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Tunable Linear Weight Modulation via lon Dynamics in
Electrolyte-Gated Synaptic Transistors: Molecular Dynamics
and Experimental Insights into lon Concentration Effects

Haeyeon Lee, Sobin Alosious, Minho Jin, Yeonseo Kim, Tengfei Luo,* and Youn Sang Kim*

Electrolyte-gated transistors (EGTs) are promising candidates for low-power
and energy-efficient artificial synapses utilizing rapid ion-mediated
electrostatic and electrochemical reactions. However, the correlation between
sub-nanosecond ion transport and linear conductance modulation remains
elusive when analyzed solely by macroscopic electrical characterization. Here,
molecular dynamics (MD) simulations are integrated with experiments using
Li-EGTs at different ion concentrations. MD simulations quantify Li*
displacement, coordination environments, and ionic conductivity in
poly(ethylene oxide) electrolytes, revealing suppressed Li* diffusivity and
reorganization of the ethylene oxide (EO) solvation structure at an [EO]:[Li*]
ratio of 8:1. EGTs are fabricated with different EO ratios to investigate the
transition regime. Electrochemical impedance spectroscopy, optical
microscopy, and X-ray diffraction confirm the MD-predicted ion dynamic
transition at 8:1 EO ratio and identify phase crystallization at the ultrahigh 2:1
ratio. Consequently, Li-EGTs fabricated with the optimized 2:1 EO ratio
successfully achieve an accuracy of 89.51% in neural network training. This
study bridges atomic-scale insights and device performance, offering a
systematic, precision-engineered framework for complex spatiotemporal ion

been developed to efficiently perform
data-intensive tasks with low power
consumption.l?l  These devices emu-
late essential synaptic functions, such
as shortterm and long-term plasticity,
paired-pulse facilitation (PPF), and long-
term potentiation/depression (LTP/LID)
through electrical stimuli.l’] To date, ex-
tensive research has been conducted on
developing synaptic devices configured
in both two-terminal and three-terminal
architectures.l*) Among them, electrolyte-
gated transistors (EGTs) have attracted
significant attention due to notable ad-
vantages, such as large areal capacitance,
ultra-low power consumption, precise
conductance controllability, and compat-
ibility with flexible substrates.®] These
advantages stem from the operational
mechanism of EGTs, where mobile ions
within the electrolyte migrate toward the
channel or electrode interface in response

dynamics in artificial synaptic EGTs.

1. Introduction

Inspired by the parallel and interconnected architecture of
the biological nervous system, neuromorphic devices have

to the applied gate voltage. This forms a

nanometer-thick electric double layer (EDL)

at the interface, which induces a high gate

capacitance through strong electrostatic
coupling with the channel layer and facilitates low-voltage and
power-efficient operation.ll Therefore, it is necessary to elucidate
the reaction kinetics and ion transport mechanisms governing
synaptic functions for the advancement of EGTs.

H. Lee, Y. Kim, Y. S. Kim

Department of Chemical and Biological Engineering
Seoul National University

Gwanak-ro 1, Gwanak-gu, Seoul 08826, Republic of Korea
E-mail: younskim@snu.ac.kr

Y.S.Kim

Institute of Chemical Processes

Seoul National University

Gwanak-ro 1, Gwanak-gu, Seoul 08826, Republic of Korea
M. Jin, Y. S. Kim

Programin Nano Science and Technology

Graduate School of Convergence Science and Technology
Seoul National University

Gwanak-ro 1, Gwanak-gu, Seoul 08826, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202517100

DOI: 10.1002/adfm.202517100

Adv. Funct. Mater. 2026, 36, e17100

€17100 (1 of 12)

S. Alosious, T. Luo

Lucy Family Institute for Data and Society

University of Notre Dame

Notre Dame, IN 46556, USA

E-mail: tluo@nd.edu

S.Alosious, T. Luo

Department of Aerospace and Mechanical Engineering
University of Notre Dame

Notre Dame, IN 46556, USA

T. Luo

Center for Sustainable Energy (ND Energy)

University of Notre Dame

Notre Dame, IN 46556, USA

T. Luo

Department of Chemical and Biomolecular Engineering
University of Notre Dame

Notre Dame, IN 46556, USA

© 2025 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:younskim@snu.ac.kr
https://doi.org/10.1002/adfm.202517100
mailto:tluo@nd.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202517100&domain=pdf&date_stamp=2025-11-12

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Previous studies have reported various working mecha-
nisms of synaptic devices using functional ions (H*, Li*,
Nat, K*, and EMIM*) in EGTs, including electrochemical dop-
ing, ion trapping, intercalation, and dipole alignment in ferro-
electric materials.'>!5] We have previously revealed that non-
volatile memory characteristics in poly(ethylene oxide) (PEO)-
based EGTs originate from interfacial reactions at the elec-
trolyte/semiconductor interface, where faradaic redox reactions
of Li* enhance memory retention compared to EDL effects.!%]
Conversely, the linearity and symmetry of conductance modu-
lation are governed by ion dynamics within the bulk polymer
electrolyte, with crystallized K-PEO systems enabling more linear
and symmetric updates via a hopping mechanism that involves
a higher activation energy barrier.['®) However, macroscopic elec-
trical measurements cannot fully resolve sub-nanosecond atomic
motions, such as the trajectories of ions and their interactions
with ethylene oxide (EO) groups.l'”] On the other hand, while
previous computational studies have investigated Li* dynamics
in water-in-salt (WiS) systems, there’s a fundamental difference
in transport mechanism with polymer systems: WiS allows rapid
Li* hopping via liquid water on nanosecond timescales, whereas
solid PEO relies on slower polymer segmental relaxation requir-
ing tens to hundreds of nanoseconds.!"® In particular, WiS elec-
trolytes face additional limitations, including large variations in
solubility limits by ion species and strict operational voltage con-
straints due to water decomposition (ESW < 1.23 V). Conse-
quently, most studies have relied on either macroscopic measure-
ments or simplified models that do not directly reflect device-
relevant conditions. Nevertheless, Li* remains widely used in
electronic devices due to its cost-effectiveness, high solubility for
efficient ion transport, long-term cycling stability, and broad com-
patibility with various materials.!?*-2] Therefore, to efficiently an-
alyze synaptic characteristics using Li* while minimizing time,
effort, and material use, computational analysis integrated with
experimental validation is essential for elucidating fine-scale ion
transport and structural behavior.

