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Continuous evolution of superconducting properties as a function of carrier density is difficult to inves-
tigate experimentally, unlike the properties of a “gated” semiconductor. This is because superconductors,
in general, have carrier densities that are too high for a dielectric insulated gate (as in field-effect transis-
tors) to work. Using an ionic liquid gate, we demonstrate that the modulation of carrier density can alter
the superconducting transition temperature by up to 204 mK in epitaxial indium nitride on gallium nitride,
accounting for >10% of the transition temperature in ungated conditions. Our devices are in the metallic
regime, in the moderately clean limit (kr/ &~ 3—6) throughout the gate voltage range, and their properties
are therefore not primarily governed by strong localization, granularity, etc. The primary determinants
of the transition temperature in InN, which is a degenerate semiconductor, are carrier density, screening,
and interaction, rather than disorder scattering. We show that the observed behavior is consistent with
Bardeen-Cooper-Schrieffer s-wave superconductivity, as corroborated by the superconducting parameters
we measure. Furthermore, we observe up to 60% suppression of the supercurrent in our experiments. Both
positive and negative gate voltages result in suppression of the critical current. Ionic liquid-gated InN
thus presents a platform in which s-wave superconductivity can be tuned at low carrier densities, almost
1000—10 000 times lower than in other systems such as niobium nitride. We point out potential areas where

low carrier (superfluid) density can find useful applications.

DOI: 10.1103/PhysRevApplied.23.034007

I. INTRODUCTION

The bare interaction between two particles in a many-
body system is necessarily modified by the presence of
the other particles and excitations. This screening is a
function of particle density, which is very difficult to
vary in metallic systems. Metals have carrier densities
of the order of 10** cm™3, and even a monolayer of
metal will have an areal density of at least 10'> ¢cm™2.
These cannot be modulated by any conventional solid-
state gate in a field-effect transistor configuration. This
limitation arises because achieving even an approximately
1% change in carrier density demands an unsustainable
electric field. Even when using very thin (thickness d)
high-K dielectrics, the breakdown field (approximately
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1 V/nm) constrains the maximum achievable areal den-
sity modulation én = (0K /e) (V/d) to be of the order of
5 x 10" cm~2, where Vg represents the gate voltage. In
contrast, nondegenerate semiconductor channels offer the
flexibility for density modulation due to their significantly
lower bulk concentration, typically ranging from (10'° to
107 ¢cm™3). This is why semiconductors are “gateable”
but superconducting pairing, ferromagnetic exchange, etc.,
cannot be gate controlled because these usually occur in
metals, alloys, or oxides that have carrier densities much
higher than approximately 10%° cm~3. In recent years, the
ionic liquid-gating technique [1-—7] has brought ferro- and
antiferromagnetic interactions and potential superconduct-
ing interactions into the gate-tunable regime [4,8,9] to a
certain extent. It is interesting to ask whether an effec-
tive attractive interaction between electrons near the Fermi
surface can persist in systems with significantly lower
electron densities, such as those characteristic of semi-
conductors (typically in the range 10'® to 10%° cm™3).

© 2025 American Physical Society
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Certain semiconductors, such as GeTe, B-doped diamond,
B-doped Si, and InN, do show superconductivity. For
instance, InN films exhibit a transition at temperatures 7 ~
2-3 K, and in heavily alloyed GeTe, a transition is seen
around 7 < 0.3 K [10,11]. Diamond and Si require carrier
densities above 10?! cm™3 for superconductivity [12,13].
Interestingly, the carrier density required for superconduc-
tivity in InN is notably lower, falling within the range 10
to 10'® cm™3 [14-16], which is around 10° to 10* times
less than conventional metals; however, beyond the ques-
tion of “dressed” electron-electron interactions at lower
densities, a lower superfluid density combined with a not-
too-low 7, presents significant possibilities. For example,
in every current-carrying conductor of length / and cross-
sectional area A, the energy (£) has contributions from
the magnetic field of the current and the kinetic energy
of the charge carriers, commonly referred to as the mag-
netic (L;,) and kinetic (Lg) inductance, respectively. Here,

