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Novel Concepts for GaAs/LiNbOj; Layered
Systems and Their Device Applications

Markus Rotter, Werner Ruile, Gerd Scholl, and Achim Wixforth

Abstract—Thin semiconductor quantum well structures
fused onto LiNbQO3 substrates using the epitaxial lift-off
(ELO) technology offer the possibility of controlling the
surface acoustic wave (SAW) velocity via field effect. The
tunability of the conductivity in the InGaAs quantum well
results in a great change in SAW velocity, in general, accom-
panied by an attenuation. We show that an additional lat-
eral modulation of the sheet conductivity reduces the SAW
attenuation significantly, enhancing device performance. At
high SAW intensity, the bunching of electrons in the SAW
potential also leads to a strong reduction of attenuation.
These effects open new possibilities for voltage-controlled
SAW devices. We demonstrate a novel, wireless, passive
voltage sensor, which can be read out from a remote loca-
tion.

I. GAAS/LINBO3-HYBRIDS

The propagation velocity of SAW is strongly affected
by the electrical boundary condition on the surface of the
piezoelectric material. In conventional SAW devices, the
surface impedance is fixed by the design and usually can-
not be tuned externally. The combination of a piezoelec-
tric material with the voltage-tunable surface impedance
of a semiconductor device, however, allows for continuous
change of the velocity. A great change in SAW velocity can
be achieved on a material with a large electromechanical
coupling coefficient K2, e.g., LiNbO3. We demonstrated
a quasi-monolithic combination of LiNbO3 and a GaAs
quantum well structure for controlling the SAW veloc-
ity [1], [2].

This combination is achieved using the ELO, which
was developed by Yablonovitch et al. [3]. The first use of
this hybridization technique for SAW devices has been re-
ported by Hohkawa et al. [4]. To fabricate the hybrids, a
semiconductor-layered system is grown by molecular beam
epitaxy, starting with an AlAs sacrificial layer on top of
the GaAs substrate. This layer is followed by a modula-
tion doped Ing»Gagp gAs quantum well structure contain-
ing a two-dimensional electron system (2DES) (see Fig. 1).
After covering the semiconductor structure with a black
wax called Apiezon W, the AlAs layer is etched selec-
tively in hydrofluoric acid. Then, the active layer system
containing the 2DES is removed from the substrate and
transferred onto the LiNbOjs chip (128° rotation Y-cut,
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Fig. 1. Schematic sketch of the hybrid device (not drawn to scale)
with two gates on top of the ELO film. The thickness of the ELO
film is 0.5 um, and the distance between LiNbO3 and 2DES is just
32 nm. An RF signal is applied to one IDT to generate SAW. The
lower part of the figute shows a schematic cross-section revealing the
layer configuration and the energy of the conduction band in the
semiconductor with respect to the Fermi level.

X-prop.) with the SAW transducer structure. The ELO
film is tightly fixed only by van der Waals’ forces. After
this ELO process, the semiconductor film, which has a
thickness of 0.5 um, is patterned as shown in Fig. 1. Typi-
cal values for carrier concentration and room temperature
mobility are n, = 5 x 10! ecm~2 and p = 4000 cm?/Vs.
Because the 2DES is very close to the LiNbOgs surface
(the distance is only 32 nm), the conductivity of the elec-
tron system strongly influences the SAW propagation ve-
locity v.

II. ATTENUATION AND VELOCITY CHANGE
IN THE HYBRID

The interaction of the SAW and the 2DES results in a
change of SAW phase velocity v and an attenuation I' of
the transmitted SAW intensity I = Iy exp(—I), where I
denotes the intensity of the SAW just entering the ELO
film, and [ is the length of the ELO film in the direction of
SAW propagation [5], [6]. For our hybrid system, the sheet



conductivity o of the 2DES influences I' and v as follows:
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where A is the SAW wavelength in the hybrid, v, de-
notes the hybrid velocity for the highly conductive elec-
tron system, and wv,. denotes the hybrid velocity for a
depleted electron system. K% is the effective hybrid cou-
pling coeflicient, which is smaller than K 2 of LiNbOj3 be-
cause the gate electrode on top of the ELO film causes
the velocity for a depleted electron system to be smaller
than the velocity for a free LiNbOj surface. For a fre-
quency of f = 340 MHz and f = 434 MHz and the de-
scribed layered structure, the hybrid coupling coefficient
is K% = 3.3% and K% = 3.8%, respectively [2]. The
coeflicient o,, denotes the conductivity at which maxi-
mum attenuation occurs and is approximately given by

