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The acoustoelectric effect in a hybrid of a strong piezoelectric material and a semiconductor layer
containing a two-dimensional electron system is investigated. Caused by the very strong interaction
between a surface acoustic wave and the mobile carriers in the semiconductor, the acoustoelectric
effect is very large as compared to other materials, which might be interesting for device
applications. Moreover, the tunability of the sheet conductivity of the electron system enables us to
tune the magnitude of the acoustoelectric effect over a wide range. We present experimental results
for a GaAs/LiNbQ layered hybrid system at room temperature and describe our experimental
findings quantitatively using a recently developed model calculation1988 American Institute of
Physics[S0003-695098)01141-3

The interaction between surface acoustic wal\&sW)
and low-dimensional electron systems as confined in modern T'=K? X 5
semiconductor layered systems has recently attracted a lot of 1+(olom)
attention. The sensitivity of the interaction to very low con- where \ is the wavelength of the SAW. At=o,,, the

ductivities as well as the possibility to create dynamic SUPerytenuatior” reaches its maximum. Since the SAW carries a
lattices in semiconductor structures makes it in particula; .. ot momentum equal to &/times the flux of energy, a
interesting' 3 However, most of the semiconductors that can|yss of wave energy has to be accompanied by a proportional
be used for the realization of low-dimensional electron sysy << ot momentum. This loss of momentum appears as a
tems are only weakly piezoelecric. Hence, the interactioqorce on the electron system. This phenomenon is known as

_between the SAW and the free C?”iers in the Semicqnduct%e acoustoelectricae effect, which was first predicted by
is also very weak. Recently, we introduced a technique focg

T  oloy

@

S . armentetand identified by Weinreich for bulk materidls.
the hybridization of semiconductor layered systems an

strongly piezoelectric substrates, that propelled the strengt] Oglgh:hs\?vzgatlh;? tshee (:ezciﬁgn:: glalrid;jigsls. ;anEbS; linger

of the interaction into a regime being interesting for high

excitation phenomena, nonlinear effects, and also for future j=0E—AQ. 3

device application. Here, the large momentum transfer . _

from the SAW to the free carriers in the semiconductor is offiére, A represents the ae tensor which — for zero magnetic

particular interest. field — simply reduces to the mobility\ = «; Q represents
Surface acoustic waves on piezoelectric substrates af “Phonon pressure” being proportional to the wave inten-

accompanied by a potential wave and electric fields originatSity | and the attenuatioh’:

ing from the materials polarization under mechanical defor- T

mation. These electric fields interact with mobile carriersina Q= —. (4)

two-dimensional electron systefBDES in close vicinity of v

the surface. Consequently, the 2DES influences the propaga- ¢ should be pointed out that this model only applies in
tion of the SAW; it changes the wave velocity and producespe small signal limit, i.e., for negligible modulation of the
an attenuation of th2e wave. The change in SAW phase Ve&sarier concentration by the SAW. In the low-power experi-
locity v is given by ments presented here, this is guaranteed at leastofor
=0,. As the attenuatiol’ is proportional to the coupling
S ——— (1) coefficient{Eq. (2)], a highK? would be desirable in order to
Vo Vo 2 1+(oloy)? yield a large ae effect. However, on GaAs where high quality

5 ] ) . 2DES can be defined, the coupling coefficient is rather low
where K< denotes the effective electromechanical couplmg(K2=6_4>< 10~4). On 128° rotated YX cut of LINbg, K2

coefficient,o is the sheet conductivity, andgl,, is a material
constant. The velocity, is the SAW velocity on a free
surface. This velocity change is accompanied by an attenu
tion of the wave intensity=1,e~'* along the beam patk

U—vo_Av_K2 1

=0.056 is nearly two orders of magnitude larger. However,
semiconductor layers are very difficult to fabricate on
%iNbO;. A solution to this problem is the quasimonolithical

hybridization of a thin GaAs-layer system and the LiNbO

given by This has been shown to be possftilising the epitaxial lift-
off technology(ELO) originally developed by Yablonovitch
¥Electronic mail: markus.rotter@physik.uni-muenchen.de etal®
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FIG. 1. Calculated and measured hybrid coupling coeffidfias a func- Gate voltage (V)

tion of the SAW frequency. For higher frequencies, corresponding to

smaller wavelengthK? increases, eventually saturating &f of bare FIG. 2. Acoustoelectric current as a function of the gate bias at an applied rf

LiNbO3. The inset shows the geometry of the hybrid chip. power level of 10 dBm. Curves 1 and 2 correspond to the different SAW
propagation directions as specified in the inset of Fig. 1. Reversing the SAW
direction causes inversion of the ae current. The structure in the ae current

Molecular beam epitaxy grown GaAs-based layeredraces foro<o, is related to small inhomogenities of the carrier concen-
structures containing an AlAs sacrificial layer perfectly tration. We a]so show thg attenuation of the S_AW as a function of_the gate
. . e voltage on this sample, displaying the correlation between attendatior
match the criteria for this hybridization. On top of the sub- ¢ effect.

