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Giant acoustoelectric effect in GaAs/LiNbO 3 hybrids
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The acoustoelectric effect in a hybrid of a strong piezoelectric material and a semiconductor layer
containing a two-dimensional electron system is investigated. Caused by the very strong interaction
between a surface acoustic wave and the mobile carriers in the semiconductor, the acoustoelectric
effect is very large as compared to other materials, which might be interesting for device
applications. Moreover, the tunability of the sheet conductivity of the electron system enables us to
tune the magnitude of the acoustoelectric effect over a wide range. We present experimental results
for a GaAs/LiNbO3 layered hybrid system at room temperature and describe our experimental
findings quantitatively using a recently developed model calculation. ©1998 American Institute of
Physics.@S0003-6951~98!01141-3#
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The interaction between surface acoustic waves~SAW!
and low-dimensional electron systems as confined in mod
semiconductor layered systems has recently attracted a l
attention. The sensitivity of the interaction to very low co
ductivities as well as the possibility to create dynamic sup
lattices in semiconductor structures makes it in particu
interesting.1–3 However, most of the semiconductors that c
be used for the realization of low-dimensional electron s
tems are only weakly piezoelectric. Hence, the interact
between the SAW and the free carriers in the semicondu
is also very weak. Recently, we introduced a technique
the hybridization of semiconductor layered systems a
strongly piezoelectric substrates, that propelled the stren
of the interaction into a regime being interesting for hi
excitation phenomena, nonlinear effects, and also for fu
device applications.4 Here, the large momentum transf
from the SAW to the free carriers in the semiconductor is
particular interest.

Surface acoustic waves on piezoelectric substrates
accompanied by a potential wave and electric fields origin
ing from the materials polarization under mechanical def
mation. These electric fields interact with mobile carriers i
two-dimensional electron system~2DES! in close vicinity of
the surface. Consequently, the 2DES influences the prop
tion of the SAW; it changes the wave velocity and produc
an attenuation of the wave. The change in SAW phase
locity v is given by1,2

v2v0

v0
5

Dv
v0

5
K2

2

1

11~s/sm!2
, ~1!

whereK2 denotes the effective electromechanical coupl
coefficient,s is the sheet conductivity, andsm is a material
constant. The velocityv0 is the SAW velocity on a free
surface. This velocity change is accompanied by an atten
tion of the wave intensityI 5I 0e2Gx along the beam pathx,
given by

a!Electronic mail: markus.rotter@physik.uni-muenchen.de
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where l is the wavelength of the SAW. Ats5sm , the
attenuationG reaches its maximum. Since the SAW carries
flux of momentum equal to 1/v times the flux of energy, a
loss of wave energy has to be accompanied by a proporti
loss of momentum. This loss of momentum appears a
force on the electron system. This phenomenon is known
the acoustoelectric~ae! effect, which was first predicted by
Parmenter5 and identified by Weinreich for bulk materials6

For the special case of 2DES Fal’koet al. and Esslinger
et al.7 showed that the ae current densityj is given by

j 5sE2LQ. ~3!

Here,L represents the ae tensor which — for zero magn
field — simply reduces to the mobility,L5m; Q represents
a ‘‘phonon pressure’’ being proportional to the wave inte
sity I and the attenuationG:

Q5
IG

v
. ~4!

It should be pointed out that this model only applies
the small signal limit, i.e., for negligible modulation of th
carrier concentration by the SAW. In the low-power expe
ments presented here, this is guaranteed at least fos
>sm . As the attenuationG is proportional to the coupling
coefficient@Eq. ~2!#, a highK2 would be desirable in order to
yield a large ae effect. However, on GaAs where high qua
2DES can be defined, the coupling coefficient is rather l
(K256.431024). On 128° rotated YX cut of LiNbO3, K2

