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Sub-1-Volt Electrically Programmable Optical Modulator
Based on Active Tamm Plasmon

e

Joo Hwan Ko, Dong Hyun Seo, Hyeon-Ho Jeong, Sejeong Kim,* and Young Min Song*

Reconfigurable optical devices hold great promise for advancing high-density
optical interconnects, photonic switching, and memory applications. While
many optical modulators based on active materials have been demonstrated,
it is challenging to achieve a high modulation depth with a low operation
voltage in the near-infrared (NIR) range, which is a highly sought-after
wavelength window for free-space communication and imaging applications.

Here, electrically switchable Tamm plasmon coupled with

poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is
introduced. The device allows for a high modulation depth across the entire
NIR range by fully absorbing incident light even under epsilon near zero
conditions. Optical modulation exceeding 88% is achieved using a
CMOS-compatible voltage of +1 V. This modulation is facilitated by precise
electrical control of the charge carrier density through an electrochemical
doping/dedoping process. Additionally, the potential applications of the
device are extended for a non-volatile multi-memory state optical device,
capable of rewritable optical memory storage and exhibiting long-term
potentiation/depression properties with neuromorphic behavior.

1. Introduction

Reconfigurable optical modulators play a pivotal role in build-
ing various components in integrated photonics, such as opti-
cal interconnects, photonic switches, and optical memories.['™*!
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Conventionally, optical modulation has
been achieved using the electro-optic effect,
which changes the refractive index in re-
sponse to an applied electric field; however,
the electro-optic coefficients observed in
native materials are typically small.>*]
Alternatively, a particularly promising av-
enue lies in utilizing active materials that
can modulate carrier densities, allowing
for the direct manipulation of plasmonic
effects and transforming material opti-
cal constants.”>1% To this point, a wide
range of materials have been thoroughly
investigated as viable candidates for ac-
tive materials; however, the challenge of
fulfilling various requirements to create
an efficient reconfigurable component
still remains.[!'"13] Several key criteria
include compact physical size, easy device
fabrication, and a high modulation depth,
preferably with low operation voltage.!-14-16]
Additionally, a non-volatile nature is pre-
ferred due to its ability to decrease energy
consumption resulting from its pulsed
operation.['1] An electrical switching capability is also favorable
as it would facilitate the simultaneous control of multiple optical
modulators at the device level.

However, achieving complete on-off optical modulation re-
mains a challenge in any material system, and this task becomes
increasingly difficult in the near-infrared (NIR) region.’] The
complexity arises because the plasma frequency (w,) for typi-
cal active materials is higher than NIR, resulting in ineffective
modulation due to a diminutive absorption coefficient.[®1017:20.21]
Therefore, many optical modulators have only achieved a high
modulation depth at mid-IR or longer range.l>°2>%4] In order to
address this issue, it is important to thoroughly select both the
active material and the device geometry, as both aspects impact
the performance of the modulator.

Among many promising active materials, the mate-
rial of the focus in this study is a poly (3,4-ethylene-
dioxythiophene):polystyrene sulfonate (PEDOT:PSS), a tunable
conductive polymer. The PEDOT:PSS can efficiently switch be-
tween metallic and insulating states through applied voltages of
less than 1 V. Furthermore, its non-volatile state and the presence
of bistability collectively open up a multitude of opportunities
for its use in photonic devices.['>?! Despite its potential as an
active material, standalone PEDOT:PSS lacks the level of light-
matter interaction required to attain full on-off operation. These
challenges have been addressed through various approaches,
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such as plasmonic resonators or Mie resonators, both derived
from nanoantennas and coupling states. Nevertheless, even
with these structures, the suboptimal metallic property (low
extinction coefficient) of PEDOT:PSS in the NIR not only results
in inadequate light-matter interaction but also entails complex
and costly manufacturing processes. As an alternative, Tamm
plasmons have recently emerged as fascinating platforms, har-
nessing their subtle metallic properties to efficiently absorb light
through the precise matching of conjugate impedance, even
with non-sophisticated planar structures.[26:?7]

Here, we report a near-unity optical modulation using elec-
trically controllable Tamm plasmon (ECTP) coupled with PE-
DOT:PSS. Tamm plasmon mode appears when the optical struc-
ture consists of a planar metal and a distributed Bragg reflector
(DBR).I26%] The optical mode is concentrated at the metal-DBR
interface; thus, the insertion of an active layer at the interface
allows incident light to effectively respond to any change in the
active material. PEDOT:PSS possesses optical characteristics that
facilitate efficient and rapid conversion between a lossless state
(i-e., dielectric) and an absorption state (i.e., metallic), with a o,
in the high frequency of 1300 nm. Through the utilization of ad-
vantages from the Tamm plasmon-coupled active material, we
achieved an experimental modulation depth of 88%, while the
theoretical value projects this value to surpass 99%. To the best
of the authors’ knowledge, this is the highest modulation depth
achieved at a frequency higher than the plasma frequency. Our
device also maintains a high modulation depth across a broad
spectrum range spanning from 800 to 2500 nm. This remark-
able modulation depth is attributed to the combination effect
from both the design, which involves an impedance-matched
Tamm plasmon cavity, and the material, which possesses a non-
negligible extinction coefficient (k) value. The device presents a
high modulation depth at @ > w,, only using sub-1-volt input volt-
age, compatible with the conventional CMOS voltage standard of
3.3 V.'5] Finally, this work extends to the practical demonstration
of PEDOT: PSS-based devices: an optical memory and an opti-
cal neuromorphic device. The hysteresis curve in response to the
applied cyclic voltage is measured. An array of modulator cells
that are electrically programmable and optically readable mem-
ory is demonstrated. Finally, the photonic neuromorphic system
showing optical long-term potentiation (LTP) and long-term de-
pression (LTD) is experimentally verified. This work paves the
path for the advancement of reconfigurable optical components.