Here, we employ an integrated framework combining molec-
ular dynamics (MD) simulations and experiments to investi-
gate Lit dynamics and solvation structures in PEO as a func-
tion of ion concentration. Using MD simulations, we track Li*
trajectories at six different [EOJ[Li*] ratios from 50:1 to 2:1,
with long PEO chains (N = 100) to suppress finite-size effects
and faithfully reproduce real EGT environments. Femtosecond-
resolved trajectories capture ion transport and solvation struc-
tures under experimentally relevant EO ratios, quantified via
mean square displacement (MSD), radial distribution function
(RDF), and polymer radius of gyration (R,). This carefully de-
signed simulation framework directly bridges atomic-scale dy-
namics with device-level behavior, extending beyond prior MD
studies confined to bulk electrolyte analysis. Corresponding
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)/PEO elec-
trolytes (10:1, 8:1, 5:1, and 2:1) are synthesized and characterized
using optical microscopy (OM), X-ray diffraction (XRD), and elec-
trochemical impedance spectroscopy (EIS) to correlate polymer
conformation and ionic conductivity with simulation results. All
EGTs exhibit wide memory windows exceeding 3 V. Notably, the
device at a 2:1 EO ratio achieves pronounced multilevel conduc-
tance modulation with nonlinearity (NL) factors of 0.42 (poten-
tiation) and —0.50 (depression), which demonstrate 89.51% ac-
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curacy in neural network training. Our multiscale strategy effec-
tively bridges atomic-level ion dynamics with macroscopic device
performance, offering valuable insights for the development of
advanced artificial synaptic EGTs.

2. Results and Discussion

2.1. Identification of Coordination Structures of PEO/LITFSI
Electrolytes by MD Simulation

Figure 1a illustrates a 3D schematic of an EGT with a side-gate ge-
ometry. A solid polymer electrolyte (SPE), composed of PEO and
LiTFSI, serves as the dielectric and is deposited atop a thin-film
ZnO semiconductor channel. Based on this configuration, MD
simulations examine the electrolyte’s conformational arrange-
ments and the associated ion dynamics across varying ion con-
centrations using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) software package. The all-atom
optimized potentials for liquid simulations—all-atom (OPLS-AA)
force field was used. As shown in Figure 1b, the simulation box
comprises ten methyl-terminated PEO chains of 100 monomers
each (Mn = 4705.7 g mol™!), a chain length above the ~ 4 kg
mol™! threshold at which Li* self-diffusion coefficients (D) and
ionic conductivities in PEO/LiTFSI electrolytes plateau, making
100-mer chains comparable to the long-chain PEO used experi-
mentally (Mn ~100 kg mol~?). Therefore, this MD model should
be able to faithfully model the long-chain ion-transport regime
without introducing finite-size artifacts.[?*?*] We study six ion
concentrations corresponding to [EOJ:[Li*] ratios (EO ratio) of
50:1, 25:1, 10:1, 8:1, 5:1, and 2:1. These EO ratios represent
standard concentrations widely investigated in PEO-based elec-
trolyte studies, spanning from dilute to concentrated regimes
and encompassing the experimentally observed optimal range
for ionic conductivity.l>-?] Therefore, we selected these six con-
ditions to systematically investigate the transitions in physico-
chemical properties, coordination structures, and ion transport
mechanisms as a function of ion concentration.

We employed the OPLS-AA force field to model the bonded
(bond stretching, angle bending, torsional) and nonbonded
(Lennard-Jones and Coulombic) interactions of PEO, Li*, and
TFSI~ (Figure S1, Supporting Information). The OPLS-AA force
field parameters for both PEO and LiTFSI were generated us-
ing Moltemplate.!?) For LiTFSI, however, we replaced the stan-
dard OPLS-AA partial charges with those reported by Jiang et al.,
which have been shown to yield more accurate ionic interactions
(Table S1, Supporting Information).[*?l The OPLS-AA framework
has been extensively validated and appropriately applied to a wide
range of polymer—electrolyte systems, demonstrating its reliabil-
ity in modeling ion—polymer dynamics.[?3°32] Nonetheless, as
a non-polarizable force field, the OPLS-AA force field does not
explicitly include polarization or charge transfer between ions
and their surroundings. Ab initio studies have shown that, in
condensed phases, ionic net charges are effectively reduced due
to these effects.3>3% In classical MD, this is often mimicked
by scaling down the partial charges, which improves agreement
with experiments in some cases. However, this approach may not
fully account for the dynamic and local fluctuations in polariza-
tion, which become more significant at high salt concentrations.
Therefore, while our simulations capture qualitative trends in
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Figure 1. 3D illustration of Li-EGT, including MD simulation snapshot and Li* solvation structure in PEO electrolytes. a) Schematic of a side-gate Li-EGT
with a PEO/LITFSISPE film covering the gate, source, and drain electrodes on a Si/SiO,/ZnO substrate. b) Snapshot of the MD simulation box of the
PEO/LITFSI system, showing the distribution of polymer chains and ionic species. Insets depict a representative PEO chain (N = 100) and a LiTFSI ion
pair. Representative RDFs between c) Li* ions and PEO oxygen atoms, and d) between Li* ions and TFSI~ oxygen atoms for various EO ratios ranging
from 50:1to 2:1. Insets show the strong Li—O peaks at 1.5-2.9 A observed within the first solvation shell of Li* ions. Distribution of CNs between e) Li*
jons and PEO oxygen atoms, and f) between Li* ions and TFSI~ oxygen atoms for various EO ratios ranging from 50:1 to 2:1. Insets show a magnified
view of the CN evolution related to the effect of salt concentration on the initial coordination environment of Lit.

coordination and conductivity, the quantitative results, especially
at high concentrations, should be interpreted with this limitation
in mind.

