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Unraveling Polymer-lon Interactions in Electrochromic
Polymers for their Implementation in Organic

Electrochemical Synaptic Devices

Heejung Roh, Shuwen Yue, Hang Hu, Ke Chen, Heather J. Kulik,*

and Aristide Gumyusenge*

Owing to low-power, fast and highly adaptive operability, as well as scalability,
electrochemical random-access memory (ECRAM) technology is one of the
most promising approaches for neuromorphic computing based on artificial
neural networks. Despite recent advances, practical implementation of
ECRAMs remains challenging due to several limitations including high write
noise, asymmetric weight updates, and insufficient dynamic ranges. Here,
inspired by similarities in structural and functional requirements between
electrochromic devices and ECRAMs, high-performance, single-transistor and
neuromorphic devices based on electrochromic polymers (ECPs) are
demonstrated. To effectively translate electrochromism into electrochemical
ion memory in polymers, this study systematically investigates polymer-ion
interactions, redox activity, mixed ionic—electronic conduction, and stability of
ECPs both experimentally and computationally using select electrolytes. The
best-performing ECP-electrolyte combination is then implemented into an
ECRAM device to further explore synaptic plasticity behaviors. The resulting
ECRAM exhibits high linearity and symmetric conductance modulation, high
dynamic range (=1 mS or ~6x), and high training accuracy (>84% within five
training cycles on a standard image recognition dataset), comparable to
existing state-of-the-art ECRAMs. This study offers a promising approach to
discover and design novel polymer materials for organic ECRAMs and
demonstrates potential applications, taking advantage of mature knowledge
basis on electrochromic materials and devices.

1. Introduction

The human brain is considered the most
advanced model excelling at simultane-
ously executing complex tasks such as
sensing, reasoning, recognition, control,
and movement with minimal power con-
sumption (~20 W, while computers require
>12 times more energy just to recognize
a thousand objects).'*1 A typical fully de-
veloped brain consists of a network of
over 10" neurons, which transfer infor-
mation through discrete action potentials
or spikes. Biological neurons are intercon-
nected through ~10" synapses,* which
serve as storage elements for memory and
learning, working in highly parallel, energy-
efficient, and fault-tolerant fashion.>-®! In-
spired by this, artificial synapses with
co-allocation of memory and computing
have been utilized in various memory de-
vices that simulate associative learning.[-"]
Synaptic plasticity is typically emulated in
materials with tunable conductance via
training processes based on programmed
number, timing, frequency, and ampli-
tude of pre- and post-synaptic spikes.

H. Roh, A. Gumyusenge

Massachusetts Institute of Technology

Department of Materials Science & Engineering

77 Massachusetts Ave, Cambridge, MA 02139, USA
E-mail: aristide@mit.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202304893

© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202304893

Adv. Funct. Mater. 2023, 33, 2304893 2304893 (1 of 12)

S. Yue, H. ). Kulik

Massachusetts Institute of Technology
Department of Chemical Engineering

77 Massachusetts Ave, Cambridge, MA 02139, USA
E-mail: hjkulik@mit.edu

H. Hu, K. Chen

Purdue University

Department of Chemistry

West Lafayette, IN 47907, USA

H.J. Kulik

Massachusetts Institute of Technology
Department of Chemistry

77 Massachusetts Ave, Cambridge, MA 02139, USA

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202304893&domain=pdf&date_stamp=2023-07-12

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

During training of artificial synapses, the synaptic weights are
updated via material-dependent switching mechanisms:[* i) fil-
ament forming, ii) charge trapping, iii) ion migration, and iv) re-
versible electrochemical reaction.['*] Memory devices have thus
been developed including two-terminal resistive switches (mem-
ristors), phase change memory (PCM), resistive random-access
memory (ReRAM), magnetic random-access memory (MRAM),
and electrochemical random-access memory (ECRAM).['>14] De-
spite recent successes in synaptic devices based on such archi-
tectures, mostly utilizing inorganic materials, critical challenges
persist:1214 incompatibility with large-area scalable processing,
limitations in terms of processability of phase-pure structures,
limited scope of available mobile ionic species, and unsuitabil-
ity for direct integration with biological matter, limiting potential
use in bioelectronics applications. Specifically, asymmetric/non-
linear resistive switching, mostly due to stochastic nature of the
conductance tuning (most common during conductive filament
formation and rupture) is detrimental to device reliability and
learning accuracy.

Among these technologies, ECRAM devices have garnered
particular interest owing to their working mechanism based
on ionic insertion/extraction (analogous to biological memory),
their superior power efficiency, as well as their high-accuracy
computing.>7 Such ion-based memory has also served as
a platform for studying structure-property relationships, en-
abling researchers to explore learning behaviors in a variety
of electrolytic environments. As such, high-speed and high-
accuracy electrochemical synthetic synapses utilizing small-size
ions (e.g., H* and Li*) have been demonstrated.['*-2!] ECRAM-
based technologies have also been proposed for seamless inte-
gration with biology, given the similarity in the working mecha-
nism, as well as their low and body-safe driving voltages. Particu-
larly, organic-based ECRAMs have been studied as potent tools
for bio-abiotic communication such as brain-computer inter-
faces (BCI), biosensors, and wearable devices, enabling advanced
technologies at the interface with biology.?22¢] For instance,
high-performance electrochemical neuromorphic organic de-
vices (ENODe) with i) low operating energy (<10 pJ for 10°
pum? devices), ii) distinct conductance states (>500 states) that
are non-volatile within input voltage of 1 V, and iii) superior
linearity and stability have been demonstrated.l?*?’] Melianas
et al. have even employed this architecture to demonstrate
high dynamic range (~4x), energy efficient programming (~1V,
300 ns pulses) with high durability (>10° write-read operations)
using poly(2-(3,3-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2-
bithiophen]—5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)) incorpo-
rated into ECRAM architecture as the channel material.[?*]

