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Abstract

lonic liquids (IL) have been investigated extensively to electrostatically dope materials to high
carrier concentrations. To accomplish this, an electric double layer (EDL) is formed at the interface
of the IL and the material channel, which induces a very high electrical field. Electrochemical
etching on the IL-channel interface has also been reported and thus for certain materials low
temperature IL charging is needed to limit the etching kinetics. While many experiments have been
demonstrated in the literature, very little is understood about the low temperature charging dynamics
which can have profound effects on the EDL. Here we report our investigation of the low
temperature (~210 K) charging dynamics in two widely used ILs — DEME-TF;N and Csmim-TF2N.
The results show that the formation of the EDL at low temperature requires a long time and an
equivalent voltage Ve is introduced as a measure of the EDL formation during the biasing process.
The experimental observation is supported by molecular dynamic simulation, which show that the
dynamics are logically a function of gate voltage, time and temperature. To demonstrate the
importance of understanding the charging dynamics, a 140 nm thick FeSeosTeqs film was biased
using the DEME IL and its onset T can be tuned from 18 to a maximum of 35 K for 0 <V, <2.16
V; when Ve > 2.16 V T, systematically decreases as apparently the superconductor becomes over-
doped.



Introduction

lonic liquids (IL) have been investigated extensively for their unique ability to form an electric
double layer (EDL) at relatively low operating voltages.!* When an external voltage is applied on
the liquid, cations and anions are oriented to form an EDL at the IL-channel interface and support
high electrical fields, which has been widely used to electrostatically gate carrier densities in field-
effect transistors. >° It has also been used to extract and intercalate oxygen anions in oxide materials
such as TiO,, SrTiOz and Mo0Qs.% 1014 Recently, investigations of the electrostatic doping on
superconducting materials has also been studied. Though the detailed underlying mechanism is not
completely understood yet, it has been found in different superconductors that appropriate carrier
doping can enhance the superconducting transition temperature (T¢).* 1522 N,N-dethyl-N-methyl-N-
(2-methoxyethyl)ammonium bis(trifluoromethanesulphonyl)imide, known as DEME-TF;N, is one
of the commonly used IL and demonstrated to work on both cuprate and iron-based superconductors
to enhance T.. However it has also been noted that electrochemical etching can occur at certain
voltage/temperature regimes for some IL-superconducting materials combinations®® 2. One of the
ways to avoid etching is to perform gate biasing at low temperature, typically 220 K, which is just
slightly higher than the DEME IL glass transition temperature (~200 K). While electrochemical
etching can be minimized at low temperature, ion migration rates and thus the EDL formation is
also slower. To our knowledge, the low temperature dynamics of EDL formation has not been
carefully studied, which is critical to understand as slow EDL formation times can confuse the
interpretation of low temperature electrostatic doping studies.

In this report we present our study of low temperature charging dynamics of two ILs, DEME-TF,N
and Csmim-TF2N. The Csamim-TF2N IL, also known as Bmim-TF2N, has been commonly used in
recent semiconductor gating studies. Based on these results, the gating effect on FeSeosTegs (FST)
thin films with the DEME IL is also investigated. FST belongs to the “11” type iron-based
superconductor, which has the simplest structure and lowest toxicity in the iron-based family.
However, these iron chalcogenides have lower T. compare to iron arsenides. Thus, strategies have
been studied to enhance its T through different processing techniques, such as oxygen annealing
and ion irradiation.?*?% |L gating has also been studied on iron chalcogenides. Hanzawa et al
reported an investigation on FeSe thin films and showed that the onset superconducting transition
temperature (Tc°") can be enhanced from ~8 K to 35 K by applying Vg = 5.5 V to the DEME IL
gate.'® They found that the enhancement is realized on ~10 nm thick FeSe films, but not on those
with 100 nm thickness. A similar study was done by Shiogai et al, where it was demonstrated that
Tc of FeSe films can be enhanced by IL gating after electrochemical etching/thinning of the films.?°
FeSe in the form of exfoliated flakes has also been studied by Lei et al, where they used both IL
gating and solid dielectric gating to enhanced the Tc°" to an even higher temperature (~45 K).*": 18
However, we are not aware of any studies showing IL T enhancement on the FST material in any
form. FST has a zero resistance superconducting transition temperature (Tc°) of ~14 K for bulk
crystals and > 16 K in the thin film form.?-2° Our previous reports has shown its Tc° can be further
enhanced to ~18 K by using a CeO> buffer layer.3% 3! Thus we investigated whether IL gating can
enhance the superconducting properties of FST thin films, which intrinsically has a higher T than
FeSe.



