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Abstract — The interaction between a
surface acoustic wave (SAW) and photo-
generated charge carriers in a piezoelectric
semiconductor substrate leads to pronounced
changes in the transmission properties of the
SAW. Depending on the charge carrier den-
sity one observes a wave attenuation and a
change in sound velocity in the SAW delay
line. Using specially designed surface acous-
tic wave transducers, we are able to spatially
resolve this interaction. The transducers used
for this purpose consist of fan shaped inter-
digated metal fingers, which show a broad-
band frequency transmission. It turns out,
that for such transducers the excited SAW
propagates on a narrow path, whose position
can be controlled by the driving frequency.
If the SAW propagates along a path where
defined molecules from the environment are
adsorbed, the SAW transmission properties
are also changed. This can be used for the
chemical sensors.

Keywords — SAW, SAW-camera, chemical sensor, image
processing

1. INTRODUCTION

Sophisticated surface acoustic wave (SAW) de-

vice technology together with well defined electronic
properties of a semiconductor leads to very interest-
ing applications of optical signal processing.
In a piezoelectric crystal the SAW is accompanied by
electric fields due to crystal deformations. The cou-
pling is summarized in the electromechanical cou-
pling constant KZ. For a conducting sheet close
to the surface having a conductivity ¢ the change of
the SAW velocity is given by [1]
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where o, denotes the critical sheet conductivity.
The largest energy transfer from the SAW to the
charge carrier system occurs at ¢ = o,,. Mobile
charge carriers move in the electric field generated by
the SAW and dissipate energy because of finite resis-
tance. This energy loss leads to an attenuation I' of
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the acoustic wave’s amplitude:

K? olo
r=-%k i 2
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In a hybrid system consisting of a submicron thick
semiconducting AlGaAs/InGaAs-heterostructure on
top of a strong piezoelectric substrate, like e.g.
LiNbOg, attenuations of about 20dB and phase
shifts of several hundred degrees have been demon-
strated [2]. Therefore, SAW measurements are a
very sensitive tool to determine fundamental proper-
ties of semiconductors and have been used to inves-
tigate e.g. two-dimensional electron systems in the
quantum hall regime and the fractional quantum hall
regime [3, 4].

Another very important application of SAW de-
vices are chemical sensors. With different chemical
or biological functionalized surfaces these devices are
very sensitive to well specified substances. The SAW
is then either sensitive on the additional mass load-
ing [5] or on the additional charge carriers excited
by chemical reactions [6] on the substrate surface.
Usually the additional mass on the SAW device can
be measured by a frequency shift Af of a SAW res-
onator [7, 8]. Because of our interdigital transducer
design we do not use an oscillator circuit. Instead
we are measuring the mass induced phase shift in the
SAW signal and hence the change in SAW velocity.
The dependency of the velocity shift on additional
mass is given by:

Av

— X psf 0- (3)
Vo

where fj is the fundamental device frequency and p;
is the area density of mass.

2. TAPERED INTERDIGITAL
TRANSDUCER

To achieve spatial resolution we use so called fan
shaped interdigital transducers, first introduced by
Van de Heuvel [9]. In this special design of IDT
the finger period is decreased monotonously along
the aperture L, described by the tapering factor p
[10]. This decrease causes a broadening of the trans-
mission signal. The resulting transmission signal is
a bandpass. For a frequency within such a band-
pass the IDT matches the resonance only in a con-
fined part of the aperture and launches a SAW on
a very narrow path (see fig. 1). In addition, we
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Fig. 1. Upper part: Transmission signal S2; of a delay line
with fan shaped split 4 IDTs . Maximum transmission
occurs at the odd harmonics of the IDT periodicity. Here,
we show the odd harmonics from the 1st to the 7th. The
IDTs with 12 finger pairs are shown in the lower part of
this figure. The taper factor is 10%.

can use multiple split fingers which reduce inter-
nal reflections and give us the opportunity to work
with different frequencies using one single delay line.

These frequencies are odd harmonics of the resonant
bandpass
middle frequency
proximately the tapering factor p which represents

a constant value. Therefore the bandpass spreads
with higher frequencies for a constant tapering fac-
tor. A typical transmission signal of this design is
shown in fig. 1.

The width of the SAW path limits the spatial res-
olution. It was already shown that the width de-
creases with increasing taper factor before it reaches
a minimum and then increases again due to diffrac-
tion [11]. Diffraction gains in importance, if the con-
finement reaches the order of the wavelength. Sauer
et al. have been able to directly demonstrate diffrac-
tion for GaAs by X-ray imaging [12]. For small ta-
pering factors one can neglect diffraction and esti-
mate the SAW path’s width like the following:

ground frequency. The value is ap-

bandwidthnormall DT

widthSAW = - L. (4)

bandpassfanshapedlDT

The transmitted 3dB bandwidth of a non fan
shaped IDT is almost constant for all odd harmon-
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Fig. 2. The spatial resolution in one dimension of an optically
generated local electron-hole-plasma with fan shaped in-
terdigital transducers

ics and is for our design about 6 MHz. Therefore the
estimated SAW path for the 5th harmonic is around
45 nm.

To enhance spatial resolution a taper factor of
20% was tested. The transmitted signal is about
15dB less than for a taper factor of 10 % on LiNbO3
128°-cut which is according with what we expected.
The spatial resolution, measured with a thin needle
placed on the delay line to damp the SAW intensity
showed still good results.

