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The interaction of surface acoustic wavessSAWsd with p-type Si/Si0.87Ge0.13 heterostructures has been
studied for SAW frequencies of 30–300 MHz. For temperatures in the range 0.7,T,1.6 K and magnetic
fields up to 7 T, the SAW attenuation coefficientG and velocity changeDV/V were found to oscillate with
filling factor. Both the reals1 and imaginarys2 components of the high-frequency conductivity have been
determined and compared with quasi-dc magnetoresistance measurements at temperatures down to 33 mK. By
analyzing the ratio ofs1 to s2, carrier localization can be followed as a function of temperature and magnetic
field. At T=0.7 K, the variations ofG, DV/V, and s1 with SAW intensity have been studied and can be
explained by heating of the two-dimensional hole gas by the SAW electric field. Energy relaxation is found to
be dominated by acoustic phonon deformation potential scattering with weak screening.
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I. INTRODUCTION

As is well known,1 in the quantum Hall effectsQHEd
regime the magnetic field dependences of the off-diagonal
sxy

dc and diagonalsxx
dc components of the dc conductivity ten-

sor are very different. Namely,sxy
dc shows a set of plateaus

with abrupt steps taking place at half-integer values of the
filling factor n. By contrast,sxx

dc is extremely small at the
quantum Hall plateaux and has sharp maxima at the steps
between the plateaux. The conventional explanation is that,
at a half-integer filling, electronic states at the Fermi level
are extended while at all other filling factors they are local-
ized.

A powerful way to investigate two-dimensional systems,
and effectively probe heterostructure parameters, is with a
surface acoustic wavesSAWd,2 especially as this is a non-
contact measurement: it does not require a Hall bar to be
configured and there is no need for carrier injection at the
low-dimensional interface. Moreover, simultaneous measure-
ment of the attenuation and velocity of the SAW provides a
unique way to determine the complex ac conductivity
sxxsvd=s1svd− is2svd as a function of magnetic field, tem-
peratureT, and SAW frequencyv. Furthermore, the mag-
netic field dependence ofsxxsvd provides information on
both the extended and localized states and allows an analysis
of the interplay between these states.3

As we observed earlier in GaAs/AlGaAs hetero-
structures,4,5 near steps in the Hall conductance, i.e., at half
integern, the imaginary part of the complex ac conductance
s2svd is small while the real parts1svd coincides with the dc
transverse conductancesxx

dc. However, in magnetic fields cor-
responding to regions near the center of the Hall plateaux,
i.e., at small integern, the difference betweensxxsvd andsxx

dc

turns out to be crucial. Namely,sxx
dc is extremely small while

both s1svd and s2svd are measurable quantities ands2svd
@s1svd. According to Ref. 6 these facts lead to the conclu-

sion that the mechanism of ac conductance is hopping.
In the present work, for the first time, an acoustic method

has been applied in a study ofp-type Si/Si0.87Ge0.13 hetero-
structures with the purpose of clarifying high-frequency
transport mechanisms in the system. Since Ge and Si are not
piezoelectric the only way to measure acoustoelectric effects
in these structures is via a hybrid method: a SAW propagates
along the surface of piezoelectric LiNbO3 while the Si/SiGe
sample is gently pressed onto the LiNbO3 surface by means
of a spring. In this case strain from the SAW is not transmit-
ted to the sample and it is only the electric field accompany-
ing the SAW that penetrates the sample and creates currents
that, in turn, produce feedback to the SAW. As a result, both
the SAW attenuation coefficientG and velocityV appear to
depend on the properties of the two-dimensional hole gas
s2DHGd. In this paper we present experimental results for
SAW frequencies up to 300 MHz, consider localization ef-
fects, and analyze the nonlinear SAW interaction with the
2DHG.

II. EXPERIMENT AND DISCUSSION

In our experimental arrangement the SAW is induced by
interdigital transducers at the surface of a piezoelectric
LiNbO3 plate on top of which the sample has been placed.
The samples were modulation doped Si/Si0.87Ge0.13 hetero-
structures with a 2DHG sheet densityp=231011 cm−2 and a
mobility m=10 500 cm2/V s, measured atT=4.2 K. The
layered systemsshown in Fig. 1d was grown by molecular
beam epitaxy at Warwick University starting from a Sis100d
substrate, and consisting of an undoped Si buffer layer fol-
lowed by a 30 nm Si0.87Ge0.13 strained quantum well, a
20 nm undoped spacer and finally a 50 nm boron doped Si
layer with an acceptor concentration of 2.531018 cm−3.7

