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This paper presents a novel architecture for all-optical photonic crystals, leveraging the integration of Mach-
Zehnder interferometers and directional couplers for advanced optical neuromorphic synapses. By utilizing
photonic crystals and germanium-antimony-selenium-tellurium (GSST) phase-change materials, we achieve
precise control over optical transmission. The use of photonic crystals enables a compact footprint and signifi-
cantly reduces the device size compared to conventional silicon photonics, offering a key advantage in achieving
higher integration density for optical neuromorphic systems. Comprehensive finite-difference time-domain
(FDTD) simulations demonstrate that incorporating a photonic crystal cavity at the input port significantly en-
hances single-mode operation, leading to an output signal transmission of more than 99 %. Furthermore, vari-
ations in the crystallinity fraction of phase-change material (PCM) rods significantly influence the output signal
transmission, enabling precise control of the signal dynamics. Under amorphous and fully crystalline conditions
of the GSST-PCM rods, the signal transmission rate varies between —0.02 dB and —13.5 dB, highlighting the
profound impact of phase-state changes on system performance. This innovative photonic crystal platform offers
a promising avenue for the realization of next-generation optical synapses, paving the way for advanced optical

neural networks and machine learning.

Introduction

Recently, optical information-processing systems and neuromorphic
neural networks have attracted increasing interest. These advancements
not only facilitate the high-speed and high-precision processing of op-
tical data but also pave the way for novel paradigms in implementing
machine learning algorithms and information processing at micro- and
nano-scales [1-4]. Within this landscape, neuromorphic synapses play a
pivotal role in optical neural networks, and their design, aimed at
emulating the synaptic characteristics of the human brain, has the po-
tential to revolutionize the fields of optical signal processing and ma-
chine learning [5-10]. These synapses, analogous to the neural synapses
in the human brain, can execute complex computations with exceptional
speed and accuracy, thereby enhancing the efficiency of artificial in-
telligence systems and deep learning algorithms [11,12].

Photonic crystals, as optical structures with the capable of manipu-
lating and guiding light at the nanoscale, have garnered significant
attention, particularly in the realms of optical signal processing, logic
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gates, modulation, and information storage [13-18]. Owing to their
inherent ability to control light propagation and engender unique
characteristics, such as sharp variations in light transmission and
dispersion, these structures have attracted researchers, especially in
signal processing and information storage. The inherent precision of
photonic crystals in light manipulation and signal modulation makes
them highly promising for the development of next-generation optical
processing systems and neuromorphic synapses [19,20].

The integration of phase-change materials (PCMs) [21-24] with
photonic crystals offers a broad spectrum of possibilities for phase-state
tuning and precise optical signal control [25-27]. Specifically, these
materials can dynamically regulate the transmission and scattering of
optical signals across different spectral ranges by transitioning between
their amorphous and crystalline states [28-30]. This property makes
them highly advantageous for the development of neuromorphic syn-
apses, which require precise signal regulation and adaptive dynamic
behavior.

In this paper, we present a novel architecture for all-optical photonic
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crystal neuromorphic synapses based on the synergistic integration of
Mach-Zehnder interferometer (MZI) [31-33], cavity [34-36], and
directional coupler [37,38] devices. The utilization of this combination,
particularly in conjunction with silicon rod-type photonic crystals and
phase-change materials, such as GSST [39-41], enables precise control
over signal transmission and enhances the performance of optical pro-
cessing systems.

In the proposed structure, input signals are applied to the optical
synapse as optical wavelengths, and their weighting is achieved through
the crystallization rate of PCM rods positioned along the optical path.
The weighted signals are combined in a summation block and then
compared against a threshold value within a nonlinear activation
function block, such as sigmoid or ReLU, which plays a crucial role in
enabling complex and nonlinear behaviors of neural networks [42-44].
When the sum of the inputs exceeds this threshold, the neuron generates
an output signal (Fig. 1).

