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Role of Percolation in the Conductance of Electrolyte-Gated SrTiO;
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We study the electrolyte-gate-induced conductance at the surface of SrTiO3(001). We find two distinct
transport regimes as a function of gate voltage. At high carrier densities, a percolative metallic state is
induced in which, at low temperatures, clear signatures of a Kondo effect are observed. At lower carrier
densities, the resistance diverges at low temperatures and can be well described by a 2D variable range
hopping model. We postulate that this derives from nonpercolative transport due to inhomogeneous
electric fields from imperfectly ordered ions at the electrolyte-oxide interface.
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Recently, the use of ionic liquids as the gate dielectric in
field effect transistor devices has emerged as a useful
means to induce novel conducting states in a variety of
materials [1-4]. The use of a liquid electrolyte allows for
the introduction of much higher charge densities than is
possible using conventional dielectrics. Among the mate-
rials being studied by this technique, SrTiO; (STO) has
attracted much attention [1,5,6]. One motivation for these
studies is to probe the properties of the two-dimensional
electron gas (2DEG) that is formed at the interface between
(001) oriented STO and LaAlO; (LAO), without the addi-
tional complexity of the growth of an oxide interface.
Moreover, the use of electrostatic gating allows for the
controllable introduction of a range of carrier densities,
whereas the 2DEG at the STO(001)/LAO(001) interface is
observed to form abruptly when the thickness of the LAO
layer is increased above a critical thickness of three unit
cells—a phenomenon attributed to the diverging electric
field at the interface resulting from the polar nature of the
LAO(001) surface [7].

At high carrier densities electrolyte-gated STO is me-
tallic to low temperatures and exhibits superconductivity
below ~300 mK [1], a similar behavior to that of the
2DEG formed at the STO/LAO interface [8]. However,
at lower carrier densities, a striking feature of electrolyte-
gated STO is that the resistance is found to increase at low
temperatures for a wide range of carrier densities. This has
been attributed to various effects such as a metal-insulator
phase transition [5] or a Kondo effect [6]. An important
factor that has been largely overlooked is the role of
disorder. Disorder is known to play a critical role in the
transport properties of low-dimensional systems such as
various chemically doped oxides [9-11] and semiconduc-
tors, as well as metal-oxide-semiconductor (MOS) field
effect transistors (FET) [12]. Recent studies have reported
the observation of strong localization at the LAO/STO
interface for certain growth conditions [13], and the
electrolyte-gate-induced conductance at several facets of
rutile TiO, follows a variable range hopping model at low
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temperatures consistent with strong localization [14].
Disorder induced by inhomogeneous electric fields derived
by imperfect ordering of the ions in the electrolyte is also
likely important [15—17]. In this Letter we demonstrate that
electrolyte gating of (001) STO leads to two distinct con-
ductance regimes. At low gate voltages, in a ‘“‘nonpercola-
tive” regime, the resistance diverges at low temperature
and follows a variable range hopping mode [9,18]. In the
“percolative’” regime, a metallic resistance behavior is
observed, but clear signatures of a Kondo effect are found,
indicative of the presence of localized spins [5,19].
Figure 1(a) shows a schematic diagram of the device
used in this study that was fabricated using standard photo-
lithographic methods. As-received STO (001) single crys-
talline substrates were treated first with a buffered HF
solution and were then annealed at 1000 °C for 90 min in
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FIG. 1 (color online). (a) Schematic diagram of the device.
(b) Optical micrograph of a typical device. (c) Typical I, versus
Vg curve measured by ramping Vs from 0 to 3 V at a rate of
10 mV/s. Vgp/V4p = 0 corresponds to an open electrical con-
tact between A and B shown in (b). (d) Typical time evolution of
Isp and V,p measured after Vg =2 V is applied instantane-
ously. The dashed lines in (c) and (d) indicate zero values of the
ordinates.
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an ambient oxygen atmosphere. Atomic force microscopy
studies showed that this cleaning method creates
surfaces with atomically flat terraces. We used a lateral
device configuration with channel dimensions w = 40 um
and / =200 um, and a large gate electrode measuring
350 um X 600 um. Contact electrodes (5 nm Ta/
65 nm Au) in a Hall bar geometry [Fig. 1(b)] were fab-
ricated by ion beam deposition. Prior to the contact depo-
sition, the STO surface underneath the contact lines was
metallized by Ar ion milling for 5 min to minimize contact
resistance. A 60 nm thick alumina layer was deposited to
define the channel area and to separate the gate electrode
from the STO surface. Before each gating experiment, the
fabricated devices were treated in vacuum (10~7 Torr) at
120 °C for 12 h to remove any contaminants resulting from
the photolithographic processes. Just prior to the gating
experiments, a small droplet of the ionic electrolyte
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (EMIM-TFSI) was positioned on the device to cover
the channel and gate areas. During all our experiments,
unless otherwise stated, the voltage Vg, between the
source and drain [electrodes S and D in Fig. 1(b)] was
kept constant at 0.1 V, while the gate voltage V; applied
between the gate and drain contacts was varied. The
source-drain current /gp, the voltage drop along the edge
of the channel V45, and the two Hall voltages V,r and Vyp
were continuously monitored. The leakage current /; be-
tween the gate and the drain remained below ~0.1 nA in
all of the experiments, indicating that electrochemical
processes within the electrolyte were negligible.

