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The combination of the electronic and optical properties of a semiconductor hetero-junction and the
acoustic properties of a piezoelectric substrate material yields a new class of very promising hybrids
for potential acousto-electric and acousto-optic applications. LiNbO3/GaAs hybrids have been
fabricated using the epitaxial lift-off technique resulting in unusually large acousto-electric and
acousto-optic interaction between the quasi two-dimensional electron system in the semiconductor
and surface acoustic waves on the piezoelectric substrate. Field effect tunability of the interaction at
room temperature is demonstrated and possible device applications are discussed.
Photoluminescence measurements show the influence of the acousto-electric fields on the optical
properties of quantum well structures. ©1997 American Institute of Physics.
@S0003-6951~97!q36716-4#
st

e
to
la
ye

W
th
b
w
es
er
e

n

o
s
pl
s
o
m
n

in

y
e

a
on

u
n

-
and

gh
am-

re-
are
gi-
gh
of
de-
nd-
-
ning
as
en-
e of
duc-
he

rid
that

n
red

i-
High frequency signal processing by means of acou
methods is rather advanced and widely used today.1,2 The
use of surface acoustic wave~SAW! filters and delay lines
has had a strong impact on both the miniaturization as w
as the versatility of high frequency circuitry. Also, acous
optical effects using SAW on dielectrics for Bragg modu
tors, interferometry, and related topics have been emplo
frequently and are well understood.4 Most of these applica-
tions rely on the fact that the frequency response of SA
filters can be tailored in most any desired fashion and
nowadays many different strong piezoelectrics are availa
with technological attractive properties. Except for a fe
cases, the SAW devices reported so far are passive devic
a sense that for a given design and for a given set of mat
constants no real tunability of the acoustic or optical prop
ties can be achieved.

On the other hand, the interaction between SAW a
quasi two-dimensional electron systems~Q2DES! in semi-
conductor heterostructures has attracted great interest
the last decade.5–7 It could be shown that piezoelectric field
accompanying a SAW on a piezoelectric substrate cou
strongly to the Q2DES. The mutual interaction is used a
very sensitive tool for the investigation of the properties
the Q2DES.7 Both the integer and the fractional quantu
Hall effect6 have been the subject of intensive investigatio
where basically the dynamical conductivitys~v,k! was
probed by SAW transmission experiments. Also, SAW
duced lateral superlattice effects have been reported8 which
might serve as an alternative way for the formation of d
namical quantum structures like quantum wires or ev
quantum dots.

As has been shown before,9 the interaction between
SAW and mobile charges in a bulk piezoelectric semic
ductor scales with a material parameter, namelyKeff

2 , the
electromechanical coupling coefficient of the respective s
strate. For the special case of a Q2DES, the attenuatio
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the transmitted SAW intensityI5I 0exp(2Gx) and the ve-
locity shift Dv/v0 is calculated in terms of conductivity de
pendent elastic constants of the piezoelectric substrate
turn out to be given by4

G5
Keff
2

2
k

s/sm

11~s/sm!2
and

Dv
v0

5
Keff
2

2

1

11~s/sm!2
,

~1!

wheres is the sheet conductivity andsm denotes a critical
conductivity where maximum attenuation occurs;k52p/l
is the wave vector of the SAW andv0 is the sound velocity
for a free surface.

For most of the usual semiconductors on which hi
quality electron systems can be defined, this material par
eter is a small quantity@for the GaAs~100! surface:Keff

2

56.431024]. Hence, the acousto-electric effects being
lated to the interaction between the SAW and the Q2DES
weak. Both from the physical as well as from the technolo
cal point of view a piezoelectric substrate combining hi
coupling efficiency and the superior electronic properties
modern semiconductor heterostructures would be highly
sirable. One attempt in this direction was the use of a sa
wichlike hybrid structure10,11 consisting of a strong piezo
electric substrate and a semiconductor structure contai
the Q2DES being brought into close contact. There, it w
shown that the SAW/Q2DES interaction is considerably
hanced as compared to the monolithic case. The existenc
a residual airgap between the substrate and the semicon
tor, however, limits the use of the sandwich hybrids to t
lower frequency regime.

