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Electric field control of superconductivity at the
LaAlO3/KTaO3(111) interface
Zheng Chen1†, Yuan Liu1†, Hui Zhang2†, Zhongran Liu3, He Tian3, Yanqiu Sun1, Meng Zhang1,
Yi Zhou4,5,6*, Jirong Sun4,5,7*, Yanwu Xie1,8*

The oxide interface between LaAlO3 and KTaO3(111) can harbor a superconducting state. We report that
by applying a gate voltage (VG) across KTaO3, the interface can be continuously tuned from
superconducting into insulating states, yielding a dome-shaped Tc-VG dependence, where Tc is the
transition temperature. The electric gating has only a minor effect on carrier density but a strong one on
mobility. We interpret the tuning of mobility in terms of change in the spatial profile of the carriers in
the interface and hence, effective disorder. As the temperature is decreased, the resistance saturates at
the lowest temperature on both superconducting and insulating sides, suggesting the emergence of a
quantum metallic state associated with a failed superconductor and/or fragile insulator.

C
ontrolling superconductivity with an
electric field is intriguing for both fun-
damental research and potential appli-
cations (1–11). Analogous to the case of
semiconducting field-effect transistors

(9), the two-dimensional (2D) carrier density
n2D of a superconductor can be tuned by
applying an external gating voltage VG. The
attainable tuning ability can be estimated as
dn2D = e0erVG/et, where e0 is the vacuum
permittivity, e is the elementary charge, and
er and t are the dielectric constant and the
thickness of the dielectric material, respectively.
To achieve prominent tuning of the super-
conductivity, particularly a transition from
superconducting to insulating states, a dn2D
value that is comparable with n2D is gener-
ally needed. However, the n2D value of most
superconductors is very high and far beyond the
capability of typical electric gating (~1014 cm−2

or lower) (9). Therefore, it has been a long-
standing challenge to control superconductivity
electrostatically.
With recent advances in material fabrication

and tuning technology, prominent tunings of
superconductivity have been experimentally
realized for a few systems, including oxide
interfaces (1, 6, 7), electric-double-layer inter-
faces (2–4, 8, 10, 11), and magic-angle graphene
superlattices (5). These tunings were achieved
by pushing the superconducting layer to an
ultrathin limit to reduce n2D, by developing
technologies such as electric-double-layer gat-
ing to improve tuning ability (3, 11), or— most

often—by both (2, 12). The tuning parameter in
all these systems is n2D.
KTaO3(KTO) shares many common proper-

ties with SrTiO3(STO) (13). In comparison with
the well-known LaAlO3(LAO)/STO interface
(14), a 2D electron gas was observed at the
LAO/KTO(001) (15) and LaTiO3/KTO(001) (16)
interfaces, but no superconductivity was re-
ported. Superconductivity was observed at the
electric-double-layer-gated KTO(001) surface;
however, the transition temperature Tc was low
(~0.05 K) (4). Very recently, it was found that
the EuO/KTO(111) and LAO/KTO(111) inter-
faces can be superconducting with a Tc of up
to ~2 K (17).
Here we demonstrate that the superconduc-

tivity at theLAO/KTO(111) interface canbe tuned
by applyingVG, and that, rather thann2D, the key
tuning parameter appears to be mobility, which
can be associated with an “effective disorder.”
We grew LAO films by pulsed laser depo-

sitionon0.5-mm-thick single-crystallineKTO(111)
substrates (18). The surfaces of these films
were atomically flat (fig. S1). Themicrostructure
of the interface was assessed by scanning trans-
mission electron microscopy (STEM), which
shows that LAO is homogeneous and amor-
phous (Figs. 1, A and B). The lack of epitaxial
growth can be ascribed to the large lattice
mismatch (15): The cubic lattice constants are
0.379 and 0.399 nm for LAO and KTO, re-
spectively. The LAO films themselves are highly
insulating; the conductance is in the KTO layer
near the interface. A sketch of the field-effect

device is shown in Fig. 1C. The gating voltage
VG is applied between the conducting LAO/
KTO layer and a silver paste electrode at the
back of the KTO. The active area of the device
was patterned into a Hall bar configuration
(Fig. 1D). All transport measurements in this
study were performed on the same device.
The occurrence of superconductivity with a

midpoint Tc ~2 K can be clearly seen in the
temperature-dependent sheet resistanceRsheet(T)
(Fig. 1E). The thickness of the superconducting
layer is estimated to be~4nm, and the estimated
coherence length is ~18.8 nm (fig. S3). The com-
parison of these two length scales suggests a 2D
superconductor. The 2D nature of the super-
conductivity can be further justified by the
nonlinear current-voltage response [V ~I3

dependence indicates a typical Berezinskii-
Kosterlitz-Thouless (BKT) transition as shown
in fig. S4], the large anisotropy of the upper
critical field Hc2 (fig. S3), and the magnetic-
field–angle dependence of Rsheet(T) (fig. S5).
The normal-state Hall resistance measured

at 8.6 K (Fig. 1F) demonstrates that the charge
carriers are electrons rather than holes, and
the carrier density n2D is ~8.5 × 1013 cm−2. This
value is much higher than that of a typical
LAO/STO interface (1, 19–22) and is not ex-
pected to be appreciably tuned by applyingVG.