Despite recent successful demonstrations in polymer-based
ECRAMSs, 242821 geveral limitations remain before such tech-
nologies can be implemented:(1130-32 1) Often, the writing and
reading processes must be decoupled to learn and ensure sta-
bility. This is realized via circuitry turn on and off, physically
disconnecting, or employing additional devices such as conduc-
tive bridge memory (CBM) between the gate and channel, which
complicates circuit design and thus applicational implementa-
tion. 2) Unwanted redox reactions (e.g., overoxidation, side re-
actions) of the channel materials often affect device stability and
operability. 3) No single material system has yet to meet the en-
tire set of stringent neuromorphic device metrics (e.g., program-
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ming linearity, fast switching, low operating current/voltage, low
switching energy, high endurance) thus warranting further ma-
terials and device investigation.

In the above-discussed successful demonstrations of organic
ECRAMSs, organic mixed ionic—electronic conductors (OMIECs)
are typically used for their coupled transport. They are attrac-
tive for translating signals across interfaces (e.g., semiconductor-
electrolyte interfaces) as well as imitating biological functions.
OMIECs, commonly conjugated polymers tethered with polar
side groups,!®] facilitate the charge coupling owing to their dy-
namic, open-structured, and ion-compatible nature. As a result,
these materials are often used for fast switching and energy-
efficient signal transduction, tunable charge retention, wide dy-
namic range, and high-endurance and reliable learning.[132334]
Additionally, OMIECs can be chemically fine-tuned through
backbone and side-chain engineering, enabling facile modula-
tion of energy-levels, and thus properties, for specific application.
This structural tunability also allows OMIECs to function vis-a-
vis a wide range of electrolytes. Since the electrolyte is another
key factor determining the effectiveness and behavior of ionic—
electronic coupling besides structure, the ability of OMIECs to
interface with specific environments guides the usefulness of the
resulting devices.

Here, we investigate the use of electrochromic polymers
(ECPs), which have often been overlooked in other electronic
devices due to their modest electronic transport capabilities, as
OMIEC candidates in ECRAM devices. We target to leverage elec-
trochromism as a widely studied property in polymers to investi-
gate polymer-electrolyte interactions and guide the design of or-
ganic ECRAMs (Figure 1a). We use spectro-electrochemical char-
acterizations and theoretical calculations to study the ionic inser-
tion kinetics, redox activity, mixed conduction, and switching sta-
bility of ECPs and leverage these properties in memory devices.
The best-performing ECP-electrolyte combination is then em-
ployed to further explore resulting synaptic plasticity behaviors.
We then demonstrate a high-performance and single transistor-
based neuromorphic device using the ECP-based ECRAM. The
neuromorphic device exhibits highly linear and symmetrical con-
ductance modulation, a dynamic range over 6x, and high train-
ing accuracy (>84% over five learning cycles) using a typical im-
age recognition dataset. Through this study, we show the impor-
tance of maximizing both ionic insertion and electronic trans-
port, concomitantly, in organic electrochemical memory mate-
rials and provide fundamental understanding on polymer—ion
interactions. We thus demonstrate that by leveraging the well-
established knowledge on electrochromic materials and devices,
we can garner new insights for enhancing ECRAM performance
and guide next-generation organic memory device designs.

2. Results and Discussion

ECPs are z-conjugated systems that change color upon elec-
trochemical oxidation and/or reduction.’>’] Such polymers
are increasingly becoming common in electrochromic devices
(ECDs)*>37391 such as smart windows, goggles, sunroofs, and
displays; technologies in which reliable and durable coloration
switching is crucial (Figure 1b). In addition to low-power color
switching, ECPs are also attractive owing to their large-scale syn-
thesizability and compatibility with roll-to-roll coating for large

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic illustration showing relevant performance metrics relating electrochromism and ionic memory via three physical processes;
electronic transport, ionic transport, and ionic—electronic coupling. b—d) Comparison between electrochromic devices (ECDs) and artificial synapses
(e.g., OECT, ECRAM) where electrochromic polymers (ECPs) are utilized as active materials which change the optoelectronic state upon electrochemical

doping.

area devices. For a color change to occur electrochemically, the
color-changing polymer functions as a working electrode sepa-
rated from a secondary electrode by an ion source or electrolyte,
in a battery-like manner. Upon application of a small potential
(=1 V) between the two electrodes, the working electrode is ei-
ther oxidized or reduced, while counter ions are inserted into the
electrode for charge compensation. This process alters the light
absorption profile in the case of ECPs as illustrated in Figure 1c.
Herein, we investigate the same working principle, where instead
of coloration, we monitor the change in the conductance state of
the polymer as a function of applied bias (Figure 1d). To enable
fast and stable switching in ECDs, the color-changing polymer
must uptake ions rapidly and must do so reversibly. Additionally,
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the polymer must sustain many switching events to yield long-
term function of the windows or displays.

