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Experimental evidence for a transition from localized to extended states in a two-dimen-
sional band tail is obtained by measuring the conductivity in n- and p-type inversion lay-
ers in Si as a function of electron density and temperature (4.2 to 0.4°K). A transition
from metallic to thermally activated conductivity is observed as a function of electron
density, while the temperature dependence at electron densities below the transition shows
both thermally activated nearest-neighbor hopping and variable-range hopping as pro-

posed by Mott.

Present technology for fabricating Si MOSFETSs
(metal -oxide-semiconductor field-effect transis-
tors) has made the Si inversion layer a unique
model system for the study of electronic process-
es in a two-dimensional (2D) electron gas.! Its
carrier density can be varied by several orders
of magnitude simply by varying the voltage to the
metal gate, Fang and Fowler? first made an ex-
tensive study of the transport properties of n-type
Si inversion layers at temperatures from 300 to
4.2°K. They discovered that at low temperatures
the dc conductivity is thermally activated at low
surface-carrier concentration n, and metallic at
high n,. Recently, Mott® has suggested that these
low-temperature results may demonstrate the
existence of a mobility edge in the band-tail
states of the inversion layer separating the local-
ized states from the extended states.* The poten-
tial fluctuations, which create this tail of local-
ized states in the bottom of the 2D sub-band,
arise from interface roughness and from charges
in the oxide and at the interface. Stern® has ex-
amined the published experimental data which
can be interpreted as supporting this mobility-
edge model and has pointed out that, although
these data are reasonably explained by a mobility
edge, they do not exclude alternative explana-
tions. For example, the low-temperature results
of Fang and Fowler have also been explained by
electron freezeout on bound states in the inver-
sion layer arising from positively charged inter-
face centers.® Thus, although it has been appre-
ciated for some time that the threshold for metal -
lic conductivity in these systems occurs above
the charging threshold, the exact nature of the
localization near the conduction threshold has not
been elucidated. In the following we demonstrate
that Mott’s model for localization by potential
fluctuations in a band tail may be applicable to
these systems by making measurements of the
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channel conductance as a funtion of temperature.
We have studied the temperature dependence of
the dc resistivity of p-type as well as n-type Si
inversion layers from 4.2 to 0.4°K and obtained a
number of results which support Mott’s® mobility-
edge model. First, we have observed the transi-
tion from the metallic conduction at high n to an
activated conduction at low n in the p- as well as
the n-type inversion layers. Since the fixed
charge at the interface @, in both the p- and n-
type inversion layers of our samples is positive,
the observed activated conductivity cannot result
from carriers bound to the charged interface
centers, as these centers are repulsive in the p-
type layer. On the other hand, potential fluctua-
tions at the interface can create localized tail
states in the sub-band of the p- as well as the n-
type layers. This fact in itself strongly suggests
that a model based on trapping of the electrons
or holes by conventional bound states associated
with fixed interface charges is not applicable and
favors a more generalized localization by poten-
tial fluctuations. Second, at sufficiently low tem-
peratures, the dc resistivity of the inversion lay-
ers departs from a simple exponential dependence
in a manner consistent with exp[(7,/7)®] which
is expected for Mott’s variable-range hopping
conduction* in a 2D system. Third, weak oscilla-
tions (as measured by Ac/c~5%) in the magneto-
resistance as a function of n together with cyclo-
tron-resonance measurements’ indicate no sub-
stantial perturbation of the 2D density of states
at energies near the transition to metallic conduc-
tivity. In the remainder of this Letter we de-
scribe in detail the results for one of the devices.
Figure 1 shows the temperature dependence of
the channel resistivity p of an n-channel Si MOS-
FET from 4.2 to 0.4°K [ p=(W/I)R, where w and
! are, respectively, the width and the length of
the channel and R is its resistance]. This device
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FIG. 1. lnp versus 1/T at various surface-carrier
concentrations. Curve a, ng=4Xx 10“/01112; b, n.,=5.2
x 101 /cm?; ¢, ny=6.4x10!!/cm?; d, ns=7.5x10f1/cm2;
e, n =8.7><]0“/cm2; £, ﬂs=1.1x10”/cm2; g ng=1.3
x10%/cm?; and &, ng=1.6x 1012/cm?. n. is determined

