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surface. At levels below = 40-mW absorbed pow-
er, the drop has a nearly spherical shape. The
resolution in this picture is limited by the scan-
ning raster to -10 pm on the crystal.

The lifetime of the drop in this crystal (sam-
ple CR15) has been measured to be 490 psec from
the decay of the total luminescence intensity from
the entire crystal after the laser is switched
off.~' The long lifetime is a consequence of the
reduced density of electron-hole pairs in the drop
under stress. Alfvhn-wave experiments for this
sample geometry have determined the drop radi-
us to be of order 0.3 mm at the same laser pow-
er. Most recently we have performed time-re-
solved slit-scanning experiments' which agree
well with the Alfven-wave data, as well as the
photographs reproduced here. We regard the
Alfven-wave results as strong evidence that the
image we have photographed here is that of a sin-
gle drop and not a cloud of small drops. For un-

stressed Ge we observe a much weaker and more
diffuse video image, which translates with the
laser spot, consistent with a cloud of small drops
having a much lower average electron-hole den-
sity.

*Work supported in part by the U. S. Energy Research
and Development Administration and the National Sci-
ence Foundation.
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We observe the "minimum metallic conductivity, " 0~, to be a decreasing function of sur-
face-state charge density, Q~, near the Si-Si02 interface. This dependence of 0~ on Q~
is contrary to Mott's concept of minimum metallic conductivity, but explains the large
differences in 0' reported in the recent literature.

Carriers in Si inversion layers constitute a two-
dimensional (2D) electronic system whose density
n, can be varied by more than two orders of mag-
nitude. Several recent papers have reported car-
rier localization in this system at low tempera-
tures. ' ' This phenomenon, which has been
called Mott-Anderson localization, is character-
ized by a transition from metallic conduction at
high n, to thermally activated conduction at low

n~ [this transition occurs at n10"/cm' for an
n-type (100) inversion layer) and its cause has
been attributed to potential fluctuations at the Si-
SiO, interface. Although all the reported data
agree on the qualitative features of this transi-
tion, there exist large differences in the value of
the reported minimum metallic conductivity, o
below which the conductivity becomes therma, lly
activated. In particular, while we reported in
Ref. 2 the value o -6&10 4 0 ', Pepper et al.

reported o - 2 &&10 " 0 ' which is an order of
magnitude lower than other reported values. ' '
Mott's concept of minimum metallic conductivity, '
applied to a 2D system, requires that cr be rela-
tively insensitive to material parameters and
parameters characterizing the potential fluctua-
tions. Since the wide variation of o reported in
the literature seriously questions the concept of
a minimum metallic conductivity, it is important
to establish this variation on a firmer experi-
mental footing.

We have chosen surface-state charge density,
Q„, near the Si-Sio, interfaceo as a convenient
parameter to characterize potential fluctuations
at the interface and studied the dependence of a
on Q„. It is the purpose of this Comment to re-
port results from this study and to point out that
the differences in o, as reported in recent litera-
ture, are consistent with the Q„dependence of
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o observed in our experiment. We attribute
these differences in a to the differences in the
interface potential fluctuations of the devices
used by the different groups and conclude that
the minimum metallic conductivity in this 2D
electronic system indeed depends on Q„, which
is a widely used parameter for characterizing
Si-SiO, interface properties.

The samples studied in this experiment are
conventional two-terminal silicon metal-oxide-
semiconductor field-effect transistors (Si-
MOSFETs) of circular and linear geometry and
also one four-terminal device, which was used
to check that the effect of contact resistance at
the source and drain is indeed negligible in our
measurements. All the devices are fabricated on
10- to 15-0-cm (100)-oriented substrate material.
The size of the gate area varies from 12 &&50 p, m'
to 250&250 p, m with oxide thickness varying
from 1000 to 4000 A. Q„, which is positive in all
the samples, is determined from flat-band voltage
shift in capacitance-voltage curves measured at
1 MHz. ' Except for one device whose Q„ is
induced by the oxygen-reduction technique of
Fowkes and Bess, ' no additional process was
deliberately introduced in the device fabrication
to produce Q„ in any of the other samples. It is
assumed that Q„ in these other samples results
from variations in oxidation procedure and post-
oxidation annealing treatment. The impurity
mobile-ion charge densities, Q„ in all the sam-
ples, as determined from conventional bias-drift
measurements, are Q, s8x10"/cm'. The mo-
bile-ion contamination is kept at this low level to
eliminate interface potential inhomogeneities re-
sulting from mobile-ion clustering, which has
been seen at higher ion densities. "

