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Metal-Induced Surface States during Schottky-Barrier Formation on Si, Ge, and GaAS
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We report evidence for extrinsic metal-induced surface states during the early stages of
Schottky-barrier formation on Si(ill), GaAs(111), Ge(111), and Ge(100). Results on Ge-
(110) are related to those of Eastman and Freeouf for GaAs(110} and GaSb(110) and we pro-
pose a simple structural model to account for the anomalous results on (110) semiconduc-
tor surfaces.

Although the existence of surface states at the
metal-semiconductor interface was proposed by
Bardeen' in 1947 there has been little direct in-
formation about their spectroscopy and chemical
origin until recently. ' Eastman and Freeouf
have observed intrinsic-surface-state spectra on
III-V semiconductors such as GaAs that persist
in the presence of a metal overlayer. These au-
thors were able to correlate the Schottky-barrier
energies' ' with intrinsic-surface-state positions
and suggested that the barrier height of III-V
semiconductors is determined by intrinsic sur-
face states. Our results in this paper show that
this is not true for the (ill) surfaces of Si, Ge,
and GaAs. Intrinsic surface states on these sur-
faces are removed by the metallic overlayer and
new states appear near the Fermi energy which
are localized about the metal adatoms. These

extrinsic surface atoms pin the Fermi energy on
(111) and (100) surfaces and determine the Schott-
ky-barrier height. From ultraviolet-photoemis-
sion-spectroscopy measurements of bulk band-.
structure transitions of Si, Ge, and GaAs we de-
duce band-bending changes with final barriers,
y~=E, -E&, of 0.75, 0.60, a,nd 0.85 eV, respec-
tively, in good agreement with Schottky-barrier
heights measured by conventional capacitanee-
voltage measurements. ' " Similar metal-in-
duced surface states occur within the band-gap
energy range on Ge(100) surfaces but are much
weaker on Ge(110) surfaces. The Ge(110) sur-
face states occur at higher energies than on
Ge(100) and Ge(111) and are not completely re-
moved by metallic overlayers. A simple struc-
tural model is proposed for (110) surfaces in
which only one-half of the "normal" surface at-
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oms are bonded to metal adatoms. This model
explains the present observed differences between
(111), (100), and (110) surfaces as well as the
Eastman-Freeouf result' of the insensitivity of
surface states to overlayers on III-V (110) cleav-
age planes.

The primary experimental technique used in
the present study is electron energy-loss spec-
troscopy (ELS) of transitions from core states
to unoccupied surface and bulk states above the
Fermi level. ' " This technique has previously
been used to study intrinsic surface states on

Ge, ' GaAs, " and Si.~ Although the energy res-
olution 0.5-0.8 eV for ELS' " is not as high as
that of photoemission partial-yield spectra, "
essentially the same transitions are measured in
both cases because of the localized core levels
which have no energy-wave-vector dispersion. "
In addition we performed photoemission-energy-
distribution measurements" with an ultraviolet
resonance lamp and with an Al Kn x-ray source
in order to observe occupied extrinsic valence-
band surface states and to determine the core-
level energies with respect to the semiconductor
valence-band edge. The core levels were ob-
served by x-ray photoemission spectroscopy and
ELS for both the substrate and the metallic at-
oms. This determines (within a one-electron ap-
proximation) the unoccupied local density of
states near both semiconductor and metallic at-
oms for the first time. Previous results deter-
mined only the density of states near the semi-
conductor atoms. '" The experiments were per-
formed in a multiple-technique ultrahigh-vacuum
chamber which has been previously described. '~

Typical ELS data for Si(111)and GaAs(~1) sur-
faces are shown in Fig. I. Curves a and b show
ELS 3d-core excitation for a -1200-A-thick Ga
metal film and for -1-2 Ga layers (2 A average
thickness) on Si{111)." Excitation from the Si 2P
core state is shown in curves c and d for clean
Si(111)and for the s-A Ga overlayer. The par-
tial Ga overlayer removes the intrinsic surface
states shown by a shaded area and replaces them
with extrinsic states localized near the Ga adat-
oms. The narrow line shape shown in curve 5 is
nearly the same as the molecular excitonic line
shape observed for clean GaAs(110) surfaces"'"
and is quite different from the line shape for Ga
metal (see Fig. 1, curve a). Similar ELS results
for GaAs(11'l) with and without a -2-A In over-
layer" are shown in curves e —g of Fig. 1. Be-
cause of the excitonic line shape observed for
metal atoms near the metal-semiconductor inter-

{o) GO METAL
(3d —CORE}

(b) EXTR INSIC
SURFACE
STATE S

Ga {3d-CORE)

Al
UJ

Z
N
ID

I

(C) CLEAN Sl (111
INTR INSIC
SURFACE ST

t
Ey Eg

I I I I I I I I I I I I I I

-2 0 2 6 8

TATES

IS) EXTRINSIC ~
SURFACE STATES
In(3d-CORE)

