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was not required, and it is argued that in view
of the present results this background correc-
tion must be viewed with suspicion. The param-
eters governing the many-body singularities de-
rived in this way are the most accurate available
to date. A quantitative interpretation of these
parameters is in most cases only possible within
limits because of the complexity of the band
structures. Finally, in view of these results, it
is hard to escape the conclusion that the MND

theory must also apply in other spectroscopies
which involve the generation of core holes in met-
aj.s."
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New results and new microscopic models are presented to describe chemical trends
in barrier heights at transition-metal-silicide-silicon interfaces and at nontransition-
metal —silicon interfaces, where in the latter case a very thin oxide is present.

Broadly speaking there are four kinds of inter-
faces between metals and nonmetals. Each type
is characterized by specific interfacial atomic
configurations and chemical interactions. Within
each type the barrier height y& for thermionic
emission of electrons across the interface exhib-
its characteristic chemical trends. ' ' The four
types are as follows: (1) The nonmetal is an in-
sulator, and the metal is physisorbed on the in-
sulator surface. (2) The nonmetal is a highly
polarizable (e &7)' semiconductor (such as Si)
and the metal does not react with it to form a
bulk compound (weak chemical bonding). (3) The
nonmetal is a highly polarizable semiconductor
and there are one or more bulk compounds which
can be formed between it and the metal (strong

chemical bonding). (4) The surface preparation
(e.g. , by chemical etching rather than by cleav-
ing in very high vacuum) of the highly polarizable
semiconductor has left a very thin oxide between
it and the metal (bonding mediated by a native di-
electric).

Type (1) is a true Schottky barrier, in which

ya is nearly proportional to p, the metal work
function. 4 Type (2) is a Bardeen barrier, ' in
which y& is nearly independent of p . In this
Letter we propose for the first time microscopic
models of the potentials associated with inter-
faces of types (3) and (4). These models account
for the chemical trends in y& observed for types
(3) and (4). The chemical trend of type-(3) inter-
faces as reported here is new, while the trend
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tmSi (eV)
QHg
(eV)

TABLE I. Barrier heights and heats of formation of
transition-metal silicides (in their most stable stoichi-
ometries) against n-type Si. Heats of formation are
measured per tm atom, and the value for Au, which
does not form a silicide, is included for fiducial pur-
poses; the value quoted is typical for Van der Waals
binding.
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FIG. 1. Barrier heights of tmSi-Si interfaces plotted
against heats of formation &8& of the identified (as;
sumed) tmSl compound. Th point f r Pt2S1 1s discussed
in the special note at the end of this paper. The corre-
lation coefficient (excluding the PtSi datum) is 97%%.
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for type-(4) interfaces was given by Turner and
Rhoderick (TR).'

Experimental data on type-(3) interfaces are
most extensive for the transition-metal-silicide-
silicon (tmSi-Si) interfaces discussed explicitly
here, but the behavior of other type-(3) inter-
faces is expected to be similar. Type-(3) inter-
faces have been thoroughly studied because the
formation of tmSi's by a solid-state metallurgi-
cal reaction provides the most reliable and re-
producible metal-semiconductor (m-s) barri-
ers. ' " The reaction causes the interface to
move into the interior of the silicon lattice away
from surface imperfections and contamination.

We have attempted to correlate the barrier
heights qs(tmSi-Si) listed"" in Table 1 with the
work functions of the metals and with their Paul-
ing-Gordy electronegativities. " Neither correla-
tion was satisfactory. However, the correlation
with the heats of formation" b.K&(tmSi) is ex-
cellent, providing that bH& is normalized per tm
atom per formula unit. This correlation is shown
in Fig. 1, where the linear relation is the result
of a least-squares fit to the data with PtSi ex-
cluded. This special case is discussed below.