Experimental Methods

lonic Liquid Test. DEME-TF.N IL was purchased from Sigma-Aldrich. Low temperature dynamic
tests were conducted using copper tape as the substrate. A ground wire was connected on the copper
using silver paint. Various size IL droplets were put on the copper tape and gate electrodes were
made with silver epoxy, which was subsequently suspended on the liquid (Fig. 2a). The sample was
put into a Quantum Design Physics Property Measurement System (PPMS) to conduct electrical
measurements. Two Keithly 2400 sources were used to apply gate voltages Vg =3 V and 5V at 220
K while the gate current I; was monitored for up to 3 hours. During the low temperature biasing, an
equivalent gate voltage Ve was periodically determined by lowering the applied Vg in 0.01 V steps
until 13 < 0.1 nA (and typically switched polarity to negative current).

Molecular Dynamics Simulation. Figure 4a shows the MD system which consists a slab of room
temperature IL [Camim][Tf.N] enclosed between Ag (111) and Cu (111) electrodes. The electrodes
have an area of 6.0x6.0 nm? in the xy-plane and were separated by 8.0 nm in z-direction, which is
wide enough to produce a bulk-like IL region in the middle of system. The gate voltage applied
between electrodes was maintained using the constant potential method (CPM) during the
simulation,®? since CPM could correctly mimic the charging process.3 The electrode potential was
applied on a plane across the center of surface atoms, and the number of ion pairs inside the channel
was tuned to ensure the ILs in central part of the channel maintaining a bulk-like state. An all-atom
model was adopted for the IL [Csmim][Tf:N],3* and the force fields for the electrodes were taken
from Ref. 35, which can render accurate interfacial properties at face-centered cubic metal surface.
Through the implementation of CPM, MD simulations were performed via a customized
GROMACS code in the canonical ensemble,®® with a time step of 2 fs. The chemical bonds
including H-atom in RTILs were constrained by linear constraint solver (LINCS) algorithm.®” Three
different temperatures of ILs (400, 300 and 210 K) were coupled with the velocity re-scaling
thermostat.®® The electrostatic interactions were computed using the PME method®® with an FFT
grid spacing of 0.1 nm and cubic interpolation for charge distribution. The cutoffs for both
Coulombic and van der Waals interactions are 1.2 nm. Each simulation was first run for 10 ns to
reach equilibrium, and then an 80 ns production run was performed for analysis. To ensure the
accuracy of the charging process data, each case was repeated ten times with different initial
configurations for analysis.

FeSeosTeos Superconducting Film Test. FST thin films were epitaxially grown on single
crystalline yttrium stabilized zirconia oxide (YSZ) substrate, with a CeO; buffer layer. The detailed
growth conditions can be found in our previous reports.?® 31 40 |n-line-4-point contacts were made
on the film surface using silver paint and gold wires. The film was then covered by GE varnish,
leaving a 0.4 mm by 0.5 mm hole between two voltage leads to act as a reservoir/well for contact
with the IL (Fig. 6a). The 4-point probe FST film was then measured in the PPMS after various V4
holding times to establish various Ve. Multiple steps/times of electrostatic biasing were performed
at 220 K with Vg = 3 V. After each gate biasing step, the sample was cooled down to 5 K and the
resistance versus temperature (RT) curve was measured by warming up to 220 K. V. for each
measured curve was measured, as described above, after the temperature reached 220 K. Notably,
Ve is stable during the temperature drop and RT curve measurement as the IL drops below glass
transition temperature. Tc0 is determined by the temperature at which the resistance reached 1% of



