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Abstract
The combination of the electronic
properties of a semiconductor heterojunction and the
acoustic properties of a piezoelectric material yields
verypromising surface acoustic wave (SAW) hybrid
systems. Quasi-monolithical integration of a thin
GaA~GaAs/AIGaAs-quantumwell structure on a
LiNbO3 SAW device is achieved using the epitaxial
lift-off (ELO) technique. The active semiconductor
layer system is removed from its substrate and transferred onto the LiNh03. The conductivity of the two
dimensional electron system in the quantumwell,
which can be controlled via field effect, modifies the
velocity of the surface acoustic waves. Due to the high
electromechanical coupling coefficient of LiNbO, a
change of the electrical boundary conditions produces
a large phase shift. This leads to a new class of voltage
tunable single-chip SAW devices, e.g., voltage controlled oscillators and tunable SAW delay lines.

combined with semiconductorlayers yield a promising
approachtoachieve
a largetunability
of the SAW
velocity [5,6].

1. INTRODUCTION

the electromechanical coupling coefficient and k = 2 z / L
is the wave vector ofthe SAW.

The propagation velocity of surface acoustic waves
on strong piezoelectric materials depends very much on
the electricboundary
condition: a conductivesurface
prohibits the effect of piezoelectric stiffening thus reducing the velocity of the surface acoustic wave (SAW). For
various
applications
a continuously
tunable
velocity
would be desirable. Up to now, different approaches were
madetocombineconventional
SAW devices with the
electronicproperties
of semiconductor materials. For
example, earlier proposals are based on
a space charge
zone in a bulk semiconductor that is changing its distance
tothesurface wave [1,2]. On the other hand,theinteraction between surface acoustic waves and a quasi twodimensional electron system (QZDES) in semiconductor
heterojunctions has
recently
attracted
interest
[3,4].
Nevertheless,onmost high electron mobilitymaterials,
the piezoelectricity is weak, and the effect of the electron
systemonthe
SAW is usuallysmall. Therefore quasimonolithichybrids with strongpiezoelectricsubstrates

2. INTERACTION BETWEEN SAW A N D Q2DES
The interaction of a SAW and a Q2DES results in a
change of SAW velocity Av/vo and an attenuation r of the
transmitted SAW intensity I = I, exp(-rx) . This can he
described by a simple relaxation model [3]

where a i s the sheet conductivity and U, denotes a critical
conductivity where maximumattenuation occurs; K$ is

Both, attenuation and velocity change scale with the
coupling coefficient K$ , However, in common serniconductor materials the coupling coefficient is very low (i.e.,
).
for the GaAs (100) surface: K$ = 6 . 4 ~ 1 0 ~Therefore,
the maximum change in SAW velocity is not large enough
for most applications. The combination of the electronic
properties of GaAs and the strong piezoelectric LiNbO,
solves this problem. The coupling coefficient of LiNb03
(128" rot.YX-cut)is K$ = 5.6% which is nearly two
ordersof magnitudehigher
than on GaAs itself. One
approachtowards this combination was a sandwichlike
structure [7,8], where a GaAs structure was brought into
close contact with a LiNbO? delay line. A residual gap
between
the
two
substrates,
however, limits
the
reproducibility of the coupling between electron system
and SAW. Moreover, in this system the sheet conductivity
of the Q2DES is not easily tuned.