Here, we demonstrate that a quasi monolithical hyb
system can be realized using a crystal fusing technique
is usually referred to as ‘‘epitaxial lift-off’’~ELO! intro-
duced by Yablonovitchet al.12 Using this method, the active
GaAs/Al0.3Ga0.7As layers of a semiconductor heterojunctio
containing the high quality electron system, were transfer
and fused to a strongly piezoelectric LiNbO3 substrate pro-
viding the desired high coupling constantKeff

2 50.046. In this
process, a 100-nm-thick AlAs layer below the active sem
209797/3/$10.00 © 1997 American Institute of Physics
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conductor layers is selectively removed using hydroflo
acid. The remaining 500-nm-thick ELO film is then tran
ferred onto a YZ-LiNbO3 substrate forming a SAW dela
line ~see also inset of Fig. 2!. After some pressing and hea
ing procedures that are described in detail elsewher12

the van der Waals forces yield robust quasimonolithi
structures. Here, we report on the transfer of
GaAs/Al0.3Ga0.7As heterojunction forming a Si-doped an
100-nm-wide quantum well~sample A! containing a quas
two-dimensional electron system and a 15-nm-wide undo
GaAs/Al0.3Ga0.7As quantum well structure~sample B!, re-
spectively. The structures have been grown either by m
lecular beam epitaxy~sample A! or by metal organic vapo
phase epitaxy~sample B!.

Typical results of the SAW/Q2DES interaction fo
the hybrid system in an external magnetic field are shown
Fig. 1. Here, we plot the transmitted SAW intensity
a function of the applied magnetic field. Giant quantum
cillations reflecting the Shubnikov–de Haas oscillations
the diagonal componentsxx of the magnetoconductivity ten
sor are observed which are similar to those reported be
on monolithic GaAs/AlGaAs structures.4 However, the cou-
pling constant in LiNbO3, which is approximately two order
of magnitude higher than in GaAs, leads to much larger a
plitudes of the oscillations than those previously reported.
estimate the effectivehybrid coupling constant, the velocity
shift which is caused by a conductive layer at the location
the Q2DES is calculated in a perturbation approach.13 Impor-
tant parameters are the distance between the LiNbO3 surface
and the electron system as well as the SAW wave ve
k. These calculations yield a hybrid coupling constantKeff

2

50.038 for a SAW frequency of 300 MHz. The critical co
ductivity sm is then given by11 sm5v0«0(A«xx«zz11)
51.131026 V21, with «xx and «zz denoting the dielectric
constants of LiNbO3. These parameters together with the lo
gitudinal magnetoconductivitysxx from transport measure
ments allow a direct comparison between the calcula

FIG. 1. SAW transmission through the heterojunction containing a Q2D
at low temperatures and in high magnetic fields. Giant quantum oscillat
reflect the attenuation of the SAW according to Eq.~1! and the
Shubnikov–de Haas oscillations of the magnetoconductivity~see Ref. 5!
with n denoting the Landau level filling factor. The length of the Q2DES
1.7 mm. Parameter is the gate biasVg between the Q2DES and a metall
field effect electrode on top of the structure. Negative biasVg leads to a
reduction of the free carrier densityNS.
2098 Appl. Phys. Lett., Vol. 70, No. 16, 21 April 1997
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SAW transmission according to Eq.~1! and the experiment
resulting in an excellent agreement~not shown!.

The conductivity of the Q2DES can also be tuned us
the field effect. A gate electrode on the top of the hyb
structure, however, reduces the hybrid coupling constant
cause of partial screening of the SAW potential.7,14 In order
to achieve a strong influence of the Q2DES on the SAW,
gate electrode must have a considerable distance to
Q2DES and the LiNbO3 surface.

14 Including the influence of
the gate electrode, we end up with a hybrid coupling cons
of Keff

2 50.022.
In Fig. 1, the parameter between the traces is the g

biasVg that has been applied between the Q2DES and
thin metal gate electrode on top of the structure. Applicat
of a negative voltageVg to the gate leads to a depletion o
the Q2DES and a reduction of the carrier densityNs in the
quantum well. This results in a shift of the oscillations
smaller magnetic fields.

In Fig. 2 we show the corresponding renormalization
the sound velocity of the SAW caused by the interact
with the Q2DES at room temperature. For the geometry
sample A, which has not yet been optimized, a change
about 0.5% of the SAW velocity can be realized. This stro
modulation of the sound velocity is technologically very a
tractive, as it can be used for the realization of widely tu
able delay lines, oscillators, and resonators around the ce
frequency of the SAW.