2. Results and Discussion

2.1. ECTP with High Modulation Depth

The schematic illustration in Figure 1a shows the ECTP array
with counter electrodes (CE) and working electrodes (WE). Each
ECTP cell has the ability to control the reflectivity from nearly
zero to one by adjusting the applied voltage from +1 Vto -1V
(Figure 1a, inset). Figure 1b shows the chemical structures of PE-
DOT:PSS in its insulating and metallic states. The potential of
the polymer causes doping (+1 V) and de-doping (—1 V), effec-
tively regulating the carrier density to reach ~6.5 x 10 cm~ in
the metallic state.[>] Figure 1c describes the detailed Tamm plas-
mon structure consisting of three layered parts, i.e., i) DBR on
ii) PEDOT:PSS active layer and iii) Au membrane. As depicted in
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Figure 1c, the strong electric field is confined at the interface be-
tween DBR and PEDOT:PSS when PEDOT:PSS is in the metallic
state, resulting in strong light absorption and narrow linewidth
in the spectrum. In the insulating state, the electric field extends
beyond the PEDOT:PSS layer, causing the incident light to be re-
flected by the Au layer. This distinctive response results in a high
level of modulation in reflectance, surpassing 99% in numerical
simulation (Figure 1d).

The modulation depth achieved in this work is compared
to the values from previous works and displayed in Figure le.
The ECTP structure demonstrates higher modulation depths
compared to other optical reconfigurable photonics systems re-
liant on tunable materials, such as conducting oxides (e.g., in-
dium tin oxide (ITO)®*!% and indium silicon oxide (ISO)\?%)),
graphene,|?2232l and phase change materials (e.g., germa-
nium antimony tellurium (GST),33-3¢1 VO,[2202L37]) " While
numerous tunable devices comprising active materials inte-
grated with nanophotonic structures have demonstrated modu-
lation capabilities,[2%-2835388] the inherent limitations impede the
achievement of complete modulation efficacy. Some fundamen-
tal drawbacks include that the charge accumulation (or deple-
tion) layer of conducting oxides is extremely thin, implicitly in-
dicating the weakness of field-matter interaction.*>’] Graphene-
based modulators have achieved significant modulation depth;
however, their plasma frequencies (w,) fall within the IR-THz
range, making them unsuitable for optical modulators in the
NIR range.l*] In this work, the modulation depth theoretically
exhibits 99% across the NIR range (4,., = 800-2500 nm), while
the experimental result shows 88% and 80% at 4,., = 1500 and
970 nm, respectively (Figures S7 and S8, Supporting Informa-
tion). We acknowledge that we presented the measured modula-
tion depth as maximum values. At this point, slight variations
from uniformity issues occurred during the spin-coating pro-
cess, and these will be discussed in the structural analysis sec-
tion (Figure 3f). The enhanced modulation depth can primarily
Dbe attributed to three factors. First, the robust light confinement
facilitated by the Tamm plasmon allows for strong light absorp-
tion, even with the suboptimal metallic property (i.e., e, ~ 0) of
PEDOT:PSS. Second, the lossless state (real part of the dielectric
function, e, > 1) of PEDOT:PSS ensures maximum light reflec-
tion. Third, the higher @, (1300 nm) of PEDOT:PSS compared
to other active materials (Table S1, Supporting Information) al-
lows the device operation in the shorter NIR range. Notably, only
this work achieves a high modulation depth of over 50% under
the conditions where ¢, is positive, and the target resonance fre-
quency is over w,. In addition, low operational power is vital
for compatibility with standard CMOS operations (<3.3 V). In
this regard, Figure 1f shows that PEDOT:PSS stands out with
its small operating voltage (+1 V). Furthermore, on the x-axis,
the @, of each material is depicted. Among them, the w, of PE-
DOT:PSS is distinguished by having the highest value, enabling
its applicability to the short wavelength range around the NIR
region.