1 1
E = ELMP +5 (m/ne*) 1/(A)I*, where Ly depends on

the geometrical “configuration” in which the conductor is
coiled; however, the second part of the expression depends
on the velocity of the current carriers of mass m, charge
e, and number density n. Clearly, the resistance (Drude
model) of the conductor is R = Lk /7, where t is the trans-
port scattering time. It was already noted more than fifty
years ago [17] that, while in a normal conductor the kinetic
reactance wLg can be comparable to R only for frequen-
cies w ~ 1/t, for a superconductor, wLg can dominate R at
any frequency. Moreover, a low superfluid density would
result in a high Lg. In recent literature [18], the signifi-
cance of low-superfluid-density systems has been pointed
out in the context of “fluxonium”-type qubits, where a
small Josephson junction is shunted by a large supercon-
ducting inductor. The material we have studied, InN, has
a carrier density at least 2 orders of magnitude lower than
that of NbN, and granular aluminum, which are commonly
used for this purpose.

Another significant use of low superfluid density is in
designing superconducting nanowire single-photon detec-
tors (SNSPDs) [19], where the spatial extent of the hotspot
depends inversely on the carrier density. The lowest-
carrier-density materials used for SNSPDs, tungsten sili-
cides [20-22] still have carrier densities 2 orders of
magnitude higher than InN.

It is known that the product of the critical current and
the normal-state resistance of a superconducting junction
(the I.Ry product) depends on the superconducting gap on
the two sides of the junctions as &~ A(T = 0)/2e. Thus,
the ability to tune or alter the superconducting gap can
enable one to tune the parameters of a Josephson junc-
tion with a gate voltage. Indeed, a low carrier density
and gate tunability generally go together, for the reasons
explained earlier. A change in the superconducting gap
would be most simply manifested through a change in

T.. Prospecting for a low-carrier-density and consequently
gate-tunable superconductor can thus be a fruitful direction
of work.

In this work, through controlled modulation of the car-
rier density by ionic liquid gating, we achieved a reversible
change in the superconducting transition temperature (7)
by 204 mK with +3.25 V, corresponding to approximately
10% of the ungated T.. In these devices, carrier densities
were successfully changed by nearly 30% and the criti-
cal current by more than 50% compared to their ungated
values. The areal capacitance between the gate and the
channel was corroborated through independent methods,
specifically, Hall-effect measurements and electrochemi-
cal impedance spectroscopy (EIS) [7,23]. It is important
to note that previous investigations into the field effect
in superconductors employed solid dielectric [24] and
ferroelectric [25] gates, yielding relatively small effects.
More recently, a shift of approximately 80 mK (AT,) was
observed in Nb thin films subjected to applied gate volt-
ages ranging from —4 to +5 V [26]. On NbN thin films,
a AT, of around 85 mK was achieved with applied gate
voltages of 3 V [5,27]. In certain cases, interesting corre-
lations with carrier density has been reported in NbN [28];
however, this was achieved using sets of samples grown
under different conditions.

Our prior experiments on angle-dependent critical field
[29] revealed that even in epitaxially grown InN films with
a thickness of up to 300 nm, superconducting electrons
are inherently confined to a surface layer with a thickness
of d; ~ 25 nm, a dimension smaller than the coherence
length &. Additionally, the significant density of surface
states pins the surface Fermi level within the conduction
band, eliminating the presence of a Schottky barrier at the
surface and, concurrently, making hole doping of the mate-
rial exceptionally challenging [30]. The surface states of
InN are thus often considered problematic, as they prevent
its use as a narrow-gap semiconductor; however, it is pre-
cisely this combination of low bulk carrier density and the
potential for a substantial response to perturbations in the
surface states that renders InN an intriguing candidate for
ionic-liquid gating, where the strongest perturbation occurs
close to the surface and gradually diminishes within a few
Thomas-Fermi screening lengths as one moves into the
bulk of the material.