Though the above-listed material properties are also desired in
electrochemical neuromorphic devices, ECPs have been largely
overlooked for potential use in other electronic devices due to
low charge charrier mobilities.*!] In electrochemical memory de-
vices, where both charge capacitance and electronic mobility are
crucial, we hypothesized that unraveling charge insertion and
retention in ECPs, widely studied for opto-electrical responsive-
ness, would enable future design/discovery of high-performance
materials for memory. By translating the coloration states into
programmable conductance states, we were intrigued by whether
polymer electrochromism can be leveraged in memory devices.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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That is, analogous to color change (i.e., change in absorption
profile in the visible range), we probed conductance modulation
(resistive switching) for memory devices. We aimed to correlate
fundamental processes (electronic transport, ionic transport, and
ionic—electronic coupling) to resulting performance metrics in
terms of opto-electronic response of polymer to external stimuli
(Figure 1a; Figure S1, Supporting Information). Though the cur-
rent work focuses on linking coloration control to ionic memory,
other similarities in these systems can be drawn and have been
detailed in previous literatures.!l To effectively employ ECPs
for ionic memory, both the fundamental similarities and differ-
ences between the two device architectures were investigated. Al-
though the two systems share electrochemical working princi-
ples, stricter electrical conduction requirements must be met in
synaptic devices. Here, we focused on structural tuning, polymer-
electrolyte compatibility, and charge transport in ECPs to guide
performance optimization in ECRAMs.

Extensive studies on the electrochromic properties of poly-
mers (e.g., hue, coloration time, color contrast, and color
efficiency)!***4! have been conducted through systematic explo-
ration of their molecular structures. Typically, copolymerization
of various repeat units in appropriate ratios is used to tune en-
ergy levels and polymer-electrolyte interactions.¥”#*8] Though
such strategies have matured in ECDs, they have rarely been uti-
lized in optimizing synaptic transistors. Among the most studied
ECPs, poly(3,4-(alkylenedioxy)thiophene)s (PxDOTs), especially
polymers based on 3,4-propylenedioxythiophene (ProDOT)!**30]
have been intensively utilized owing to their properties such as
i) high charge storage capacity, ii) low-energy requirement for
redox switching, and iii) high cycling stability.’!) In ProDOT
derivatives, these properties have been rationalized both kinet-
ically and thermodynamically. The substitution of the ethylene
bridge with propylene, offering a larger ring, results in a more
twisted backbone and microstructurally open morphology of
the corresponding polymer, which is favorable for incorporat-
ing large amounts of ions within relevant time scale as well as
fast diffusion. Lengthening and branching the solubilizing side
chains on ProDOT (from dibutyl to dihexyl-and bis(2-ethylhexyl)-
substituted) have shown to further improve such ion kinetics
and thus the switching time.[** Thermodynamically, the di-
substitution of z-donating oxygen atoms lowered HOMO (high-
est occupied molecular orbital) levels (~0.1-0.3 eV) relative to the
air oxidation threshold (5.2-5.3 €V vs vacuum),!*! rendering the
resulting polymers facile to oxidize upon biasing. Facile oxidation
enables device operation at a lower voltage and is also favorable
for redox reversibility given the narrow electrochemical window
of aqueous-based electrolytes. Such redox stability (i.e., reversible
redox reaction) is further ensured by the alkylene bridge shield-
ing the conjugated backbone from undesired irreversible side re-
actions such as nucleophilic attack.

Albeit its high electrochromic capabilities (e.g., color con-
trast) based on high ion-compatibility and redox stability,>!
the homopolymer of ProDOT is known to exhibit slow optical
transition (~seconds)®!! due to the lack of backbone planarity.
Meanwhile, a donor—acceptor (D-A) copolymerization strategy
has been utilized for tailoring optoelectronic properties; it is
mainly employed for achieving mid-visible range colors in elec-
trochromic polymers by leveraging intrinsically distinct dual opti-
cal transitions.>}] Besides facile tuning of energy levels, the D-A
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approach enables adjustment of backbone rigidity/planarity and
thus microstructure, as well as achieving narrow band gaps be-
tween 1.6 and 1.8 eV through a push-pull effect.>* Such an effect
results in extended conjugation with a more delocalized electron
cloud, which is beneficial for enhancing electronic conductivity
which is desired in OMIECs. Hence, the abovementioned draw-
backs can be overcome by copolymerizing ProDOT with other
complementary moieties.

Meanwhile, it is widely accepted that including heterocyclic
compounds with a nitrogen atom arranged in a pyridine-like
structure into a more electron-rich system can efficiently lower
LUMO (lowest unoccupied molecular orbital) levels and thus
decrease the energy band gaps of D-A z-conjugated polymers
upon hybridization.[>>-’] For instance, benzothiadiazole (BTD)
has been used for such energy tuning in addition to induc-
ing backbone rigidity/planarity, leading to enhanced coherence
length of the conjugated backbone and thus electrical percola-
tion. However, though this strategy enhances charge carrier mo-
bility, it comes at the expense of high oxidation potential, lim-
ited solubility, and irreversible redox reaction, especially in wa-
ter, due to nucleophilic attack at radical cation sites, resulting in
the cleavage of oligo(ether) chains and thus degradation of the
polymer.’®] Nonetheless, balancing ion compatibility and elec-
tronic delocalization via copolymerizing ProDOT and BTD in
alternating manner (D-A) has shown to enable electrochromes
combining solution processability, high contrast ratios attainable
in sub-second switching times, and long-term redox stability.>]
Specifically, electrochromes consisting of three different feed ra-
tios of D(ProDOT)/A(BTD) = 100%, 82.5%, 50% have shown to
exhibit optical contrast as well as a memory effect,>! i.e., reten-
tion of colored/bleached state under Vi and are thus used here
as the model structures. Herein, we employ these three copoly-
mers (Figure 2a,e,i) named ECP-100, ECP-82.5, and ECP-50, ex-
hibiting a magenta, black, and blue color in their neutral state,
respectively. From solid-state characterizations, UV-vis spectra
of the three ECPs are shown in Figure S2 (Supporting Informa-
tion), and AFM height profiles demonstrating that correspond-
ing spin-coated thin films are homogeneous and uniform (with
measured roughness less than 3.6 nm) are shown in Figure S3,
Supporting Information.