Ga ( 3d - CORE)

Ey . Eg

I I I & I i I & I

-4 -2 0 2 4
E —EcoRE(ey)

I I i

6 d

face we believe that the metal-atom electrons in
0

this - 3—5-A range are more nearly arranged in
covalent semiconductorlike states rather than in
a metallic electron gas. This concept is support-
ed by changes in ultraviolet photoemission spec-
troscopy and in plasmon line shapes with metal
layer thickness which will be reported later.
These results for In overlayers on GaAs directly
contradict those of Eastman and Freeouf for Pd
and In overlayers on GaAs, GaSb, and Gap (110)

FIG. 1. Electron energy-loss spectra of core-level to
unoccupied surface and conduction-band states. Note
the decrease in intrinsic surface states (shown as shad-
ed area) due to metal adsorption.
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surfaces. This strongly suggests that their in-
terpretation of Schottky barriers involving only
intrinsic surface states of the clean semiconduc-
tor is correct only for (110) surfaces of III-V
compounds.

The energy scale of Fig. 1 was determined by
in situ x-ray photoemission spectroscopy with an
unmonochromatic Al Ke photon source and cylin-
drical-mirror analyzer. The combined resolu-
tion (photon width plus electron width) is estimat-
ed to be -1.3 eV. The Si(2p), Ga(3d), and In(4d)
core-level energies correspond to the weighted
average of the spin-orbit-split components. This
is appropriate since the present ELS resolution
of -0.7-0.8 eV does not resolve the separate
spin-orbit components. The primary energy, E~,
for ELS data of Fig. 1 was 100 eV except for the
Si(2p) transitions where it was increased to 190
eV. Similar results have been obtained for E~ in
the range 80-250 eV. The escape depth of the in-
elastically scattered electrons is ~6 A for the
data in Fig. 1, so that the ELS technique is quite
surface sensitive although the energy resolution
is somewhat lower than the partial-yield tech-
nique used by Eastman and Freeouf. '"

Figure 2 shows ELS data for Ge (111), (110),
and (100) surfaces both clean and with Ga or In
metal overlayers. The ELS data for a thick
(8 300 A) Ga metal film show a broad, steplike
threshold near the Fermi level while the thin

0(-1-3 A) interface transitions are sharper cor-
responding to a more localized molecular bond-
ing at the metal-semiconductor interface than
the metallic, electron-gas bonding in the pure
metal. The intrinsic surface states localized
near Ge atoms for (111) and (100) surfaces have
a broad distribution extending down to the va-
lence-band edge, E„(f roGe E„=E„)." These
states are removed by a thin metal overlayer and
there is some attenuation of the bulk conduction-
band feature near 2.3 eV as shown by the dashed
curves. In contrast to this behavior Ge(110) has
somewhat ambiguous results as shown in Fig. 2,
curve e. The atomically clean surface shows no
clear surface-state peaks in the forbidden gap
but does show a broad shoulder extending from
midgap to the peak at 2.3 eV. This is similar to
an average of the Ga and Sb core-level results
reported in Ref. 3 and indicates that intrinsic
surface states occur at higher energies on this
surface. [The possibility of some residual sur-
face impurities on the clean surface is highly un-
likely. This sample was mounted on the same
crystal holder as the Ge(111) and Ge(100) sam-
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FlG. 2. Electron energy-loss spectra of core-level to
unoccupied surface and conduction-band states for Ge
(1&1), (110), and (100) surfaces. Note the decrease of
intrinsic surface states (shown by a shaded area) due to
metal adsorption. The Ga-induced extrinsic sur face
states show a sharper line shape than similar transi-
tions on Ga metal samples. Note the broad distribution
of intrinsic surface states on Ge(110) which overlap the
bulk conduction-band states.

ples and the same Ar'-ion cleaning procedure
and annealing was applied to all three Ge sam-
ples simultaneously. '9'4] Thus the most likely
interpretation of Fig. 2, curve e, is that intrinsic
surface states overlap the first bulk conduction-
band peak. We interpret Figs. 1 and 2 as evi-
dence for some additional surface states in this
region for Si(111), GaAs(11K), and for all three
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FIG. B. Geometry of metal-semiconductor interface
for (110) surfaces. In the "normal" positions both at-
oms A. and B can bond to metal atoms while for the re-
laxed structure only the atoms B are directly bonded to
metal atoms and the atoms A retain their intrinsic sur-
face states.

clean Ge surfaces since the metal overlayer pro-
duces somewhat more attenuation of this "bulk"
peak than of the higher bulk peaks near 4. 5 and
6 eV.

