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ABSTRACT

Two-dimensional electron gas (2DEG) at a complex oxide interface shows an extraordinary spectrum of intriguing phenomena and
functionality. Another oxide 2DEG was recently created via strain-induced polarization at an otherwise nonpolar perovskite-type interface of
CaZrO3/SrTiO3 (CZO/STO). Herein, we report an effective way to tune the CZO/STO interface via ionic liquid (IL) electrolyte gating. An
unexpected metal-insulator transition of the interfacial 2DEG occurs readily with the immersion of the sample in an IL even before the gate
voltage is applied. This suggests the presence of intrinsic polarization of CZO, which could act as a negative bias. The carrier density is found
to be suppressed and shows a temperature-independent behavior after electrolyte gating which also resulted in higher electron mobility.
These results suggest that the oxygen vacancies are annihilated via oxygen electromigration to the interface induced by electrolyte gating.
The effective tunability by IL gating shed more light on the mechanism of electrolyte gating on the buried heterointerface.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108813

Two-dimensional electron gas (2DEG) at a complex oxide
interface shows an extraordinary spectrum of emergent phenom-
ena and functionality, spanning high electron mobility,1 supercon-
ductivity,2 magnetism,3,4 quantum hall effect,5 and giant tunability
by multistimuli.6–8 Among these intriguing properties, one defin-
ing characteristic is the critical thickness (t) for the occurrence of
metallic interfaces. For example, when the thickness of the LaAlO3

(LAO) capping layer is equal to or thicker than 4 unit cells (uc), an
abrupt transition from an insulating to a conducting state occurs
at the interface between LAO and SrTiO3 (STO).

1,9 For a nonisos-
tructural interface of c-Al2O3/STO (GAO/STO), highly metallic
2DEG is generated when the t of GAO is above the threshold thick-
ness of 2 uc.10,11 Many possible mechanisms have been proposed
to explain this striking generation of 2DEG,12 such as electronic
reconstruction due to polar discontinuity, La-doped STO via inter-
facial intermixing, and oxygen vacancies.13 In particular, the
explanation of polar discontinuity has drawn most attention due
to the intrinsic doping of STO without disorder.14 However, this

mechanism only works under the condition where a polar over-
layer, such as LAO, is grown on a nonpolar STO substrate.

Similar to polar discontinuity, 2DEG at the interface of AlGaN/
GaN15 and ZnO/ZnMgO16 can also be generated due to spontaneous
piezoelectric polarization. The top capping layer utilizes this polarization
and drives electrons to the interface. Inspired by these observations of
2DEG in conventional semiconductors and a binary oxide heterointer-
face, Chen et al. have recently created a high mobility oxide 2DEG at an
otherwise nonpolar isostructural perovskite-type interface of CaZrO3/
STO (CZO/STO) via strain-induced polarization.14 It is found that a lat-
tice displacement due to a compressive strain at the CZO film results in
a polarization toward the interface.14 This polarization drives the transfer
of electrons from CZO to the STO, thus a 2DEG is formed at the inter-
face. First-principles calculations have further confirmed this possibility
of electron transfer at the interface of CZO/STO by strain-induced polar-
ization.17 Very recently, Levy et al. also demonstrated an extreme recon-
figurable nanostructure with a featured size of 1.2nm at the interface of
CZO/STO using conducting Atomic Force Microscopy (c-AFM).18
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To impart the desired intriguing properties of 2DEG, external
stimuli are often used to control the behavior of the system. Nowadays,
electrolyte gating with ionic liquids (ILs), utilizing an electronic double
layer transistor (EDLT) configuration, has been developed as a powerful
means.19,20 The value of the carrier density can be modified as high as
1015 cm�2 with only a few volts, arising from the extremely large electric
field formed at the nanogap electronic double layer.19,20 With such a
remarkable tunability, the resultant properties at interfaces can be
manipulated. For example, the Kondo effect, ultrahigh mobility, and
quantum oscillations in the LAO/STO system were induced via IL
gating.21,22 Our previous report also witnessed a giant tunability by IL
gating, including the Kondo effect, tunable Rashba spin–orbit coupling,
and Lifshitz transition of the 2DEG at the interface of GAO/STO.23

