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A hybrid acoustic spectroscopy technique has been used to demonstrate the~reversible! conversion
of high frequency electric fields into longitudinal acoustic waves within a modulation-doped
pseudomorphic Si/Si0.88Ge0.12/Si heterostructure. This provides compelling evidence for the
existence of a piezoelectriclike coupling within such structures. ©1996 American Institute of
Physics.@S0003-6951~96!03133-6#
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Transmission electron microscopy1 and four circle x-ray
diffraction2 measurements have provided evidence for part
ordering of the Si and Ge atoms in the^111& direction in
strained SiGe layers grown on~001! Si substrates. The com-
bination of strain and ordering is expected to lead to a piez
electriclike effect in such systems,3,4 which is of interest
since neither bulk silicon or germanium are piezoelectri5

Indirect evidence from Raman scattering6,7 and hot-carrier
Shubnikov–de Haas3,7 measurements supports the notion
a finite piezoelectric coupling, but the issue is controversi
and clearly a more direct experimental probe of possible
ezoelectricity is desirable.

In the present work, a very sensitive hybrid acous
spectroscopy technique8 has been used to successfully dem
onstrate the conversion of a high frequency~HF! electric
field E into a longitudinal acoustic wave within a SiGe/S
strained layer sample. We have also established the conv
effect and thus the reversibility of the process. The extent
which one can ascribe this novel observation to piezoelec
coupling is discussed below.

The experimental arrangement and measuring cell
shown in Figs. 1 and 2, respectively. The experiment w
carried out using the standard resonant ‘‘pulse-on passa
technique8 @Fig. 2~a!#, in which the sample was placed in
HF electric field parallel to the growth axis~z-axis! and
acoustically coupled to one end of a 3.283 cm sapph
buffer rod. The~pulsed! field E was created by an electrode
in a coaxial cavity and was frequency tunable over the ran
215–235 MHz; typically each pulse was of 1ms duration
and of 0.5 W peak power. A LiNbO3 piezotransducer~sen-
sitive to longitudinal waves only! was coupled to the other
end of the buffer rod to register any longitudinal acous
pulses created in the sample and then propagating along
z axis. Acoustic contact between the sample and the bu
rod and the piezotransducer and the buffer rod was ensu
by thin films of silicon hydrophobic fluid which solidified at
150 K, enabling experiments to be carried out below th

a!Electronic mail: sec2@spec.warwick.ac.uk
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temperature. The results presented below were obtained at
K. Given that the longitudinal velocity of sound in sapphire
at 77 K is;1.123106 cm s21,9 the expected delay for the
first sound pulse would be;3 ms, with subsequent, weaker
pulses due to multiple reflections along the rod being de
tected every 6ms or so thereafter. The present setup is rem
niscent of previous experiments carried out with diffusion
layer10,11 and depletion layer transducers,11 but in our case
the metal electrode on the surface of the sample has be
replaced by one near to~but not in intimate contact with! the
actual sample surface.

A typical sample studied~see, e.g., Ref. 12! is depicted
in Fig. 2~b!, and comprises ap-type modulation doped
Si:B/i -Si/Si0.88Ge0.12 heterostructure grown on ann-type Si
substrate by solid source molecular beam epitaxy. Th
sample had a 4.2 K sheet carrier density of 1.8
31011 cm22 and a 4.2 K mobility of 10 800
cm2 V21 s21, and when subjected to a pulsed electric field
of frequency f5226 MHz applied parallel to thez axis
~growth axis!, the oscilloscope trace depicted in Fig. 3 was
obtained. Ignoring the excitation pulse att;0, clear evidence
is seen for an initial pulse@~b! in Fig. 3# detected by the
transducer~with a delay corresponding to time-of-flight
down the buffer rod! followed by subsequent echoes@~c! and
~d! in Fig. 3#. The measured time-of-flight is slightly longer
than the above estimate of 3ms, but is consistent with esti-
mate which also allow for the effect of the finite thickness
d50.575 mm of the sample, which is dominated by the

FIG. 1. Block diagram of the HF acoustic spectroscopy apparatus.
/96/69(7)/960/3/$10.00 © 1996 American Institute of Physics
to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp
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thickness of the Si substrate. Atf5226 MHz the amplitude
of the initial detected signalV2 was 110 dB below the elec
tromagnetic inputV1 and its signal-to-noise ratio was 5–
dB. Similar behavior was found with every other samp
studied of the this same basic type, for a range of HF pow
levels and temperatures.

