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Thermoelectric and hot-electron properties of a silicon inversion layer
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Electron-phonon coupling of a two-dimensional electron gas in a Si metal-oxide-semiconductor field-effect
transistor in the temperature range 0.3 K,T,4 K has been investigated using phonon-drag thermopowerSg

and electron energy loss rateF(T). At low temperatures~the Bloch limit! we find Sg}T6, as expected for
electron-phonon scattering mediated by a screened deformation potential, and the magnitude is in excellent
agreement with a calculation using no adjustable parameters; the calculation continues to give good agreement
at higher temperatures.F(T) has been calculated using the same input parameters as forSg. Reasonably good
agreement is found with the observed values forT.1.5 K, but at lower temperatures the measuredF(T) is
much larger than predicted and also exhibits a much weaker temperature dependence. Possible reasons are
suggested.@S0163-1829~97!05143-6#
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I. INTRODUCTION

The present work investigates the low-temperature c
pling of electrons in a Si inversion layer to bulk phonons
the substrate using phonon-drag thermopowerSg and elec-
tron energy loss rateF(T). Both of these quantities are se
sitive measures of electron-phonon (e-p) coupling but in
different ways.Sg is determined by the momentum rela
ation time for e-p scattering, whereasF(T) measures the
e-p relaxation time for energy loss.

Thermopower has two contributions: phonon dragSg,
which has a complex temperature dependence, and diffu
Sd, which is linear in temperature for degenerate electro
We are not primarily interested inSd except insofar as we
need to separate it fromSg in the experimental results.Sd has
been calculated for different electron scatteri
mechanisms,1 the main ones for metal-oxide-semiconduc
field-effect transistors~MOSFET’s! being interface rough-
ness, background impurities, and remote impurities. For
present purposes, the most interesting point is that the m
nitude and sign ofSd can be varied by adjusting the carri
density and can even be made zero; we have done this in
present experiments.

Theoretical work2,3 on Sg has led to a good understandin
of the thermoelectric properties of a number of tw
dimensional electron gases~2DEG’s!. In particular, experi-
mental data on MOSFET’s by Gallagheret al.4 were well
reproduced by the theory. At low temperaturesSg becomes
very small, but we have taken advantage of the fact thaSd

can be adjusted to zero to accurately measureSg over a wide
temperature range. This has enabled us to probeSg in the
Bloch limit of e-p scattering, i.e., when the magnitude of t
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average phonon wave vectorQ becomes much smaller tha
the diameter of the Fermi circle 2kF . The Bloch limit has
previously been observed in GaAs heterostructures,5 but
there the interaction is dominated by piezoelectric coupli
whereas in Si inversion layers it occurs via a deformat
potential. The temperature dependence ofSg should be dif-
ferent in the two cases.

There has been extensive previous work on energy
rates in Si inversion layers~e.g., see Refs. 6–9!, but none
below 1 K. Serious disagreements between calculation
experiment were found. In retrospect it is clear that a sign
cant problem in the comparisons was that none of these e
calculations included screening of the scattering potentia
that the resulting calculated values were too high and had
wrong temperature dependence. This was especially so in
Bloch limit where screening gives an extra factorT2.

The present experiments provide an example of simu
neous measurements on a pair of quantities, each of w
should independently determinee-p coupling. We shall see
that Sg behaves as predicted, as doesF(T) at higher tem-
peratures. However, the latter is found to be unexpecte
large at low temperatures.