its normal state resistance. T.°" is determined by the intersection of the extrapolated normal state RT
curve and the linearly fitted superconducting transition region of the RT curve (Fig. S5). Focused
ion beam (FIB) milling and subsequent imaging was conducted using FEI 600 Nova dual scanning
electron/ion microscope (SEM) to mill the pristine and biased film, to monitor any electrochemical
etching during IL biasing. High-resolution cross-sectional secondary electron images and energy
dispersive x-ray spectroscopy line scans were taken using a Zeiss Merlin SEM.

Result and discussion

DEME IL

DEME IL

Ve> Ve Ve< Ve

Figure 1. Schematic of low temperature electrical double layer dynamics of DEME-TF:N ionic liquid under
positive gate bias. When Vg > Ve, current flows during the formation of the EDL (left panel); to measure the Ve of
the EDL the gate voltage is incrementally lowered until the applied Vg drops below Ve. At this point the current drops
below 0.1nA (and changes polarity), which is interpreted as ion migration from the EDL layer and a decrease in the

ion concentration in the EDL (right panel).

lons inside the pristine IL before bias are randomly distributed. Once a positive Vy is applied, cations
and anions migrate to form an EDL on the anode and cathode, respectively. Similar to charging a
capacitor, during this IL charging process a current flow, lq, is detected due to the migration of the
ions. Once the EDL saturates Iy becomes zero. If Vy is then released to zero, the oriented ions will
tend to move back to an equilibrium state due to their mutual Coulomb repulsion. This charging and
releasing process happens very fast at room temperature; however, at low temperature longer time
is needed due to the low ion migration rates at higher viscosity. To understand the EDL dynamics at
low temperature we introduce an equivalent voltage Ve. It is defined as the value of applied external
Vg, in which Iq drops below 0.1 nA or slightly switches polarity, and thus represents a pseudo-
saturated state of the EDL. For example, if biasing at Vg =5 V as a function of time, Ve will start at
0V, and increases toward 5 V as the ions migrate to each electrode. Importantly, the dynamics of Ve
as a function of time is strongly temperature dependent. To measure the V. at a certain time during
the biasing process, we lower the external applied Vg until Ig < 0.1nA. Under this scheme, when Vg >
Ve, charging occurs and a positive current flow will be detected, and vice versa. Figure 1
schematically illustrates the EDL charging (left panel) and de-charging (right panel) when Vg > Ve



and Vg < Ve, respectively.
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Figure 2. Time dependent gate current (lg) and equivalent voltage (Ve) in DEME IL with an applied gate
voltage of 5V, measured at 210 K and 220 K. A typical sample set-up for the measurement is shown in (a). Droplets
with varies of sizes were tested and the current density, normalized based on the droplet projected area, as a function
of time is plotted in (b), dash lines are exponential decay fittings lg = A exp(x/t) + B. The measured Ve as a function
of time is shown in (c) (red squares and blue circles, left axis); note that the integrated charge density increases

logarithmically (dotted lines, right axis), Ve increases much slower.