The output signal is evaluated in the error block, where, using
learning algorithms such as backpropagation and the delta rule [45,46],
the crystallization rate of the PCM is controlled by adjusting the energy
and duration of the input optical pulses. This process enables precise
modulation of synaptic weights and simulates the learning mechanism
in optical neural networks.

These algorithms operate based on the principle of error minimiza-
tion. During this process, the neuron’s output is compared to a target
value, and corrective signals are generated according to the calculated
error to adjust the synaptic weights. Gradually, the output error de-
creases and network training improves, allowing the network to
generalize effectively to new inputs.

The stages of this algorithm are briefly summarized in the training
and weight adjustment flowchart of the artificial neural network
(Fig. 2), which illustrates the interactions between system components
and the error reduction process.

In this study, the focus is placed on the design and optimization of the
optical synapse structure, with the control of the PCM crystallization
rate considered as the key mechanism for weight modulation.

The proposed structure is designed specifically for high-precision
optical signal processing and transmission with minimal interference,
which significantly reduces the device footprint compared with prior
silicon photonic implementations. Furthermore, numerical simulations
utilizing both the FDTD and finite element method (FEM) techniques
have substantiated the effectiveness of this architecture in achieving
optimal transmission and improved efficiency in single-mode optical
systems.

!
ol
o

Synapses

Results in Physics 75 (2025) 108338

Update Weights
Wl_k+ 1

w;: Weight of Synapces
f: Activation Function

Weighing
x,vw,k

= wf — adwf

k: Number of Epochs
a: Learning Rate
P: Actual Value

Next Epoch
k=k+1

Er < expected value

Fig. 2. Flowchart of the training and weight adjustment algorithm in an arti-
ficial neural network.

This study aims to develop an advanced and innovative all-optical
neuromorphic synapse based on photonic crystals that can be utilized
as a powerful tool for optical information processing and the realization
of optical neural networks in all-optical machine learning systems.

Proposed Mach-Zehnder interferometer structure

The proposed structure presents a novel optical architecture that
synergistically integrates Mach-Zehnder interferometers with direc-
tional couplers. This innovative combination enables the realization of
advanced and optimized optical structures. The MZI structure is
implemented by incorporating two parallel directional couplers, as
shown in Fig. 3.

The proposed structure comprises a triangular lattice photonic
crystal formed from silicon rods with a lattice constant of a = 0.506 pm.
The silicon rods had a radius of ra = 0.2a and a refractive index of n =
3.5, and were positioned on a SiO; substrate with a refractive index of
1.44.

In this structure, we incorporated a photonic crystal cavity in the

Input
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Fig. 1. Schematic of an artificial neuron with all-optical, tunable photonic crystal synapses.
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Single mode cavity

Fig. 3. Schematic of the proposed photonic crystal structure.

input waveguide path, with a central rod radius of rc = 0.275a. This
cavity is specifically designed to enforce tunable single-mode operation
of the optical signals at the input, thereby enhancing the precision and
efficiency of the system in optical information processing.

By applying coherent optical signals to input paths C1 and C2, the
signals were independently routed to outputs W1 and W2, respectively.

The dispersion diagram for the supercell of the MZI structure is
presented using the plane wave expansion (PWE) method, as shown in
Fig. 4. The results of this analysis reveal that two distinct eigenmodes
with different characteristics are formed in the structure: even (sym-
metric) and odd (antisymmetric). As mentioned in previous studies
[47,48], light propagating in one waveguide of directional coupler can
periodically couple to other waveguide after traveling a specific distance
(coupling length).

The required coupling length (L) for complete coupling between
waveguides is derived from the relationship between the propagation
constants of the two modes, as given in Eq. (1). Based on this relation-
ship, a relatively short coupling length of approximately L, = 5.5a was
obtained at a normalized frequency of 0.384. Therefore, to ensure the
reflection effect and increase the efficiency of the Mach-Zehnder inter-
ferometer, a length L = 11a (approximately twice the coupling length)
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Fig. 4. The dispersion diagram for the photonic crystal super-cell structure.

was selected.
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Lc B keven - kodd (1)

where Ky, and K,qq represent propagation constants for even and odd
modes, respectively.