To compare the redox activity of the three ECPs, spectro-
electrochemical measurements are carried out in both aqueous
(0.1 M LiPF;) and non-aqueous (1-ethyl-3-methylimidazolium
bis(trifluoromethyl sulfonylimide) (EMIMTEFSI)) electrolytes us-
ing a three-electrode cell setup. The spectroscopic (UV-vis) spec-
tra are monitored as a function of the applied electrochemical
potential from a reference electrode. As the working potential in-
creases, the intensities of the absorbance peaks corresponding
to the z--7* transition (4,4, (z_r. of 646 nm for ECP-100, 544 nm
for ECP-82.5, and 623 nm for ECP-50) significantly decreases and
completely vanishes above their critical voltages, Figure 2b,f,j and
Figure 2¢,g k. Meanwhile, the intensity of the absorption peak in
the near-infrared (NIR) region (4,,,on #1150 nm) increases, in-
dicating higher charge carrier density and thus conductance due
to the generation of radical cation/polaron. This electrochem-
ical switching corresponds to a transition from colored (neu-
tral) to transmissive/bleached (doped) states. ECP-50 showed a
dramatic decrease in A, ;.. at ®+0.2 V (vs Ag/Ag*, H,0),
while ECP-82.5 and ECP-100 required a higher voltage budget

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Electrochemical activity of three studied ECPs. Chemical structure of three ECPs with varying ratios of two building units, named a) ECP-100,
e) ECP-82.5, and i) ECP-50. Spectro-electrochemical behaviors in 0.1 m LiPFg of b,c) ECP-100, f,g) ECP-82.5, and j,k) ECP-50. Calculated distributions
of binding energies of anions to a single monomer unit of d) ECP-100, h) ECP-82.5, and |) ECP-50, respectively, along with molecular diagrams of the
lowest energy configuration of each monomer unit with a TFSI™ anion (the strongest binding anion) where the preferred binding location is orthogonal
to the polymer ring plane. C atoms are shown in gray, O atoms in red, H atoms in white, N atoms in blue, S atoms in yellow, and F atoms in pink.

for the collapse of the 4, (, ., peak at ~+0.7 V (vs Ag/Ag*,
H,0) and ~+0.6 V (vs Ag/Ag", H,0), respectively. A similar or-
der was observed in non-aqueous electrolytes in which voltages
of #+0.3 V (vs Ag/Agt, neat EMIMTFSI), 0.6 V (vs Ag/Ag™", neat
EMIMTEFSI), and 0.6 V (vs Ag/Agt, neat EMIMTEFSI) were re-
quired for ECP-50, ECP-82.5, and ECP-100, respectively (Figure
S4, Supporting Information). Such a decrease in intensity at
Amax (z—n+) 1S Often accompanied by an increase at A0, 25 shown
in Figure 2d,h,1 and Figure S4 (Supporting Information). As indi-
cated by electrochemical responses, ECP-50 required the lowest
voltage for complete electrochemical switching in both aqueous
and non-aqueous electrolytes, showing superior dual-redox activ-
ity.

To probe the impact of electrolyte choice on the observed elec-
trochemical responses of the three ECPs, the theoretical bind-
ing energy quantifying the degree of interaction of three ECPs
with three widely utilized anions (Cl~, PF,~, and TFSI") in water
were calculated. All calculations were carried out using density
functional theory (DFT) using Orca 5.0.01%061] with the B3LYPI62]
global hybrid functional along with the empirical D4 disper-
sion correction,|®*] Becke-Johnson basis set damping,[®* and a
dev2-TZVP basis set.[%] To better reflect in-operando settings
(e.g., solvation effect), the calculations were performed in im-
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plicit solvent using the Conductor-like Polarizable Continuum
Model (CPCM)[®! with the dielectric constant of bulk water, 78.
Each polymer species was represented by a single monomer
unit with endpoints capped with CH, and with R- groups rep-
resented by CH, for simplicity. The resultant polymer structure
was first geometry-optimized. Then, a single anion was placed
with random rotation and random translation near the optimized
monomer unit with a minimum distance of 2 A and a maximum
distance of 10-14 A (depending on the anion and monomer sizes)
between all anion-polymer pairs. A constrained optimization was
then performed with the monomer unit fixed while the anion was
allowed to move to find a low energy positioning of the anion. The
anion placement procedure was then repeated 50 times to obtain
an ensemble of 50 single anion-polymer binding configurations.
A distribution of anion-polymer binding energies (Figure 2d,h,1)
was obtained from this ensemble, where the binding energy is
defined as: Ebinding = Epolymer/anion - Eanion - Epolymer'

Across all three ECP structures, TFSI~, which is the largest
in size and thus has the least charge density, showed the high-
est binding energy followed by PF,~ and Cl~, (Figure 2d,h,l). The
energetically favored ion configuration with respect to three units
indicates that energy becomes lower (i.e., more favorable) when
the anion is directly face-on with respect to the seven-membered

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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ring (insets of Figure 2d,h,]; Figure S5, Supporting Information).
In contrast, the binding energy becomes higher (i.e., less favor-
able) when the anion binds closer to the alkyl chains of the poly-
mer. The results of these calculations are consistent with previous
reports which showed that the kinetics of the doping process in
redox active polymers is size dependent and optimal for bulkier
anions, such as PF,~ and TFSI~ than smaller atomic anions,
like F~ and C1~.[“%7] This behavior has been hypothesized to be
caused by the hydration shell which is denser for smaller ions,
resulting in a lower effective charge density. The shell formation
thus shields the interaction between polymer and anion thereby
hindering the coupling between radical cation on the polymer
and counter-anion (i.e., charge compensation of doped state),
leading to higher activation energies for carrier generation.[¢7]
Such preferential binding of anions in the order of Cl~ < PF,~
< TFSI™ also agreed with the spectro-electrochemical results dis-
cussed above (Figure S6, Supporting Information). Meanwhile,
there was no clear difference in calculated binding energy with
varied cations as shown in Figure S7 (Supporting Information),
which agrees with previous reports!* and shown experimen-
tally in the following discussion.

