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Surface acoustic waves accompanied by very large piezoelectric fields can be created in a
semiconductor/piezoelectric hybrid system. Such intense waves interact with the mobile carries in
semiconductor quantum well structures in a manner being strongly governed by nonlinear effects.
At high sound intensities, a formerly homogeneous two-dimensional electron system breaks up into
well confined stripes surfing the wave. As a result, we observe a strong reduction of electronic sound
attenuation. On the other hand, large momentum transfer between the electron system and the wave
results in nonlinear acoustoelectric effects and acoustoelectric amplification. We describe our
experimental findings in terms of a generalized theory of the acoustoelectric effect and discuss the
importance for possible device applications. ©1999 American Institute of Physics.
@S0003-6951~99!02533-4#

Over the last decade, interaction phenomena between
surface acoustic waves~SAW! and a two-dimensional elec-
tron system~2DES! have attracted much interest. Rayleigh
wave modes on monolithic GaAs/AlGaAs heterostructures
were used to examine the magnetoconductivity properties of
the electron system in the integer quantum hall regime1 and
gave the most striking evidence for the composite fermion
picture of the fractional quantum hall effect.2 The piezoelec-
tric fields accompanying the waves were also employed to
convey single electrons through a quantum point contact.3

For all these experiments, however, the SAW were excited
and propagating on the relatively weak piezoelectric semi-
conductor substrate itself, in most cases GaAs. This implies a
relatively weak coupling between mobile carriers in the
semiconductor and the SAW, being quantified in a small
electromechanical coupling coefficientK.2 However, on
strong piezoelectric substrates like LiNbO3, this coupling co-
efficient is two orders of magnitude larger. Thus, hybridiza-
tion of a LiNbO3 substrate and a thin GaAs-based quantum
well system provides a very large coupling coefficient4 and
we proceed into a new regime of nonlinear interaction be-
tween SAW and 2DES, manifested in a large momentum
transfer from the SAW to the electrons and vice versa. We
achieve the hybridization of the LiNbO3 crystal and the thin
layers of the semiconductor heterostructure with a thickness
of 0.5 mm by employing the epitaxial lift-off technique
~ELO!.5 In this process, we remove the semiconductor film
from its original GaAs substrate and transfer it onto a
LiNbO3 SAW delay line.4,6 The 2DES resides in a 12 nm
In0.2Ga0.8As quantum well, where the distance between the
electron system and the hybrid interface is only 32 nm. A
thin metal field effect electrode on top of the ELO film acts
as a gate to change the carrier densityns and the sheet con-
ductivity s of the well. Interdigital transducers~IDT! on the
LiNbO3 serve as emitter and detector for the SAW~see Fig.
3!, operating at an rf frequency off 5340 MHz. This hybrid

structure allows for detailed investigations on the interaction
between SAW and 2DES at very large sound amplitudes and
strong coupling.

When the SAW propagates through the semiconductor
film containing the electron system, the accompanying pi-
ezoelectric fieldsESAW generate dissipative currents, result-
ing in an attenuation of the wave,G5^ jESAW&/I , where I
denotes the SAW intensity and the brackets denote the aver-
aging over one wave period. Neglecting carrier diffusion, the
local dissipative current densityj is given by j
5nem(ESAW1E2DES), whereE2DES is the electric field in-
duced by the modulated electron system;n is the local elec-
tron density, andm is the mobility of the 2DES. For low
SAW intensity the modulation of the carrier concentration is
also very small and the attenuation can be evaluated in a
linear approach, leading to the following equation:7,1

G5KH
2 p

l

s/gsm

11~s/gsm!2 . ~1!

Here,KH
2 denotes the electromechanical coupling coefficient

of the hybrid,6 and l is the sound wavelength. An electron
drift parameterg, which will be discussed in detail below, is
set to g51 at this time. At a certain conductivitysm the
electron system absorbs a significant amount of the SAW
power. This is displayed in the inset of Fig. 1, where we plot
the measured attenuation of the SAW as a function of the
gate voltageVg between gate and 2DES for various SAW
powers at room temperature. Zero gate bias corresponds to a
high sheet conductivity; a large potential difference~e.g.,
Vg5210 V! leads to a depletion of the quantum well. First,
let us consider the case for small SAW intensityI (P
50.13 mW): AroundVg528 V energy is transferred from
the SAW to the 2DES resulting in an attenuation of the
SAW, being well described by Eq.~1!. For high SAW inten-
sity, however, the 2DES is strongly modulated resulting in a
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strong reduction of the SAW attenuationG. This phenom-
enon can be explained in terms of a nonlinear theory8 for the
2D case. In this model we calculate the local carrier concen-
tration n in the SAW potential. We find, that for high SAW
intensity and small carrier densityns the electrons are com-
pletely trapped in the SAW potential. In this case, the carrier
distribution n can be calculated analytically. The electrons
are forming stripes moving at the speed of sound8 and the
absorbed SAW energŷjESAW& saturates. In this regime, the
attenuationG is reduced and is analytically given by