Numerical simulations based on the FDTD method demonstrated
that applying a signal to the input port resulted in over 99 % signal
transmission at the output at a wavelength of A = 1320 nm, as illustrated
in Fig. 5a. This high transmission efficiency underscores the superior
capability of the proposed structure to direct and transfer optical signals
via the MZI configuration. The presence of a cavity at the input port
ensured single-mode operation. In this regard, crosstalk in the W1 and
W2 channels remains negligible, measured at less than —18 dB. This
significant reduction in crosstalk highlights the precise separation of the
transmitted optical signals, ensuring independent signal reception at the
output, with maximum transmission and minimal interference.

Fig. 5b illustrates the signal transmission through W1 when in-phase
signals are applied at inputs C1 and C2. The results indicate that more
than 99 % of the signal at a wavelength of A = 1467 nm is reflected into
the primary waveguide via the directional couplers, with only a negli-
gible portion coupling into the MZI output.

In addition, the electric-field profile presented in Fig. 6a distinctly
highlights the operation of the MZI structure within this design, con-
firming that the proposed configuration efficiently channels the optical
mode along the input and output ports. Integrating an MZI with a cavity
in its input path not only preserves and tunes the transmitted signal
along the desired path but also ensures single-mode signal reception at
the output. Fig. 6b illustrates the signal propagation and electric field
distribution within the structure, clearly demonstrating the field
coupling in the directional couplers for guiding signals from inputs C1
and C2.

GesSb,Se, Te; phase change material

Phase-change materials are essential for advancing data storage
technologies, optical modulation, and optical neuromorphic synapses,
owing to their reversible switching between amorphous and crystalline
phases. GeaSbySesTe; (GSST) is a promising advanced PCM, which has
recently attracted considerable interest in photonics. This material has
been introduced as an efficient alternative to GesSboTes (GST), offering
notable advantages, such as lower optical losses, high refractive index
contrast, and broad transparency over a wide wavelength range.

Moreover, its broad transparency window, extending beyond 16 pm,
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Fig. 5. Transmission characteristics and z-component of the electric field (E,), (a) Signal launched from the input port, (b) Signal launched from C1 and C2 inputs.
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Fig. 6. Normalized electric field profile (a) Signal launched from the input port, (b) Signal launched from C1 and C2 inputs.

makes it well suited for photonic applications such as modulators, op- which result in reduced optical losses and better refractive index
tical switching, and neuromorphic computing [39]. Another key matching with silicon at telecommunication wavelengths, thereby
advantage of GSST-PCM is its amorphous-state dielectric properties, facilitating seamless integration with silicon photonics technology.
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Fig. 7. (a) Phase transition of GSST-PCM between amorphous and crystalline states. (b) Wavelength-dependent refractive index of GSST-PCM in amorphous and
crystalline states.
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Owing to these superior characteristics, GSST-PCM is recognized as an
efficient platform for dynamically tunable and non-volatile photonic
circuits, addressing the key limitations of traditional PCM-based optical
systems. With these advantages, GSST-PCMs have emerged as a
powerful alternative to conventional PCMs, playing a pivotal role in
developing controllable photonic circuits with optimized performance
and minimal losses.

Fig. 7a illustrates the phase transition between the crystalline and
amorphous states in GSST materials, which exhibit either an ordered
crystalline or a disordered amorphous configuration. To induce a crys-
talline phase in the GSST material from an amorphous state, the tem-
perature of GSST-PCM must be maintained between the crystallization
temperature (T, =~ 523 °K) and melting temperature (T, =~ 900 °K)
[39,49-511, which is achieved by applying optical pulses [6,52,53].
Fig. 7b illustrates the refractive indices of GSST-PCM in both the fully
amorphous and crystalline states across different wavelengths [54-56].
These refractive index changes substantially influence the optical
response of the systems, particularly the light interaction dynamics with
phase-change materials such as GSST.