Quasi-dc measurementss7–17 Hzd of the resistivity com-
ponentsrxx andrxy have been carried out in magnetic fields
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up to 11 T in the temperature range 33 mK–1.3 K and show
the integer quantum Hall effectsFig. 2d. One interesting fea-
ture of transport properties in SiGe 2DHGs is the dominance
of minima associated with odd filling factors forn.2. This
is because the spin splitting is comparable to the cyclotron
energy, with the enhanced exchange interaction increasing
the effectiveg factor to 4.5,8–11 and it is illustrated in the
inset. As can be seen from Fig. 2, the minima inrxx are more
pronounced atn=3 and 5 than atn=4, which only appears
below 0.5 K. The dc transport measurements were made on a
Hall bar sample as electrical contacts were not present on the
SAW sample. During the experiments the samples were
cooled down several times with only very small differences
in conductivity on each cycle, so while the dc conductivity
trace does not completely represent that of the sample at the
time of SAW investigation we believe it gives a very good
indication within experimental uncertainty less than 1%.

The absorption, or attenuation, coefficientG and relative
velocity changeDV/V of the SAW that interacts with the
2DHG in the SiGe channel, have been simultaneously mea-
sured at temperaturesT=0.7–1.6 K in perpendicular mag-
netic fields up to 7 T. Figure 3 illustrates the field depen-
dence ofG and DV/V for a frequency of 30 MHz at 0.7 K
together with the magnetoresistance components. One can
see that the absorption coefficient and the velocity change
both undergo Shubnikov–de HaassSdHd type oscillations in

magnetic field, with maxima corresponding torxx minima
and the centers of the IQHE plateaus inrxy, thus allowing the
hole density in the 2D channel to be determined directly
from acoustic measurements. One exception is the maximum
of the attenuation coefficient in the vicinity ofn=2, which
splits to reveal a minimum inG at exactlyn=2 where the
velocity shift is at its largest. This behavior has previously
been seen in GaAs samples2,3 and can be understood through
the dependence ofG on conductivityfsee Eqs.s1d and s2d
belowg.

Simultaneous measurements ofG and DV/V enable the
high-frequency conductivitysxxsvd=s1− is2 to be extracted
using the following equations from Ref. 3:

G = 8.68qAsqd
K2

2

S1

S1
2 + s1 + S2d2,

dB

cm
, s1d

DV

V
= Asqd

K2

2

1 + S2

S1
2 + s1 + S2d2 , s2d

where Asqd=8bsqds«1+«0d«0
2«se

−2qsa+dd and Si =s4psi /
«sVdtsqd,

bsqd = hb1sqdfb2sqd − b3sqdgj−1,

tsqd = fb2sqd − b3sqdg/2b1sqd,

b1sqd = s«1 + «0ds«s + «0d − s«1 − «0ds«s − «0de−2qa,

b2sqd = s«1 + «0ds«s + «0d + s«1 + «0ds«s − «0de−2qd,

b3sqd = s«1 − «0ds«s − «0de−2qa + s«1 − «0ds«s + «0de−2qsa+dd.

Here K2 is the electromechanical coupling constant for
lithium niobatesY cutd, q is the SAW wave vector;«1=50,
«0=1, and«s=11.7 are the dielectric constants of LiNbO3,
the vacuum and bulk Si, respectively. In these calculations
we can ignore the small difference of 4% in dielectric con-
stant between Si and Si0.87Ge0.13. The value ofd=70 nm
denotes the finite distance between the sample surface and
the 2DHG layer anda is the vacuum clearance between the
sample surface and the LiNbO3 surface. This clearance re-
mains finite, despite the heterostructure being pressed to the

FIG. 1. Layer scheme of the sample.

FIG. 2. Resistivity components, in units ofh/e2 at different
temperatures.

FIG. 3. Magnetic field dependence ofG andDV/V with a SAW
frequency of 30 MHz together with the dc resistivity components
rxx andrxy. All at T=0.7 K.

DRICHKO et al. PHYSICAL REVIEW B 71, 045333s2005d

045333-2



piezoelectric platelet, because of some roughness of both
surfaces. Since the actual clearance is not well controlled, the
quantity a is treated as an adjustable parameter. It is deter-
mined by fitting the experimental data at those magnetic
fields where the conductance is metallic and essentially fre-
quency independent. In the present experiments the clear-
ance a ranges from 0.5 to 1.0mm.4 Measurements and
analysis of the high-frequency conductivity will be consid-
ered in two regimes:sAd where the response is linear in
applied SAW power andsBd the nonlinear region, when
acoustic effects begin to depend on the intensity of the sound
wave.