Guided by the electrochemical responses of the three ECPs and
the calculation results, we then sought to understand how differ-
ent polymer—ion interactions in ECPs would translate into mixed
ionic—electronic conduction and ionic memory. Here we opted to
employ an organic electrochemical transistor (OECT) device as a
model architecture to, not only investigate mixed ionic—electronic
transport characteristics, but also link electrochemical response
to synaptic behaviors. In an OECT, upon application of a gate bias
through the electrolyte, an ion-mediated bulk (de) doping of a
channel material modulates the current flow between the source
and drain electrodes.[%®7°l The OECT device thus serves not only
as a suitable device architecture for ECRAM, but also as a testbed
to determine a material’s capacity for mixed ionic—electronic con-
duction. The mixed ionic—electronic conduction capability of or-
ganic conductors is typically extracted in terms of transconduc-
tance (g,,), which is the ratio of change in drain current out-
put (Ipg) in response to the applied gate bias (V;, above a mate-
rial dependent threshold, V), or its dimension-normalized ver-
sion is pC”*, which encompasses capacitance and charge carrier
mobility.

Figure 3a—c shows representative transfer curves (insets are
the extracted transconductance, g, ) from OECT devices based
on the ECPs in both aqueous (LiCl and LiPF;) and non-aqueous
(EMIMTFSI) electrolytes. Full data of transfer and output curves
of three ECPs in diverse electrolytes are shown in Figures S8-10
(Supporting Information). The current response of the OECTs
indicates that the ECPs are p-type and operate in accumulation
mode (off at Vi = 0 V).1711 ECP-50 showed to outperform ECP-
82.5 and ECP-100 by two orders of magnitude in terms of the
channel current in both aqueous and non-aqueous electrolytes.
Two representative parameters, Vi and uC*, were extracted
from the current response in various electrolytes and are plot-
ted in Figure 3d—f. Regardless of the electrolyte, V., was found
to be the lowest (<x0.2 V) for the devices based on ECP-50 and
increased as the ProDOT ratio increased, with ECP-100 showing
the highest value. We interpreted Vi, as the ease of ionic species
to penetrate and dope the polymer film and turn “on” the OECT
channel. The threshold voltage values were thus in agreement
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with the above discussed electrochemical responses of the three
ECP films.

Analogous to the faster bleaching behavior observed in ECP-
50 films, the resulting OECT devices showed switch “on” at lower
potentials compared to ECP-82.5 and ECP-100. Additionally, re-
gardless of the electrolyte, uC* was found to be the highest for
ECP-50 based devices (Figure 3d-f) with the same device di-
mensions (L = 50 pm, W = 4.5 mm), showing the value of
97.1Fcm ! V157! while 0.27 and 0.44 F cm~! V-1 57! were mea-
sured for ECP-82.5 and ECP-100, respectively. These results indi-
cate that by tuning the D—A character of the ECPs, both the capac-
itance and charge mobility are also tuned. We could also deduce
that with the ProDOT-BTD copolymerization, a balance between
the two units must be investigated to optimize both ionic inser-
tion and electronic transport. The volumetric capacitance quan-
tifies the bulk ionic uptake and storage capability upon doping,
which can be calculated by integrating the current response of
during cyclic voltammetry (CV). Meanwhile, mobility (u) quan-
tifies the electronic conductivity in the doped polymer. C* and
u are often in a trade-off relationship as the former is favored
in amorphous (disordered) morphology for facile ion injection,
while the latter is optimal in highly crystalline (ordered) mor-
phology for facile intra- and inter-chain (z—z stacking) electri-
cal charge transport. C”* for each polymer was obtained from the
integration of the corresponding voltammogram.[7?!

As shown in Figure 3g,h, ECP-100 and ECP-82.5 exhibited a
higher C* of 421.5 and 338.9 F cm™3, respectively, compared to
ECP-50 which had a C* 0f 301.3 F cm ™. However, the uogcr trend
followed that of uC*, with ECP-50 >> ECP-82.5, ECP-100, where
the respective values were extracted to be 0.32, 0.0008, and 0.001
cm? V-1 71 Tt is thus important to note that when designing
channel materials for ECRAMs, both the capacitance and mobil-
ity must be concomitantly optimized. Full CVs of three ECPs in
representative aqueous and non-aqueous electrolytes are shown
in Figure S11 (Supporting Information). Using ECP-50, the ef-
fect of anion size on OECT performance was also investigated
to reveal the following order: LiCl, LiPF, LiTFSI in terms of
transconductance and uC* (Figure S12, Supporting Information),
which is in great agreement with the DFT calculation results dis-
cussed above. Corresponding voltammograms of ECP-50 in di-
verse aqueous and non-aqueous electrolytes are also shown in
Figure S13 (Supporting Information) and device parameters are
summarized in Table S1 (Supporting Information).