II. THEORY

We first examineSg. Electrons in the 2DEG with wave
vector k5(kx ,ky) are quasielastically scattered by thre
dimensional~3D! phonons in the substrate of wave vectorQ
and polarizationi ; the phonon wave vector is expressed
Q5(q,qz), whereq is the component in the plane of th
2DEG and qz the perpendicular component. Followin
Smith,10 the result forSg, which includes a correction fo
12 422 © 1997 The American Physical Society
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56 12 423THERMOELECTRIC AND HOT-ELECTRON PROPERTIES . . .
nondegeneracy of the 2DEG, can be written

Sg52
~2m* !3/2gvL

16~2p!3kBT2ne%

3(
i

v iE
0

`E
2`

` J2~Q!q2Q2D~qz!G~Q!

e2~q!sinh2~\vQ/2kBT!
dq dqz ,

~1!

where% is the mass density of Si,n is the carrier density,e
is the magnitude of the electronic charge,L is the phonon
mean free path,gv is the valley degeneracy, andJ~Q! de-
notes the effective acoustic scattering potential. For Si,e-p
coupling is complicated by the anisotropy of the electro
energy spectrum and we follow Smith and Butcher3 and
Ridley11 in using J l (Q)5Ju(D1qz

2/Q2) and J t(Q)
5Juqzq/Q2 for the deformation potentials appropriate
longitudinal and transverse phonons, respectively, whereJd
and Ju are the deformation potential constants for pure
lation and pure shear strain andD5Jd /Ju . We note that
J t(Q) includes the coupling to both transverse branch
The form factorD(qz) allows for the finite thickness of the
2DEG and is given byu*f* (z)eiqzzf(z)dzu2. For f(z) we
use the Fang-Howard variational function12 for which
D(qz)5b6/(b21qz

2)3, where b is a variational parameter
The static dielectric screening functione(q) is given by3,13

11(Qs /q)j(q)Fs(q). Here Qs5gvm* e2/2pe0k\2 is the
screening wave vector,k is the average permittivity of Si an
SiO2, ande0 is the permittivity of free space;j(q) is unity
for q<2kF and 12@12(2kF /q)2#1/2 for q.2kF ; Fs(q) is
the screening form factor, which for the Fang-Howard fun
tion is given by13

Fs~q!5
1

16 S 11
kox

ksc
D S 11

q

bD 23S 819
q

b
13

q2

b2D
1

1

2 S 12
kox

ksc
D S 11

q

bD 26

, ~2!

where kox and ksc are the permittivities of SiO2 and Si,
respectively. Finally,G(Q) is the energy integral

G~Q!5
12exp~2\vQ /kBT!

\vQ

3E
g

`

d«
f 0~«!@12 f 0~«1\vQ!#

A«2g
, ~3!

where «5\2k2/2m* is the electronic energy,f 0(«) is the
Fermi-Dirac function, andg is given by (\vQ2Eq)2/4Eq ,
with Eq5\2q2/2m* .

At a low enough temperature whenQ!2kF the system
enters the Bloch limit and there are many simplifications t
can be made. Taking\vQ as a small quantity, the product o
the electron occupation factors in Eq.~3! can be approxi-
mated by\vQ@12exp(2\vQ /kBT)#21d(«2«F1\vQ/2),
whereeF is the Fermi energy. Then, in the limit ofT→0 ~for
which Q→0!, G(Q) reduces to (2m* )1/2/\kF . In the same
limit, assuming that the 2DEG is thin enough forqz /b and
q/b to be much less than 1, we can writeD(qz)→1 and
c

-

s.

-

t

e2(q)→(Qs /q)2. Finally, using u5\qv i /kBT and
w5\qzv i /kBT, Eq. ~1! can be approximated by

Sg52
m* 2LkB

7T6Ju
2

16p2kF
3\9e%Qs

2

3(
i

1

v i
7 E

2`

`

dwE
0

`

du
ai

2u4~u21w2!

sinh2~Au21w2/2!
, ~4!

whereal 5D1w2/(u21w2) andat5uw/(u21w2) for lon-
gitudinal and transverse modes, respectively. There are
unknown quantities in this expression and, providedL is
independent ofT, Sg}T6. In this limit Sg}n23/2 via the
factor kF