2.2. Computational Modeling of Active Tamm Plasmon
Figure 2a shows a structure illustration used for the com-

putational modeling of active Tamm plasmon (Note 1 and
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Figure 1. Electrically controllable Tamm plasmon (ECTP) resonator with high on/off modulation ratio. a) Schematic illustration of the ECTP array. From
the top to the bottom, each cell consists of a distributed Bragg reflector (DBR), poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate (PEDOT:PSS),
and Au membrane. Each ECTP cell is controlled by a working electrode (WE) and a counter electrode (CE). The inset shows on/off operation by alternating
between the mirror and Tamm plasmon states using a sub +1V operational voltage. b) The molecular configuration of PEDOT:PSS and its electrically
switchable optical state, alternating between insulating and metallic states. c) Schematic cross-sectional illustrations with structural details and the
electric field profile when the cell operates as a reflector and an absorber, respectively. In the Tamm state, the electric field is strongly confined to the
PEDOT:PSS layer. d) Simulated absorption spectra at the target wavelength, 1500 nm, where the ECTP exhibits full reflection (ON, insulating state)
and nearly unity absorption (OFF, metallic state), respectively. e) Comparison of the modulation depth of various actively tunable photonic devices.
The operating frequency (w) is divided by each active material’s plasma frequency (w,). f) The operational voltages for active materials utilized in the
reference papers in (e) and their working wavelength range.
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Figure 2. Structural analysis of ECTP with optical switching mechanism. a) A schematic depicting the Tamm plasmon resonator used in optical cal-
culation. b) Equivalent conjugate-matching circuit. c) Optical impedances (Z/Z;) as functions of wavelength (Re and Im indicate real and imaginary
components, respectively). d) Complex refractive index of active materials. e) Simulated electric field (left) and absorption profile (right) using the

PEDOT:PSS in its metallic state.

Figures S1-S5, Supporting Information). The DBR is stacked
with three pairs of SiO,/Si;N, on the last layer (Si;N,). For the
Tamm plasmon state, the resonant wavelength (4,..) should be
placed at the center wavelength of the stop band driven by DBR.
The thickness of the DBR layer can be obtained by calculating
the quarter wavelength in the medium, for example, t = A, /4n,
where n is an effective refractive index of the DBR. The equa-
tion yields thickness values of 259 and 188 nm for SiO, and
Si;N, at a resonance wavelength (4,.) of 1500 nm. Subsequently,
the thickness of the last layer (t,), 83 nm, was obtained from
the following relation:*!) 1 — rpppor pss Tppr€XP (2ikNy,b,g) =~
0, where rprpor: pss 1S the reflection coefficient of a wave incident
on the PEDOT:PSS and rp;, is the reflection coefficient of a wave
incident on the DBR from Si; N, lastlayer. Next, we optimized the
impedance by using an equivalent conjugate-matching circuit to
achieve narrowband and unity absorption. Conjugate impedance
matching is a standard method in transmission line theory that
aims to optimize power transfer from the source to the load, lead-
ingto arelation expressed as Zppporpss = Z ppr» Where Zppporpss
is the impedance of the PEDOT:PSS layer, and Z* gy is the con-
jugate impedance of the DBR surface. The equivalent circuit di-
agram of Figure 2a is illustrated in Figure 2b for the conjugate-
matched transmission line model of the ECTP structure. By con-
sidering metallic PEDOT:PSS as a modeling layer, we calculated
Zprporpss and Z*ppr . Figure 2c shows numerically calculated real
and imaginary parts of optical impedances, where Z, =4/4,/¢,
is the vacuum impedance and p, and ¢, represent the vacuum
permeability and permittivity, respectively. The imaginary part of
the optical impedance has opposite values between DBR and PE-
DOT:PSS, while the real parts have the same values at 1500 nm.
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This leads to an optical Tamm state at the interface between DBR
and PEDOT:PSS, enabling near-perfect absorption. In these con-
ditions, the Tamm state’s presence is ensured because the optical
impedance of a surface is directly tied to the material’s topologi-
cal properties in the bulk, mediated by the geometric phases (i.e.,
Zak phase) in its photonic bands.[*?!

The range of possible changes in refractive index for various
active materials including PEDOT:PSS, GST, ITO, and VO, is
displayed in a complex refractive index diagram as shown in
Figure 2d. Based on the ¢, value (¢, = n? — k?), the domain is
classified into three sectors: metallic (¢, < 0), dielectric (¢, > 0),
and epsilon near zero where ¢, is between —1 and 1. Notably, only
PEDOT:PSS exhibits varying optical properties across both the
metallic and dielectric regions, leading to efficient on/off modu-
lation of Tamm plasmons. In contrast, ITO, VO,, and GST ex-
clusively vary their optical properties within the dielectric do-
main, resulting in a small modulation depth. Figure S9, Support-
ing Information shows numerically simulated absorption spec-
tra, demonstrating the theoretically attainable maximum on/off
ratio, when the active layer of the device is replaced with PE-
DOT:PSS, VO,, GST, and ITO. Materials apart from PEDOT:PSS
show reduced modulation depth, and ITO has an inherent draw-
back due to its extremely thin (<2 nm) charge accumulation layer,
hindering efficient absorption in the Tamm state.l’] Figure 2e
depicts the simulated electric-field magnitude profiles and ab-
sorptance at the resonance wavelength. The electric field profile
shows a distinct standing-wave pattern, with the highest intensity
appearing at the interface between the DBR and the PEDOT:PSS
(a metallic state) layer. It is important to note that Tamm plasmon
fully absorbs the confined electric field placed at the interface of