Also, the optical properties of a semiconductor quant
well can be altered acoustically in our hybrid system. T
SAW propagating on the LiNbO3 is accompanied by both
vertical and lateral fields of appreciable strength that c
couple to the semiconductor layers. Three major interacti
between the piezofields and the optical properties of a qu
tum well are realizable:

~i! The strong vertical fields of the SAW lead to a tilt o
the band edges of the well and hence to a shift of

S
sFIG. 2. Room temperature measurement of the change of the SAW velo
caused by the interaction with the mobile carriers in the semicondu
heterojunction as a function of the gate biasVg . At Vg'21.5 V the elec-
tron system in the heterojunction becomes depleted, indicated by no fu
change of the velocity. The inset sketches the sample geometry.
Rotter et al.
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quantum well state energies@quantum confined Stark
effect, ~QCSE!#. The observed PL in this case is re
shifted towards smaller energies.

~ii ! The lateral electric field components associated w
the SAW lead to a polarization of the photogenera
excitons and, above a critical field strength, may
sult in an exciton dissociation.15 Hence, the observed
PL is quenched above this critical field.

~iii ! The strong piezoelectric fields may also lead to
occurrence of a lateral Franz–Keldysh effect that h
been observed.17

In Fig. 3 we depict the result of a PL measurement tak
on a 15-nm-wide GaAs/AlGaAs quantum well under the
fluence of a SAW propagating through the hybrid structu
As the SAW intensity is increased, we observe a pronoun
red shift of the PL, in accordance with~i! as well as a de-
crease of the PL intensity which can be related to~ii !. In our
experiment, the maximum acoustic SAW powerPac/a
58.5 mW/mm ~a being the width of the acoustic beam!
corresponds to vertical and lateral fields of the order
3104 V/cm and the 0.53104 V/cm, respectively. As the
period of the oscillating electric fields~t53.3 ns! is larger
than the mean exciton lifetime which is of the ordertex'1
ns, radiative exciton recombination is possible at differ
spatially separated amplitudes of the electric fields. This
sults in a broadening of the PL signal.

Detailed investigations and extensions of the abo
acousto-optic effects are presently carried out. In addition
the reported effects, one can also imagine optical signal
cessing by the creation of lateral refractive index gratings
the modulation of the optical properties by SAW. Also, t
possibility of the hybridization of, for instance, active sem
conductor laser structures with strong piezoelectrics sho
be emphasized here.

In summary, we demonstrated a new class of se
conductor-piezoelectric hybrid structures that provide v
promising properties for future acousto-electric and acou

FIG. 3. Photoluminescence~PL! spectra of an undoped 15-nm-wid
GaAs/Al0.3Ga0.7As quantum well under the influence of a SAW propagati
through the hybrid. With increasing SAW power the PL line shifts towa
lower energies and loses intensity. The effects are understood in terms
quantum confined Stark effect~QCSE! and a dissociation of the photoge
nerated excitons, respectively.Pac /a denotes the acoustic power per un
beam path. The laser excitation intensity was 8.2 mW/cm2.
Appl. Phys. Lett., Vol. 70, No. 16, 21 April 1997
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optic applications. Also for basic research these structu
are of great value as the SAW provides an effective tool
the investigation of the dynamical electric and optical pro
erties of quantum structures in semiconductor layer syste
Using fused hybrids, the resulting interaction between
SAW and the electron system in semiconductor quant
well structures is enhanced by nearly two orders of mag
tude as compared to the monolithic case. At room tempe
ture a very large modulation of the SAW velocity has be
achieved which is very interesting for novel tunable SA
devices. By further optimization of the hybrid systems co
siderably higher electric fields can be reached, resulting
strong modulation of the carrier density and the optical pr
erties. This way, well defined dynamic lateral superlattic
and carrier transport in the SAW field are accessible. T
hybrid structure presented here could also be exploited
combination of the excellent acousto-optic properties
LiNbO3 and the electro-optic properties of layered semico
ductor structures. Our studies thus mark only the beginn
of a new field of investigations and technological applic
tions of the SAW/Q2DEG interaction.
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