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SUMMARY

The increasing demand for visual data processing reveals the limitations of traditional electronic systems in
speed, energy efficiency, and adaptability. While optical computing offers a promising alternative, current sys-
tems often lack the flexibility required for multispectral and adaptive visual tasks. Here, we present an efficient
way for highly adaptive, multispectral image filtering based on active Tamm plasmon resonators. We realize pre-
cise control over resonant wavelengths, enabling selective spectral targeting with high-quality factors. To
achieve a gradual on/off function in the Tamm plasmon resonator, we integrate PEDOT:PSS, whose doping state
modulates its metallic or dielectric properties. The partial doping of PEDOT:PSS allows for memorizing states,
facilitating long-term potentiation and depression, and is essential for forming multiple synaptic states. By
combining the high modulation depth, theoretically reaching 99%, with the non-volatile nature of PEDOT:PSS,

we achieve stable multiple synaptic states with subtle saturation, resulting in 256 stable synaptic weights.

INTRODUCTION

The rapid advancement of computing technologies has empha-
sized the growing need for systems capable of efficiently
processing and enhancing large volumes of visual data.” Tradi-
tional electronic computing architectures, while powerful, face
increasing challenges in meeting the demands for speed, power
consumption, and adaptability in image processing applica-
tions.”™ In response, neuromorphic computing—inspired by
the brain’s ability to process information through complex
neuronal and synaptic functions—has emerged as a promising
solution.® In this evolving stream, optical technologies have
garnered significant interest for their ability to deliver superior
speed and parallelism, making them well-suited for modern im-
age processing tasks. Optical computing, particularly through
photonic integrated circuits (PICs), integrates high-bandwidth
optical communication with localized information processing, re-
sulting in substantial improvements in processing speed and en-
ergy efficiency.”” ! Additionally, diffractive deep neural networks
(D®NN), a form of free-space optical computing, efficiently pro-
cess complex tasks by guiding light through diffractive layers,
leveraging the speed, parallelism, and low energy consumption

Beyond these innovations, reconfigurable photonic structures
are increasingly recognized for their role as adaptive image filter
layers in free-space optical sequences.'®™"” However, despite
these advancements, further development is needed to address
challenges such as denoising, spectral filtering, and contrast
enhancement in multispectral data.'® Enhancing the ability to
address denoising, spectral filtering, and contrast enhancement
could improve handling complex visual information. Neverthe-
less, current developments in reconfigurable free-space optical
computing primarily focus on utilizing longer wavelength ranges,
such as the gigahertz to terahertz spectrum, due to the compl-
exity of system configurations required for active tuning.'®*°
Furthermore, integration with optical communication compone-
nts targeting the near-infrared (NIR) range, such as optical fibers,
photodetectors, and transceivers, will provide opportunities to
enhance scalability and expand potential applications.?'~2°

Here, we present an approach utilizing active Tamm plasmon
resonators, employing poly(3,4-ethylenedioxythiophene):polys-
tyrene sulfonate (PEDOT:PSS) as electrically switchable mate-
rial, distinguished by its NIR optical modulation capability, to
develop a highly adaptable and efficient photonic structure for
multispectral image processing.?* PEDOT:PSS exhibits a

of optical systems.'>'* tunable optical response, transitioning between metallic and
"L iScience 28, 111800, February 21, 2025 © 2025 The Authors. Published by Elsevier Inc. 1
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dielectric properties depending on its doping state. This property
allows for high absorptance or reflectance at wavelengths
beyond its plasma frequency (4, = 1300 nm), making the NIR
range particularly effective for optical modulation.?*” The par-
tial doping behavior of PEDOT:PSS, where doped and undoped
domains coexist, is critical for achieving long-term memory func-
tions, enabling long-term potentiation and depression. These
mechanisms are essential for forming multiple synaptic states,
supporting neuromorphic computations across various signal
(memory) stages.

First, we have engineered a reconfigurable device that offers
fine control over the resonant wavelength by precisely adjusting
the impedance matching condition of the Tamm plasmon reso-
nator. This allows the resonator to have specific spectral com-
ponents across a multispectral range with a high-quality factor
(Q-factor).?”?® To achieve adaptive controllability with a gradual
on/off function in the Tamm plasmon resonator, we integrate
PEDOT:PSS on the Tamm plasmon resonator.