© 2024 Wiley-VCH GmbH

85U SUOWILLIOD BAIER1D 3|ceotidde au} Aq peuenob a1 SapiLe VO '8N 4O S3|NI 10} AReIGIT BUIUO B]IM UO (SUORIPUCO-PUR-SWSIALIOD™AB| 1M AReIq] 1)U UO//SURU) SUORIPUOD PU. SWL L 33 88S *[¥202/T0/60] U0 AR1q1 8ulluO A1 ‘(1S19) ABojouyoe L pue e s Jo iniisul niBuems Aq 9550TEZ0Z BLIPR/Z00T ‘0T /I0P/W0d" A3 1M A g jeul|uo//Sdiy Lol papeo|umod ‘0 ‘Se0vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a metallic layer, even in weak metallic property of PEDOT:PSS
in NIR wavelength range. The electric field and absorption pro-
file in the insulating state are presented in Figure S10, Support-
ing Information. Also, the characteristics of the Tamm plasmon
mode are influenced by adjustments to the DBR layer configura-
tion, specifically the material combination (refractive index con-
trast of DBR) and the number of DBR pairs. These modifications
not only impact the sharpness of the Tamm plasmon mode but
also its angular dependency (Figures S11 and S12, Supporting
Information).[2¢]

2.3. Structural Analysis of ECTP with an Optical Switching
Mechanism

Figure 3a illustrates the schematic of an ECTP unit cell with
charge carriers. The blue and orange circles represent counteri-
ons and electrons, respectively. The arrows in the figure indicate
the exchange of charge carriers during the doping and dedop-
ing process. The PEDOT:PSS layer absorbs and releases counte-
rions to maintain charge balance corresponding to the electron
transfer associated with the positive and negative voltage, respec-
tively. Figure 3b shows that the porous Au layer facilitates the
movement of counterions between the electrolyte and the PE-
DOT:PSS layer, whereas the dense Au layer blocks the counte-
rion exchange. The porous Au layer, deposited by the glancing
angle deposition (GLAD), exhibits minimal degradation of elec-
trical properties (three times degraded), and its surface rough-
ness is merely 2-4 nm compared to the dense Au layer.*>*] As
a proof of concept, we measured current against applied volt-
age (versus Ag/AgCl) for different metal structures (dense and
porous Au). Figure 3c shows the cyclic-voltammetry plot of the
ECTP with a porous layer (red line) and without it (blue line).
The ECTP incorporating a porous Au layer exhibits a peak cur-
rent 13 times higher than the one without it. This significant in-
crease in peak current indicates the fast ion exchanges through
Au nanocolumns. We have also experimentally verified that the
porous Au layer maintains a high level of reflectance similar to
that of a dense Au layer, indicating that the porosity does not
degrade the quality of the Tamm state (Figure S13, Support-
ing Information). Furthermore, the ECTP with porous Au ex-
hibited a notable increase in switching time, recording 339 and
237 ms during dedoping and doping processes, respectively, as
opposed to the Tamm plasmon with dense Au (Figure S14, Sup-
porting Information). However, the switching time of the ECTP
appears relatively sluggish when compared to the PEDOT:PSS-
based metasurface, primarily due to constrained ion exchange.
In our pursuit of enhancing the modulation speed for ECTPs,
we propose the removal of the Au reflector and the insertion
of a conducting layer with ITO between the PEDOT:PSS and
DBR layers. This modification results in an improved response
time, measured at 221 and 181 ms, while maintaining a 70%
modulation depth (Figures S14 and S15, Supporting Informa-
tion). Additionally, recent studies have reported improvements
in the switching speed of electrochemical devices based on PE-
DOT:PSS by introducing an ion membrane into the polymer
channel. This approach reduces the moving distance of ions par-
ticipating in electrochemical reactions, thus enhancing the dop-
ing/dedoping speed.[*’! Building on these efforts, it is antici-
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pated that further improvements in modulation speed can be
achieved.

Figure 3d is a cross-sectional scanning electron microscopy
(SEM) image demonstrating alternating layers in the ECTP unit
cell. The top view SEM images show a smooth surface for dense
Au (upper right) and a textured surface for porous Au (bottom
right). Due to the enhanced permeability of the counterion in
ECTP with porous Au, the redox process is promoted due to the
fast exchange of counter ions, resulting in complete modulation
of complex refractive index (Figure 3e). When the oxidation re-
action occurs, the k value is significant, indicating the material
exhibits metallic behavior, while the reduction reaction results in
a material with nearly zero, revealing its dielectric properties. In
the metallic state, the k value tends to decrease as the wavelength
gets shorter, implying the difficulty of achieving an efficient light
modulator in the shorter wavelength range.