50.056 is nearly two orders of magnitude larger. Howev
semiconductor layers are very difficult to fabricate
LiNbO3. A solution to this problem is the quasimonolithic
hybridization of a thin GaAs-layer system and the LiNbO3.
This has been shown to be possible4 using the epitaxial lift-
off technology~ELO! originally developed by Yablonovitch
et al.8
8 © 1998 American Institute of Physics
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Molecular beam epitaxy grown GaAs-based laye
structures containing an AlAs sacrificial layer perfec
match the criteria for this hybridization. On top of the su
strate and the sacrificial AlAs the active layers are grow
consisting of Al0.2Ga0.8As barrier material embedding
modulation-doped 12 nm In0.2Ga0.8As quantum well. On top
of the structure, Ohmic contacts to the 2DES are defined
the ELO process, the AlAs layer is then selectively etch
away in hydrofluoric acid. Then the active layers, having
total thickness of 0.5mm, can be removed from the substra
and transferred onto the LiNbO3 chip with interdigital trans-
ducer structures~IDTs! for generating and detecting th
SAW. The ELO film and substrate are tightly bonded by v
der Waals forces. The distance between the quantum
and the LiNbO3 surface is just 32 nm, whereas the thickne
of the barrier above the electron system is 450 nm. Sub
quently, the ELO film is patterned and a gate electrode
formed ~see the inset of Fig. 1!.

When a gate voltage is applied between the gate e
trode and the 2DES, the electron density in the quantum w
is reduced, resulting in a change of conductivity. This infl
ences the SAW intensity and the velocity of the wave. T
magnitude of the influence is governed by the coupling
efficient K2. However, when the 2DES is fully depleted, th
electrical boundary condition for the surface wave is not
actly ‘‘open’’ because of the presence of a gate electrode
finite distance of 0.5mm above the LiNbO3 surface. This
reduces the velocity change of the SAW and thus the ef
tive coupling coefficient. To account for this reduction, w
introduce a newhybrid coupling coefficientKH

2 as a function
of the SAW wavelength using a finite-element method
determining the SAW phase velocities. To check our cal
lations, we measured the velocity change in the hybrid
the phase shift of the rf signal in the delay line geometry
different frequencies. The comparison between simula
and measurement is shown in Fig. 1. For higher frequen
and therefore, smaller wavelength the screening of the S
potential by the gate electrode becomes less significant
sulting in a higherKH

2 .

FIG. 1. Calculated and measured hybrid coupling coefficientKH
2 as a func-

tion of the SAW frequency. For higher frequencies, corresponding
smaller wavelength,KH

2 increases, eventually saturating atK2 of bare
LiNbO3 . The inset shows the geometry of the hybrid chip.
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This large hybrid coupling coefficient leads to a stro
coupling between SAW and 2DES, and therefore, to a la
acoustoelectric effect. In order to study this effect, we
rectly measure the SAW-induced current between the
Ohmic contacts~see Fig. 1! in a closed circuit~‘‘shorted
geometry’’! and as a function of the gate bias. A continuou
wave rf signal is applied to one interdigital transducer
SAW generation. Figure 2 shows this ae current for the t
different SAW propagation directions along the sample.
the SAW direction is reversed by applying the rf to the oth
transducer, the sign of the measured current is reverse
expected. We also display the measured attenuationG as a
function of the applied gate voltage. It reaches a maximum
Vg524 V corresponding tos5sm and strongest interac
tion. The conductivitysm is approximately given bysm

5v0«0(A«xx
T «zz

T 11)52.131026 V21 for a frequency off
5344 MHz, with «xx

T and «zz
T denoting the dielectric con

stants of LiNbO3 at constant stress conditions. Employin
this value forsm , the hybrid coupling coefficientKH

2 , and
the hybrid velocities from the finite-element simulations, w
achieve very good agreement between the measured at
ation and the theory according to Eqs.~1! and ~2! in the
hybrid systems.9 Figure 2 clearly displays that the ae curre
also reaches its maximum arounds5sm , as expected from
Eqs.~3! and ~4.!

For the ‘‘shorted geometry,’’ no ae field can build u
(E50) and Eq.~3! yields an ae current density of

j sc52LQ52
mIG

v
. ~5!

