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Abstract— The interaction of surface acous-
tic waves and free carriers in a nearby semi-
conducting sheet yields an extremely sensitive
method for sensing electrical and optical sig-
nals. In the present work we demonstrate the
spatially resolved detection of optical signals
with a spatial resolution of a few acoustic wave-
lengths. We exploit the high selectivity of so-
called tapered transducers to excite adjustable
narrow acoustic beams allowing for the scan-
ning of photogenerated charge distributions.
Using a special layout, both x and y- coordi-
nate of the optical signal are readily read out
in a single frequency sweep. Complex 2D im-
age information can be gathered when a tomo-
graphic imaging technique is applied.

I. SAW AND SEMICONDUCTOR SYSTEMS

The combination of advanced state-of-the-art SAW
device technology with the superior electronic prop-
erties of a semiconductor structure in either a mono-
lithic or hybrid approach paves the way to a whole
range of interesting signal processing applications.
The interaction of a surface acoustic wave with free
carriers in a nearby semiconducting sheet allows for a
tunable attenuation and phase shift of the SAW sig-
nal. The coupling of the acoustic wave to an electron
system in the semiconductor is mediated by the piezo-
electric fields accompanying the SAW and is summa-
rized in the electromechanical coupling constant K2 T
In general, for a conducting sheet close to the surface
having a conductivity o the change in velocity is given

by [1]

A’U Kfff 1

o T2 15 (/o) (1)

where o, denotes a crititical conductivity where
the energy transfer from the SAW to the electron sys-
tem is largest, i.e. induced screening currents are dis-
sipative. The energy loss by screening currents leads

to an attenuation of the acoustic waves which is char-
acterized by
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For hybrid systems, where strong piezoelectric sub-
strates like LiNbOj3 are combined with a semicon-
ducting sheet of submicron thickness, phase shifts of
several hundred degrees and attenuations of about
—20db have been demonstrated [2]. The coupling of
SAWSs and an electron system hence provides a sim-
ple and extremely sensitive method for the determi-
nation of the semiconductors properities and provides
a versatile mechanism for a whole range of electri-
cal and optical sensing applications. Because of its
high sensitivity it has been extensively used in the last
decade in fundamental reserach. SAW based experi-
ments contributed significantly to the investigation of
two-dimensional electron system in the quantum hall
regime [3] and in the fractional quantum hall regime
[4].

II. TAPERED IDTS FOR SPATIAL RESOLUTION

In the present work, we demonstrate the spatially
resolved imaging of optical signals in one and two di-
mensions with a spatial resolution of a few acoustic
wavelengths. The spatial resolution is achieved by
the use of so-called tapered interdigital transducers
(TIDT) as first introduced over more than 25 years
ago by Van de Heuvel [5]. A detailed discussion of
its properties and applications is given for example
by Solie et al. in [6]. The basic operation of the ta-
pered transducer is shown in Fig. 1. The finger period
p(y) is increased monotonically along the transducers
aperture L. This results on the one hand in a spread of
the transducers resonance into a bandpass determined
by the degree of tapering. On the other hand, for a
given frequency fin the bandpass a narrow SAW beam
is launched exclusively where the resonance condition
p(y) - f = vsaw is matched. It is mainly the spread
of the IDT’s bandpass which yields applications in
wide band delay lines and bandpass filters. The width