One can explain this different behavior of the
(110) surfaces with a simple structural model
shown in Fig. 3. If the two semiconductor atoms
in the bulk unit cell (labeled 2 and B) assume
bulklike positions then the dangling-bond surface
states occur helot the bulk conduction-band
states' and metal layer atoms could easily bond
to all surface sites A and B. This would give re-
sults for (110) surfaces similar to those of (111)
and (100) surfaces. However, the present results
along with those of Eastman and Freeouf' suggest
that the (110) surface is anomalous for a large
number of metal-semiconductor combinations.
This behavior is likely to be due to surface relax-
ation of the sites A relative to the sites B as
shown in the lower half of Fig. 3. The relaxed
atoms (sites A) have a bonding which is sp'-like
rather than sp'-like with a nearly empty p, orbit-
al (dangling bond) that is pushed to higher ener-
gies by the relaxation. In contrast the sites B
have nearly filled sp'-like dangling bonds (or
lone-pair orbitals) which chemically bond to the
metal overlayer. This bond will be only partial-
ly covalent since the geometry does not allow sat-
urated bonds for all available electrons. The lo-
cal atomic geometry at the first few metal-atom
layers may be similar to that of the NiAs struc-
ture but this is not certain at present. However,
the model for the relaxed surface does explain
the lack of sensitivity of empty surface states to

metal overlayers for both Ge(110) and III-V-com-
pound (110) surfaces and is probably a good zero-
order approximation. There is additional sup-
port for this model in that the saturation concen-
tration of oxygen on GaAs(110) is one-half mono-
layer" and that low-energy-electron diff raction
intensities have a strong asymmetry which is
quite different from that expected for the "nor-
mal" structure. "

In summary we have studied empty surface
states and their relation to Schottky-barrier for-
mation on (111)-type surfaces of Si, Ge, and

GaAs as well as on Ge(100) and Ge(110). Extrin-
sic states localized near the metal adatoms dom-
inate on (111)-type and (100) surfaces with the
int insic surface states removed by chemical
bonding. " However, on Ge(110) surfaces the in-
trinsic surface states seem to be insensitive to
metal overlayers and intrinsic surface states
play an important role similar to the one in III-V
compounds. A simple geometric model is pro-
posed for (110) surfaces in which only one-half
of the normal surface atoms are involved in
chemical bonding. The remaining sites retain
most of the localized intrinsic surface states.

*Fellow of the Italian National Research Council-
Gruppo Nazionale di Struttura della Materia.
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A scaling argument is used to demonstrate the existence of a minimum metallic conduc-
tivity with a universal value for two-dimensional random lattices. We present a summa-
ry of the results of a detailed numerical experiment which supports this suggestion and
indicates that the minimum metallic conductivity is (0.12 +0.03)e /h, in fair agreement
with some experimental results for inversion layers.

A description of the electronic properties of
disordered systems requires a firm basis for
characterizing the pure homogeneous disordered
state. This eharaeterization has been hampered
on the one hand by calculations which are not eas-
ily related to experimentally measurable quanti-
ties, and on the other hand by experiments in
which sample preparation too often plays a deter-
mining role. This has meant that it is not easy
to distinguish one theoretical system from anoth-
er by the accuracy of its predictions, nor to tell
which approximations provide helpful simplifica-
tion and which produce misleading results.

Mott' argued some time ago for the existence
of a minimum metallic conductivity in disordered
systems, but his analysis has been subject to con-
troversy. ' In this note we suggest that for two-
dimensional systems definite predictions can be
made about this quantity, which has been mea-
sured, for example, in silicon inversion layers.
In particular we present arguments not only for
its existence, but to show that, for noninteract-
ing electrons in a static two-dimensional random
potential, the minimum metallic conductivity
should have a universal numerical value, and we
find that value to be about 0.12e'/S. This should
serve as a standard of comparison for theories
which take into account further aspects of physics
such as many-body effects.

Our analysis consists of two parts. We first

construct a scaling argument, a rather crude ver-
sion of those used in the theory of critical phe-
nomena'; the steps in this argument were almost
all in the paper of Edwards and Thouless, 4 but
their significance was not understood. This scal-
ing argument shows that the minimum metallic
conductivity has a universal value independent of
the details of the two-dimensional disordered
system. This being accepted, it is possible to
calculate its value using any convenient system,
and the tight-binding model with random site en-
ergies seems the most suitable for calculations.
We have numerically sampled small replicas of
tight-binding systems, varying the size of the
system to detect the positions of the mobility
edges, and varying the lattice structure and de-
gree of disorder to check the universality hypoth-
esis. In this note we give only a brief summary
of the results of these extensive calculations,
which are reported in full elsewhere. ' Before
presenting our ar guments we obser ve that the
Ioffe-Regel condition, ' the importance of which
Mott' has repeatedly emphasized, leads to a two-
dimensional minimum conductivity in fair agree-
ment with what we obtain. According to simple
kinetic theory the conductivity of a two-dimen-
sional electron gas is given by

o = 2ne'7/m = (e'/h)hFx/271,

where eh~'/(2v)' is the number of electrons n with
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