For a quantitative analysis of our experimental data all r
evant quantities were evaluated separately: The transpor
rametersm and carrier concentrationnS of the 2DES were
determined using a van der Pauw method. AtVg50 V the
room-temperature mobility turns out to bem53800 cm2/V s.

o
FIG. 2. Acoustoelectric current as a function of the gate bias at an applie
power level of 10 dBm. Curves 1 and 2 correspond to the different SA
propagation directions as specified in the inset of Fig. 1. Reversing the S
direction causes inversion of the ae current. The structure in the ae cu
traces fors,sm is related to small inhomogenities of the carrier conce
tration. We also show the attenuation of the SAW as a function of the g
voltage on this sample, displaying the correlation between attenuationG and
ae effect.
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At conductivity s5sm we obtain a mobility ofm51000
cm2/V s and a carrier concentration ofnS51.231010cm22.
As the sample is symmetric with respect to the axis perp
dicular to the SAW propagation direction, we estimate
acoustic intensityI in the center of the film by subtractin
half of the total insertion loss (Vg50 V! from the applied rf
power to the transducer. With a transducer aperture oA
5800 mm and a rf power of 10 dBm the intensity isI
50.23 W/m. We neglect the mechanical losses across
film ~about 3 dB for a lengthx5700 mm!. G can be taken
from Fig. 2 and the SAW velocity in the hybrid ats5sm

was determined both from the finite-element simulations
group delay time measurements. It turns out to bev53730
m/s. With this input data we calculate an ae current ofI sc

5 j scA525 mA at a rf power of 10 dBm, which is in good
agreement with the measured value in Fig. 2, without
need of any adjustable parameter.

In order to determine the time dependence of the ae
rent, time-resolved measurements employing pulsed S
were carried out. A gate biasVg523.6 V was applied be-
tween the gate and the 2DES. The ae current was meas
via the voltage drop across an Ohmic resistance of 1V
using an oscilloscope. The result is shown in Fig. 3. At
time when the SAW propagates through the ELO film, the
current builds up. The propagation time across the film
190 ns, and thus, smaller than the puls length. For rever
the SAW direction, again, a reversed signal is measure
predicted.

An alternative experimental approach is the ‘‘open g
ometry.’’ Here, the ae voltage between two contacts to
2DES is measured. This geometry does not allow a curren
flow, which results in the occurrence of a static ae volta
With j 50, Eq. ~3! leads toE5IG/nsev. Then, the ae volt-
ageVae across the ELO film of lengthx is given by

Vae5E
0

xI ~x!G

nsev
dx5

GI 0

nsevE0

x

e2Gxdx5
I 0

nsev
~12e2Gx!.

~6!

Using the set of sample parameters described above
evaluation of Eq.~6! results in a very good agreement b

FIG. 3. Time-resolved measurement of the ae current employing S
pulses~t5300 ns!. Again, traces 1 and 2 denote different SAW propagat
directions. Oscilloscope traces of the applied and detected rf signals~noisy
bursts! at the transducers are shown to elucidate the timing sequence o
signals. The current scale is calculated from the oscilloscope voltage dr
a resistance of 1 kV.
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tween this calculation and our experimental findings o
several decades of applied RF power. For example, we
tain a maximum ae voltage of 3.1 V ats5sm and P510
dBm, which is in excellent agreement with the measu
value of 3.0 V. However, since at large SAW intensities t
ae voltage may become comparable to the gate voltage
carrier distribution in the 2DES turns out to be affected
pinch-off effects. Therefore, at high acoustic intensities
current measurement in shorted geometry is more reliab

As we use split-finger multifrequency transducers,
can simulatneously investigate the frequency dependenc
the ae current on the same device. Again, the general ag
ment between our model and the experiment is very go
However, to understand the amplitude of the ae current
function of frequency in detail, the SAW intensityI , the
different SAW attenuationG, and the SAW velocity disper-
sion in the hybrid have to be taken into account. A detai
analysis including these complications will be presen
elsewhere.

In summary, we presented experimental and theoret
results for the acoustoelectric effect in semiconduct
piezoelectric hybrid systems. Combining the advantages
both materials we are able to produce a system that exh
an unusual large acoustoelectric effect. Voltages up to
order of 10 V and ae currents up to 0.4 mA have been c
ated by the momentum transfer between a strong sur
acoustic wave and a high mobility electron system in a se
conductor heterostructure. This could lead to new nonlin
SAW devices with enormously increased signal convolut
efficiency compared to conventional SAW convolvers10

Apart from the possibility of realizing novel high-frequenc
devices, our findings clearly demonstrate the applicability
our model to describe complex systems like these hybrid
great detail.
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