Before calculating the material properties at different ion con-
centrations, we first validated the simulation setup by calcu-
lating glass transition temperatures (T,) of two representative
electrolyte systems—pure PEO and the 8:1 EO ratio—using
MD simulations. The T, values were determined by the in-
tersection point of two linear regressions fitted to the high-
and low-temperature regions of the density-temperature (p—T)
curve and compared with experimental DSC values.[**] The MD-
calculated T, values—237.8 K (~35.3 °C) for pure PEO and 222.4
K (=50.7 °C) for the 8:1 EO ratio—showed deviations of 11.6 °C
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and 4.9 °C from the experimental DSC values of —23.7 °C and
—45.8 °C, respectively'®! Such underestimation is attributed to
i) the slightly lower simulated densities compared to experi-
ment (1.13 g mL™! at 25 °C), which increase free volume and
chain mobility, and ii) the intrinsic approximations of the force
field. Nevertheless, these deviations are within acceptable ranges,
demonstrating that our simulations accurately reproduce the
thermal behavior and characteristics of long-chain PEO (M,, =
100 000 g mol~?). The detailed calculation procedure is provided
in the supporting information (Figure S2 and Note, Supporting
Information).

First, the RDF and coordination number (CN) were computed
to verify the solvation states of Li* in the PEO/LIiTFSI electrolyte
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at different ion concentrations. In the RDF, each peak’s position
quantitatively defines the characteristic interaction distance be-
tween the selected species, while the corresponding peak inten-
sity reflects the degree of association. Figure 1c,d indicates the
RDF of target oxygen atoms from PEO and TFSI~, respectively,
around the reference Li* ions as a function of radial distance. The
first peak, located at 2.125 A for Li—Opg, and at 2.175 A Li—Oq,
corresponds to the average distance between Li* and the coor-
dinating oxygen atoms within the first coordination shell. The
Li—O RDF peaks at 2.125 and 2.175 A are very close to the sum
of ionic radii for Li* (0.76 A) and 0%~ (1.40 A), and also agree
with neutron scattering measurements at 296 K, thus confirm-
ing the direct Li—O coordination.l*”*8] The increase in the first
peak intensity, as the ion concentration rises from 50:1 to 8:1,
can be attributed to the enhanced local coordination of Li* with
the surrounding PEO oxygen atoms (Figure 1c). As the Li* con-
centration increases, the probability of free Li* interacting with
nearby oxygen atoms of PEO rises, leading to a higher local num-
ber density.

However, when the EO ratio exceeds 8:1, the first-peak in-
tensity saturates, indicating that at this concentration, all co-
ordination sites between Li* and EO are fully occupied. At an
ultrahigh 2:1 ratio, the first-peak intensity decreases, as over-
crowding reduces the number of oxygen atoms available to co-
ordinate each Li*, thereby lowering the local coordination den-
sity. Meanwhile, the RDF for Li—Oqyg, interactions within the
first solvation shell (r < 3.6 A) begins to exhibit a distinct co-
ordination peak at 5:1 and 2:1 ratios, reflecting competitive
solvation between the ethylene oxide and TFSI~ accompanied
by the simultaneous formation of ion-pairs and clusters. At
the low concentration regime (from 50:1 to 8:1 ratios), only a
slight increase in peak intensity is observed, and the distribution
remains bimodal with a dominant peak at 6.2 A, suggest-
ing that Li* remains largely dissociated from TFSI~ up to 8:1
ratio.[243]

We further analyzed the CN distribution, which is the inte-
grated RDF up to the first minimum radius calculated with the
following Equation (1),

N, = 4an, [, g, () rdr 1)

where R, is the radial distance of the first minimum after the
first peak in RDF, g, and n,, is the number density of b atoms.[*’]
Figure le,f shows that each Li* ion was coordinated by an av-
erage of six oxygen atoms, all originating from PEO chains,
up to the 8:1 ratio. However, at a 5:1 ratio, one Li* is coor-
dinated with an average of 5 oxygen atoms from PEO and 1
from TFSI-, indicating the existence of ion pairs at high con-
centration. An ultrahigh EO ratio of 2:1, Li* coordinates with an
average of only 2 oxygen atoms from PEO, while the CN with
TFSI™ increases to 4. These RDF and CN analyses indicate that
Li* ions, fully dissociated at lower concentrations, begin forming
ion pairs and predominantly exist as ion pairs or clusters from a
5:1 EO ratio under super-concentrated conditions. These simula-
tion results suggest that a transition in the coordination environ-
ment due to ion concentrations has the potential to significantly
impact Li* transport mechanisms.
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2.2. Investigation of Li* Dynamics and Morphology of
PEO/LITFSI Electrolytes by MD Simulation

Changes in Li*-polymer coordination and ion-ion association sig-
nificantly affect ion migration properties. Therefore, the MSD
and D of Li* and TFSI~ at varying ion concentrations were cal-
culated using the MSD relation, averaged over 5 independent
simulations, as shown in Figure S23 (Supporting Information)
(details are in the Experimental Section). The MSD calculation
was performed with respect to the center of mass of the target
molecule to remove overall translation and rotation, investigat-
ing intrinsic diffusion.[*2] As shown in Figure 2a, particles ex-
hibited sub-diffusive behavior during the initial production run,
characterized by a nonlinear MSD-time relationship with a slope
less than one.}] As the simulation progressed, the system en-
tered the diffusive regime, where MSD increased linearly with
time. The MSD values at 50 ns revealed a clear dependence of
Li* displacement on the EO ratio. At dilute concentration (50:1),
the MSD reaches its maximum (28.71 A?). With increasing salt
content, the MSD decreases and then exhibits a plateau between
25:1 (25.22 A%) and 15:1 (25.11 A?). Beyond this region, the MSD
drops markedly, reaching 15.19 A? at 8:1 and 11.08 A? at 5:1.

In the low Li* content regime (from 50:1 to 8:1), the MSD
reaches its maximum at the lowest concentration (50:1). Then,
Li* displacement decreases monotonically and exhibits a plateau
between 25:1 and 8:1 EO ratios. The final displacement values
at 50 ns are 28.71 A? (50:1), 25.22 A? (25:1), 25.37 A% (10:1), and
25.11 A? (8:1), indicating saturation behavior of Li* near the inter-
mediate concentration. However, beyond the 8:1 ratio, the MSD
values at 50 20 ns markedly decrease to 15.19 A2 and 11.08 A? for
the 5:1 and 2:1 EO ratios, respectively, in the concentrated regime.
This reduction suggests that increasing ion concentration leads
to constrained ion motion, likely due to enhanced ion—ion inter-
actions and the formation of ion clusters that limit long-range
displacement based on the RDF results.

