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Relation of Schoftky Barriers to Empty Surface States on III-V Semiconductors*
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(Received 12 March 1975)

We report new evidence that intrinsic surface states play a predominant role in deter-
mining Schotthy-barrier energies for III-V semiconductors. Namely, empty surface-
state levels have been measured (using photoelectron yield spectroscopy) for (110) GaSb,
GaAs, GaP, Inab, and InAs whose one-electron energies correlate with Schottky-barrier
energies reported by Mead and Spitzer. Also, these sharp molecularlike surface states
are shown to be insensitive to metal overlayers and to be cation derived.

The nature of metal-semiconductor electrical
barriers (Schottky barriers), which are of wide-
spread technological and scientific interest, ' '
has been discussed for many years. Bardeen2
proposed that such Schottky barriers could be ex-
plained in terms of semiconductor surface states
in the band gap, a model which has been widely
adopted. "4 However, the physical basis for these
states has been questioned' and alternative "con-
tinuumlike" theories involving metal-charge pen-
etration" and screening' and polarizability' ef-
fects at the interface have been proposed and
used in recent years. We present new results
which support the former view, ' i.e. , that semi-
conductor surface states play a predominant role,
rather than the latter views. ' '

In this paper we describe measurements of
empty semiconductor surface states, both for the
clean surface and in the presence of a metallic
overlayer, that were made using a recently devel-
oped technique of photoemission partial-yield
spectroscopy. '" This technique, which is cap-
able of measuring features in the photoabsorption
spectrum for core-level excitations within an ef-
fective escape depth I(E*) (roughly 10-25 A) of
the surface, '" shows promise as a spectroscopic
probe of the solid-solid interface. We observe
sharp cation-derived core-level-to-surface-state
transitions for III-V semiconductors. Further,
these surface-state transitions persist in the
presence of metal overlayers. The one-electron
energies of these surface states for the clean sur-
face correlate well with metal-semiconductor-in-
terface Fermi energies, i.e., Schottky-barrier
energies, and support Bardeen's early explana-
tion' of Schottky barriers. Before discussing the
relation of intrinsic-surface-state energies to
Schottky-barrier energies, we shall describe the
cation-derived nature of these states and their
lack of sensitivity to metal overlayers.
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FIG. 1. Partial-yield spectra for (110) GaSb for
Ga(3d) transitions and for Sb(4d) transitions. Only
Ga(3d) transitions into an empty-surface-state level at
-0.6 eV above E„are observed.

Photoemission partial-yield spectra [secondary-
electron emission N„,(hv;E*)] for (110)GaSb are
depicted in Fig. 1 for Ga(3d) transitions (lower
scale) and for Sb(4d) transitions (upper scale).
The energy scales have been displaced by the dif-
ference in Ga(3d, q,) and Sb(4d,j,) binding ener-
gies so as to line up one-electron energy posi-
tions for d», transitions. In Fig. 1, E„and E, de-
note the d», transition energies to the valence-
and conduction-band edges, respectively. A

sharp Ga(d, &,) transition to a surface-state level
about 0.6 eV above E„(athv = 19.3 eV) is seen,
together with a more intense Ga(de&, ) transition
to this state (kv = 19.8 eV) which is separated by
the Ga(3d) spin-orbit splitting (b. = 0.50 eV). In
contrast, no transitions to this surface state are
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I'IQ. 2. (a) Partial-yield spectrum for clean (110)
GaAs and for (110) GaAs covered with - 2-8 atomic
layers of Pd. Both show transitions to a surface state

0.9 eV above E„. {b) Photoemission energy distribu-
tions for clean (110) GaAs and for (110) GaAs covered
with - 2-3 atomic layers of Pd.

seen for Sb(4d) transitions. Thus, these sharp,
molecularlike, empty, surface states are seen to
be cation derived, i.e., localized on the Ga atoms.
Previously, Gregory et; a/. "have suggested,
based on a bond-orbital model, that the empty
surface states an (110) GaAs are cation derived
in nature.

We have observed empty surface states on (110)
GaAs to be insensitive to overlayers of Pd. Par-
tial-yield spectra N„,(hv, E*) for clean n-type
G tAs and for GaAs plus Pd (- 2-3 layers) are
shown in Fig. 2(a), and energy distributions N(E;
hv = 27.5 eV) for the corresponding surfaces are
shown in Fig. 2(b). In Fig. 2(a), Ga(3d», ) transi-
tions (at hv = 19.5 eV) to a surface-state level at
0.9 eV above the valence-band edge are observed
for both clean GaAs and for GaAs+ Pd (™2-3 lay-
ers). Thus, the Pd overlayer is seen to have
essentially no effect on the empty-surface-state

level of GaAs other than an expected attenuation
of emission intensity. We have observed similar
results for In overlayers (up to - 20-A thick) on
GaAs, GaSb, and InAs.