To understand the low temperature charging dynamics of DEME IL, the time dependent lg and Ve
were measured for different size IL droplets. Figure 2b shows the plot of normalized current density
as a function of time under 5 V constant gate biasing, measured at 220 K and 210 K. As expected
higher temperature results in larger average current flow, and both experience an exponential decay,
as shown in fitted dash lines in Figure 2b, in the accumulation of the EDL ion density. To confirm
this, we also measured Ve, as described above, as a function of time. Figure 2c illustrates the time
dependence of V. (left axis) compared to the integrated charge density (right axis, log scale), which
both show the dynamics of the EDL layer formation. The accumulated charge density was calculated
from Figure 2b by integrating lg over time, based on the assumption that all charge is accumulated
in the EDL. Interestingly the charging rate increases logarithmically whereas the effective voltage
increases on a more linear scale. We attribute this to the fact that multiple ion layers are
accumulating and ions accumulating farther from the IL/anode interface contribute less to the
effective voltage/field in the material. Another test with 3 V biasing at two temperatures was
conducted and the result is shown in Figure 3a,b. As expected, the Ve increases slower at a lower
voltage, however after 180 minutes at 220 K Ve only reaches 2.55 V, which is a higher fraction of
the applied voltage (85%) relative to the 5V applied bias where Ve ~ 2.8 V (56%) in the same time
and same temperature. Similar to the 5 V biasing, the time dependent V. is roughly aligned with the
logarithmic integrated charge density. Another measurement was performed at a higher temperature
of 245 K biased with 3 V gate voltage, and the result is shown in Figure 3c. At this temperature the
magnitude of lg is much higher and it decays differently where a “bump” is observed. This behavior
is likely due to the electrochemical etching, which has been reported by Shiogai et al.?® Interestingly
Ve does not appear to increase compared to that biased at 220 K. Either the viscosity change is not
significant over this 25 K change or part of energy is consumed on etching instead of the EDL
formation. Discoloration of the copper tape was observed in the 245 K measurement, which is noted
in the optical micrograph (Fig. 3c inset) where the IL is cleaned off the tape. We note that the



calculated integrated charge density shown in Figure 2c is very high — values start at ~10* C/cm? to
~102 C/cm? during the 3-hour biasing at 220 K, which corresponds to ~10'® cm to ~10%" cm™
charge carriers, respectively. This is at least 2 orders of magnitude higher than the surface charge
carrier densities reported.® 823 41 The higher integrated charges are attributed to multiple ion layers
formed near the interface region*? %3, though V. is mostly affected by the ion layers that are closest
to the IL-solid interface. Similar tests were performed using another popular IL, Csamim-TF.N, and
the result can be found in supplementary materials Figure S1 and S2. The charging dynamics of
different IL drop size was also conducted and the results are shown in Figure S3.
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Figure 3. Iyand Ve in DEME IL monitored overtime with different applied gate voltage and temperature. With
a lower Vg of 3V, time dependent lg and Ve is plotted in (a) and (b), respectively; note at 220 K with a lower g, Ve
increases slower and yields at around 2.5 V after 3 hours. Dash lines in (a) are the exponential fittings of lg, and
dotted lines in (b) show the integration of Ig over time. (c) shows the result of the measurement with Vg =3 V at 245
K; note the high current and an abnormal discontinuity in the Iy decay, which is likely due to electrochemical etching.
Inset in (c) compares the optical images of 245 K biased area and 220 K biased area, where a noticeable etching
effect at 245 K on copper tape is clearly seen. Yellow dashed circle indicates the area covered by IL droplets. The

result of similar tests on another IL Camim-TF2N can be found in the supplementary information.

To qualitatively investigate the charging dynamics, molecular dynamics simulations were
performed on the [Camim][Tf2N] IL and an Ag-Cu electrode system with implementation of
constant potential method®? to mimic the applied gate voltage. Figure 4a schematically illustrates
the system of MD simulation, Figure 4b shows the atomic configuration of cation and anion, and
Figure 4c is a plot of the surface charge density of the EDL at the (-) copper electrode as a function
of time simulated at two potentials (3 V and 5 V) and three temperatures (210 K, 300 K, and 400
K). The cumulative charge density is solved via the Poisson equation by accounting for all the
anion/cation layers relative to the metal surface. The dynamics of the EDL formation is
characterized by the response of surface charge density, Q(t), on the electrode surface and fitted by
the exponential functions:

Q) = Qmax [1 — aexp™s — (1 — a)exp™] @)

where Q.4 1S the electrode surface charge density of the EDL in a pseudo-equilibrium and a, b are
fitting parameters for the fast exponential and (1-a) and c are fitting parameters for the slow surface
charging exponential (see Table S1 for a summary of the fitting parameters). Note for the 210 K



data, the dynamics are much slower and equilibrium is not reached, particularly for the 3 V data,
during the 80 ns simulation time; however, the data fits reasonable well with equation 1. The initial
clear trends that Figure 4(c) reveal are: 1) Qmax increases with increasing temperature, 2) for each
temperature, higher voltage increases Qmax, and 3) increasing temperature and voltage increases the
charging rate; all of these observations are are consistent with experiment. While the 210 K charge
density is universally smallest and 5 V > 3V at all times, the 400 K-3 V condition initially charges
faster than the 300 K-5 V condition (baook, 3v = 0.412 ns < bsook, 5v = 0.7586 ns) at longer times (>10
ns) the 300 K-5 V condition has a higher surface charge density and ultimately a higher Qmax. Thus
the simulations confirm what the experimental data revealed, namely, the surface charge density is
a function of the applied voltage, temperature, and charging time.
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its absolute value for clarity.

Figure 5 illustrates the number density as a function of position for the three temperatures for the
[Camim]* cation (Fig. 5a,b) and the [Tf:N] anion (Fig. 5c¢,d) near the negatively charged copper
electrode at t = tmax for 3 V (Fig. 5a,c) and 5 V (Fig. 5b,d) (see Figure S4 for the ion distributions at
the positive silver electrode). At 3 V the [C.mim]* cations appear to have three dominant
orientations with peaks at 0.29, 0.36 and 0.44 nm, while the first layer of [Tf,N]- anions have peaks
at 0.35, 0.40 and 0.49 nm. At 3 V the 0.29 nm peak is slightly higher at 300 K than 400 K, and the
0.36 nm peak is larger at 400 K than the 300 K orientation. Thus just based on the cation contribution,
one expects the surface charge of the 300 K orientation to be higher. However, when one compares
the [Tf2N] anion distribution, the 0.35 nm peak is also much higher at 300 K than 400 K, which
counterbalances the cation charge density, and results in 400 K having a higher overall surface
charge density. Similar arguments can be made for the 210 K-3 V condition; namely the overall
[Camim]* cation density is slightly lower and has a higher total [Tf,N] anion density for the
dominant orientations relative to 400 K. At 5V the [Camim]* cation distributions at 0.29 nm increase
for all temperatures and the overall [Tf;N] anion distribution shifts to longer distance relative to 3
V; both of which lead to higher overall surface charge density. While the specific ion distributions



and surface charge densities realized at the much longer and larger experimental conditions, the
simulations illustrate that the total surface charge density is dependent on both the resultant anion
and cation distributions; experimentally, these distributions are a function of the applied voltage,
temperature, and charging time.
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and (d) are under a 5 V gate bias. z = 0 nm denotes the position of copper surface which is close to IL.

Based on the investigation above, we studied the IL biasing effect on FST films to establish the
relationship between V. and Tc. The film samples were prepared as described in the experimental
section and illustrated in Fig. 6a). RT measurements as a function of V. values are plotted in Figure
6b and 6¢. At zero IL gate bias the FST film hasa T, = 17.8 K and T°" = 18.7 K ,which is consistent
with our previous reports.3! Various V. values were obtained by charging the EDL layer at certain
applied gate voltages and times (see supplemental information for details); importantly during the
RT measurements when T < 220, Ve remains essentially constant because below the glass transition
temperature the EDL charging process is significantly slowed as the viscosity increases. As
demonstrated in Figure 6b, the RT curves are not affected when Ve < 1.67 V. When Ve reaches 1.67
V a T. enhancement is observed, as evidenced by the two-step superconducting transition. This
indicates that only part of the channel layer is electrostatically doped and the superconducting phase
starts to form at higher temperature; T.°, however does not change, indicating the superconducting
phase is not continuous over the entire channel region. This two-step transition was also observed
in previous IL biasing studies on FeSe.!6 17: 20 As V, is increased, the Tc°" is shifted to higher
temperature and the Tc° remains unchanged until Ve = 2.09 V (see Fig. S5a for magnified view of