A. Linear regime

Figure 4 illustrates the magnetic field dependence of the
real s1 and imaginarys2 components of the complex high-
frequency conductivity, obtained from SAW measurements
and using Eqs.s1d ands2d, together with the dc conductivity,
derived from magnetoresistance measurements viasxx

dc

=rxx/ srxx
2 +rxy

2 d, all at T=0.7 K. One can see thats1 demon-
strates SdH-type oscillations and, in the same way asrxx

dc, is
dominated by features at odd filling factors—the only mini-
mum at even occupancy is observed atn=2.

It is also evident from Fig. 4 thats1 is equal to the static
conductivity sxx

dc in the low magnetic field regionsbelow
2 Td and near half-integer filling factors where the electron
states are delocalized. However, at magnetic fields close to
n=2, where states are strongly localized,s1@sxx

dc. Figure 4
also shows that whiles2 is very small near half-integer fill-
ing factors and at low magnetic fields, it has appreciable
magnitude near ton=2 and 3. It is actually doubles1 at n
=2, which, along with the fact thats1@sxx

dc, points to a
manifestation of two-dimensional high-frequency hopping
conductivity. It is known that in the IQHE regime carriers
can be localized in the random potential generated by
charged impurities, with the result that the dc conductivity
vanishes and the high-frequency conductivity has to be via
hopping. According to Ref. 6, when the 2D high-frequency
conductivity has a hopping character, and is determined by
hole hops between states close in energy but localized at two
different impurity centerssthat form pair complexes which
do not overlapd, s2@s1 andsxx

dc=0. The features we observe
at smalln thus provide evidence that hole hopping begins to
make an important contribution to the high-frequency con-

ductivity. However, this would appear not to be the case at
lower magnetic fields wheres1=sxx

dc ands2 vanishes. In fact
at n=3 s1=sxx

dc.s2 so even here hopping is not the major
high frequency conduction mechanism.

In Ref. 3 it has been shown that for total localization the
ratio s2/s1 will have the form

s2

s1
=

2LvsLT
2 + LTLv/2 +Lv

2/12d + 4cLT
2Lc

psLT
2 + LTLv + Lv

2/4d
, s3d

whereLT=lnsJ/kTd, with J of the order of the Bohr energy,
Lv=lnsG0/vd, Lc=lns"vc/kBTd, and c*1 is a numerical
factor depending on the density of states in the region be-
tween the Landau levels. An estimation ofG0 valid for the
deformation phonon relaxation mechanism is given in Ref.
12 asG0=skBTd3Dac

2 /r"4s5, where Dac is the deformation
potential, r is the mass density, ands is the longitudinal
sound velocity. Using this estimation one concludes that in
the hopping regimes2/s1>5, whereas experimentally we
observes2/s1>2 in the middle of then=2 Hall plateau.
This experimental result suggests that the high-frequency
conductivity has amixedmechanism consisting of two con-
tributions: The first we assign to the extended states, while
the second, hopping, is associated with the localized states.
For n=3, at the lower magnetic field of 2.9 T, the hopping
contribution becomes even smaller, and at 1.7 Tsn=5d it is
completely absent.

Figure 5 illustrates the effect on the absorption coefficient
G of varying the SAW frequency at the temperatureT
>1 K. At this temperature the velocity changeDV/V is
small and does not exceed 3310−4 at n=2. Although there
are large changes in the magnitude ofG, these are completely
accounted for by the explicitly frequency-dependent factors
of Eq. s1d. Therefore, within our experimental error, we find
no frequency dependence of the acoustically measured con-
ductivity sxxsvd at T>1 K. It is somewhat surprising to see
no effect of frequency in the region ofn=2 where a signifi-
cant hopping contribution was found at 0.7 K, but we must
conclude that the increase in temperature has reduced the
relative importance of hopping. Hence, one can see that the
acoustic measurements allow an analysis of thes1 to s2 ratio

FIG. 4. Magnetic field dependence ofs1 ssolidd, s2 sdashedd at
f =30 MHz, andsxx

dc sdottedd; all at T=0.7 K.