Besides coupled ionic—electronic transport, device endurance
is another crucial parameter which remains challenging to at-
tain in organic ECRAMs. We thus tested the cycling stability of
the three ECPs in both aqueous and non-aqueous environments.
Figure 3g,h shows the cyclic voltammograms obtained during the
10th and 500th cycles of the ECP films, and Figure 3i shows the
corresponding amount of charge measured during cycling. No-
tably, ECP-50 showed to retain its capacitance, over 90% of the
initial value, in LiPF; (Figure 3i) compared to <60% in other elec-
trolytes such as LiTFSI (Figure S13, Supporting Information) af-
ter 500 cycles. The performance was barely affected by the cation
(Na* vs Li*) across ECPs as shown in Figure 3d—f, which is con-
sistent with the calculated binding energy with varied cations in
Figure S7 (Supporting Information). This behavior also agrees
with previous studies that show p-type OMIECs are activated
based on holes generated through electrostatic stabilization
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Figure 3. Mixed electronic—ionic conduction property and stability comparison of three ECPs in aqueous and non-aqueous electrolytes. a—c) Transfer
curves and transconductance curve (inset) of three ECPs in 0.1 m aqueous solution of a) LiCl, b) LiPFg, and c) neat EMIMTFSI, respectively. d—f)
Extracted parameters of three ECPs in various electrolytes. g,h) Cyclic voltammograms of three ECPs in 0.1 m LiPFg, 10th and 500th cycle, respectively.

1) Comparison of charge retention capability of three ECPs in 0.1 m LiPFg.

(coupling) with the counterion and are thus mostly affected by
the anion rather than the cation. To conclude the comparison of
the three ECPs, 500 cycles of CV in various electrolytes were per-
formed to simulate repeated (de) doping during device operation.
Figure 3g,h shows the CVs of three ECPs at 10th and 500th cycle
in LiPF, respectively. The cumulative charge with varying redox
cycles is shown in Figure 3i. ECP-50 showed the lowest initial ca-
pacitance but demonstrated superior stability, maintaining most
of the capacity (>90%) over 500 cycles, while ECP-82.5 and ECP-
100 were only able to maintain 54% and 55%, respectively. This
indicates that the electroactivity of ECP-50 is not compromised
and that this material is a robust platform for aqueous andnon-
aqueous based electrochemical and bioelectronic devices.
Owing to their minimal voltage requirement for polaron gen-
eration, superior electrochemical activity, as well as redox stabil-
ity, ECP-50 and 0.1 M LiPF, were selected as the optimal combi-
nation for further implementation in ECRAM to probe ion-based
synaptic plasticity and memory performance. lon insertion-based
memory devices hold promise not only for enabling co-allocation

Adv. Funct. Mater. 2023, 33, 2304893 2304893 (7 of 12)

of memory and processing units, which has been a bottleneck
in conventional Von Neumann architecture, but also for high-
fidelity artificial neural networks (ANNs) and adaptability.'¥! In
these devices, electrical pulses sent from a gate electrode that
mimics a pre-synaptic neuron are used to tune the injection and
extraction of ions from the electrolyte to the semiconducting
channel. The change in channel conductance, which is compara-
ble to the post-synaptic current, is recorded as the current flowing
between the source and drain contacts.

To investigate the synaptic behaviors of ECP-based devices,
for instance, plasticity dependence on spike amplitude (SADP,
Figure 4a), spike number (SNDP, Figure 4b), and spike fre-
quency (Figure S15, Supporting Information), ECP thin films
and 0.1 m LiPF; aqueous solution were implemented into
ECRAM devices and characterized under ambient conditions.
Notably, for SADP, the post-synaptic current was recorded upon
spiking the gate voltage with pulses (10 ms in width) from 0 V
to —0.8 V in a stepwise (0.1 V steps) manner. For SNDP, a range
of numbers (from 10 to 300) of gate pulses (—0.6 V with a width

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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of 10 ms) were employed while —0.5 V was applied between
source and drain. In all synaptic devices, ECP-50 exhibited a
significant enhancement in the excitatory post-synaptic current
(EPSC) response compared to ECP-82.5 and ECP-100 with two
orders of magnitude gap (Figure S14, Supporting Information).
ECP-50 was then used for further demonstrations of learning
behaviors. The pulse-number-dependent peak current and
memory level were extracted as shown in Figure 4b revealing
the memristive behavior of the ECP-based device channel.
Figure S15 (Supporting Information) also shows the depen-
dence of the post-synaptic current on the spiking frequency in
synaptic transistors based on ECP-50. This behavior, particu-
larly the potentiation behavior at higher spike frequency (here,
above 20 Hz) and depression a low spiking frequency (here,

Adv. Funct. Mater. 2023, 33, 2304893 2304893 (8 of 12)

e) Three cycles of spectro-electrochemical measurements under identical bias of opposite polarity (—0.4 V). f)

below 20 Hz), is of great significance for deploying synaptic
transistors in tasks which require spike-timing-dependent
plasticity.”3]

To further investigate these memristive properties found in
ECP-50, we used spectro-electrochemistry and recorded the ab-
sorption spectra under two consecutive stepwise voltage sweep-
ing cycles. Figure 4c,d shows that ECP-50 can retain a low value
of absorbance ratio between 4, ., and A, throughout sec-
ond cycle, indicating the retention of generated charge carriers
(polarons) and thus the presence of a memory effect. The phe-
nomenon was not observed in both ECP-82.5 and ECP-100. In
the latter cases, the spectra of the second cycle of voltage sweeps
were nearly identical to those of the first cycle, indicating that the
generated polarons cannot be retained without sustained voltage

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Learning endurance performance and image recognition demonstration of ECP-50. a) Reversible conductance (G) changes of ECP-50 in
response to series of train pulses with different polarity (i.e., write/erase), showing excellent endurance. b) Working mechanism of single layer logistic
regression model used to recognize standard data set of MINISTI”?] (inset in (c)), which is a widely used image dataset for benchmarking machine
learning algorithms. c) Accuracy of image recognition tests with respect to training epochs. 100th, 500th, and 1000th cycles were used to further evaluate

accuracy retention capability.