Referring to the MSD results, we extracted the self-diffusion
coefficient of Li* (D;*) and TFSI~ (D, ); the equation is de-
tailed in the Experimental Section. To ensure statistical reliability,
these coeflicients were averaged over 5 independent MD simula-
tion runs, presented in Tables S2 and S3 (Supporting Informa-
tion). As shown in Figure 2b, the D;;* showed a concentration-
dependent trend. The D;;* decreased monotonically with in-
creasing salt concentration. It dropped sharply from 8.11 x 10~°
cm?st at 50:1 EO ratio to 7.66 X 107 cm?s~! at 25:1 EO ratio,
then decreased more gradually, forming a relatively flat region be-
tween 25:1 and 8:1 EO ratios (6.85 x 1072 cm?s~! at 10:1 and 6.71
x 107 cm?s! at 8:1). Beyond this intermediate regime, the dif-
fusivity fell markedly to 3.72 x 10™ cm?s™! (5:1) and 2.86 X 10~°
cm’s™ (2:1), representing an overall ~2.8-fold reduction between
the dilute and concentrated systems. We also calculated Dypg;™
using the center of mass of the TFSI™ molecules. In analogy to
Li*, the Dy, diffusivity shows a gradual decrease with increas-
ing salt concentration. It drops from 1.71 X 107 cm?s~! at 50:1 to
1.55 X 1078 cm?s~! (25:1) and then decreases more slowly to 1.42
x 1078 cm?s™! (10:1) and 1.41 X 1078 cm?s™! (8:1), indicating a
near-plateau behavior at intermediate concentrations. At higher
concentrations, Dyyg;~ declines more sharply, reaching 9.69 x
107 cm?s7! (5:1) and 5.80 X 10~ cm?s™! (2:1), consistent with the
overall decreasing trend of D,;* as a function of ion content. It is
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Figure 2. Li* displacement, D, and polymer morphology as a function of EO ratio. a) MSD trajectories of Li* sampled every 1000 steps over 50 ns and
averaged over 5 independent runs, illustrating sub-diffusive behavior at short times and a transition to linear diffusion at long times. b) D,;, (black) and
Drgsi™ (red) extracted from the long-time slopes of the MSD curves. c) oy, (blue, left axis) and PEO R, (orange, right axis) plotted versus EO ratio.

d) Representative MD snapshots showing Li* coordination environments in three concentration regimes: Regime i (50:1-8:1), free Li* transport with
PEO coordination only; Regime ii (5:1), formation of Li*~TFSI™ ion pairs; Regime iii (2:1), contact ion pairs and aggregates with overcrowded coordina-

tion.

noticeable that Dy~ exceeds the corresponding D;;* values,
which is attributed to the weaker coordination and weaker
Coulombic binding of TFSI~ to EO, leading to less steric hin-
drance and more facile hopping pathways.*”]

In addition to the D, we calculated ionic conductivity of Li* (o)
via the Nernst-Einstein equation to capture the collective trans-
port behavior and directly relate our simulation data to experi-
mentally measurable performance metrics, as follows:

N¢?

where V denotes the total system volume, N the number of mo-
bile Li*, g the charge per mobile ion, T the absolute tempera-
ture, k the Boltzmann constant, and D the diffusion coefficient of
Li*.[*) While the D captures single-ion mobility, the o reflects ion
concentration and correlated motion at higher loadings. Here,
values were averaged from 510 independent production runs in
MD simulations (Table S4, Supporting Information); these val-
ues are compared to experimental impedance measurements to
validate the reliability of the simulations and force field, and to
link atomistic behavior to device performance. In Figure 2c, the
o increases from 1.19 x 10~ S/cm at 50:1 to a maximum of 6.08
x 107> S/cm at 8:1, then decreases to 1.96 X 10~ S/cm at 5:1 and
6.86 X 107° S/cm at 2:1, indicating a clear inflection at the 8:1 EO
ratio, consistent with the trend observed in D values. Specifically,
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at the 8:1 EO ratio, the simulated ionic conductivity (6, = 6.08 X
107 S/cm) is comparable to the previously reported value of 7.85
x 1075 S/cm, confirming the reliability of the suggested simula-
tion protocol.[* Additional simulations at intermediate EO ratios
of 7:1 and 6:1 were performed to further investigate the transition
behavior observed at the 8:1 EO ratio (Figure S4, Supporting In-
formation).

Subsequently, we calculated the 10 average R, of PEO as a func-
tion of ion concentration, as summarized in Table S5 (Support-
ing Information).[*! Figure 2c exhibits a monotonic decrease as
the ion concentration increased from 50:1 to 8:1. It can be at-
tributed to the increasing Li*—EO coordination: as more Li* ions
bind to the EOs, which can be on the same PEO chain, the Li*
draws the segments of a chain into tighter conformations and
reduces the overall coil size of PEO backbones. Up to the 5:1
composition, the “ion-bridging” effect dominates, leading to pro-
gressively lower R, values from 1.904 A (50:1) down to 1.695 A
(5:1). Beyond this concentration, however, the onset of ion pair-
ing and clustering—as well as the attendant disruption of local
packing—begins to outweigh chain contraction, eventually allow-
ing the polymer chains to re-expand to 1.904 A at 2:1 ratio.[%]

In MD simulations, the PEO chain conformation changed
non-monotonically with ion concentrations. Between 50:1 and
8:1 ratio, increasing Li* raises the free-ion population and yields
a dominant Li—Opy, RDF peak at 2.125 A with an average
CN of six, accompanied by a decreased R, that reflects chain
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Figure 3. Salt concentration-dependent crystallinity and ¢ of PEO/LITFSI electrolytes. OM images of PEO/LITFSI films at EO ratios of a) 10:1, b) 8:1,
) 5:1,and d) 2:1. e) XRD patterns of PEO/LIiTFSI films at various EO ratios (10:1, 8:1, 5:1, and 2:1). f) Nyquist plots of EGTs with different EO ratios. EIS
measurements were performed over a frequency range of 100 mHz to 1 MHz. The device used for EIS measurement had a sandwiched MISM structur
e (ITO/PEO electrolyte/ZnO/ITO). Insets show the high-frequency region of the EIS spectra.

contraction (Figure 2d,i). In this low-to-intermediate regime, dis-
rupted PEO crystallinity plasticizes the polymer and promotes
more frequent intra- and interchain Li* hopping via segmen-
tal motion. However, at high concentration regimes (from 5:1 to
2:1 EO ratio), this trend reverses. The RDF displays two distinct
peaks in Li—Op,™: the first at #2.175 A, reflecting bidentate co-
ordination via two TFSI~ oxygens, and another ~4.425 A, indica-
tive of monodentate coordination through a single oxygen.[2>47]
In super-concentrated PEO/LiTFSI (EO:Li < 5:1), extensive ion—
introduce steric barriers that give rise to an MSD plateau and
a dramatic decline in Li* conductivity, even as the R, partially
rebounds. This aggregation-induced suppression of segmental-
motion—driven hopping effectively quenches the intrinsic diffu-
sive behavior of Li* and may alleviate the exponential ion dynam-
ics, as necessary for linear weight updates in EGTs.