When a gate voltage is applied, cations and anions in the
electrolyte move towards the corresponding electrodes. An
electric double layer (EDL) is formed at the interface
between the liquid and the oxide surface. By varying the
gate bias in such an electric double layer transistor geome-
try the amount of charge within the EDL can be continu-
ously tuned. Figure 1(c) shows a typical dependence of I
on Vg at room temperature, when V; was ramped up
slowly from 0 to 3 V at a rate of 10 mV/s. The channel
becomes conducting between S and D after V; reached a
threshold voltage of ~1.5 V, which is indicated by a sharp
increase of Igp. On the other hand, V,; remained open
(Vsp/Vag = 0) until V,; reached a second threshold volt-
age of ~1.9 V. As shown in Fig. 1(d), a similar behavior
was observed when V; = 2 V was applied instantaneously
at time zero without slow ramping. The immediate re-
sponse of Igp indicates the rapid formation of a conducting
path between S and D. However, in this particular example,
a time delay of ~28 sec was observed during which V,p
remained open. Moreover, the steady increase of Igp is
attributed to the slow redistribution of the electrolyte ions
on the STO surface due to low ionic mobility in the liquid.
Both the threshold voltage difference and the time delay
indicate that the carrier distribution close to threshold is
nonuniform across the channel.

Temperature dependent magnetotransport properties
were measured in a Physical Property Measurement
System (Quantum Design). Because of the slow dynamics
in forming the EDL [Fig. 1(d)], and the observed device to
device variation, V; does not presage a certain carrier
density at the oxide surface. Instead, a better way to
characterize the induced conducting state in STO is given
by the steady state current /g, . Different values of Igp
were set by applying gate voltages between 1.8 and 2.4 V at
T = 280 K, and waiting for at least 2 h until the system
reached equilibrium. Subsequently, the samples were rap-
idly cooled to T = 180 K at a rate of 5 K/ min to freeze
the electrolyte in a glassy state. After another equilibration
for 30 min, the sample was cooled to 7 = 1.8 K in steps of
0.5 K at a rate of 0.5 K/ min. The carrier densities were
determined by Hall measurements at 7 = 5 K. The de-
vices returned to their insulating state after warming up and
turning off V.