(Figure S16, Supporting Information). Additionally, Figure 4e,f
demonstrate the reversibility of conductance modulation by be-
ing able to recover the initial state (i.e., the reappearance of the
prominent z—z* absorption peak along with decay of the polaron
peak) upon bias with opposite polarity (—0.4 V). The level of re-
covery, which is characterized by a decrease in peak intensity of
Apolaron @0d increase in that of 4 is dependent on the number
of biasing cycles.

Given the proven potential of ECP-50 for efficient electrochem-
ical modulation and retention, we further characterized its synap-
tic plasticity behaviors, which are analogous to the learning and
remembering mechanisms in biological neurons, in aqueous
electrolyte LiPF, Figure 5a. The reversible conductance changes
of ECP-50 in response to a series of pulses with different polar-
ity (i.e., write/erase) demonstrate excellent endurance, which is
essential for practical implementation of reliable and high accu-
racy artificial synapses to perform complex tasks such as image
recognition. The same measurements were carried out in non-
aqueous electrolyte (EMIMTFSI) as shown in Figure S17 (Sup-
porting Information). The superiority of ECP-50 was demon-
strated in both electrolyte environments, with not only linearity
and symmetry enabling the same number of potentiation and de-
pression pulses, but also a large dynamic range indicative of an
efficient modulation possessing a distinct gap between the high-
resistance state and the low-resistance state, as high as *1 mS in
LiPF, and 0.5 mS in EMIMTEFSI. These are two of the most criti-
cal yet challenging parameters to achieve simultaneously in a sin-
gle transistor architecture without an access device or additional
step, especially when operating in real-world settings (room tem-
perature and open air).

7%’

Adv. Funct. Mater. 2023, 33, 2304893 2304893 (9 of 12)

We then demonstrated object recognition performance of
hardware neural networks using the conductance data of 120
representative weight states (100th cycle) of our device. We used
60 potentiation and 60 depression identical training pulses with
opposite polarity (inset, Figure 5a). Parameter fitting of the de-
vice potentiation and depression for 120 representative weight
states is shown in Figure S17 (Supporting Information). MINIST
dataset (inset, Figure 5¢) which is widely used for benchmarking
machine learning algorithms and layer logistic regression model
(Figure 5b) was implemented. In each epoch of simulation, the
synaptic conductance weights were updated by the training on
60 000 images of handwritten digits. Then, we tested the net-
work using 10 000 testing images and recorded the recognition
rates. Recognition rates of 84.3% in 0.1 m LiPF; aqueous elec-
trolyte and 84.8% in non-aqueous electrolyte EMIMTEFSI (Figure
S18, Supporting Information) were achieved by single-layer per-
ception within 25 epochs. The ECP-based synaptic device thus
demonstrate excellent learning efficiency of the hardware-based
backpropagation (HDBP) algorithm, >3] which is widely used
for optimizing these synaptic weights in the training phase. Such
accuracy was also retained throughout 1000 cycles (correspond-
ing to 120 000 pulses) indicating superior endurance and ro-
bustness (Figure 5c). Prior to further structural optimization
and/or device optimization, the conductance modulation in ad-
dition to the training accuracy we demonstrate, simply by opti-
mizing the polymer-electrolyte interactions is of interest for de-
signing novel organic ECRAMs. The dynamic range, switching
linearity, and cycling endurance demonstrated using ECP-50 are
to par with commonly studied organic mixed conductors, as well
as other emerging ECRAM materials (e.g., carbon nanotubes and

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

8SUB017 SUOWIWIOD 3A R0 8|qedljdde auy Aq peusenoh a8 sojoiie YO ‘35N 4O S3|NJ o A%eiq 178Ul IUO AB|IA UO (SUOIPUOD-pUR-SLUBYW0D A8 | M AReIq U1 |Uo//SaNY) SUORIPUOD PUe SWLB L 8U3 89S *[5202/60/0€] U0 ARIq1T 8UIUO /8|IM ‘E680E20C WPR/Z00T OT/I0P/W0D" A8 M ARIq Ul juo"paouRADeR//SANY WO} papeo|umMod ‘St ‘€20 ‘820£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

MXenes).”377] We envision the current computation-guided dis-
cussion on polymer—ion interactions to complement emerging
chemistry-guided investigations,!!3337¢] toward high performing
organic electrochemical memory materials and devices.

3. Conclusion

To the best of our knowledge, this is the first systematic ex-
ploration of ECPs for high-performing artificial synapse (i.e.,
ionic memory), disentangling contributions from key factors in-
cluding i) structure (e.g., D—A ratio), ii) electrolyte (e.g., solvent,
and counter ion), and iii) external input (e.g., V). Specifically,
the ratio of BTD and ProDOT, two of the well-known building
blocks for constructing ECPs for high-performing ECDs, was
proven to significantly affect the performance of mixed conduc-
tion and ionic memory. In both aqueous and non-aqueous elec-
trolytes, the balanced ratio (D(ProDOT)/A(BTD) = 50%) showed
the most well-adjusted p and C*, leading to the highest mixed
conduction (uC”), as well as stability, showing potential as a su-
perior dual-redox operable device. The performance of the ECP-
based ECRAM we demonstrate is comparable to that of exist-
ing state-of-the-art ECRAMs based on a single-transistor archi-
tecture without excess device components or additional steps.
In future studies, performance can be further improved with
device engineering (e.g., scaling down), architectural innova-
tion, and/or encapsulation. This work paves the way for de-
sign guidelines based on mature libraries of building blocks of
ECPs toward artificial synapse, as well as other applications that
are based on the mixed ionic—electronic conduction of organic
semiconductors.

