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Imaging of acoustic charge transport in semiconductor heterostructures
by surface acoustic waves
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We demonstrate room-temperature acoustic charge transport of electrons and holes in an InGaAs/
GaAs heterostructure. The carriers are optically generated by interband absorption and then
separated, stored, and transported in the piezoelectric potential superlattice of a surface acoustic
wave. The charge distribution is detected with a spatial resolution of a few acoustic wavelengths by
a second orthogonal probe beam, genererated by so-called tapered transducers. The image
information is given as a phase shift signal in frequency space and allows for the direct comparison
of the number of generated and transported carriers. Regions of mere carrier drag and full carrier
capture and transport are observed simultaneously. ©1999 American Institute of Physics.
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Devices exploiting the electromechanical properties
surface acoustic waves~SAWs! in piezoelectric solids are
state of the art signal processing tools. Because of their st
tural simplicity and robustness they made their way in
daily life electronics. On semiconductor materials SAWs c
be used to modulate the optical and electronical propertie
means of the associated lattice deformation and the res
tive piezoelectric fields. Photogenerated electrons and h
for example can be captured in the SAWs moving poten
superlattice. They can be stored and transported and
decay as a time delayed light signal can be intentially
duced at the end of the SAWs path.1 At low amplitudes
SAWs serve as a noninvasive detection tool for probing
properties of electron systems on an otherwise unstruct
semiconductor heterostructure. They have been extens
employed in the investigation of the quantum hall regim2

and the fractional quantum hall regime3 and contributed sig-
nificantly to the verification of the composite fermion pi
ture.

In the present letter we make a two fold use of SAWs
an InGaAs/GaAs quantum well system: A high power SA
beam is employed to pump optically generated carriers fr
their origin in a laser spot through the sample. On their w
in the acoustic path the transported carriers are observed
second orthogonal probe SAW beam. This second probe
with a special layout not only allows for the direct measu
ment of the number of transported carriers with high sen
tivity even at room temperature, but provides additionally
spatial resolution of a few SAW wavelengths. The expe
ments were performed on an InGaAs/GaAs double quan
well structure~well width 70 Å!, embedded in an AlGaAs
GaAs optical waveguide. The structure was chosen bec

a!Electronic mail: martin.streibl@physik.uni-muenchen.de
4130003-6951/99/75(26)/4139/3/$15.00
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it shows good room-temperature photoluminescence~PL! ef-
ficiency and allows us to perform experiments on electri
and optical interaction mechanisms simultaneously.

A typical sample layout is shown in the inset of Fig.
Two orthogonal acoustic paths are defined by interdig
transducers~IDTs! for launching and detecting surfac
acoustic waves. The transducers are fabricated by elect
beam lithography. They consist of 100 finger pairs each w
a period of 4mm in the horizontal SAW path and 3.2mm in
the vertical SAW path corresponding to SAW frequencies
740 and 980 MHz, respectively. The horizontal SAW bea
is generated and detected by a network analyzer at an ou
power of15 dBm. Typical radio frequency~rf! powers for
the vertical SAW beam were about120 dBm with transmis-
sion losses of220 dB so 10% of the rf power is converte
into acoustic power. The transducers active apertures w
400 mm ~IDT1 and IDT2! and 300mm ~IDT3 and IDT4!,
respectively.

The rf transmission of the so-called taper

FIG. 1. Frequency response of a tapered IDT. The variation of the fin
period over the transducer aperture spreads the IDT frequency respons
bandpass of 36 MHz width. For comparison, the transmission of an u
pered IDT is also shown. A schematic sample layout is sketched in the in
9 © 1999 American Institute of Physics



