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The combination of semiconductor quantum well structures and strongly piezoelectric crystals leads
to a system in which surface acoustic waves with very large amplitudes can interact with charge carriers
in the well. The surface acoustic wave induces a dynamic lateral superlattice potential in the plane of
the quantum well which is strong enough to spatially break up a two-dimensional electron system into
moving wires of trapped charge. This transition is manifested in an increase of the electron transport velocity with sound amplitude, eventually reaching the sound velocity. The sound absorption by the electron system then becomes governed by nonlinearities and is strongly reduced. We study the transition
from the linear towards the strongly nonlinear regime of interaction and present a theoretical description
of such phenomena in a 2D system. [S0031-9007(99)08621-4]
PACS numbers: 73.50.Rb, 72.50. + b, 73.50.Fq

Electron transport in semiconductor quantum well
structures is usually governed by drift or diffusive current
flow. Also ballistic carrier motion can be observed,
provided that the size of the system is smaller than the
mean-free path, ranging up to some hundred microns in
very pure semiconductor material. Conceptually different
from those mechanisms are transport phenomena based
on momentum transfer from externally propagating entities to the electron system. Such “dragging” experiments
have been studied in great detail in double electron layer
systems [1], where internal “Coulomb friction” between
the two layers causes the dragging force. “Photon
drag” induced transport was observed for intersubband
transitions of a quasi-two-dimensional electron system
(2DES) [2]. Nagamune et al. [3] observed the effect of a
dc current on the drift of optically generated carriers in a
quantum well. Acoustic charge transport (ACT) has been
investigated on a variety of different systems in view of
possible device applications [4]. Using surface acoustic
waves (SAW), Rocke et al. [5] showed that photogenerated electron-hole pairs in a semiconductor quantum
well can be efficiently trapped in the moving lateral
potential of the sound wave and then be reassembled into
photonic signals. Recently, SAW have been combined
with Coulomb blockade to drive single electrons through
a quantum point contact [6]. In addition, the interaction
between SAW and mobile charges in semiconductor layered structures has become an important method to study
the dynamic conductivity of low-dimensional systems in
quantum wells. These studies include the integer quantum Hall effect [7], the fractional quantum Hall effect [8],
Fermi surfaces of composite Fermions around a half-filled
Landau level [9], and commensurability effects caused by
the lateral superlattice induced by a SAW [10]. These
studies, however, were restricted to the small signal limit,
0031-9007y99y82(10)y2171(4)$15.00

i.e., to a regime where the presence of the lateral potential
of a piezoelectric wave does not significantly modulate
the carrier density in the quantum well.
Here, we would like to report on experiments, where
we employ SAW with a large piezoelectric potential amplitude comparable to the band gap of the semiconductor.
Such high SAW potentials strongly modulate the equilibrium density distribution of the electron system in a quantum well. This leads to a new and nonlinear interaction
between the wave and the carriers, eventually breaking up
the electron system into spatially separated wires of charge.
These wires are propagating at the speed of sound in the direction of the wave. It is very difficult to realize SAW with
such large amplitudes on GaAs-based structures. Therefore, we introduced a hybridization technique, where we
use the strong piezoelectricity of a host crystal (LiNbO3 )
to couple the fields of a SAW to the electron system in
GaAs-based quantum wells [11]. We fabricate these hybrid structures employing an epitaxial lift-off (ELO) technique [12]. The semiconductor layered system is grown by
molecular beam epitaxy, starting with an AlAs sacrificial
layer above the GaAs substrate. This layer is followed by
the active heterostructure containing an In0.2 Ga0.8 As quantum well embedded in modulation doped Al0.2 Ga0.8 As barriers. The 12 nm InGaAs quantum well contains a high
quality 2DES (m . 5000 cm2 yV s at room temperature),
to which Ohmic contacts are formed. By etching the AlAs
layer, we remove the active semiconductor layer from the
substrate and transfer it to the LiNbO3 [11]. There, the film
is tightly bonded to the substrate surface by van der Waals
forces. Metal interdigital transducers (IDT) on the LiNbO3
serve to launch and detect the SAW. Then the ELO film
is patterned and provided with a thin NiCr film acting as
a gate electrode. The distance between the 2DES and
the LiNbO3 surface is just 32 nm, whereas the distance
© 1999 The American Physical Society
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between the 2DES and the gate electrode is 450 nm in order
to reduce the screening of the SAW fields by the electrode.
To examine the transport properties of the electron system
in the traveling acoustic wave, we developed the sample
geometry shown in Fig. 1. A continuous rf signal is applied to the left IDT and generates a continuous SAW. The
center part of the ELO film represents the transport region,
where electrons are traveling in the wave potential. A corresponding transport gate is used to control the electron
density Ns (Fig. 1). For optimum transport conditions, a
negative transport voltage Vt  28 V is applied to this
gate, such that the electron system is nearly depleted. To
charge the traveling wave potential wells with electrons, a
narrow injection gate is used, as indicated in Fig. 1. Removing the otherwise negative bias at this gate for a short
moment (0.3 ms) injects charge into the potential wells of
the SAW. The traveling lateral potential wells of the SAW
flush a certain amount of these electrons into the transport
region, where they can be completely trapped in the valleys
of the SAW potential. When leaving the transport channel, they are swept into the region of a third gate, acting
as a Schottky diode charge detector, which can be read out
with an oscilloscope.
Figure 2 shows this detected transport signal as a function of time and SAW intensity at room temperature. In
this case the frequency is f  340 MHz, corresponding
to a SAW wavelength of about l  10 mm. The lowest trace displays the voltage applied to the injection gate
(right vertical axis) showing that electrons are injected
for Dt  335 ns. The upper family of traces represents
the detected charge signal for different SAW intensities,
where the lowest trace corresponds to the highest rf power
(30.5 dBm, corresponding to 72 Wym). At this high
power, a large signal is detected at the read-out gate after a
delay time of 650 ns. Remarkably, with decreasing SAW