23, but the result is independent ofm* ~because
Qs}m* ! and the details of the electronic wave functio
With piezoelectric coupling, which is appropriate in GaA
structures, the limiting low-temperature dependence isT4

and the magnitude remains much larger to low
temperatures.5

For completeness, we briefly examine the diffusion co
tribution Sd to the thermopower of a degenerate 2DEG. T
is given by

Sd52
p2kB

2T

3e«F
~11p!, ~5!

wherep is a constant whose value depends on the type
scattering. In a calculation for a particular MOSFET, Kar
volas and Butcher1 found thatp passes through21 in the
region ofn5931015 m22, and this was experimentally con
firmed by Karavolaset al.14 In these circumstances the sca
tering term~i.e., that part dependent onp! and the entropy
term ~the remainder! cancel, leavingSd;0; thus Sg will
dominate in this region.

The theoretical result for the energy loss rate is tak
from Ma et al.15 @see their Eq.~A2!#, but we have modified
this to allow for nondegeneracy as withSg. When the sub-
strate is at zero temperature and the electron temperatureT
the energy loss rateF(T) can be written as

F~T!5
~2m* !3/2gv

16p3\n%

3(
i

v iE
0

`E
2`

` J2~Q!Q3D~qz!G~Q!

e2~q!@exp~\vQ /kBT!21#
dq dqz .

~6!

When the lattice temperature isTl and the electron tem
perature isTe the loss rate isF(Te)2F(Tl ). In the Bloch
limit we make the same approximations and substitutions
before and find that

F~T!5
m* 2~kBT!7Ju

2

2p2kF
3\9%Qs

2

3(
i

1

v i
6 E

2`

`

dwE
0

`

du
ai

2u2~u21w2!3/2

exp~Au21w2!21
.

~7!
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12 424 56R. FLETCHERet al.
The expressions forSg andF(T) are derived with equiva-
lent basic assumptions and their common key element ise-p
coupling. The averages over the phonon spectrum are di
ent in the two cases ofSg andF(T), but the low-temperature
equations have many common factors and we can write

F~T!52zSg
veT

L
, ~8!

where v is a suitable average velocity andz a numerical
constant of order unity. Becausev i appears to a high powe
in Eqs.~4! and~7!, the dominant contribution in each case
made by transverse modes, particularly at low temperatu
andv is essentially an average only over these modes. In
same limit, using the value ofat appropriate to MOSFET’s
z50.46. If ai is replaced by unity,z50.38. Even when the
scattering potential is unscreened so that the integrands in
above equations no longer contain the factor (q/Qs)

2 we find
that z only changes to 0.80. In other words, at low tempe
tures the value ofz is not very sensitive to the precise for
of the deformation potential used and it is essentially in
pendent of the magnitude providing coupling to one of
phonon polarizations is dominant, as is the case here. E
tion ~8! provides a useful semiquantitative way of predicti
either one ofSg or F(T) given the other for any 2DEG an
clearly reveals the common link ofe-p scattering in both of
these quantities.

III. EXPERIMENTS

The MOSFET was grown on a crystallographic plane
Si oriented nominally perpendicular to@001#; the Si was B
doped and had a nominal resistivity of 20V cm. The sub-
strate of the sample used here had dimensi
43830.5 mm3 and the gated region was 2.530.25 mm2

with the long axis parallel to@100# and the direction of the
temperature gradient. Electron densities in the ra
n5(0 – 10)31015 m22 were available. At 4 K the mobility
was ;1.4 m2 V21 s21 in the density range of interes
@;(4 – 10)31015 m22# and rose to;1.75 m2 V21 s21 at
low temperatures.

Temperatures in the range 0.3–4.2 K were obtained w
a 3He cryostat. A matched pair of 5.1 kV Dale surface-
mounted resistors, with good sensitivity over the whole te
perature range,16 was epoxied to the substrate to measure
temperature and temperature gradient. Temperature cal
tions were made with a commercially calibrated germani
resistor~which agreed with temperatures measured by va
pressure to<5 mK in the 4He superfluid region of abou
1.4–2.1 K!.