II. EXPERIMENTAL SECTION

The InN samples were grown on c-oriented sapphire
substrates by plasma-assisted molecular beam epitaxy
(PA-MBE) [29,31-33] with negligible oxygen impuri-
ties, as demonstrated by the absence of oxygen Ols
core level transition in x-ray photoemission spectroscopy
results [33]. Patterned channels [Fig. 1(a)] on these sam-
ples were lithographically fabricated using Al,O; as a
hard-mask layer followed by chlorine-based dry etching
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and subsequent removal of the hard mask by HF. The
devices each had an effective channel area of 1150 x
100 wm? and a thickness of approximately 300 nm
[Fig. 1(b)]. Layers of Au and Ti (80 and 20 nm, respec-
tively) were used for the source (S) and drain (D) contacts.
The gate electrode is much larger in area than the chan-
nel, eliminating the necessity for a reference electrode
[7]. We used diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide (DEME-TFSI) as the
ionic liquid (IL). The contacts were covered with sili-
cone gel during application of the IL (see Appendix A
for the detailed fabrication steps). The ionic liquid was
cured under high vacuum at 110°C for around 48 h.
All low-temperature measurements were carried out in
a vacuum of 10> mbar or better. Figure 1(c), shows
typical output characteristics (i.e., Vsp vs Igp measure-
ments) at different gate voltages (V), ranging from +0.8
to —0.8 V with a step increment of 0.2 V. The gate leakage
remained 10 times smaller than Igp. The observed trends
and Hall-voltage measurements at 300 K (as well as at
4.8 K), confirm that the carrier density is stable and indeed
changes in a predictable way, allowing clear determination
of the electron density (n) and mobility (u.) from four-
terminal measurements. We recorded an approximately
30% change in carrier density with applied gate voltage,
a finding of considerable relevance within the context of
high-carrier-density systems [4,6,34,35].

At a temperature of 300 K, we observed .~
220 cm?V~'s7! at V5 =0 V, yielding a mean free
path / ~ 10nm (see Table I). The capacitance determined
from our measurements—approximately 8.8 wFcm™2, as
depicted in Fig. 2(b)—surpasses what is achievable in
metal-oxide-semiconductor field-effect transistors or high-
electron-mobility transistors. All low-temperature mea-
surements were performed below the glass transition
temperature (7) of the ionic liquid (refer to Appendix C
for the behavior of an ionic liquid gate). It is crucial to note
that changing the gate voltage will have the desired effect
only if done at 7> Ts. In our experiments, we always
allowed the sample to warm up to room temperature for
setting V.

IT1. RESULTS AND DISCUSSION

The superconducting critical temperature was measured
in InN devices subjected to ionic liquid gating. The find-
ings presented here are from two devices, B3601 and
B3603 (from two different wafers), demonstrating tunable
superconducting parameters with variations in 7, of 204
and 105 mK, as shown in Figs. 3(a) and 3(b), respectively.
The transition temperature of InN is primarily governed by
carrier density rather than disorder scattering (kr/) [36,37].
It has to be noted that we are able to both enhance and sup-
press the T, in the same device. This cannot be explained
by assuming a thin perturbed layer near the surface and a

®e 00, o.
S eeoe0cec0e0e D
GaN~300 nm
Sapphire

Vg=08V ——Vg=-02V]

—— V=06V —V5=-04V

o4l — V=04V ——V;=-06V] -2
—— V=02V —V;=-08V
——V5=00V 1-3

_36 I 1 1 1 1

—-100 -50 0 50 100
Vsp (MV)
FIG. 1. Electric double-layer transistor and output characteris-

tics. (a) Schematic diagram of InN-IL-gated transistor. The area
of the gate electrode is much larger than the channel area (see
explanation in text). DEME-TFSI ionic liquid is used. (b) Cross-
sectional view. (¢) Output characteristics at room temperature.
The inset shows a clear shift in current values with applied gate
voltage. Gate leakage currents are shown in the right-hand panel.
These data are taken from an InN-B3601 sample.

relatively unperturbed bulk superconductor in parallel. In
such a case, the resistive 7, can be enhanced by a surface
layer with a higher 7, “short circuiting” the bulk, but it can-
not be suppressed by a layer with a lower 7, since the bulk
superconductor would then act as a shorting path. Further-
more, we see no evidence of a two-step resistive transition
that would indicate the presence of two parallel conduct-
ing layers. The perturbation of the superconducting state
that we see is thus likely to be a state spanning the entire
superconducting region.

