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Ab initio study of the CoSi2„111…/Si„111… interface
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An ab initio study based on an ultrasoft pseudopotential approach is performed for CoSi2(111)/Si(111)
interfaces. Four different geometries A7, B7, A8, and B8 according to sevenfold and eightfold nearest-
neighbor Co-Si interface bonding and two types of stacking are calculated. Several formulations of interface
energies are considered with and without strain of the CoSi2 block. The interface energy involving free
surfaces without strain is chosen for deciding the stability of the interface structures. After geometry relaxation
type A8 with an interface energy of 0.39 eV is the most stable interface, being more stable by 0.04, 0.06, and
0.10 eV than types B8, A7, and B7, correspondingly. By taking into account the strain energy of CoSi2 a
critical thickness of 150 Å of CoSi2 is estimated. The relaxed interlayer spacings and atomic positions reveal
strong bonding effects for interface structures A8 and B8. The good agreement of our data for structures A8
and B8 with experiment supports the view that experimentally grown interfaces are of the eightfold-
coordinated type. An analysis of the electronic structure is made in terms of interface localized states. Strongly
localized states are found in the Si gap of A8 and B8 interfaces. Planar-averaged densities for selected states
are discussed for types A7 and A8. From the averaged metal-induced gap electron density, we derive decay
lengths in Si which are significantly different, namely, about 3 Å for types A7 and B7 but much longer ranged
for types A8~about 5 Å! and B8~about 4 Å!. Schottky barriers forp-doped Si are derived in two different
ways. The two sets of data agree reasonably showing significantly larger barrier heights for types A7 and B7
in comparison to their eightfold counterparts. The barrier heights are generally smaller than the experimentally
accepted value. A correction is estimated based on quasiparticle concepts.@S0163-1829~99!02640-5#
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I. INTRODUCTION

CoSi2 is of interest for the design of microelectron
devices1 because it can be grown on Si or even form bur
layers in Si. Due to the small lattice mismatch and the rela
lattices, well-defined interfaces2 of semiconducting Si and
metallic CoSi2 can be produced. The compound CoSi2 has a
low specific resistance at room temperature, and provid
large mean free path of about 120 Å for the electrons. The
fore, CoSi2 is applied as the conducting part of metal ba
and permeable base transistors.3 Extensiveab initio studies
of the bulk and surface properties of CoSi2 were presented in
Ref. 4 and Refs. 5 and 6, respectively. Most of the exp
mental efforts studying CoSi2 /Si interfaces were concen
trated on the~111! orientation. As reviewed in Ref. 7, fo
this orientation the conditions for epitaxial growing of CoS2
on Si are favorable. Three interface types have been
posed which differ with respect to the local coordination
the Co atoms at the interface. From experimental data
transmission electron microscopy nearest-neighbor coord
tions were reported to be either fivefold8, sevenfold,9 or
eightfold.10 Another criterion for interface geometry is esta
lished by the continuation of the stacking from one phase
the other. In so-called A-type geometry, the stacking is c
tinued without stacking faults, whereas in the so-cal
B-type geometry the atomic arrangement of the CoSi2 block
is rotated around the@111# axis by 180° with respect to th
atomic positions of the Si substrate. For the present w
PRB 600163-1829/99/60~24!/17112~11!/$15.00
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calculations were performed for structures of type A7, B
A8, and B8 where the integer defines the local coordinat
of Co at the interface, and A and B distinguish the two sta
ing variants. Interfaces with fivefold coordinated Co are n
studied, since they are considered to be energetically
favorable.11

II. COMPUTATIONAL ASPECTS

A. Ab initio method

For all the calculations the Viennaab initio simulation
package~VASP!12 was applied. VASP is based on an ultr
soft pseudopotentials according to Vanderbilt13 ~also see Ref.
14!. Because of the concept of augmentation charges
ultrasoft pseudopotential technique is also succesfully u
for the treatment of, e.g., 3d transition metals and thei
compounds,4 and even for magnetic systems in a sp
polarized version.15 Partial core corrections were applied a
cording to Louie et al.16 The numerical parameters an
pseudopotentials were chosen in the same way as in Re
and 6. The set ofk points was constructed according to
specialk-point technique.17,18Choosing a 737310 grid re-
sulted in eightk points in the irreducible part of the Brillouin
zone, the same setting as used for studying the CoSi2(111)
surface.6 All calculations were performed within the frame
work of density-functional theory utilizing the generalize
gradient approximation of Becke and Perdew19 because of
the excellent agreement with experimental data for bulk4 and
surface6 properties of CoSi2.
17 112 ©1999 The American Physical Society
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PRB 60 17 113AB INITIO STUDY OF THE CoSi2(111)/Si(111). . .
B. Geometrical aspects