As an estimation, adopting a low-temperature
er of 5000 for KTO (23), a 300-V variation in
VG can induce a dn2D value of only ~1.7 ×
1013 cm−2 (~20% of the total n2D). Given that er
in the interface region can be severely degraded
by growth-induced defects and VG-caused
electric fields, the real attainable density dn2D
is expected to be even smaller, and thus in-
sufficient to produce any prominent tuning.
However, contrary to this expectation, the
transport properties of the devicewere strongly
tuned. When sweeping VG from 150 V to
−200 V, the device transits continuously from
a superconductor to an insulator, and the
normal-state resistance varies by more than
two orders of magnitude (Fig. 2A). The VG-
tuned superconductor-insulator transition can
also be convincingly seen in the evolution of
the current-voltage behavior (Fig. 3). The mid-
point Tc derived from the Rsheet(T) values (Fig.
2A and figs. S6 and S7) exhibits an interesting
dome-shaped dependence onVG (Fig. 2B). This
dependence resembles the dome-shaped super-
conducting phase diagram observed in many
other systems (1, 4, 11), but the underlying
mechanism is different because n2D in the
present device is not changed much by VG, as
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shown below. It is worth mentioning that
the present gate-tuned Tc does not obey the
scaling relation Tc º (VG-Vc)

2/3 that was
observed in LAO/STO and attributed to VG-
induced carrier density changes (1) (fig. S8).
To characterize these tunable effects, we

carried out normal-state Hall-effect measure-
ments for different VG values. To avoid any
hysteresis effect, these measurements were
made just before the Rsheet(T) measurement
for each VG. The derived n2D and Hall mobility
mHall are summarized in Fig. 2C. The data in the
VG range between 150 and −40 V are inform-
ative. In this range, n2D changes only slightly,
whereas mHall decreases from ~50 to ~15 cm2

V−1 s−1. This strongly suggests that VG mainly
modulates the carrier mobility; we interpret
this finding in terms ofVG tuning the effective
disorder in the conducting layer, which in turn
modulates the electron scattering rate and

thereby the charge carrier mobility. The rela-
tively fast decrease in n2D for VG < −40 V is an
indication of disorder-induced localization and
cannot be attributed to dn2D produced by the
capacitance effect (note that varying VG be-
tween −40 and −150 V can induce a dn2D ~0.6 ×
1013 cm−2 at best, which is only 37% of the
experimentally observed value). It is convenient
to characterize the effective disorder by the
value of kFl, where kFl is the Fermi wave vector
and l is the electron mean-free path. By ap-
plying the data for Rsheet (8 K) and n2D (8.6 K),
we found that kFl was tuned from 17.5 (kFl ≫ 1,
clean) to 0.4 (kFl ≲ 1, strongly disordered) by
varying VG (from 150 to −200 V, fig. S10).
The corresponding value of the Drude con-
ductivity is s 2Dð Þ

D e

5� 18ð Þ � e2=h at kFl > 5:
As VG varies from 150 to −80 V, the super-

conducting layer thickness decreases gradu-
ally from above 6 nm to below 2 nm (fig. S11).

Supported by this observation, theVG-induced
modulation of effective disorder can be under-
stood as sketched in Fig. 2, D and E: The
electron envelope wave function is pushed
away or compressed toward the interface by
VG > 0 or < 0. Because the disorder strength
usually has a gradient from the disordered
interface to the ordered interior, a variation
in the spatial distribution of electrons equiv-
alently causes a change in the average effective
disorder. A similar modulation of the effective
disorder by applying VG was observed previ-
ously in the LAO/STO interface (19, 20, 22).
Whereas the disorder effect generally plays a
secondary role in LAO/STO, it dominates in
our LAO/KTO device. This difference can be
attributed to the following three factors: First,
the dielectric constant of KTO (23) is smaller
than that of STO (1); second, the n2D of LAO/
KTO is larger than that of LAO/STO (1, 19–22);
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Fig. 1. Characterization of the LAO/KTO(111)
device. (A and B) STEM images of a 40-nm LAO/
KTO sample show that the LAO film is homogeneous
and amorphous. (C) Cross-sectional view of the
device structure. (D) Photograph of a typical device
with bonded Al contacting wires. The device was
fabricated in a six-probe Hall bar configuration. The
conducting region is limited to the LAO/KTO
interface (Hall bar area). The outside insulating
region was obtained by coating amorphous AlOx as a
hard mask. The central Hall bar bridge is 20 mm in
width and 100 mm in length (between V+ and V−).
The current drain (I-) and the gating contact to
the interface (VG-) share the same probe. The

electrical current flows along the [11�2] crystal axis.
(E) Dependence of Rsheet on temperature and
(F) dependence of RHall on the magnetic field for the
20-nm LAO/KTO device at VG = 0.