We find reasonable agreement of the measured variation
of the superconducting parameters with the expectations
from an s-wave Bardeen-Cooper-Schrieffer (BCS) super-
conductor having a simple free-electron (density n) Fermi
surface. The zero-temperature coherence length for a BCS
s-wave superconductor is [38]

~ th
§(00) ~ TA0) (D

where vp = h/m (37'(2n)1/3 is the Fermi velocity and

A(0) o T, is the superconducting energy gap at 7 = 0.
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FIG. 2. Hall measurements. (a) Hall voltage data at 7 = 4.8 K. The carrier density modulation is shown in the inset. (b) Measured
capacitance from the data over a range of gate voltages (V) spanning £0.5 V.

The coherence length should vary as

5 _16n 6T,

£0 3n  T.

@

The value of £(0) can be conveniently calculated from
the critical field data (Fig. 4); the carrier density and 7.
are directly measured. This relation thus gives a good
check on the consistency of the measurements that does
not require the exact constant of proportionality between
A(0) and T, to be known. The calculated and measured
values of §&/£(0) agree within a factor of 2, which can
be attributed to the disorder correction arising from a rel-
atively small mean free path / &~ 10 nm, which forces the
observed & to reduce to &,,s & 0.85./£(0)/ [39]. Given that
we have / ~ 10 nm « £(0), a correction of the order of
what we observe is certainly expected; however, given that
krl > 1, we do not expect any strong localization effects

TABLE 1.

or significant granularity effects. This is also supported
by hysteresis-free 7V characteristics in the critical current
measurements, as shown in Fig. 5. If internal Josephson
junctions arising from several grain boundaries were a
dominant factor, significant hysteresis would have been
expected.

We thus consider free-electron estimation of the density
of states of at the Fermi level, N(0) = m/m?h? (3n2n)1/3,
to be reasonable. This can be used to infer the variation of
the strength of the attractive interaction V, near the Fermi
surface via the determination of A = N(0)V by inverting
the Eliashberg-McMillan equation,

—1.04(1 4+ ))
T, = exp )
1.45 A—p*(1+0.621)

€)

Bulk carrier density (n3p), density of states at the Fermi level (N (0)), superconducting transition temperature (7,), Fermi

velocity (vr), mean-free path (/), loffe-Regel parameter (k/), electron-phonon coupling strength (1), coherence length (£), and Maki
parameter («) are obtained from two devices, namely InN-B3601 and InN-B3603. The carrier densities were obtained from direct
measurement of the Hall resistance (Fig. 2). The transport mean free path was calculated from four-terminal longitudinal resistance in
the same Hall bar. The coherence lengths were calculated from direct measurement of the perpendicular critical field. Quantities like
vr, krl, and N (0) were calculated using a free-electron model. The calculation of A and the Maki parameter were conducted using the
Macmillan equation [Eq. (3)] and Werthammer-Helfand-Hohenberg theory, respectively.