Since Si crystallizes in the diamond structure and Co2
in the CaF2 structure, both systems have fcc sublattices.
the @111# direction, the stacking of the fcc Bravais lattice
ABC. The stacking sequence for the two fcc sublattices
the diamond structure isAA-BB-CC. In CoSi2 a sequence
ABC-BCA-CAB has to be formed to build up the correct
stacked bulk phase. The hyphens separate now trilayer
CoSi2. In our calculations we used a supercell scheme wh
a block of CoSi2 alternates with a block of Si without an
vacuum layers. By construction there are then two interfa
inside the three-dimensional unit cell. For correctly derivi
interface properties, it is desirable to construct unit cells
which both interfaces are equal by symmetry. Maintain
the correct stacking sequences, for types A7 and B7 the n
ber of trilayers of CoSi2 and layers of Si is then restricted t
be 2m13 and 6n, respectively, wherem andn are integers.
Five CoSi2 trilayers and 12 Si layers were stacked toget
for the actual calculation. For type A8, 3m of CoSi2 trilayers
and 216n of Si layers are required. Now, six trilayers an
14 single layers were actually used, accordingly. Type B8
correctly stacked by 3m CoSi2 trilayers and 416n Si lay-
ers. We chose six CoSi2 trilayers and 16 Si layers. For th
actual calculation, the discussed choice of the number
layers amounts to 27 atoms per unit cell for A7 and B7 typ
32 atoms for A8 interfaces and 34 for B8 interfaces. All t
discussed choices were made to construct the silicide blo
as thick as possible but keeping the computational eff
feasible.

Figure 1 shows side views of the four different structu

FIG. 1. Side view of the atomic arrangements for the struct
types used to model the CoSi2(111)/Si(111) interface:~a! A7, ~b!
B7, ~c! A8, ~d! B8. Dark spheres: Co; light spheres: Si.
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types of the CoSi2(111)/Si(111) interface studied. In th
following, Si positions of the blocks of CoSi2 and Si directly
at the interface will be denoted by SiC(I ) and Si(I ), respec-
tively. In general, the layers at the interface are marked
(I ) and by (I -N) for the Nth layer away from the interface
for both blocks. For the A7 and B7 types@Figs. 1~a! and
1~b!#, SiC(I ) and Si(I ) positions have the same in-plane o
entation. Whereas in the case of type A7 the stacking
quence of the Co fcc sublattice is directly continued by o
of the two sublattices in the Si block, for type B7 there is
rotation of the Si block by 180° around the@111# axis. This
introduces a stacking fault where Co(I -1) and Si(I -1) atoms
have the same in-plane positions. For types A8 and B8,
oms of the Si(I ) layer have to be placed above Co(I -1)
positions. For type A8@see Fig. 1~c!#, SiC(I ) sites are fol-
lowed by Si(I -2) sites with the same orientation. Again,
the Si block is rotated by 180° around@111#, then type B8
@Fig. 1~d!# is derived from type A8.

Si is chosen to be the substrate with the two-dimensio
lattice spacing corresponding to its calculated cubic b
equilibrium spacing of 5.454 Å . The lattice mismatch of
CoSi2 is only 1.9 % with respect to the Si substrate, as
rived from the calculated equilibrium lattice parameter
5.350 Å for CoSi2.4 Therefore, CoSi2 has to be stretched in
the ~111! plane and according to standard elastic behav
CoSi2 has to contract in the@111# direction. A contraction of
22.3% was then derived from bulk calculations for whic
the planar lattice parameter for CoSi2 was fixed to 5.454 Å ,
and the lattice spacing in@111# direction was varied until the
cohesive energy was minimized. The strain energy for o
bulk CoSi2 trilayer amounts to 0.036 eV.

The atomic layer distance at the unrelaxed interface w
chosen to be 2.36 Å for the SiC(I ) –Si(I ) spacing~types A7
and B7!, and equally for the Co(I -1) –Si(I ) spacing~types
A8 and B8!. The fixed spacing corresponds to a perfect bu
like continuation of the lattice of the Si block. Then, rela
ation of ionic positions was allowed for ions in one CoS2
trilayer @layers SiC , Co(I -1) and SiC(I -2)# and two Si layers
@layers Si(I ) and Si(I -1)# next to the interface.

III. RESULTS AND DISCUSSION

A. Interface energies

All interface values in this section are defined per int
face. The actual calculated results are divided by two
cause of two symmetric interfaces in the unit cell.

