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High-frequency transport in p-type Si/ S g/Gey 13 heterostructures studied with surface acoustic
waves in the quantum Hall regime
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The interaction of surface acoustic waviedAWS) with p-type Si/Sj g/Gey 13 heterostructures has been
studied for SAW frequencies of 30—300 MHz. For temperatures in the rangeTo<71.6 K and magnetic
fields up to 7 T, the SAW attenuation coefficidntand velocity chang&V/V were found to oscillate with
filling factor. Both the realr; and imaginaryo, 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 ofr, to o, carrier localization can be followed as a function of temperature and magnetic
field. At T=0.7 K, the variations ofl", AV/V, and o7 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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[. INTRODUCTION sion that the mechanism of ac conductance is hopping.

In the present work, for the first time, an acoustic method
as been applied in a study pftype Si/Sj g/Ge, 13 hetero-
tructures with the purpose of clarifying high-frequency
transport mechanisms in the system. Since Ge and Si are not

iezoelectric the only way to measure acoustoelectric effects
n these structures is via a hybrid method: a SAW propagates

As is well known! in the quantum Hall effectQHE) h
regime the magnetic field dependences of the off—diagonag
agf, and diagonab2 components of the dc conductivity ten-
sor are very different. NamelyrgC shows a set of plateaus

with abrupt steps taking place at half-integer values of th

wpge dc .
filling factor ». By contrast,o,, is extremely small at the 5,n the surface of piezoelectric LiNg@hile the Si/SiGe

quantum Hall plateaux and has shgrp maxima at th? Ste%%mple is gently pressed onto the LiNb&urface by means
between Fhe plate_a.ux. The conyentlonal explanation 1S tha{‘)f a spring. In this case strain from the SAW is not transmit-
at a half-integer _fllllng, electronl'c.states at the Fermi Ievelted to the sample and it is only the electric field accompany-
are extended while at all other filling factors they are Iocal-ing the SAW that penetrates the sample and creates currents
ized. that, in turn, produce feedback to the SAW. As a result, both

A powerful way to investigate two-dimensional systems, o gaw attenuation coefficiert and velocityV appear to

and effectively.probe heterc;structurg parame.ter_s, is with aepend on the properties of the two-dimensional hole gas
surface acoustic WanSAW)’ espeually.as this is a non- 2DHG). In this paper we present experimental results for
contact measurement: it does not require a Hall bar to b frequencies up to 300 MHz, consider localization ef-

configured _and t_here is no need for c_arrier injection at thEfects, and analyze the nonlinear SAW interaction with the
low-dimensional interface. Moreover, simultaneous measur DHG

ment of the attenuation and velocity of the SAW provides a
unigue way to determine the complex ac conductivity
ow(w)=0(w)—ioy(w) as a function of magnetic field, tem- ll. EXPERIMENT AND DISCUSSION

peratureT, and SAW frequencyw. Furthermore, the mag-  |n our experimental arrangement the SAW is induced by
netic field dependence af,,(w) provides information on interdigital transducers at the surface of a piezoelectric
both the extended and localized states and allows an analysisNbO; plate on top of which the sample has been placed.
of the interplay between these states. The samples were modulation doped Si/S6e, ;5 hetero-

As we observed earlier in GaAs/AlGaAs hetero- structures with a 2DHG sheet densjty 2 10t cm™ and a
structures;® near steps in the Hall conductance, i.e., at halfmobility ©=10500 cm/V's, measured aff=4.2 K. The
integerv, the imaginary part of the complex ac conductancelayered systenfshown in Fig. 2 was grown by molecular
o,(w) is small while the real pai;(w) coincides with the dc  beam epitaxy at Warwick University starting from &1%10)
transverse conductaneds. However, in magnetic fields cor- substrate, and consisting of an undoped Si buffer layer fol-
responding to regions near the center of the Hall plateaudpwed by a 30 nm Sig/Ge, 13 Strained quantum well, a
i.e., at small integer, the difference betweed, (w) andogf( 20 nm undoped spacer and finally a 50 nm boron doped Si
turns out to be crucial. Namely,gﬁ is extremely small while layer with an acceptor concentration of X80 cm 3.7
both o4(w) and o»(w) are measurable quantities ang(w) Quasi-dc measuremen({d—17 H2 of the resistivity com-
> o1(w). According to Ref. 6 these facts lead to the conclu-ponentsp,, and p,, have been carried out in magnetic fields
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FIG. 3. Magnetic field dependence BfandAV/V with a SAW
FIG. 1. Layer scheme of the sample. frequency of 30 MHz together with the dc resistivity components
pxx andp,y. All at T=0.7 K.

