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ABSTRACT

The two-dimensional electron system (2DES) formed at the interface of LaAlO3 (LAO) and SrTiO3 (STO), both band insulators in bulk,
exhibits properties not easily attainable in conventional electronic materials. The extreme shallowness of the 2DES, only a few nanometers
below the surface, opens up unique possibilities such as tunneling spectroscopy, local electronic sensing, and in situ patterning by manipulat-
ing the surface properties. It is particularly tempting to manipulate the charge carriers with surface acoustic wave (SAW) phonons, which are
confined to the surface. However, the absence of intrinsic piezoelectricity in both LAO and STO complicates the electric generation of SAWs,
as well as the induction of an acoustoelectric current. Here, we present robust acoustoelectric coupling between SAWs and the LAO/STO
2DES by using electrostriction in STO, induced by a dc electric field. Electromechanical coupling to the carriers is provided by phonon-
induced modulation of the 2DES potential well, leading to SAW-induced carrier transport. The ability to control charge carriers with SAWs
brings the versatile LAO/STO 2DES into reach of quantum acoustics, opening possibilities to study the interplay of nanoscale mechanical
waves and the rich physics exhibited by nonpiezoelectric complex oxides, including superconductivity, magnetism, and correlated insulator
states.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5139307

Surface acoustic waves (SAWs) are periodic surface deformations
in the form of acoustic waves traveling along the surface of a solid, typ-
ically localized on the order of a wavelength near the surface.1 A com-
mon way of generating SAWs is by applying an RF signal to an
interdigital transducer (IDT) on a piezoelectric material.2,3 When trav-
eling in a piezoelectric material, SAWs are accompanied by a piezo-
electric potential wave. Free charge carriers may interact with this
moving piezoelectric field, and get dragged along, generating a current.
This is known as the acoustoelectric (AE) effect4,5 and has been
observed in different semiconductors6–9 by electrical and optical detec-
tion methods.10 Particularly, the two-dimensional electron system
(2DES) at the AlGaAs/GaAs interface has been explored for
acousto(opto)electronics, owing to intrinsic piezoelectricity, high
carrier mobility, and direct bandgap.11 In order to electrically generate
SAWs and manipulate charge carriers with a traveling piezoelectric
potential wave in a nonpiezoelectric semiconductor, such as silicon, it
is necessary to incorporate a thin film of a piezoelectric material, such
as ZnO or AlN, underneath the IDTs and close to the free carriers.12–14

Graphene and transition metal dichalcogenides (TMDs), such as
MoS2 and WSe2, have been deposited on strongly piezoelectric

substrates, such as LiNbO3, to carry out AE experiments in
2DESs.15–18 Mechanical control of charge carriers by SAWs has not
been demonstrated at complex-oxide interfaces, in spite of their attrac-
tive electronic properties. The LaAlO3 (LAO)/SrTiO3 (STO) 2DES
offers a particularly interesting platform for studying acoustoelectric
charge transport. A carrier mobility exceeding 10 000 cm2 V�1 s�1 at
cryogenic temperatures19 and magnetic effects20 and superconductiv-
ity21 at very low temperatures were reported. Implementing AE
control of charges at the LAO/STO interface is a challenge, however,
because neither LAO nor STO are piezoelectric. Deposition of a piezo-
electric thin film on top of LAO/STO could, in principle, solve the
problem. However, this approach introduces another challenge, as the
2DES could be degraded when it is exposed to deposition of an addi-
tional top layer.

Piezoelectricity refers to electric polarization due to uniform
strain and arises in crystals that lack inversion symmetry.22 At room
temperature, single-crystal STO is a centrosymmetric, cubic dielectric
that does not exhibit piezoelectricity, due to the central position of the
Ti4þ cation in the lattice,23 see Fig. 1(a). However, the desired coupling
between a RF electric field and a lattice deformation, necessary for the
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generation and detection of SAWs with IDTs, may be achieved either
by flexoelectricity,24 i.e., electric polarization resulting from a strain
gradient, or by electrostriction,25 i.e., lattice deformation under the
application of an electric field. By applying a dc electric field to STO,
the Ti4þ cation is displaced and the cubic symmetry is broken,26 see
Fig. 1(b). Such a distortion of the lattice (electrostriction) generates
electric dipoles, and consequently, a polarization in the crystal is pro-
duced.27,28 By using dc-field-induced piezoelectricity, it has been
shown that it is possible to generate and detect SAWs with IDTs on
STO.29 Here, we make use of this dc-field-induced piezoelectric effect
to demonstrate SAW-driven acoustoelectric transport at the LAO/
STO interface. The associated coupling between SAWs and charge car-
riers may be, in principle, extended into the quantum regime, for
example, via quantization of the acoustoelectric current or coupling
quantized SAW phonon modes to electronic quantum states.