Om = V&g (65 coth(2mh/A) + /et €2, —6136;{1) = 3.6 x

1078Q~! for a frequency of f = 340 MHz. & is the dielec-
tric constant of LiNbO3 under constant stress conditions,
€4 is the dielectric constant of the semiconductor film, and
h is the distance between the gate electrode and the 2DES.
If a voltage is applied to the gate electrode, the quantum
well is depleted via field effect, resulting in a reduction of
the sheet conductivity . This leads to an increase in SAW
velocity.

If the gate voltage is applied homogeneously across the
whole area of the ELO film, the change in SAW velocity
is accompanied by a relatively large attenuation accord-
ing to (1), which can be observed in Fig. 2 (see traces
'Vg1 = Vg = Vy; dashed lines). The insertion attenuation
at V; = 0 can be attributed to the bare SAW chip and
the mechanical attenuation caused by the ELO film [2].
The attenuation maximum at o = o, limits device per-
formance in the corresponding range of the gate bias. To
overcome this drawback, we developed new concepts for
the reduction of this attenuation.

III. MULTIPLE GATE STRUCTURES

In principle, the idea is to distribute the attenuation
over the whole range of gate bias, reducing the maxi-
mum attenuation. This can be achieved by dividing the
ELO film into separated areas at different gate potentials
and, correspondingly, different sheet conductivities. Fig. 1
shows the geometry of a hybrid device with two gate elec-
trodes on top of the ELO film. The experimental results
for this geometry are displayed in Fig. 2. If the gate voltage
is applied to only one gate, with zero bias on the other,
a phase shift and an attenuation of the transmitted RF
signal can be observed (traces gate 1 and gate 2 in Fig. 2).
Both gates show similar behavior. If the same gate volt-
age is applied to both gates at same time, attenuation and
phase shift are added, resulting in a large phase shift and a
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Fig. 2. Insertion attenuation and phase shift of the transmitted signal
in a hybrid with two gates on top of the ELO film (according to
Fig. 1) for different gate bias configurations. The traces labeled by
Gate 1 and Gate 2 display the phase shift and attenuation of the
device with only one gate swept (namely Gate 1 or Gate 2); the
corresponding gate is grounded. The quantity ! denotes the length of
that part of the ELO film, which is covered by gate electrodes. All
measurements are at room temperature.

nearly doubled attenuation at V; = —7.7V (dashed traces;
Vo =V =Vy).

This maximum attenuation can be reduced significantly
when different voltages are applied to the gates. In Fig. 2,
we show a particular measurement at which an additional
offset bias of —2 V was applied to gate 2 (see traces
Vg2 = Vg — 2V7). This results in a shift of the attenu-
ation and phase curves of gate 2. The total phase shift is
the same as that for identical voltages. However, the total
attenuation is much smaller when a gate voltage offset is
applied because the overall attenuation is distributed over
two different regions of the gate voltage.

A further reduction of insertion loss can be achieved
by fabricating more than two gates on top of the ELO
film. In Fig. 3, a hybrid with four gates is presented. The
SAW characteristics of the four single gates were measured
and are displayed in Fig. 3. Apart from slightly different
threshold voltages, which can be explained by the fabrica-
tion process, all four gates show the expected behavior.