All measurements used dc techniques. Potential dif
ences were determined by an EM type N11 nanovoltme
manufactured by EM Electronics, England, with a resolut
of a few nV. At temperatures below;1 K each pair of
sample contacts was found to have a temperature-depen
output voltage even at zero-temperature gradient. The or
of this voltage is unknown, but its magnitude varied w
cooldown procedure and was different for each contact p
It was very important to allow for this voltage since it b
came of the order of the thermopower signal at;0.8 K. We
did this by fixing the average temperature of the sample
r-

s,
e

the

-

-
e
a-

f

s

e

h

-
e
ra-

r

r-
r,

n

ent
in

ir.

at

the same value both with and without the temperature gr
ent so that the differences accurately gave the thermoele
signal.

The absolute accuracy of the thermopower is expecte
be about 20%, the error mainly resulting from the measu
ment of the distance between the thermometers. Howe
the self-consistency between the values ofp measured by
different methods17 ~and the thermal conductivity of the tw
substrates discussed below! suggests that the total error
probably no more than 5%. The relative accuracy should
at the level of 1–2%. Measurements of the thermopow
using different contacts on the MOSFET yielded the sa
values within 2–3%, suggesting that the distance betw
the contacts did not contribute a significant error and that
thermoelectric properties were uniform over the sample.

Energy loss rates were determined by measuring the e
tron temperature as a function of Joule heating. Tempe
tures were deduced using the amplitude of Shubnikov
Haas oscillations in the resistivity at low magnetic fields~up
to 2–3 T!. The amplitude was calibrated at low excitatio
current~down to 50 nA! where no change in amplitude wit
current was visible, particularly at the lowest temperatur
The sample was then held at 0.3 K and various currents u
;15mA provided electron heating. Above about 3 K the
oscillations became too few and too small to be useful. T
electron temperature was determined by analyzing the am
tude at many different values of magnetic field. Typica
3–10 values of the temperature were obtained at each e
tation current with differences among the various determi
tions usually being<1%. At the highest values of Joul
heating the temperature of the substrate increased to a
0.36 K, but in this caseF(Te)@F(Tl ) and this has no sig-
nificant effect on the interpretation in the next section.

IV. RESULTS AND DISCUSSION

A. Thermopower

In order to compare experiment with calculation, we ne
the phonon mean free pathL. This is obtained from the
thermal conductivityl of the substrate shown by circles i
Fig. 1. The 2DEG plays no significant part in the magnitu
of l, which is completely dominated by phonons. TheQ and
i dependences ofL are ignored and we write

l5
1

3
L(

i
Civ i , ~9!

whereCi is the phonon specific heat for each phonon bran
in the Debye approximation. With acoustic velocities of lo
gitudinal and transverse modes ofv l 58834 ms21 and
v t55269 ms21, respectively~which are^1/v2& averages of
the longitudinal and transverse sound velocities over
three high-symmetry directions using data fro
Huntington18! we expect l51145LT3 W m21 K21. If
boundary scattering were dominant, thenL would be inde-
pendent of temperature. The data are given in the forml/T3

to show that there are deviations from this behavior. Initia
L weakly decreases withT from 0.90 mm atT54.5 K to
0.78 mm atT51.5 K and then begins to increase aga
reaching 1.85 mm atT50.26 K. The dip inL is attributed to
phonon scattering by the boron acceptor impurities that h
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a resonance behavior.19 A more highly B-doped substrate~10
V cm! measured by Gallagheret al.4 showed a rather differ-
ent behavior. We also examined a second substrate w
MOSFET from another, nominally identical wafer. The r
sults are also shown in the same figure~squares!. The two
sets of data are in good agreement.