S
to £0.2x 10! /em?.

is fabricated on a (100) surface of a p-type,
10 000-Q-cm resistivity substrate.® The gate ox-
ide, grown by wet oxidation, is 4000 A thick with
Q,,=1.2%X10"/cm? (as determined from C-V mea-
surements). The surface electron density is de-
termined by n,=Cy(V, - V;)/e, where C, is the
oxide capacitance, V, is the gate voltage, and V.
is the conductance threshold voltage at 78°K. It
is well known that », determined by using the
threshold voltage at 78°K agrees with that ob-
tained from oscillatory magnetoresistivity mea-
surements.?® The temperature is measured by
a Ge thermometer accurate to ~1% for 7 2 0.8°K
and ~3% for 7<0.8°K. Except for the data points
with error bars, p is accurate to ~2%. We have
taken care to avoid carrier heating in the chan-
nel.®

In this sample, the metallic conduction, which
is characterized by p being independent of T, is
seen at n, < 1xX10%/cm? At lower n,, p depends

slope of the solid line gives the parameter T(=177°K.
The inset shows the activation energy W as a function
of ng.

strongly on 7. Except for a small temperature
range near 4.2°K, the dependence on 7 for a giv-
en n can be attributed to an activated conduction
described by p ~e*’*T at high temperatures in a
reasonably large range of p. The activation en-
ergy W deduced from these data is shown in the
inset of Fig. 2 as a function of n,. It varies con-
tinuously from 0.87 meV at n = (4+0.2)x 10" /cm?
to zero at n = (1+0.02)x10"%/cm?,

On the basis of these data, we assign a mobility
edge separating the localized from the extended
states at an energy E_ which equals the Fermi en-
ergy Er at n,=1.0x10%/cm? We know from the
oscillatory magnetoresistivity measurements that
the electron density of states n at this energy
does not deviate appreciably from that of the un-
perturbed 2D sub-band with 7=1.7x10'/cm? meV.
Further, from the cyclotron-resonance experi-
ments, '° we exclude the possibility of carrier
freezeout in discrete traps. From the density
of states and the critical electron density, ~1
x10%/cm?, we determine E, to be 6 meV above
the unperturbed band edge of the 2D sub-band.

We note that the activation energy W determined
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from our data is substantially less than E_-E¢.
For instance, at n,=5.2x10'/cm? E;is 3 meV
below E_ but Wis ~0.5 meV. Unless E_ drops
rapidly with E, an unlikely possibility,!* we
may conclude that the conduction in this temper-
ature range does not result from activation of
localized electrons into the extended states above
E.. We attribute the observed activated behavior
to Mott’s nearest-neighbor hopping conduction.*

The temperature dependence of p at still lower
temperatures cannot be explained by a tempera-
ture-independent activation energy. Deviations
from the e"/*T dependence are apparent in Fig, 1
in the data for n,=5.2x10''/cm? at T<1.2°K and
in the data for n =6.4x10'/cm? at T<1°%K. The
error bars attached to the data points indicate the
uncertainties in determining p, which is the chan-
nel resistivity in the limit of applying zero volt-
age across the source and drain. Within the ex-
perimental uncertainties, these two sets of data
are consistent with an exp[(7,/7)"?] dependence
expected for Mott’s variable-range hopping con-
duction in a 2D system. In Fig. 2, the data for
n,=6,4%10'/cm? are replotted on a Inp-versus-
(1/7)Y® scale. It is clear that p follows the
exp[(T,/T)*?] dependence on T for T<1°K. How-
ever, the temperature range is much too limited
to determine unambiguously the correct power of
1/T.