2.3. Experimental Analysis of Mechanical and lonic Properties of
PEO/LITFSI

Guided by the MD simulations’ insights into how ion coordina-
tion and dynamics vary with concentration, we performed exper-
imental validation using four representative EO:Li ratios—10:1,
8:1, 5:1, and 2:1. For each composition, we prepared PEO/LiTFSI
electrolytes and fabricate side-gated EGTs (see Experimental Sec-
tion for details). These specific ratios were chosen to target the
key transitional regimes highlighted by simulation and to di-
rectly compare simulation predictions with macroscopic device
performance. As shown in Figure 3a—d, the OM reveals that
PEO/LiTFSI electrolytes remain fully amorphous at 10:1, 8:1, and
5:1 EO ratios, with no evidence of crystalline domains. In con-
trast, the 2:1 sample exhibits extensive crystallization through-
out the film, forming characteristic lamellar spherulites. These
spherulites nucleate at discrete sites and grow radially until adja-
cent domains impinge, producing well-defined boundaries. Such
radially aligned lamellar structures and spherulitic morphologies
are emblematic of PEO’s secondary crystallization behavior.[*84]

At ultrahigh ion concentrations, LiTFSI cluster size and abun-
dance increase remarkably, inducing correlated ion—ion interac-
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tions that compete with PEO ether-oxygen coordination.[%) Re-
duced Li—EO coordination thus restores sufficient polymer chain
mobility and interchain packing, permitting pure PEO lamellae
to recrystallize within the remaining amorphous matrix.°!} Re-
ferring to the OM images, XRD analysis was further conducted to
verify the crystallinity and phase composition of the PEQ/LiTFSI
electrolytes (Figure 3e). PEO/LIiTFSI electrolytes at EO ratios of
10:1, 8:1, and 5:1 display a broad diffraction pattern, confirm-
ing their amorphous character—consistent with LiTFSI’s plas-
ticizing effect that disrupts PEO crystallinity and lowers its glass
transition.’?! In contrast, the 2:1 sample exhibits sharp reflec-
tions at 20 = 19.04° and 23.30°, assignable to the (120) and (112)
planes of crystalline PEO, indicating re-crystallization under
super-concentrated conditions.[>*! In addition, the intense peaks
observed at 26 values of 12.86°, 15.36°, 20.08°, 24.76°, 27.20°,
and 29.70° indicate the coexistence of crystalline LiTFSI and
PfEO/LiTFSI complex phases, demonstrating that specific salt
stoichiometry promotes PEO recrystallization and the formation
of LiTFSI-containing crystalline complexes.>*>*! Although the
PEO/LiTFSI electrolytes are highly crystalline with well-ordered
lamellae at 2:1 EO ratio, amorphous domains inevitably reside be-
tween lamellae and are interconnected by tie chains.[**7] These
amorphous regions remain well above the T, of PEO and form
a continuous rubbery matrix that accommodates strain. In ad-
dition, while high crystallinity in free-standing PEO films is of-
ten associated with brittle fracture, substrate-supported, thin, and
locally patterned PEO/LIiTFSI electrolytes suppress crack initia-
tion and propagation, with the low-T, amorphous matrix pro-
viding mechanical compliance. To investigate the influence of
mechanical-property changes in the PEO/LiTFSI electrolyte on
the ion transport, o was calculated from EIS measurements us-
ing Equation (3)

o=

G)

| —

1
R,
where R,, A, and | represent bulk resistance, area, and thick-
ness of the electrolyte film, respectively.'®! Using R, values from

the Nyquist plots (Figure 3f; Table S6, Supporting Information),
o varies with EO ratios: 4.75x107°, 7.85x10~°, 1.54x10~°, and
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Figure 4. Electrical synaptic characteristics of Li-EGTs with different ion concentrations. a) Transfer curves of Li-EGTs with four different EO ratios
(10:1, 8:1, 5:1, and 2:1) plotted on a linear scale at a fixed sweep rate of 0.8 Vs™1 (Vgs = =3 to 3V, Vps = 0.1V). b) Analog conductance modulation
characteristics of Li-EGTs with different EO ratios. A total of 50 potentiation and depression pulses were applied over three cycles for each EGT. The
pulse parameters are provided in Figure 4c. ¢) Normalized channel conductance values of Li-EGTs with different EO ratios under consecutive square
pulse stimulation. The values of Vs and pulse conditions are indicated in the figure. d) NL parameters for the LTP and LTD regions, shown in blue and
red, respectively (ideal NL = 0), for the Li-EGTs with different EO ratios. e) AS parameters corresponding to the different EO ratios. f) Calculated DR

under 50 consecutive pulses for the different EO ratios.

