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Temperature-Dependent Resistivities in Silicon Inversion Layers at Low Temperatures
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The temperature dependence of the resistivities of n -type silicon inversion layers at
liquid helium temperatures was studied in detail. The temperature dependence was found
to be correlated to the mobility of the sample. Our results can be explained by Coulomb
scattering, with possible contributions by surface-roughness scattering in high-mobility
samples.

PACS numbers: 73.25.+i, 73.40.Lq

The electrons in a silicon inversion layer have
the properties of a quasi two-dimensional system,
with the advantage that the surface electron den-
sity (n, ) and the effective thickness ((E)) of the
layer can be varied continuously. ' The tempera-
ture dependence of the resistivity at liquid helium
temperatures had been studied recently by sev-
eral authors" and was interpreted as due to
electron-phonon scattering. We have made ex-
tensive studies of this temperature dependence
as a function of n„(z), and the actuality of the de-
vice, as given by the maximum effective mobility
at 4.2 'K ( p,„) which ranged from 2400 to 22 000
cm'/V .sec.

In the metallic regime, where the conductivity
shows no activated behavior, the mobility of the
inversion layer at liquid helium temperatures is
known to be limited by Coulomb scattering and
surface-roughness scattering, and at higher tem-
peratures also by electron-phonon scattering. '4
With use of Matthiessen's rule (which is an ap-
proximation in our case'), the resistivity is given
by

p = pc + ps, r. + pe- ph

with obvious abbreviations. pc has been ob-

served to be temperature dependent, ' but detailed
measurements have not been made at liquid heli-
um temperatures. p, ph is obviously temperature
dependent and is often considered to be the dom-
inant temperature-dependent part of the total re-
sistivity.

Resistivities p of n-channel metal-oxide-semi-
conductor field-effect transistors, fabricated on
30-40-ohm-cm [001]p-type substrates, were
measured with both two-point and four-point
probes with measuring fields ~4 mV jcm (as
guided by hot-electron —effect measurements) to
avoid heating effects. ' The devices were drawn
from an inventory accumulated over a two-year
period of processing experimentation. The sam-
ples were immersed in liquid helium within a
light-tight container mounted with a germanium
thermometer. A light-emitting diode supplied
radiation to the substrate in order to assist elec-
trostatic equilibrium. The oxide fixed charge
density, Q„, was estimated from flat-band shifts
in C- V measurements for thick oxide devices
(~ 1000 A), and estimated from mobilities for
thin oxide devices. Measurements of Shubnikov-
de Haas extrema for n, &10" cm ' as a function
of temperature on three samples have assured

1472 1980 The American Physical Society



VOLUME 44, NUMBER 22 PHYSICAL REVIEW LETTERS 2 JvNE 1980

310

308—

'I.56

—1.54
10ll

8

~ I I I I I I

T= 4.5 'K

306—
Cs

I

& 304-
I

6C
302—

—1.52

—1.50

—1.48

0

Cs

Iv 4I

0
2

10—10

761'e8

10

300—
I I

3 4
T( K)

—1.46

I

4 6 810
p, m (cm~/v-s)

FIG. l. Resistivity vs T. Circles, Al(80), n, = 1.2
&&10 cm, V,„b = -9.42 V; triangles, 8,3L, n, = 1.3
&& 10 cm V'sub = -17.3 V.

us that the resistivity changes are not due to
changes in n, with temperature.

Measurements of p vs T for two devices is
shown in Fig. 1 for similar electron densities.
The temperature dependence of the poor sample
is an order of magnitude larger than that of the
better sample, both with somewhat different
curvatures. The temperature-dependent parts of
the resistivities and scattering rates were ex-
tracted from

1/T = 1/To+ 1/Yr, '
p = pa+ pr, (2)

where p, was determined by a sensible extrapola-
tion to O'K. The errors indicated in subsequent
figures reflect our best estimate of the extrapo-
lation error. Since absolute values of Q„and
surface roughness are difficult to obtain unam-
biguously we have adopted the experimentally
more convenient parameter of maximum effective
mobility p, as a measure of device quality. All
of our samples have nearly the same mobility at
very large surface fields (n, ~10"/cm'), which
we assume implies that the surface roughness
plays a constant role. Thus, comparing p, vs n,
curves among our samples, one draws the con-
clusion that Coulomb scattering is dominant for
the lowest-mobility devices for n, & 2 x10"/cm',
while for the best samples Coulomb and surface-
roughness scattering are comparable.