Besides the electrostatic mechanism, an electrochemical effect based on
ions moving in an IL could also control properties effectively.24,25 Under
such conditions, oxygen vacancies could be induced during the electro-
lyte gating process. An archetypal example is VO2, where the formation
of oxygen vacancies induced by IL gating suppresses its metal-insulator
transition (MIT).26 Beyond VO2, many other systems, such as TiO2,

27

STO,28 La0.8Sr0.2MnO3,
29 and NdBa2Cu3O7�d,

30 also showed significant
electrolyte gating induced oxygen vacancies. In contrast to the genera-
tion of oxygen vacancies, a recent report found that oxygen vacancies
formed at the interface of LAO/STO (only amorphous LAO) could be
annihilated during the electrolyte gating.31 However, this remarkable
electromigration capability to fill oxygen vacancies in the 2DEG at the
interface between the single-crystal capping layer and STO has never
been observed. Furthermore, so far, there is no report on the IL gating
of 2DEG at a nonpolar perovskite-type interface, and the mechanism of
electrolyte gating on the buried heterointerface remains elusive.
Therefore, it is interesting to study with electrolyte gating the interface
of CZO/STO.

Herein, we report an electrolyte gating on the 2DEG originating
from the strain-induced polarization at the isostructural perovskite-
type interface of CZO/STO. The corresponding carrier density (ns)
and mobility (l) are effectively manipulated by IL gating utilizing the
EDLT configuration. In particular, an unexpected MIT occurs at the
interface with immersion in an IL even when no gate voltage is
applied. This could be attributed to the strain-related intrinsic polari-
zation of the CZO top overlayer. Besides the effective tunability of the
conducting states at the interface of CZO/STO, our work also indicates
the migration of oxygen (annihilation of oxygen vacancies rather than
formation of oxygen vacancies) by electrolyte gating. In contrast to the
degradation of samples during the electrolyte gating, the mobility of
2DEG at the CZO/STO interface is significantly improved via the
migration of oxygen, i.e., less scattering sites for the electron.

CZO thin films were grown on TiO2-terminated STO substrates,
which were prepatterned in the Hall bar configuration by using amor-
phous LaMnO3 as a hard mask, as schematically shown in Figs. 1(a) and
1(b). Details of the growth conditions and the fabrication process are
described elsewhere.11,14,23 The layer-by-layer growthmode was confirmed
for the unpatterned samples, using in situ reflection high-energy electron
diffraction (RHEED), as shown in Fig. S1 (supplementary material). The
well-defined RHEED oscillation and RHEED patterns suggest the high
quality of the as-grown CZO films. The epitaxial growth of the CZO film
on the STO is further confirmed by AFM. As illustrated in Fig. 1(c), a ter-
race surface with a regular step height is clearly seen, further indicating the
atomic smoothness of the as-grown sample.

For transport measurements, aluminum wire electrodes were
bonded ultrasonically. The IL of 1-ethyl-3-methylimidazolium-bis(tri-
fluoromethanesulfonyl)amide (EMI-TFSI) with poly-(styrene-block-
methylmethacrylate-block-styrene) (PS-PMMA-PS) was chosen as the
gate dielectric material due to its easy figurability32 and high capacitance.23

As displayed in Fig. 1(b), a small drop of the IL was placed on the surface.
The IL can also be easily washed off using organic solvents, such as ace-
tone and isopropanol. Note that devices with a typical CZO thickness of
10 uc were chosen to ensure both the metallic interface and the modest
carrier density of �2� 1013 cm�2 at low temperatures. A Pt strip was
used as the gate electrode without resistance hysteresis observed in the
LAO/STO system previsouly.33 Similar measurements were performed
on several devices, all of them showing reproducibility and consistency.

Figure 2 shows the transport properties of a typical CZO/STO
patterned heterointerface. The inset in Fig. 2(a) shows an optical
micrograph of the Hall-bar heterointerfacial device. Temperature-
dependent sheet resistance (Rs) is shown in Fig. 2(a); Rs drastically
decreases with decreasing temperature (T) and saturates when the
temperature is lower than 10K indicating a typical metallic behavior,

FIG. 1. (a) A sketch of the isostructural perovskite-type CZO/STO heterostructure.
(b) The EDLT configuration for the CZO/STO Hall bar interface. (c) Surface AFM
image of a 10-uc CZO film on STO. The scale bar is 500 nm.

