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Voltage tunable acoustoelectric interaction in GaAs/AlGaAs heterojunctions
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The interaction between surface acoustic waves and high mobility quasi-two-dimensional electron
systems(2DES in GaAs/AlGaAs heterojunctions with variable carrier density is investigated
experimentally. In specially designed samples the strength of this acoustoelectric interaction can be
controlled via the field-effect induced variation of the carrier density of the 2DES. Since the
sensitivity of surface acoustic wave experiments is particularly high at very low conductivities, the
proposed technique will be an especially valuable tool for the investigation of 2DES with extremely
low sheet carrier densities. We demonstrate that the proper use of a metallic gate electrode does not
conflict with the piezoelectric interaction between the mobile carriers confined in the heterostructure
and the surface acoustic wave propagating on the piezoelectric substrdt®949American
Institute of Physics.

The interaction between surface acoustic wai&a\s) K2¢=6.4x10* the effective electromechanical coupling co-
and high-mobility quasi-two-dimensional electron systemsefficient of the(100-GaAs surfacey ,=2865 ms ' the SAW
(2DES has recently attracted much attentfol. SAWs  velocity, o, the sheet conductivity of the 2DES, and
proved to be a powerful tool for the investigation of the o,,=v(ey+€)~3x10 Q"1 a characteristic conductivity
dynamical conductivity of such systems as they represent where maximum attenuation occurs. In this simple model,
highly sensitive dynamical probe which averages over thavhere the 2DES is assumed to be located on top of the crys-
whole 2DES. SAW techniques have in the recent past beeral with no gate metallization present,, is solely deter-
successfully applied to investigate the properties of a 2DE$nined by the sound velocity and the dielectric constant of
in the regimes of both the integer and the fractional quantunthe substrate. At high sheet conductivities the attenuation
Hall effect at low temperatures and in high magnetic fieldsyanishes as the conducting layer perfectly screens the electric
In the extreme quantum limit of a spin-polarized electronfield of the SAW. A peak in the attenuation occurssatoy,,
SyStem in the lowest Landau level SAW studies have rewhere maximum power is absorbed. The sound Ve|ocity
vealed evidence for a Fermi surfdca a Landau filling fac-  shows a steplike increase, indicating an additional term in
tor »=1/2 which could be interpreted in terms of the so-the elastic constants which is called piezoelectric stiffening.
called composite fermiorfs. Based on these new |nterestingly the interaction between a SAW and the 2DES is
quasiparticles, a revolutionary model for the fractional quansgrongest if the sheet conductivity is comparatively low. This
tum Hall effect has been proposéd.Meanwhile, several s the case, e.g., in the regimes of the integer and fractional
diffgrent elegant experimerithave 'uncovered many fasci- quantum Hall effect where the magnetoconductivity ap-
nating aspects of those novel particles and led to a new Unsoaches zero at distinct magnetic fields. This results in giant
derstanding of the nature of the electronic interaction at th‘auantum oscillations of both the SAW attenuation and the
half-filled Landau level. _ change in sound velocity as function of the magnetic field

The interaction between a SAW and a 2DES on piezOyhich have been observed for high mobility GaAs/AlGaAs
electric sem|corlu3uctor§ can be modeled using the dc condugiaergjunctiond.On the other hand the interaction between a
tivity oy(w=0).>" In this simple theory, the interaction can gaw and a 2DES leads to the occurrence of sound-induced
be expressed u§ir_1g a relaxation timg parametri_zed by th@urrents and voltages in the 2DES which is called the 2D
magnetocqnductlwtyr?(x(B). T he resulting attenuatiofi of acoustoelectric effeétit has recently been observed experi-
Fhe trgnsmmed SAW |nten5|ty=| exp(—I'x) and the veloc- mentally and described in terms of the local quadratic re-
ity shift Av/v, are then given by sponse of the 2DES to the piezoelectric field of the SAW.

