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Temperature-resilient solid-state organic artificial
synapses for neuromorphic computing

A. Melianas’*, T. J. Quill'?, G. LeCroy'!, Y. Tuchman'?, H. v. Loo"*!, S. T. Keene', A. Giovannitti',

H. R. Lee', I. P. Maria>, I. McCulloch?#, A. Salleo*

Devices with tunable resistance are highly sought after for neuromorphic computing. Conventional resistive
memories, however, suffer from nonlinear and asymmetric resistance tuning and excessive write noise, degrading
artificial neural network (ANN) accelerator performance. Emerging electrochemical random-access memories
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(ECRAMs) display write linearity, which enables substantially faster ANN training by array programing in parallel.
However, state-of-the-art ECRAMs have not yet demonstrated stable and efficient operation at temperatures
required for packaged electronic devices (~90°C). Here, we show that (semi)conducting polymers combined with
ion gel electrolyte films enable solid-state ECRAMs with stable and nearly temperature-independent operation up
to 90°C. These ECRAMs show linear resistance tuning over a >2x dynamic range, 20-nanosecond switching,
submicrosecond write-read cycling, low noise, and low-voltage (+1 volt) and low-energy (~80 femtojoules per
write) operation combined with excellent endurance (>10° write-read operations at 90°C). Demonstration of
these high-performance ECRAM:s is a fundamental step toward their implementation in hardware ANNs.

INTRODUCTION
Novel materials and neuromorphic devices are required to address
the inability of complementary metal-oxide-semiconductor (CMOS)
transistor scaling to meet the increasingly demanding computa-
tional density and energy requirements of artificial neural networks
(ANNSs), particularly in embedded platforms with limited area and
power budget (I). While substantial progress has been made using
crossbar arrays of emerging nonvolatile memories, such as phase-
change memory (PCM) (2) and resistive random-access memory
(ReRAM) (3), these technologies present fundamental limitations.
The inherently stochastic switching in PCMs (melting and re-
crystallization) and ReRAMs (filament formation) inevitably causes
nonlinear and asymmetric resistance tuning, leading to large write
errors that are detrimental for accelerating training in hardware
ANN:Ss (4, 5). Electrochemical random-access memories (ECRAMs)
(6-9) on the other hand, where resistive switching is instead controlled
by ion insertion from the electrolyte into a semiconductor channel,
enable linear resistance switching with low write noise (9). While linear
resistance switching is not essential for high ANN performance,
since symmetry in resistance tuning for potentiation/depression is
more critical (4), device linearity remains the most straightforward
way to fulfill the symmetry requirement. Because of the nearly ideal
switching characteristics of ECRAM devices, they have therefore
emerged as a promising alternative for analog ANN accelerators.
ECRAMs have been demonstrated using several materials classes:
Two-dimensional (2D) materials such as graphene or a-phase molyb-
denum oxide (a-MoO3), as well as metal oxides such as lithium
titanium oxide (Li, TiO,), tungsten oxide (WOs3), or lithium cobalt
oxide (Li;_yCoQ3), have all been used as channel materials. These
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demonstrations relied on conventional Li-based battery electrolytes,
e.g., lithium phosphorous oxynitride (LiPON) (7, 8) or lithium per-
chlorate (LiClO4) mixed with polyethylene oxide (PEO) (10-12).
While Li-based ECRAMs have shown promising characteristics,
most devices are limited to millisecond write speeds. As an excep-
tion, a WO3; channel combined with LiPON electrolyte was shown
to respond to 5-ns write pulses but required 1.5-s write-read delays
(8), thereby severely limiting the overall speed of the device. While
the ultimate speed of Li-based devices is being investigated, the
relatively sluggish kinetics of Li intercalation poses a fundamental
challenge. In addition, Li reactivity is a concern for compatibility
with semiconductor fabrication processes.

In contrast, previously reported organic ECRAMs (6, 9), which
relied on proton exchange membranes, such as Nafion (13), demon-
strated 200-ns switching and <1-ps write-read cycles with endurance
to >10° write-read events (9). Nevertheless, despite promising initial
demonstrations (6, 9), organic ECRAMs face several challenges.