Fig. 2. Electric field control of
transport properties. (A) Temperature-
dependent Rsheet(T), (B) midpoint
Tc, and (C) carrier density n2D and
mobility mHall at different VG values. The
dashed line in (A) indicates the position
of the quantum resistance h/e2. Two
sets of data measured using different
DC currents are shown in (B). The
black filled circles represent the data
measured in the same run as the Hall-
effect measurements. (D and E) Sche-
matic diagrams of the operations for VG
> 0 and VG < 0, respectively. The
purple and red lines represent the
electron envelope wave function per-
pendicular to the interface, matching
the potential well (thick solid lines) at
the corresponding VG. A higher degree
of disorder is expected in the region
closer to the interface.
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third, compared with LAO/STO (19–22), LAO/
KTO has a much higher effective disorder, as
indicated by the low-mobility mHall, probably
owing to the more disordered interface and
the thinner electron gas.
Considering the framework above, the

tuning achieved by VG is concluded to be a
natural disorder-driven effect. Disorder-driven
superconductor-to-insulator quantum phase
transitions (QPTs) have been intensely studied
in disordered films (24–27). Comparedwith that
configuration, the present device is distinctive
because its effective disorder can be continu-
ously tuned by VG. Notably, although we ob-
served an apparent superconductor-insulator
transition and a large variation inRsheet, a true
superconducting ground state (Rsheet = 0) is
absent. As shown in Fig. 2A [see also the
Arrhenius plot of Rsheet(T), fig. S12], on the
superconducting side, the resistance Rsheet(T)
does not reach zero even at the lowest tem-
peratures and saturates below ~1 K. Measured
with or without filters, the residual resistance
is unchanged, which excludes the possibility of
radiation thermalization (fig. S13). This intrin-
sic residual resistance, whose value spans a wide
range from ~20 to above 103 ohms/square, can
be tuned continuously with VG.
The superconductivity in our system is ver-

ified not only by the large drop of the resist-
ance at Tc, but also by the existence of a critical
current. As illustrated in Fig. 3, at T = 0.35 K,
the critical current is ~8.3 mA at VG = 100 V
and decreases as VG decreases and eventually
vanishes at the superconductor-insulator tran-
sition. For gating voltageVG from 150 to−130 V,
the resistance at temperatures below TBKT
(~1.7 K at VG = 0) is measured by applying a
DC current smaller than the critical current,
where the linear I-V dependence (inset of Fig.
3) indicates an intrinsic ohmic resistance. As
the temperature is lowered, the resistance
falls at first and then saturates at a value that
can be orders of magnitude smaller than its
normal-state value and can be continuously
tuned by varying VG (Fig. 2A). The resistance
saturation begins at a relatively high temper-
ature (~1 K) (Fig. 2A), which together with
the VG dependence (Fig. 2A) and the linear I-
V relation (Fig. 3, inset) excludes the possi-
bility of Joule heating. Residual resistance
saturation in the superconducting state has
been observed in diverse 2D superconducting
systems (8, 19, 24, 28–30). The associated
superconductors are called “failed supercon-
ductors” in the literature (30). The corre-
sponding ground state is called an anomalous
or quantum metallic state, whose origin is still
under vigorous debate (24, 27, 29–31). The
saturated resistance in the insulating state can
be ascribed to the applied electric field–induced
electron percolation on top of the insulating
state. In this sense, the insulating state is
fragile and can be called a “fragile insulator.”
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Fig. 3. Current (I)-voltage (V) behaviors of the central 20 mm by 100 mm bridge for VG varying from
150 to −170 V. The measurements were performed at T = 0.35 K. The evolution from superconducting to
insulating states is indicated from the gradual variation in the superconducting critical current. Inset: Three
typical linear I-V dependences in the low current range.