The device layout is shown in Fig. 1(c) (see the supplementary
material for the details of sample fabrication and the experimental
setup). The nominally identical IDTs are designed in a delay-line con-
figuration, and both IDTs can be used for generating and detecting
SAWs. The 2DES is patterned into a Hall bar, enabling AE transport
and Hall-effect measurements on the same device.

The SAW transmission between IDT1 and IDT2 was character-
ized by means of S-parameter analysis, and the corresponding AE
current was measured at room temperature and at 150K, in vacuum
and in the dark, see Fig. 2. In accordance with previous work,30 upon
cooling the system below 150K, we first observed a gradual and then
an abrupt suppression of the electrostrictive generation of SAWs at
�105K, most likely related to the structural phase transition of STO
from cubic to tetragonal. Therefore, in the following, we do not con-
sider temperatures lower than 150K, at which both SAW transmis-
sion and AE current show a broad maximum. In order to enable
similar experiments at lower temperatures, one could make use of
additional piezoelectric materials to generate SAWs instead of relying
on electrostriction in STO; this is, however, out of the scope of the
present work. From the Hall measurements, we extract a charge

carrier mobility varying from 1.92 cm2 V�1 s�1 at room temperature
to 16.91 cm2 V�1 s�1 at 150K (Fig. S3 in the supplementary
material).

A dc bias voltage was applied initially to only IDT1 in addition to
the ac voltage supplied by the vector network analyser (VNA). The dc
voltage was increased in 10V steps, starting from 0V up to 50V,
above which we observed dielectric breakdown of the device. As
shown in Fig. 2(a) (red curve), when a dc bias of 50V and an RF input

FIG. 1. (a) Illustration of the centrosymmetric STO crystal in the absence of an electric field. (b) Schematic representation of a structural deformation and corresponding electric
dipole formation in the STO unit cell by a dc electric field. The Sr2þ cations (orange) reside on the corners of the unit cell, with respect to which the Ti4þ cation (purple) is dis-
placed from the center and the centrosymmetric formation is distorted. O2- anions are shown in green surrounding the Ti4þ cation. Dashed red lines show the oxygen octahe-
dra formation and are guides to the eye. (c) Optical microscope image of the acoustic charge transport device. Numbered pads show the probing electrodes of the conducting
channel, formed at the LAO/STO interface. Unless otherwise indicated, contacts 1 and 4 were used for IAE and VAE measurements. Measurement schematics are given in red
and green for IAE and VAE measurements, respectively. The full channel length is 300 lm, and the channel width is 10 lm. Probing electrodes are equally separated by
100 lm. The distance between each IDT and the conducting channel is also 100 lm.

FIG. 2. (a) Room-temperature SAW transmission at various dc bias voltages
applied to IDT1 and IDT2. (b) SAW transmission measurements at 150 K at various
dc bias voltages. (c) Room-temperature measurements of the acoustoelectric cur-
rent, IAE. The top (bottom) panel shows IAE generated by IDT1 (IDT2), under the
application of an RF input power of 12 dBm and dc biases of 40 V and 0 V to IDT1
(IDT2) and IDT2 (IDT1), respectively. (d) IAE at 150 K for different input IDTs as a
function of RF-input power between contacts 1 and 4 (300lm), at a dc bias of 40 V
on the input IDT.
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power of 0 dBm were applied to IDT1 at room temperature, a weak
SAW transmission signal is observed at �438MHz, corresponding to
the expected SAW resonance frequency (SAW transmission vs dc bias
is shown in Fig. S2 in the supplementary material). This shows that
some conversion of the mechanical deformation to an electric signal is
achieved at IDT2 without electrostriction induced by a dc voltage
applied to IDT2. We ascribe this to the flexoelectric effect caused by
the strain gradient at the STO surface. The SAW transmission
increased strongly after a dc bias was also applied to IDT2, providing
electrostriction at both the sending and the receiving IDT [Fig. 2(a)].