For the definition of interface energiesEINT , an energy
reference has to be chosen. Usually either free surfaces o
corresponding bulk systems are used as references. We
culated interface energies by three different approaches~1!
from surface references without strain effects,~2! from sur-
face references with strain added, and~3! from bulk cohesive
energies as a reference.

For the derivation ofEINT
(1) ,

EINT
(1) 5EBIND~C/Si!1ESURF

0 ~C!1ESURF~Si!, ~1!

two steps are considered. First, free surfaces have to
formed by cleaving the bulk materials of CoSi2 and Si yield-
ing surface energiesESURF

0 (C) andESURF(Si), correspond-
ingly. The superscript 0 denotes the unstrained CoSi2 mate-

e



I B

ac
f
bu

u

s
b

k
-
d

m
a
-
e

a
l

th
tit
th
so

ia
ner-
k

the
t
lax-
se,

we
ble
04
ype
.

r-

d

l

ulk
rgy
nt

uch
i

ce
or
ly,
we
1.

f

one
ling
that
ns
3
ed

s-

-Si
ole.
ce

an
en-

ge

es
s

17 114 PRB 60R. STADLER, D. VOGTENHUBER, AND R. PODLOUCKY
rial. Si is always in its unstrained state according to Sec. I
Values of 0.856 and 1.35 eV were derived forESURF

0 (C) and
ESURF(Si), respectively, for the unrelaxed surfaces. The
tual values ofESURF were derived from the differences o
cohesive energies of the corresponding slabs minus the
values.6 In the second step, blocks of CoSi2 and Si are
matched together forming a multilayer structure. The s
faces of the blocks bind together with energyEBIND(C/Si)
which is defined by the difference of the cohesive energieF
of the interface system and of the two surfacelike sla
within the same unit cell:

EBIND~C/Si!5FBIND~C/Si!2FSURF~C!2FSURF~Si!.
~2!

These slabs were created by either removing the Si bloc
the CoSi2 block from the original multilayer interface sys
tem. Note thatFSURF(C) is now calculated for the straine
geometry of the CoSi2 block. Because in Eq.~2! the unit cell
is the same for all quantities, the numerical accuracy is co
parable, yielding reliable energy differences. If—as w
done for calculatingESURF—the unrelaxed surface geom
etries forFSURF(C) andFSURF(Si) are also chosen, then th
interface energy is independent of the state of relaxation
the free surfaces. For that statement we have implicitly
sumed thatESURF and FSURF are of comparable numerica
accuracy.

The definition of interface energy by Eq.~1! has the ad-
vantage that it is independent of the strain energy of
CoSi2 block Therefore, it serves as a well-defined quan
independent of the number of actual layers involved in
calculation~assuming that the blocks are sufficiently thick
that the interfaces do not interact significantly!. If the strain
of n CoSi2 trilayers is taken into account, then the energy

EINT
(2) 5EINT

(1) 1nESTRAIN~C! ~3!

is derived~see Table I!.

TABLE I. Binding EBIND and three types of interface energi
EINT as discussed in text for unrelaxed and relaxed geometrie
CoSi2(111)/Si(111) interfaces. Unrelaxed data are denoted by~no!.
EINT

(1) : free unstrained surfaces as reference.nESTRAIN(C): total
bulklike strain energy for given numbern of CoSi2 trilayers.EINT

(2) :
sum ofEINT

(1) and total strain energy.EINT
(3) : derived from unstrained

bulk cohesive energies. The strain energy per CoSi2 trilayer is 0.036
eV. All energy values are in eV.

A7 B7 A8 B8

EBIND~no! -1.64 -1.60 -1.45 -1.52
EBIND -1.75 -1.71 -1.81 -1.77
EINT

(1) ~no! 0.56 0.60 0.75 0.68
EINT

(1) 0.45 0.49 0.39 0.43
n 5 5 6 6
nESTRAIN(C) 0.18 0.18 0.22 0.22
EINT

(2) 0.63 0.67 0.61 0.65
EINT

(3) 0.71 0.76 0.65 0.63
EINT ~Ref. 11! 0.86 - 0.68 0.53
.
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A third definition which is quite often applied is made v
bulk cohesive energies by the differences of cohesive e
gies of the interface system,FINT and the corresponding bul
valuesFBULK :

EINT
(3) 5FINT~C/Si!2FBULK

0 ~C!2FBULK~Si!. ~4!

