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Abstract- We study both theoretically 
and experimentally the interaction of in- 
tense surface acoustic waves with an electron 
and an electron-hole plasma of a quantum 
well. The experiments performed on hybrid 
semiconductor-piezocrystal structures exhibit 
strong nonlinear acoustoelectric and acous- 
tooptic effects due to the formation of mov- 
ing electron and electron-hole wires, respec- 
tively. We show theoretically that the non- 
linear interaction of a SAW with a photo- 
generated electron-hole plasma qualitatively 
differs from the case of an unipolar electron 
system. For low temperatures, we consider the 
regime when the intense SAW forms moving 
quantum wires and quantum dots and predict 
a novel quantum acoustic phenomenon, self- 
induced acoustic transparency. 

I .  INTRODUCTION 

The nonlinear interaction between charge carriers 
in a two dimensional (2D) semiconductor quantum 
system and surface acoustic waves (SAW) on a piezo- 
electric substrate has recently attracted considerable 
interest from a technological point of view. This in- 
teraction can be exploited to realize, e.g. novel sensor 
devices [l, 21 or optical delay lines [3]. 

In the past the SL4W interaction was already applied 
in 2D semiconductor heterostructures to study e.g. 
the quantum Hall effect, electron transport through 
a quantum-point contact, and commensurability ef- 
fects [4]. Because of the small electromechanical cou- 
pling constant K$s of the used semiconductor sub- 
strates, all those experiments have been done in the 
regime of linear interaction. With the epitaxial lift- 
off technique one can realize modern semiconductor- 
piezocrystal hybrid structures [5 ] .  They consist of 
a submicron thin semiconductor film (AlGaAs) and 
a substrate made of a strong piezoelectric crystal 
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(LiNbOs). In these structures K,"ff can be two or- 
ders of magnitude greater than in conventional semi- 
conductor systems. Therefore the SAW induced po- 
tential amplitude @'SAW can become comparable to 
the band-gap of the semiconductor and hence strongly 
nonlinear acoustoelectric and acoustooptic interaction 
is accessible to the experiment. 

In this paper, we study the transition from the lin- 
ear to the limit of strongly nonlinear regime in the 
interaction between SAWS and an electron plasma 
or a system with photogenerated carriers. First, we 
demonstrate that for large SA" amplitudes the trans- 
mission of the sound wave through an optically gen- 
erated electron-hole plasma exhibits strong nonlinear 
aspects. In comparison, the interaction between elec- 
trons in doped semiconductor heterostructures and 
SAW also exhibits nonlinearities a t  large amplitudes, 
but turns out to  be fundamentally different. More- 
over, the interaction between SAWS and quasi one- 
dimensional electron systems or dynamically created 
quantum dots a t  low temperatures leads to novel 
acoustoelectric quantum effects. I t  turns out that 
the quantum nonlinear interaction qualitatively dif- 
fers from the classical one. 

To model the nonlinear regime and describe our ex- 
perimental results, we develop a coupled amplitude 
theory based on hydrodynamic equations, assuming 
K,"rr << 1. The sound absorption coefficient r and 
the SAW velocity shift 6v, due to the 2D charge car- 
rier plasma are determined by the expressions [8 ] :  

where (...) denotes spatial averaging, V: is the sound 
velocity in the absence of the plasma, I ~ A W  is the 
SAW intensity, @SAW is the piezoelectric potential 
of the SAW, E ~ A W  is the electric field induced by 
the SAW in the plane of the 2D plasma, and j is the 
current of the charge carriers. 



11. ELECTRON-HOLE PLASMA AND SAWS 

To start with, we discuss our theoretical results of 
the nonlinear acoustoelectric interaction in a hybrid 
structure in the presence of permanent homogeneous 
laser illumination. At room temperature an electron- 
hole plasma is generated in the semiconductor quan- 
tum well on top of the piezoelectric host substrate. 
To model the acoustooptic effect, we include gener- 
ation and nonlinear recombination terms of the op- 
tically generated charges into the 2D hydrodynamic 
equations. Details of the theory and the simulations 
can be found in the paper by Kalameitsev et al. [6]. 
Here, we just want to discuss the numeric solutions. 

The inset of Fig.1 (a) illustrates the separation of 
electrons n(d = z - vst) and holes p(d) into stripes 
once the moving potential @SAW of the SAW is in- 
creased beyond a threshold value. This is accompa- 
nied by an accumulation of the charge carriers. One 
also recognizes that the functions n ( d )  and p ( d )  may 
slightly overlap. This overlap is necessary to achieve 
a steady state solution with a strong recombination 
nonlinearity, because the appearance of a noticeable 
gap between the stripes would lead to a nonstationary 
accumulation of carriers. 