G5
^ jESAW&

I
5

ensn
2

mI
5

ensn
2

maF0
2 , ~2!

wheren is the SAW phase velocity anda denotes a constant
correlating the SAW intensity and the square of the SAW
potential amplitudeF0

2. In Fig. 1 we show this behavior
experimentally, displaying the attenuation as a function of
the SAW potential for fixed gate voltageVg528.25 V, cor-
responding to a fixed carrier density of aboutns55.6
3109 cm22. This carrier concentration being determined by
sm53.631026 V21 and m'4000 cm2/V s is sufficiently
low to satisfy the criteria for Eq.~2! at large SAW potential,
where the electrons have to be totally trapped. We also plot
the calculated attenuation according to Eq.~2!. Theory and
experiment are in excellent agreement. The change of con-
ductivity also produces a change in SAW velocity.4,6 Since
the total value of the velocity change is not affected by the
strong modulation ofns ,8 the effect of the reduced SAW
attenuation is very interesting for SAW devices where the
SAW velocity could be tuned by an applied gate bias.

The transfer of power from the SAW to the 2DES is also
related to momentum transfer from the acoustic wave to the
electron system. The resulting acoustoelectric currentj ae

was studied before for small SAW power in various
experiments.9,6 For a three-dimensional~3D! bulk system,
the connection betweenj ae andG had been described before
by Weinreich.10,11 For a two-dimensional electron system,
this acoustoelectric current can be also calculated in a linear
small signal model.12 Here, we develop a nonlinear approach
for the two-dimensional case, and describe the dynamics in

an intense SAW field by a nonlocal and nonlinear equation.8

We assume thatG is small compared to 1/l, so that the
electron densityn can be assumed to be periodically modu-
lated. The acoustoelectric current is then given by the aver-
aged current

j ae5^ j ~x,t !&5em^n~ESAW1E2DES!&5em~^nESAW&

1^nE2DES&!. ~3!

E2DES is the electric field induced by the 2DES.^ jE2DES& is
zero, because of the conservation of energy and therefore
leads to

05^ jE2DES&5 j 0^E2DES&2ev^nE2DES&52ev^nE2DES&.

~4!
The current densityj 0 results as a constant when inte-

grating the continuity equation.8 The averaged values
^ESAW& and ^E2DES& vanish due to the periodicity of the
problem and hence alsônE2DES& vanishes@Eq. ~4!#. The
first term in Eq.~3! can be expressed by the attenuationG,
since the SAW absorption is given asIG5^ jESAW&
5 j 0^ESAW&2en^nESAW&52en^nESAW&. This gives us a
final expression for the acoustoelectric current

j ae52
mIG

n
, ~5!

being independent of the SAW potential modulation. This
expression resembles the Weinreich relation10 for bulk
waves and 3D electron systems. No matter, how strong elec-
trons are bunched in the moving SAW potentials, the relation
between the acoustoelectric current, the SAW intensity and
the attenuation remains the same.

Experimentally, we observe just this behavior when
measuring the acoustoelectric current in a geometry similar
to the sample geometry similar to the one described below.
For various different SAW intensities, the acoustoelectric
current and the attenuation were recorded as a function of the
gate biasVg . In Fig. 2 we show the measured maximum

FIG. 1. Normalized SAW attenuationG/Gmax at constant gate voltageVg

528.25 V as a function of the SAW potential amplitudeF0 . The inset
showsG/Gmax as a function of the gate voltageVg with the SAW potential
as parameter. The theoretical result of our model according to Eq.~2! is also
shown for comparison.