We display in Fig. 2 1/Tr vs p,„for ten samples
at n, =1.5x10"/cm' and T=4.5'K. We note that
the oxide thicknesses (d,„) of the devices range

FIG. 2. 1/Tr at 4.5 K and ns = 1.&x 10 cm . Ogp

data have been interpolated to a fixed n, and T when-
ever necessary to simplify discussions. Device label
and V»b (y) are (1) TA15, -9.41; (2) Al(80), -9.42;
(3) M72-31H, -6.27; (4) M72-31, -6.27; (5) A13, -6.29;
(6) M72-14, -1.25 ~ (7) TH1, -9.41; (8) 113L, -9.42 ~

(9) B15, 0; (10) A(2500), -9.41.

from 80 to 2400 A without any clear correlation
between 1/vr and d,„. Devices with the same d,„,
but different p. , were observed to give different
1/~z vs T data. Increasing the Q„of a device
about 50% by Na' drifting causes an approximate-
ly proportional increase in 1/Tz. Lastly, 1/Tz
was found to increase about 50% when (z) was de-
creased about 10%by applying a negative sub-
strate bias (V,„b) for the case of n, = 1.24 x10"
cm ', T=4'K with p =15000 cm'/volt-sec. The
percentage change is sma11. on low-mobility de-
vices and in some cases reversed.

These results strongly imply that this tempera-
ture-dependent scattering is not of phonon origin.
In an early paper by Stern and Howard, ' the
screening constant s for Coulomb scattering was
calculated using the q -0 approximation, where q
is the wave-vector change during scattering.
This gives a negligible temperature dependence
between 1 and 5 K for both Coulomb and surface-
roughness scattering. Recently, Stern has con-
sidered the screening problem using the full de-
pendence of 8 on q and T.' If s is calculated as a
function of q, and if the formula given by Malda-
gue' is used to evaluate the temperature depen-
dence of the polarizability, then s(q) at q-2k~,
where k F is the Fermi wave vector, is found to
be significantly dependent on temperature. Since
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momentum relaxation occurs mostly at q -2k F,
then the relaxation time 7 due to scattering, av-
eraged over the Fermi surface weighted by s df/
de, where e is the electron energy and f is the
Fermi-Dirac distribution, will be a stronger
function of temperature than was previously
thought.

Using this approach and assuming all the Cou-
lomb scatterers are located at the Si-Sio, inter-
face, Stern has calculated 1/T as functions of n,
and T.' For the case of Coulomb scattering, his
calculations show that 1/T increases almost
linearly with T, with a magnitude proportional
to Q„at fixed n, . This temperature dependence
decreases with increasing n „which is somewhat
expected because of the reduced scattering rate
as well as the temperature dependence of s.
Stern's calculations on surface roughness also
show a linear temperature dependence at liquid
helium temperatures, and the temperature de-
pendence increases with increasing n, .

Referring to Fig. 3, we first draw attention to
the limiting cases, (1/&r), &q, (1/vr)c, and
(1/wz, ). . . for 7'=4.5 'K plotted against n, (1/.
&r), zh has been calculated for bulk acoustic
modes' (note scale factor without which the curve
would be about one decade below the abscissa).
Calculations also show that 1/~r due to scatter-
ing by Rayleigh waves' (not shown here) is an
order of magnitude less than that due to bulk
phonons. (1/~r) c is the temperature-dependent
part of the Coulomb scattering calculated for
Q„=8 && 10"/cm without surface roughness. (1/
&r), , has been calculated using surface-rough-
ness parameters with a rms height ~ of 0.6 nm
and lateral correlation length I of 1.3 nm. Cal-
culations for the latter two cases are due to
Stern.