The first surprising feature of Fig 1 is that a
simple linear relation holds. In Pauling's pic-
ture" of strong chemical bonding the charge
transfer q between the tm and Si should be pro-
portional to (-bH&)'", and in Bardeen [type-(2)]

barriers the shift in the barrier height is propor-
tional to q'. Pauling's picture has been shown"
to account both for &Hz and for q [as measured
independently by electron spectroscopy for chem-
ical analysis (ESCA)] in tm carbides, nitrides,
and oxides with the (substantially) ionic NaC1
structure. However, tm-metalloid compounds
with the metalloid (an element from columns 1V,
V, or VI) not belonging to the first period char-
acteristically exhibit weakly ionic structures
dominated by chains or planes of strongly bonded
tm atoms, with the tm-metalloid bonding being
of secondary importance. " In such cases where
the tm-Si bonds are long and the interactions are
weak, it seems likely that the degree of hybrid-
ized bonding between tm and silicon atoms would
be linear in —&&z. With increasing values of
-bH& more sp' orbitals are mixed into the tm d
orbitals, and to first order the degree of admix-
ture is proportional to -&II&. With sufficiently
strong sp' admixture, the hybridized orbitals
about the tm atom would become very similar to
those about a Si atom and the barrier height would
go to zero.

This simple argument can be used not only to
justify the linearity of the fit in Fig. 1, but also
to explain the slope and intercept as well. In the
limit 4Hz-0 (e.g. , Au-Si interfaces, with a very
small Van der Waals binding) ys equals the free-
Si-surface value" of 0.83 eV. The intercept y&
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=0 (obtained by extrapolation) is -6Hz=4. 8 eV
per tm atom or 110 kcal/mole, which corre-
sponds almost too well with the cohesive energy
of Si (108 kcal/mole" ). Note that in elemental
tm's the charge distribution can be represented
accurately by a superposition of unhybridized,
spherically symmetric, charge distributions cen-
tered on each tm site. Similarly the charge dis-
tribution of free Si atoms is spherically symmet-
ric, and the atoms are in unhybridized states.
We may say that the hybridization energy needed
to make tm-Si bonds indistinguishable from Si-Si
bonds is practically identical to the hybridization
energy of the Si bonds themselves. Thus the
slope in Fig. 1 is determined by Si itself, which
acts as its own fiducial point to determine the ex-
trapolated intercept y& = 0.

The exception to the fit in Fig. 1 is ys(PtSi-Si),
which also exhibits" substantial long-range order
in the interfacial plane, in contrast to most tmSi-
Si interfaces, where near the interface the tmSi
is probably disordered (amorphous). Electron
diffraction studies show that 200-A-thick PtSi
films on (11) Si possess a strong degree of pre-
ferred orientation with grains which are triply
positioned with (100) PtSi parallel to (111)Si and

[010] PtSi parallel to (110) Si. On going to thick-
er films other orientations are obtained, which
suggests that rearrangement can occur away from
the interface because of strain energy in the PtSi
film. At the interface with the apparently epitax-

O

ial configuration characteristic of 200-A films
the bonding between the final Pt layer of PtSi and
the first Si layer is probably ionic covalent (rath-
er than metallic covalent, as suggested above
for other tmSi-Si interfaces), because Pt and Si
atoms are arranged in layers parallel to the in-
terface. " Partially ionic bonding would result in
electron transfer to interface states. This trans-
fer can explain the anomalously high value of
y&(PtSi-Si), which is 0.05 eV larger than ps(Au-
Si).

In a classic study of type-(4) interfaces TR'
have shown that when the Si surface is cleaned by
a variety of chemical methods, cp~~" (m-Si) (after
aging for a period of time dependent on the chem-
ical method) reaches a final value independent of
the chemical method. By contrast, type-(2) or
Bardeen barriers have p~~" (m-Si) = y~~'~(Au-Si)
=0.8 eV. The barrier heights satisfy the rela-
tion (here m is Pb, Al, Ag, Cu, or Au)

pa ' (m-Si) —pa' (m-Si) = (p —0,)/e, „, (1)

with yo = 4.7 + 0.2 eV and e„=1.5 + 0.1. The value

of go= 4.7 eV as a reference energy puzzled TR,
who could only conclude that it "accidentally co-
incided" with yA, .