When the same gate voltage is applied to all gates, the
phase shifts and attenuation curves are superposed. Be-
cause of the small offsets of the single gate traces, the
total attenuation is slightly less than the sum of the max-
imum attenuation of the single gates. Further, the total
attenuation can be distributed across a wider gate voltage
range by applying different gate voltages. Here, gate bias
offsets of 1, 2, and 3 V were applied to the respective gate.
This reduced the total electronical attenuation by 15 dB,
from —23.4 to —8.4 dB. In this multiple-gate device, the



600
500
same voltage
5 400} onall gates
&
£ 300}
% 200+
£
100+
single gates
ok __ ; — ; =" i
— o
N ]
2 6.8dB 8.4dB
£ as) )
2 -
B \ J
£ -32[| same voltage ™~ 1 Volt difference
é 3gL| onall gates between gates
:é .40} 23.4dB f =340 MHz 1
mi 1=0.94 mm E
1 10 8 6 -4 2 0
Gate voltage [V]

Fig. 3. Attenuation and phase shift in a device with four separated
gate electrodes. The inset displays the geometry of the semiconductor
structure. The ELO film is light gray, the Ohmic contacts are dark
gray, and the gates are hatched.

phase shift is very close to a linear function of the gate
voltage, which is very useful for most applications when a
simple linear relationship between voltage and phase shift
is desired. If a larger voltage offset is applied between the
gates, the overall attenuation could be minimized further
to a value of 6.8 dB, but this would cause steps in the phase
shift curve and, therefore, would reduce the linearity of the
phase shift.

Comparing the devices with two and four gates, it is ev-
ident that the maximum electronic attenuation in the four-
gate geometry is smaller than that with just two gates. In
addition, the phase shift as a function of gate voltage is
more linear in the four-gate device. On the other hand, it
is more complicated to apply four different gate voltages.
This could be managed with an on-chip resistive voltage
divider circuit, which yields similar results as a constant
voltage shift between the gates.

IV. CoNTINUOUS POTENTIAL GRADIENT

When the number of gate electrodes is increased, the po-
tential drop between the electrodes becomes smaller. For a
very large number, the channel potential becomes a contin-
uous, linear function of the position in the channel. As the
electron system produces significant attenuation only in
the region at which ¢ = o,,, only a small area of the ELO
film would contribute to the overall attenuation. There-
fore, we would expect a large reduction of attenuation in
a geometry with a linear potential gradient in the channel
along the SAW propagation path.

Such a potential gradient in the channel can be real-
ized, for example, by producing a longitudinal voltage drop
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Fig. 4. Phase shift and corresponding insertion attenuation in a de-
vice with resistive (Ohmic) gate electrode. A longitudinal voltage Vi
results in enhancement of SAW transmission.

along a highly resistive gate electrode on top of the ELO
film in the direction of SAW propagation, as displayed
in the inset of Fig. 4. We realized this structure with a
thin Ni/Cr gate electrode (thickness, 5 nm). In Fig. 4, we
show the results of insertion loss and phase shift. If a lon-
gitudinal voltage V is applied, we achieve a continuous
change of the local field effect potential and, therefore,
also a conductivity gradient along the propagation direc-
tion. Furthermore, this distributes the total attenuation
over a larger range of gate bias and, therefore, reduces the
maximum of SAW attenuation caused by the 2DES. In
this first simple device, a larger voltage drop across the
gate electrode leads to high currents in the gate. However,
the power consumption of the gate could be reduced sig-
nificantly by employing a meander-shaped gate electrode
with a much larger total resistance.

V. REDUCTION OF ATTENUATION CAUSED BY
ELECTRON BUNCHING

Up to now, we made the assumption that the modula-
tion of the carrier density by the SAW is only small com-
pared with the total carrier concentration. In this case,
(1) can be employed to describe the behavior of attenua-
tion and velocity change. However, for high SAW intensity,
this model fails because the electron density modulation
becomes large. The experiment shows that, in this case,
the attenuation is strongly reduced with an increase of
SAW amplitude (Fig. 5). At small SAW intensities, the
electronic attenuation is 4.5 dB for this sample; for high
wave intensities (RF level P = 19 dBm) corresponding
to an effective SAW potential amplitude of &3 = 0.92 V,
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Fig. 5. Attenuation and phase shift as a function of gate bias for
different RF powers. For increasing SAW intensity, the electronic
attenuation is strongly reduced because of the bunching of the elec-
trons. The total phase shift remains constant. In this experiment, a
geometry with only one gate and a single gate bias Vj is used.

