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The combination of semiconductor quantum well structures and strongly piezoelectric crystals leads
to a system in which surface acoustic waves with very large amplitudes can interact with charge carriers
in the well. The surface acoustic wave induces a dynamic lateral superlattice potential in the plane of
the quantum well which is strong enough to spatially break up a two-dimensional electron system into
moving wires of trapped charge. This transition is manifested in an increase of the electron transport ve-
locity with sound amplitude, eventually reaching the sound velocity. The sound absorption by the elec-
tron system then becomes governed by nonlinearities and is strongly reduced. We study the transition
from the linear towards the strongly nonlinear regime of interaction and present a theoretical description
of such phenomena in a 2D system. [S0031-9007(99)08621-4]

PACS numbers: 73.50.Rb, 72.50.+b, 73.50.Fq

Electron transport in semiconductor quantum welli.e., to a regime where the presence of the lateral potential
structures is usually governed by drift or diffusive currentof a piezoelectric wave does not significantly modulate
flow. Also ballistic carrier motion can be observed, the carrier density in the quantum well.
provided that the size of the system is smaller than the Here, we would like to report on experiments, where
mean-free path, ranging up to some hundred microns iwe employ SAW with a large piezoelectric potential am-
very pure semiconductor material. Conceptually differeniplitude comparable to the band gap of the semiconductor.
from those mechanisms are transport phenomena bas&dich high SAW potentials strongly modulate the equilib-
on momentum transfer from externally propagating enti+ium density distribution of the electron system in a quan-
ties to the electron system. Such “dragging” experimentsum well. This leads to a new and nonlinear interaction
have been studied in great detail in double electron layeletween the wave and the carriers, eventually breaking up
systems [1], where internal “Coulomb friction” between the electron system into spatially separated wires of charge.
the two layers causes the dragging force. “PhotorThese wires are propagating at the speed of sound in the di-
drag” induced transport was observed for intersubbandection of the wave. Itis very difficult to realize SAW with
transitions of a quasi-two-dimensional electron systensuch large amplitudes on GaAs-based structures. There-
(2DES) [2]. Nagamunet al. [3] observed the effect of a fore, we introduced a hybridization technique, where we
dc current on the drift of optically generated carriers in ause the strong piezoelectricity of a host crystal (LINDO
quantum well. Acoustic charge transport (ACT) has beerio couple the fields of a SAW to the electron system in
investigated on a variety of different systems in view of GaAs-based quantum wells [11]. We fabricate these hy-
possible device applications [4]. Using surface acoustibrid structures employing an epitaxial lift-off (ELO) tech-
waves (SAW), Rockeet al.[5] showed that photogen- nique [12]. The semiconductor layered system is grown by
erated electron-hole pairs in a semiconductor quanturmolecular beam epitaxy, starting with an AlAs sacrificial
well can be efficiently trapped in the moving lateral layer above the GaAs substrate. This layer is followed by
potential of the sound wave and then be reassembled intbe active heterostructure containing an8a sAs quan-
photonic signals. Recently, SAW have been combinedum well embedded in modulation doped)AGa gAs bar-
with Coulomb blockade to drive single electrons throughriers. The 12 nm InGaAs guantum well contains a high
a quantum point contact [6]. In addition, the interactionquality 2DES {« > 5000 cn?/V's at room temperature),
between SAW and mobile charges in semiconductor layto which Ohmic contacts are formed. By etching the AlAs
ered structures has become an important method to studigyer, we remove the active semiconductor layer from the
the dynamic conductivity of low-dimensional systems insubstrate and transfer it to the LiNp{11]. There, the film
guantum wells. These studies include the integer quaris tightly bonded to the substrate surface by van der Waals
tum Hall effect [7], the fractional quantum Hall effect [8], forces. Metal interdigital transducers (IDT) on the LiNpO
Fermi surfaces of composite Fermions around a half-fillederve to launch and detect the SAW. Then the ELO film
Landau level [9], and commensurability effects caused bys patterned and provided with a thin NiCr film acting as
the lateral superlattice induced by a SAW [10]. Thesea gate electrode. The distance between the 2DES and
