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Supplementary Materials

Materials and Methods

Materials. 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM:BF4) was purchased from Iolitec (>98
% grade). The EMIM:BF4 PVDF-HFP ion gel was prepared in the same way as EIM:TFSI and
EMIM:TFSI based ion gels described in the Materials and Methods of the main text. The block
copolymers poly(styrene)-b-poly(ethyl acrylate)-b-poly(styrene) (PS-PEA-PS), poly(styrene)-b-
poly(ethylene oxide)-b-poly(styrene) (PS-PEO-PS) and poly(styrene)-b-poly(methyl methacrylate)-b-
poly(styrene) (PS-PMMA-PS) were purchased from Polymer Source, Inc. In the case of PS-PEA-PS, the
molecular masses of PS and PEA blocks were M, = 1 kg mol™! and M, = 69 kg mol ™!, respectively. In the
case of PS-PEO-PS, the molecular masses of PS and PEO blocks were M, = 10.5 kg mol™! and M, = 48
kg mol !, respectively. In the case of PS-PMMA-PS, the molecular masses of PS and PMMA blocks were
M, =3.5 kg mol ! and M, =42 kg mol!, respectively. Block copolymer ion gels were prepared in ambient
by dissolving the chosen polymeric insulator and the ionic liquid (1:4 w/w) in dichloromethane with the
following proportions: 4.2 wt% ionic liquid 1.05 wt% polymer and 94.75 wt% solvent. The resulting ion
gel solutions were stirred at 40 °C for at least 30 min and then drop cast onto the pre-patterned organic
semiconductor channel/gate. The above block copolymer ion gels are similar to those reported previously
(30).