Proton exchange membranes require extensive hydration to
conduct protons (13, 14). Organic ECRAMs (Fig. 1A) made using
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
(Fig. 1B) as the channel/gate material and a commercially available
perfluorosulfonic acid ionomer membrane (Aquivion; see Materials
and Methods) as electrolyte do not exhibit any conductance modu-
lation when operated in moderate (2 x 10~ mbar) vacuum (Fig. 1C).
This limitation renders the use of conventional proton exchange
membranes incompatible with dry environments and thus integration
into ANN accelerators, which is the first technological challenge.
The second technological challenge stems from water evaporation
from the proton exchange membrane at the temperatures generated
in conventional electronic packaging during device operation (up to
~90°C), which, similarly to vacuum, would impair organic ECRAM
functionality. While one could argue that this is not a major impedi-
ment as biological neurons are temperature sensitive, microelectronics
requires temperature-resilient devices.

In addition, previously reported organic ECRAMs suffer from a
limited dynamic range (<2x) between the highest/lowest conductance
states when using short (~1 ps or less) write pulses (9). While operating
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Fig. 1. Organic ECRAMs using ion gels enable submicrosecond switching in vacuum. (A) ECRAM device schematic. (B) Chemical structures of the channel/gate (left) and
electrolyte (right) materials. The blue circle on 1-ethylimidazolium bis(trifluoromethylsulfonyl)imide (EIM:TFSI) highlights the hydrogen that renders EIM:TFSI protic.
(C) Resistive switching characteristics of ECRAM with PEDOT:PSS as the channel/gate material and Aquivion as the electrolyte rapidly deteriorate when going from 20% relative
humidity (RH) in N, atmosphere (black) to 2 x 10~ mbar vacuum (gray). (D) Cycling of ECRAM with PEDOT:PSS as the channel/gate material and EIM:TFSI poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) as the electrolyte operating in vacuum. (E) Cycling of ECRAM with poly(2-(3,3-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
[2,2-bithiophen]-5-yl)thieno[3,2-blthiophene) [p(g2T-TT)] as the channel/gate material and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM:TFSI)
PVDF-HFP as the electrolyte operating in vacuum. Inset shows normalized channel conductance AGsp/Gmin, for PEDOT:PSS-based (blue) and p(g2T-TT)-based (red) ECRAMs.

the devices over a small dynamic range is desirable for neuromorphic
computing, since it prevents large currents from saturating neurons
(e.g., stuck ON cells in PCM arrays), the device dynamic range should
be inherently large for improved tolerance to device-to-device varia-
tions. For example, if the median ECRAM channel conductance
varies across devices in an array, then the lack of conductance range
overlap between ECRAMs with a limited dynamic range would
be detrimental for ANN computation. In contrast, ECRAMs with
a larger dynamic range can be operated over a conductance range
common to all devices. A larger dynamic range also improves ECRAM
tolerance to write noise, since each state can span a larger conduc-
tance range relative to the write noise level. For high ANN accuracy,
the targeted dynamic range is >330 times larger than the device write
noise (4). The improved dynamic range, however, must be attained
under submicrosecond write speeds to be relevant for ANN compu-
tation. If organic ECRAMs are to be integrated with Si, then these
limitations must be overcome while retaining all of the other favor-
able device metrics, such as write linearity, low write noise, high
speed, low switching energy, and high endurance.

RESULTS

lon gels enable environmentally stable ECRAMs

Here, we demonstrate that solid electrolytes made by infiltrating an
electrically insulating polymer with common ionic liquids (Fig. 1B)
(15) enable organic ECRAMs that are programmable in vacuum
at a low voltage of 1 V using submicrosecond pulses, while still
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displaying linear resistive switching spanning 100x distinct states
(Fig. 1, D and E). Size scaling enables faster switching down to 20 ns
(our instrument limit). In this work, we obtain accurate readout of
the ECRAM channel conductance Ggp as well as the amount of in-
jected charge AQ per write pulse by operating the devices using two
access transistors (write and read select) (see fig. S1 for the measure-
ment schematic and a more detailed explanation). We use ion gel
electrolytes similar to those reported previously (15) by mixing the
polymeric insulator poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDE-HFP) with common ionic liquids, such as 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM:
TFSI) or 1-ethylimidazolium bis(trifluoromethylsulfonyl)imide
(EIM:TFSI) (Fig. 1B).