For stable synaptic weights, we strategically combine the gr-
eat modulation depth, theoretically reaching 99% in the Tamm
plasmon, and the non-volatile properties of PEDOT:PSS, ena-
bling the experimental realization of stable multiple synaptic
states without saturation.?’ It results in the stability of 256 synap-
tic weights from continuous electrical pulse inputs. Also, the high
Q-factor of Tamm plasmon ensures effective multispectral
filtering without interference from unwanted signals, enabling
the selective enhancement of target signals while suppressing
unnecessary noise in dynamic environments (i.e., spatially and
spectrally noisy patterns), paving the way for more efficient, scal-
able, and responsive technologies tailored to the complex de-
mands of image processing.

RESULTS

Neuromorphic behavior of active Tamm plasmon and
optical image denoising

Figure 1A illustrates the overall process of multispectral image
denoising, achieved by harnessing the neuromorphic behavior
of active Tamm plasmons. The selective multispectral neuro-
morphic mask can be fine-tuned to correspond with the target
processing wavelength, effectively reducing noise and enhan-
cing the clarity of spectrally multiplexed images. The spectrally
tunable range covers the telecommunication range (Aes = 1.2—
1.7 um) with a high dynamic range by modifying the thickness
of the last layer (t),s¢) Of distributed Bragg reflector (DBR) (see Fig-
ure 2). A key functionality is the realization of long-term potenti-
ation and depression through active Tamm plasmons, where the
calculated reflectance spectra exhibit significant intensity varia-
tions depending on the doping state of PEDOT:PSS with 99%
modulation depth (Figure 1B). The Tamm plasmon structure is
composed of a DBR, PEDOT:PSS, and a gold (Au) membrane,
enabling strong light confinement within the cavity, which re-
flects multiple times, producing standing waves at specific reso-
nance wavelengths (Figure 1C). Depending on the doping state
of PEDOT:PSS, it can exhibit different complex refractive indices
(between metallic and dielectric properties under doping (+1 V)
and dedoping (—1 V) states, respectively, Figure S1). The
metallic properties that effectively absorb incident light or dielec-
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tric properties that allow light to pass through, resulting in high
absorptance/reflectance, respectively. While the thickness of
PEDOT:PSS changes under sub-1-volt conditions, this variation
has minimal impact on the absorption efficiency of the active
Tamm plasmon structure (Figure S2).°° The doping process of
PEDOT:PSS, depicted in its chemical structure (Figure 1D), re-
veals the partially doped state induced by counterions and the
coexistence of undoped domains.®" This process is essential
for the gradual tuning of optical properties. Additionally, the
redox-based switching mechanism between PEDOT:PSS and
the electrolyte medium shows the gradual and controlled modu-
lation of the plasmonic response, which is critical for implement-
ing neuromorphic functionalities (Figure 1E).**>*

Reflectance variation experiments demonstrate the ability to
perform optical potentiation and depression at different wave-
lengths (1400 nm, 1500 nm, and 1600 nm) (Figure 1F). Applying
specific electrical signals for controlled periods led to significant
changes in reflectance, confirming the capacity for adaptive op-
tical tuning. The voltage of each electrical signal during potenti-
ation and depression (Vpot, Vaep) is applied for 1 s of triggered
pulse and 1 s of relaxation. Finally, the contrast enhancement
performed after varying numbers of pulse stimulations highlights
the proficiency in optical potentiation and depression (Figure 1G).
Dynamically adjusting the neuromorphic mask to the target
wavelength improves image clarity and adapts to varying spec-
tral conditions.