FIG. 2. Maximum of the acoustoelectric currentI ae,max and maximum of the
SAW attenuationGmax/Gmax,0 as a function of the applied rf powerP. For
small P, the acoustoelectric current exhibits a linear behavior, which is
shown in the inset. The linear regression from the inset is also displayed in
the main figure, revealing the strong deviation from linearity. Also shown is
the ratio I ae,max/P ~open symbols! to demonstrate the predicted universal
proportionality betweenIG and the acoustoelectric currentj ae . l denotes the
length of the ELO film.
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value of the acoustoelectric current,I ae,max, together with the
maximum of the attenuation as a function of the rf powerP
applied to the emitting transducer. For smallP, we observe a
linear behavior of the acoustoelectric current as a function of
P, which is shown in the inset. However, for highP, the
acoustoelectric currentI ae,max does not follow this linear re-
gression, and increases in a sublinear fashion. At the same
time, the attenuation is strongly reduced with increasing
SAW power. It should be noted, that the reduction is not as
large as in Fig. 1, because we measure the absolute maxi-
mum of the attenuation instead of the attenuation at a given
gate bias~Fig. 1!. To correlate these experimental findings
with our model, we also show the ratioI ae,max/P being pro-
portional toj ae,max/l. Figure 2 displays clearly, that this ratio
I ae,max/P is proportional to the attenuationG as predicted by
Eq. ~5!. The observed nonlinearity in the acoustoelectric cur-
rent can thus be very well understood in terms of our model.
At this point, we wish to point out the remarkable amplitude
of the observed currents in our hybrid system. Because of the
large hybrid coupling coefficient, it extends up toI ae,max

50.7 mA.
Momentum transfer from the SAW to the 2DES is only

one part of the interaction between surface acoustic waves
and an electron system. We can also transfer energy from an
electron flow in the 2DES to the SAW. This effect is known
as ‘‘acoustoelectric amplification.’’7 However, in monolithic
GaAs heterostructures the effect is very small,13 because of
the small coupling coefficient. We use again the sample ge-
ometry as shown in Fig. 3. A longitudinal dc voltageVL is
now applied to the ohmic contacts in order to create an ex-
ternal electric fieldEL and an electron drift current. As soon
as the electron drift velocitynd exceeds the sound velocity
n, energy is transferred to the SAW. Quantitatively, this is
already described by Eq.~1!, employing the electron drift
parameterg511mEL /n511nd /n. Equation~1! also re-
veals, that a large amplification can only be achieved, if the
sheet conductivitys is sufficiently low. Therefore a gate bias
Vg is applied to reduces. Figure 3 displays the measured
SAW transmissionS12 and S21 for both directions of SAW
propagation. If the SAW is launched from the transducer on
the right hand side (S12), the wave is amplified with increas-

ing EL . Amplification of 3.9 dB is achieved in this geom-
etry. Theoretically, from Eq.~1! and the sample parameters
used, one would expect a maximum amplification of 7.9 dB
but one can show that the observed reduction is caused by
pinch-off effects that create a conductivity gradient along the
channel. We hope to reduce these spurious effects by a better
suited sample design in the near future.

If the wave is launched from the other transducer, the
SAW is propagating in the opposite direction than the elec-
trons and therefore the wave is attenuated with increasing
longitudinal voltageVL . Employing these effects, a new
nonreciprocal SAW filter could be realized. In one direction,
the transmitted signal is amplified, in the other direction, it is
attenuated. Using optimized and matched unidirectional
transducer structures, the insertion loss of the device forVL

50 could be reduced to about 3–4 dB so that a net ampli-
fication of an rf signal could be achieved.

In summary, we have demonstrated several acoustoelec-
tric effects in the LiNbO3/GaAs layered system on which
large amplitude SAW can be coupled to mobile carriers in a
quantum well. We find that at large SAW amplitudes the
electron density can be modulated very strongly, eventually
breaking up into stripes. This leads to a significant reduction
of the SAW attenuation. In a nonlinear theory, we can de-
scribe this phenomenon quantitatively. Because of the high
coupling coefficient, the SAW induce large acoustoelectric
currents which exhibit a strong nonlinear behavior as a func-
tion of the amplitude of the SAW potential. We present a
generalized theoretical description of the acoustoelectric ef-
fect in 2D which is in excellent agreement with our experi-
mental observations. Finally, we demonstrate acoustic ampli-
fication in our hybrid system which makes nonreciprocal
SAW filters with monolithically integrated signal amplifica-
tion feasible.
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FIG. 3. Bidirectional SAW transmission S12 and S21 as a function of a
longitudinal voltageVL applied to the ohmic contacts. Depending on the
direction of the SAW, either field-induced amplification or attenuation can
be observed, resulting in a nonreciprocal acoustoelectric device. The inset
shows the sample geometry with the interdigital transducers~IDT! and the
ELO film.
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