Intrinsic semiconductor improves dynamic range

While ion gel-based ECRAMs using PEDOT:PSS as the channel/gate
material perform as well as previously reported Nafion-based PEDOT:PSS
devices had (6, 9) in all respects, they still suffer from a limited dynamic
range (<2x) between the highest/lowest conductance states (Fig. 1D).
We improve the device dynamic range by replacing PEDOT:PSS
with the intrinsic semiconducting polymer poly(2-(3,3-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-[2,2-bithiophen]-5-yl)thieno[3,2-
blthiophene) [p(g2T-TT)] (Fig. 1B), which was recently developed
to operate in enhancement-mode organic electrochemical transistors
(OECTs) (16). In contrast to PEDOT:PSS, p(g2T-TT) is highly
resistive before electrochemical gating and enables a higher dynamic
range (~4x) even under considerably shorter £1-V 300-ns write
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pulses than needed for PEDOT:PSS (Fig. 1, D and E). The large im-
provement in ECRAM dynamic range is evident when comparing
the ECRAM channel conductance AGsp normalized by its minimum
value AGsp/Gin (Fig. 1E, inset). The p(g2T-TT) device linearity and
signal-to-noise ratio (AG*/c* > 100, where AG is the conductance
update and o is its standard deviation) fulfill the requirements for
high ANN accuracy (4). Hence, p(g2T-TT) outperforms PEDOT:PSS
due to its larger dynamic range, lower write energy, and faster
switching.

High endurance at elevated temperature

If organic ECRAMs are to be integrated with conventional electronics,
then they must demonstrate stable operation during prolonged
cycling. To be relevant, endurance tests must also be conducted at
temperatures typically reached in packaged semiconductor devices
(up to ~90°C). We cycled our ECRAMs in vacuum at 90°C for >10°
write-read events, followed by additional >10° write-read events at
30°C (Fig. 2, A and B). Our ECRAM cycling characteristics are nearly
temperature independent up to 90°C, especially those made with

p(g2T-TT) (Fig. 2B). Only some changes are observed following
>2 x 10° write-read events (>2 x 10’ full range cycles): Though we
observe a 2.4% decrease in the median p(g2T-TT) channel conduc-
tance following ~1 x 10° write-read events and a 12.8% decrease
after ~2 x 10° write-read events, the cycling behavior remains largely
unaffected. While, in the future, it would be desirable to further
reduce the observed 12.8% drift in conductance after ~2 x 10°
write-read events, the reported device endurance, which is already
exceptional within the realm of organic electronics (17), is promising
for neuromorphic computing implementations: It is indeed com-
petitive with state-of-the-art inorganic resistive switching devices
(18) and even exceeds that of commercial flash memories (endur-
ance, ~10° cycles) (19). Our ECRAMs enable a unique combina-
tion of high endurance (>2 x 10° write-read events) and low noise
(AG*/6* > 100).

Temperature-stable switching
At elevated temperature, following ~1 x 10° write-read events, the
p(g2T-TT) ECRAMs display nearly temperature-independent operation
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Fig. 2. Temperature-stable switching of organic ECRAMs, >10° write endurance at 90°C, and temperature-independent write linearity. Endurance of (A) PEDOT:
PSS EIM:TFSI PVDF-HFP and (B) p(g2T-TT) EMIM:TFSI PVDF-HFP devices to >10° write-read events at 90°C (colored), followed by additional >1 0° write-read events at 30°C
(black) using +1-V 1-us pulses. (C) Normalized synaptic weight update AGsp/G, dependence on injected charge AQ per area per write pulse. The dependence is linear
at 30°C and at higher temperatures both during potentiation (squares) and depression (diamonds). The black dashed line is a linear fit. arb. stands for arbitrary units.
(D) Time-resolved write current Igp measurements reveal a 6% increase in the amount of injected charge per write pulse at elevated 90°C temperature (red) compared to

30°C (black). All measurements were performed under 2 x 107* mbar vacuum.
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with only a 3% increase in the mean channel conductance and only
4% increase in dynamic range compared to room temperature (Fig. 2B).
p(g2T-TT) has superior temperature stability in comparison to
PEDOT:PSS (9% increase in dynamic range; Fig. 2A). While these
small nonidealities do not appreciably affect the functionality of our
ECRAMs, understanding their temperature behavior is important
for future device design.