With increasing lateral SAW potential @SAW the 
absorption coefficient r exhibits a general decrease 
(Fig.1 (a)). The nonmonotonic behavior for @SAW < 
2 1' correlates with the onset of noticeable separation 
of the plasma into stripes and with an increase in the 
mean density No of electrons and holes (inset of Fig. 
1 (b)). For @SAW + 03, the sound absorption coeffi- 
cient decreases as oc l/@s,sAW. The absorbed energy 
Q is proportional to Q = IF c( @SAW c( d G .  

The SAW velocity shows a similar behavior. Up to  
2 V  the solution is also nonmonotonic for the same 
reason. With increasing SAW-intensity, the SAW- 
velocity decreases (Fig.1 (b)),  because the plasma be- 
comes more and more dense and strongly screens the 
field of the SAW. In the limit ISAW -+ m, the SAW 
velocity shift converges as dw, -+ -KZff/2. 

First experiments were performed on InGaAs quan- 
tum wells for the case of a spatially inhomoge- 
neous plasma generated by a laser beam [l], so far. 
The dynamics of electron-hole pairs was also stud- 
ied by Alsina et al. using spatially-resolved photo- 
luminescence [7]. 

111. INTERACTION WITH AN ELECTRON SYSTEM 

The dependencies of the interaction between SAW 
and a electron hole plasma are related to a strong re- 
combination nonlinearity of the photoexcited charge 
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Fig. 1. The  calculated absorption coefficient (a) and shift 
of the SAW-velocity (b) due to  an electron-hole plasma 
as a function of the SAW potential amplitude @SAM, for 
various optical excitation powers. The  numbers 1-5 cor- 
respond to  the photogenerated 2D carrier densities in the 
absence of a SAW n,o = l o 9 ,  2 * l o 9 ,  5 * lo9,  1 O 1 O ,  and 
5 * 10'' cm-', respectively. X = 60 p m ;  the electron mo- 
bility pe = 2000 c m 2 / V s  and the hole mobility p), = p e / 6 .  
The inset in (a) illustrates the separation of electron and 
holes into stripes with increasing SAW potential. The in- 
set of (b) shows the average density N , ( @ S A W )  for various 
n,o. Kz f r  = 0.056. 

carriers. In a unipolar plasma, however, no recom- 
bination mechanism exists and the total number of 
charge remains constant. Therefore, the behavior of 
a unipolar plasma in an intense acoustic wave is fun- 
damentally different [8]. 

A .  Electrons in semiconductor heterostructures 

Here, too, the nonlinear acoustoelectric interaction 
results in an increase of the SAW velocity w 3  and a 
strong modification of the SAW attenuation. At low 
electron densities the SAW absorption coefficient de- 
creases with increasing sound intensity, whereas at  
high electron density the absorption coefficient is non- 
monotonous function of the sound intensity (Fig. 2). 
This behavior is explained in terms of nonlinear dy- 
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Fig. 2. The calculated absorption coefficient I? as a function of 
the SAW piezopotential amplitude QSQw for various elec- 
tron densities Ns. The dots show the experimentally rnea- 
sured absorption coefficient at the top gate voltage -7.5 V. 
In the inset we plot the calculated local carrier density n 
as a function of the in-plane coordinate I' for different N s .  
The numbers attached to the plots correspond to  Ns in 
units of 10'~ ern-'. 

namic screening and the sound induced formation of 
moving wires. In the limit 1s~1.2' -+ m, rl 0: l / l s A W  

and 6v, 0: 1 / d G  [S, 91. In contrast to  the elec- 
tron hole plasma, however, the absorbed energy Q 
saturates a t  a constant level. 

Room-temperature experiments were performed on 
the already mentioned hybrid semiconductor-Li Nb03 
structures. These structures contain a semiconduc- 
tor quantum well tightly bound to the LiNbOa host 
crystal and a top metallic gate [lo] to  vary the Fermi 
level in the electron system. Due to the strong 
piezoelectricity of the host substrate an effective cou- 
pling constant as high as K,"fr = 0.056 can be 
achieved. The SAW then can break up the formerly 
2D electron plasma into moving wires. This effect 
was clearly observed in charge transport experiments 
[lo]. For the simulations the following parameters are 
used: The electron mobility at room temperature is 
5000 cm2/Vs. The SAW wave length X = 33 p m  and 
w, = 3.8 * lo5 cm/s.  Using our theoretical results we 
can explain the experimental observations. For the 
case of the nonlinear SAW absorption coefficient we 
find a very good quantitative agreement between the- 
ory and experiment (dots in Fig. 2). 