A 4-inch wafer-scale ECTP array is fabricated based on the pro-
cess advantage that each layer can be constructed using scalable
fabrication methods, as shown in Figure 3f (see Methods). We
note that PEDOT:PSS offers a flexible and customizable scaling
factor (Figure S16, Supporting Information). Also, the previous
works provided substantial support for the potential scaling down
of our structure to the tens of nanometer scale.'>* Figure 3g
displays experimentally obtained absorption spectra (solid lines)
from a single ECTP cell. These results closely match with the
numerically predicted curves (dotted lines) in terms of both line
shape and peak values. The ECTP cell is used to showcase individ-
ually addressable ECTP cells, forming letters “AND,” “OR,” and
“NOT” as shown in Figure 3h. A detailed explanation of passive
matrix addressing is provided in Figure S17, Supporting Infor-
mation. Each pixel demonstrates a consistently similar reflected
intensity, with subtle divergences both between pixels and within
an individual pixel (see Figure S18, Supporting Information).
These discrepancies arise from the inherent non-uniformity as-
sociated with the spin coating method.*”] While this method
yields an overall uniform coating, its inherent non-uniformity
may present challenges in precision applications or during scal-
able fabrication. To address this concern, recent developments
in coating techniques for PEDOT:PSS have been introduced, es-
pecially those utilizing electrodeposition methods. Of particu-
lar note among these techniques are potentiodynamic deposi-
tion and galvanostatic deposition, both showing potential in im-
proving the observed low roughness in the PEDOT:PSS film.[*8]
We believe that these approaches could improve the uniformity
issues.

2.4. Electrically Triggered Optical Response and Programmable
Memory Functions

The suggested optical modulator has the potential for use in opti-
cal memory applications owing to the optical hysteresis reported
from PEDOT:PSS. Figure 4a depicts an illustrative picture out-
lining the concept of programmable ECTP, whereby electrical
pulses with positive and negative potentials are used to define the
information state within the cell. The inset of Figure 4a illustrates
the circuitry modeling of the photonic cell with electrical parts
(electrode and its relations). Figure 4b shows the reflectance data
points obtained during an increasing voltage sweep from —1 V
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Figure 3. Characterization of proton-based electrochemical reaction with Au membrane. a) lllustration of the unit cell of the ECTP. The porous Au
membrane facilitates counterion transport. b) Schematic of permeability of counterion over dense and porous Au film. c) Cyclic-voltammetry (CV) curve
of the ECTP with porous Au membrane (red line) and dense Au film (blue line) with a reference electrode (Ag/AgCl). d) Cross-sectional view of scanning
electron microscope (SEM) image (left) and top view SEM image (right) of ECTP with dense Au electrode and porous Au membrane. Scale bar is 500 nm.
e) Schematic of transport of counterion and electrochemical redox reaction under the applied voltage (top), and corresponding complex refractive index
change of PEDOT:PSS (bottom). f) Photo image of wafer-scale (4-inch) ECTP array. The inset shows an individual cell. The scale bar is 2 cm. g) Measured
and simulated absorptance spectra of ECTP under oxidized state (red line) and reduced state (blue line), respectively. h) Short-wavelength infrared (SWIR)
image of the passive-matrix-based individual cell with on/off function, which represents letters of “AND” (left), “OR” (middle), and “NOT” (right). The
scale bar is 3 mm.
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Figure 4. Electrically triggered optical response and programmable memory functions. a) Schematic illustration of an electrically programmable and
optically readable memory cell (top). Circuitry modeling of the memory cell based on electrochemically active polymer (bottom). b) Hysteresis curve of
reflectance-voltage (RV) with the memory operation (write, read, and erase). c) Variation of reflectance in response to cyclical input voltage. d) Memory
functions as optical logic under multiple cycles of write, read, and erase. ) Photo image of ECTP with pixelated cells (top). Sweep range of applied
voltage on each cell for the multi-bit memory function (bottom). f) RV hysteresis with different sweep ranges with four multi-memory states (left). SWIR
reflection image of four states (right). g) Measured reflectance of (f) and corresponding bit level (e.g., 00, 01, 10, and 17). h) Encoded pixel intensity
with binary/ASCII code and decoding result. The abbreviations of “Ch.,” “Bin.,” “Dec.,” and “Chr.” represent channel, binary, decimal, and character,
respectively. i) SWIR images with intensity tuning of ECTP under the NIR |||um|nat|on before and after 3 months.

to 1V followed by a decreasing voltage sweep, revealing a hys-  negative (—1 V) pulse for the “Write” operation, a positive (1 V)
teresis loop, that is, reflectance-voltage (RV) hysteresis.['>?l No-  pulse for the “Erase” operation, and paused at 0 V for the “Read”
tably, two clearly distinguishable reflectance values are obtained  phase in between. As shown in Figure 4d, the process clearly
at 0 V, exhibiting a non-volatile substantial intensity difference ~ demonstrated an electrically programmable and erasable read-
with 2#60% switching contrast (Figure 4b). These inherent prop-  only memory effect.