Computational modeling of multispectral active Tamm
plasmon

In this section, we present a design flow for achieving reconfig-
urable photonic structures that operate efficiently across a mul-
tispectral range by precisely adjusting the last layer of a Tamm
plasmon resonator. The proposed method offers a more efficient
solution compared to conventional approaches, which frequ-
ently involve the use of complex nanophotonic structures to
achieve high modulation depth across different spectral bands.
Figure 2A provides a schematic of the active Tamm plasmon
resonator used in our optical calculations, where the t,.; is varied
to control the resonant wavelength. As shown in Figure 2B, the
reflectance spectra of different structures illustrate how adjust-
ing tj.st, particularly with PEDOT:PSS in its metallic state, signif-
icantly influences the resonant properties of the Tamm plasmon
resonator. To achieve precise modifications of the last layer’s
thickness, we employed the glancing angle deposition (GLAD)
technique using amorphous silicon (a-Si). The obliquely depos-
ited medium provides an engineered porous medium, resulting
in decreased refractive index. Also, it naturally forms a gradient
film with gradually modulated thickness (Figure S3).°*° For
the Tamm plasmon state to be established, the resonant wave-
length (A\es) must align with the center wavelength of the stop
band, determined by the DBR. The thickness of the DBR layers
was calculated using the quarter-wavelength condition in the
medium, resulting in values of 259 nm for SiO, and 188 nm for
SizN,4 at a resonance wavelength (A,es) of 1500 nm. The thickness
of the last layer (t)2s:), determined to be 83 nm, was calculated us-
ing the relation: 1 — rpepor: pss roeREXP (2ikNiasttiast) = 0, where
reepot:pss 1S the reflection coefficient of a wave incident on the
PEDOT:PSS and rpgg is the reflection coefficient of a wave
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Figure 1. Overview of active Tamm plasmon-based optical neuromorphic computing for denoising function

(A) Schematics of the selective multispectral neuromorphic mask layer and denoising function.

(B) Calculated reflectance spectra of active Tamm plasmon at doped and dedoped state of poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS).

(C) Schematic of active Tamm plasmon composed of distributed Bragg reflector (DBR), PEDOT:PSS, and Au membrane.

(D) Chemical structure of PEDOT:PSS representing the partial doping of PEDOT:PSS by counterions and undoped domains.

(E) Schematic of redox-based switching with a counter-redox reaction between PEDOT:PSS and electrolyte medium.

(F) Reflectance variation representing optical potentiation and depression at different wavelengths of A4, A, and A3 (1400 nm, 1500 nm, and 1600 nm). Voltage of
each electrical signal (Vpot, Viep) is applied for 1 s of triggered pulse and 1 s of relaxation.

(G) Contrast enhancement of reflectance images after 1, 16, 32, 48, and 64 pulse stimulations, demonstrating optical potentiation and depression.

incident on the DBR from Pr-Si last layer. Figure 2C illustrates a
contour plot of absorptance as t,5; varies from 0 to 900 nm. As
shown, increasing t,s; causes a shift in the resonance wave-
length within the DBR stopband, centered around the target
wavelength of 1500 nm. This adjustment allows for the precise
tuning of the resonance wavelength of Tamm plasmon in the
spectral range. Based on the results, we selected t,s; values
ranging from 0 to 140 nm to cover the optical communication

band within the first-order Tamm plasmon state. Experimentally,
the GLAD process was performed to gradually control the ;.

The chemical structure of PEDOT:PSS in both its insulating
and metallic states is shown in Figure 2D, along with the corre-
sponding absorptance spectra. Finally, Figure 2E depicts the
simulated electric field distribution and absorption profiles,
which reveal strong confinement at the interface between the
DBR and the PEDOT:PSS layer. This confinement ensures
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efficient absorption at the Tamm plasmon wavelength. Overall,
this method provides an effective solution for achieving high
modulation depth and reconfigurability across a broad spectral
range (Figure S4).