Because the heat flow is parallel to@100#, both substrates
should show substantial phonon focusing effects. Assum
only diffuse boundary scattering, the results of McCurd20

enable us to estimatel52.02T3 W m21 K21 for these
samples, which is close to the measured low-tempera
values. However, with GaAs samples specular reflection
creasesl by typically 50% and the factor is likely simila
here, so it is possible that these samples are still not bou
ary limited even at 0.3 K.

The thermopowerS of the 2DEG with a carrier density o
n58.531015 m22 is shown by circles in Fig. 2. The soli
line in the same figure is the theoreticalSg obtained from Eq.
~1! and the temperature dependentL. The values of the pa
rameters used are3 gv52, Ju59.0 eV, andJd526.0 eV;
m* 50.1905me and the mass in thez direction is 0.916me ;
kox53.9 andksc511.7. The sound velocities used here a
v l 58861 ms21 and v t55331 ms21, which are, respec
tively, simple averages of the longitudinal and transve
sound velocities over the three high-symmetry direction18

Also given in Fig. 2 is the calculated entropy part ofSd from
Eq. ~5!, i.e., whenp50 ~dashed line!, and this shows tha
11p must be very small for these data. Thus practically
the measuredS is due toSg and this is seen to agree we
with the calculation, especially at low temperatures.

The results obtained in Sec. II imply that at low tempe
turesS5bT1hT6, where the terms proportional tob andh
are, respectively, the diffusion and phonon-drag contri
tions to the thermopower. In Fig. 3 the circles show t
experimental data ofS/T as a function ofT5 at T<1.35 K; a
straight line is indeed obtained. Other integer power laws
Sg gave poorer fits. Fortunately,L is fairly constant in the
temperature range of interest forSg (;0.5– 1.4 K) so that

FIG. 1. Thermal conductivityl of the substrates, plotted in th
form l/T3, as a function of temperatureT. The circles are for the
first substrate~with the MOSFET used in all other measurement!;
the squares are for the second substrate. The horizontal lin
2.02 W m21 K24 is the calculated value ofl/T3 ~see the text!.
a

g

re
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e

ll
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-

r

this does not play a significant role in determining the te
perature dependence. The measured slope of the
straight-line fit ~dashed line in Fig. 3! is h520.23
60.02 mV K27, where the probable error includes a
sources except the systematic error in the thermometer s
ing. The thermometer spacing is an important source of
perimental uncertainty, but in comparing experiment a
theory it seems likely that this error would largely disappe

at

FIG. 2. ThermopowerS as a function of temperatureT. The
circles are experimental data and the solid line is the calculatedSg.
The dashed line is the calculated entropy contribution to the di
sion thermopowerSd52p2kB

2T/3e«F525.4T mV/K. Above 1.5
K the temperature dependence ofS tends to;T3. The sample
densityn58.531015 m22 and is also the same value for the fo
lowing figures.

FIG. 3. ThermopowerS plotted in the form2S/T as a function
of T5. The symbols are the measured data and the dashed line i
best fit given byS50.06T– 0.23T6 mV K21. The solid line is the
calculated phonon-drag partSg and is approximately given by
Sg520.22T6 mV K21. The data cover the range;0.5– 1.4 K.
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because the calculation ofh takesL from l, which involves
the same thermometers asSg. The cancellation of this erro
is not necessarily exact since different phonon averagin
involved in l andSg.

The solid line in Fig. 3 was calculated using Eq.~1! and
the material parameters given above. The average slop
this line ish520.22mV K27, which is in excellent agree
ment with the experimental value. To obtain an accurate
oretical value ofh it was necessary to use Eq.~1!. The ap-
proximate formula ~4! gives h520.10mV K27 using
L50.8 mm, which is a reasonable average for this temp
ture range. The reason for the difference is that the appr
mations made to obtain Eq.~4! are valid only at very lowT
for very thin 2DEG’s and constantL. In the experimental
temperature range the approximation that introduces the l
est error in Eq.~4! is that ofFs(q)51. Because the dominan
contribution to the phonon-drag integrals occurs
q̄;5kBT/\v i ,21 we see from Eq.~2! thatFs(q) is a decreas-
ing function ofT. For the 2DEG considered here the var
tional factorb that describes the spatial extent of the elect
wave function in thez direction is b50.89 nm21. At
T51 K, Fs(q)'0.7 and sinceFs