FIG. 2. Transport properties of a typical 10-uc CZO/STO heterointerface. (a)
Temperature-dependent sheet resistance. Hall-bar configuration of the device is
shown in the inset. (b) MR behavior of CZO/STO at different temperatures. (c) Hall
resistance vs magnetic field at various temperatures. (d) Temperature dependence
of carrier density, ns, and mobility, l.
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in agreement with the previous reports.14 Figure 2(b) shows magneto-
resistance (MR) as a function of the applied magnetic field at different
temperatures. Positive MR curves are observed over the whole temper-
ature ranges, and the MR ratios [MR ¼ (Rxx � R0)/R0 � 100%] are
comparable to or even larger than those in previous 2DEG systems,
such as LAO/STO and GAO/STO.23,34 Figure 2(c) shows a magnetic
field dependence of Hall resistance (Rxy). The ns is derived from ns
¼�1/RH� e (RH is the Hall coefficient) for linear Rxy when T� 70K.
Additionally, Rxy is found to be nonlinear when T< 70K, indicating the
presence of multiband transport carriers as observed in other 2DEG sys-
tems, such as LAO/STO35–37 and GAO/STO.23 A two-band model was
fitted to deduce the ns from the nonlinear Rxy.

23 The corresponding ns
and l as a function of temperature are shown in Fig. 2(d). The carrier
density decreases monotonously as the temperature decreases and then
maintains an almost constant value of 2.17� 1013 cm�2 at low tempera-
tures. The carrier density exhibits a carrier freezing out behavior, which
could be due to oxygen vacancies and the in-gap states, as commonly
observed in the LAO/STO system.31 The value of the mobility,
on the other hand, decreases from �1400 cm2 V�1 s�1 at 2 K to
21 cm2 V�1 s�1 at 150K. Note that although the mobility at low
temperature of the patterned device is not as high as one reported
previously (for unpatterned samples measured in the van der Pauw
configuration),14 the measured l in the current work is still rela-
tively high compared with other 2DEG heterointerfaces that are pat-
terned into Hall bar devices.11,38

The above measurements are performed on pristine samples with-
out any IL or gating. A small drop of IL is then added that covered both
the heterointerface with Hall-bar configuration and the Pt electrode to
form the EDLT device under the gate voltages (Vg). When applying pos-
itive Vg, cations move close to the CZO/STO heterointerface, and corre-
spondingly, anions move toward the gate electrode. (The essential
concept of EDLT is illustrated in Fig. S2.) An electronic double layer
with nanoscale thickness is therefore formed at the interface between
the IL and the conducting channel. In contrast, cations and anions
move toward the opposite direction, respectively, under the applied neg-
ative bias as compared with the positive gating process. The electronic
double layer formed by the cations and carriers is essentially a nanogap
supercapacitor, which has proved effective in tuning carrier densities
and the electron migration.19 Since the 2DEG in CZO/STO is of n-type,
carriers could be accumulated (depleted) at the interface by applying
positive (negative) Vg. Figure 3(a) shows the temperature-dependent Rs
as a function of Vg. Performing a negative gate range of Vg < 0V, Rs
increases with decreasing temperature and becomes insulating well
beyond the measurement limits when T < 100K. This indicates the

depletion of electrons by decreasing the electrostatic gate potential,
which is consistent with the work mechanism of EDLT. Remarkably, a
sharpMIT occurred at no gate voltage,Vg¼ 0V, i.e., a metallic behavior
is observed upon cooling at the range of T> 40K, and then an abrupt
MIT occurred at T< 40K. Compared with the pristine metallic-
conduction, it seems that the IL has a major influence on the perfor-
mance of the interface even without gating. Notably, in the cases of
crystalline samples of LAO/STO and GAO/STO, no obvious difference
or such MIT was observed after immersing the interfaces in the IL (Fig.
S3), thus we have excluded the contribution of polar adsorbates.12,39

This giant change observed in the present study could be attributed to
the presence of intrinsic polarization induced by strain at the interface
of CZO and STO.14,40 This phenomenon is also consistent with the fact
that, before dropping the IL on the CZO surface, the Rs and ns are
�1700 X/( and 4.9� 1013 cm�2, respectively. However, Rs shifted to
�25650 X/( as well as the ns is suppressed to �5.5� 1012 cm�2 after
dropping the IL on the surface of the device (Fig. S4). This insulating
tendency of the CZO/STO device at Vg ¼ 0V is in accordance with the
results obtained by applying a negative Vg, i.e., increasing Rs and sup-
pressing ns.