Table I presents interface and binding energies for
unrelaxed and relaxed CoSi2(111)/Si(111) ionic positions a
the interface. The binding and interface energies after re
ing the atomic positions at the interface are rather clo
varying within 0.1 eV. Taking the values ofEINT

(1) as the
best-suited set of data for comparing interface energies,
find that structure type A8 is the energetically most favora
interface, but that the value for type B8 is only larger by 0.
eV. The sevenfold structure types are less favorable; t
A7, however is only less stable than type B8 by 0.02 eV

If numerical accuracies are comparable, the energiesEINT
(2)

and EINT
(3) should be the same, but some significant diffe

ences are found for A7 and B7.EINT
(3) for A7 and B7 is about

10% larger thanEINT
(2) . However, the values for the A8 an

B8 interfaces are very close. Considering theEINT
(2) data type

A8 would be favorable in contrast toEINT
(3) , which shows a

‘‘preference’’ for type B8 by 0.02 eV. The results forEINT
(3)

should be less precise than forEINT
(2) because the numerica

treatment for the different subsystems is different~e.g., for
the construction of Fourier grids!. However, it should also be
noted that the strain energy was calculated for a perfect b
material. For layers closer to the interface strain ene
might be different, although one would not expect significa
differences.

Table I also presents values of the pioneeringab initio
calculations by Hamann,11 which are different compared to
our data. In Ref. 11 the studied interface system was m
smaller, and the interfaces were built up only by two CoS2
trilayers and two layers of Si. Also, there are only interfa
layers in this structural model. Furthermore, no relaxation
strain effects were considered in Ref. 11 either. Certain
with our more elaborate model for the interface system
will achieve more realistic results in comparison to Ref. 1

van den Hoeket al.20 performed lowest combination o
atomic orbitals calculations modeling CoSi2(111)/Si(111)
interfaces by clusters containing only one Co atom and
nearest-neighbor shell of Si atoms with saturated dang
bonds. Based on results for this model, it was argued
interface types with eightfold-coordinated Co positio
should be more stable because a dangling bond of Cod
character would then be saturated. In contrast, it was claim
that this is not the case for NiSi2(111)/Si(111) interfaces
because thed band is filled. However, as was already di
cussed in Ref. 6, the bonding in CoSi2 and related interfaces
is more complex and cannot be reduced to covalent Co
bonds only, because Si-Si bonds also play an important r
As will be discussed in Sec. III B the bonding at the interfa
is even more complex.

Recent experimental findings21 indicate that for epitaxi-
ally grown CoSi2 films on Si~111! substrates eightfold-
coordinated Co positions are more likely to be found th
sevenfold-coordinated ones. However, since the interface
ergies of types A8, B8, and A7 are only different in the ran

of
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of a few hundredths of an eV according to Table I, kinet
might play an important role for the actual growth proce
From Table I it can be realized that by viewing binding a
interface energies, the sequence of the structure type
changed by relaxing the layers next to the interface. As
scribed in Sec. II B, the values for the unrelaxed cases
somewhat artificial due to the choice of spacing betwe
interface layers.

A critical numbernCRIT of strained CoSi2 layers may be
defined by

ECRIT5EBIND~C/Si!1nCRITESTRAIN~C!>0, ~5!

when the critical energyECRIT becomes positive. Then th
energy loss for straining all CoSi2 trilayers in the cell com-
pensates the energy gain due to formation of chemical bo
at the interface. For the studied systems this balance wil
reached fornCRIT;48, which would be equivalent to
thickness of;150 Å of strained CoSi2.

B. Interlayer spacing and local bonding

In Table II the calculated interlayer distances after rel
ing the ionic positions for all four interface types are giv
and compared to experimental data~Ref. 21! for B8. As re-
vealed by Table II, there are rather small differences betw
data corresponding to the same sevenfold- or eightfo
coordinated interface types. The spacings between SiC(I )
and Si(I ) layers for types A7 and B7 are very similar to th
corresponding distances in bulk Si. However, for types
and B8 the interlayer spacing at the interface is strongly
duced by about 25% of the bulk value indicating stro
bonding.

For all interfaces, the changes of spacings in the Si bl
compared to the bulk values are rather small. With the
ception of the slightly reduced Si(I -2) –Si(I -1) distances for
types A8 and B8, all remaining layer distances are wea
increased. It should be noted that the Si(I -2) layer is kept
fixed during ionic relaxation representing the bulk termin
tion of the Si block.