2(q) appears in the denomi
nator of Eq.~1! the calculatedSg using the above approxi
mation is underestimated by a factor of;2. The ratio
L/Fs

2(q) is a smooth function ofT and one can see a sligh
curvature of the theoretical line in Fig. 3, but on averageSg

still follows a power law close toT6.
We should point out that the agreement of the experim

tal and calculatedh is perhaps better than we might ha
expected. Equation~4! shows that at low temperaturesSg

}v i
27 and consequently the calculated value ofh is sensi-

tively dependent on the average velocities used, espec
for the transverse modes. The acoustic velocities show r
tively strong anisotropy and one should include this in
calculation at a fundamental level. To acquire a rough ide
how the anisotropy can affect the results we used^1/v7&
averages of the longitudinal and transverse sound veloc
and found a difference of;20% for h. Nevertheless, the
excellent agreement suggests that the theory is basic
sound and that the deformation potentials are a good re
sentation of the real situation.

The intercept in Fig. 3 isb50.0660.03mV K22, which,
using Eq. ~5!, gives 11p520.01. As mentioned above
calculation1 predicts thatp will pass through21 in the
present region of carrier densityn and in factn was adjusted
by the gate voltage to give this rather precise cancellatio
11p. However,p turned out to be surprisingly independe
of n over the available range. Even atn54.731015 m22 we
find p520.9760.05.17 The calculation predicts a mor
rapid change with density, but it seems that the presen
sults simply reflect a preponderance of interface roughn
scattering in this sample, even at low carrier densities wh
remote impurities began to dominate in the calculation. H
the value of 11p been of the order of unity, it is clear from
Fig. 2 that Sg would have been very difficult to measu
accurately in this low-temperature region.

We have also measured the thermopower at other ca
densities. At n;4.731015 m22 the Bloch region moves
down in temperature to below 1 K, where accuracy is lo
though the rapid falloff ofSg was still visible in the data.
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Higher densities would be an advantage if 11p remains
small, but a significant improvement, say a factor of 2, w
not available with the present sample.

B. Energy loss rate

Figure 4 shows data on the energy loss rate of this sam
with the substrate maintained at 0.3 K. As the temperatur
lowered from 3 K the slope of measured data increases u
about 1.5 K, where it decreases again. The solid line is
calculated functionF(Te)2F(Tl ) using Eq. ~6! and the
same material parameters as above. The agreement is
above about 1.5 K in both magnitude and trend, which sho
that the same mechanism is responsible for bothF(T) and
Sg. We have also calculatedF(Te)2F(Tl ) using Eq.~8!,
with the measuredSg and the calculatedz as a function ofT;
this is shown by the dashed curve. Below about 1 K we have
usedSg5hT6 with the experimental value ofh to extrapo-
late this curve. Over the temperature range of the experim
tal data~0.4–2.3 K! z only varies from about 0.46–0.58, bu
it has increased to 1.05 by 4.5 K. Clearly Eq.~8! gives an
excellent representation of the measuredF(T) above 1.5 K
using the measuredSg and the curve hardly changes if on
uses a simple constant value forz. We should mention tha
the approximate Eq.~7! underestimates the values ofF(T)
by factor similar to that found withSg using Eq.~4!.