23 By applying positive Vg, the device recovers the overall
metallic behavior. With increasing Vg and subsequent electrostatic
potential, the metallic state is significantly stabilized and improved
owing to the accumulation of electrons at the interface.

To fully demonstrate the modulation of sheet resistance and car-
rier density by IL gating, Fig. 3(b) quantitatively summarizes the tun-
ability of Rs and ns by electrolyte gating at 100K: Rs decreases
monotonously from around 1� 106 X/( to �1370 X/( as the volt-
age Vg increases from �0.25V to 3V. Moreover, ns increases linearly
from �5.5� 1012 cm�2 to �3.6� 1013 cm�2 over the positive gate
range. The effective capacitance (Cg) of the electrolyte gating can be
estimated from the linear Vg-dependent on ns by using the formula
Cg ¼ dns

dVg
� e.21 Here, the Cg is estimated to be �1.65 lF/cm�2, which

is slightly smaller than the one reported in a 3-uc LAO/STO heteroin-
terface.21 This relatively small capacitance could be ascribed to the fact
that the conducting interface is buried under the 10-uc (�4 nm) CZO
overlayer rather than on a bare channel surface20 or a channel with a
thinner capping layer.21 The decreased Rs and the enhancement of ns
modulated by increasing the voltage, Vg, show the accumulation of
electrons by the electrostatic gating as expected.

The ability to control the MIT, i.e., conductivity, is at the heart of
modern electronics. We next explore whether the MIT at Vg ¼ 0V
could be reversibly switched by immersion in the IL. After conducting
the above gating experiments, the IL is rinsed by acetone and isopro-
panol and the device is then measured again. As displayed in Fig. 4(a),
we compare the temperature-dependent Rs of the device before drop-
ping the IL, with IL at Vg ¼ 0V and after removing the IL, respec-
tively. Interestingly, the MIT vanishes and the interface recovers the
metallic behavior over the full-temperature-range after washing off the
IL. The conducting state of the interface improved, i.e., the higher Rs at
the high temperature range, whereas the lower Rs at the low tempera-
ture region after removing the IL compared with the pristine ones,
consistent with the system of amorphous LAO/STO heterointerface.29

The corresponding ns and l before dropping and after removing the
IL are shown in Fig. 4(b). For the pristine device before inserting the
IL, the carrier density is kept constant at low temperatures, then
increases upon increasing the temperature, this carrier freezing out
behavior indicates the existence of oxygen vacancies. However, ns is

FIG. 3. MIT tuned by the IL gating. (a) Temperature-dependent sheet resistance
under different gate voltages. (b) Underlying carrier density and mobility vs gate
voltage at 100 K.
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kept nearly constant at �1.44� 1013 cm�2 after removing the IL,
which is much lower than the pristine counterparts (2.17� 1013 cm�2

at 2K). The evidence of temperature-independent and suppression of
ns could suggest that oxygen vacancies annihilated during the gating
process. The suppressed oxygen vacancies at the interface are due to
the oxygen that electromigrated from the capping layer into STO fill-
ing the oxygen vacancies.31 This oxygen electromigration is in accor-
dance with previous reports, where oxygen is effectively modulated by
gating.31,41 It seems like that oxygen vacancies are filled only in the
amorphous capping layer 2DEG systems (amorphous-LAO/STO or
amorphous-GAO/STO) based on the previous work by electrolyte
gating.31,42 However, our 2DEG at the interface of single-crystal CZO/
STO could also achieve this oxygen vacancy filling by the electromi-
gration. Due to the low Rs and ns as a result of the oxygen electromi-
gration process, l is enhanced nearly twice at low temperatures.