4.EXPERIMENTAL
RESULTS

3. H Y B R I D TECHNOLOGY
Here, we demonstrate a quasi monolithic hybrid systemthat can be realized employing the epitaxial lift-off
technique(ELO)introduced
by Yablonovitch [9,101: A
thin GaAdAlGaAs-structureis
lifted off the growth
substrate and can be transferred on
nearly arbitrary host
substrates. We use an GaAslAlGaAsAnCaAs-system that
is grown by molecular beam epitaxy (MBE). The GaAs
substrate is followedby an AlAs layer which is afterwards
etched away during the lift-off process. The active layer
system
consists
of modulation-doped
Ab.d.3c.nAsbarriers with an embedded InozGaaBAs quantum well. The
distance between quantum well andAlAslayer
is just
30 nm. After the diffusion of Ohmiccontactsto
the
QZDES,
the
structureiscovered
with a black wax
(Apiezon)acting as a stabilizinglayerduring the E L 0
process. Then the AIAs-layer is selectively etched away in
hydrofluoric
acid
and
the remaining E L 0 film is
transferred onto a L i m o l SAWdevice (Fig. 1). After
someheatingprocedures
this EL0 film, which has a
thickness of 0.5 p,is tightly fixed on the LiNbOl only
by the van-der-Waals-forces.The
GaAs film is then
patterned and covered by a thin NiCr gate which acts as a
field effect electrcde.

T h e E L 0 film affects the SAW propagation in two
different ways: first, it changes the mechanical properties
and second, the electrical boundary conditions are modified. Theexperimentally obtained change of the SAW
velocity caused by the mechanical loading of the GaAs
film at different excitation frequencies is shown in Fig. 2.
The SAW velocity is measured via the delay time of the
hybrid system at zero gate bias V, = 0. The effect of the
SAW attenuation by the Q2DEScanbe
neglected at
V, = 0, because the sheet conductivity d is large compared
to cm.
As the SAW velocity of GaAs (v, =2864m/s)is
muchsmaller than thecorrespondingvalue
on LiNbOl
(128" rot. YX-cut, v. = 3980m/s), the layer 'loads'
the
substrate and therefore the hybrid SAW velocity is lower
than on a free LiNbO,surface.
TheSAW
velocity
decreases with increasing frequency because of the higher
ratio between film thickness h and wavelength 1.
Measurement Vg=O
-.-Simulation
Vg=O
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Fig. 2. Measured and
velocity at different frequencies in GaAsLiNbO,
hybrids. Theerrorrangedenotesthestandard
deviation of the samples.

Schematicsketch of the geometly of a typical
hybrid device.Betweenthegateelectrode
and
the Ohmic contact a negative gate bias is applied.
Atypical length of the E L 0 film in the SAW
propagation direction is2 mm.

The velocity is also calculated using a finite element
method. Here, the GaAs structue is assumed mechanical
homogenous with a conductive layer at the position of the
quantum well. Fig, 2 showsthecomparison
between
simulation and experiment.

Detailed investigations on the electronic properties
of the ELOfilms in magnetotransport measurements.
photoluminescence, and far infrared spectroscopy
at
T = 4.2 K show no degradation of the Q2DES after the
E L 0 process. Recent work on the epitaxial lift-off technology reveals thatmass production of E L 0 devices could
be feasible soon[l l].

When a gate voltage is applied to the GaAs system,
thecarrier density oftheQ2DES
is reduced andthe
change in conductivityinfluences
the SAW velocity
significantly. In Fig. 2 we also show the simulated velocities when the quantum well is depleted.

Fig, I .
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Fig. 3 demonstrates the measured velocity change
r of the SAW as a function of
the gate bias a t f = 340 MHz. Av/v is calculated from the
Av/v and the attenuation

'A

AV
measured phase shift Arp via -=-

360"-N

v

where N

denotes the number of acoustic wavelengths under the
E L 0 film. Maximum attenuation and maximum
differential velocity change occur at V , = -5.1 V where the
critical conductivity U , is reached. At V,=-7 V the
electron system becomes depleted and the remaining
conductivity is at such a low level that the electric SAW
attenuation is negligible (see Eq. l). At this low electron
concentration the SAW velocity reaches its maximum.