The multi-level partially crystallized states of GSST-PCM have been
utilized in various applications, including multi-level memory devices
and photonic neural networks. These multi-level crystallized states are
typically triggered using normal-incident laser pulses, confirming their
presence through Raman spectroscopy. To achieve an accurate multi-
level crystallized state, it is crucial to select the appropriate peak in-
tensity and duration of the control pulses. The crystallization fraction (1)
of GST-PCM affects both the real and imaginary components of its
refractive index, as described by the Lorentz-Lorenz relationship in Egs.
(2)-(3) [52,57,58]. Changes in the crystallization fraction lead to sig-
nificant modifications in the optical properties of the material, partic-
ularly in its refractive index. These variations are essential in optical and
data storage applications because shifts in the refractive index can
profoundly impact the optical behavior and performance of devices that
rely on these materials.

() =1 e —1 £ —1
= +(1 - 2
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where ¢ and €, denote the crystallization and amorphous wavelength-
dependent permittivity of the GSST-PCM, respectively.

Proposed MZI synapse equipped with GSST-PCM

Considering the overlap of the electric fields during signal propa-
gation from the input and through paths C1 and C2, the output trans-
mission can be actively controlled by embedding GSST-PCM rods within
the MZI arms. In this structure, 16 rods composed of GSST-PCM are
placed within the MZI arms, as illustrated in Fig. 8. These phase-change
materials enable precise adjustment of the crystallinity fraction () and
facilitate efficient modulation of signal transmission at the MZI output.

The phase changes in the PCM rods induced by the state transition of
the GSST material can effectively regulate the transmission and scat-
tering of optical signals along the MZI arms. This capability enables
precise control over the signal propagation and processing within the
structure. This capability enables the precise modulation of signal
propagation and processing within the structure, offering tunability for
optical systems, particularly all-optical neural synapses. Consequently,
this method has significant potential for applications in optical infor-
mation processing and advanced neural networks.

In optical neural synapses, the transmission of input signals can be
modulated by applying optical signals through weighting paths [6].
Similarly, in the proposed structure, the crystallinity fraction of the
GSST-PCM rods can be adjusted using signals with specific powers and
durations through inputs C1 and C2 [6]. These variations in the
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Fig. 8. Proposed MZI synapse equipped with GSST-PCM structure.

crystallinity fraction significantly affected the optical properties of the
structure, enabling dynamic control over the transmission behavior
within the MZI pathway.

The transmission of the fully amorphous and crystalline states of the
GSST-PCM rods in the MZI output path is shown in Fig. 9a. The results
indicate that in the amorphous state, the transmission was —0.02 dB. In
contrast, for the fully crystalline state, it decreased to —13.5 dB. These
changes, mainly owing to variations in the crystallinity fraction of the
GSST-PCM rods, have a notable impact on the intensity of the trans-
mitted wavelength. The transmission levels for various crystallinity
fractions are shown in Fig. 9b. By applying weighting signals through
inputs C1 and C2, the crystallinity fraction of the GSST-PCM rods can be
adjusted.

Results and discussion

In the MZI-based structure, to ensure uniform and stable phase
modulation in the GSST rods located in the interferometer arms, the
input optical signals to these two arms are maintained in-phase. By
altering the phase state of the GSST rods (amorphous or crystalline) in
each arm, the transmitted light intensity along the corresponding path
changes accordingly. Fig. 10 and Table 1 present the simulation results
for the four possible combinations of GSST phase states in the C1 and C2
paths. These results demonstrate that the GSST rods in each arm exhibit
high sensitivity to phase-state changes, enabling independent control of
the GSST rods’ crystallinity level in each path.

Therefore, this analysis demonstrates that the phase state of the
GSST-PCM rods in each path can be directly controlled by the intensity
and duration of the optical excitation applied via the C1 and C2 arms.
Accordingly, by precisely tuning the excitation parameters, it is possible
to regulate the crystallinity rate in the GSST rods, thereby enabling
effective control over the absorption and transmission of light in the
output path.