erties can be effectively employed and converted into digital sig- The large contrast observed in the “Read” phase values al-
nals, providing advantages in the fields of data storage and com-  lows for the implementation of multi-level memory by utiliz-
munication. Figure 4c demonstrates a modulation of reflectance  ing various maximum voltage values. For multi-channel, multi-
using a series of triangular input voltage signals. To demonstrate  level demonstration, we constructed a 4 x 4 ECTP cell array
non-volatile switching between on and off states, we utilized a  and attached them to the control board with an anisotropic
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conductive film pad for controlling the electric potential of each
cell (Figure 4e, top), where each channel deploys a different pro-
grammed electrical potential, thereby demonstrating four states
that collectively represents a 2-bit sequence (Figure 4e, bottom).
RV hysteresis loops with three different voltage sweep ranges
are shown in Figure 4f, demonstrating the four different reading
values at 0 V. The operation of a multi-level memory enhances
the memory capacity achievable within a single chip. At each re-
flectance reading at 0 V, the short-wave infrared (SWIR) cam-
era captured images with distinctly varying reflection intensities.
Figure 4g shows the acquired reflection intensity, which corre-
sponds to a 2-bit state represented by the binary combinations
00, 01, 10, and 11.

Finally, the ECTP array is used to encode and decode the Amer-
ican Standard Code for Information Interchange (ASCII) code.
We encoded the letters “GIST ECTP” in ASCII code by apply-
ing different voltage sweep ranges and then decoded the same
letter by reading the reflectance (Figure 4h). The specific voltage
sweep range used for the encoding process is provided in Figure
S19, Supporting Information. We note that our pixels have reli-
ably operated for over 3 months (Figure 4i); however, as shown
in the SWIR images, there appears to be a slight degradation.
Possible factors contributing to this may include the volume ex-
pansion of the polymer during switching and irreversible reac-
tions during electrochemical oxidation and reduction.[**] In this
context, the solubility of pristine PEDOT:PSS films in an aque-
ous environment is frequently regarded as a limitation, indi-
cating their incompatibility with such conditions. To illustrate
the lifetime of PEDOT:PSS in the face of repeated sweeping,
Karst et al. demonstrated degradation in photonic response over
290 cycles of sweeping.!'] Alternatively, material engineering
to enhance the cross-linking of PEDOT:PSS, additive materials
could improve the stability in aqueous environment, such as 3-
glycidyloxypropyl)trimethoxysilane.[*’] Nevertheless, it is also im-
perative to conduct a comprehensive examination of the optical
properties as well.

2.5. Synaptic Characteristics of ECTP

The innate efficiency and high-speed computing capabilities
of parallel and adaptive learning systems have gained sig-
nificant attention, surpassing the conventional von Neumann
architecture.>*>3] Optically non-volatile memory devices hold the
potential to enable the functionality of photonic neuromorphic
systems by allowing precise modulation and sustained mainte-
nance of photonic responses at specific states, guided by hystere-
sis behavior tied to applied potential and pulsed flux.'*1>>4 To
achieve a neuromorphic reaction similar to biological systems,
two critical aspects come into play: controllability and memo-
rability (Figure 5a). In this context, the ECTP device exhibits a
broad range of resistance-voltage (RV) hysteresis, enabling pre-
cise control of multiple memory states. Furthermore, its non-
volatile property ensures effective retention of optical signals.
Much like biological synapses and neurons, the optical state of
ECTP is controlled by the counterion corresponding to the ap-
plied voltage (Figure 5b, left). The modulation strength is deter-
mined by the prior optical state (Figure 5b, right), analogous to
how the strength of neural pathways (synaptic weight) between
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adjacent neurons in biological systems is influenced by neuro-
transmitter release and the previous information state, enabling
phenomena such as LTP and LTD.

To demonstrate the electrically controlled synaptic weight
change (i.e., reflectance change) of the ECTP, we investigated the
relationship between synaptic behavior and the number of elec-
trical pulses. Electrical inputs with a pulse width of 50 ms are
applied to achieve four stable synaptic weights. Initially, the rel-
ative reflectance started below 60%. Subsequently, pulses with a
voltage of —1 V (50 ms) were applied, resulting in four distinct
states of reflectance with potentiation properties, as depicted in
Figure 5c. To achieve depression of the optical signal, pulses with
a voltage of +1 V (50 ms) were administered, resulting in a grad-
ual decrease in intensity (Figure 5d). From the measurement, we
confirmed the optical state of ECTP is effectively controlled un-
der the pulse of 1 V and showed multiple states of reflectance.
Figure 5e represents the optical LTP and LTD behavior observed
during the application of 100 pulses at —1 V and +1 V with a fre-
quency of 5 Hz. Under the electrical potentiation pulse (=1 V),
the reflectance of ECTP is increased from 43% to 73%. On the
contrary, the reflectance decreases from the highest to 42% with
an electrical depression pulse (+1 V). The change of reflectance of
ECTP corresponds to the applied pulse for potentiation or depres-
sion and is distinguishable. The reflectance variation of ECTP ap-
proaches saturation at a pulse number of 50, and even after pro-
longed measurement involving over 100 pulses, it continues to
exhibit significant and persistent reflectance variation. Thus, the
type and number of applied electrical pulses determine the wide
range of optical state of ECTP. We believe that these characteris-
tics of the PEDOT:PSS-based photonic structure hold significant
potential for advancing the development of optical neuromorphic
systems in the NIR photonic computing/communicating appli-
cation.