Optical synaptic behaviors of multispectral optical
synaptic resonator across broadband target
wavelengths

Partial oxidation and reduction mechanisms based on electro-
chemical reactions enable the optical synaptic behavior of
MOSR.*?*3 As shown in Figure 3A, we can induce gradual opti-
cal modulation by controlling the flow of ions between the elec-
trolyte and device through the applied working electrode (WE)
and counter electrode (CE). The active Tamm plasmon shows
great modulation depth reaching 99%, also, it is confirmed
experimentally around 78% at the designed target wavelength,
Ares = 1550 nm, estimated to have a Pr-Si thickness of 95 nm
(Figures 3B and S5). Additionally, we experimentally achieved
a considerable modulation depth across a broad wavelength
range from 1380 nm to 1600 nm (Figure S5). The redox reaction
can be clearly observed from the cyclic voltammetry plot of the
MOSR, with the porous layer shown in the red line and the dense
layer in the blue line. The peak current of the MOSR with porous
Au is higher than that of the dense Au electrode, indicating
enhanced ion exchange through the Au nanocolumns (Fig-
ure S6). Additionally, the porosity of Au has minimal influence
on the optical efficiency, ensuring consistent performance acr-
oss varying porosities. (Figure S7). Biological synapses generate
excitatory and inhibitory postsynaptic potentials (EPSP and

4 iScience 28, 111800, February 21, 2025
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Figure 2. Structural analysis of active
Tamm plasmon for multispectral operation
(A) Schematic depicting the active Tamm plasmon
resonator. The thickness of last layer (tas) is
adjusted to control the wavelength of the Tamm
plasmon.

(B) lllustration reflectance spectra under the
different structures (i, DBR; ii, Tamm plasmon with
fixed t.st, and iii, Tamm plasmon with adjusted
tiast). The doping state of PEDOT:PSS is fixed with
a metallic state.

(C) Absorptance contour of Tamm plasmon by
modifying the t),s; from 0 to 900 nm

(D) Chemical structure of PEDOT:PSS at the
insulating and metallic state, respectively (top).
Absorptance spectra at the insulating and metallic
state of PEDOT:PSS with different t,.; (bottom).

of DBR —>»

A (%)
100

1.5 2.0

Absorption

A (E) Simulated electric field (left) and absorption
Max Max profile (right) using the PEDOT:PSS in its metallic
--------------- state at the Tamm plasmon wavelength.
Min Min
IPSP) depending on the type of neuro-
transmitter involved.®”° This mecha-
"""""""" nism is similarly observed in neuromor-
phic devices, where the output behavior
o varies based on excitatory and inhibitory

X esition input pulses, indicating the potential

for synaptic weight adjustment within

the device. Such characteristics enable
weight-based learning in the neuromorphic computing process,
allowing for the modulation of synaptic weights.*® Therefore,
neuromorphic devices, which mimic the operational principles
of biological synapses, possess the potential to evolve into sys-
tems with efficient information processing and learning capabil-
ities. Figure 3C illustrates the optical synaptic characteristics of
EPSP and IPSP confirmed at the three target wavelengths
(Figures S8 and S9). The excitatory and inhibitory voltages of
—1Vand 1V with pulse widths and a time interval of 1 s, respec-
tively. Optical EPSP and IPSP were confirmed across all three
wavelengths, revealing distinct potentiated/depressed charac-
teristics in response to consecutive inputs, indicative of paired-
pulse facilitation (PPF) behavior. To investigate the PPF behavior
more closely, the PPF index is measured at different time inter-
vals, from 1 sto 30 s, in Figure 3D (Figure S10). It was observed
that as the time interval increases at all target wavelengths, the
degree of influence from the preceding input diminishes, demon-
strating normal PPF behavior."' Notably, PEDOT:PSS-based
Tamm plasmon resonator exhibits non-volatile behavior be-
tween electrochemical oxidation and reduction, leading to pro-
longed attenuation characteristics. The PPF index exceeded
100% for relatively long durations, up to approximately 30 s, indi-
cating a sustained influence from the preceding input. The
gradual modulation of optical synaptic weights, induced by
continuous electrical input signals, enables the active Tamm
plasmon resonator to display long-term potentiation (LTP) and
long-term depression (LTD) characteristics. Figure 3E shows
reflectance corresponding to 256 electrical pulses at the target
wavelength of 1500 nm for both LTP and LTD, induced by an
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Figure 3. Measurement of optical synaptic characteristics at designed target wavelengths
(A) Schematic of a proposed multispectral optical synaptic resonator (MOSR). The inset image shows i) PEDOT:PSS and ii) electrolyte medium. The counterions

are exchanged across Au membrane.