The results presented in Fig. 3 are deliberately nono
mized with regard to the frequency, so as to illustrate
sensitivity of the present technique. On sweeping the
quency of the HF generator within the bandwidth of t
LiNbO3 transducer~;15 MHz! and measuring the amplitud
of the first detected pulse, the resonant nature of the acou
response of the system is demonstrated~Fig. 4!. Besides the
principal maximum atf5225.2 MHz ~where the amplitude
of the initial detected signalV2 was;90 dB below the elec-
tromagnetic inputV1), subsidiary~weaker! maxima at 218
MHz and;232.5 MHz are also resolved. There is a natu
interpretation of this in terms of Fabry–Perot-type interfe

FIG. 2. ~a! Measurement configuration,~b! schematic of the Si0.88Ge0.12/Si
heterostructure.

FIG. 3. Oscilloscope trace demonstrating excitation of sound at 77 K b
HF electric field of frequency 226 MHz. The pulse~a! at t;0 corresponds to
the electrical excitation pulse, the second pulse~b! is produced by the
LiNbO3 transducer and occurs at a time closely corresponding to one tra
of a longitudinal sound wave down the sapphire delay line. The first~c! and
second~d! echoes are also shown.
Appl. Phys. Lett., Vol. 69, No. 7, 12 August 1996
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ence occurring within the SiGe/Si sample itself.11 Taking
into account the fact that the longitudinal velocity of soun
v l in ~001! Si at 77 K is 8.453105 cm s21,the experimen-
tally observed fringe separation of;7.2 MHz is in good
agreement with the theoretical value (d f5v l /2d) of 7.3
MHz. The subsidiary maxima are weaker because they h
been ‘‘convolved’’ with the response function of th
LiNbO3 transducer itself. As the time-of-flight of the acou
tic wave through the sample is much less than the duration
the HF pulse, we can expect to have a quasicontinu
acoustic wave within the sample. The acoustic resonanc
225.2 MHz has a quality factorQ of about 300.

We stress that the effect observed is reversible, in t
not only could acoustic waves generated by theE field in the
sample be detected at the piezotransducer, but it was
possible to detectE fields generated in the sample~by acous-
tic waves from the piezotransducer! at the cavity. Upon re-
placing the samples with several Si:Bd-doped homojunction
samples no effect was seen nor was any effect seen wi
standard Si substrate. In other words, it only proved poss
to generate the effect with the modulation-doped heterostr
tures. We comment further on these observations below.

Our favored interpretation of these results is to assoc
a finite piezoelectric stress constante(z) ~for simplicity we
do not use indices forei j (z) tensor here! with the thin SiGe
layer @within the Si layers and Si substratee(z) is assumed
to be zero#. In response to an applied electric-fieldE(z,t)
5E(z)e2 ivt, the stress in the medium is given by

s~z,t !5c«~z,t !2e~z!E~z,t !,

where c is the elastic stiffness constant and« ~z,t! is the
strain. Since«~z,t)5]u(z,t)/]z, the displacementu(z,t) is
given by11

]2u

]z2
2
1

v l
2

]2u

]t2
5

]

]z S e~z!E~z,t !

c D .
The right-hand side acts as a source term for the wave eq
tion. Since the spatial derivative ofE(z) will be weaker than
e(z), the sources are predominantly localized at the Si/Si
interfaces. This suggests that one does not require a g
thickness of SiGe to observe the effect. The intensity of
trasound generated will be proportional to the cross-sectio

a

sit

FIG. 4. Frequency response of the HF acoustic spectroscopy appar
illustrating Fabry–Perot resonances in the SiGe/Si heterostructure.
961Khizhny et al.
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area of the interface,11 and to maximize the effect one of th
two interfaces should dominate~to avoid excessive cancella
tion!. The build-in electric fields due to depletion and t
heterostructure should favor the upper interface, much as
conventional depletion layer transducer,11 where ultrasound
is generated piezoelectrically in regions where the buil
field intensity is greatest~where most of the external field i
then dropped!. A fuller analysis would take into account th
fact that the source term will cause the sample to reson
but this does not alter the essential physics of the situati