U,

1) = 2 . 1 lo"&
~

=

for j= 340 MHz,

denoting the dielectric constants of
with &= and
These
parameters
were used tocalculate the
Limo3.
attenuation and the velocity change of the SAW according
to Eq. 1. Fig. 3 demonstrates the good agreement between
measurement and the simple relaxation model.
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Fig. 3. Change ofthe SAW velocity and attenuation of
the SAW as a function ofthe voltage between
gate and QZDES.
The sheet conductivity ofthe
same sample was
measured in four point geometry. This allows for the
comparison between the measured attenuation and
velocity change and the relaxation model (Eq. I ) . The
coupling constant in Eq. 1 has to be replaced by a hybrid
coupling constant E$. For this constant the acoustic
wavelength in comparison to the vertical E L 0 film layer
structure is essential, because the gate electrode screens
the SAW potentials at the top of the E L 0 film, reducing
also the potentials at the position of the Q2DES [12]. This
leads to a reduction of the hybrid coupling constant
compared to the value of free LiNb03. F$ can be
extracted
-

from

the

calculated

results

K& = (v(deplered)-v(Vg = O))/v(dep/eted).

in

Fig. 2:

For

a

frequency f = 340 MHz the simulations yield a coupling
constant of the hybrid E$ = 0.033 which is S 8 % of K&.
The critical conductivity

U,

is approximately given by

Fig. 4. Phase shift and attenuation of SAW at different
frequencies. The insertion losses of the LiNbO,
structure without E L 0 film are subtracted.
In Fig. 4 measurements at different frequencies are
shown. A split finger transducer geometry is used for the
generation of different harmonics in these experiments.
Here, the phase shift and the attenuation are displayed for
a sample with a E L 0 film length of 0.4 mm. The insertion
losses of the LiNbO, device without film are subtracted so
that only the mechanical and electrical influence of the
E L 0 film are shown. Mechanically, the GaAs layers lead
to an additional attenuation of the surface waves, which is
caused by two effects: first, the film produces an attenuation depending on the film length. The second effect is the
reflection of the SAW at the edges of the E L 0 film that
act as steps in the acoustic beam path. Both effects depend
strongly on the ratio h / A . Therefore the mechanical SAW
attenuation increases with higher frequencies. A q as well
as r increase with smaller wavelength. Fig. 4 also reveals
the dependence of E& and urnon the wavelength. At a
frequency of 114 MHz (A= 33 pm) the screening of the
SAW potentials at the position of the Q2DES by the gate
electrode is very large. Therefore the influence of the
conductivity of the electron system on the surface wave is
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rather small. With increasing SAW frequency, the hybrid
SAW velocity is decreasing, resulting in a reduction of
a,. This leads to a shift of the points of maximum
attenuation towards lower conductivities, i.e. larger
negative gate bias.
For applications, a large phase shift is desirable. As
Acp is proportional to the EL0 film length, devices with
longer films yield larger effects. For samples with a E L 0
film of 2 mm length a phase shift of 1046" at 340 MHz
has been measured. At 434MHz even a phase shift of
1320"
is
obtained. This
large
tuning range of
the
propagating surface acoustic waves is very interesting for
device applications.

5 . CONCLUSIONS
LiNb03/GaAs hybrid systems fabricated by the
epitaxial lift-off technology open a new field for novel
tunable SAW devices. Compared to monolithic GaAs
SAW devices a velocity change being two orders of
magnitude larger is achieved in the hybrid system. With
an EL0 film of 2 mm length we reach a phase shift of
1320" at f = 434 MHz. The experimental results are in
good agreement with calculations based on a simple
relaxation model. The range ofthe applied voltage is
about 7 V and thus compatible with IC voltages. As the
interaction is controlled via field effect, the operation of
the device is nearly powerless.
Considering our results a single-chip voltage controlled delay line can be realized. The excellent electronic
properties ofthe
GaAs/AIGaAs/InGaAs-heterostructure
material allow the integration of rf-amplifiers on the same
hybrid chip. This could lead to single-chip voltage controlled oscillators. Also for wireless SAW sensing [l31 the
hybrid devices are very suitable. Any sensor providing a
DC voltage can be read out from a remote location. As the
large dynamic electric
fields
also affect the optical
properties of the GaAs structure (61, acoustooptic applications of the hybrids could be possible, too. The
excellent acousto-optic properties of LiNh03 can he
combined with the electro-optic properties of layered
GaAs heterojunctions.
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