3. Conclusion

In summary, this work demonstrated a highly efficient
PEDOT:PSS-based optical switch in the NIR range, achiev-
ing the highest reported modulation depth to date. The efficient
light absorption is achieved by maximizing the light-matter
interaction through Tamm plasmon, leading to strong light
confinement at the DBR/PEDOT:PSS interface. Despite having
intrinsically weak metallic properties (e, > 0) at @ > w,, Tamm
plasmon efficiently matches the conjugate impedance, resulting
in strong light absorption. The experimental results demonstrate
nearly complete absorption in the ECTP state and full reflection
in the dielectric state across the NIR range.

Remarkably, even under sub-1-volt operation, which is within
the CMOS-compatible voltage range (<3.3 V), the theoretical
modulation depth exhibits 99% across the NIR range (4,., = 800—
2500 nm), while the experimental result shows 88% and 80% at
Ares = 1500 and 970 nm, respectively. Additionally, applying cyclic
voltage induces a hysteresis loop with memory characteristics at
the target wavelength (4,., = 1500 nm). Exploiting this property,
we successfully demonstrate a programmable ECTP array capa-
ble of electrically encoding pre-programmed information, effec-
tively written with a 2-bit level memory state, and successfully
read out as ASCII code. ECTP’s experimental scalability facili-
tates production with a 4-inch wafer scale. The controllability and

© 2024 Wiley-VCH GmbH
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Figure 5. PEDOT:PSS-based neuromorphic behavior. a) Controllability and memorability of ECTP induced from the RV hysteresis loop. b) Schematic
illustration of ECTP unit cell mimicking the pre-/post-synaptic terminal. Reflectance variation representing c) optical potentiation and d) depression.
Voltage of each electrical signal (Vpotentiation: Vdepression) is applied for 0.05 s of triggered pulse and 3 s of relaxation. e) Long-term potentiation (LTP) and
depression characteristics (LTD) of ECTP under the electrical pre-synaptic terminal of 5 Hz.

memorability of ECTP are also leveraged in exploring its poten-
tial as a photonic neuromorphic application. The current state of
the electrochemical doping process of PEDOT:PSS achieves the
plasma frequency in the NIR range (~1300 nm) and further in-
vestigation for ultrahigh doping levels in metallic polymers can
open exciting possibilities for pushing their plasma frequency
into the visible wavelength range. Based on the approach, we an-
ticipate the ECTP platform to find expanded utility in multi-band
operable optical memory and spatial light modulators, maintain-
ing a high on/off ratio with low voltage operation.

The suggested ECTPs and their future engineering directions
exhibit remarkable applicability; however, certain issues must be
addressed for realistic applications. One notable concern is the
slow switching speed compared to immediately responsive ac-
tive materials like phase change/transition materials (e.g., GST
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and VO,)[>>3% or electron density tuning materials (e.g., ITO and
graphene).1%32] This characteristic may limit the practical appli-
cation as a switching function, particularly in components re-
quiring fast tuning, such as components in photonic circuits. On
the positive side, substantial advantages include freely selectable
scalability from the tens of nanometers scale to wafer scale and
low operating voltage, overcoming limitations seen in various
other tuning materials. In this context, we suggest considering
perspectives related to these characteristics, guiding the selection
of the active material and photonic structure by considering the
target application (Table S2, Supporting Information).

For example, leveraging ECTP, which enables close to 100%
intensity control, in conjunction with stacked phase-modulating
nanophotonics, could yield a complex spatial light modulator.>’]
This approach, when viewed from a downsizing perspective,

© 2024 Wiley-VCH GmbH
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holds the potential to address crosstalk and integration issues in-
herent in traditional spatial light modulators, providing a broader
optical field of view. Additionally, thanks to the intrinsic CMOS-
compatible property of PEDOT:PSS, integration into electronics
becomes feasible, contributing significantly to diverse fields such
as light detection and ranging (LiDAR) and the development of
immersive metaverse platforms. Anticipated expansions encom-
pass applications in holography, augmented reality (AR), and ex-
tended reality (XR) devices. In these applications, our proposed
demonstration aims to enhance the functionality of futuristic
electro-optic devices. For instance, the demonstrated multi-state
memorable property of a spatial light modulator could capture
preset configurations with diverse states. Additionally, the synap-
tic behavior, with the property of LTP and LID, holds the po-
tential for expanding its application into neuromorphic-function
integrated photoresponsive applications, that is, in photonic
computing.’8>°] Meanwhile, addressing the inherent issues of
PEDOT:PSS involves aiming for fast modulation times, stabil-
ity, and uniformity through material engineering. This includes
enhancing the ion-diffusion rate, preventing volume expansion,
and modifying the deposition method.[**¢*8] Another avenue to
explore is considering alternative materials, in this context, which
could expand the applicability of ECTP into stable function. Mate-
rials exhibiting rapid response times and controllable plasma fre-
quencies, such as heavily doped ZnO or doping-controlled con-
ducting oxides, open up intriguing possibilities.l®*®!! Finally, fur-
ther investigations on solid electrolytes will accelerate the devel-
opment of more reliable and safe electrochemical active photonic
cells,!9%63] bringing us closer to their application in end-to-end
commercial product packaging processes.