is
ce
o
si
O

T

ex
ra
-

te
m

n

i
m
th
di
d
p
th
in
be
va

(

y
sm
e
d

tio
fa
m
ol
o
ge
e

g

W
h
on
vi

th.
nd
vs

rier
ig.
ath
as
the

ge-
of

esti-
his
are
tes
es
ting
al
t
ser
ion
nite
een
he
by

m.
one
h
d

W
by
tical
car-
d in
ure
ed

an
of

is

a
ec-

laser
ce

ati-

4140 Appl. Phys. Lett., Vol. 75, No. 26, 27 December 1999 Streibl et al.
transducers,4,5 used for exciting the probe SAW path
shown in Fig.1. The finger period in this special transdu
layout changes linearly over the transducer aperture, in
case by 5%. On the one hand, this results in a transmis
bandpass of about 36 MHz width as indicated in Fig. 1.
the other hand, for a fixed frequencyf in the bandpass an
acoustic wave is only launched in a small stripe of the ID
where the resonance conditionf d(y)5vSAW is matched
@d(y) here denotes the IDT periodicity versus coordinatey#.
The tapered IDTs, hence, allow for the excitation of an
tremely narrow SAW beam and an adjustability of the late
beam position within the 400mm transducer aperture. Be
cause of the linear relation between frequency and the la
position of the SAW beam we get a translation factor fro
frequency space to real space of 11mm/MHz. From the typi-
cal bandwidth of a conventional untapered IDT of less tha
MHz we estimate a width of the acoustic path below 20mm.
Recent x-ray topography experiments at the ESRF
Grenoble6 allow for the direct observation of the SAW bea
and confirm this estimate. Of course, as the width of
acoustic path is of the order of the acoustic wavelength
fraction effects are to be expected. In fact, we find a 10
decrease of the SAW transmission when the degree of ta
ing is increased from 5% to 10% which clearly stresses
importance of diffraction. However, as the second receiv
transducer has the same selectivity, only the undistur
components of the wave are detected keeping the rele
beam width unaffected from diffraction effects.

In our experiments we use a TiSa laser beaml
5860 nm) at typical intensities from 10 to 850mW continu-
ous wave and focused down to micrometer spotsize b
microscope objective to generate an electron hole pla
~EHP! in the SAW path. The acoustoelectic interaction b
tween free carriers and the SAW probe beam can be use
scan and image the photogenerated charge distribu
SAWs in GaAs couple to a conductive sheet near the sur
by means of their accompanying piezoelectric fields. So
of the waves energy is dissipated within the electron/h
system by screening currents. The interaction of electr
hole (e–h) pairs and the SAW results in a velocity chan
of the wave and a corresponding phase shift. The chang
acoustic velocity is given by7

Dv
v

5
keff

2

2

1

11~s/sM !2 , ~1!

where keff
2 56.431024 is the electromechanical couplin

constant for GaAs,s is the conductivity of a conducting
sheet near the surface andsM'331027 Vh

21 is the critical
conductivity for GaAs where energy transfer from a SA
into this sheet is maximum. The charge distribution in t
laser spot is well approximated by a gaussian distributi8

which motivates the assumption of a gaussian conducti
profile s(x,y)5s0sM exp(2 (x21y2)/w2). The constants0

here gives the maximum conductivity in units ofsM . The
phase shift of a SAW propagating along thex direction and
crossing this conductive area at positiony is calculated to be

Df5
pkeff

2

lSAW
E

0

L 1

11@s~x,y!/sM#2 dx, ~2!
r
ur
on
n

-
l

ral

2

n

e
f-
B
er-
e
g
d
nt

a
a

-
to
n:
ce
e
e
n-

in

e

ty

whereL corresponds to the length of the acoustic probe pa
Exciting a SAW pulse at the tapered transducer IDT1 a
evaluating the phase shift of the detected rf signal at IDT2
SAW frequency gives a one-dimensional image of the car
density within the acoustic path. In the measurement of F
2 the laser spot was shifted through the horizontal SAW p
and for each spot position the carrier distribution w
scanned by the adjustable SAW beam as indicated in
inset of Fig. 2. The traces show the profile of the laser
nererated electron hole plasma moving through the field
view of the probe beam. Numerical fitting of Eq.~2! repro-
duces the shape of the laser spots image well, but under
mates the amplitude of phase change by a factor of two. T
could be explained by assuming some of the carriers
dragged along with the probe SAW pulse which elonga
the profile along the direction of propagation. This intensifi
the interaction between the carriers and the SAW. Accep
this factor of two, we get from the fit for the experiment
situation in Fig. 2w566mm ands051.46. The laser spo
image is obviously much larger than the diameter of the la
spot on the sample suggesting unusually large diffus
lengths. The large diameter can not be explained by the fi
width of the scanning acoustic beam which in fact has b
included in the numerical fitting procedure. Moreover, t
extent of the electron-hole plasma is predominantly given
the maximum phase shift of 3.5o in Fig. 2 which corresponds
to a minimum interaction length of SAW and carrier syste
The unusually large diameter may be explained on the
hand by the exceptionally high carrier lifetimes in our hig
quality samples oft>20 ns as determined by time resolve
PL experiments. At the low amplitude of the probe SA
beam we do not expect a further increase of the lifetime
charge separation. On the other hand, the samples op
waveguide may contribute to the increase of the area of
rier generation as PL is effectively guided and reabsorbe
the vicinity of the laser spot. However, the room-temperat
carrier dynamics in our structures will be further investigat
in the near future.

