implementing both excitatory and inhibitory learning func
tionalities within a single, compact optical synapse, eliminating the need 
for duplicated hardware elements or auxiliary control circuitry. As a 
result, the proposed scheme significantly advances the scalability, effi
ciency, and functional density of photonics-based spiking neural net
works and contributes to the broader development of intelligent and 
adaptive photonic systems (Chen et al., 2022; Go et al., 2021; Jankovic 
and Cselyuszka, 2018; Li et al., 2023; Zhang et al., 2022).

6.1. Geometric and spectral control of bipolar transmission contrast in 
GST–Plasmonic ring resonators for synaptic STDP learning

resonator reveal that the transmission contrast spectrum intrinsically 
exhibits both positive and negative regions. At certain wavelengths, 
transmission in the amorphous phase exceeds that in the crystalline 
phase, whereas at other wavelengths, the opposite behavior occurs. 
Fig. 12 presents a two-dimensional map of the transmission contrast for 
a fixed resonator geometry and varying GST crystallization degrees, 
clearly delineating two distinct operational regions: a positive region 
corresponding to excitatory synaptic behavior (LTP) and a negative re
gion corresponding to inhibitory synaptic behavior (LTD) (Shastri et al., 
2021 Feb; Ahmadi et al., 2024 Dec 30). These results indicate that the 
synaptic polarity is primarily determined by the operating wavelength, 
while varying the crystallization degree enables the implementation of 
multilevel synaptic weights without altering the bipolar nature (Shastri 
et al., 2021 Feb).

Fig. 13(a) highlights the dominant role of the ring inner radius (Rin) 
in determining the spectral positions of these bipolar regions. Increasing 
Rin results in a systematic redshift of the resonances and a corresponding 
shift in the zero-crossing wavelengths, which define the boundary be
tween LTP and LTD regions. In contrast, Fig. 13(b) illustrates the effect 
of the triangular GST height on the amplitude of transmission contrast; 

increasing the GST height enhances the absolute contrast and improves 
synaptic state discrimination, while the spectral positions of the bipolar 
boundaries remain largely controlled by Rin.

By simultaneously tuning Rin and the GST height, the proposed 
structure enables independent control of both the spectral position and 
amplitude of the bipolar transmission contrast, providing a robust 
physical basis for implementing excitatory and inhibitory weight mod
ulation in a compact plasmonic element. This feature is critically 
important for analog neuromorphic applications and the realization of 
STDP-based learning in optical synapses (Shastri et al., 2021 Feb; 
Ahmadi et al., 2024 Dec 30).

6.2. Implementation of STDP learning via spectral and pulsed control in 
the proposed GST–Plasmonic Synapse-Based optical spiking neural 
network

As described in Section 2.1, spike-timing-dependent plasticity 
(STDP) is a fundamental learning rule in spiking neural networks 
(SNNs), playing a central role in memory formation and information 
processing. In this mechanism, the sign and magnitude of synaptic 
weight changes are determined by the temporal difference between the 
arrival of pre- and post-synaptic spikes: if the pre-synaptic spike arrives 
earlier, the synaptic weight increases (positive/excitatory; long-term 
potentiation, LTP); if it arrives later, the weight decreases (negative/ 
inhibitory; long-term depression, LTD).

Hardware implementation of this mechanism in conventional elec
tronic or photonic architectures is challenging due to the need for pre
cise timing control and often relies on multiple physical units or 
centralized controllers. This challenge is further exacerbated in fully 
optical, ultrafast systems, where events occur on picosecond to nano
second timescales. Moreover, in standard approaches, achieving simul
taneous bipolar excitatory/inhibitory weighting typically requires two 
separate structures, resulting in increased hardware volume and energy 
consumption.

In the proposed architecture, for the first time, the classical temporal 
axis in STDP is replaced by the spectral (wavelength) axis. This approach 
enables the realization of both excitatory (positive) and inhibitory 
(negative) synaptic weights within a single GST–plasmonic ring 

Fig. 12. Two-dimensional transmission contrast spectra for different degrees of 
GST crystallization (10%–90%) at fixed resonator geometry. The shaded re
gions indicate excitatory (LTP) and inhibitory (LTD) operational wavelengths. 
Increasing crystallization level enables multi-level synaptic weighting by 
modulating contrast magnitude while preserving bipolar polarity.
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resonator, without requiring additional elements or structures. By 
selecting the operational wavelength, the GST region undergoes either 
amorphization (LTP, excitatory) or crystallization (LTD, inhibitory), 
dynamically setting the synaptic weight according to the STDP rule.