To further elucidate the underlying mechanisms on the MIT and
the oxygen migration, a schematic illustration of the GAO/STO
(or LAO/STO) and CZO/STO devices is shown in Fig. 5. After intro-
ducing the IL on the surface of the GAO/STO (or LAO/STO) device
[Fig. 5(a)], cations and anions are distributed randomly at Vg ¼ 0V,
thus no electrostatic gating effect occurs. Whereas in the case of CZO/
STO, polarization originating from the lattice distortion under com-
pressive strain has been theoretically predicted and experimentally
proved.14,40 The polarization pointing toward the interface could play
a similar role in applying a negative electrostatic gating, as shown in
Fig. 5(b). Under this circumstance, even at Vg ¼ 0V, anions accumu-
late above the surface of the CZO thin film, and electrons in the chan-
nel are therefore depleted. This explains why the MIT occurs while the
ns is suppressed from 4.9� 1013 cm�2 to 5.5� 1012 cm�2 after immer-
sion in the IL. In Fig. 5(c), on applying a positive Vg, the electrostatic
potential counteracts with this negative electrostatic-like effect.
Electrons therefore get accumulated and the CZO/STO device shows
the metallic behavior again. Besides the above electrostatic process, an
electrochemical effect based on the movement of ions also occurs dur-
ing the electrolyte gating. On applying a negative gate voltage, elec-
trons at the interface get depleted and the oxygen electromigrated
from CZO to the interface, i.e., the surface of STO, as schematically
illustrated in Fig. 5(d), thus resulting in the filling of oxygen vacancies.
The ns is therefore suppressed and shows a temperature-independent
behavior. Time-dependent sheet resistance with different Vg at room
temperature, as shown in Fig. S6, further indicates that the oxygen
electromigration process occurs only during the negative bias process.
On applying a positive Vg, the sheet resistance decreases and then

recovers to its original state when setting Vg ¼ 0V, which is a typical
and reversible electrostatic effect, and no oxygen vacancies are filled.
In contrast, on applying a negative bias, the sheet resistance increases
sharply and cannot recover to its original state after the negative bias.
This irreversible behavior indicates that the oxygen vacancies are filled
only after the application of negative Vg.

As previously demonstrated, the devices are easily degraded during
the IL gating period, which is the primary limit for the electrolyte gating
application. For example, 2D materials, La0.5Sr0.5CoO3�x and STO, are
likely damaged due to the electrochemical reactions without special
care.43–45 In order to prevent being damaged by IL gating, boron nitride
or graphene buffer is inserted between the IL and materials.46,47 Similar to
the role of these buffer layers, the capping layer of CZO could prevent the
IL gating induced damage for the interfacial 2DEG. This is further proved
by the surface characterization by AFM, as shown in Fig. S7. The surfaces
before and after gating remain significantly similar. Moreover, the leakage
current (<1nA) is much smaller than the applied current (1 lA) for
transport measurements, as shown in Fig. S5. This negligible leakage cur-
rent indicates that oxygen electromigration occurs only at the interface of
CZO/STO, rather than the CZO surface in contact with the IL.

In conclusion, we have demonstrated the electrolyte gating on
the 2DEG originating from the strain induced polarization at the iso-
structural perovskite-type interface of CZO/STO. Besides the conven-
tional effective tuning of Rs, ns, and l, as realized via IL gating with the
EDLT configuration, an astonishing MIT occurs upon exposure of the
sample surface to the IL even without the gate voltage. This could be a
direct evidence of the presence of polarization of the CZO capping
layer. Furthermore, oxygen electromigration induced by IL gating oth-
erwise suppresses the oxygen vacancies and significantly improves the

FIG. 4. Oxygen electromigration by electrolyte gating. (a) The temperature-
dependent sheet resistance of the CZO/STO heterostructure before dropping the IL,
with the IL, and after removing the IL, respectively. (b) The temperature dependence
of carrier density and mobility before dropping the IL and after removing the IL.

FIG. 5. The schematic diagrams for the distribution of ions in the IL for the oxide
2DEG EDLT. (a) Anions and cations are distributed randomly at Vg ¼ 0 V for the
LAO/STO or GAO/STO heterointerfaces. (b) Anions are accumulated above the
CZO surface with no gate voltage applied for the CZO/STO. This situation is similar
to the one applied with a negative bias. (c) By applying a positive Vg, cations move
close to the CZO/STO heterointerface, an electronic double layer is formed, and
more electrons are accumulated at the interface. (d) The oxygen electromigration
from CZO to STO via applying a negative bias. Oxygen vacancies are filled.
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quality of the 2DEG at the CZO/STO interface. Our finding reveals an
intrinsic difference between the nonpolar oxide interfaces with the
intensively investigated polar oxide interfaces.

See the supplementary material for details on complete surface char-
acterization, basic mechanism of IL gating, comparisons with the samples
of LAO/STO and GAO/STO, leakage current, and the sheet resistance as
a function of time underVg of the CZO/STO heterointerface.
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