up to 11 T in the temperature range 33 mK-1.3 K and show o ) ) . o
the integer quantum Hall effe¢Eig. 2. One interesting fea- Magnetic field, with maxima corresppndmg A minima
ture of transport properties in SiGe 2DHGs is the dominancénd the centers of the IQHE plateaugiy), thus allowing the
of minima associated with odd filling factors fer-2. This ~ hole density in the 2D channel to be determined directly
is because the spin splitting is comparable to the cyclotroffOm acoustic measurements. One exception is the maximum
energy, with the enhanced exchange interaction increasirf the attenuation coefficient in the vicinity of=2, which
the effectiveg factor to 4.5 and it is illustrated in the SPplits to reveal a minimum il" at exactly»=2 where the
inset. As can be seen from Fig. 2, the minimajnare more  Vvelocity shift is at its largest. This behavior has previously
pronounced av=3 and 5 than av=4, which only appears been seen in GaAs samplésand can be understood through
below 0.5 K. The dc transport measurements were made ontBe dependence df on conductivity[see Egs(1) and (2)
Hall bar sample as electrical contacts were not present on tHéemYV]-
SAW sample. During the experiments the samples were Simultaneous measurements lofand AV/V enable the
cooled down several times with only very small differenceshigh-frequency conductivity,,(w)=c1~io to be extracted
in conductivity on each cycle, so while the dc conductivity using the following equations from Ref. 3:
trace does not completely represent that of the sample at the K2 s dB
time of SAW investigation we believe it gives a very good I'= 8.681A(q)—2—12, —, (1)
indication within experimental uncertainty less than 1%. 237+ (1+3)° cm

The absorption, or attenuation, coefficidhand relative
velocity changeAV/V of the SAW that interacts with the AV K2 1+3,
2DHG in the SiGe channel, have been simultaneously mea- v —A(q)?2§+ (1+3,)?’ (2)
sured at temperatureB=0.7—1.6 K in perpendicular mag-
netic fields up to 7 T. Figure 3 illustrates the field depen-Where A(q)=8b(q)(s1+eo)stese 2@ and ;= (4mo;/
dence ofl" and AV/V for a frequency of 30 MHz at 0.7 K &sV)t(@),
together with the magnetoresistance components. One can _ -1
see that the absorption coefficient and the velocity change b(a) = {ba([b2(a) = bs(@) ]},

both undergo Shubnikov—de HaéddH) type oscillations in
J yP t(0) = [by(q) = bs(e)/2by(0),

1.0} _

= ' by(q) = (1 + £0)(es+ £0) — (81— £0) (85— £0)€™ 2%,
@ s} |

= I ba(Q) = (e1+ £0) (85 + £0) + (1. + £0) (85— £0)E 2,

0.0 ; t,

—sme =< b3(0) = (61— £0) (4~ £0)€ 29+ (3 = 60) (o5 + e)e7 0.
“‘; Here K2 is the electromechanical coupling constant for
£ lithium niobate(Y cut), q is the SAW wave vectorg; =50,
X go=1, ande,=11.7 are the dielectric constants of LINRO
< the vacuum and bulk Si, respectively. In these calculations
we can ignore the small difference of 4% in dielectric con-

stant between Si and &iGe)153 The value ofd=70 nm
B (T) denotes the finite distance between the sample surface and
the 2DHG layer andh is the vacuum clearance between the
FIG. 2. Resistivity components, in units offe? at different  sample surface and the LiNgGGurface. This clearance re-
temperatures. mains finite, despite the heterostructure being pressed to the
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FIG. 4. Magnetic field dependence @f (solid), o, (dashegl at
=30 MHz, ando (dotted; all at T=0.7 K.
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piezoelectric platelet, because of some roughness of both gig. 5. Magnetic field dependences of the absorption coefficient
surfaces. Since the actual clearance is not well controlled, the g gifferent frequences a=1 K.