The pre-synaptic input pulse, injected through the primary wave
guide, represents the pre-synaptic neural spike. The post-synaptic 
feedback pulse, generated by the output neuron, is directed into the 
synapse’s control waveguide. When these two pulses overlap in the GST 
region at a selected wavelength, the accumulated energy induces a 
phase transition between amorphous and crystalline states. At wave
length λLTP, if the total energy exceeds the melting threshold, optical 
transmission increases, corresponding to LTP (excitatory weight). At 
wavelength λLTD, sufficient energy leads to crystallization, correspond
ing to LTD (inhibitory weight). This mechanism ensures that the GST 
phase directly modulates the synapse’s transmission coefficient and its 
connection weight.

Fig. 14 schematically illustrates the network architecture of an op
tical spiking neural network, consisting of one output neuron and 

multiple input neurons. In this design, each synapse is composed of three 
main components: an input waveguide that receives the pre-synaptic 
neural signal, a control waveguide that carries the post-synaptic feed
back signal, and a GST–plasmonic ring resonator serving as the active 
region whose phase change dictates the synaptic weight. The input 
signal is directly injected into the resonator, while the feedback signal 
from the network output is routed back into the control waveguide, 
regulating the weight update in accordance with the STDP rule.

Fig. 15 illustrates the temporal and energy profiles of the two pulse 
types applied to the synapse. The input pulse is an optical signal injected 
through the input waveguide, emulating the pre-synaptic neural spike. 
Its energy and duration are tuned so that it cannot independently trigger 
a full phase transition, but when combined with the feedback pulse, it 
enables synaptic weight adaptation. The control feedback pulse, deliv
ered after post-synaptic neuron activation, is applied back to the syn
aptic control waveguide via the feedback pathway. The temporal and 
energetic overlap of the two pulses in the GST region governs the 
outcome of STDP learning, either potentiation or depression. This figure 

Fig. 13. Revised transmission contrast spectra (ΔT) of the GST–plasmonic ring resonator illustrating bipolar synaptic operation. (a) Effect of inner ring radius (Rin) 
on the spectral position of excitatory (ΔT > 0, LTP) and inhibitory (ΔT < 0, LTD) regions. Increasing Rin induces a red shift of the resonance peaks and moves the 
zero-crossing wavelength that separates LTP and LTD regimes.(b) Effect of the triangular GST height on the magnitude of ΔT. While larger GST height enhances the 
contrast amplitude, the spectral boundary between excitatory and inhibitory regions remains primarily governed by Rin. The shaded regions explicitly indicate LTP 
and LTD operational domains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Each synapse consists of an input waveguide and a control feedback waveguide coupled to a GST–plasmonic ring resonator. The phase-change state of GST, 
controlled by the timing and spectral overlap of input and feedback pulses, dynamically sets the synaptic weight according to the STDP rule. This figure shows the 
proposed structure of our work, highlighting the integration of excitatory and inhibitory weights within a single synapse.
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clearly demonstrates the realization of bipolar synaptic weights within a 
single device.

The advantages of this design are that both excitatory and inhibitory 
synaptic weights are implemented within a single element, which 

Fig. 15. Temporal and energy profiles of input and feedback pulses applied to the GST region of each synapse. The relative arrival time and cumulative energy of 
these pulses determine whether the synapse undergoes potentiation (amorphization, excitatory weight) or depression (crystallization, inhibitory weight), based on 
the chosen operational wavelength and pulse overlap. This figure demonstrates the simultaneous implementation of bipolar synaptic weights within one device.

Table 1 
Comparative overview of photonic and plasmonic structures based on phase-change materials (PCM) in recent years, highlighting structure type, configuration 
mechanism, PCM, normalized optical contrast, device footprint, PCM volume, switching energy, and supported synaptic weight polarity. The present work demon
strates an ultra-compact plasmonic switch with high contrast, minimal footprint, and low switching energy, enabling both positive and negative synaptic weights.