Figure 2(a) shows a series of R-T curves under different
gating levels. These curves can be well separated
into two regimes. We borrow the terminology of the
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FIG. 2 (color online). (a) Sheet resistivity Rg versus tempera-
ture for various gate levels, indicated by the steady state
source-drain current Igp, at 7 = 280 K. The nonpercolative
and percolative regimes are shaded in red (upper) and green
(lower), respectively. The carrier densities are 2.75 X 10'3 /cm?
and 4.31 X 10'3/cm? for curves V and VI, respectively. The
carrier densities for curves /-IV could not be measured because
the Hall contacts were open. (b) Ry versus T~'/3 for curves 11,
111, and IV in (a). Solid lines are fits for 7 < 50 K according to a
2D VRH model [i.e., Eq. (1) with » = 1/3]. (¢) Normalized
sheet resistance versus temperature (scaled to the corresponding
Kondo temperature Ty) for three curves in the percolative
regime. The scaling parameters for each curve were determined
by fits using Eqgs. (2) and (3). Tk varies from 2.37 K to 32.63 K.
The solid line was obtained from the numerical renormalization
group (NRG) calculations.
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random-resistor-tunneling-network (RRTN) model [18]
and classify curves /-IV to be in a nonpercolative regime,
and curves V and VI to be in a percolative regime. In the
latter percolative regime the system exhibits metallic be-
havior, with a slight increase in resistance at very low
temperatures. In the nonpercolative regime, the resistance
diverges at T = 0 K. We find that the diverging resistance
R exhibited by curves II-IV at low temperatures
(T< 50 K) can be well modeled by a variable range hop-
ping (VRH) model, as follows:

R =R, exp[(%)y], (1

where R, is a scaling constant, 7, is a characteristic
temperature that depends on details of the model, and the
index v is given by v = 1/(1 + d) for d-dimensional,
noninteracting, strongly localized systems [9], v = 1/2
for Efros-Shklovskii variable range hopping systems with
Coulomb gaps [20], and » = 1 for band insulators [21].
The optimal fit for curves I/1-1V yields v = 0.30-0.36,
which favors a 2D VRH model, as displayed in Fig. 2(b).
This implies that the diverging resistance in the nonperco-
lative regime cannot be attributed to a nondegenerate
electron gas [1], where the Fermi level lies in the band
gap, and which requires » = 1. In addition, the divergence
in resistance is not consistent with a metal-to-insulator
phase transition, as has previously been interpreted [5],
because, as can be seen from curves /-/V in Fig. 1(a), the
resistance increases smoothly with decreasing tempera-
ture, rather than abruptly.

The resistance upturns in the percolative regime can be
attributed to either a Kondo effect [6] or weak localization
[22,23]. To distinguish which effect has the major contri-
bution, we studied the R-T dependence to lower tempera-
tures (20 mK) using a dilution refrigerator. We found that
the upturn in resistance saturated at a constant value below
a characteristic temperature that depends on gating levels
(and thereby the carrier density). This is consistent with
the assumption of a Kondo effect. The resistance data
were fitted with Egs. (2) and (3) at very low temperatures
(T < Tg) and intermediate temperatures (T ~ Ty), re-
spectively, using the results of numerical renormalization
group (NRG) theory [24,25].

RV, 1) =R (V) + Rio(Vo)| 1 - f—g(TK(LVG))Z] @)

R(VG, T) = Rp2(V) + %[1 — 047 ln(TK(VG))]’

3

where Ty is the Kondo temperature, Ry is the Kondo
resistance at T = 0 K, and R,; and R,, are temperature
independent contributions to the resistance due to other
scattering mechanisms. Figure 2(c) shows normalized
Kondo resistance versus T/Tx curves, and we find that

all our data for different gate levels fall on one universal
curve. This universal Kondo behavior is well described by
NRG calculations [24], and therefore provides evidence
that the resistance upturns in our experiments are indeed
due to the Kondo effect. Two possible origins of the Kondo
effect which we observe are (I) the presence of extrinsic
magnetic impurities at the surface of the device or
(I) intrinsic localized Ti*" states that are induced by the
EDL gating. Given the high reproducibility of these up-
turns for different samples, the latter explanation is more
plausible. Moreover, weak magnetization has recently
been observed at the LAO/STO interface using highly
sensitive torque magnetometry at very low temperatures
[26] as well as the GATiO3/STO interface and in La doped
STO [27]. Evidence for a Kondo effect has also been found
recently in EDL-gated STO using an ionic gel electrolyte
at similar carrier densities [6] (for measurements down
to 1.4 K).

The magnetic field dependence was explored in the two
transport regimes to gain additional insight into the trans-
port mechanisms. The magnetoconductance (MC) curves
at various temperatures are shown in Fig. 3(a) for a non-
percolative case [Ispo = 228 nA, curve IV in Fig. 2(a)].
Contrary to the positive MC predicted [28] in the strong
localization regime [13,23], we find a large negative MC
that is quadratic in H at low fields. This can be explained
by Shklovskii’s percolation model [29,30].
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where #; = 0.0028 for 2D systems [30], » and T, are the
same VRH parameters as in Eq. (1), and a is the localiza-
tion length. Fitting the MC curves using Eq. (4) with
parameters v and 7 extracted from data in Fig. 2(b), we
calculated the localization length a to be 50 A, which is
comparable to reported values in Si MOSFETs [30] and
Ca;+,Cu,05 films [31].