Sample V5 (V) mp(m™)  N@O)m3/eV) T.(K) v (m/s) [(am) kgl A £ (nm) o
B3601 -2 6.53 x 10* 7.69 x 10%° 2177  6.68 x 10° 9.07 524 044229 38.82  0.0767
-1 6.56 x 10* 7.71 x 10%° 2174  6.69 x 10° 9.30 5.38  0.44215  39.09  0.0745
0 7.41 x 10% 8.02 x 10%° 2.146 697 x 10° 9.84 5.93  0.44090  40.73  0.0699
+1 9.00 x 10%* 8.56 x 102° 2.087 744 x10° 952 612 043844 4276  0.0649
+1.25  9.03 x 10*# 8.57 x 10%° 2072  7.45x10° 9.35 6.02 043779  43.06  0.0647
B3603 —-325 5.11x10* 7.09 x 102° 2074  6.15x 10° 6.15 327  0.43788 31.8 0.1214
0 6.82 x 10%* 7.80 x 102° 2012 678 x 10° 8.60 5.03 043519 37.2 0.0949
+0.5 7.07 x 10% 7.90 x 102° 2.004  6.86 x 10° 826 490 0.43484 37.4 0.0937
+3.25 1.870 0.42887
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FIG. 3. Ciritical temperature (7,) measurements. (a) Normal-

ized R—T plots for different applied gate voltages for the
InN-B3603 sample. The inset displays the corresponding super-
conducting 7, measured at various gate voltages, revealing an
estimated value of AT. =204 mK within the voltage range
+3.25 V. The dashed line (at 0.5) is the reference at which
the resistance becomes half of the normal resistance (Ry/2).
(b) Normalized R—T plots for different gate voltages for the InN-
B3601 sample. The data shown in the inset are not normalized.
(c) Carrier densities and corresponding superconducting transi-
tion temperatures for different gate voltages. Carrier densities
were measured at 7 = 4.8 K (above the superconducting tran-
sition temperature). (d) Estimation of density of states from the
free-electron-theory relation (left axis) and the dirty-limit relation
(right axis).
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FIG. 4. Critical field (H,,) measurements. Temperature depen-
dence of critical field under various applied gate voltages, fitted
with the Werthammer-Helfand-Hohenberg model.

where p* ~ 0.1 is the Coulomb pseudopotential [40],
which accounts for the electron-electron repulsive interac-
tion, and ® ~ 370 K is the Debye temperature [41]. The
coupling constant found here (A < 1) suggests that InN
behaves like a weak-to-medium-coupling superconductor.
Clearly, at lower carrier densities, the pairing interaction
strength gets stronger, resulting in a higher 7, as depicted
in Fig. 3(c). The zero-temperature coherence lengths &(0)
calculated from the extrapolated values of the critical field
(Table 1) also mirror this increase of 7., showing that the
superconducting state is stronger at lower carrier densities.

Furthermore, it is known that the density of states is pro-
portional to the slope of the upper critical field [28,42,43],
ie.,

dHc2
N(O) o —o ( e )TC. @)

The calculated N(0) is shown in the right-hand panel
of Fig. 3(d) and compared with the free-electron val-
ues N(0) = m/m*h? (3n2n)1/3, exhibiting a very good
agreement.

Next, we looked into the temperature dependence of
the critical field. The magnetic field value (normal to
the surface) at which the resistance of the superconduc-
tor attains half of its normal state value (the mean field
value) is taken as the critical field (H,;). Curves of H (T)
were fitted using the well-known Werthammer-Helfand-
Hohenberg (WHH) model [43,44] to understand the role of
spin-orbit coupling, if present in the system, on the super-
conducting phase. The WHH model gives the following
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FIG. 5. Critical current (/) measurements. (a) Critical current measurements for Vs = 0 V for an InN Hall bar. (b) The measured

values of the critical current (/) exhibit suppression for both positive and negative applied gate voltages for the InN-B3603 sample.
(c) Temperature-dependent measurements of the critical current (/) for the InN-B3601 sample exhibit bipolar suppression of /., as

shown in the inset.

equation:
1 > 1
In{-)= — =2 1
n(r) v§;<mv+u [2v 11
be (ab/1)?

+

1
7+Mwu+@+mw}>’6)

where t=T/T., a =3/2mvp>t is the Maki param-
eter, the dimensionless magnetic field b. = uoh. =
eh/2mma(uoHy)/(kgT.), and Ay, is the spin-orbit scat-
tering constant. The analysis reveals a small Maki param-
eter @ < 0.1 and virtually no impact of the spin-orbit
term within the measured range of carrier densities (see
Table I). This is further confirmed by evaluating the limit-
ing orbital field, Hc"zrb, using the expression Hc"zrb(T =0)~
0.7|T(dH:2)/(dT)|r,. The calculated values closely cor-
respond to the experimental data, as demonstrated for a
gate voltage of Vg = —1 V (sky-blue line) in Fig. 4. In
cases where spin-orbit coupling is strong, one obtains a
high value of the Maki parameter (approximately 2—3), as
observed in our earlier work [45].