To evaluate the stability and practical feasibility of the proposed
photonic synapse structure, a comprehensive tolerance analysis of key
parameters is performed. This analysis examines the impact of potential
fabrication-induced variations in geometric and optical parameters,
including the radius of GSST rods, the lattice constant, and the refractive
index of silicon.

Considering common fabrication processes such as lithography and
material deposition, natural fluctuations in dimensions and material
properties occur, which are particularly critical in submicron photonic
structures. Accordingly, simulations incorporate variation ranges of +5
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% for rod radius and lattice constant, and +0.01 for the silicon refractive
index, representing a realistic span consistent with typical fabrication

tolerances.

Fig. 11 illustrate the effects of these fluctuations on key performance
metrics such as transmission efficiency, resonance wavelength position,

and insertion loss. The results indicate that:

e Variations in the GSST-PCM rod radius induce minor shifts in reso-
nance wavelength, while the core functionality remains intact.

e Changes in lattice constant affect the photonic bandgap position and
resonance behavior, causing resonance wavelength shifts without
degrading performance.

e Fluctuations in silicon refractive index lead to slight resonance
wavelength changes; however, the quality factor (Q-factor) and
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Table 1

Transmission for the four GSST-PCM rod phase-state combinations in the MZI

arms.
Cl C2 w1 w2 Output
Am Am 0.78 0.78 0.088
Am Cry 0.61 0.0001 0.007
Cry Am 0.0001 0.61 0.007
Cry Cry 0.0002 0.0002 0

synaptic behavior remain stable within the specified variation
ranges.

These findings confirm that the proposed design is robust against
fabrication-induced variations and maintains its fundamental perfor-
mance under small structural changes. This robustness ensures the
reliability and practical applicability of the structure for implementation
in real photonic neuromorphic systems.

Numerical simulations in this study are performed using the FDTD
method. To prevent non-physical reflections at the simulation bound-
aries, perfectly matched layer (PML) boundary conditions are applied. A
uniform grid size of 10 nm is chosen to ensure sufficient accuracy in
modeling electromagnetic field variations and the resonant behavior of
the structure.

To guarantee result convergence, the total field energy decay is
monitored until it reduces below 107> of its initial value. Additionally, a
mesh size sensitivity analysis is conducted to evaluate the adequacy of
the selected grid resolution. As illustrated in Fig. 12, the resonance
wavelength position is examined as functions of the mesh size. The re-
sults clearly demonstrate that the 10 nm grid provides sufficient accu-
racy and more decrease in mesh size does not significantly affect the
simulation outcomes.

Furthermore, to conduct a more precise evaluation of the structure’s
performance under realistic conditions, complementary numerical an-
alyses based on the FEM have been carried out. The results from these
analyses exhibit good agreement with those obtained from FDTD sim-
ulations, thereby confirming the accuracy of the designed model.

Additionally, to assess the device performance in three-dimensional
configurations and to investigate the feasibility of vertical optical
confinement, 3D-FDTD simulations are performed for the proposed
structure. In this setup, two metallic layers are considered as reflective
boundaries at the top and bottom of the structure, and the height of the
silicon rods was set to 1.1a. The 3D simulation results demonstrate that
the spectral response of the structure closely matches the 2D response
(Fig. 13). This consistency indicates that the designed structure not only

possesses suitable mechanical stability but also offers reliable optical
performance, confirming its practical feasibility.

To accurately evaluate the required power and duration for inducing
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phase change in the GSST rods, thermal simulations were performed
using the finite element method. The results of these simulations are
presented in Fig. 14. This thermal modeling enables the examination of
the temperature distribution within the structure, as well as the analysis
of the GSST crystallinity rate as a function of applied power and time
duration. The results indicate that increasing the stimulation power
leads to a faster temperature rise, thereby reducing the time needed to
achieve the phase transition.