IEEE ULTRASONICS SYMPOSIUM 1999, LAKE TAHOE, USA

of the bandpass can be estimated by Afip = - fo

L}D(O) is introduced to in-

where the factor ¢t =
dicate the degree of tapering and fy denotes the
center frequency. Our experiments were performed
both on bulk GaAs and on InGaAs/AlGaAs/GaAs-
heterostructures. GaAs is weakly piezoelectric with a
coupling constant of K7, = 6.4-10~* which, however,
is comparable to ST-cut quartz (KZ;; = 1.1-107?).
To achieve reasonable SAW intensities, a large num-
ber N of finger pairs has to be used. For conventional
IDTs, this results in a extremely narrow transmission,
which is approximately given by Af = 0.9fy/N. In
the case of tapered IDTs, the extremely high selectiv-
ity in frequency for a large number of finger periods
N translates into an extremely narrow acoustic beam.
Its width can be estimated by
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Our TIDTs were fabricated by electron beam litho-
graphy and had center frequencies between 570MHz
and 1.5 GHz, meaning transducer periods from 5um
down to 2um. The effective aperture was L = 400um,
the number of fingerpairs N = 100. Lithographic
limitations resulting from the large transducer aper-
ture forbid a split electrode layout. In fact, internal
acoustic reflections in the single electrode structure
used enhances the transducers selectivity and reduces
Af by about a factor of 4. For typical taper factors
t = 5%..10% we calculate from Eq. (3) a width of the
acoustic beam between 10 to 20 pum. As this lengths
are of the order of the acoustic wavelength diffraction
effects are to be expected. In fact, we find a 10dB de-
crease of the SAW transmission when the taper factor
t is increased from 5% to 10% as shown in Fig. 1
which clearly stresses the importance of diffraction.

To check the intuitive picture given here, X-ray to-
pography experiments were performed on our TIDTs
by Sauer et al. [7]. The high resolution bragg reflec-
tion images with a spatial resolution of about 0.5um
taken at the ESRF in Grenoble clearly show the de-
crease of the width of the tapered SAW beam and the
increase of diffraction effects when t is switched from
5% to 10%. However, as the second receiving trans-
ducer has the same selectivity, only the undisturbed
components of the wave are detected keeping the spa-
tial resolution unaffacted from diffraction effects.

III. SPATIAL AND TEMPORAL RESOLUTION

As a first and simple test of the perfomance in
sensing optical signals, a laser beam (A = 860nm,
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Fig. 1. A SAW delay line featuring TIDTs. Because of the vari-
ation of the transducer period along its aperture, the SAW
transmission is spread into a bandpass. A single frequency
within the bandpass corresponds to a single narrow SAW
beam launched at the respective position in the TIDT.
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Fig. 2. Phaseshift signal induced by a photogenerated electron
hole plasma within the SAW path. The different traces
correspond to different positions of the laser spot on the
sample.

P = 150uW was focussed onto the acoustic path to
create an electron hole plasma underneath. The re-
sulting phaseshift of the SAW signal vs. frequency is
shown in Fig. 2 for different positions of the laserspot.
The gaussian shape of the electron hole plasma is well
resolved as the phase shift is largest when the narrow
acoustic beam launched at the TIDT hits the core of
the charge distribution.

Additionally to the spatial resolution, a temporal
resolution of about 0.1us is provided when the trans-
mitted SAW signal is recorded in the time domain.
For this modified experiment a diode laser was used
to generate light pulses of 1us lenght and an intensity
of P =30uW. The SAW attenuation is analyzed vs.
frequency and time and depicted in Fig. 3.

The asymmetric rise and decay of the gaussian
charge distribution refers to us lifetimes of photogen-
erated carriers in bulk GaAs. In a modified setup,
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Fig. 3. Spatially and time resolved detection of the rise and
decay of the carrier plasma induced by a short laser pulse.

where the laser spot region was exposed to an addi-
tional high amplitude SAW beam the TIDT scanning
of the carrier system clearly showed the appearance
of a ’comet’s tail’ of acoustically transported carriers.
However, these experiments are beyond the scope of
this paper and will be presented elsewhere [8].

IV. RESOLUTION IN 2D

When two orthogonal delay lines are combined in a
cross shaped structure as shown in the inset in Fig. 4,
both the x and y coordinate of an optical signal can be
determined in the 400 x 400um? large square defined
by the intersection of the two delay lines. For conve-
nience the signals of the two acoustic paths have been
merged by linking the horizontal and vertical source
IDT and as well the two receiving IDTs to a single
input and output as shown in the inset in Fig. 4. To
distinguish between the two coordinates the 40M H z
passbands of the two delay lines have been offset to
each other to 825M Hz and 895M Hz respectively.
Hence one single frequency sweep provides the full
spatial information. Fig. 4 shows the two passbands,
the attenuation induced by a laserspot as recorded by
a network-analyzer, and the reconstructed picture of
the laserspot at verious positions. Not only can we
detect the position of the laserspot with high spatial
and temporal resolution, also its intensity and diam-
eter can be measured, which is expressed by different
spotsizes in the lower panel.