There is, however, one significant aspect in which an
indicator of the strength of the superconducting state fol-
lows an opposing trend. In general, the Landau-Ginzburg
calculation of the critical current (/.) of a thin film
[39] would predict a variation /.(T) o< 1/£(T) and hence
approximately increase with +/H,,. In bulk superconduct-
ing wires, too, when the magnetic field created by the
current reaches the critical field at the surface, global
superconductivity breaks down; however, we find that the
application of a gate voltage, either positive or negative,
substantially suppresses the critical current by as much
as 60% [see Fig. 5(b)]. Many recent experiments have
demonstrated gate-controlled critical-current suppression
in superconducting films [46—50]. A set of experiments
suggest that critical-current suppression is occurring due to

Cooper-pair breaking induced by the gate field [47,49,50].
Most likely, this effect is due to modification of the elec-
tron distribution in the channel in response to the additional
electric field arising from the gate. It is possible that the
wavefunction, as it either gets pulled toward the surface
or pushed into the nonsuperconducting bulk region, in fact
encounters regions with a smaller normal-state mean free
path. This, in turn, leads to increased surface scattering and
granularity effects, leading to the suppression of the critical
current.

IV. CONCLUSION

This study demonstrates the significant potential of ionic
liquid gating in modulating the superconducting proper-
ties of indium nitride (InN), a degenerate semiconductor.
By precisely controlling the carrier density, we achieved a
reversible variation in the superconducting transition tem-
perature of approximately 204 mK, corresponding to a
modulation 10% of the ungated T,. Critical-current sup-
pression of up to 60% was also observed for both positive
and negative gate voltages, highlighting the ability of gate
voltages to comprehensively influence superconducting
parameters.

Our findings indicate that superconducting behavior in
InN is governed primarily by carrier density rather than
disorder scattering, consistent with the characteristics of a
BCS s-wave superconductor. The ability to tune supercon-
ductivity at significantly lower carrier densities compared
to conventional systems such as NbN establishes InN as a
promising material for low-carrier-density superconduct-
ing applications, including quantum devices such as fluxo-
nium qubits and superconducting nanowire single-photon
detectors.

Additionally, the ability to modulate carrier density and
alter intrinsic parameters in a controlled manner opens new
avenues for exploring quantum phase transitions in low-
dimensional systems [51—54]. Such systems are crucial for
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understanding emergent phenomena, including unconven-
tional superconductivity, superconductor-insulator transi-
tion, and non-Fermi-liquid behavior, among others.

These results not only highlight the versatility of
ionic liquid gating but also underscore the utility
of leveraging surface states—which are often con-
sidered detrimental—for advanced functionalities in
superconducting materials. Future exploration of broader
density modulation and interaction-driven phenomena
could unlock further opportunities for device engineering
in low-dimensional and quantum materials.
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APPENDIX A: INDIUM NITRIDE SAMPLE
FABRICATION PROCESS

Here, we give a detailed description of the growth tech-
nique, fabrication processes, and different characterization
techniques for the InN samples (Fig. 6) that we used in
our experiments. The InN samples were grown in a PA-
MBE system (RIBER Compact 21) with RIBER Addon rf
plasma source for the active N species on sapphire sub-
strates, and this growth was conducted by Kankat Ghosh
and Swagata Bhunia [33]. The first GaN layer of approx-
imately 300 nm is grown on the sapphire substrate, and
then approximately 300 nm InN is grown on top of that. To
make the channel of InN, etching is required. The sample

1500 pm

FIG. 6. Actual InN device. The region in which the ionic liquid
is deposited is shown by the red-dashed line on the right, and a
schematic diagram of the device is shown on the right.

goes through different stages during fabrication, and these
are outlined below.