1.40x10~7 S-cm™! for 10:1, 8:1, 5:1, and 2:1 EO ratio, respec-
tively. The o(;* values for four EO ratio conditions, obtained from
MD simulations and EIS experimental measurements, are pre-
sented in Table S7 (Supporting Information). In both simula-
tion and experiment, the o;* initially increases with ion con-
centration, peaks at the 8:1 ratio, then decreases as concentra-
tion rises further. Excellent agreement was observed at EO ra-
tios of 10:1, 8:1, and 5:1 EO ratios (6};* 4, = 4.77 X 107, 6.08
x 107%, and 1.96 x 107> S/cm, respectively) while at high salt
concentrations, the simulated o;* was ~50 times higher than
the experimental values (o, = 6.86 X 107° S/cm at 2:1 EO
ratio). The deviation likely arises from limitations of the non-
polarizable OPLS-AA force field, which cannot fully capture dy-
namic and local polarization fluctuations in highly concentrated
polymer systems. Thus, further optimization using a polarizable
force field is required to improve predictive accuracy. Neverthe-
less, the overall concentration-dependent trend shows excellent
qualitative agreement with experiments, validating the predictive
capability of MD simulations for electrolyte design. MD simu-
lations reveal that D;;* decreases sharply at the 5:1 ratio, as in-
dicated by MSD (Figure 2a). CN analysis also confirms that Li*
forms coordination bonds with TFSI~ oxygen atoms at this EO
ratio. As the system approaches solute saturation, undissociated
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ion pairs form through electrostatic interactions, reducing Li*
coordination with EO groups and decreasing ¢ without phase
transition. However, ordered crystallites and ion aggregates dom-
inate the PEO electrolyte at the 2:1 ratio, fundamentally chang-
ing the transport mechanism from vehicular motion to ion hop-
ping, which reflects reduced chain flexibility. In the amorphous
state, ions move more freely due to greater polymer chain seg-
mental motion.*®] Conversely, Li* in the crystalline state must
hop between coordination sites within the crystal lattice, requir-
ing a higher activation energy due to the rigid PEO polymer,
which significantly changes diffusive ion dynamics into constant
motion.l>”]

2.4. Artificial Synaptic Characteristics of Li-EGTs

To evaluate the artificial synaptic properties of the Li-EGTs, we
test devices with four different EO ratios using a double gate-
voltage sweep from —3 to 3V (Vg = 0.1V, sweep rate = 0.8 V/s).
As shown in Figure 4a, all EGTs exhibit hysteresis behavior
with substantial memory windows: 3.15 V (10:1), 3.24 V (8:1),
3.45V (5:1), and 3.39 V (2:1), attributed to mobile ion migration
within the PEO/LIiTFSI electrolyte. The EGT with 5:1 EO ratio
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demonstrates the highest on-state current (Ip). We measured
areal capacitance values using a metal-insulator-metal struc-
ture (Figure S5, Supporting Information): 1.35, 1.48, 1.62, and
0.405 pFem~2 for the 10:1, 8:1, 5:1, and 2:1 ratios, respectively,
with maximum capacitance at 5:1. The obtained capacitance
values fall within the typical range for EGTs (1-10 pF cm™2)
originating from electric double-layer formation at the elec-
trolyte/semiconductor interface, and are in good agreement with
previously reported values.®*-62] These results indicate that de-
spite reduced Li* diffusivity at 5:1 EO ratio (due to enhanced elec-
trostatic interactions and lower proportion of free Li*), the larger
absolute number of charge carriers—combined with active poly-
mer segmental motion in the amorphous phase—compensates
for limited diffusivity. It produces significantly higher I, com-
pared to other concentrations, suggesting the increased I is
primarily driven by carrier density rather than ion diffusivity. We
also analyzed the imaginary capacitance (C”) from EIS to eluci-
date ion relaxation and dielectric properties of each PEO/LiTFSI
electrolyte. The relaxation time (v = Z]Tf ) increases with salt con-
centration from 85.8 ps (10:1), 279 ps (8:1), and 1.34 ms (5:1) to
7.25 s (2:1). Additionally, ion transport changes notably at the 2:1
EO ratio, as described in detail in Figure S5c¢ and the Supporting
Notes (Supporting Information).

We conducted analog conductance modulation measurements
by applying consecutive 50-pulse voltages to each EGT, as shown
in Figure 4b. The repetitive LTP and LTD results demonstrate
high tunability across all EO ratios. The LTP and LID occur
through a two-step mechanism: under positive gate bias, Li*
migrates toward the ZnO channel side and forms an EDL at
the ZnO/electrolyte interface, which accelerates electron accu-
mulation in the ZnO channel. Subsequently, Li* penetrates
into the ZnO thin film due to its small ionic radius (76 pm)
and electrochemically dopes the deeper region of ZnO via re-
versible Faradaic reactions triggered by the applied pulses.['¢]
The Li-EGTs thereby enable modification of channel conduc-
tance and stable long-term memory behavior. To testify to reli-
ability under extreme conditions, we extended testing to 1000 cy-
cles. Figures S6 and S7 (Supporting Information) demonstrate
excellent reproducibility with minimal variation under ambi-
ent conditions. The cycle-to-cycle variation (CCV) remains be-
low 1.72% across all devices (specifically 1.31%, 1.48%, 1.72%,
and 0.12% for EO ratios of 10:1, 81, 5:1, and 2:1, respec-
tively). Device-to-device variation (DDV) is also well-controlled
at 4.37%, 2.42%, 2.61%, and 3.82% for the corresponding ra-
tios, with a maximum overall variation of 4.37% (Figure S8,
Supporting Information). These results confirm the high unifor-
mity and stability of our EGTs across both temporal and spatial
scales.

By fitting the LTP/LTD measurement data with normalized
channel conductance values, we compared weight update linear-
ity as a function of ion concentration (Figure 4c). The conduc-
tance modulation linearity correlates strongly with the underly-
ing ion transport mechanism. At low salt concentrations (10:1-
5:1), fully dissociated Li* binds with EO segments and follows the
polymer’s flexible segmental motion in the amorphous phase,
resulting in diffusive and exponential conductance changes. In
contrast, at high concentration (2:1), recrystallization occurs and
ion transport shifts to a hopping-dominated transport between
fixed coordination sites with higher activation energy, leading to
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more stable and controllable conductance modulation, improv-
ing linearity.[*]

We further quantified the applicability of each EGT for neuro-
morphic computing by calculating three key metrics: NL, asym-
metry (AS), and dynamic range (DR) (details of NL and AS
are in Figure S9, Supporting Information). Ideally, the NL and
AS are zero for neuromorphic computing tasks, and wide DR
(Gpax/Gmin = 10) enables high-precision synaptic weight rep-
resentation and updates, reducing quantization error and im-
proving learning accuracy and stability.[*] The EGTs with 2:1
EO ratio achieved the best overall performance, with NL, and
NL, values of 0.42 and —0.5—closest to the ideal of zero—
and an AS of 0.068, which is more than an order of magni-
tude lower than the 0.707 observed at 10:1 ratio. In other con-
ditions, 10:1, 8:1, and 5:1 EO ratios, the NL values in both
potentiation and depression exceeded |3.5|, and AS becomes
higher (Figure 4d,e; Table S8, Supporting Information). This phe-
nomenon stems from the intrinsic exponential transport charac-
teristics of carrier ions in EGTs, driven by segmental-motion—
mediated Li* diffusion. Figure 4f represents that all EGTs ex-
ceeded the threshold DR of 10 (10.97 at 10:1, 12.56 at 8:1, 19.19 at
5:1—the highest—and 11.64 at 2:1 ratio). These results demon-
strate that all EGTs achieved sufficiently wide DR for neuro-
morphic computing, and the 2:1 EO ratio exhibits the optimal
combination of key performance metrics due to the shift in
ion dynamics toward hopping-dominated conduction, despite its
lower o.