At low temperatures acoustic phonons seem to play
important role for the expansion of an EHP. A series
publications demonstrated that the dynamics of an EHP
governed by a phonon wind mechanism.8,9 The thermaliza-
tion of photoexcited carriers in the laser spot results in
so-called phonon hot spot emitting ballistic phonons. El

FIG. 2. Images of a photogenerated electron hole plasma at different
spot positions within the tapered IDTs ‘‘field of view.’’ The hatched tra
corresponds to the fitting parameters given in the text. The inset schem
cally explains the origin of the phase signal.
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trons and holes are carried away from the spot along with
phonon wind at the speed of sound. As SAWs provide
intense, coherent, and adjustable phonon wind, they ar
ideal tool to study these processes in detail. In our sample
vertical pump SAW is used to generate the coherent pho
wind. The horizontal SAW beam probes the crosswind eff
on the photogenerated charge distribution. In Fig. 3~a! we
centered the laser spot on both the horizontal and the ver
SAW path. Without pump SAW we get a symmetric pha
shift image of the laser induced charge density distributi
When the pump SAW is launched from IDT3 we observe
tail in the carrier density stretching towards IDT4 indicati
acoustic charge transport. When the direction of the pu
SAW is reversed the tail extends in the opposite direction
second test is done in Fig. 3~b! where the laser spot wa
moved along the horizontal probe beam across the ver
pump SAW line. We again observe the occurrence o
charge density tail as soon as the spot enters the pump S
path. Additionally to the transport tail a shift of the EHP co
can be observed. In the core region dynamic screening o
SAW fields prevents a complete localization of carriers
the SAWs potential. However, momentum is still transferr
to the EHP leading to the observed peak shift. The s
consistent interplay between dynamic screening of the S
field in regions of high EHP density and carrier drag in
gions of lower density is nicely expressed by the onset
transport at the rim of the EHP. This transition from carr
drag to transport has been discussed in detail by Ro
et al.10 for a two-dimensional electron gas on a hybr
GaAs/LiNbO3 system.

To study the effect of dynamic screening, we varied
intensity of the laser beam, i.e., the density of the E
plasma. Figure 4 shows scans of the conductivity profiles
the laser spot and the acoustic transport tail for several l
intensities between 10mW and 850mW. The conductivity
measured in the laser spot increases almost linear with
laser intensity. Simultaneously the increasing screening
fect reduces the momentum transfer on the carriers, i.e.
EHP core shift as shown in Fig. 4~b!. The conductivity in the
transport tail saturates at about 0.3– 0.4sM expressing the
maximum transport capacity of the SAW beam. At high
densities, electrons and holes are no longer localized in

FIG. 3. ~a! ‘‘Crosswind’’ experiment employing two orthogonal SAW
beams. The swept beam~left to right! is used to monitor the photogenerate
charge distribution influenced by the phonon crosswind of the second S
~vertical path!. The crosswind leads to the occurrence of a ‘‘comets ta
pointing away from the phonon source. Upon changing the direction of
cross wind SAW, this tail changes position.~b! Three images taken at vari
ous positions with respect to the crosswind beam. The comets tail
exists within this SAW beam.
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SAWs potential pattern and can leave the beam or are los
recombination. Hence, the highest transport efficiency
found at the lowest laser intensities. Here the ratio of
conductivities in the transport tail and the core regi
reaches values up to 50%. Remarkably, the transported
rier density does not drop significantly along the transp
tail, which proves that carrier confinement in the SAW
high even at room temperature.

To conclude we have demonstrated electron-hole d
and transport by SAW in semiconductor heterostructure
room temperature and presented a SAW imaging techn
which allows us to probe conductivity profiles with m
crometer resolution. In our SAW transport experiments
were able to directly compare the carrier density in the
citing laser spot and in the carrier transport path. The exp
ments show that SAW driven transport of electrons and ho
is efficient even at room temperature which is an import
precondition for possible applications based on acou
charge transport.
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FIG. 4. ~a! Phase shift image of the laser spot and the acoustic transpor
for various laser intensities.~b! Drag of the laser spot core~closed circles!
and conductivity in the charge transport tail~open circles! vs conductivity in
the core region. Dynamic screening at high carrier densities reduces bot
drag of the EHP core and the transport efficiency. The latter is expresse
a saturation of the conductivity in the transport tail.