strate and the sacrificial AlAs the active layers are grown,
consisting of AbGayeAs barrier material embedding a This large hybrid coupling coefficient leads to a strong

modulation-doped 12.nm Ga gAs quantum well. On, top coupling between SAW and 2DES, and therefore, to a large

of the structure, Ohmic contacts to the 2DES are defined. 1N coustoelectric effect. In order to study this effect, we di-

the ELO process, the AlAs layer is then selectively etchedgqyy measure the SAW-induced current between the two

away in hydrofluoric acid. Then the active layers, having 30hmic contacts(see Fig. 1in a closed circuit(“shorted

total thickness of 0..um, can be removed from the substrate geometry”) and as a function of the gate bias. A continuous-

and transferred onto the LiNR@hip with interdigital trans-  \yave rf signal is applied to one interdigital transducer for

ducer structuredIDTs) for generating and detecting the saw generation. Figure 2 shows this ae current for the two

SAW. The ELO film and substrate are tightly bonded by vangifferent SAW propagation directions along the sample. If

der Waals forces. The distance between the quantum welhe SAW direction is reversed by applying the rf to the other

and the LiNbQ surface is just 32 nm, whereas the thicknessransducer, the sign of the measured current is reversed as

of the barrier above the electron system is 450 nm. Subsesxpected. We also display the measured attenudtias a

quently, the ELO film is patterned and a gate electrode igunction of the applied gate voltage. It reaches a maximum at

formed (see the inset of Fig.)1 Vg=—4 V corresponding tar=o,, and strongest interac-
When a gate voltage is applied between the gate eledion. The conductivityo,,, is approximately given by,

trode and the 2DES, the electron density in the quantum weky e (e 4,8,,+1)=2.1x10"° Q™1 for a frequency off

is reduced, resulting in a change of conductivity. This influ-=344 MHz, with ¢, and ], denoting the dielectric con-

ences the SAW intensity and the velocity of the wave. Thestants of LiNbQ at constant stress conditions. Employing

magnitude of the influence is governed by the coupling cothis value foro,,, the hybrid coupling coefficierk? , and

efficientk2. However, when the 2DES is fully depleted, the the hybrid velocities from the finite-element simulations, we

electrical boundary condition for the surface wave is not ex-achieve very good agreement between the measured attenu-

actly “open” because of the presence of a gate electrode atation and the theory according to Eqd) and (2) in the

finite distance of 0.5um above the LiNb@ surface. This hybrid system$.Figure 2 clearly displays that the ae current

reduces the velocity change of the SAW and thus the effecalso reaches its maximum around-= o,,, as expected from

tive coupling coefficient. To account for this reduction, we Egs.(3) and(4.)

introduce a nevinybrid coupling coefficienk? as a function For the “shorted geometry,” no ae field can build up

of the SAW wavelength using a finite-element method for(E=0) and Eq.(3) yields an ae current density of

determining the SAW phase velocities. To check our calcu-

lations, we measured the velocity change in the hybrid via j, =—-AQ=——. 5

the phase shift of the rf signal in the delay line geometry for v

different frequencies. The comparison between simulatiofFor a quantitative analysis of our experimental data all rel-
and measurement is shown in Fig. 1. For higher frequencyevant quantities were evaluated separately: The transport pa-
and therefore, smaller wavelength the screening of the SAWametersu and carrier concentrationg of the 2DES were
potential by the gate electrode becomes less significant, reletermined using a van der Pauw method.\At=0 V the
sulting in a higherKﬁ . room-temperature mobility turns out to jpe=3800 cn?/V s.
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— tween this calculation and our experimental findings over
f =344 MHz | several decades of applied RF power. For example, we ob-
P = 10 dBm tain a maximum ae voltage of 3.1 V at=o,, and P=10
V <36V dBm, which is in excellent agreement with the measured
9 value of 3.0 V. However, since at large SAW intensities the
ae voltage may become comparable to the gate voltage, the
carrier distribution in the 2DES turns out to be affected by
pinch-off effects. Therefore, at high acoustic intensities a
current measurement in shorted geometry is more reliable.
'\?\/ i As we use split-finger multifrequency transducers, we
] can simulatneously investigate the frequency dependence of
i iapplied rfsignal  detected rf signal the ae current on the same device. Again, the general agree-
0.0 0.5 1.0 1.5 2.0 25 ment between our model and the experiment is very good.
Time (ps) However, to understand the amplitude of the ae current as a
FIG. 3. Time-resolved measurement of the ae current employing SAV\)(L.InCtlon of frequency !n detail, the SAW |nter_1$|ly_ the
pulses(t=300 ng. Again, traces 1 and 2 denote different SAW propagation different SAW attenuatiod’, and the SAW velocity disper-
directions. Oscilloscope traces of the applied and detected rf sigmeisy ~ Sion in the hybrid have to be taken into account. A detailed

bursts at the transducers are shown to elucidate the timing sequence of thgnalysis including these complications will be presented
signals. The current scale is calculated from the oscilloscope voltage drop %Isewhere

a resistance of 1Q.