The increase in dynamic range with increasing temperature can
be understood by recording the amount of injected charge AQ per
write pulse and the corresponding conductance update per write pulse
AGgp (fig. S2). To directly compare PEDOT:PSS and p(g2T-TT),
which have different absolute conductance, we normalize AGgp by
the median channel conductance G, at 30°C. We find that the scal-
ing of AGsp/G, versus AQ is linear and temperature independent
(Fig. 2C), the same holds true for AGsp versus AQ (see fig. S2).
These results suggest that the increase in dynamic range with in-
creasing temperature (Fig. 2, A and B) originates from an increase
in the amount of injected charge AQ per write pulse. Time-resolved
measurements of charging during the write pulse (Fig. 2D) confirm
this hypothesis. We observe a 6% increase in injected charge at 90°C
(Fig. 2D), which is commensurate with the 4% increase in ECRAM
dynamic range (Fig. 2B). Figure S2 shows that AQ is larger at elevated
temperature regardless of pulse duration, whereas note S1 describes

why carrier mobility in the ECRAM channel is nearly temperature
independent in the investigated 30° to 90°C range.

The increasing charging rate at higher temperature (Fig. 2D),
particularly at shorter time scales, suggests that the increase in in-
jected charge is due to an increase in the conductivity of the electro-
lyte layer (20, 21), allowing more charge to pass to the channel
during the programming pulse. Selecting electrolytes with weaker
temperature dependence of their conductivity will mitigate changes
in resistance tuning with temperature. For the typical array archi-
tecture where two devices are used per ANN weight (to represent
negative weights) (5), as long as the cycling characteristics of all de-
vices in the array shift with temperature by the same amount, ANN
computation will remain unaffected.

Low-energy switching at high speed
Figure 2C shows that p(g2T-TT) requires considerably less charge
than PEDOT:PSS to attain a similar sized update AGsp/AG,, enabling
the use of considerably shorter write pulses, as corroborated earlier
in Fig. 1 (D and E). p(g2T-TT) therefore outperforms PEDOT:PSS
not only in terms of larger dynamic range (Fig. 1, D and E) and tem-
perature resilience (Fig. 2, A and B) but also speed (Fig. 2C).

To estimate the device write speed limit and evaluate the poten-
tial for dense integration into an ANN accelerator, we measured a
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Fig. 3. Device write speed and energy scaling and operation under <1-ps write-read cycles. Switching speed (open squares) and energy (solid squares) scaling of
(A) PEDOT:PSS EIM:TFSI PVDF-HFP and (B) p(g2T-TT) EMIM:TFSI PVDF-HFP devices versus ECRAM channel area. Insets in (A) and (B) show no substantial difference in the
switching characteristics of different size devices using scaled write duration. Device modeling (colored dashed lines) predicts that a 1 um by 1 um device will enable

<20-ns switching with <10 fJ per write switching energy. (C)

p(g2T-TT) EMIM:TFSI PVDF-HFP device potentiation and depression under +2-V 200-ns write pulses (gray

shaded area), followed by 100-ns write-read delay and +0.3-V 500-ns readout (orange shaded area). The horizontal dashed lines are a guide to the eye. All measurements

were performed under 2 x 107 mbar vacuum.
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series of photolithographically patterned devices down to 30 pm by
30 um (channel/gate are 30 um by 10 um each, separated by 10 pm)
and observed no substantial difference in their switching character-
istics (Fig. 3, A and B, insets; and see fig. S3 for device-to-device
variability). Since the required programming charge decreases with
decreasing channel area (6, 9), the same conductance update AGsp
can be attained in scaled devices using shorter write pulses and cor-
respondingly lower switching energy (Fig. 3, A and B). For example,
whereas a 2x conductance modulation can be obtained in a 240 pm
by 80 um p(g2T-TT) channel when using 100x +1-V 600-ns pro-
gramming pulses, a similar 2x modulation can be attained in a
45 um by 15 um channel (30x smaller area) when using 100x +1-V
20-ns programming pulses, as shown in Fig. 3B (inset). The corre-
sponding energy cost for the 45 um by 15 um channel is ~80 fJ
per write, meeting the requirements for low-power neuromorphic
computing (17, 18). This low write energy is attained in relatively
large devices, emphasizing the inherently low energy consumption
of organic ECRAMs.

State retention

The measured state retention of our ECRAMs is of the order
of minutes both at 30° and 90°C (fig. S4). This is a major improve-
ment in terms of temperature stability and retention time compared
to earlier reports on square millimeter-sized ECRAMs using proton
exchange membranes (6, 22), which cannot be heated as their
performance would rapidly deteriorate. In contrast to earlier re-
ports, retention of the order of minutes is considerably more diffi-
cult to attain in the photolithographically-patterned hundreds of
square micron-sized devices used here, because they hold less
charge. While the achieved retention is not suitable for inference-
only dot-product engines where 10-year retention at 85°C is de-
sired (18), our device retention is adequate for applications where
ANN learning occurs either continuously (online learning) or
where the ANN weights are subsequently transferred to nonvolatile
memory (23).