We plot two sets of data, TA15 and A13. From
their magnitudes and also Q„dependence we con-
clude that phonon scattering is an unimportant
contribution to the temperature-dependent mobil-
ity in this temperature range. For the case of
TA15 whose mobility is strongly limited by the
Q,» we have excellent agreement between theory
and experiment. As expected with reduction in
Q„by a factor of 6 —7 (data A13), a correspond-
ing reduction in 1/Tr occurs. In this case we be-
lieve that the surface-roughness contribution may
be observable since the slope of 1/7r vs n, is
less than the TA15 data, as predicted from the-
ory. The theory also predicts a change in the
sign of d(1/7'r)/dn, at n, 2X10~2 cm 2 for Q„- 10" cm . Measurements have not been made
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in this region since this effect was not previously
anticipated and it demands extreme accuracy as
&p/p will be very small. Further measurements
in this region will test the model for surface-
roughness scattering.

Qualitatively, the substrate bias results can be
understood as device-quality dependent. Surface
roughness remains nearly constant among de-
vices, and thus its relative contribution to 1/&r
increases as quality improves. Since Coulomb'
and surface roughness" scattering rates are
proportional to =&z& ' and &z& ', respectively,
decreasing &z& by substrate bias will cause a
small percentage change in 1/sr when the scat-
tering is Coulomb dominated; the percentage
increases as Q„ is reduced.

In conclusion, we suggest that Coulomb and
possibly surface-roughness scattering are the

FIG. 8. I/rr at 4.5'K vs n, . (1) Coulomb scattering,
Q„= Sx10" cm ~. (2) TA15 data, Q„-Sx10"cm ~,

V,„b = -9.41 V. For this sample and others having
large Q«, the effect of substrate bias is a few percent
on 1/7z and does not change the slope of 1/vz vs n~.
(3) Coulomb scattering and surface roughness scattering,
Q„=10"cm, ~ = 0.6 nm, L = 1.3 nm. (4) A13 data,
Q„-10 cm, V,„b = -6.29 V. (5) Scattering by bulk
phouons, =—„=12, =z = -8 eV. Note factor of 10. {6)
Surface-roughness scattering, 4 = 0.6 nm, I = 1.3 nm.
All calculations use V,„b = 0.
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dominant mechanisms causing a temperature-
dependent resistivity between 1 to 5 'K. The cal-
culated magnitudes of the electron-phonon scat-
tering are too small to explain our data, and are
without a mobility dependence. Their contribu-
tions to our high-mobility samples may have pro-
duced the curvature of p vs &, but theory predicts
negligible contributions even in these cases. The
anomalous scattering suggested by Kawaji' and
also localization effects" will give a temperature
dependence ™1n(1/&), which may also have con-
tributed to this curvature. The effects of analyz-
ing the data with such additional terms have been
estimated and do not change our conclusions.
Any observed effect attributed only to electron-
phonon scattering should be shown to be independ-
ent of mobility.
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The role of the local-field effect in differential reflectance spectroscopy is studied
within a classical model for an ordered overlayer of a weakly adsorbed species on a
metal substrate. Results for Ar on Al at two coverages strongly indicate the importance
of the local-field effect in such optical studies.

PACS numbers: 78.20.Dj, 73.60.Hy

There has been a great deal of interest in re-
cent years in the use of differential-ref lectivity
methods to study the electronic properties of ad-
sorbed objects on a variety of substrates. In par-
ticular, experiments have been reported" on dif-
ferential reflectance spectra from rare-gas atoms
adsorbed on metallic and oxide surfaces down to
submonolayer coverages. In this paper we report
on the first quantitative and detailed study of the

classical local-field effect in such systems, and
its possible implications for the measurement of
optical reflectance. Our results, showing a strik-
ing correlation with experiments, suggest that
the local-field effect is indeed quite important in
surf ace reflectance spectroscopy. Although no
systematic study of the role of the local-field ef-
fect in this problem has been attempted in the
past, ideas rather similar to ours have appeared
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