quantity a is treated as an adjustable parameter. It is deter-
mlned by fitting the expenmental datg at those m.agnet'cductivity. However, this would appear not to be the case at
fields where the conductance is metallic and essentially fre-

. . _ dC .
quency independent. In the present experiments the clealrc-)Wer magnetic fields where, = o, ando, vanishes. In fact

- — dc P ;
= =g, >
ance a ranges from 0.5to 1.em.* Measurements and Al v=3 010, 7, SO even here hopping is not the major

) . e . -, high frequency conduction mechanism.
analy_S|s of the h|gh-frequency conductivity W'". be. cons!d— In Ref. 3 it has been shown that for total localization the
ered in two regimes(A) where the response is linear in

applied SAW power andB) the nonlinear region, when ratio o/ o will have the form

acoustic effects begin to depend on the intensity of the sound oy 2Lo(L2+ LoLyJ2 + L2[12) + 4cL2L
wave. 2o “ e 3
oy m(L2+ LiL,+ L2]4) - O
A. Linear regime where £7=In(J/kT), with J of the order of the Bohr energy,

Figure 4 illustrates the magnetic field dependence of the,=In(Gy/ w), L.=In(fiw /kgT), and c=1 is a numerical
real oy and imaginaryo, components of the complex high- factor depending on the density of states in the region be-
frequency conductivity, obtained from SAW measurementgween the Landau levels. An estimation @§ valid for the
and using Eqs(1) and(2), together with the dc conductivity, deformation phonon relaxation mechanism is given in Ref.
derived from magnetoresistance measurements mﬂ,%\ 12 asGy=(kgT)®DZ /ph*s®, where D, is the deformation
=pxxl(p)2(X+p§y), all at T=0.7 K. One can see that, demon-  potential, p is the mass density, anslis the longitudinal
strates SdH-type oscillations and, in the same wayg,%lsjs sound velocity. Using this estimation one concludes that in
dominated by features at odd filling factors—the only mini-the hopping regimer,/o;=5, whereas experimentally we
mum at even occupancy is observedvat?. observeo,/ ;=2 in the middle of thev=2 Hall plateau.

It is also evident from Fig. 4 that; is equal to the static This experimental result suggests that the high-frequency
conductivity aﬂf( in the low magnetic field regiorfbelow  conductivity has anixedmechanism consisting of two con-

2 T) and near half-integer filling factors where the electrontributions: The first we assign to the extended states, while
states are delocalized. However, at magnetic fields close tifne second, hopping, is associated with the localized states.
v=2, where states are strongly localized > afff(. Figure 4  For v=3, at the lower magnetic field of 2.9 T, the hopping
also shows that whiler, is very small near half-integer fill- contribution becomes even smaller, and at 1.@w¥5) it is

ing factors and at low magnetic fields, it has appreciablecompletely absent.

magnitude near to=2 and 3. It is actually double; at v Figure 5 illustrates the effect on the absorption coefficient
=2, which, along with the fact tha:tr1>aff§, points to a I' of varying the SAW frequency at the temperatufe
manifestation of two-dimensional high-frequency hopping=1 K. At this temperature the velocity changev/V is
conductivity. It is known that in the IQHE regime carriers small and does not exceedk30™* at v=2. Although there

can be localized in the random potential generated byre large changes in the magnitudd othese are completely
charged impurities, with the result that the dc conductivityaccounted for by the explicitly frequency-dependent factors
vanishes and the high-frequency conductivity has to be viaf Eq. (1). Therefore, within our experimental error, we find
hopping. According to Ref. 6, when the 2D high-frequencyno frequency dependence of the acoustically measured con-
conductivity has a hopping character, and is determined bguctivity o,,(w) at T=1 K. It is somewhat surprising to see
hole hops between states close in energy but localized at twao effect of frequency in the region @=2 where a signifi-
different impurity centergthat form pair complexes which cant hopping contribution was found at 0.7 K, but we must
do not overlap, o,> o andcr§’§:0. The features we observe conclude that the increase in temperature has reduced the
at smallv thus provide evidence that hole hopping begins torelative importance of hopping. Hence, one can see that the
make an important contribution to the high-frequency con-acoustic measurements allow an analysis oftth® o, ratio
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FIG. 8. The energy losses rate per hole measured in acoustics
FIG. 6. (a) Dependences af; on magnetic fieldB at different  Q=Q/p plotted versusT.. Lines are the fitting curves witly=5
rf-source powersT=0.7,f=30 MHz; (b) o; versusB in the linear  (dotted andy=7 (solid). Inset: dependence f on (T!-T?). Lines
regime(P=5x10"% W) at different temperature$=30 MHz. are results of the linear fit.