There have also been several attempts to detect the
2DES forming a magnetically induced electron solid in the
extreme quantum limit at ultralow temperatut@slthough
Av vo-v(o) K 1 @) th.ere are some_int_jicat_ions for a.phase transi_tion consistent
—= = with the magnetic field induced Wigner crystal in these SAW
experiments, more work has to be done to unambiguously
Here, k=27/\ denotes the wave vector of the SAw, answer thi_s important question. For this reason,_it Would_be

highly desirable to be able to perform SAW experiments with
B} ) tunable carrier density and hence Fermi level of the 2DES.
a’;resentbaddress: Univergit&®egensburg, Universitsstr. 31, D-93053 Until now, however, the Conductivity of the 2DES, which is
b)PfgsZnni l;ftrdgc;lress: Jet Propulsion Laboratory, NASA, 4800 Oak GrovdN€ most important parameter of the described acoustoelec-
Drive, Pasadena, CA 91109. tric interaction, could only be changed by the application of
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high magnetic fields in order to reach the very low value of . . ; .

O - @ ]:1 5dBfem

Here, we would like to discuss and demonstrate a tech- vw_\/\/‘/“ﬂ
nigue to control the sheet carrier dendity of the 2DES by m10.4T
means of the field effect and simultaneously retain the pos-
sibility of using SAW to probe characteristic properties of the w 0T

2DES. To tuneNg, and hence the sheet conductivity
o=eNu in a controlled manner, gate electrodes are usually
employed. However, in the particular case of SAW experi-
ments, a metal electrode shorts the piezoelectric field at the
surface of the crystal thus destroying the major mechanism
of interaction as long as the sheet conductivity of the metal
exceedso;,. Unfortunately, metal electrodes of such low

w 6.2T-
W 4.8T

transmitted SAW intensity

conductivity are not easily fabricated on a semiconductor AW WY 14T
sample. The screening of the surface lateral electric field due e e 07T
to the metallization, however, only weakly affects the pre- oT
dominately mechanical nature of the SAW. Therefore the pi- 2

ezoelectric potential recovers with increasing degtimnto . s ‘ .
the substrate until atl~=\/2 it nearly reaches its original 2 ks 05 0 0.5
strength with no gate electrode. gate voltage Vg (V)

To enable a metal electrode to be used as a gate and

simultaneously maintain an appreciable acoustoelectric inter- L (b) ve2 v='1 T1.0dB/cn Ve
action, this evidently implies that the ratis=d/\ must be A AVAR e VAN
nonzero and preferably in the vicinity of 0.5. Heterojunctions E JHov
yielding the highest quality 2DES are usually grown with a W ov
cap layer thickness of the order of 100 nm. In this case a 2 W‘_ oLV
maximum piezoelectric potential would be achieved using a & W .
SAW wavelength of only about 50 nm which corresponds to g [ 1-0.2v
a frequency of approximately 60 GHz. Thus the feasibility of 5 W— 03V
this approach is limited by the severe technological difficul- z W )
ties of producing the necessary interdigital transducers. An £ I 1-0.4V
alternative route is to deposit a relatively thick spacer layer 5 WL 05V
between the gate electrode and the 2DES to increase their g ’

spatial separation. In principle, this layer could consist of any W -0.6V
material but the best results are expected if it is identical W-OJV
to the substrate piezoelectric material. W:-OBV

In our experiments, we used high quality modulation-

AN 09y
doped GaAs/AlGaAs heterostructures where the 2DES is T
formed at a single interface 500 nm beneath the sample sur- 0 2 4 6 8 10 12
face. The electron mobility at zero magnetic field is magnetic field B(T)

u~2.7x10° cn?/V's with an areal densityNs~1.8x10" G 1 @ T tod intensity of an 840 MHs SAW after ¢ .