4. Experimental Section

Fabrication of ECTP:  To realize the designed ECTP, each layer was de-
posited in three steps. Using plasma-enhanced chemical vapor deposition
(PECVD, System 100, Oxford, USA), a DBR was formed with three pairs
of insulators (SiO,/Si;N,) and the last layer (Si;N4) on a glass substrate.
Then, the last layer (Si3N,) was treated with oxygen plasma using a re-
active ion etch system (RIE, PLASMA LAB80, Oxford Instruments, UK) to
form the hydroxyl groups for the hydrophilic surface before the deposition
of PEDOT:PSS active layer. The aqueous dispersion of PEDOT:PSS (PH
1000, Heraeus Clevios, USA) was filtered using a polytetrafluoroethylene
syringe filter with a pore size of 0.45 um. Subsequently, the PEDOT:PSS
was spin-coated onto the surface of the last layer (Si;N,) at 650 rpm for
30 s, followed by drying at 120 °C for 15 min to remove the residual sol-
vent. To form a porous Au nanomembrane, the GLAD method was uti-
lized by electron beam evaporation (KVE-E2000, Korea Vacuum Tech Co.,
Korea) with a customized slanted sample holder at a deposition angle of
70°.[6485] As an adhesion layer, 3 nm of porous Cr layer was deposited.
Due to the subwavelength scale of the nanocolumns, the layer exhibited
characteristics of an effective medium, effectively avoiding higher-order
diffraction.[%¢67] For the array-patterned ECTP, following the stacking of
DBR, each cell's area was defined through a photolithography process.
Subsequently, PEDOT:PSS and Cr/Au electrodes were deposited. Finally,
the cell and electrodes were defined by a lift-off process. For photolithogra-
phy, the mask aligner (M)B3 UV400, Karl Suss, Germany), photoresist (AZ
5214, AZ Electronic Materials, Luxembourg), and pre-patterned Cr photo
mask were used (Figure S20, Supporting Information).

Optical Simulation for Design and Analysis of ECTP:  Commercial soft-
ware (DiffractMOD, RSoft Design Group, Synopsys, USA) based on rigor-
ous coupled-wave analysis was used to calculate the electric field profile
and absorption spectra of the ECTP. In the optical simulation, the diffrac-
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tion was considered up to second order, and a square grid size of 0.2 nm
was set to obtain stable optical efficiency. Materials dispersion and com-
plex refractive indices were also considered. The complex refractive in-
dices of Au, SiO,, SizNy, ITO, GST, VO,, and PEDOT:PSS were obtained
from the literature.['>8-75] To calculate the effective refractive index of the
porous Au membrane, volume averaging theory was used, and it was cal-
culated using MATLAB (Mathworks, Inc.).

Electrochemical Setup and Measurement: The electrochemical setup
was composed of a potentiostat (PARSTAT4000A, AMETEK, USA), ref-
erence electrode (silver/silver-chloride, Ag/AgCl), counter electrode (Pt
mesh), and electrolyte (0.1 mol L' TBAPF¢ in acetonitrile). The elec-
trolyte was prepared by dissolving the tetrabutylammonium hexafluo-
rophosphate (TBAPF-6, Sigma Aldrich) in acetonitrile (anhydrous 99.8%,
Sigma Aldrich).

Optical Characterization and Measurement: The absorption spectra
and optical hysteresis properties of the ECTP were analyzed employing
a UV-VIS-NIR spectrometer (LAMBDA 950, Perkin Elmer, USA). For SWIR
imaging, a SWIR camera (ABA-003VIR, Aval, Japan) was mounted with an
objective lens (NV5014SWIR, AZURE, China). SWIR imaging of the ECTP
was conducted at a normal angle of incidence while being illuminated
by a tungsten-halogen lamp as the light source, with the assistance of a
12.5 mm diameter bandpass filter (FBH051550-40, 1483-1617 nm, Thor-
labs, USA). The measured optical power density illuminating the ECTPs
was recorded at 15.8 W m~2, a level considered safe and unlikely to cause
damage to the PEDOT:PSS through photothermal effects (Note 2 and
Figure S6, Supporting Information). Additionally, electrochemical in situ
doping and dedoping procedures were performed during the measure-
ment process using a potentiostat (PalmSens4, PalmSens, Netherlands),
as illustrated in Figure S21, Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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