(WA)

10

Acoustoelectric current

In summary, we presented experimental and theoretical

- . . results for the acoustoelectric effect in semiconductor/

At conductivity o= 0om WE Obta"? a mobility °fﬂo=1920 piezoelectric hybrid systems. Combining the advantages of
cn/V's and a carrier concentration ak=1.2x10%m’?. both materials we are able to produce a system that exhibits

As the sample is symmetric with respect to the axis perpens, nysual large acoustoelectric effect. Voltages up to the

dicular to the SAW propagation direction, we estimate they qar of 10 V and ae currents up to 0.4 mA have been cre-
acoustic intensi_ty in _the center of the film by subtracting ated by the momentum transfer between a strong surface
half of the total insertion loss\(;=0 V) from the applied rf 54 stic wave and a high mobility electron system in a semi-
power to the transducer. With a transducer aperturé\of qnqcior heterostructure. This could lead to new nonlinear
=800 um and a rf power of 10 dBm the intensity IS gaw devices with enormously increased signal convolution
§0.23 W/m. We neglect the mechanical losses across th@fficiency compared to conventional SAW convolvidts,
film (about 3 dB for a lengttx=700 um). T' can be taken  anart from the possibility of realizing novel high-frequency
from Fig. 2 and the SAW velocity in the hybrid @=om  geyices, our findings clearly demonstrate the applicability of

was determined both from the finite-element simulations anq)ur model to describe complex systems like these hybrids in
group delay time measurements. It turns out tawbe3730 great detail.

m/s. With this input data we calculate an ae current Hf

=jscA=25 pA at a rf power of 10 dBm, which is in good The authors gratefully acknowledge the technical assis-
agreement with the measured value in Fig. 2, without théance of S. Manus, T. Ostertag, and S. Berek, and many
need of any adjustable parameter. valuable discussions with J. P. Kotthaus, ShBp and C.

In order to determine the time dependence of the ae cuRocke. This work has been sponsored in part by the Deut-
rent, time-resolved measurements employing pulsed SAVEche Forschungsgemeinschaft and by the German-—Israeli
were carried out. A gate biag,= —3.6 V was applied be- Foundation.
tween the gate and the 2DES. The ae current was measured
via the voltage drop across an Ohmic resistance of(ll k
using an oscilloscope. The result is shown in Fig. 3. At the
time when the SAW propagates through the ELO film, the ae1y A |ngebrigtsen, J. Appl. Physi1, 454 (1970.
current builds up. The propagation time across the film is2a. wixforth, J. P. Kotthaus, and G. Weimann, Phys. Rev4® 7874
190 ns, and thus, smaller than the puls length. For reversing(1989-

the SAW direction, again, a reversed signal is measured assi Légﬁ’g'(elté% R. Ruel, K. W. West, and L. N. Pfeiffer, Phys. Rev. Let.

predicted. 4M. Rotter, C. Rocke, S. Bum, A. Lorke, A. Wixforth, W. Ruile, and L.
An alternative experimental approach is the “open ge- Korte, Appl. Phys. Lett70, 2097 (1997.

ometry.” Here, the ae voltage between two contacts to theZR- H. Parmenter, Phys. Re89, 990(1953. _

2DES is measured. This geometry does not allow a current toi(é‘hv;/beiémi'oc;‘ g;‘g (Tést White, Phys. Rel06, 1104(1957; G. Weinre-

flow, which results in the occurrence of a static ae voltage.”y. |, Falko, S. V. Meshkov, and S. V. lordanskii, Phys. Rev4B 9910

With j=0, Eq.(3) leads toE=IT"/nsev. Then, the ae volt-  (1993; A. Esslinger, R. W. Winkler, C. Rocke, A. Wixforth, J. P. Kot-
agevae across the ELO f||m Of |ength is given by thaus, H. NIC.kel, W. SCh|app. and R. &ah, sul’f. Sci305, 83 (1994).
8E. Yablonovich, D. M. Hwang, T. J. Gmitter, L. T. Florez and J. P.
x| (x)T" Il (x lo Harbison, Appl. Phys. Let66, 2419(1990.
— _ —-I'x _ _ A I'x 9 . .
ae f = f e Xdx= (1—e %). M. Rotter, A. Wixforth, J. P. Kotthaus, W. Ruile, D. Bernklau, and H.
0 Ns€v Ns€v Jo Ns€v Riechert, Proc. IEEE Ultrasonics Symp., Vol. I, 201, IEEE Cat. No.
(6) 97CH36118, New York1997).

. . 10R. B. Thompson and C. F. Quate, Appl. Phys. L&8, 494 (1970; L.
Using the set of sample parameters described above, thezeingdi, H.-w. Waz, H. P. Grassl, Proc. IEEE Ultrasonics Symp., 85,

evaluation of Eq.(6) results in a very good agreement be- IEEE Cat. No. 87CH2492-7, New Yor{d987).
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