the attenuation is reduced to only 0.8 dB. To explain this
behavior, we developed a new nonlinear theory [7]; we
calculate the local electron density in the wave potential
and the local current density 7 induced by the SAW field
Egaw. For high SAW intensity I and small carrier density
ng, the electrons are completely trapped in the SAW po-
tential. Then, the electrons are forming stripes moving at
the speed of sound. This phenomenon is known as acous-
tic charge transport [8]-[10]. The absorbed SAW energy
is given as Q = IT' = (jEsaw), where brackets denote
the average over one SAW period. Numerical calculations
show that the absorbed energy () saturates with increas-
ing SAW intensity I, and, therefore, the attenuation I is
reduced [7]. This can also be explained in terms of the av-
erage drift velocity of the electrons in the SAW potential.
When [ is increased, the drift velocity is also increased,
eventually saturating at the SAW velocity, where the elec-
trons are captured in the valleys of the wave potential. The
model is also in good quantitative agreement with the ex-
periment [7] and even reproduces the shift of the maximum
attenuation toward higher conductivity (see Fig. 6).

The total velocity change, however, remains constant
when the SAW intensity changes. The curves only shift
slightly toward higher conductivity when increasing the
SAW potential, in analog to the attenuation. It can be
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understood easily, that the total velocity change is not
affected by the SAW amplitude. For a highly conductive
2DES (V, = 0), the SAW potential is strongly screened by
the electrons, despite the high potential amplitude, result-
ing in the velocity for the short circuit case. Decreasing
the conductivity, the modulation of the 2DES becomes
stronger, leading to a bunching of electrons in the valleys
of the potential. Starting at a fully conductive electron
sheet in the quantum well for V, = 0, the area of high
conductivity is reduced with decreasing electron density
because of the forming of conductivity stripes. For a to-
tally depleted quantum well, even the valleys of the SAW
potential are empty, and the SAW velocity is equal to the
velocity for zero conductivity and low SAW intensity.

The effect of reduced SAW attenuation is very promis-
ing for new voltage-tunable devices with good performance
even at o = o,,. Fig. 6 shows that the attenuation is nearly
vanishing at P = 19 dBm. This relatively high RF power
level can be reduced significantly by optimizing the design
of the SAW device. For the first experiments described
here, the interdigital transducers (IDT) were optimized for
operation on four different harmonic frequencies, resulting
in an insertion loss for the unmatched bare LiNbO3 SAW
device of 12.5 dB. Employing impedance-matched, single-
phase, unidirection transducers (SPUDTS), the insertion
loss could be reduced by about 9.5 dB. A reduction of the
IDT aperture from presently 600 pm to 300 pm would also
double the SAW intensity. Such an optimized device could
produce an effective SAW potential amplitude of 0.9 V by
applying an RF power of only 11.5 dBm, which is in the
range of operation power for standard SAW devices.

The nonlinear behavior of the attenuation as a func-
tion of SAW intensity can also be used to develop novel,
passive, nonreciprocal SAW devices. If two different IDT
designs are employed to generate acoustic waves with dif-
ferent efficiencies, a certain RF power level would lead to
different SAW intensities when applied to the IDTs. For
example, a SPUDT with small aperture on the one side of
the ELO film would produce a much higher SAW inten-
sity than a bidirectional IDT with large aperture on the
other side of the device. Operated at o = 0., the SAW de-
vice is nonreciprocal, Sa; # Si2. Because a quantum well
structure could be designed to satisfy o = o,, at V; = 0,
this effect offers the possibility for a passive, nonreciprocal
SAW device. '

VI. APPLICATION OF THE HYBRID AS A REMOTE
VOLTAGE SENSOR

The hybrid technology is very interesting for new
SAW devices. The most evident application is a voltage-
controlled SAW delay line, i.e., the delay time of an RF
signal is tuned by the applied gate bias. Also, a voltage-
controlled oscillator is feasible {2]. An ELO film is com-
bined with a SAW delay line oscillator to change the phase
in the oscillator loop. Here, we would like to demonstrate
the applications of the hybrid system as a novel remote
voltage sensor. Passive remote sensing of a large variety of
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Fig. 6. Signal response of the voltage sensor as a function of time for Vg = =15 V and V3 = 0 V. The reflector structures produce response
signals at t = 2 us and ¢ = 5 us. The inset shows an enlargement of the response signal from reflector 1 in order to display the change in
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Fig. 7. Schematic geometry of a remote voltage sensor. An antenna
attached to the IDT allows for the conversion of a radio pulse into
SAW and vice versa.