studies, however, were restricted to the small signal limitthe LiNbO; surface is just 32 nm, whereas the distance
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between the 2DES and the gate electrode is 450 nm in ordamplitude, the detected signal broadens and the time delay
to reduce the screening of the SAW fields by the electrodebetween injection and detection increases significantly.
To examine the transport properties of the electron system In order to understand these phenomena we developed
in the traveling acoustic wave, we developed the sampla nonlinear theory for the acoustoelectric interaction in 2D
geometry shown in Fig. 1. A continuous rf signal is ap-[13]. Most of the former theoretical studies [14] on the
plied to the left IDT and generates a continuous SAW. TheSAW absorption and the drag in 2D electron systems relate
center part of the ELO film represents the transport regiorto the linear regime of the interaction, when the equilibrium
where electrons are traveling in the wave potential. A corelectron densityV, is much larger than the perturbation
responding transport gate is used to control the electrofn(x,r) caused by the SAW. Hereandx are the time
density N, (Fig. 1). For optimum transport conditions, a and the in-plane coordinate along the SAW-propagation
negative transport voltageé, = —8 V is applied to this direction, respectively. However, in our system, the SAW
gate, such that the electron system is nearly depleted. Tamplitude is so large that we have to consider nonlinear
charge the traveling wave potential wells with electrons, henomena. In a simple approach, the surface electron
narrow injection gate is used, as indicated in Fig. 1. Reeurrent is well described by the Drude modgly, ) =
moving the otherwise negative bias at this gate for a shortr (x, t)E,(x,t), where o(x,t) = euny(x,t) is the sheet
moment (.3 us) injects charge into the potential wells of conductivity, u is the mobility, n,(x, ) is the modulated
the SAW. The traveling lateral potential wells of the SAW electron density, and:, is the in-plane electric field.
flush a certain amount of these electrons into the transpomo make the problem self-consistent we wrilg =
region, where they can be completely trapped in the valley&Esaw + Eing, Where Esaw and Ej,q are created by the
of the SAW potential. When leaving the transport chan-SAW and the perturbed electron density(x, ), respec-
nel, they are swept into the region of a third gate, actingively. The electric field of the SAW has the usual form
as a Schottky diode charge detector, which can be read olilsxaw = Ejsin(kx — wt), where k denotes the SAW
with an oscilloscope. wave vector. Then, the potential induced by the electron
Figure 2 shows this detected transport signal as a funglasmad;,g is determined by the function,(x, 7). The
tion of time and SAW intensity at room temperature. In
this case the frequency i = 340 MHz, corresponding
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FIG. 1. Schematic sketch of a cut through the symmetry axis
along the SAW propagation direction of the sample. The thinFIG. 2. Injection gate voltage and signal at the detection gate
GaAs film (not drawn to scale) is partially covered by gateas a function of time at room temperature. Between each trace
electrodes. Also shown is a schematic picture of the conductioof the ACT signal, the applied power was changed by 0.5 dB.
band Ec being modulated by the SAW potential at the time For clarity, the curves are shifted against each other. The inset
of charge injection. The vertical layer system, including theshows the measured transport velocity as a function of SAW
vertical conduction band structure, is also displayed. power and the calculated velocity.
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Fourier transforms of these quantities are connecte Gate voltage (V)
via ¢ina(q,t) = —en,(q, 1)/l (lgl) Igl] [15], where

the effective dielectric constank.s(lgl) = €o(e, +

€, coth|gla), and €, and e, are the dielectric constants

of the piezoelectric and semiconductor crystals, respec &
tively. a is the distance between the 2DES and the g
gate. ng(x,t) is described by the continuity equation
edny/dt — dj/ox = 0. All quantities in our equa-
tions depend only onx — wvt), where v denotes the
SAW velocity. Thus we can introduce a new variable
x1 = x — vt. The resulting equation for,(x;) turns out

to be both nonlinear and nonlocal. In a gated system
such as in our case, we can simplify this equation ir
the long wavelength limitta < 1 [16]. In this limit
the connection betweerb;,q and n;, becomes local,
Dina(x1) = —eany(x1)/(epes). Then, after one integra-
tion in the continuity equation, we get