2.5. Neuromorphic Computing with EGTs for CNN-Based
Recognition Tasks

To assess the neuromorphic computing potential of Li-EGTs,
recognition task simulations were conducted using a CNN
trained on the CIFAR-10 dataset, which comprises 10 image cat-
egories (e.g., truck, airplane, horse) composed of 32 x 32 pixel
RGB images (Figure 5a). The CNN architecture consists of eight
layers, including convolutional, pooling, and fully connected lay-
ers, with synaptic weights modulated according to the conduc-
tance update characteristics of Li-EGTs as shown in Figure 4.[65:6¢]
As illustrated in Figure 5a, the network processes image fea-
tures through repeated convolution and pooling operations be-
fore reaching the fully connected layers, where the Li-EGT ar-
rays emulate synaptic connections (Figure 5b). Training was per-
formed over 256 epochs using 50 000 images, and 10 000 images
were used for inference in each epoch. The simulation setup and
circuit implementation are described in detail in the Experimen-
tal section.

As shown in Figure 5¢, the Li-EGT-based CNN under the 2:1
EO ratio condition achieves a maximum inference accuracy of
89.51%, which is close to the ideal device accuracy of 90.93%.
In contrast, simulations at EO ratios of 10:1, 8:1, and 5:1 fail to
yield valid results by showing NaN (not a number) due to ex-
cessive NL, which impeded proper weight training.[®] The high
accuracy at a 2:1 EO ratio is attributed to the excellent linearity
(NL, = 0.42, NL, = —0.5) and large DR (11.64) with small varia-
tions (CCV = 0.12%, DDV = 3.82%) of conductance modulation
in Li-EGTs. These results demonstrate that Li-EGT exhibits the
Dbest synaptic performance under the 2:1 EO ratio condition, a
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Figure 5. Neuromorphic computing for training and inference tasks using a CNN on the CIFAR-10 dataset. a) Sample images from the CIFAR-10 dataset
and the architecture of a CNN consisting of convolutional, pooling, and fully connected layers, trained on the CIFAR-10 dataset for image classification.
The dataset image is reprinted from Ref. [76] b) Circuit diagram of a hardware neural network based on Li-EGTs, showing fully connected layers with
synaptic arrays and peripheral circuits for implementing write and read pulses in a CNN. c) Inference accuracy results for the CIFAR-10 dataset using
EGT-based synaptic arrays. (Left) Accuracy evolution over 256 training epochs for EGTs with an EO ratio of 2:1, comparing ideal (gray) and experimentally
measured (purple) characteristics. (Right) Inference accuracy results comparison across different EO ratios.

fundamental shift in the ion transport mechanism from
fast segmental-motion-driven diffusion to slower hopping-
dominated transport.

3. Conclusion

EGTs are promising artificial synapses, emulating synaptic plas-
ticity, long-term retention, and analog conductance modulation
via ion drift/diffusion mechanisms similar to biological neural
systems. Especially, understanding ion dynamics in EGTs is es-
sential for high-performance neuromorphic computing, as linear
conductance control enables consistent weighted synaptic oper-
ations in neural networks. However, macroscopic electrical tech-
niques cannot resolve sub-nanosecond ion transport and depend
on iterative, resource-intensive optimization. Here, we combine
MD simulations with experiments—using the OPLS-AA force
field—to probe femtosecond-resolved Li* trajectories in PEO
electrolytes at various concentrations. MSD, RDF, and R, anal-
yses show Li* diffusivity decreases above an [EOJ:[Li*] ratio of
8:1, driven by ion-pair/cluster formation and PEO R, expansion.
We validate these simulation results by fabricating EGTs by se-
lecting four conditions (10:1, 8:1, 5:1, and 2:1 ratios). Experimen-
tal ionic conductivity drops at 8:1 ratio, and a phase transition
at an ultrahigh EO ratio of 2:1 is confirmed via EIS, OM, and
XRD. The EGTs with 2:1 electrolyte demonstrate near-ideal mul-
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tilevel conductance linearity (NL, = 0.42, NL, = -0.5), achiev-
ing 89.51% accuracy on CIFAR-10. This integrated simulation—
experiment approach reveals that linear—-symmetric conductance
in EGTs requires hopping-dominated Li* transport rather than
segmental motion—achieved by precise tuning of [EOJ:[Li*] ra-
tios to induce PEO phase transitions—and thus guides the de-
sign of high-performance artificial synaptic EGTs.

4. Experimental Section

MD Simulation: The general procedure for the data related to ion dy-
namics was generated using high-throughput MD simulation. The MD
simulations in this work were conducted using the LAMMPS package on a
parallel Linux cluster in the Center for Research Computing.!57] The results
were visualized using OVITO, and the initial molecular structure setup was
conducted with the Materials Studio 2017 software. PEO/LITFSI complex
electrolytes were characterized using the OPLS-AA force field, and the co-
efficient parameters of PEO polymer and LiTFSI salts were determined by
ref. [29,68,69] For all dynamics runs, the temperature was controlled using
the Nosé—Hoover thermostat, and the pressure was controlled with the
Nosé—Hoover barostat. The Lennard—Jones (L)) and Coulomb potentials
were combined to compute pair interactions between atoms. The particle—
particle-mesh (PPPM) k-space solver was used to address the long-range
columbic interactions with a relative accuracy of 1074.[70]