Ref. Year Structure 
type

Configuration 
Mechanism

PCM Normalized 
Contrast

Footprint 
(µm2)

Volume of 
PCM 
(µm3)

Switching 
Energy (pJ)

Bipolar 
Weight (±)

(Ríos et al., 2015 Nov) 2015 Silicon All-Optical GST 21% 1 0.01 430 Positive
(Go et al., 2021) 2017 Silicon All-Optical GST 14% 900 19.6 20 Positive
(Stegmaier et al., 2017 

Jan)
2017 Silicon All-Optical GST 74.30% 3600 0.009 190 Positive

(Cheng et al., 2017 Sep 
27)

2017 Silicon All-Optical GST 95% 506 0.008 216–404 Positive

(Hosseini et al., 2014) 2018 Silicon All-Optical GST 99.90% 3600 − ————— 620 Positive
(He et al., 2025 Jul) 2019 Plasmonic Opto-Electric GST 29.40% − — 0.0018 16 Positive
(Xu et al., 2019 Jan 7) 2019 Silicon All-Optical GST 90.00% 225 0.048 − — Positive
(Feldmann et al., 2019 

May 9)
2019 Silicon All-Optical GST 87.40% 183,600 0.36 430/710 Positive

(Wu et al., 2018 Dec 19) 2019 Silicon All-Optical GST 84% 625 0.019 250 Positive
(Zhang et al., 2019 Sep 

30)
2019 Silicon Opto-Electric GSST 99.90% 224,200 0.008 − — Positive/ 

Negative
(Zhang et al., 2020 Jun 

16)
2020 Silicon All-Optical GST 99% 225 0.032 − — Positive

(Farmakidis et al., 2022 
Jul)

2022 Plasmonic Opto-Electric GST 90% − —— 0.01 4000 Positive

(Feldmann et al., 2017 
Nov 2)

2022 Silicon Opto-Electric GST 19.90% 250 0.008 380,000 Positive

(Ríos et al., 2015 Nov) 2022 Silicon Opto-Electric Sb2Se3 90% 1000 0.36 176,000 Positive/ 
Negative

(Li et al., 2022 Jul) 2022 Silicon All-Optical In2Se3 30.80% 425 0.019 400/700 Positive
(Song et al., 2022 Aug 3) 2022 Silicon Opto-Electric Sb2S3 99.90% 124.46 0.032 9590 Positive
(Brückerhoff- 

Plückelmann et al., 
2023 Oct)

2023 Silicon Opto-Electric GST 67% 7590 0.017 − — Positive

(Nohoji et al., 2024 May) 2024 Photonic 
crystal

All-Optical GST 84.50% 2916 3.22 − — Positive

(Chen et al., 2024) 2024 Silicon Opto-Electric GST 99.50% 51.8 0.054 − — Positive
(Ghosh and Dhawan, 

2022 Nov 1)
2024 Silicon All-Optical Sb2Se3 99.60% 132 0.24 21,000 Positive

(Sharifipour et al., 2025 
Jun)

2025 Plasmonic All-Optical GST 97.70% 0.036 0.000078 8 Positive

(Sharifipour et al., 2025 
Aug 11)

2025 Plasmonic All-Optical GST 98.00% 0.031 0.000078 7 Positive

(Sharifipour et al., 2025 
May 31)

2025 Plasmonic All-Optical GST 77.90% 0.14 0.000072 8 Positive

This Work 2025 Plasmonic All-Optical GST 99% 0.09 0.000044 5 Positive/ 
Negative
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significantly reduces the physical footprint and optimizes the overall 
power consumption of the system. Synaptic weight updates occur on 
extremely short timescales, from picoseconds to nanoseconds, utilizing 
the inherently parallel processing nature of photonic systems, and all 
learning processes are governed by the natural overlap of input and 
feedback pulses, eliminating the need for a central controller.

7. Comparative performance analysis

Based on the comparative presented in Table 1, the proposed design 
in this study demonstrates superior and innovative performance across 
multiple key aspects relative to previous works. Employing a plasmonic 
all-optical configuration (PPNS) integrated with the phase-change ma
terial GST, the device achieves a remarkably high normalized contrast 
of 99%, positioning it among the highest values reported in the litera
ture. Such a high contrast evidences precise and high-quality optical 
switching dynamics, crucial for robust neuromorphic photonic 
functionalities.

Another outstanding advantage of this design is its exceptionally 
compact footprint of only 0.09 μm2, which is significantly smaller than 
commonly reported silicon-based micro-ring resonator (MRR) or 
waveguide devices, whose footprints typically range from several hun
dreds to thousands of square micrometers. This extreme footprint 
reduction directly enables ultra-high integration density and scalability 
for practical on-chip photonic neuromorphic applications.