According to the above model, our experiments a
probing mainly local conditions at or near the interface. N
the interface, the symmetry of the piezoelectric tensor m
be distinct from that of, say, GaAs~cubic, 43 m!, for which
no effect would be seen in the geometry indicated. Howe
this is not unexpected. We suggest that the obser
ordering1,2 at or near the interface is indicative of rhomb
hedral ~3 m! symmetry, whereupon the nonvanishing co
ponente33 of the resulting piezoelectric tensor would lead
the effect. Of course, the theoretical situation is unclear,
the issue of symmetry and the strength of the indicated c
pling must await further theoretical clarification. It is inte
esting to note, however, that cracks in bulk Si, leading t
loss of inversion symmetry by a different mechanism, ha
been reported to lead to the generation of piezovoltage13

showing the importance of treating local conditions c
rectly. It has even been suggested that strain without or
ing might be sufficient to generate a piezoelectric couplin4

One must acknowledge that there are alternative way
generating ultrasound that have nothing to do with piezoe
tricity. Such mechanisms are better known in the contex
metals.14,15 The most studied case~see, e.g., Ref. 14 an
references therein! concerns a transverse electromagne
wave ~E'z) impinging on the surface of a metal. Electro
within the skin-depthd of the surface respond to theE field
and can transfer momentum to the lattice via deformat
potential coupling. The ions of the background lattice a
respond to theE field, but in the regime of the anomalou
skin effect~d,l , wherel is the mean-free path of the ca
riers! the two forces can be locally unbalanced leading
generation of transverse acoustic waves at the surface.14 The
geometry relevant to our experiment~Eiz) has received
much less attention, but it has been established that a sim
mechanism can apply, leading this time to the generation
longitudinal sound waves.15 In addition to l and l, a rel-
evant length scale is now the Debye~screening! lengthLD
5VF /vp ~where VF is the Fermi velocity andvp is the
plasma frequency!; typically in metalsLD!l and the effect
in enhanced, the larger the ratiol /l. Could a similar mecha-
nism explain the behavior we observe? An obvious difficu
is to explain why electroacoustic conversion should be
sent for the Si:B delta-doped samples~unless somehow the
lower mobility of these samples compared to the heterost
ture is responsible!. Direct quantitative analysis on the bas
of the existing theory for bulk metals is unfortunately n
feasible~the limited thickness of the hole gas and the fa
that the carriers are only able to respond effectively in
plane of the hole gas are crucial complicating factors!, and
more theoretical work is needed before one can be cer
that such a mechanism is even possible in the present s
962 Appl. Phys. Lett., Vol. 69, No. 7, 12 August 1996
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tures. On the other hand, it would perhaps to be unwise t
rule out such mechanisms at this stage, and certainly unwi
to rule out a possible mediation of any piezoelectric coupling
by mobile carrier in the active samples.

Although experimentally awkward, preliminary attempts
have been made to apply theE-field transverse to thez axis
of our samples, using a detecting transducer sensitive
shear waves. For piezoelectric coupling with rhombohedra
symmetry one might expect shear wave generation in th
configuration, but no effect was observed~nor was any effect
observed with thed-layer samples or with any of the other
samples discussed above!. However, this could be due to
many factors, such as in inefficient coupling of theE field, a
low absolute value of thee15 component of the piezoelectric
tensor, or nonoptimal detection. Further experimental wor
is needed to clarify the situation in this case.

In conclusion, we have provided the first direct experi-
mental evidence for the~reversible! conversion of a high
frequency electric field into a longitudinal acoustic wave
within a SiGe/Si strained layer sample. We believe our re
sults provide strong evidence for a piezoelectriclike coupling
within such structures, although further work~both theoreti-
cal and experimental! is clearly warranted. Our results also
demonstrate the effectiveness of hybrid HF acoustic spe
troscopy for investigating such phenomena as those solids
general.

Thanks are due to Professor V. I. Litvinov for commu-
nications about SiGe symmetry, and also to Professor M
Oszwaldowski, Dr. V. W. Rampton, and Dr. A. G.
Kozorezov for fruitful discussions. This work is partially
supported by an INTAS-93-1403 Grant, and by the Ukrai
nian Science and Technology Council~Project ‘‘KREMNII-
94’’ !.
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