FIG. 5. Magnetic field dependences of the absorption coefficient
G at different frequences atT=1 K.
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and, thus, the degree of carrier localization can be followed
as a function of temperature and magnetic field.

B. Nonlinear regime

To investigate nonequilibrium effects we have measured
the dependence ofG and DV/V on the SAW intensity at
30 MHz, by varying the SAW-source power over the range
0.002–11 mW atT=0.7 K. From these measurementss1
has been extracted and is shown in Fig. 6sad for the range of
rf-source powers. It can be seen thats1 increases at higher
SAW power and we find that the conditions1@s2 is satis-
fied in this nonlinear regime. We interpret this to mean that
the high-frequency conductivity is mainly from delocalized
holes. These results should be compared with the magnetic
field dependence ofs1 extracted from measurements at dif-
ferent temperatures, and sufficiently low powers,10−5 Wd
to remain in the linear regime, illustrated in Fig. 6sbd. For a
quantitative comparison, values ofs1 have been taken from
Fig. 6 at magnetic fields of 2.9 and 4.3 T, corresponding to
n=3 andn=2, respectively, and plotted in Fig. 7 as a func-
tion of sad rf-source powerP and sbd temperature. One can
see from these plots thats1 shows similar increases with
temperature and SAW power leading to the conclusion that

the observed nonlinear effects are probably associated with
carrier heating in the SAW electric field.

There have been a number of results published on hole
heating by a steady electric field in the 2DHG of Si/SiGe
heterostructures.13–15 However, it is valuable to investigate
the energy-loss mechanisms in these structures using a con-
tactless methodssuch as the possible use of acoustics hered
that excludes carrier injection to the low-dimensional inter-
face from contact areas. Hole heating may be described by
means of a carrier temperatureTc, greater than the lattice
temperatureT. sThe propriety of introducing this carrier tem-
perature will be discussed below.d From Fig. 7,Tc can be
determined by comparing the variation ofs1 on SAW power
P with the curves ofs1 versus the lattice temperatureT, in a
manner analogous to SdH thermometry.16,17Such a compari-
son makes it possible to establish a correspondence between
the temperature of the 2DHG and the rf-source power.

To characterize the energy relaxation mechanisms one

needs to extract the absolute energy loss rateQ̄ resulting
from the SAW interaction with the carriers. Since only delo-
calized states are being considered ands2=0 we can use the

result of Ref. 17 that the energy loss rate isQ̄=sxxE
2

=4GW, whereE is the SAW electric field

uEu2 = K232p

V

s«1 + «0d«0
2qef−2qsa+ddg

b1
2sqdh1 + f4psxxsvd/s«sVd tsqdg2j

W, s4d

and W is the input SAW power scaled to the width of the
sound track. The resulting energy losses rate per holeQ

=Q̄/p are shown as a function ofTc in Fig. 8.
From numerous works on dc heating13–15a consensus ap-

pears that the energy relaxation of holes in Si/SiGe 2DHGs
is due to acoustic phonon deformation potential scattering.
However, the authors disagree over whether a screened or
unscreened deformation potential should be used. The func-
tional form Q=AgsTc

g−Tgd, corresponds to energy relaxation
via carrier scattering from the deformation potential of the
acoustic phonons with either weak screeningsg=5d or strong
screeningsg=7d and the slope of inset of Fig. 8 is either18

FIG. 6. sad Dependences ofs1 on magnetic fieldB at different
rf-source powers,T=0.7, f =30 MHz; sbd s1 versusB in the linear
regimesP.5310−6 Wd at different temperatures,f =30 MHz.

FIG. 7. sad Dependence ofs1 on the rf-source powerP; sbd
temperature variation ofs1 in the linear regime.f =30 MHz, mag-
netic fields of 4.3 Tscirclesd and 2.9 Tsstarsd correspond ton=2
and 3, respectively. The lines are guides to the eye.