(B) Simulated and measured absorption spectra of Tamm plasmon resonator with metallic state of PEDOT:PSS. The blue and red lines show the oxidized and

reduced states, respectively.

(C) Measured reflectance representing optical excitatory/inhibitory postsynaptic potential (EPSP/IPSP) response.

(D) Calculated paired-pulse facilitation (PPF) index with optical EPSP and IPSP.

(E) Long-term potentiation/depression (LTP/LTD) showing 256 discrete states under the electrical pulse of 0.5 Hz. Two insets provide a magnified view of the

individual states.

(F) Synaptic parameters, nonlinearity (NL), dynamic range (DR), and symmetric ratio (SR), at three target wavelengths.

electrical input of 1V at 0.5 Hz. The inset image displays distinct
individual states, confirming the non-volatile characteristics of
the system. Based on the experimental results measured at
the three target wavelengths, calculations were performed for
synaptic parameters including nonlinearity (NL), dynamic range
(DR), and symmetry ratio (SR) (Figures 3F, S11, and S12).*

Multispectral data processing capabilities of
multispectral optical synaptic resonator for optical
neuromorphic systems

Figure 4A illustrates the schematic for multispectral image
denoising using the proposed multispectral optical synaptic
resonator (MOSR) filter.*®> Separating the image and noise re-
gions and forming spatial alignment between the image at the
target wavelengths and the resonator is a significant chal-
lenge.?> However, by introducing sub-pixel structures, we can

achieve efficient multispectral image processing without
requiring precise spatial alignment between the multiplexed im-
age and each cell of the MOSR-filter array.***> The MOSR
demonstrated the selective processing of broadband multi-
spectral data due to its high Q-factor (~14) and significant
modulation depth. A 28 x 28 pixel multispectral MNIST data-
set, intentionally corrupted with noise across various wave-
lengths, was used in this study.® Target wavelengths encoded
the MNIST handwritten digit, while non-target wavelengths
were considered background noise. By illuminating the noisy
multispectral pattern onto the MOSR filter and adjusting reflec-
tance through electrical inputs, the obscured information in the
target wavelengths selectively appeared. The processed data
were classified using a neural network model, evaluating the
MOSR'’s ability to process multispectral noise patterns selec-
tively (Figure S13).47*8

iScience 28, 111800, February 21, 2025 5
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Figure 4. Multispectral image processing based on optical synaptic characteristics
(A) Schematic and process flow for multispectral image processing using the MOSR filter.
(B) Calculated absorption spectra for multispectral image denoising and recognition. 11, A2, and A3 represent resonant wavelengths of 1.29 ym, 1.44 pm, and

1.63 pm, respectively.

(C) MNIST handwritten input image with background noise. The digits have resonant wavelength 1,, while 14 and A3 are applied as background noise.
(D) Multispectral image processing using the MOSR filter, designed at the resonant wavelength of 1.44 um (12).
(E) Multispectral image classification and predicted result using a neural network.

For this simulation, three resonant wavelengths (11 = 1.29 um,
A2 = 1.44 ym, and A3 = 1.63 pm) were selected from the calcu-
lated absorption spectra. The absorption characteristics of the
MOSR were analyzed as a function of t,,s;, at 0 nm, 60 nm, and
140 nm in both metallic and insulating states (Figure 4B). In the
dedoped insulating state (—1 V), the MOSR exhibited high reflec-
tance. Upon applying an electrical input, the MOSR transitioned
to the metallic state (+1 V), triggering Tamm plasmon resonance,
which led to significant absorption at the target wavelengths,
reducing reflectance to near-zero. The MOSR devices with three
resonant wavelengths of 14, A2, and A3 demonstrated optical syn-
aptic weight modulation of 94%, 96%, and 92%, respectively.
This confirms that the device’s reflectance can be electrically
switched between the insulating and metallic states.