V. SAW TOMOGRAPHY

Scanning more complex images using the above
cross geometry, ambiguities occur resulting from the
fact that the interaction between scanning SAW beam
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Fig. 4. The intersection of two tapered delay lines defines a

square within which the position of an optical signal can
be detected with pm resolution. The inset schematically
depicts the sample layout. The viewgraph shows the sam-
ples linked passbands and the attenuation induced by a
moving laserspot as onedimensional traces or as twodimen-
sional images in the lower panel.

and photogenerated charges is integrated along the
acoustic path. Mere superposition of the orthogo-
nal SAW beams does not allow to adress a single
pixel. This problem can in principle be overcome
when a tomographic technique is applied as it is used
in the x-ray absorption tomography of solid objects
[9]. Here, the object is rotated with respect to the
x-ray source, the projection from various angles is
recorded and used to reconstruct the 2D or 3D struc-
ture of the object. In our case, we reproduce this
technique by projecting an picture onto the acous-
tic path and scanning the induced charge distribution
by the scanning SAW beam. The picture is then ro-
tated by an arbitrary angle and the scanning proce-
dure is repeated. Finally, we recorded a set of 1D
intensity projections of the picture for various angles
and then reconstructed the 2D image employing the
procedure explained in Fig. 5a. To demonstrate the
principle, the image of an double slit aperture was
chosen and rotated in the acoustic path. Some projec-
tions recorded by frequency sweeps for angles between
0° and 180 are shown in Fig 5b. The picture recon-
struction by back projection is schematically shown in
Fig. 5c. The measured intensity profiles are equally
distributed along the acoustic paths and added up.
Usually, to enhance the edges and to correct the over-
estimation of the image center, where all backprojec-
tions overlap, the data are filtered in Fourier space by
the filter function y(f) — y(f)- f. Following this pro-
cedure, we end up with the reconstructed image in Fig
5d. The spatial resolution is given on the one hand
by the width of the scanning acoustic path and on
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Fig. 5. a) Principle of SAW tomography for scanning 2D image
information; b) Acoustic scans from various angles; ¢) Pic-
ture reconstruction algorithm; d) Reconstructed image of
a double slit aperture; e) Sample images of complex struc-
tures

the other hand by thermal carrier diffusion on a mi-
crometer length scale which tends to blur out the pic-
ture. The original structure however is well resolved.
To demonstrate that the SAW tomography approach
also works for even more complex pictures we tried
to scan images of the characters 'S’, A’ and "W’. A
collection of the resulting images is shown in Fig. 5e.
With additional edge-enhancement not only the con-
tour of the letter A’ but also its inner structure can
be resolved as shown to the right.

Future work will be concentrated on the improve-
ment of the tapered delay lines and the enhancement
of the sensitivity by employing hybrid systems as men-
tioned above. Further potential applications might re-
sult from the fact, that in configurations like presented
in Fig. 4 the simultaneous detection of mechanical sig-
nals is easely achieved as the system can be operated
as a micro-touchscreen.

VI. CONCLUSIONS

To conclude, we demonstrated the spatially resolved
detection of optical signals with a resolution of a few
acoustic wavelengths. Tapered transducers with cen-
ter frequencies between 500MHz and 1.5GHz have

been used to excite narrow acoustic beams and to
acoustically scan photogenerated charge distributions
in a semiconducting system. 1D and 2D position in-
formation is given as attenuation or phaseshift signal
within the transducers bandpass. Employing tomo-
graphic techniques as used in X-ray tomography, com-
plex 2D images can be scanned and reconstructed.
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