Recently, Sto¨ger et al.22 measured loss rates for 2DEG
in Si/Si12xGex heterostructures above about 1.5 K. Their c
culations used screened deformation potential coupling,
following Stern and Laux,23 assumed that only longitudina
acoustic phonons couple to the electrons with a deforma
potential ofJ l 59 eV and this gave satisfactory results
the temperatures of interest. The same coupling should
be appropriate to Si MOSFET’s, but using it in Eq.~1! we
obtain h520.042mV K27, which is about a factor of 5
smaller than the experimental value and our estimate,
decrease mainly being caused by the use ofv l rather than

FIG. 4. Energy loss rate per electron as a function of elect
temperatureTe at a lattice temperatureTl 50.3 K. The symbols are
the measurements from two independent runs. The solid line is
calculation using Eq.~6!. The dashed line uses Eq.~8! with the
calculatedz as a function ofT and with the measuredSg.
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v t . We also find a correspondingly small energy loss rate
the Bloch limit. This suggests that one must be very care
in assuming that thee-p coupling is accurately known whe
good agreement is found between calculation and exp
ment.

Below 1.5 K the measured loss rate becomes larger t
that calculated, with a continuously increasing separation
the curves. At low temperatures the observed variation
F(T) is roughlyT4 instead of the expectedT7. Even at 1 K
the difference is about a factor of 2, but Fig. 3 forSg shows
no obvious anomalies in this region, which implies that t
observed extra energy loss rate at low temperatures is
caused by bulk acoustic phonons.

As mentioned in the Introduction, previous work on t
loss rate in Si inversion layers6–9 noted serious disagreeme
between calculation and experiment. Some of this can
traced to the absence of screening in the calculations. Th
was predicted thatF(T)}T5 instead of the correctF(T)
}T7 in the Bloch limit. Phonon-drag measurements, inclu
ing those in this paper, conclusively show that screen
must be included. Because of this it is not clear whether
of the previous experiments found discrepancies simila
those discussed here. Ho¨nlein and Landwehr9 did find
anomalously high loss rates in high-density samples at
temperatures. The extra loss rate was attributed to local
excitations in the amorphous SiO2 insulating layer, though a
detailed model was not developed. Such localized excitat
would not contribute toSg.

Chowet al.24 reported an anomalous energy loss rate fo
2DEG in a GaAs/Ga12xAl xAs in the quantum Hall regime
At zero fields they observedF(T)}T5, as expected for
screened piezoelectric scattering, but between the Hall
teaus this changed toF(T)}T4. The difference was ascribe
to the effect of impurities one-p coupling, which was shown
to be much more important in the quantum Hall region th
at zero field. With deformation coupling the authors p
dictedF(T)}T6 rather thanT7 as calculated here. The tran
sition from clean to dirty limits should occur whenq̄l e;1,
wherel e is the electronic mean free path. Using our pre
r
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ous valueq̄;5kBT/\v i ,21 this corresponds toT;0.04 K in
our sample. Thus, this effect occurs at too low a tempera
and is also too weak to explain our data.

In 3D metals it has been known for many years that, ev
in the clean limit Q̄l e.1, interference effects betwee
electron-impurity ande-p scattering changes the effectiv
temperature-dependent momentum scattering rate fromT5 to
T2 at low temperatures~for recent calculations and exper
ments see Refs. 25 and 26, respectively!. This change in
power law is similar to that seen here. If this effect is al
present in 2DEG’s, one would expect to see it in lo
mobility samples at low temperatures, but we are not aw
of any other relevant experiments.

V. CONCLUSION

We have obtained good agreement between the temp
ture dependence and magnitude of the phonon-drag t
mopower in a Si inversion layer in the Bloch limit. In th
case of the energy relaxation rate the agreement is goo
high temperatures but poor at low temperatures. Poss
sources for the discrepancy are localized excitations in
SiO2 or interference effects between electron-impurity a
electron-phonon scattering. In principle,Sg would be insen-
sitive to the former but sensitive to the latter. BecauseSg

shows no pronounced anomalies we expect that the effec
impurities on the electron-phonon coupling is not very im
portant here.
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