the low resistance region), where the 2-step transition disappears and a single transition is realized.
At Ve = 2.16 V, the T and T reaches the highest value of 30 K and 35 K, respectively. Further
increase in Ve suppresses the T¢, which may indicate the film is over-doped. To test the reversibility
superconducting properties, the applied gate bias was set to zero at 220 K after the test and the
effective voltage was allowed to decay overnight. The T and Tc°" recovered back to 18 K and 19
K, respectively, with a normal state resistance value similar to the initial measurement.
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Figure 6. Temperature dependent resistance of FST film as a function of DEME IL equivalent voltages.
Schematic illustrating the 4-point probe FST device used in R versus T measurements is shown in (a). The FST film
with the DEME IL reservoir between the voltage leads is cooled down to 220 K before the gate bias was applied.
The superconducting transition as a function of increasing Ve is shown in (b) and (c). Tc°and Tc°" of the pristine film
are 17.8 K and 18.7 K, which increases up to 30 K and 35 K, respectively, as the Ve increases to 2.16 V. Higher Ve
suppresses Te, which is likely due to over-doping. After setting Vg = 0 bias overnight Ve drops to zero and Tc recovers
back to its pristine value.

T. enhancements of FeSe thin films and exfoliated single crystal flakes have been previously
explored via DEME IL biasing. All previously reported enhancements were done on ultra-thin
films/flakes with the thickness around or lower than 10 nm. Shiogai et al reported that T. of FeSe
films cannot be enhanced by biasing until being etched down to a few nm thick.?’ To confirm that
our films were not electrochemically etched during the gate biasing, the biased film was focus ion
beam (FIB) milled at multiple sites in the pristine and IL biased region, and subsequently imaged as
shown in Figure 7a. The thickness of the biased film is ~140 nm, which is the same as the pristine
film — no observable etching occurred during biasing. To confirm the layer identification, EDS line
scans were performed along the thickness direction and the result of pristine and biased area is
shown in Figure 7b and 7c, respectively. Fe and Zr was selected to indicate the FST film and the
YSZ substrate, respectively.
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Figure 7. Tilted SEM image of the of pristine and biased area of a FST film, and EDS line scan along the
thickness direction. A biased FST film was FIB milled and imaged in an SEM on a 45° tilted stage. The images
compare a pristine and biased area of the film in (a), with no observable thickness change for the IL biased region.
(b) and (c) are EDS line scans of Fe (film) and Zr (substrate) in pristine and biased areas, respectively, along the
thickness direction (yellow arrow in (a)). White scale bars in (a) shows 100 nm length in horizontal and vertical

directions.

Figure 7 confirms that the IL biasing process at 220 K does not etch the FST film. Compared to
FeSe for which T¢ IL biasing enhancements were only observed in ultra-thin film/flake, our study
shows that this IL gating T enhancements areare applicable to > 100 nm thickness. While this could
be due to intrinsic differences in FeSe versus FST, it could also be related to the EDL layer dynamics
discussed above. Things are also complicated for ultrathin FeSe films approaching a few layers as
interface effects or strain effects could also contribute to increasing higher Tc.%4 4% Interestingly,
while FST thin films have a higher intrinsic T than FeSe, the enhanced T. due to IL biasing reaches
the similar value of 35~40 K. It is reasonable to speculate that chemical doping and IL gating are
complementary and that Te doping in FST contributes a partial chemical doping and the IL gating
further electrostatically dopes the lattice. Note that the highest tunable T. of FeSe gating is reported
at ~48 K with a Li solid gate biasing'8, where the enhancing effect is attributed not only electrostatic
doping but also the Li intercalation, which has been reported on other FET IL studies®. The highest
Tc in FST is achieved at Ve = 2.16 V and we surmise that FeSe would need a higher Ve to
electrostatically maximize its T. value to 35 K. According to the low temperature EDL charging
dynamics discussed above, V. the effective IL bias is a strong function of temperature, applied
voltage, and time. Thus, to elucidate the effects of electrostatic doping via IL gating at low
temperature, significant care must be taken to clearly understand EDL dynamics.