Figure 4C displays the input MNIST handwritten digit at the
three resonant wavelengths. The digits were represented at A,,
while gaussian-distribution noise with a factor of 30 was applied
at A and A3.*°"°" For visualization, 1; was mapped to cyan, 1, to
yellow, and A3 to magenta. The multispectral noise pattern was
initially converted into a reflectance dataset, assuming complete

6 iScience 28, 111800, February 21, 2025

reflectance (100%) across all wavelengths. Prior to MOSR
filtering, classification accuracy for the multispectral noise
pattern was 61.2%, making MNIST digit recognition infeasible.
After passing through the MOSR filter with a t,5; of 60 nm (Fig-
ure 4D), the target wavelength (12), corresponding to the digit re-
gion exhibited strong resonance. This resonance allowed the
MOSR to fully absorb A2, reducing its reflectance to nearly zero
and demonstrating its capability for effective selective informa-
tion processing. Due to the high Q-factor, the reflectance of
non-target wavelengths (A1 and 13) remained stable, while the
reflectance of the target wavelength (A2) was precisely modu-
lated. Following the application of +1 V to the MOSR filter, clas-
sification accuracy improved significantly to 95.3%. After 100
epochs of training, filtering led to a 34.1% increase in accuracy
for A». Additional reflectance simulations based on data for the
three t,s; MOSR further validated the outcomes. The other reso-
nant wavelengths, 24 and A3, showed accuracy improvement of
34.2% and 34.1%, respectively, compared to the non-filtered
condition (Figure S14). Conversely, applying —1 V can obscure
the digit information, reducing accuracy to 63.6%, and rendering
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the digits nearly unrecognizable. This demonstrates the efficacy
of the MOSR in selective information processing. The confusion
matrix for MNIST classification after 100 training epochs is
shown in Figure 4E. The results confirm that effective information
extraction and selective in-sensor processing can be achieved
with low-power operation using the MOSR filter.

DISCUSSION

In conclusion, we have developed a highly adaptable multispec-
tral free-space image processing system that focuses on
denoising using active Tamm plasmon resonators operating un-
der sub-1-volt conditions. The precise impedance matching
allows for selective spectral processing, providing a design strat-
egy for selective wavelengths for efficient noise reduction across
a wide multispectral range. Its tunability, coupled with neuromor-
phic capabilities such as long-term potentiation and depression,
enables adaptive modulation and high-performance filtering,
making it well-suited for complex image processing tasks. Addi-
tionally, we demonstrated the stability of 256 synaptic weights
from continuous electrical pulse inputs based on the high
modulation depth of the active Tamm plasmon resonator and
the non-volatile memory property of PEDOT:PSS, showcasing
long-term memory and non-volatile behavior. Also, a high
Q-factor ensures effective multispectral filtering without interfer-
ence from unwanted signals. The partial doping of PEDOT:PSS
facilitates dynamic transitions between metallic and dielectric
states, further enhancing its responsiveness to varying spectral
conditions. This adaptability not only improves noise reduc-
tion but also significantly enhances spectral filtering and con-
trast, representing a major advancement in optical computing
technologies.

Looking forward, we envision our suggestion providing a foun-
dation for adaptable free-space optical computing. By inte-
grating a variety of optically active materials, the platform can
be customized to suit specific target applications, allowing for
the appropriate selection and use of materials based on the
desired functionality.®>°® Additionally, with further integration
of interconnected configurations, such as addressable diffrac-
tive filters, the proposed platform could support advancements
in real-time data processing, autonomous systems, and immer-
sive visual technologies. Also, these features align with the re-
quirements of advanced imaging systems, such as biomimetic
vision models, which demand precise spectral filtering and
high contrast in dynamic environments.®”-°® The resonator en-
hances multispectral imaging by isolating diagnostically relevant
wavelengths, improving signal-to-noise ratios, and facilitating
the detection of subtle biomarkers, leading to better outcomes
in advanced endoscopic applications and early cancer detec-
tion.®9°" Its compact, energy-efficient design supports inte-
gration into portable diagnostic platforms, enabling minimally
invasive procedures, point-of-care diagnostics, and real-time
adaptive imaging systems.®?