The volume of the phase-change material GST is also greatly mini
mized to approximately 0.000044 μm3, which represents a substantial 
reduction compared to volumes documented in similar nanoscale de
vices. This volume optimization critically contributes to energy effi
ciency; indeed, switching energy has been estimated through five 
independent methods in this work, consistently indicating low energy 
consumption on the order of a few picojoules. This value is markedly 
lower than most previously reported devices, demonstrating significant 
progress in energy-efficient neuromorphic operation.

One of the most distinguishing features of the proposed synapse is its 
ability to realize bipolar synaptic weights (both positive and negative) 
within a single device structure. This capability relies on an intelligent 
resonance wavelength shift mechanism in the plasmonic nano-ring, 
whereas prior studies typically required two separate synaptic ele
ments to achieve bipolar weighting. Such an integrated approach re
duces hardware complexity, lowers power consumption, and enhances 
device density and scalability.

Structurally, the design benefits from strong localized plasmonic 

electromagnetic fields generated by the silver underlayer and air clad
ding, which enable rapid and energy-efficient phase switching of GST. 
Compared to other plasmonic devices that exhibit optical contrasts 
ranging from 29% to 90%, with larger footprints and higher switching 
energies, the present work uniquely integrates the following: near-ideal 
optical contrast (~99%), an ultra-compact footprint (<0.1 μm2), a 
minimally sized GST volume with highly optimized switching energy in 
the picojoule range, and the simultaneous realization of both positive 
and negative synaptic weights within a single compact element.

Together, these advancements establish a new state-of-the-art 
benchmark in the field of nanoscale photonic synapses and pave the 
way for next-generation neuromorphic photonic systems, characterized 
by low power consumption, high compactness, and multifunctional 
synaptic learning capabilities.

8. Fabrication feasibility

The proposed GST–silver plasmonic nanophotonic synapse is not 
only theoretically efficient but also fully compatible with current 
state–of–the–art nanofabrication infrastructures. Fig. 16 illustrates the 
conceptual three–dimensional fabrication flow. The entire process le
verages fabrication steps that are widely employed in both academic 
nanophotonics laboratories and large–scale semiconductor 
manufacturing, underscoring its practicality and industrial relevance.

The fabrication begins with deposition of a silver (Ag) plasmonic 
underlayer on a suitable substrate to form the bottom metal for the 
metal–insulator–metal (MIM) configuration. Low–loss Ag films can be 
achieved using thermal evaporation or magnetron sputtering, followed 
by standard lift–off techniques to ensure uniform thickness and smooth 
surfaces. The use of silver surrounded by a low–index cladding such as 
air significantly enhances the localized electromagnetic field and opti
mizes light–matter interaction, as extensively discussed in recent plas
monics literature (Nur-E-Alam et al., 2021 Jul 22).

Plasmonic waveguides and nanoring resonators are then patterned 
using electron–beam lithography (EBL) and focused ion beam (FIB) 
milling. These techniques routinely achieve sub–10 nm resolution and 
allow reproducible fabrication of nanoscale features such as the 50 nm 
triangular GST region and the 50 nm air–clad waveguide (Basu et al., 
2025 Mar 26; Utke et al., 2012 May 1). After the resist is removed, the 
resulting structure forms a free–standing air–clad plasmonic resonator.

Selective deposition of the Ge2Sb2Te5 (GST) layer onto the nanoring 
is performed through a second lithography step combined with lift–off. 
Numerous experimental studies have successfully demonstrated 

Fig. 16. Fabrication flow of the GST–silver plasmonic nanoring resonator. The process includes Ag deposition, patterning of waveguides and the nanoring via EBL/ 
FIB, air-clad structure formation, selective GST deposition through lift-off, and optional protective ALD coatings (Si3N4 or Al2O3) to ensure device stability and 
compatibility with non-volatile optical switching.
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high–quality GST deposition—down to thicknesses below 100 nm and 
even onto complex metallic geometries—using RF magnetron sputtering 
and pulsed laser deposition (PLD) (Boschker and Calarco, 2017 May 4; 
Sreekanth et al., 2019; Simandan et al., 2021 Jun 30; Parra et al., 2022 
Jun 13). These deposition techniques ensure precise control over GST 
thickness, stoichiometry, and phase transition behavior, which is 
essential for reliable switching performance.