FIG. 1. Schematic sketch of a cut through the symmetry axis
along the SAW propagation direction of the sample. The thin
GaAs film (not drawn to scale) is partially covered by gate
electrodes. Also shown is a schematic picture of the conduction
band EC being modulated by the SAW potential at the time
of charge injection. The vertical layer system, including the
vertical conduction band structure, is also displayed.
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amplitude, the detected signal broadens and the time delay
between injection and detection increases significantly.
In order to understand these phenomena we developed
a nonlinear theory for the acoustoelectric interaction in 2D
[13]. Most of the former theoretical studies [14] on the
SAW absorption and the drag in 2D electron systems relate
to the linear regime of the interaction, when the equilibrium
electron density Ns is much larger than the perturbation
dns sx, td caused by the SAW. Here t and x are the time
and the in-plane coordinate along the SAW-propagation
direction, respectively. However, in our system, the SAW
amplitude is so large that we have to consider nonlinear
phenomena. In a simple approach, the surface electron
current is well described by the Drude model, jsx, td 
ssx, tdEx sx, td, where ssx, td  emns sx, td is the sheet
conductivity, m is the mobility, ns sx, td is the modulated
electron density, and Ex is the in-plane electric field.
To make the problem self-consistent we write Ex 
ESAW 1 Eind , where ESAW and Eind are created by the
SAW and the perturbed electron density ns sx, td, respectively. The electric field of the SAW has the usual form
ESAW  E0 sinskx 2 vtd, where k denotes the SAW
wave vector. Then, the potential induced by the electron
plasma find is determined by the function ns sx, td. The

FIG. 2. Injection gate voltage and signal at the detection gate
as a function of time at room temperature. Between each trace
of the ACT signal, the applied power was changed by 0.5 dB.
For clarity, the curves are shifted against each other. The inset
shows the measured transport velocity as a function of SAW
power and the calculated velocity.
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Fourier transforms of these quantities are connected
via find sq, td  2ens sq, tdyfeeff sjqjd jqjg [15], where
the effective dielectric constant eeff sjqjd  e0 sep 1
es coth jqjad, and ep and es are the dielectric constants
of the piezoelectric and semiconductor crystals, respectively. a is the distance between the 2DES and the
gate. ns sx, td is described by the continuity equation
e≠ns y≠t 2 ≠jy≠x  0. All quantities in our equations depend only on sx 2 ytd, where y denotes the
SAW velocity. Thus we can introduce a new variable
x1  x 2 yt. The resulting equation for ns sx1 d turns out
to be both nonlinear and nonlocal. In a gated system,
such as in our case, we can simplify this equation in
the long wavelength limit ka ø 1 [16]. In this limit
the connection between find and ns becomes local,
find sx1 d  2eans sx1 dyse0 es d. Then, after one integration in the continuity equation, we get
"
#
ea dns
1 E0 sinskx1 d 1 eyns  A0 , (1)
ens m
e0 es dx1
where A0 is a constant. The solution of Eq. (1) should be
periodic and continuous. Numerical solutions for various
average 2D densities Ns  kne sx1 dl are shown in the inset
of Fig. 3. Here the brackets k· · ·l denote the average
over l. It can be seen that the electron system forms
separated stripes for small values of Ns . F0  E0 yk is
the amplitude of the SAW potential. It follows from
Eq. (1) that in the regime of separated strips A0  0,
and the average local velocity of the electron plasma,
kye sx1 dl  kjlyeNs , is at its maximum and equal to the
sound velocity y.
In the inset of Fig. 2 we plot the experimental data
for the average velocity of the conveyed electrons as
calculated from the length of the transport channel (2 mm)
and the delay time of the maximum of the charge
signal. With increasing SAW intensity, this velocity also
increases and eventually saturates at the SAW velocity.
Two sets of data taken at f  340 MHz and f 
114 MHz are shown. The potential F0 is calculated from
the SAW intensity ISAW . Also depicted in the inset is the
result of our numerical calculation of the average velocity
using the parameters Ns  2.5 3 1010 cm22 and m 
5000 cm2 yV s. Our relatively simple model reproduces
the experimental behavior very well. The saturation of
ye reflects the formation of electron stripes.
The SAW piezoelectric fields can be so strong that a
bunching of charge can occur in a formerly homogeneous
electron system in the well. For this reason, we investigate the SAW transmission through a homogeneous electron system as a function of SAW power. As has been
shown before [14] in the small signal limit, the attenuation of the SAW depends on the sheet conductivity of
the 2DES, exhibiting a maximum at a certain conductivity sm . For large SAW intensities, however, the attenuation G behaves quite differently: G is strongly reduced