physical quantities as temperature [11], [12], [13], torque
[13], and pressure [14] has recently attracted much interest.
The operation principle is shown in Fig. 7. On the LiNbOj3
chip, one IDT and two reflector structures are fabricated.
An antenna is attached to the IDT. An interrogating pulse
that is sent to the device from a remote location is con-
verted by antenna and IDT into a SAW pulse, propagating
on the LiNbO3 chip in both directions toward the reflec-
tors. The waves are reflected at the reflector structure, and
the returning SAW are converted back into an RF signal
emitted by the antenna. An interrogation unit measures

the phase relationship between the two reflected pulses.
Because of the long delay time of the interrogating signal,
all environmental echoes of the signal have dissipated by
the time the signal has returned to the interrogation unit,
and the signal can be analyzed without interference. In one
acoustic beam path, the ELO film is placed, transforming
an applied sensor voltage V into a change of SAW veloc-
ity. Fig. 6 shows the measured relative amplitude of the
reflected signal as a function of time. ¢t = 0 corresponds
to the time of the interrogation pulse. At ¢ = 2 us, the
signal from reflector 1 can be detected; at ¢t = 5 us, the
second signal (reflector 2) is measured, which is only used
as a reference signal. The change in gate bias produces a
change in the signal group delay time of 9 ns for an EL.O
film length of 0.5 mm, as depicted in the inset of Fig. 6.
Because the SAW traverses the region of the ELO film
twice, the phase shift and the group delay time change of
the signal is twice as large as in the previously discussed
geometry (Fig. 1).

Fig. 8 displays the phase shift and the absolute attenua-
tion of the reflected signal with respect to the interrogation
signal as a function of the gate bias. In this device, a ge-
ometry with two gate electrodes was chosen. To achieve
a voltage difference between the two gates to reduce the
electronic attenuation, two on-chip resistors with differ-
ent very high ohmic resistance fabricated by a thin NiCr
connection evaporated on the chip were employed. These
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seties resistors Ry and Ry (Fig. 7) produce a voltage off-
set between the gate electrodes. This results in a strongly
reduced total attenustion followmg the same principle as
in Fig. 2.

If any sensor that produces a voltage in the range dis-
played in Fig. 8, e.g., a solar cell or a piezoelectric sensor,
is attached to the hybrid device, then its sensor voltage
can be read out from a remote location by an interrogat-
ing RF pulse. No-additional power supply is needed for
the sensor. Because the leakage current through the gate
is very small, the hybrid SAW sensor is nearly free of power
consumption.

VII. CONCLUSIONS

The voltage-controlled sheet conductivity of a semicon-
ductor film on & .LiNbO; SAW device can be employed
for tuning the SAW velocity. However, at a certain con-
ductivity o, energy is dissipated by the electron system,
reducing device performance at thé corresponding gate
bias. We demonstrate new device geometries that enhance
SAW transmission significantly by a spatially inhomoge-
nous conductivity distribution. Multiple gate structures
distribute the SAW attenuation over a wide range of gate
bias and, therefore, reduce the maximim of attenuation
presently from —23.4 to —8.4 dB. Because of the field ef-
fect, these devices are nearly free of power consumption.
Alternatively, a linear potential gradient along the gate
electrode can. be employed for the distribution of attehua-
tion. At high SAW intensities, the attenuation caused by
the electrons is also reduced becaiise of the bunching of the
electrons in the valleys of the SAW potential. This nonlin-
ear effect can be also employed to design nonreciprocal,
péassive SAW devices. :

These strongly 1mpr0ved SAW transmission parame-
ters allow for various SAW device applications. Here,
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we demonstrate a remote SAW voltdge-sensing device. A
nearly arbitrary sensor producing an output voltage can be

attached to this hybrid layered system, so that the sensor
voltage can be read out wireless from a remote location.
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