The reversible phase transition between amorphous and crystalline 
states enables non–volatile, reconfigurable, and low–energy optical 
behavior. After fabrication, optical characterization methods such as 
transmission spectroscopy, NSOM, and pump–probe measurements can 
accurately assess the spectral response and phase–change dynamics of 
GST–based devices (Shalini, 2013). GST’s thermal stability at nanoscale 
dimensions has also been validated extensively, supporting robust and 
repeatable device operation.To improve environmental durability, thin 
conformal encapsulation layers—such as Si3N4 or Al2O3—can be 
deposited using atomic layer deposition (ALD). These coatings protect 
both GST and Ag from oxidation and surface degradation while pre
serving the device’s plasmonic properties (Lee et al., 2023 Mar 6; Gao 
et al., 2020 Jan).

Industrial and practical relevance. Beyond laboratory demonstra
tions, the feasibility of our structure is strongly reinforced by the 
widespread industrial use of GST in commercial phase–change memory 
(PCM) products from Intel and Samsung, where GST is deposited, 
cycled, and encapsulated at scale with extremely high reliability. These 
manufacturing processes directly mirror the material and thermal
–cycling requirements utilized in our design, thereby confirming the 
industrial readiness of GST for large–scale nanophotonic applications 
(Raoux, 2019; Longe, 2020; Chen, 2023; Schift, 2021).

Additionally, GST–integrated plasmonic and metasurface devices 
have recently been demonstrated for dynamic color modulation, 
reconfigurable filtering, and tunable imaging elements, highlighting the 
growing momentum of GST–based plasmonics towards real–world 
products (Chen, 2023; Schift, 2021). Industrially scalable nano
fabrication technologies such as nanoimprint lithography (NIL) and 
wafer–scale sputtering—already adopted in semiconductor pro
duction—further support the transition of GST–plasmonic components 
to high–volume manufacturing (Zhu, 2021).

Taken together, these experimental demonstrations and industrial 
precedents confirm that the GST–silver plasmonic synapse can be 
fabricated using well–established processes—Ag thin–film deposition, 
nanoscale patterning (EBL/FIB or NIL), GST sputtering, and protective 
ALD encapsulation. The fabrication flow is thus robust, scalable, and 
directly aligned with commercial photonic–integrated–circuit (PIC) 
manufacturing pipelines. This positions the proposed structure as a 
practically realizable building block for compact, energy–efficient, and 
highly scalable neuromorphic photonic systems (Preston et al., 2021 Jul 
28).

9. Calculation

In this study, we present a plasmonic switch based on a nano
structured nano-ring resonator (NRR) coupled orthogonally to two 
waveguides one vertical serving as the control waveguide and one 
horizontal acting as the data signal waveguide. This innovative config
uration ensures simultaneous transmission of control and data signals 
without mutual interference, allowing for optimal management of 
coupling and phase-change processes in the GST material. This leads to 
improved switching efficiency, reduced optical errors, and enhanced 
precision in synaptic weight modulation. The active volume of the 
phase-change GST layer, positioned at the interface between the hori
zontal waveguide and the nano-ring resonator, is minimized to an 
exceptional ~ 4.45 × 10− 5 μm3. Such a drastic volume reduction plays a 
crucial role in optimizing energy consumption and enables the realiza
tion of nanoscale devices with high integration density. Based on 
comprehensive analyses and energy estimations, the switching energy 

required to induce the phase transition in GST and thus operate the 
switch is estimated to be on the order of a few picojoules (approximately 
5 pJ). This energy consumption is substantially lower than most re
ported GST-based and photonic phase-change devices, which usually 
require tens to hundreds of picojoules. This exceptional energy effi
ciency stems from the optimized design, plasmonic field enhancement 
enabled by a low-absorption silver substrate, and the surrounding air 
cladding that further reduces losses.

Another prominent feature of this structure is its ultra-compact 
footprint of approximately 0.09 μm2, enabling ultra-high-density inte
gration of nanophotonic devices on a chip. This footprint is dramatically 
smaller than conventional micro-ring resonators or silicon waveguides, 
making it especially suitable for scalable, all-optical neuromorphic 
systems. Furthermore, the device guarantees a very high optical contrast 
of nearly 99%, indicative of excellent optical modulation quality during 
switching and highly accurate synaptic weight control. Such contrast 
levels ensure stable and reliable optical read/write operations with 
minimal errors. A key advantage is the implementation of bipolar syn
aptic weights (both positive and negative) within a single device struc
ture via spectral tuning of the resonance wavelength. Unlike 
conventional approaches that require two separate physical elements for 
bipolar weighting, this spectral control substantially reduces hardware 
complexity, device footprint, and overall energy consumption while 
enhancing the scalability of neuromorphic architectures.