Fig. 4. VG modulation dur-
ing a QPT driven by a
magnetic field perpendic-
ular to the interface.
(A) Dependence of Rsheet on
the magnetic field B at fixed
temperatures below 2 K.
These curves were replotted
from the temperature-
dependent Rsheet(T) data
shown in fig. S5A. (B) Scaling
of the data in 0.45 K ≤ T ≤

0.65 K with respect to a
single variable |B − Bc|/T

1/zn,
with zn = 20. The inset
shows the zn values
needed to scale the data in
different temperature
regimes (thick lines).
(C) Dependences of Rc
and Bc on VG. The
dashed lines indicate the
positions of the quantum
resistance h/e2 and the pair
quantum resistance RQ.
(D) Dependence of zn on VG
for 0.45 K ≤ T ≤ 0.65 K
(circles) and 1.60 K ≤ T ≤

1.90 K (squares). The gray shadow highlights the large uncertainty in determining the zn values in the
low-temperature regime (see fig. S15). (E) A schematic VG-B phase diagram for T = 0. The red dots
correspond to the green circles in Fig. 4C; the red diamonds correspond to the data shown in Fig. 2A (B = 0).
For B > Bc, in the insulating phase, Rsheet still saturates to a finite value (fig. S16).
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Resistance saturation in the insulating state,
although rare, was observed previously in
disordered ultrathin Ga films (32), disorder-
tuned LAO/STO interfaces (19), and graphene
in a high magnetic field (33).
In disordered 2D superconductors, the

magnetic-field–driven superconductor-to-
insulator QPTs (24, 34) is an interesting
issue. The ability to continuously tune the ef-
fective disorder (from kFl ≫ 1 to kFl

e

1) in a
single device enables us tomonitor the disorder-
dependent evolution of such QPTs. Figure 4A
shows the plots of Rsheet as a function of a
perpendicular magnetic field B for various
temperatures below 2 K, at VG = 0. These plots
cross at approximately a single point, indicat-
ing a magnetic-field–driven superconductor-
to-insulator QPT (25, 26). The crossing point
corresponds to the critical field Bc and the
critical resistance Rc. To study the criticality of
such QPTs, we analyzed the data with the scal-
ing relation Rsheet(d, T) = Rc f (dT

−1/zn), where
d = |B − Bc|, f is an arbitrary function with
f(0) = 1, z is the dynamical critical exponent,
and n is the correlation length exponent
(7, 25, 27, 34, 35). A notable observation is
that the exponent product zn is not universal
but diverges with decreasing temperature
(Fig. 4B and its inset and figs. S14 and S15).
A similar divergent zn was observed previ-
ously in a few experimental studies (35, 36)
and has been discussed in recent theoretical
work (30, 37). One plausible explanation is
that the disorder in the conducting layer gives
rise to superconducting granularities, for which
local quantum phase fluctuations, rather than
large-scale superconducting fluctuations, are
relevant (38).
As summarized in Fig. 4, C and D, by sweep-

ing VG from 150 to −120 V, the critical resist-
ance Rc is tuned continuously from ~1/4 to
~4 RQ (where RQ = h/4e2 ≈ 6.45 kilohm is the
quantum resistance of the Cooper pairs), and
the critical magnetic field Bc exhibits a dome-
shaped dependence on VG, which evokes the
dome-shaped Tc-VG relation in the absence of
an external magnetic field (Fig. 2B). All zn
values in the high-temperature regime (1.60
to 1.90K) are within 0.7 ± 0.2, which is similar
to those observed in STO-based 2D super-

conducting interfaces (1, 7). In contrast, the zn
values in the low-temperature regime (0.45 to
0.65 K) are extremely large (divergent), im-
plying that nonuniversal criticality generally
exists. Finally, on the basis of all these ob-
servations, a schematic VG-B phase diagram is
produced in Fig. 4E.
In addition to the results presented in this

report, we have fabricated and measured a total
of 30 samples with different carrier densities
and mobilities and found that the effective
disorder-controlled tuning is quite general,
although the tuning ability does depend on
sample details, particularly the mobility (e.g.,
figs. S17 and S18). Our experiments show
that a prominent low-temperature resistance
saturation and a strong VG-induced tuning
tend to occur in low-mobility samples. Fur-
thermore, strongly anisotropic transport
behaviors have been observed in low-mobility
samples (fig. S18). We emphasize that these
anisotropic behaviors are different from the
anisotropic superconductivity observed in
EuO/KTO(111), because the latter is associ-
ated with high-mobility samples (17). Our
work demonstrates that LAO/KTO(111) is an
ideal platform to explore the rich physics
of disordered 2D superconductors.
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Controlling interfacial superconductivity
The interface between the oxides LaAlO

3

 and KTaO
3

(111) has been shown to superconduct at temperatures up to 2
Kelvin. Chen et al. show that this superconductivity can be controlled with electric fields. As they tuned the gating
voltage, the researchers observed a dome-shaped variation of the superconducting critical temperature. This variation
could not be ascribed to the change in carrier density, but rather seemed to reflect the change in the mobility of the
carriers.
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