Limitations of the study

The current study encounters integration limitations due to the
reflective filtering structure employed to achieve the high-Q
Tamm plasmon on/off state. From an image processing stand-
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point, two primary constraints arise: (1) the relay of components
within the system, and (2) the expansion of the operational spec-
tral range with diverse tuning devices. These challenges under-
score the need for further development to facilitate seamless
integration and broader spectral adaptability in future applica-
tions.'® Additionally, the planar surface of the Tamm plasmon
resonator provides only intensity modulation, limiting the sys-
tem’s ability to form high-dimensional interconnections with mul-
tiple filters. The complex modulation of light, including both in-
tensity and phase, with adaptive functionality may significantly
enhance diffractive interconnections in free-space computa-
tional systems.'®%° The advancement of diffractive interconnec-
tions with synaptic characteristics could significantly enhance
the potential for adaptive image processing without the need
for post-processing. Contamination and fabrication inconsis-
tencies further challenge the reliability and reproducibility of
PEDOT:PSS-based systems. Scattering-type Scanning Near-
Field Optical Microscopy (s-SNOM) offers nanometric resolution
for mapping permittivity and refractive index, making it an effec-
tive tool for nanoscale chemical imaging, plasmonic effect
observation, and defect analysis in thin films.®*° Integrating
s-SNOM into fabrication processes can provide real-time feed-
back, enabling precise adjustments, improving material unifor-
mity, and reducing variability. These measures are critical for
ensuring consistent performance and scalability in future appli-
cations. Despite these limitations, the proposed system estab-
lishes a foundation for scalable and energy-efficient optical im-
age processing. Future research will focus on improving
component relay architecture and expanding the spectral range,
with the next step likely heading toward addressable diffractive
structures for enhanced functionality.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Origin 2022 Origin lab https://www.originlab.com/

MATLAB R2013b Mathworks https://www.mathworks.com/

RSoft Synopsys https://www.synopsys.com/

Python 3.10.12 Python Software Foundation https://www.python.org/

TensorFlow 2.17.0 Google https://www.tensorflow.org/

NeuroSimV3.0 (Nonlinearity) Georgia Institute of Technology https://github.com/neurosim/
MLP_NeuroSim_V3.0

Others

E-beam evaporator Korea Vacuum Tech http://www.koreavac.com/index.php

UV-VIS-NIR spectrometer Jasco Inc. https://jascoinc.com/

Potentiostat PalmSens https://www.palmsens.com/

METHOD DETAILS

Optical simulation

A commercial software (DiffractMOD, RSoft Design Group, USA), utilizing a rigorous coupled-wave analysis (RCWA) method, was
employed to calculate the reflectance spectra and the electric field/absorption profiles of active Tamm plasmon. In the optical simu-
lation, the diffraction was considered up to second order and a 0.2 nm grid size was utilized to obtain stable optical efficiency. The
complex refractive indices of PEDOT:PSS, obtained from the literature,?® were employed for accurate spectral results in the optical
simulation of NIR range. The effective complex refractive indices of Pr-Si and Au membrane were calculated using commercial
MATLAB software (MathWorks, USA) based on the volume averaging theory.®”"°

Optical characterization and measurement

The reflectance spectra and optical neuromorphic properties of the fabricated samples were analyzed using a UV-VIS-NIR spectrom-
eter (V-770 EX, Jasco Inc., Japan). Additionally, a potentiostat (PalmSens4, PalmSens, Netherlands) was used to perform electro-
chemical in situ doping and dedoping procedures during the measurement process, as illustrated in Figure S15, supplemental
information.

Electrochemical setup and measurement

The electrochemical setup consists of a potentiostat (PalmSens4, PalmSens, Netherlands), a reference electrode (silver/silver-
chloride, Ag/AgCl), a counter electrode (Pt mesh), and an electrolyte (0.1 mol L~' TBAPFg in acetonitrile). The electrolyte was
prepared by dissolving the tetrabutylammonium hexafluorophosphate (TBAPF-6, Sigma Aldrich) in acetonitrile (anhydrous
99.8%, Sigma Aldrich).