1. Fabrication steps

The fabrication steps are described below.

(1) Substrate preparation: cleaning of the sample with
acetone and isopropyl alcohol.
(2) Deposition of 100 nm Al,O3 as a hard mask using
atomic-layer deposition.
(3) Production of Hall-bar pattern by photolithography.
This includes:
(a) Spin coating using S1813 positive photoresist.
(b) Exposing to UV light through a mask using a
mask aligner (MA400).
(c) Development in MF319 developer solution.
(4) Etching Al,O3 in HF solution.
(5) Dry etch of InN in reactive etching system (RIE).
(6) Removal of photoresist and Al,Os3.
(7) Patterning contacts by photolithography.
(8) Metal deposition by thermal evaporation, with
thicknesses of 20 and 80 nm for Ti and Au, respectively.
(9) Liftoff in acetone.
(10) Mounting in a leadless chip carrier and bonding
using a wire bonder.
(11) Deposition of ionic liquid on the Hall bar and cur-
ing for 48 h at high vacuum (pressure < 1 x 10~> mbar)
and at temperature 110 °C.

APPENDIX B: TRANSISTOR CHARACTERISTICS

Figure 7 shows the transfer characteristics of the IL-
gated InN at room temperature. To maintain a constant
source-drain voltage (Vsp) of 100 mV, a dc voltage source
is used. The gate voltage (Vi) is swept in 0.1-V steps
using another voltage source. Notably, different settling
times—ranging from 30 to 240 s—are set during the gate-
voltage sweep. These settling times allow for the system to
stabilize after voltage changes. The measured value of the
gate leakage current is approximately 3 orders of magni-
tude smaller than the source-drain current. This substantial
difference ensures that gate leakage does not impact the
device’s performance. The observed trend in the data
indicates n-type characteristics, as Isp increases with the
application of increasingly positive V.

APPENDIX C: BEHAVIOR OF AN IONIC LIQUID
GATE

Figure 8 shows the striking difference between the
behavior of an ionic liquid gate and a conventional dielec-
tric gate. The ionic motion within the liquid starts to
undergo a slowdown below approximately 230 K. Further-
more, below a specific temperature, marked as the glass
transition temperature (7), the ions associated with the
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FIG. 7.
sample).

ionic liquid experience complete immobilization [23,55,
56]. A gate voltage Vg = —1 V was applied, and the sam-
ple was cooled down to 10 K. The resistance follows the
blue curve. The corresponding gate leakage current is illus-
trated in the inset. At 10 K, the voltage source is set
to zero and disconnected. The sample is then allowed to
warm up, but it continues to behave as if the gate volt-
age is still present. When the glass transition temperature
(Te) is reached, the ions in the ionic liquid regain their
motion and adjust to the absence of the external field. At
this point, one begins to see considerable fluctuations in
the gate leakage current. This happens over a range of
T ~ 180200 K, which corresponds well to the known T
value of DEME-TFSI. Changing the gate voltage will have
the desired effect only if done at 7> Tg. In our experi-
ments, we always allowed the sample to warm up to room
temperature for setting V.

APPENDIX D: CAPACITANCE MEASUREMENTS

1. From gate response

The time response of the electrical double layer (EDL)
gate in the InN film to a step change in gate bias voltage
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At T'= 300 K, the transfer characteristics exhibit a nearly hysteresis-free nature across various settling times (InN-B3601

(V¢) was investigated, and the results are illustrated in
Fig. 9, which depicts the growth and decay curves for
various gate voltages.

The plots in Fig. 9 show the time response of the InN
film resistance to negative gate voltages, revealing dis-
tinct growth and decay curves. The time scale for capacitor
charging and discharging is extracted from these curves.
Notably, for Vg = —0.5 V, the fast time scale (7) is found
to be consistent for both the growth (6.9 s) and decay
(9.5 s) processes, indicating the charging and discharging
of the EDL. The gate leakage current suggests that gate
charging occurs through an equivalent resistance (Rg) of
approximately 700 M.