FIG. 3. Measured attenuation and velocity change of a SAW
as a function of gate voltage for different rf power. The
lower part shows the calculated attenuation as a function of the
carrier concentration Ns . In the inset we plot the calculated
local carrier concentration ns as a function of the in-plane
coordinate for different total carrier concentration Ns . The
numbers attached to the plots correspond to Ns in units of
1010 cm22 .

with increasing SAW power and the maximum attenuation shifts to smaller gate bias and thus higher conductivity. This experimental finding is shown in Fig. 3, where
we plot the electronic SAW attenuation as a function of
gate bias and for different SAW power levels. In this
case, the sample is a hybrid in which a single homogeneous gate electrode is used to change the carrier concentration underneath.
The absorption of the SAW by the electrons is given by
the quantity Q  kjESAW l. When the electron velocity ye
becomes equal to y, the SAW absorption Q also reaches its
maximum, Qmax  ey 2 Ns ym. This can also be seen from
the following: In the Drude model, the absorption can be
written as Q  kjESAW l  kmp ns sxdye2 sxdytl, where mp
and t are the effective electron mass and the relaxation
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time, respectively. When ye sxd becomes equal to y, the
dissipation reaches its maximum, Q  Qmax . The nonlinear absorption coefficient, G  QyISAW , as a function of
Ns was calculated using the solutions of Eq. (1) (see the
lower part of Fig. 3). For small intensities, G is given by
the well-known formula [14],
G0 

sysm
KH2
k
,
2
1 1 ssysm d2

and KH2
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(2)

where sm  eeff y
is the effective electromechanical coupling coefficient of the layered system [17]. In
our system, KH2 is 2 orders of magnitude larger than on
monolithic GaAs. In the limit of high F0 the absorption coefficient is given by G  Qmax yISAW ~ 1yISAW
and decreases with increasing SAW intensity. Theory and
experiment are in good agreement: For large SAW power,
the calculated absorption coefficient decreases and the position of the maximum of the attenuation is shifted towards
higher carrier concentration.
The shift of the SAW velocity due to the electron plasma in a linear theory [14] is given by 2sy 2
ysc dyyoc  KH2 yf1 1 1ssysm d2 g, where ysc is the SAW
velocity for the conductive 2DES and yoc is the velocity
for a depleted electron system. Experimentally, we find,
in the nonlinear regime, that the total change of the SAW
velocity remains constant, in spite of the large intensity
ISAW . The curves are only shifted towards larger conductivity s (Fig. 3). In order to understand this behavior,
one has to consider the limiting cases for the conductivity: For zero gate bias, the electron density is too large
to be bunched into stripes, therefore the SAW velocity is
the same as for small SAW intensity. For a fully depleted
electron system, the SAW velocity reaches its maximum
and is obviously independent of the SAW intensity.
In summary, we have investigated the interaction between a low-dimensional electron system in a semiconductor quantum well and a surface acoustic wave of
very large amplitude. The acoustoelectric interaction is
now governed by strongly nonlinear effects, leading to a
bunching of charge in the potential wells of the SAW.
In a first experiment, we were able to directly observe
the phonon drag of the carriers in the transition between
the weak momentum transfer and a fully trapped regime.
In a second experiment, we find that the electronic SAW
attenuation strongly decreases with increasing SAW amplitude. Both experiments can be described as employing a nonlinear theory of acoustoelectric interaction in
2D systems.
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