As substrate we use either LiNbOj3 128°-cut or
GaAs(001). In the case of GaAs(001) the symme-
tries along the x and y axis are equivalent. There-
fore the transmission signals of perpendicular SAW
delay lines are the same. The LiNbOj3 128°-cut has
different symmetries in x-direction and the perpen-
dicular y-direction. For our delay line layout the
transmission in y-direction is about 10dB lower.

3. SPATIALLY RESOLVED OPTICAL
MEASUREMENTS

In a semiconducting substrate illuminated by a
laser, charge carriers are generated, if the photon
energy of the laser is larger than the energy gap
between valence and conductance band. The num-
ber of photogenerated charge carriers is proportional
to the laser intensity, which is in turn proportional
to the conductivity o. The illumination induced
change in conductivity alters the soundvelocity and
the SAW amplitude according to equations (1) and
(2) respectively.

The spatial resolved change in the phase signal
due to illumination with an Argon laser (A=488 nm)
and a spot diameter of about 5 pm is plotted in fig. 2.
The FWHM of the measured phase shift is 6 MHz,
which corresponds to 45 pm for the given transducer
geometry. The difference between the measured and
the real spot size is due to the finite width of the
SAW path (as shown in section 1.). Within the range
of laser intensities we used, we believe that the re-
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Fig. 3. Dependence of maximum change in phase and ampli-
tude of the SAW signal to different laser intensities. The
diameter of the laser spot at the surface is about 5pm.

sulting sheet conductivity o is always below the crit-
ical sheet conductivity o,,(GaAs) = 3.3-1077Q~L.

The relative change in phase and amplitude of the
transmitted SAW signal changes with different ma-
terial properties and different driving frequencies of
the device. In this work we present three different
GaAs devices. The first one is pure GaAs, which is
characterized at the two different driving frequencies
440 and 825 MHz. With increasing frequency more
oscillations fit into the interacting area and hence
the sensitivity of the device increases (compare tri-
angled symbols in fig. 3). In GaAs grown at low
temperatures (LT-GaAs) the mobility of electrons is
lower (g in the order of 102cm?/Vs) as compared to
the electron mobility in GaAs grown at higher tem-
peratures (g, = 8:103cm?/V-s). To reach the same
sheet conductivity ¢ = ene e, where e is the elemen-
tary charge, one has to increase the two dimensional
electron density n. and consequently generate more
charge carriers. This is shown in fig. 3 squared data
symbols.

It turned out, that a very sensitive tool to detect
very small lager intensity is a submicron thick epi-
taxial lift-off GaAs layer adhering via van der Waals
forces on a LiNbOj surface. The electromechani-
cal coefficient Kgff,m\”oo3 is 2 orders of magnitude
larger than for GaAs and in addition charge carriers
are restricted close to the surface, since they cannot
escape the GaAs layer. Therefore the charge carriers
are located at highest electric fields.

4. CHEMICAL SENSORS

The principle of spatially resolved measurements
of an optical generated charge carrier distribution on
the substrate surface is also applicable to measure
atmospheric changes. Up to now, different setups
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Fig. 4. Upper part: Mixer signal between DUT and reference
signal leads after low pass to cos Ap where Ay is the
phase difference of the mixer input signals. Lower part
shows the differences cos Ap; — cos Agps of consecutive
sweeps.

were tested to optimize the system for further ex-
periments. Commercial chemical sensors, based on
SAW devices, consist of two delay lines. One of them
is functionalized and sensitive to adsorbants and the
other one serves as a reference [5].

In our experiments, we use only one delay line with
fan shaped interdigital transducers as sensor device
and take the generator as a reference. The device
and the reference signal are mixed and sent through
a low pass filter. The resulting signal is the cosine of
the phase difference between the two input signals
cos Ay (Upper graph of fig. 4). Up to now our de-
vice was not structured with functionalized layers on
the delay line. Nevertheless, the device was tested
under ambient air with and without additional hu-
midity. One frequency sweep (0.1 MHz step size) be-
tween 330 and 375 MHz took about 6 minutes. The
timescale on which changes can be resolved is limited
by the duration of one sweep. The limit for spatial
resolution is given by the width of the SAW path.

5. CONCLUSION

With fan shaped interdigital transducers we are
able to spatially resolve a small laser spot on the de-
vice surface in two dimensions. We investigated sev-
eral material systems and achieved sensitivity over
7 orders of magnitude in the laser intensity from
2.5-1072to 5 - 10° W /cm?. It turns out that a semi-
conductor piezoelectric hybrid structure consisting
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of a submicron thick GaAs layer on top of a LINbO3
crystal is a very sensitive tool to detect small light
intensities due to the large coupling coefficient K esz
in this system. The adequate substrate to spatially
resolve large laser intensities is GaAs grown at low
temperatures. In this material the defect concentra-
tion is bigger and therefore the charge carrier mobil-
ity is lower than in GaAs grown at higher tempera-
tures.

Surface acoustic wave devices based on LiNbOj3
technology and normal IDTs have been already used
to detect changes in ambient conditions. These de-
vices work with normal IDTs. We showed that
changes can also be detected with the fan shaped
IDTs. To realize a very small and compact artificial
nose we plan to structure the delay line with differ-
ent functionalized, narrow stripes aligned with the
SAW’s direction of propagation.
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