4. Experimental Section

Materials: Three ECPs were synthesized following previous
reports.[®] Films for characterizations were obtained by spin coating
polymer solutions in chloroform followed by annealing (120 °C, 30 min)
under vacuum to fully evaporate the solvent. The electrolytes/salts (LiPFg,
EMIMTEFSI, LiTFSI, LiCl, NaCl) were purchased from Sigma Aldrich.

Device Fabrication for OECTs and ECRAMSs:  Devices were fabricated by
spin coating (900 rpm, 30 s) polymer solutions onto pre-patterned ITO
substrates (L =50 um, W =5 mm) that were purchased from Oscilla and
cleaned in the solvents in order of deionized water, acetone, and isopropyl
alcohol for 20 min each. Subsequently, the films were annealed at 120 °C
for 30 min inside an N,-filled glovebox and allowed to cool to ambient
before electrical measurements under corresponding electrolyte environ-
ment.

Electrochemical Characterization: CV measurements were carried out
using a conventional three-electrode setup with 4.5 mm wide electrochem-
ical cell to contain the liquid electrolytes during the measurements. Poly-
mer films coated onto ITO serve as a working electrode and a spiral Pt
wire was used as a counter electrode, versus an Ag/Ag* reference elec-
trode. The volumetric capacitance (C*) for each polymer was obtained us-
ing the obtained CV curves!’®l across voltage range of —0.6 to 0.8 V at
scan rate of 20 mV s, and a 4.5 mm wide electrochemical cell was used
to contain the liquid electrolytes during the measurements. The spectro-
electrochemical absorption responses were then collected using a Perkin
Elmer 1050 UV-vis—NIR spectrophotometer in combination with SP-300
Potentiostat (Biologic), using cuvette to incorporate three-electrode setup
that was purchased from Sterna Cell.

Morphological Studies:  AFM images were taken using a Bruker Dimen-
sion lcon XR SPM under tapping mode with TESPA-V2 tip purchased from
Bruker and processed with Gwyddion Software.
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Electrical Measurements:  Electrical characterizations and pulsed mea-
surements (synaptic device performance) were carried out using a probe
station, Keithley 4200 analyzer, in an ambient condition (room tempera-
ture and in air). The pulsed measurements were programmed using an
ultrafast pulse measure unit coupled with a remote pre-amplified module.
OECT performances were obtained by applying a gate voltage from 0 to
—0.8 V and the source-drain voltage was set to —0.5 V (unless otherwise
indicated). A constant voltage bias (—0.5 V) was applied to either source or
drain while the other one is grounded to read the synaptic current flowing
between source and drain terminals. To program pulses, voltage pulses
(Vg =0to —0.8 V with both time interval (Ty) and pulse width (At) being
10 ms) were applied from gate terminal. For endurance test, a series of
identical potentiation pulses were applied with varying numbers (e.g., 10
to 300 times) followed by the application of the same number of depres-
sion pulses.

Calculational Details: ~ All calculations were carried out using Orca 5.0.0
with the def2-TZVP basis set, B3LYP global hybrid functional, and the em-
pirical D4 dispersion correction with Becke—Johnson damping. The calcu-
lations were performed in implicit solvent using the Conductor-like Polar-
izable Continuum Model (CPCM) with the dielectric constant of bulk water
(79).

Simulation for MNIST Handwritten Digit Recognition: A single-layer
perception was simulated using the synaptic devices. This hardware neu-
ral network was trained and tested using MINIST, which was a widely used
image dataset for benchmarking machine learning algorithms. MINIST
comprises of 28 x 28 pixel grayscale images of 70 000 examples from
ten digits. Based on this object recognition task, the perceptron was con-
structed with 785 input neurons, corresponding to the number of image
pixels (28 x 28 + 1), and ten output neurons with a softmax layer, corre-
sponding to ten digits. Input and output neurons were fully connected by
7850 (785 x 10) synapses. In the training phase of the hardware neural
network, the weights of synapses were updated by comparing the softmax
result vectors with digit ground-truth classifications using a cross entropy
criterion and Adam optimization algorithm. To optimize these synaptic
weights in the training phase, a widely used hardware-based backpropa-
gation (HDBP) algorithm was adopted. More specifically, a differential pair
of artificial synapses were used to represent one synaptic weight (W = G*
— G7).Toupdate Gt and G~ each synapse was first determined whether in
a potentiation or depression status based on the AW which was calculated
via cross entropy loss and Adam optimizer,[73] as shown in Equation (1).

_ [ potentiation, if AW > 0
state = { depression, if AW <0 M

For the weight updating in the potentiation state, G* is designed to an
increase in conductance and G~ to a decrease and the reverse is applied
during depressive updating, as shown in Equation (2).

5 _5n=Gmin
ae = Sma—Cmin  if state = potentiation
. GraGn )
—ae ~ Cma~Smin , if state = depression

AG=Gp =Gy =

Herein, G,, denotes the present conductance state of the synapse and
G, , 1 denotes the updated conductance state in the next training itera-
tion, respectively. a denotes the step size of the conductance updating
and g denotes the nonlinearity. Both Gt and G~ are initialized to G,
when the synaptic conductance attains the maximum (G_,,,) or minimum
(Gpin) values to avoid over-scaling. All simulations were performed using
Python, a free and open-source programming language, with SciPy and Py-
Torch packages. Codes are available from the corresponding author upon
reasonable request.

Supporting Information

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