All-atom molecular dynamics simulations were performed in LAMMPS
using the real-unit system and full-atom style. Initially, energy minimiza-
tion was performed to eliminate any unfavorable atomic overlaps. This was
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achieved using the conjugate gradient algorithm in LAMMPS, with energy
and force convergence criteria set to 107® and 1077, respectively. Follow-
ing the minimization, the PEO/LITFSI electrolyte system was equilibrated
in the canonical ensemble (NVT) at 100 K for 2 ps (using a 0.1 fs timestep)
and heated from 100 to 800 K under NVT conditions with a 1 fs timestep
over a total simulation time of 5 ns. Subsequently, an isothermal-isobaric
(NPT) equilibration was performed at 800 K and a pressure of 1 atm for
50 ps, followed by a pressure ramp from 1to 500 atm over 2 ns while main-
taining the temperature at 800 K. An additional NPT equilibration at 800 K
for 2 ps was then conducted. Next, the system was cooled down from 800
K to 300 K in the NPT ensemble over 5 ns, and finally, it was equilibrated at
300 K in the NPT ensemble for 8 ns to achieve a converged density before
proceeding to production simulations.[”"72]

The RDF, g(r), describes how particle density varies as a function of
distance from a reference particle.

V(<G b
gap (1) = NgNy <§ 47zr2Ar> “

In Equation (4), V denotes the volume of the simulation box; N, and
N, were the total number of atoms of types a and b, respectively; and
n;b(r) was the average number of b atoms found within a spherical shell
at distance r from a reference atom.!”3]

The MSD was the ensemble-averaged squared distance traveled by a
particle from its initial position as a function of time, serving as a quanti-
tative measure of diffusive transport.

N
MsD =+ 2l =r O )

where r;(t) and r;(0) represent the positions of atom i in the group at time
t and at the initial moment, respectively, and N was the total number of
atoms in the group.[*]

The 3D D was calculated using the Einstein equation:[74]

. _(MSD (1))
D= lim D) = lim —2— ®)

The MSD trajectories were sampled every 1000 timesteps over a total
simulation time of 50 ns, and averaged across 5 independent production
runs, each initialized with a distinct velocity seed (see Figure 2; Figure S1,
Supporting Information)

Preparation of LIiTFSI Dissolved PEO Electrolytes: Poly(ethylene
oxide) (Sigma—Aldrich, Mw: 100  000) and lithium
bis (trifluoromethanesulfonyl)imide precursor (Tokyo Chemical In-
dustry Co., Ltd.) were dissolved in anhydrous acetonitrile (Sigma—Aldrich)
at [EO]:[M™*] ion ratios of 10:1, 8:1, 5:1, and 2:1. The resulting solutions
were stirred overnight using a magnetic stirring bar at 60 °C to obtain a
uniform precursor.

Preparation of the ZnO Solution: To prepare the ZnO solution, 0.5 m
Zn(NO3),+6H,0 was dissolved in 15 mL of deionized (DI) water. Then,
2.5 M NaOH in 10 mL of DI water was added to the Zn(NOj3), solution.
After mixing, the resulting solution was centrifuged five times with DI wa-
ter at 5000 rpm for 5 min each time. After centrifugation, the precipitate
was collected and dissolved in a mixture of 20 mL NH,OH and 25 mL DI
water.

Fabrication of Li-EGTs:  The heavily boron-doped P** Si wafers with a
thickness of 200 nm, thermally grown SiO, were cut into 2.5 cm X 2.5 cm
pieces and cleaned by ultrasonication with detergent for 15 min, deionized
(D) water rinsing for 20 min, acetone for 15 min, isopropyl alcohol (IPA)
for 15 min, and N, gas blowing for 1 min, followed by UVO treatment for
15 min. The prepared ZnO solution was spin-coated at 3000 rpm for 30
s onto the SiO,/Si substrate. The ZnO-coated substrate was then heated
to 300 °C for 1 h under ambient conditions to sinter the ZnO films. The
thickness of the ZnO layer was about 6 nm. Using a photomask, the pho-
tolithography was performed to pattern the ZnO thin film channel layer.
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For source, drain, and side gate electrodes, 100 nm of aluminum metal
was deposited on the patterned ZnO (width 1600 um, length 200 pm)
by thermal evaporation at 1076 Torr using metal shadow masks. The pre-
pared PEO electrolyte mixture was drop-cast onto the side-gate, source,
and drain electrodes, fully covering them using a micropipette. The EGTs
were then dried at 60 °C overnight under ambient conditions to evaporate
the solvent.

Device Measurement: The transfer characteristics and pulse mea-
surements for synaptic performance of the EGTs were characterized by
Keysight 2902B source/measure unit at room temperature in dark condi-
tions. Using an impedance analyzer (VSP, Bio-Logic SAS), EIS using the
two-electrode AC impedance method was performed over the range of 100
mHz—1 MHz. The cell for EIS and capacitance measurements was fab-
ricated as a symmetrical sandwich structure using ITO as the electrode
(ITO(+)/electrolyte/ZnO/ITO(-)), with an area of 1 cm? and an electrolyte
thickness of 130 um. The AC bias of 10 mV was applied to ITO(+).

Material Characterization: ~The crystallinity of PEO electrolytes was in-
vestigated by XRD analysis (D8 DISCOVER, Bruker, Germany) with Cu Ka
radiation over a range of 5-90° of 26 at a step size 0.02° and time/step of
0.3s with 40 kV, 40 mA.

Convolutional Neural Network Simulation: ~ All simulations were carried
out using the open-source DNN+ NeuroSim Framework V2.1 on a Linux
workstation. AVGG-8 convolutional neural network—comprising six 3 x 3
convolutional layers interleaved with three pooling layers, followed by two
fully connected layers—is trained and tested on the CIFAR-10 dataset (32
% 32 RGB images, 10 classes). During each convolutional layer, the synap-
tic weight kernels are realized by the conductance states of Li-EGT arrays;
activations use the ReLU function, and feature maps are down-sampled
via max pooling until a 4 X 4 X 512 tensor is flattened and fed into the
classifier.[®] Synaptic weights in both convolutional and fully connected
layers are updated according to the experimentally measured device non-
idealities: NL, DR, number of conductance levels, CCV, and DDV. Training
proceeds for 256 epochs, with 50 000 images randomly sampled per epoch
and 10 000 images reserved for inference. Learning rates for the final two
fully connected layers are optimized separately for each device condition
to maximize classification accuracy.
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