Moreover, the analyses demonstrate that the targeted placement of
GSST rods in regions with maximum electric field intensity (as shown in
Fig. 6b) significantly enhances phase-switching efficiency and substan-
tially lowers the power required for phase change. This power reduction
facilitates the practical implementation of the proposed structure in
advanced photonic applications.

Furthermore, based on the theoretical relationships and Egs. (4)-(8),
the increase in electric field intensity in the targeted regions results in a
rise in the electromagnetic power loss density (Q,) within the GSST-PCM
[59-63]. These equations, derived from the thermal and optical prop-
erties of the PCM, provide an accurate model for analyzing the impact of
excitation conditions on the crystallization rate and thermal behavior of
the material. The increase in Q, reflects more efficient conversion of
electromagnetic energy into heat within the structure, thereby signifi-
cantly accelerating the phase-change process. Consequently, for an op-
tical signal with fixed power and energy, the enhancement of the electric
field at optimized locations in the structure considerably reduces the
time required to reach the desired crystallinity level. This mechanism is
a key factor in optimizing energy efficiency and boosting the operational
speed of GSST-based phase-change photonics, ensuring device reliability
for practical applications.

oT
/JCPE—&-;)CPU.VT =V.(KVT) + Q. 4)

where ¢,,p and K represent the thermal conductivity, density and spe-
cific heat capacity of GSST-PCM, respectively.

Q = JRe(E) )
J—oE ©
0 = WegEy @
er — 2nk ®

where n and k represent the real and imaginary parts of the refractive
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Fig. 14. Thermal simulation of temperature dynamics in GSST-PCM rods for
different excitation powers.
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index of GSST-PCM, respectively, and ¢, denotes the permittivity of free
space.

Fabrication method

To fabricate the proposed structure, a polymethyl methacrylate
(PMMA) layer is spin-coated onto a fused silica substrate. Electron beam
lithography (e-beam lithography) is then employed to define the GSST-
PCM rod patterns. Subsequently, a germanium-antimony-selenium-
telluride film is deposited via atomic layer deposition (ALD) [64,65],
precisely filling the etched regions. The remaining polymerized PMMA
layer is then removed, and a new PMMA layer is spin-coated onto the
fused silica substrate.

In the second lithography step, e-beam lithography is again used to
define the silicon (Si) rod patterns. The PMMA resist is selectively etched
away, exposing the designated areas for silicon deposition. High-purity
silicon rods are then deposited in these regions by chemical vapor
deposition (CVD) [66]. After the etching and deposition processes, the
remaining PMMA is completely removed.

Conclusion

In this study, an advanced structure for all-optical photonic crystal
synapses is presented based on the integration of a Mach-Zehnder
interferometer and directional coupler devices. Implementing silicon
rods and GSST-PCM rods in photonic crystal structures enables the
system to precisely control signal transmission and guidance, thereby
enhancing the performance of optical synapses.

The results demonstrate that the proposed structure can achieve
precise and low-interference non-volatile optical signal transmission.
The transmission at the MZI output exceeded 99 %, which is particularly
effective in advanced neural network applications. Additionally, the
crystallinity fraction changes of the GSST-PCM rods, induced by
applying specific optical signals through directional coupler inputs,
significantly affect the signal transmission at the output. The results
indicate that in the amorphous and fully crystalline states of the GSST-
PCM rods, the signal transmission changes between —0.02 dB and
—13.5 dB, highlighting the significant impact of the rods’ phase state on
the system’s performance.

Leveraging the ability to tune transmission and signal guidance
across different wavelengths precisely, this photonic crystal-based
structure, with dimensions significantly smaller than conventional sys-
tems, can serve as an effective tool in the design of optical neural net-
works and future information processing systems.

Ultimately, this study offers a novel approach for the design and
implementation of optical synapses with tunable and controllable
transmission, potentially driving transformative advancements in all-
optical information processing systems and neuromorphic computing.
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