XPS. Depth profile characterization was performed using PHI VersaProbe 3 X-ray photoelectron
spectrometer with a monochromatized Al source (1486 eV; 50 W; 200 um spot size). The elemental
regions collected were Fls, Ols, In3d5, Nls, Cls, S2p, and Si2p. Sputtering was performed using an
Arso” gas cluster ion gun at 10 kV, 30 nA and rastered over a 2 x 2 mm area. All samples were neutralized
with an electron flood gun and low energy Ar" ions to prevent sample charging. The angle between the
sample surface and the detector was 45° for all collections. Atomic concentrations were determined using
the CasaXPS software according to peak areas and relative sensitivity factors of the species present. The
spectra were background subtracted using a Shirley-type background and smoothed using the three-point
linear Savitzky-Golay method. Gaussian-Lorentzian lineshapes were used for peak fitting. The S2p peaks
attributed to thiophene were differentiated from those of PSS and TFSI on basis of their binding energies
as described in ref. (31).
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Fig. S1. Organic ECRAM measurement schematic. We use an access transistor at the ECRAM gate as
the write select and an access transistor at the ECRAM source as the read select. The select transistors are
synchronized in time with their corresponding write (blue) and read (red) pulses, and are turned ON
(allowing current flow) for the duration of these pulses. The above schematic shows the pulse durations
used in the <I ps write-read cycling measurement (Fig. 3¢). In the example shown above, the write select
transistor is turned ON for the ~200 ns duration of the write pulse (blue) and is turned OFF (no current
flow) immediately after. The read pulse is delayed by ~200 ns following a write, as schematically shown
in the inset (black rectangle). Following the ~200 ns write-read delay, the read select transistor is turned
ON for the ~500 ns duration of the read pulse and is turned OFF immediately after. The ECRAM gate-
drain current (i.e. write current) and the source-drain conductance are measured using operational
amplifiers (marked as OpAmp). To ensure accurate readout, we use two additional switches: gate-drain
(GD) readout select and source-drain (SD) readout select. The GD readout select is ON (allowing current
flow) for the duration of the write pulse and is turned OFF (no current flow) immediately after. The SD
readout select is synced in a similar manner with the read pulse: the SD readout select is ON (allowing
current flow) for the duration of the read pulse and is turned OFF (no current flow) immediately after. The
measured source-drain current /sp (converted from the measured voltage by the OpAmp using a known
gain) is then used to obtain the channel conductance Gsp, while the gate-drain current /gp is integrated for
the duration of the write pulse to obtain the amount of injected charge AQ per write pulse.
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Fig. S2. Dependence of injected charge AQ and conductance update AGsp on write pulse duration
as well as temperature. To directly compare PEDOT:PSS (panels a-b) and p(g2T-TT) (panels c-d), we
normalize AGsp by the median channel conductance G, at 30°C and normalize AQ by the ECRAM
channel area. The increase in the amount of injected charge AQ / area per write pulse as well as the
corresponding conductance update AGsp / G, per write pulse are found to increase linearly with increasing
write pulse duration At (dashed lines are linear fits). The above panels are used to obtain the scaling of
AGsp / G, versus AQ / area (panel e), whereas panel f shows the same scaling in absolute conductance
units, i.e. AGsp versus AQ / area. We find that the scaling of AGsp / G, versus AQ / area is temperature-
independent, as also shown in the main text Fig. 2c. This means that the observed increase in AGsp / Go
with increasing temperature (panels b and d) originates from an increase in the amount of injected charge
AQ / area (panels a and ¢). This is confirmed by time-resolved measurements of the write current transient
in the main text Fig. 2d.
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Fig. S3. Device-to-device variability. Switching characteristics of various sized (a) PEDOT:PSS
EIM:TFSI PVDF-HFP and (b) p(g2T-TT) EMIM:TFSI PVDF-HFP devices operated using scaled write
duration, shown in the switching speed scaling plots (Figs. 3a-b). ECRAM channel/gate have the same
area and are separated by the indicated second dimension, resulting in a square cell (e.g. 45x15 um?
channel/gate are separated by 15 um, resulting in a 45x45 um? cell). The write pulse duration was adjusted
according to channel area such that all devices would span the same dynamic range. For example, whereas
a 2x conductance modulation can be obtained in a 240x80 um? p(g2T-TT) channel (orange) when using
100x £1 V 600 ns programming pulses, a similar 2x modulation can be attained in a 45x15 um? channel
(black) using 100x £1 V 20 ns programming pulses, i.e. using 30x shorter write pulses, matching the 30x
decrease in channel area. The observed device-to-device variability is not a materials property, as the
ECRAMs in this work were fabricated in a relatively uncontrolled multi-purpose university cleanroom
environment. We anticipate that device-to-device variability can be substantially reduced using better
suited/equipped fabrication facilities as well as using new and/or optimized ECRAM fabrication methods.
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Fig. S4. State retention. State retention of (a) PEDOT:PSS EIM:TFSI PVDF-HFP and (b) p(g2T-TT)
EMIM:TFSI PVDF-HFP devices at the indicated temperature under 2x10** mbar vacuum. To estimate
state retention, the devices were first programmed to a desired source-gate voltage Vsg, for example Vsg
=-0.25V, followed by leaving the gate floating, and continuously measuring the source-drain conductance
Gsp. For 50x states, the estimated state retention for PEDOT:PSS EIM:TFSI PVDF-HFP is ~1 min both
at 30 °C and at 90 °C, while for p(g2T-TT) EMIM:TFSI PVDF-HFP the state retention is >5 min at 30 °C
and ~1 min at 90 °C. In both materials systems the state retention is mostly limited by the faster discharge
at 0.25 V.
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Fig. SS5. XPS reveals ionic liquid uptake by the organic semiconductor channel prior to
electrochemical gating. XPS depth profiles of PEDOT:PSS films with (a) EIM: TFSI PVDF-HFP and (b)
EMIM:TFSI PVDF-HFP ion gels on top, and p(g2T-TT) films with (¢) EIM:TFSI PVDF-HFP and (d)
EMIM:TFSI PVDF-HFP ion gels on top. The N1s signal from both the imidazolium cation and the TFSI
anion serves as a unique ionic liquid marker. In all cases, the increase in S-thiophene concentration
(purple), originating from the organic semiconductor, and the coexistence of N1s peaks (black) confirm
the presence of ionic liquid throughout the bulk of the channel material. In the case of PEDOT:PSS (top
panels a-b), the rise in S-sulfonate concentration is due to the high concentration of PSS. In the case of
p(g2T-TT) (bottom panels c-d), the S2p peak, attributed to the sulfonamide group of TFSI, serves as a
secondary ionic liquid marker. The error bars represent one standard deviation of the atomic concentration
based on Monte Carlo analysis performed using CasaXPS software, see Materials and Methods in
Supplementary Materials for details. The shaded regions are a guide to the eye, indicating the estimated
position of the PEDOT:PSS (blue) or p(g2T-TT) (red) layers, whereas the non-shaded regions correspond
to the ion gel electrolyte.
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Fig. S6. Comparison of ECRAMs using EMIM:TFSI versus EIM:TFSI based ion gels. Cycling
characteristics of ECRAMs with (a) PEDOT:PSS and (b) p(g2T-TT) as the channel/gate material, and
EMIM:TFSI PVDF-HFP or EIM:TFSI PVDF-HFP as the ion gel electrolyte. PEDOT:PSS devices were
cycled using 1 V 1 us write pulses, whereas £1 V 20 ns write pulses were used in the case of p(g2T-TT)
devices due to their higher switching speed. PEDOT:PSS devices using the aprotic ionic liquid
EMIM:TFSI are barely operational (Fig. S6a, black trace) while those made with the protic (26, 27)
EIM:TFSI exhibit excellent performance (Figs. S6a, blue trace). The higher dynamic range in
PEDOT:PSS devices based on the protic ion gel EIM:TFSI PVDF-HFP suggests that protons play an
important role in the resistive switching of our ECRAMs. p(g2T-TT) devices on the other hand show
excellent performance with both ion gels (Fig. S6b), suggesting the need for a more detailed understanding
of the switching mechanisms and their relationship to proton transport that are beyond the scope of this
work. The measurements were performed at 30 °C under 2x10* mbar vacuum.
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Fig. S7. Organic ECRAMs can also be made using various block copolymers as well as other ionic
liquids. Cycling characteristics of ECRAMs with PEDOT:PSS as the channel/gate material and the
indicated ion gel as electrolyte: 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIM:BFj) gelated with
PVDF-HFP or EIM:TFSI gelated with block copolymers such as poly(styrene)-b-poly(ethyl acrylate)-b-
poly(styrene) (PS-PEA-PS), poly(styrene)-b-poly(ethylene oxide)-b-poly(styrene) (PS-PEO-PS) or
poly(styrene)-b-poly(methyl methacrylate)-b-poly(styrene) (PS-PMMA-PS), see Materials and Methods
in Supplementary Materials for details. The devices were cycled using +£1 V 1 ps write pulses at 30 °C
under 2x10* mbar vacuum.