FIG. 8. The energy losses rate per hole measured in acoustics

Q=Q̄/p plotted versusTc. Lines are the fitting curves withg=5
sdottedd andg=7 ssolidd. Inset: dependence ofQ on sTc

g−Tgd. Lines
are results of the linear fit.
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A5 =
3Î2m*2zs5dDac

2 kB
5

p5/2s4"7p3/2r
s5d

or19–21

A7 =
45Î2m*2zs7dDac

2 kB
7

p5/2s6"9p3/2rqs
2 , s6d

wherem* =0.24me is the effective mass for Si0.87Ge0.13 sRef.
8d andqs=2m*e2/«s"

2=7.83106 cm−1 is the screening wave
vector forp-type SiGe. A least-squares analysis showed that
the experimental curves of Fig. 8 could be fitted by the func-
tional form Q=A5sTc

5−T5d, but given the small temperature
range of the data the formQ=A7sTc

7−T7d is equally appli-
cable. In the inset of Fig. 8,Q is plotted againstsTc

g−Tgd for
both g=5 and 7 revealing a linear dependence in each case.
According to Ref. 22, screening of the hole-phonon interac-
tion can be neglected if the screening wave vectorqs exceeds
the wave vectorq« of phonons with the average thermal en-
ergy, which in our case isq«=8.23105 cm−1. Thus,qs@q«

and the energy relaxation here is dominated unambiguously
by unscreened acoustic phonon scattering so we should use
g=5. This is in agreement with previous work on
pseuodomorphic Si1−xGex heterostructures withx=0.2 sRef.
13d and x=0.15,15 where weak screening was found to be
appropriate for a wide range of hole density up to at least
1012 cm−2. From the expression forA5, the value of the de-
formation potential can be determined asDac=5.3±0.3 eV.
This value is in good agreement with the deformation poten-
tial estimate of 5.5±0.5 eV obtained in Ref. 14 for the same
SiGe heterostructure from phonon-drag thermopower mea-
surements and, although not agreeing, is of similar magni-
tude to the values of 3±0.4 and 2.7±0.3 eV reported in Refs.
13 and 15, respectively.

III. CONCLUSION

For the first time, the contactless acoustic method has
been applied to strainedp-type Si/SiGe heterostructures. Si-
multaneous measurements of the attenuation and velocity
shift of a surface acoustic wave were conducted and used to
obtain the high-frequency conductivity and its dependence
on magnetic field, temperature, and SAW power. The follow-
ing conclusions may be drawn from our experimental results
and analysis.

In the integer quantum Hall effect regime, the degree of
the carrier localization can be followed as a function of mag-
netic field and/or temperature from the high-frequency con-
ductivity. It is found that even atT=0.7 K close to the center
of the n=2 Hall plateau, only some fraction of the holes in
the 2D channel appear to be localized. Thus, the mechanism
responsible for the high-frequency conductivity appears to be
a mixture of two terms and is determined both by the ex-

tended states as well as hopping via localized states.
In studying nonlinear effects, heating of the 2DHG in

Si/SiGe heterostructures by the SAW electric field is ob-
served. This heating could be described by a carrier tempera-
tureTc.T. From the experimental dependence of the energy
loss rate onTc, we find that the hole energy relaxation time
t« is determined by dissipation in the unscreened acoustic
phonon deformation potential and have obtained values for
t« as well as the deformation potential.
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APPENDIX: JUSTIFICATION FOR USING Tc

The condition for introducing a carrier temperatureTc
.T is that relaxation processes within the carrier gas must
be much faster than those leading to thermalization of the
carriers, i.e.,

t0 ! tcc ! t«, sA1d

wheret0, tcc, andt« are the momentum, carrier-carrier, and
energy relaxation times, respectively. The momentum relax-
ation time can be found from the transport mobility ast0
=m0m

* /e=1.4310−12 s and is clearly shorter than the
carrier-carrier interaction time given by4,8

tcc =
kBTrxxe

2

2p"2 ln
h

2e2rxx
= 6.43 10−11 s. sA2d

Finally, we can estimate the energy relaxation timet«

from our acoustic measurements. Indeed, if the 2D gas can
be characterized by a carrier temperatureTc and heating is
weak DT=Tc−T!T, the energy loss rate per hole can be
written in the form23 Q=f«̄sTcd− «̄sTdg /t«, where«̄sTcd and
«̄sTd are the average carrier energy atTc andT, respectively.
Assuming also that«F@kBT, the change in average kinetic
energy of a hole D«= «̄sTcd− «̄sTd is D«=sp2kB

2 /3d
3sTDT/«Fd. Then, by expanding our previous expression for
the loss rate Q=AgsTc

g−Tgd for small DT/T as Q
=gAgTg−1DT, we obtain17

t« =
spkBd2

3gAg«FTg−2 . sA3d

Using this equation withg=5 and findingAg from the slope
of inset of Fig. 8, we have computedt«=s3.8±0.4d
310−8 s. Thus, relationsA1d is satisfied and it is appropriate
to introduce a carrier temperatureTc.
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