The same measurements were repeated at 150K, see Fig. 2b.
Although the transmission background level was the same at 150K,
the SAW transmission was much larger than that at room tempera-
ture. This is consistent with previous reports25,27 and was ascribed to
the quadratic dependence of the electrostriction-induced piezoelectric
strain coefficient on the dielectric permittivity.27 The strong tempera-
ture dependence of the latter31 in STO leads to a much higher conver-
sion efficiency of RF power into SAWs at the IDTs at lower
temperature. In part, the higher SAW transmission signal could also
be related to the reduced interaction of the thermally excited phonons
with the acoustic waves in the crystal at lower temperatures, known as
the Landau-Rumer mechanism,32 resulting in reduced SAW attenua-
tion during transit between input and output IDT. Additionally, we
note that the SAW resonance frequency shifts to higher frequency at
lower temperature. We attribute this observation to the temperature
dependence of the phonon frequencies in STO and the associated
increase in sound velocity.25,27,30

The interaction mechanism between SAWs and electrons in the
LAO/STO 2DES was investigated by studying the acoustoelectric cur-
rent, IAE, and voltage, VAE. When SAWs propagate through the 2DES,
the crystal is deformed by the associated strain wave, breaking the
cubic symmetry of the STO crystal accordingly [Fig. 1(b)]. The electric
dipole resulting from the symmetry breaking produces an electric field,
which couples to the free charges in the 2DES. As mentioned in the
introduction, propagating SAWs can produce acoustic charge trans-
port by dragging electrons with this electric field. Upon effectively
shorting the conducting channel with a current measurement unit, as
shown in Fig. 1(c) in red (see the supplementary material for details),
we can detect a dc AE current. Under open circuit conditions, a dc
voltage builds up instead, to the point where the back-flow of charges
compensates the carrier drag by the SAWs. In Fig. 2(c), room-
temperature AE current measurements are shown. Initially, IDT1 was
excited with no dc bias applied, such that the generation of SAWs is
negligible. We did not observe any IAE at (or near) the resonance fre-
quency of�438MHz, as expected. Subsequently, a dc bias of 40V was
applied to IDT1, and a clear IAE peak of a few pA appeared at
�438MHz. The very low IAE is ascribed to the low 2DES carrier
mobility at room temperature. To verify whether the signal stems
from the AE effect, we switched the input from IDT1 to IDT2. When
SAWs propagate in the opposite direction, the sign of IAE must also
change as the electrons are now transported in the opposite direction.
Indeed, Fig. 2(c) shows this sign reversal.

At 150K, both the SAW transmission and the 2DES carrier
mobility are higher than those at room temperature, which should
enhance the AE current.9 This is confirmed in Fig. 2(d), where IAE is
about an order of magnitude larger at 150K than at room tempera-
ture. Moreover, we find that IAE increases linearly with RF input

power (Fig. S4 in the supplementary material), in accordance with
theory.33 As a larger input power excites SAWs with increased ampli-
tude, this results in stronger electric fields accompanying the SAWs
and thus a stronger interaction with the charges in the 2DES. Similar
to room-temperature IAE measurements, we generated SAWs from
both IDTs, and the sign of the current changed when the SAW propa-
gation direction was reversed. We also found that IAE linearly scales
with the RF input power in the same way for both IDTs (Fig. S4 in
the supplementary material). A final essential observation in Fig. 2 is
that the shift in the SAW resonance frequency from �438MHz to
�445MHz when cooling down is accompanied by the same shift in
the frequency at which IAE is generated. Further characterization of
IAE vs dc bias was performed to exclude spurious effects (Fig. S1 in
the supplementary material).

The acoustoelectric voltage was also measured at 150K. The
measurement schematic is given in Fig. 1(c), in green. In Fig. 3(a), VAE

is presented as a function of frequency and RF input power. Similar to
IAE, VAE also scales with the RF input power, and its polarity is
inverted when the input IDT is exchanged. Figure 3(b) shows the
dependence of VAE on the channel length. Larger values of VAE were
measured for the increasing distance between the contacts, in accor-
dance with Ohm’s law and the condition that the back-flow of charges
must equal the acoustoelectric current for an open circuit. As a control
experiment, we also measured VAE between contacts 2 and 6 at the
same distance from IDT1, but on opposite sides of the Hall bar. As
shown in Fig. 3(b) (green curve), no VAE was measured, as expected
when the voltage is of acoustoelectric origin and not due to spurious
effects.