The nature of this Pd overlayer is shown in
Fig. 2(b), where photoemission energy distribu-
tions curves [i and ii] are normalized to the inci-
dent photon Qux. The Pd overlayer doubled the
total emission intensity and resulted in no change
(& 0.05 eV) in band bending. 'a The Pd contribu-
tion to curve ii (GaAs+ Pd), was determined by
subtracting an attenuated GaAs spectrum; this
attenuation (-&& 0.5) was determined by measuring
the attenuation of the Ga(3d) core level. The Pd-
overlayer spectrum (dashed curve) is character-
istic of a broad resonant bound-state 4d level
with a peak near —2 eV and a metallic edge at
the Fermi levelEF, and is not characteristic of
bulk Pd. This observation, together with the low
surface diffusivity of Pd at room temperature,
suggests that Pd is deposited as a fairly homoge-
neous overlayer.

We now present a summary of these cation-
derived molecularlike empty surface states that
have been measured for GaSb, GaAs, GaP, InSb,
and InAs, and compare their one-electron ener-
gies with the corresponding Schottky-barrier en-
ergies for Au contacts reported by Mead and

Spitzer. " In Fig. 3, E, denotes the measured
one-electron energy of the surface-state transi-
tion peak, the solid triangularlike curve roughly
denotes the measured width of this transition (in-
cluding core-level broadening), and E F denotes
the Fermi level at the surface (n-type samples).
Thus E F roughly denotes the low-density edge of
these surface-state levels. No filled surface
states were observed be@veen E F and the top of
the bulk valence bands (E„). The dashed lines
schematically represent the bulk valence- (cross
hatched) and conduction-band densities of states,
with edges atE„and E„respectively (E„aud E,
energies given). The lowest-lying conductian-
band edges I., and X, are also denoted; these
were determined from the band calculations of
Cohen and Bergstresser' fit to optical data to-
gether with photoemission valence-band densities
of states. " We observe that the surface-state
levels E, bear no obvious relation to E, for di-
rect-gap semiconductors, but rather systemati-
cally shift with the low-lying conduction-band
states I-» X,. In G:8b, GaAs, and GaP, the sur-
face-state levels lie in the bulk band gay, with
E, shifting from near the top of the gay in GaSb
to near the middle of the gay in GaP. In contrast,
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Ffa. 3. Summary of empty-surface-state levels ob-
served for (110}GaSb, GaAs, GaP, InSb, and InAs.

E, and E~ denote the peak energy and Fermi energy at
the surface for clean n-type samples. The Fermi lev-
e1s (Zo} of gold metal contacts (Ref. 12) are seen to lie
just below the surface-state levels.

InSb and InAs exhibit surface-state levels that
occur above the bottom of the conduction band,
withE, being about 0.4 eV above E, in InAs.

The Fermi levels (E,) of gold contacts on these
semiconductors as determined by Mead and Spit-
zer' are also summarized in Fig. 3, together
with the range of Fermi energies for a number of
metal contacts" (bracketed line) ~ Thus E,-E,
denotes the electrical barriers (Schottky bar-
riers) for these metal-semiconductor interfaces.

We note the striking observation that these me-

tal-contact Fermi levels (E,) always lie just be-
low the low-energy edge (E F) of the intrinsic sur-
face-state levels we have observed for the clean
surfaces. This not only occurs for GaAs and

GaP, which obey the "-', bandgap" rule'" for
Schottky-barrier energies, but also for GaSb,
which is somewhat anomalous, and for InAs, a
notable exception which has no Schottky barrier. "
The latter behavior is consistent with the surface-
state level lying well above E„ i.e., these sur-
face states are essentially precluded from affect-
ing the Schottky-barrier energy.

Note that we are using an observed optical tran-
sition energy and a measured binding energy to
obtain a one-electron energy for these surface
states. The narrow linewidths for core-level
transitions into these cation-derived molecular-
like surface states suggests that electron-hole
correlation effects might be important. " Namely,
relative to a one-electron picture, a Coulombic
electron-hole attraction would decrease the sur-
face-state transition energy, while the changes
in screening due to a localized excited state
mould tend to increase the apparent surface-state
energy. The magnitude of these effects has not
yet been established, but data for (ill) Ge, ' to-
gether with surface-state optical data, "suggest
that these correlation effects are possibly less
than - 0.1-0.2 eV.