Aviv

f = 340 MHz

length of ELO film
-16f | = 0.235 mm

Attenuation (dB/mm)

dng .
ens,u|: ¢da s Eosm(kxl):| + evny; = Ag, (1)
€0€s dx

whereA, is a constant. The solution of Eq. (1) should be [
periodic and continuous. Numerical solutions for various i
average 2D densitig8; = (n.(x;)) are shown in the inset 80'6 !
of Fig. 3. Here the bracket$ --) denote the average
over A. It can be seen that the electron system formsi 0-4
separated stripes for small values¥f. &y = Ey/k is
the amplitude of the SAW potential. It follows from 0.2
Eq. (1) that in the regime of separated stripg = 0,
and the average local velocity of the electron plasma 0 ——
(ve(x1)) = (j)/eNy, is at its maximum and equal to the 0 5 10 15 20
sound vel_ocityu. . _ N (1010 cm'2)

In the inset of Fig. 2 we plot the experimental data s
for the average velocity of the conveyed electrons ag g, 3. Measured attenuation and velocity change of a SAW
calculated from the length of the transport channel (2 mmjs a function of gate voltage for different rf power. The
and the delay time of the maximum of the chargelower part shows the calculated attenuation as a function of the
S|gna| With increasing SAW intensity, this Veloc|ty also carrier ConcentratiOINS. In the inset we pIOt the calculated

: . local carrier concentratiom, as a function of the in-plane
increases and eventually saturates at the SAW Velocn}ycc')oordinate for different total carrier concentratioy. The

Two sets of data taken af =340 MHz and f =  ympers attached to the plots correspondMoin units of
114 MHz are shown. The potentid is calculated from 1010 cm 2.

the SAW intensitylsaw. Also depicted in the inset is the
result of our numerical calculation of the average velocitywith increasing SAW power and the maximum attenu-
using the parameterd/;, = 2.5 X 10! cm™? and u =  ation shifts to smaller gate bias and thus higher conductiv-
5000 cn?/V's. Our relatively simple model reproduces ity. This experimental finding is shown in Fig. 3, where
the experimental behavior very well. The saturation ofwe plot the electronic SAW attenuation as a function of
v, reflects the formation of electron stripes. gate bias and for different SAW power levels. In this
The SAW piezoelectric fields can be so strong that acase, the sample is a hybrid in which a single homoge-
bunching of charge can occur in a formerly homogeneouseous gate electrode is used to change the carrier concen-
electron system in the well. For this reason, we investitration underneath.
gate the SAW transmission through a homogeneous elec- The absorption of the SAW by the electrons is given by
tron system as a function of SAW power. As has beerthe quantity) = (jEsaw). When the electron velocity,
shown before [14] in the small signal limit, the attenu- becomes equal to, the SAW absorptio® also reaches its
ation of the SAW depends on the sheet conductivity ofmaximum,Qmax = ev>N,/u. This can also be seen from
the 2DES, exhibiting a maximum at a certain conductiv-the following: In the Drude model, the absorption can be
ity o,,. For large SAW intensities, however, the attenu-written asQ = (jEsaw) = (m*n;(x)v2(x)/7), wherem*
ation I behaves quite differentlyI" is strongly reduced and r are the effective electron mass and the relaxation
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time, respectively. Whem,(x) becomes equal to, the We thank J.P. Kotthaus and S. Bohm for many en-
dissipation reaches its maximu®,= QOmax. The nonlin- lightening discussions, and D. Bernklau and H. Riechert
ear absorption coefficienf, = Q/Isaw, as a function of for the growth of the excellent MBE structures. We

N, was calculated using the solutions of Eq. (1) (see thgratefully acknowledge the technical assistance of
lower part of Fig. 3). For small intensitieF, is given by S. Manus and the generous financial support by the

the well-known formula [14], Siemens AG and the German Israeli Foundation.
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