In discussing type-(3) interfaces we have seen
that Si serves as its own fiducial point, and ys;
= 4.8 eV." This suggests that the very thin oxide
between m and Si is polarized by the contact po-
tential p —ps;, and that &,„ is in fact nothing
more than the effective dielectric constant for
this oxide. The optical dielectric constant for
SiO, is" c = 2.34, which is much larger than E' x.
We infer, because tunneling takes place through
the thinnest parts of the oxide, that at these
points the oxide may consist of only one oxygen
atom, for which e„=1.5 is appropriate. (TR
suggest that the oxide may be 10-20 A thick on
the average. )

The results derived here have indirect but
strong implications for the nature of chemical
bonding at type-(2) interfaces. These implica-
tions, which contradict pictures of bonding de-
rived from electron diffraction and other studies
of submonolayer metal-semiconductor geome-
tries, are discussed elsewhere. "

After completion of this manuscript, our atten-
tion was drawn to recent studies" of Pt:Si Schott-
ky barriers. Barriers on Si (lllj, (100j, and

{110] crystal faces were prepared by sputtering
Pt on Si and either annealing at 600'C or heating
(to about 500'C) the Si substrate (without anneal-
ing), the latter being described as "'low tempera-
ture' PtSi-Si." Of the six possible configurations,
five gave y~ =—0.87 eV, in agreement with the val-
ue given in Table I. Low-temperature Pt on
Si(111), however, gave y& = 0 780 + 0..002 eV (1750
samples). We explain this by assuming that (on-
ly) on the most stable Si(111) face have the usual
reaction kinetics" (Pt+ Si- Pt,Si- PtSi) been ar-
rested near the Pt,Si stage by the device of sub-
strate heating during Pt deposition rather than
annealing after deposition. There is no direct
way to determine experimentally the chemical
composition of tmSi at the interface, so that
Cordes, Garfinkel, and Taft" "do not understand
how this material [low-temperature PtSi:Si(ll 1)]
is different from conventionally formed PtSi-Si
contacts. " However, from Fig. 1 it is apparent
that they have devised a way of forming Pt, Si-Si
contacts.

We are grateful to A. K. Sinha for helpful con-
versations, and to M. P. Lepselter for drawing
our attention to Ref. 18.

'There are, of course, transitions between the four
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types, but as these are generally abrupt, we have
omitted them here, For example, the Mead transition
between types (1) and (2) is described in S. Kurtin,
T. C. McGill, and C. Mead, Phys. Rev. Lett. 22, 1433
(1969). In J. C. Phillips, Solid State Commun. 12, 861
(1973), it is shown that the type-(1) type-(2) transi-
tion is determined by the critical polarizability E'~ of
the nonmetal which separates semiconductors from in-
sulators. This critical polarizability e is about 6—7,
and the value of e, is also derived microscopically by
Phillips. As noted in Kurtin, McGill, and Mead, the
abruptness of the transition suggests a phase transfor-
mation, which is the basis of our classification.
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The pinning-force density P„ in Nb single crystals containing platelike Nb2N precipitates
shows a strong dependence on the orientation of the precipitates with respect to the flux-
line direction. Using purely geometrical arguments this anisotropy can be quantitatively
explained by assuming that P, o-Kp ~ where Ko is the individua1. flux-line-defect interac-
,tion force. This points to a summation process which is governed by the elastic behavior
of the flux lattice.

In an ideal type-II superconductor the flux-line
assembly in the mixed state will begin to move
and to dissipate energy whenever a force acts on

it. Since a transport current perpendicular to
the field direction produces such a force, ideal
type-II superconductors are not able to carry
transport currents without losses. Technological-
ly useful materials therefore contain extended
lattice defects (pinning centers) which prevent
the flux lattice from moving until the applied
force density P~ exceeds a critical value. The
corresponding critical current density j, is given
by the condition that I'D just equals the maximum
pinning-force density P „("critical state" ")

p =Bxj =p„.

The pinning-force density is a function of the flux
density B, the temperature T, and the defect
structure of the superconductor. Several mea-
suring techniques have been developed which per-
mit an accurate determination of P„and reliable
data for a vast number of different superconduc-
tors and defect structures are now available.
However, it is still a point of controversy how
these macroscopic results should be correlated
with theoretical treatments of the different "mi-
croscopic" pinning processes, ' i.e., with the in-
dividual flux-line-defect interaction forces E.
Two different views are advocated:

(A) In this approach one assumes that the strong
coupling of flux lines to each other prevents them
from adjusting to the array of pinning centers in