For comparison, in the percolative regime [Igpo =
1515 nA, curve VI in Fig. 2(a)], a small, negative MC
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FIG. 3 (color online). (a) In[o(H)/c(0)] versus (uoH)? for
the nonpercolative curve IV of Fig. 2(a) at various temperatures.
Solid lines are fits to the data based on Eq. (4), with a = 5.0 nm,
v =1/3,and Ty = 5 X 10* K. (b) Magnetoconductance for the
percolative curve VI of Fig. 2(a) for temperatures between 4 K
and 20 K.
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FIG. 4 (color online). (a) Isp-Vgp characteristics for a non-
percolative curve at temperatures varying from 3.2 K to 40 K.
The inset shows the log-log plot of Isp versus Vgp. (b) Isp-Vp
characteristics for the percolative curve V of Fig. 2(a) at tem-
peratures varying from 5 K to 150 K. (c) The solid line shows the
fit to the T = 3.2 K data in (a) according to Eq. (5) with
parameters V- = 0.475 V and & = 1.48. The inset shows the
corresponding log-log plot. (d) Derivatives of the data and fitted
curve in (c) with corresponding log-log plots shown in the inset.

with weak temperature dependence is observed in Fig. 3(b),
that most likely derives from Lorentz magnetoresistance
effects [6,32]. This is further evidence that the resistance
upturn in the percolative regime is not due to weak local-
ization, which would result in a positive MC.

Lastly, we found that in the nonpercolative VRH
regime, the device exhibits a nonlinear /¢p-Vgp response
[Fig. 4(a)], as compared to the linear response in the
percolative regime [Fig. 4(b)]. The nonlinear Igp-Vgp
characteristics can be well fitted at low temperatures ac-
cording to the RRTN percolation model [18,33]:

Isp < (Vsp — Ve)°
ISD =0 for VSD < Vc,

for Vgp = Ve,

&)

where V. is the macroscopic threshold voltage at which
microscopic reversible breakdown takes place within the
percolation network and 6 is an exponent of the power law
dependence. A fit to this model for the 7 = 3.2 K data is
shown in Figs. 4(c) and 4(d) and gives 6 = 1.48. The
deviation of the observed Igp with the model prediction
at V = V, is due to thermally activated tunneling, which is
not included in the model used [Eq. (5)].

Based on our experiments we propose a physical picture
for the electrolyte gating effect of STO. When a positive
gate voltage is applied, the initially disordered ionic liquid
becomes polarized with the formation of a charged layer
of cations at the STO surface. The ordering is likely
highly imperfect [15], thereby creating an inhomogeneous

electric field within the STO. This will result in local
variations in both carrier density and a potential energy
landscape. When the gating level is low, metallic regions
are disconnected from each other and the conductance is
mediated by electrons hopping between these regions, thus
leading to a nonpercolative transport regime. As tempera-
ture decreases towards zero, the hopping probability di-
minishes, leading to a diverging resistance. In this regime,
a perpendicular magnetic field shrinks the extent of these
localized states, and hence decreases the hopping proba-
bility, which leads to a large negative MC. The Igp-Vsp
response is nonlinear due to the tunneling nature of con-
ductance. As the gating level increases, more carriers are
created and eventually one or more percolative paths are
formed, leading to a metallic behavior of the device, which
has a small negative MC and a linear /¢p-Vgp response. In
the percolative regime, localized electrons on Ti** sites
have a magnetic moment which can account for the Kondo
effect that we observe. Since similar diverging resistance
behaviors at low temperatures have been observed in sev-
eral other electrolyte-gated systems [2,3,34], we suppose
that these results could also arise from percolation effects.
We conclude that the effect of disorder resulting from
imperfect order in ionic liquid and gels cannot be neglected
in electrolyte-gating studies.
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