In Fig. 1 the sheet resistance, p, of a p-chan-
nel device is plotted as a function of 1/T, taken
at fixed gate voltages V . n, given in the figure
caption is determined by n, = c,(V, —V,)/e, where
c, is the oxide capacitance and V, is the conduc-
tion threshold voltage at 78'K. In this sample,
whose Q„=3.0 x10"/cm', the transition from
metallic conduction to thermally activated con-
duction occurs at n, =(2.7 +0.1)x10"/cm'. For
smaller n„p shows thermally activated behavior
with an activation energy, which increases with
decreasing n, . The departure of p from a sim-
ple exponential dependence on 1/T at lower tem-
peratures is consistent with Mott's variable-
range hopping conduction in a 2D system. " 0
which is taken as the temperature-independent
conductivity at n, = 2.7 x 10"/cm', is 4.2 x 10 '
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Figure 2 shows our data on 0 as a function of

Q„. The crosses indicate data from p-channel
devices on n-Si and the circles indicate data
from n-channel devices on p-Si. For compari-
son, we also show o from Pepper et al. ' (as a
triangle) at Q„=8x10"/cm', which is the ap-
proximate amount of charge stored in their met-
al-nitride-oxide-semiconductor (MNOS) device.
These data clearly show that o depends strong-
ly on Q„. In the range of Q„which we have
studied, it decreases from -7x10 ' 0 ' at Q„
=1.0x10"/em' to -4x10 ' 0 ' at Q„=1.6x10"/
cm'. Although we have not measured any sample
with Q„as large as the amount of charges in the
devices used by Pepper et al. ,

' it is apparent
that o, reported by them, is also consistent
with the general Q„dependence observed in our
results. It appears that the different values of
cr reported in the recent literature may be un-
derstood to be due to different values of Q„.
Since Q„ is not the only source of potential fluc-
tuations at the interface, it is not, a priori,
clear that such an unambiguous dependence of o

FIG. 1. Inp versus 1/T for s P-channel device at vari-
ous n, : trace a, n, =1.2 x10' /em; trace 5, n, = 1.6
&&10 /cm; trace c, n~=1.9&&10 /em; trace d, n~=2. 2
&&10 /cm; trace e, n~=2. 8&&10 /cm2.
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FIG. 2. ~~ versus Q~. Circles are from n-channel
devices on p-Si, crosses are from p-channel devices
onn-Si, and the triangle is from Ref. 1.

on Q„should be observed.
Although the dependence of v on Q„demon-

strated in Fig. 2 is convincing, there is at least
one contrary piece of evidence. Mott et al. ' re-
port a value of o close to the theoretical value,
=0.07e'/)I, for a MOSFET with Q„=10"/cm'.
This suggests that Q„alone may not explain the
reported differences in v . At the same time
Hartstein and Fowler find a variation of cr with
Q„consistent with Fig. 2.

According to Mott's concept of minimum metal-
lic conductivity, o in a 2D system is relatively
insensitive to parameters characterizing poten-
tial fluctuations in the system. The strong depen-
dence of v on Q„, as seen in Fig. 2, is an evi-
dence that this minimum-metallic-conductivity
concept is not valid in this 2D system. It is also
important to note that this dependence of 0 on

Q„ is still inconsistent with Mott's minimum

metallic conductivity even if the Si inversion lay-
er is assumed to be a three-dimensional (3D)
electronic system. In the case of a 3D system,
o is expected to increase with increasing density
of localizing centers, ' contrary to our observa-
tion of o decreasing with increasing Q„. Final-
ly, we recall that electron-electron interaction
effects may be important at low carrier densi-
ties. '" In the case of an n-type (100) inversion
layer, the Coulomb interaction energy between
electrons exceeds their kinetic energy for n, & 3
x10"/cm' and the Mott-Anderson localization oc-
curs for n, s1 x10"/cm'. Thus, many-body ef-
fects probably play an important role in this
localization phenomenon and may mitigate Mott's
concept of a minimum-metallic-conductivity con-
cept in this 2D system.

%e are grateful to F. H. Hielscher for provid-
ing us with the oxygen-reduced samples, to
G. Kaminsky for technical assistance, and to
J. Brews for helpful conversations.
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