Note S1. ECRAM channel carrier mobility is temperature-independent in the temperature range
studied in this work. The increase in the amount of injected charge per write pulse AQ at elevated
temperature leads to a corresponding increase in the conductance change per write pulse AGsp
(Supplementary Fig. S2). However, we find that the scaling of AGsp versus AQ is close to temperature-
independent (Supplementary Fig. S2). This means that the increase in AGsp at elevated temperature is
solely due an increase in AQ, as confirmed by time-resolved measurements of charging during the write
pulse (Fig. 2d). As a result, we conclude that carrier mobility is nearly temperature-independent in the
temperature range studied here.

If the carrier mobility was decreasing with temperature, AGsp versus AQ would be decreasing with
temperature, which is not the case. Instead, in view of the faster charging at elevated temperature (Fig.
2d), it appears that ion mobility increases with increasing temperature, leading to a larger AQ for identical
pulse length when the temperature is increased (Supplementary Fig. S2).

In addition, organic (semi)conductors are typically cooled below 300K when measuring the charge carrier
mobility dependence vs temperature. Due to the thermally activated nature of hopping transport in
disordered organic solids, carrier mobility is strongly temperature-dependent and increasing with
temperature in this regime. In contrast, here the samples are heated above 300K. In this regime, the carrier
mobility is significantly less temperature dependent and may even plateau, see ref. (32) for an example
where thermally stable organic semiconductors were investigated and show this behavior. At very high
temperatures (>100 °C) the carrier mobility may appear to decrease, but this may be due to sample
degradation or morphological changes past glass transition rather than charge transport physics. In view
of Fig. 2c¢ results, carrier mobility is nearly temperature-independent in the regime studied in this work,
similar to ref. (32).
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