and, thus, the degree of carrier localization can be followedhe observed nonlinear effects are probably associated with
as a function of temperature and magnetic field. 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
heterostructure$-15 However, it is valuable to investigate
he energy-loss mechanisms in these structures using a con-

To investigate nonequilibrium effects we have measure ; ;
) . actless methodsuch as the possible use of acoustics here
the dependence df and AV/V on the SAW intensity at . o ciydes carrier injection to the low-dimensional inter-

30 MHz, by varying the SAW-source power over the range . .
0.002-11 MW afT=0.7 K. From these measurements face from contact areas. Hole heating may be described by

: L means of a carrier temperatufig, greater than the lattice
has been extracted and is shown in F'.@)ﬁor the range of temperaturd. (The propriety of introducing this carrier tem-
rf-source powers. It can be seen thagtincreases at higher

! o . '« perature will be discussed belgwsrom Fig. 7,T; can be
SAW power and we find that the conditian > o is satis determined by comparing the variation @f on SAW power

fied in this nonlinear regimg. _We_ interpret this to mean thatP with the curves ofr; versus the lattice temperatufein a
the high-frequency conductivity is mainly from delocalized manner analogous to SdH thermoméfry? Such a compari-
holes. These results should be compared with the magnet;sc :

field dependence of, extracted from measurements at dif- on makes it possible to establish a correspondence between
1 - 5 the temperature of the 2DHG and the rf-source power.

ferent temperatures, and sufficiently low power10™ W) To characterize the energy relaxation mechanisms one

to remain in the linear regime, illustrated in Figb® For a — .

quantitative comparison, values of have been taken from N€eds to extract the absolute energy loss fatessulting

Fig. 6 at magnetic fields of 2.9 and 4.3 T, corresponding td‘rorn the SAW interaction Wlth_ the carriers. Since only delo-

»=3 andv=2, respectively, and plotted in Fig. 7 as a func- calized states are being considered apd0 we can use the

tion of (a) rf-source powerP and (b) temperature. One can result of Ref. 17 that the energy loss rate @ oy,E?

see from these plots that, shows similar increases with =4I'W, whereE is the SAW electric field

temperature and SAW power leading to the conclusion that

B. Nonlinear regime

2 {-2q(a+d
|E[2= K2&T (81 + 0)eqe 2]

W, (4
a b V @ + [drog@lew @B @

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

. =Q/p are shown as a function df. in Fig. 8.
{ From numerous works on dc heattfg®a consensus ap-
olew® 0 pears that the energy relaxation of holes in Si/SiGe 2DHGs
PP P B YEETEEY. is due to acoustic phonpn deformation potential scattering.
P (W) T(K) However, the authorg dlsagreel over whether a screened or
unscreened deformation potential should be used. The func-
FIG. 7. (a) Dependence ofr, on the rf-source poweP; (b)  tional form Q=A (T-T?), corresponds to energy relaxation
temperature variation af, in the linear regimef=30 MHz, mag- via carrier scattering from the deformation potential of the
netic fields of 4.3 T(circles and 2.9 T(star3 correspond tav=2  acoustic phonons with either weak screenifg 5) or strong
and 3, respectively. The lines are guides to the eye. screening(y=7) and the slope of inset of Fig. 8 is eith&r

o, (10° Q")
o, (10°Q")