In summary, the precise design, minimized active GST volume, ultra- 
low energy consumption, extraordinarily small footprint, and near-ideal 
optical contrast collectively establish this orthogonally coupled plas
monic GST switch as a uniquely efficient, compact, and scalable building 
block for advanced neuromorphic photonic applications. These in
novations significantly facilitate the future development of high-density, 
low-power optical learning and processing systems.

10. Author Agreement Statement

We the undersigned declare that this manuscript is original, has not 
been published before and is not currently being considered for publi
cation elsewhere. We confirm that the manuscript has been read and 
approved by all named authors and that there are no other persons who 
satisfied the criteria for authorship but are not listed. We further confirm 
that the order of authors listed in the manuscript has been approved by 
all of us. We understand that the Corresponding Author is the sole 
contact for the Editorial process. He is responsible for communicating 
with the other authors about progress, submissions of revisions and final 
approval of proofs.

Ethical approval / Originality statement

This manuscript is original, has not been submitted to any other 
journal, and has not been previously published. All authors attest to the 
honesty and integrity of the reported work, including the collection, 
analysis, and interpretation of data, and confirm that no undisclosed 
persons meeting authorship criteria have been omitted.

CRediT authorship contribution statement

Ozra Sharifipour: Writing – original draft, Visualization, Software, 
Resources, Methodology, Formal analysis, Conceptualization. Parviz 
Keshavarzi: Validation, Supervision, Project administration. Moham
mad Danaie: Writing – review & editing, Validation, Supervision, 
Software, Investigation, Formal analysis.

Funding

The authors state that this work received no external funding, grants, 
or financial support.

O. Sharifipour et al.                                                                                                                                                                                                                            Results in Optics 24 (2026) 101049 

14 

http://operation.To


Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

All data, design files, and related materials produced in this study are 
retained by the authors and can be supplied to interested parties upon 
reasonable request.

References

Merolla, P.A., Arthur, J.V., Alvarez-Icaza, R., Cassidy, A.S., Sawada, J., Akopyan, F., 
Jackson, B.L., Imam, N., Guo, C., Nakamura, Y., Brezzo, B., 2014 Aug 8. A million 
spiking-neuron integrated circuit with a scalable communication network and 
interface. Science 345 (6197), 668–673.

Davies, M., Srinivasa, N., Lin, T.H., Chinya, G., Cao, Y., Choday, S.H., Dimou, G., 
Joshi, P., Imam, N., Jain, S., Liao, Y., 2018 Jan 16. Loihi: a neuromorphic manycore 
processor with on-chip learning. IEEE Micro 38 (1), 82–99.

Yang, J.J., Strukov, D.B., Stewart, D.R., 2013 Jan. Memristive devices for computing. 
Nat. Nanotechnol. 8 (1), 13–24.

Indiveri, G., Liu, S.C., 2015 Jul 15. Memory and information processing in neuromorphic 
systems. Proc. IEEE 103 (8), 1379–1397.

Furber, S., 2016 Aug 16. Large-scale neuromorphic computing systems. J. Neural Eng. 13 
(5), 051001.

Benjamin, B.V., Gao, P., McQuinn, E., Choudhary, S., Chandrasekaran, A.R., Bussat, J.M., 
Alvarez-Icaza, R., Arthur, J.V., Merolla, P.A., Neurogrid, B.K., 2014 Apr 24. A mixed- 
analog-digital multichip system for large-scale neural simulations. Proc. IEEE 102 
(5), 699–716.

Fan A, Levy SD. A Robust, Open-Source Framework for Spiking Neural Networks on Low- 
End FPGAs. arXiv preprint arXiv:2507.07284. 2025 Jul 9.

Strukov, D.B., Snider, G.S., Stewart, D.R., Williams, R.S., 2008 May 1. The Missing 
Memristor Found. Nature. 453 (7191), 80–83.

Prezioso, M., Merrikh-Bayat, F., Hoskins, B.D., Adam, G.C., Likharev, K.K., Strukov, D.B., 
2015 May 7. Training and operation of an integrated neuromorphic network based 
on metal-oxide memristors. Nature 521 (7550), 61–64.

Aguilera, R., Scharnhorst, K., Lilak, S.L., Dunham, C.S., Aono, M., Stieg, A.Z., 
Gimzewski, J.K., Atomic switch networks for neuroarchitectonics: Past, present, 
future. InAtomic Switch: From Invention to Practical Use and Future Prospects,, 
2020 Mar. 3. Springer International Publishing, Cham, pp. 201–243.
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