Device scaling and submicrosecond operation

Beyond our experimental data, we model the scaling results in Fig. 3
(A and B) using a previously reported model (24) that describes
ECRAMs as charging capacitors (Fig. 3, A and B, dashed line). We
estimate that a 1 um by 1 pm device will switch faster than 1 GHz
using <10 {] per write.

To ensure low ANN learning accelerator latency, synaptic devices
should also exhibit both rapid synaptic weight update and readout
during training. Figure 3C shows that our devices can be successfully
programmed using <1-us write-read cycles, which is considerably
faster compared to inorganic ECRAMs (7, 8, 10-12). Our ECRAMs
thus enable high-temperature operation in dry environments while
exhibiting a write speed (20 ns) exceeding that previously reported
for Nafion-based ECRAMs (200 ns) (9) and having a lower switching
energy: For a 45 um by 15 pm channel, the switching energy is ~2.7 p]J
per write for Nafion-based PEDOT:PSS devices, whereas p(g2T-TT)
EMIM:TFSI PVDE-HFP devices require only ~80 ] per write.

It has been recently proposed that fast switching in OECTs
occurs when mobile ions are incorporated into the semiconductor
channel before electrochemical gating (25). X-ray photoelectron
spectroscopy (XPS) measurements on our devices confirm that the
ionic liquid permeates the semiconductor channel before electro-
chemical gating (fig. S5). In addition, following deposition of the
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ion gel electrolyte, the ECRAM channel conductance increases for
p(g2T-TT) and decreases for PEDOT:PSS, indicating doping of the
semiconducting polymer.

We hypothesize that fast switching, which is unexpected in electro-
chemical devices, is due to fast-diffusing ions such as protons. We
find that PEDOT:PSS devices using the aprotic ionic liquid EMIM:
TFSI are barely operational (fig. S6), while those made with the protic
(26, 27) EIM:TFSI exhibit excellent performance (Figs. 1 to 3). Sim-
ilar to aqueous electrolyte—gated organic neuromorphic devices (6),
we thus hypothesize that protons diffusing in the confined environ-
ment of the ion gel and the conjugated polymer microstructure play
an important role in the switching of our ion gel-based ECRAMs.
Protons are known to diffuse fast and with low activation barriers,
especially in hydrogen-bonded networks, where the Grotthuss mecha-
nism is active (28). p(g2T-TT) devices, on the other hand, show ex-
cellent performance with both EMIM:TFSI-based (Figs. 1 to 3) and
EIM:TFSI-based ion gels (fig. S6), suggesting the need for a more
detailed understanding of the switching mechanisms and their rela-
tionship to proton transport that are beyond the scope of this work.

DISCUSSION
In summary, we fulfill the large number of requirements for effi-
cient neuromorphic computing in a single organic ECRAM device:
linear resistance tuning with a >2x dynamic range, fast switching
(20 ns), submicrosecond write-read cycling, low-voltage (+1 V) and
low-energy (~80 fJ per write) operation, low noise (AG*/6* > 100),
and excellent endurance both at room temperature and at elevated
temperature (>10° write-read operations at 90°C). Our materials
selection strategy proves to be quite general, as it can be effectively
implemented using various ionic liquids and other block copolymers
(fig. S7). In contrast, it has been proven difficult to optimize PCMs
and ReRAMs across all metrics, such as attaining both low write noise
and low current operation, which are needed for scaling to large arrays.
While this work represents a fundamental step toward designing
organic ECRAM:s to be compatible with fabrication into high-density
synaptic arrays, some important challenges remain due to the strict
temperature and contamination requirements for integration with
CMOS. Alternative fabrication pathways exist for integrating emerg-
ing nonvolatile memories with CMOS, such as low-temperature
monolithic 3D integration of carbon nanotubes and ReRAM:s (29),
and remain an active area of pursuit to improve such compatibility.
Last, we emphasize that the ECRAM concept is not limited to
organic materials. The lessons learned here, such as the importance
of mobile species infiltrating the channel before electrochemical
gating and possibly relying on proton conduction for fast switching,
can also benefit ECRAMs made with other ion intercalation materials
such as 2D materials, van der Waals heterostructures, or MXene
composites.