The results shown above establish acoustoelectric coupling
between SAWs generated in STO and charge carriers residing at the
LAO/STO 2DES, enabling the generation of currents on the order of
10 pA in a 10-lm-wide channel and voltages on the order of 1lV
over distances of a few hundred micrometers. While the generation
and detection of SAWs in STO using IDTs rely on electrostriction, the
acoustoelectric coupling in the conducting channel manifests itself in
the absence of any external bias potentials. This shows that the
mechanical waves must produce a significant potential modulation
and associated electric field at the LAO/STO interface, resulting in the

FIG. 3. (a) VAE measured between contacts 1 and 4 at 150 K as a function of RF-input
power and SAW propagation direction. A dc bias of 40 V was applied to the input IDT
and VAE was measured at RF-input powers of 0 dBm, 8 dBm, and 12 dBm. (b) VAE as
a function of conducting channel length; distances are according to the contacts used
[numbers in brackets, referring to Fig. 1(c)]. The green curve shows the measurement
for which the SAW propagation direction is perpendicular to the electrical probing orien-
tation. All measurements were carried out at 150 K by using IDT1 at a dc bias of 40 V
and an RF-input power of 12 dBm.
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observed drag of electrons, which is clearly absent in undoped STO.
Quantitative analysis of the thus-obtained acoustoelectric current is
difficult because the traditionally used models use bulk material
parameters that are not a priori applicable here, while the acoustoelec-
tric coupling constant of the LAO/STO interface is unknown. In prin-
ciple, the latter could be determined experimentally, by measuring the
sound velocity with or without depletion of carriers from the 2DES,
which would require devices that enable near complete depletion of
the channel. Here, we give an order-of-magnitude estimate of this
parameter from an acoustoelectric transport model9 that has been
applied to other 2DESs, e.g., in GaAs-based structures (see the supple-
mentary material). By substituting parameters that are either deter-
mined experimentally in this work or taken from the literature, we
find acoustoelectric coupling constants K2

eff of 3.1� 10�5 at room tem-
perature and 2.5� 10�5, at 150K. Considering the nonpiezoelectric
nature of the LAO/STO interface, having an acoustoelectric coupling
coefficient, K2

eff , on the order of 10�5, which is about ten times smaller
compared to that of (weakly) piezoelectric GaAs, but sufficient to drag
charge carriers along with the SAWs, confirms that LAO/STO 2DES
can be employed to realize SAW-assisted quantum electronic devices
and networks. Manipulating the LAO/STO 2DES by SAW phonons
instead of conventional electrical or magnetic control methods offers
an additional degree of freedom and provides a promising route to
develop fundamental insights and broaden the application horizon.
For example, studies of the interplay of nanoscale mechanical waves
and superconductivity, magnetism, and correlated insulator states
could be undertaken. Our approach of manipulating charge carriers
with SAWs may also be considered to be employed in other nonpiezo-
electric complex oxide systems.

In conclusion, our results establish that SAWs can induce cur-
rents and voltages in the 2DES at the LAO/STO interface. The signals
are enhanced by boosting the mobility of the 2DES or by generating
stronger SAWs. The latter option may not require high(er) dc bias vol-
tages on the IDTs; instead, modification of the IDTs may help to
increase SAW transmission by preventing internal reflections inside
the IDT or backward reflections of the transmitted signals from the
receiver IDT. For narrower conduction channels and/or quantum
point contacts, single-electron acoustoelectric devices may be realized.
Our results clearly show that acoustoelectric devices, in which SAWs
control charge transport at LAO/STO interfaces, are within reach.

See the supplementary material for elaborate experimental details,
corrections made to the measured acoustoelectric current, calculations of
the electromechanical coupling constant of the LAO/STO 2DES from an
acoustoelectric current model, measurements of the acoustoelectric cur-
rent and SAW transmission vs dc bias on the input IDT, electrical char-
acterization of the LAO/STO 2DES, measurements of the acoustoelectric
current vs RF input power, and supplementary references.
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