The time constant of the charging and discharging
curves (t = RC) is used to determine the gate capacitance
(Cg). For Vg = —0.5 V, the calculated gate capacitance is
approximately 8.52 wF/cm?. A similar analysis for Vg =
—1 V yields a gate capacitance of around ~ 10.4 wF/cm?,
with gate charging occurring through an equivalent resis-
tance of Rg >~ 400 M2, as depicted in Fig. 9. The gate
capacitance values measured by this technique match well
with the capacitance derived from Hall measurements, i.e.,
8.8 wWF/cm? (see main text).
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FIG. 8. The glass transition temperature phenomenon is inves-

tigated by applying a gate voltage of V3 = —1 V and subse-
quently removing the gate voltage at a low temperature of 10
K. The resulting observation of a significant jump in resistance
serves as a clear indicator of the glass transition temperature
associated with the ionic liquid. The inset depicts the recorded
gate leakage current at Vg = —1 V, providing a compelling
illustration of the phenomenon associated with the freezing of
ions.

2. From electrochemical impedance analysis

We used electrochemical impedance spectroscopy to
study the frequency-dependent impedance and to measure
the EDL capacitance [2,4]. We measure the impedance of
gated InN thin films as a function of frequency for different
applied gate voltages from 37 mHz to 2 kHz. Impedance
measurements are performed using two lock-in amplifiers.
The low-frequency measurement is conducted by config-
uring a high time constant of 30 s and a corresponding
settling time of 300 s. The gate voltage is applied using

30F =
T‘?PBK‘ Vo=-1.25V

29 F
]
=
O 28+
®)
c
3
[0) 2.7 + VG =0V
o
£

56l o Ve=050V

= 13C
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FIG. 10. (a) Frequency-dependent impedance of InN thin film

at different gate voltages. The solid lines are the fits obtained
using the circuit models shown in the inset. Here, R and Ry are
the resistances of the sample and ionic liquid, respectively.

a voltage source. Lock-in amplifiers do not give the value
of impedance directly, but it can be calculated using the
following relations:
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FIG. 9. (a) Transient response of InN film resistance to negative gate voltages, with the gate leakage currents corresponding to these
gate voltages shown in (b). (c) Transient response of the gate leakage current for V' = —0.5 V. The value of the capacitance calculated

from the fitting is also shown.
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TABLE II. Capacitances and resistances of ionic liquid for
different applied gate voltages obtained from EIS.

Ve Capacitance (WF/cm?) Ry (k2)
0.5 4.84 38.6

0 4.5 50
—0.5 44 61.8

-1 433 61.9
—1.25 4.45 62.6

where Vs and Vg are the voltages across the InN sample
and a standard 1 k<2 resistor, respectively. The latter is used
to measure the current through the sample. Additionally, Z’
and Z” are the real and imaginary parts of the impedance,
and Z is the total impedance of the system. The model
shown in the inset of Fig. 10 is the capacitive coupling
between InN film with resistance R and the ionic liquid
with resistance Ry . A constant current of 10 A is applied
by supplying 2.5 V from the lock-in amplifier’s internal
oscillator through a 250 k€2 resistor in series. The magni-
tude of the impedance between the source and drain can
then be calculated. Figure 10 shows the impedance of the
InN sample for different applied gate voltages.

In the model shown in the inset of Fig. 10, the
capacitance near the gate-liquid interface is taken to be
approximately 13 times greater than the channel-liquid
capacitance. This ratio is justified by the substantial dif-
ference in the areas of the gate electrode and the channel,
indicating that the majority of the potential will be dis-
tributed across the working electrode, i.e., the source and
drain regions. Consequently, the need for a reference elec-
trode is eliminated. The circuit model illustrated in the
inset of Fig. 10 is used for impedance analysis. Notably,
a satisfactory fit is achieved using this model up to 1 kHz,
and the resulting values for capacitance per unit area and
Ry are detailed in Table II.
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