MATERIALS AND METHODS

Channel and gate materials

Spin-coating solution of PEDOT:PSS was prepared by adding
6 weight % (wt %) ethylene glycol (Sigma-Aldrich), 0.1 wt % dodecyl-
benzene sulfonic acid (Sigma-Aldrich) as surfactant, and 1 wt %
(3-glycidyloxypropyl) trimethoxysilane (Sigma-Aldrich) as cross-
linking agent to an aqueous PEDOT:PSS dispersion (Clevios PH 1000,
Heraeus). p(g2T-TT) was synthesized as reported previously (16)

50f7

0202 ‘6 AInf uo /Bio°Bewsousios seouBApe//:d1Yy WoJl papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

and was dissolved in chloroform (3 mg ml™") at 60°C using a mag-
netic stir bar for at least 2 hours. Before spin coating, the PEDOT:PSS
solution was filtered through a 0.45-um PVDF membrane (Merck
Millipore Ltd.), whereas the p(g2T-TT) solution was filtered through
a 0.45-um glass fiber filter (Kinesis Inc.).

Electrolyte materials

Aquivion D66-25BS electrolyte was obtained from Solvay. Aquivion
was chosen because of its weaker conductivity dependence versus
relative humidity compared to Nafion. Ionic liquids EMIM:TFSI
and EIM:TFSI were purchased from Iolitec (99.5 and 98% grade,
respectively). Ionic liquids were baked out in a vacuum oven and
subsequently stored in an N»-filled glovebox. Polymeric insulator
PVDF-HEFP pellets with an average M,, (weight-average molecular
weight) of ~400,000 and an average M,, (number-average molecular
weight) of ~130,000 were purchased from Sigma-Aldrich. Ion gels
were prepared in ambient by dissolving PVDF-HFP and the ionic
liquid (1:4, w/w) in acetone with the following proportions: 17.6 wt %
ionic liquid, 4.4 wt % polymer, and 78 wt % solvent. The resulting
ion gel solution was stirred at 40°C for at least 30 min and then
drop-cast onto the prepatterned organic semiconductor channel/gate.

Device fabrication

ECRAM devices were photolithographically patterned in the same
way as reported previously (9, 16). Briefly, metal electrodes (8-nm
Ti/50-nm Au) were patterned onto Si wafers coated with 1 um of
SiO; using an e-beam evaporator. The wafers were subsequently
coated with 1.5 pm of parylene C as the insulating layer, cross-linked
with the adhesion promoter 3-(trimethoxysilyl)propyl methacrylate.
Following the first parylene C layer, a dilute soap solution (3%
Micro-90 in water) was spin-cast on top to prevent the subsequent
1.5 um of parylene C layer from adhering too strongly. The wafers
were then coated with 75 nm of Ti using e-beam evaporation, which
was subsequently patterned and dry-etched together with the pary-
lene C layers to define the ECRAM channel, gate, and contact pad
regions. The wafer dies were cleaned with isopropanol sonication
followed by ultraviolet-ozone cleaning before spin-coating the
PEDOT:PSS or p(g2T-TT) layers. The PEDOT:PSS solution was
spun on the wafer dies in ambient at 1000 rpm for 2 min and baked
at 120°C for 20 min, whereas the p(g2T-TT) solution was spun in
an N,-filled glovebox at 1000 rpm for 1 min and baked at 60°C for
1 min. The top parylene C layer was then peeled off in ambient to
confine the organic semiconductor only in the photolithographically
defined ECRAM channel and gate regions. The wafer dies were
gently rinsed in deionized water to eliminate residual soap and were
subsequently dried using a N, gun. The ion gel solution was then
drop-cast on top, as schematically shown in Fig. 1A.

Device measurements

ECRAMs were measured in a vacuum probe station (LTMP-4, MMR
Technologies) at 2 x 10™* mbar vacuum. Aquivion ECRAM mea-
surements at 20% relative humidity were performed in a glovebox
with humidity control (Smart Glovebox, Terra Universal). Device
cycling and time-resolved measurements were performed using a pair
of waveform generators (33520B and 33522B, 30 MHz, Keysight
Technologies) and an oscilloscope (DSOS054A, 500 MHz, Keysight
Technologies) controlled using custom LabVIEW software. The cir-
cuitry was assembled with commercial off-the-shelf components on
a custom-designed printed circuit board and enclosure. The result-
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ing data were analyzed using custom MATLAB scripts. The shortest
attainable write pulse duration using our setup is ~20 ns, as used in
the section “Low-energy switching at high speed”.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eabb2958/DC1
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