These possible correlation effects nobvithstand-
ing, the above correlation (Fig. 3) of cation-de-
rived empty-surface-state-level energies with
Schottky-barrier energies, together with our ob-
served insensitivity of these surface states on
GaAs to Pd overlayers, suggests that intrinsic
molecularlike semiconductor surface states play
a predominant role in determining Schottky bar-
riers on III-V compound semiconductors. These
surface states are envisioned as electrostatically
excluding the Fermi level from the upper part of
the bulk band gap (with the notable exception of
InAs), and therefore the Schottky-barrier level
E, lies in the low-energy tail of these surface
states. Of course the energy position of this low-
energy tail of surface states could be modified
(e.g. , by hybridization, screening, etc. ) by the
presence of metal overlayers; surface defects
could also be important. This result supports the
early suggestion of Bardeen' and is consistent
with the surface-state interpretation of Mead'3
and Levine. ' The surface-state model of Gregory
et al."for the clean surface is more accurate
than the nearly-half-filled-band models' in light
of the cation-derived nature of the empty-surface-
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state levels we have observed. Alternate models
involving metal-charge penetration, "band distor-
tiori due to interface screening effects, ' surface
polarizability, ' and new metal-induced interface
states" appear not to represent the major contri-
bution to metal-semiconductor Schottky-barrier
energies (Z, B-,), but possibly are important in
determining changes in barrier energies (E,-E,)
for different metal contacts, and for trends ob-
served as a function of semiconductor ionieity. '"

The authors gratefully acknowledge many help-
ful conversations with T. H. Di Stefano, and the
able assistance of the staff at the Physical Sci-
ences Laboratory, University of Wisconsin.

*Supported in part by the U. S. Air Force Office of

Scientific Research under Contract No. F44620-70-C-
0089, and by the National Science Foundation under

Contract No. DMB-74-15089.
'T. C. McGill, J. Vac. Sci. Technol. 11, 935 (1974).
2J. Bardeen, Phys. Bev. 71, 717 (1947).
3S. M. Sze, Physics of Semiconductor Devices (Inter-

science, New York, 1969).
4J. D. Levine, Solid-State Electron. 17, 1083 (1974).
5V. Heine, Phys. Bev. 188, A1689 (1965).

6C. B. Crowell, J. Vac. Sci. Technol. 11, 951 (1974).
~J. C. Inkson, J. Vac. Sci. Technol. 11, 943 (1974).
J. C. Phillips, J. Vac. Sci. Technol. 11, 947 (1974).
D. E. Eastman and J. L. Freeouf, Phys. Rev. Lett.

33, 1601 (1974).
Recently electron-energy-loss- spectroscopy meth-

ods for probing empty-surface-state levels have also
been described by R. Ludeke and L. Esaki, Phys. Bev,
Lett. 33, 653 (1974), and by J. E. Rowe, Solid State
Commun. 15, 1505 (1974).

P. E. Gregory, W. E. Spicer, S. Ciraci, and W. A.
Harrison, Appl. Phys. Lett. 25, 511 (1974).

~ Charges in band bending can be sensitively measured
(- 0.5 eV) by measuring shifts in the Ga(3d) core-level
binding energy.

~3C. A. Mead and W. G. Spitzer, Phys. Rev. 134, A713
(1964).

M. L. Cohen and T. K. Bergstresser, Phys. Rev.
141, 789 (1966).
'5D. E. Eastman et al „unpublished.

G. J. Lapeyre et a/. have observed nonradiative di-
rect recombination for Ga(3d) surface-state excitations
in GaAs (to be published).

~~G. Chiarotti, S. Nannarone, B. Pastore, and P. Chia-
radia, Phys. Bev. 8 4, 8898 (1971).

I8P. Gregory and W. E. Spicer, Bull. Amer. Phys.
Soc. 20, 425 (1975).

~~S. Kurtin, T. C. McGill, and C. A. Mead, Phys,
Bev. Lett. 22, 1433 (1969).

Dielectric Anomaly and the Metal-Insulator Transition in n-Type Silicon+

T. G. Castner and N. K. Lee
University of Rochester, Rochester, New I omah 14627

and

G. S. Cieloszykf and G. L. Salinger
Bensse&aer Polytechnic Jnstitlte, Troy, New York 12181

(Received 80 April 1975)

Results from capacitance measurements on n-type silicon versus donor concentration
show the onset of a possible divergence (polarization catastrophe) in the static dielectric
constant at a critical concentration N, , which is donor dependent, as N, is approached
from the insulating side. A substantial deviation from Clausius-Mosotti behavior occurs
as N~Nc.

Significant interest and controversy in recent
years has surrounded the study of metal-insula-
tor (M-I) transitions in solids and liquids. It has
been difficult to establish in particular eases
whether the transition results from electron-
electron correlations, as originally proposed by
Mott, ' or whether other mechanisms are respon-
sible. A wide variety of experimental techniques
from transport measurements to NMR have been

employed to study M-I transitions in transition
metal oxides, metal ammonia solutions, alkali
atoms in inert matrices, and heavily doped semi-
conductors. ' One experimental quantity which
has received little attention is the dependence of
the static dielectric constant e as the transition
is approached from the insulating side. Since &

plays a key role in the binding of electrons by
Coulombie potentials it is worth aseertaining the
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