B. Dynamically created quantum wires and dots at  

The nonlinear phenomena observed in Ref. [lo] at 
room temperature are well understood. However, for 
low temperatures and a sufficiently high intensity of 
the acoustic wave, the classical description can not 
longer hold because of the quantization of the elec- 
tronic energy spectrum induced by a SAW [ll, 121. 
In this section, we show how dramatically the SAU' 
transmission changes when the sound wave creates 
dynamically-defined 1D and OD electron states from 
a formerly homogeneous 2D quantum film. 

A simple picture of the acoustoelectric effects is as 
follows: The effective 'friction' force for a sound wave 
originates from the dissipative electric current j, in 
the plane of a quantum well induced by the piezoelec- 
tric field of a SAW. The electrons scatter by crystal 
defects, i.e. by impurities, and hence heat the crystal 
lattice. The sound energy dissipation per unit time 
and area is then given by 

low temperatures 

where < ... >= means averaging over surface area of 
a macroscopic sample and ESAW is the piezoelectric 
field induced by a SAW. r = (x ,y)  is the in-plane co- 
ordinate and t is the time. In our model, the Rayleigh 
SAW propagates in the x-direction. The dissipative 
current j, implies electron transitions in the contin- 
uum of states near the Fermi surface. This is because 
the energy transfer of such transitions is small as the 
velocity of sound v, is typically much less than the 
electron Fermi velocity w ~ .  Using this argument, we 
can conclude that in 2D and 3D systems the sound 
dissipation is quite effective because of the strong elec- 
tronic scattering in the continuum of states near the 
Fermi level. 

The situation changes, if an intense SAW propagat- 
ing along a 2D system of mobile electrons dynamically 
creates moving quantum wires. An initially homoge- 
neous density of states of a 2D quantum well turns 
into a 1D density of states of quantum wires, be- 
ing strongly peaked a t  the quantization energies [13]. 
Further transformation into a quasi zero-dimensional 
(OD) system is possible involving two SAWS [3] with 
perpendicular momenta. Here, the electron motion is 
confined within both in-plane directions and moving 
quantum dots with a fully quantized spectrum are dy- 
namically created. In this case, the density of states is 
a set of delta functions. Since in the regime of intense 
SAW the dissipation basically reflects the density of 
states, it exhibits quantum oscillations with increas- 
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Fig. 3. Calculated absorption of both SAWs Qtot for dynam- 
ically defined quantum dots as a function of the sound- 
induced lateral quantization Ro for the equal intensities of 
SAWs. The lower part shows the absorption of the SAW1 
for fixed intensity of the SAW2. 

ing @SAW. The sound attenuation is then dramati- 
cally be suppressed when the density of states near 
the Fermi level becomes small (1D) or even vanishes 
(OD) and electrons near the Fermi level can not scatter 
anymore. 

Fig. 3 depicts the case of dynamically created 
quantum dots. Here, the effect of the quantiza- 
tion is expected to be very strong as the density of 
states vanishes near the Fermi level and any quasi- 
elastic transitions become impossible at  sufficiently 
high sound intensities. To dynamically create moving 
quantum dots, we consider two perpendicular sound 
waves, SAW1 and SAW:!, producing piezoelectric po- 
tentials @SAW1(2) (see inset of Fig. 3). A quantum 
dot created by the SAWS can be regarded as a 2D 
anisotropic harmonic oscillator with two frequencies: 
nsAwl(z) oc ,/-. For the symmetric case 
@SAW1 = = @)SAW, the asymptotic behav- 
ior for the absorption of both SAWs is 

where 0, = 0 s A w l ( 2 ) ,  = 4(m*v,2)2m*/[efi2k2], 
and @SAW -+ co. In the limit of large SAW inten- 
sities, quasi-elastic transitions induced by the impu- 
rity potential become strongly suppressed and the ab- 
sorption decreases exponentially, because of the fully 
quantized spectrum. The effect of quantization on 
the SAW absorption is really dramatic (Fig. 3). The 
maximal piezoelectric potentials achieved for hybrid 
and GaAs structures are about 1 - 2 V corresponding 
to h00 - 1 meV [3, lo]. The calculated absorption 
for ha0 - 1 meV for a temperature T = 2 K turns 
out to be 1 2  orders of magnitude smaller than the 
one at room temperature! For the asymmetric case 

# @osAwz, we find the regime of the quantum 
interaction between SAWs resulting in giant quantum 
oscillations (Fig. 3). We note that the method of two 
SAWS was recently exploited to study the strongly 
nonlinear acoustoelectric interaction for the system 
with photogenerated carriers [3]. 
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