—2 _ . . . 1. (@) Transmittea intensity of an z arter transmission
¢m ath—O V. The _ZDES IS Shapeq to form_a COnvemlon"j‘!through the mesa containing the 2DES for different magnetic field strengths
Hall bar structure using a wet chemical etching process. Si%t T~1.2 K as a function of the applied gate voltage. Note that below
AuGe/Ni/AuGe ohmic contacts were diffused into the pe-Vy~—1.15V, which is close to the threshold for depletion, the SAW inten-
riphery of the mesa to measure both the longitudinal as weRity rises asy, falls below' the crltlcal cqnducthltyrm. (p) Magnetic field

he transverse resistance components and to monitor t eﬁpendence of the_ SAW intensity for dlﬁerent gate b‘|a§'a11.2‘ K The
as the ; p nt quantum oscillations of the SAW amplitude at integer filling factors
acoustoelectric currents and voltages. The gate electrodsift to lower magnetic fields as the sheet carrier density is tuned to smaller
consists ba 5 nmNiCr film deposited on top of the Hall bar. values.
At both ends of the 3-mm-long mesa, lithographically de-
fined interdigital transducers were evaporated directly ontanagnetic field or—as presented in this work—as a function
the GaAs substrate. The interdigital electrode spacing of thef the gate bias across the structure which is used to tune the
transducer establishes the fundamental acoustic wavelengtlarrier density in the heterojunction. From capacitance-
\ and center frequencl/=uvy/\, wherev, is the sound ve- voltage and magnetotransport measurements we know that
locity. The SAW is launched by the application of a shortthe carrier density can be varied approximately linearly with
(=200 ng rf pulse at the center frequency to one of theincreasingly negative gate bias and the 2D channel becomes
transducers. After passing the Hall bar and interacting witidepleted at arountdfy=—-1.2 V.
the 2DES it can then be detected at the other transducer In Fig. 1(a) we show typical measurements of the trans-
using homodyne detection and standard time-resolved boxnitted SAW intensity as a function of the applied gate bias.
car techniques. This can be done as a function of an appliethe SAW frequency in this case fs=840 MHz. The SAW
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measure the voltage across two of the ohmic contacts along
one side of the Hall bar, while all other contacts have been
left open. In Fig. 2b) we depict the simultaneously measured
transmitted SAW intensity for comparison. The observation
of the sharp peak iV, at o=0,, is the result of the propor-
tionality betweerV, andI” which can be understood using a
generalization of the Weinreich relatidnas described in
Ref. 9. Reversing the direction of SAW propagation reverses
the polarity of the observed voltage hence indicating a truly
SAW related phenomenon.
. : : In summary, we have realized a technique to study the
interaction between SAW and a two-dimensional electron
system in a gated GaAs/AlGaAs heterojunction. The detri-
mental effect of the screening of the piezoelectric SAW fields
L i by the metal gate electrode has been overcome by the design
0.8dB/cm of special samples. Here, the distance be_ztween the sample
g ] surface and the 2DES has been largely increased as com-
pared to conventional heterostructure samples. We demon-
strate that the 2DES induced SAW attenuation is observable,
- - . even in the absence of magnetic fields and that the 2D acous-
-2 -1.5 -1 0.5 0 toelectric effect is also present in these structures. The inves-
gate voltage V, (V) tigation of the interaction between a SAW and a 2DES with
FIG. 2. Longitudinal acoustoelectric field) and SAW amplitudéb) vs the tunable carrier denSIty.W!” certainly |ndu.ce fur.ther work in
applied gate voltage at zero magnetic field. The sample had been kept #1€ €xtreme quantum limit of a 2DES which might serve for
darkness during and after cooling B&500 mK. AtV ,~—1.15 V where  a better understanding of the ground state of this interesting
th_e sheet conductivity _of the 2DE_S reachgs, sharp peaks in_the attenu- quantum system.
ﬁf;ssggle SAW amplitude and in the sound induced electric Eldre We thank A. Esslinger and J. Scriba for stimulating dis-
cussions, and H. P. Kiermeier, S.'iWu and W. Kurpas for

potential at the depth of the 2DES is about 20% of the uniheir technical expertise. This work was supported in part by
screened potential directly at the surface. As can be sedh® AFOSR under Grant No. AFOSR-91-02491 and by the
from Fig. 1(a), we observe the predicted pefsee Eq(1)] of National Science Foundation under the QUEST Science and
the attenuation for low carrier densities close to the thresholdechnology Center and in part by the Deutsche Forschungs-
for depletion. Correspondingly, the sheet conductivitpt ~ gemeinschaft.
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