Conclusion:

Low temperature dynamics of the ionic liquid electric double layer has been investigated. The state
of the EDL are logically a function of gate voltage, time and temperature. At 210 K and 220 K long
times are needed for the EDL to form in the ionic liquid. The concept of equivalent voltage Ve is
introduced as a measure of the EDL formation during the low temperature biasing process.
Molecular dynamic simulations were conducted and the results are qualitatively consistent with the
experimental observation. To demonstrate the importance of understanding the charging dynamics,
a 140 nm thick FST film was biased using the DEME IL and its onset T, can be tuned from 18 to a
maximum of 35 K for 0 <V, <2.16 V, and apparently over-dopes when Ve > 2.16 V.
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Figure S1. Time dependent Iy and Ve in Csmim IL with an applied gate voltage of 5V, measured at
220 K and 210 K. The current density, normalized based on the droplet projected area, as a function
of time is plotted in (a), with the exponential decay fittings in dash lines. The measured Ve as a
function of time is shown in (b). The exponential decay of Ig and rise of V. are qualitatively similar
to the DEME IL.
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Figure S2. Time dependent Iy (a) and equivalent voltage Ve (b) in Csmim IL with an applied gate
voltage of 3 V, measured at 220 K and 210 K. Similar as the DEME IL, 3 V biasing leads to lower
current flow and slower V. charging. Dash lines in (a) are exponential decay fittings. (c) is the result
of Igand Ve measured under 245 K with 3 V applied gate. We note an electrochemical reaction also
happens at 245 K when using Csmim on Cu tape. Yellow dashed circle indicates the area covered
by IL droplets
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Figure S3. Investigation of IL droplet size effect using DEME under applied gate voltages of 3 V
(@)(b) and 5 V (c)(d) at 220 K. Time dependent Ig and V. curves of large and small IL droplets were
measured. Large droplets leads to higher Ig, while curves of normalized Ig per unit area against time
almost overlap as shown in insets of (a) and (c). The droplet size effect on V. is also very small.
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Table S1. Fitting parameters for the fits to the MD surface charge density versus time plots.

210K

300K

400K

Bias Qnax (LC cm?)

3V 1.027 0.413 1.444 45.32 0.9903
5V 1.752 0.3912 1.018 23.82 0.9924
3V 3.498 0.3657 1.008 14.27 0.985
5V 6.724 0.3991 | 0.7586 21.35 0.9959
3V 5.121 0.71 0.4122 17.44 0.9263
5V 9.788 0.8087 | 0.6347 35.18 0.9218




Figure S4. Number density as a function of distance for t = tmax for (a) and (b) the [Csmim]* cation
and (c) and (d) the [Tf2N] anion near the silver electrode. (a) and (c) are distributions under a 3 V
gate bias and (b) and (d) are under a 5 V gate bias. z = 8 nm denotes the position of silver surface
which is close to IL.
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Figure S5. (a) Temperature dependent normalized resistance of FST film as a function of DEME IL
equivalent voltages, zoomed in the low resistance region. The two-step transition with enhanced
Tco"and low T disappears Ve reached 2.09 V. Extrapolation method is used to determine the T, as
shown in (b) and (c) for Ve =0V and Ve = 2.16 V. T and Tc°" can be enhanced from 17.9 K and
18.7 Kto 30 K and 35 K, respectively, by DEME IL gating.
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