*%,

045333-4



HIGH-FREQUENCY TRANSPORT INp-TYPE... PHYSICAL REVIEW B 71, 045333(2005

3\2m2 {(5)D24S tended states as well as hopping via localized states.
=TSy, (5 In studying nonlinear effects, heating of the 2DHG in
TSP Si/SiGe heterostructures by the SAW electric field is ob-
ort9-21 served. This heating could be described by a carrier tempera-
= )7 tureT.>T. From the experimental dependence of the energy
_ 45V2m*“{(7)D; kg (6) loss rate onl, we find that the hole energy relaxation time
[ 775/236ﬁ9p3/2pq§ ' 7, is determined by dissipation in the unscreened acoustic

phonon deformation potential and have obtained values for

wherem’ =0.24m, is the effective mass for $i-Ge, 15 (Ref. 7, as well as the deformation potential.

8) andgy=2m'€?/eh°=7.8x 10° cmi ! 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- ACKNOWLEDGMENTS
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According to Ref. 22, screening of the hole-phonon interac-

tion can be neglected if the screening wave veqt@xceeds

the wave vectoq, of phonons with the average thermal en- APPENDIX: JUSTIFICATION FOR USING T,

ergy, which in our case ig,=8.2x 10° cm™. Thus,qs> g, The condition for introducing a carrier temperatufg
and the energy relaxation here is dominated unambiguously. T is that relaxation processes within the carrier gas must

by unscreened acoustic phonon scattering so we should ug@ much faster than those leading to thermalization of the
y=5. This is in agreement with previous work 0N carriers, i.e.,

pseuodomorphic $i,Ge, heterostructures witk=0.2 (Ref.
13) and x=0.15° where weak screening was found to be T Tee < T, (A1)
appropriate for a wide range of hole density up to at leas
10'? cm™2. From the expression foks, the value of the de-
e e i ne Sty en 1 Ime can be found from (e ransport madiy 22
tial estimate of 595+0 SgeV obtained in Ref. 14 for thepsame:’u“o-m /e:1_.4>§ 10125- an_d s _cIearIy shorter than the
i e ' carrier-carrier interaction time given %
SiGe heterostructure from phonon-drag thermopower mea-
surements and, although not agreeing, is of similar magni- kaT h
tude to the values of 3+0.4 and 2.7+0.3 eV reported in Refs. Tee™ E;:;Léez In 2¢%p =6.4x107"s. (A2)
13 and 15, respectively. X

5vherero, Te. @nd 7, are the momentum, carrier-carrier, and
energy relaxation times, respectively. The momentum relax-

Finally, we can estimate the energy relaxation time
ll. CONCLUSION from our aco'ustic measurements. Indeed, if the ZD gas can

be characterized by a carrier temperatiizeand heating is

For the first time, the contactless acoustic method hageak AT=T,~T<T, the energy loss rate per hole can be
been applied to straingattype Si/SiGe hetero_structures. Si'_written in the forn?® Q=[&(T,) —&(T)]/ 7., wheres(T,) and
multaneous measurements of the attenuation and velocity(T) are the average carrier energyTatand T, respectively.

shift of a surface acoustic wave were conducted and used tQssyming also thatr>kgT, the change in average kinetic
obtain the high-frequency conductivity and its dependenceenergy of a hole Ae=s(T)—&(T) is Ag:(ﬂlsz/s)

on magnetic field, temperature, and SAW power. The follow-y (7AT/¢ ). Then, by expanding our previous expression for
ing conclusions may be drawn from our experimental result§; o 055 rate Q=A/(T?-T") for small AT/T as Q
PN

and analysis. - y-1 id7
In the integer quantum Hall effect regime, the degree of YA, TTTAT, we obtairt
the carrier localization can be followed as a function of mag- (7kg)?
netic field and/or temperature from the high-frequency con- Te = 3yAYsFT’”2' (A3)

ductivity. It is found that even af=0.7 K close to the center

of the »=2 Hall plateau, only some fraction of the holes in Using this equation withy=5 and findingA, from the slope
the 2D channel appear to be localized. Thus, the mechanisef inset of Fig. 8, we have computed,=(3.8+£0.9
responsible for the high-frequency conductivity appears to be< 1078 s. Thus, relatiofAl) is satisfied and it is appropriate
a mixture of two terms and is determined both by the ex-o introduce a carrier temperatufe.
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