Fabrication of active Tamm plasmon

To fabricate the active Tamm plasmon resonator, a DBR, formed with three pairs of insulators (SiO,/SisN,4), was deposited on a glass
substrate using plasma-enhanced chemical vapor deposition (PECVD, System 100, Oxford, USA). The Pr-Si was deposited by elec-
tron beam evaporation (KVE-E2000, Korea Vacuum Tech Co., Korea) using the GLAD technique, employing a customized slanted
sample holder at a deposition angle of 70°. Additionally, a supporting bar on the slanted sample holder was utilized to control the
thickenss variation of the last layer (Pr-Si). Subsequently, Pr-Si was treated with oxygen plasma using a reactive ion etch system
(RIE, PLASMA LAB80, Oxford Instruments, UK) to form the hydroxyl groups for the hydrophilic surface. Then, PEDOT:PSS was
spin-coated onto the surface of the Pr-Si at 800 rpm for 30 s and dried at 120°C for 15 min to remove the residual solvent. A poly-
tetrafluoroethylene syringe filter with a pore size of 0.45 um was used to filter the aqueous dispersion of PEDOT:PSS (PH1000, Her-
aeus Clevios, USA). A porous Au nanomembrane was also deposited using the GLAD technique. Before Au deposition, 3.5 nm of
porous Cr layer was deposited as an adhesion layer. The subwavelength scaled nanocolumns exhibit effective medium character-
istics, suppressing higher-order diffraction.
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Neural network simulation and implementation

The neural network was implemented using Python Software (Python Software Foundation, USA) and TensorFlow API (Google, USA).
Atotal of 5,000 training images and 1,000 test images were selected from the MNIST dataset. Background noise with a noise factor of
30 was added to simulate environmental conditions. The dataset was further preprocessed by applying wavelength-specific reflec-
tance at 1.29 um, 1.44 um, and 1.63 um. Denoising was conducted based on the corresponding reflectance values at each wave-
length, and the images were subsequently converted to grayscale to express the reflectance values. The neural network architecture
consists of a flattened input layer (28 x 28) and a dense output layer with 10 neurons for digit classification (0-9), using softmax acti-
vation. Training was performed with the Adam optimizer (learning rate of 0.0001) for 100 epochs, with a batch size of 32, and sparse
categorical cross-entropy as the loss function. Model performance was evaluated using a confusion matrix after the final epoch, and
accuracy trends were monitored and analyzed across all epochs.

Porosity modulation based on volume averaging theory (VAT)
The effective refractive index of the material is calculated using volume averaging theory (VAT):®”

= (s V)
1 aevme),
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where
A=¢(n5 — K +(1 — ) (N2 — K2), B =2ngkgd+2ncks(1 — &).

Here, nes and ke is the effective refractive index and effective extinction coefficient. The symbols n. and ny denote the refractive
indices of the continuous and dispersed phases, respectively. Similarly, k. and k4 represent the extinction coefficients of both
phases. The symbol ¢ corresponds to the porosity.

Weight nonlinearity model
The nonlinearity behavior of the weight update processes is defined as follows:**

Rure = B'(1 - GXD(—;))+Rmin

RLTD = — B(1 — eXp<P — %)) +Rmax

(Rmax - Rmin)

(1-e(-%))

where R tp and R_rp denote the reflectance during LTP and LTD processes, respectively. The reflectance changes with number of
pulses (P). The experimental values Rmax and Rmin represent the highest and lowest reflectance. The parameter A controls the nonlin-
earity, while B is a function of A.

B =

Symmetricity calculation
Symmetricity is defined as the inverse of the symmetric error as follows:”"

1

Symmetricity = —
4 y symmetric error

Symmetricity error =

)

= (Rutk) — Ru(2n — k) _ CR(R(k) — R(2n — K))?

k=1 n n(Rmax - Rmin)z
where
R(k) - Rmin
Ryk) = =—————.
N( ) Rmax - Rmin

Here, R(k) represents the reflectance at the k' state. Symmetricity representing equivalent changes during both potentiation
and depression. Rmin and Rmax denote the minimum and maximum reflectance values, respectively, and Ry(k) indicates the
normalized reflectance.
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Paired-pulsed facilitation equation
The PPF index equation is defined as follows:”?
At

PPF index = Ay exp (— §) +A, exp (_ ?),
1 2

Here, Ay and A; are the initial facilitation magnitudes, and 71 and 7, are the relaxation time constants of the two phases, respectively.
The symbol At represents the pulse interval time.
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