The parameter T, deduced from our data is
500K for 7 =5.2X10"/cm? and 180K for n =6.4
x10/cm?. According to Mott’s argument, T,
~27a%/mkn in the case of a 2D system. Here &
is the Boltzmann constant and o' is the range
of the localized state. Our data yield a™*~110 A
for n,=5.2x10"/cm? and ~ 180 A for »,= 6.4
x 10 /cm? We can also estimate o' from*
a(Eg) ~[2m*(E,~ Ey)/R?]V2. Using m*=0.2m,
and Ez=n,/n, we obtain o !~80 A for ny=5.2
x10'/cm? and @™ !~ 100 A for n,=6.4x10"/cm?,

It is interesting to point out that for both p- and
n-type samples the minimum metallic conductivi-
ty'? 0 ,;, measured is ~6X107* Q7! independent
of peak mobility, substrate doping, and interface-
charge concentration. (Six samples were used,
three » channels on 10- and 10000-Q-cm p sub-
strates and three p channels on 100- and 10-§-
cm n substrates, all with @,,>0.8x10!'/cm? and
<1.2x10%/cm?.) Although we do not wish to com-
ment on the validity of such a concept, we note
that in a 2D system the so-called “minimum me-
tallic conductivity” is relatively insensitive to
material parameters, i.e., 0.~k Ae?/2h, where
kgA is the product of the Fermi wave vector and
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the electron mean free path at the transition.
Omin®6x107% Q7! gives kA =7, 7 times larger
than the estimate made by Edwards and Thou-
less.!®

There are a number of interesting caveats that
should be brought forward. It is somewhat sur-
prising that one should see magnetoresistance
oscillations and cyclotron resonance® at Fermi
energies where the electrons are in localized
states. This is especially so if one considers
that the range of localization a™! is of the order
of the cyclotron radius (~ 100 A at 100 kG). It is
possible that cyclotron resonance survives at low
densities because the frequency at which the reso-
nance is observed is sufficiently high. It is, how-
ever, not large compared to E_- E ;. Magneto-
resistance oscillations in the dc conductivity
might exist by virtue of the relative strength of
the density of states in 2D in the presence of a
magnetic field. Neither explanation is particular-
ly satisfactory. In a sense, we have the rather
remarkable result that cyclotron resonance and
the magnetoresistance oscillations can be under-
stood in terms of free electrons at densities
where nearly all electrons are in localized states.
On the theoretical side, we would like to point
out that for n <3x10'%/cm?, the Coulomb inter-
action energy between electrons exceeds the ki-
netic energy! and therefore many-body effects
probably play an important role in any quantita-
tive description of this system. In this regard
perhaps one should not dismiss contributions
from intrinsic localization phenomena such as
described by Wigner.*

In conclusion, these experiments indicate that
the substantial reduction of electron mobility in
these systems at low temperatures and low elec-
tron densities is due to localization such as pro-
posed by Mott as distinct from trapping by con-
ventional bound states associated with interface
charges. A mobility edge where the density of
states is only weakly perturbed, thermally acti-
vated hopping as distinct from thermal promo-
tion to states above the mobility edge, and vari-
able-range hopping at low temperatures all sup-
port such an interpretation. We also note that the
minimum metallic conductivity proved quite in-
sensitive to carrier type and to sample character-
istics, which may lend some credibility to the
concept of a minimum metallic conductivity.

Note added.—After the submission of this manu-
script we became aware of similar results by
Pepper, Pollitt, Adkins, and Oakley.'®* We thank
them for the communication.
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Theory of Angular Resolved Photoemission from Adsorbates
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A theory of the angular resolved photoemission from localized adsorbate orbitals is
presented in which the effects of the final state are discussed in detail. Numerical re-
sults show a strong dependence of the energy-resolved angular distribution on the sym-
metry of the bonding orbitals and on the geometry of the adsorption site.

The recent experimental verification of the an-
gular dependence in photoemission spectra' has

stimulated considerable interest in this technique.

In the case of clean surfaces, it is likely that in-
formation about the bulk energy bands and their
possible modifications near the surface may be
extracted from the angular and energy depen-
dence. The purpose of this Letter is to demon-

strate that the angular distribution from local-
ized adatom levels at the surface is dominated

by the symmetry of the adsorption site as well

as by the symmetry of the bonding orbitals.?

This indicates the great potential of angular re-
solved photoemission as a tool complementary

to low-energy electron diffraction (LEED) to ana-
lyze geometrical structures at surfaces.
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