Inspecting the calculated data for the CoSi2 block, for
types A8 and B8 a very pronounced contraction of
SiC(I ) –Co(I -1) distance is found. Again, such a stron

TABLE II. Bulk and relaxed interlayer spacings in Å for th
CoSi2(111)/Si(111) interfaces. Experimental values taken fr
Ref. 21. First line: relaxed interlayer spacing closest to the cente
the Si block; last line: relaxed interlayer spacing closest to the c
ter of the CoSi2 block. The Si(I ) –SiC(I ) spacing directly at the
interface is accentuated by horizontal lines.

Spacing Calculation Expt.

bulk A7 B7 A8 B8 B8

Si(I -2) –Si(I -1) 2.36 2.40 2.39 2.30 2.29 -
Si(I -1) –Si(I ) 0.79 0.81 0.81 0.84 0.82 0.57

Si(I ) –SiC(I ) - 2.41 2.40 1.87 1.91 1.82

SiC(I ) –Co(I -1) 0.77 0.72 0.75 0.44 0.43 0.53
Co(I -1) –SiC(I -2) 0.77 0.60 0.57 0.87 0.87 0.92
SiC(I -2) –SiC(I -3) 1.54 1.65 1.66 1.49 1.49 1.52
s
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bonding feature is absent for types A7 and B7. Furthermo
the variations of the Co(I -1) –SiC(I -2) and
SiC(I -2) –SiC(I -3) distances are of distinctly oscillatin
character: for A7 and B7 the first distance is contracted
the latter one stretched, whereas for types A8 and B8
situation is reversed. Bulk termination is defined by fixin
the positions of layer SiC(I -3).

The comparison of the calculated data to the low-ener
electron-diffraction~LEED! data of Ref. 21 for B8 shows
very good agreement except for the Si(I -1) –Si(I ) distance.
The LEED measurements were performed for a surface
tem consisting of an average of 2.2 CoSi2 trilayers on
Si~111!. The evaluation was carried out with quantitativ
structural LEED tensor analysis.22 Since this method be
comes less reliable with increasing distance from the surfa
it is plausible that the experimentally derived layer distan
deeper down in the substrate cannot be determined a
rately. On the other hand, our calculation refers to
multilayer system without any surface. However, since
find only small changes of interlayer distances for the
block, we argue that our modeling of the Si substrate b
finite number of layers is reliable. It is interesting to note th
the data of the CoSi2 blocks are in such a good agreeme
because there the changes with respect to the bulk are
and the experimental data refer to atomic layers only o
CoSi2 trilayer below the surface.

The bonding at the interface is reflected by the lo
atomic coordinations. Table III summarizes the number
neighboring atoms up to a distance of 3.0 Å for atoms nex
the interface, together with the corresponding bond leng
for all four interfaces.

Within the CoSi2 block the eight Co-Si bonds per C
atom are separated into two different sets of bond leng
because, due to the small lattice mismatch, CoSi2 has to be
stretched parallel to the interface plane and contracts per
dicular to it. Compared to the equilibrium bulk value of 2.3
Å,6 in strained CoSi2 there are six Co-Si bonds of lengt
2.36 Å and two of length 2.31 Å. The six Si1-Si2 nearest-
neighbor bonds connecting the two different Si sublattices
CoSi2 made an important contribution to the cleava
energy.6 Their equilibrium length of 2.68 Å corresponds to
value of 2.71 Å for the strained case. The Si block is
sumed to be in its bulk equilibrium with four Si-Si neare
neighbor bonds per unit cell each of the length of 2.36 Å

For types A7 and B7 the local environment is nearly ide
tical, according to Table III. These two interface structur
differ only for shells of neighbors much more distant th
3.0 Å. Whereas for type A7 each Co(I -1) atom has three
Si(I -1) neighbors in a distance of 4.51 Å, for type B7 the
is only one such neighbor in a distance of 3.96 Å. As in bu
Si, for both structure types the positions of Si(I ) and Si(I -1)
of the Si block are surrounded by four Si neighbors. Ho
ever, these positions are not equivalent anymore but the b
lengths are very similar. The SiC(I ) atom now loses three o
its original six SiC neighbors. Therefore, the distance of th
atom with respect to the remaining three Si neighbors
reduced by 0.12 Å, which seems to be one of the domina
bonding effects. All three neighbors are equivalent to po
tion SiC(I -2) which has the same local environment as
bulk CoSi2. However, since its distance from SiC(I ) is re-

of
n-
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TABLE III. Number of symmetry-equivalent neighborsN and bond lengthsd in Å for atomic positions
next to the interface. Bond lengths are given for relaxed geometries. The change due to relaxationD is given
in parentheses:1, elongation; –, contraction.

N d(D)

A7 B7 A8 B8

Si(I -1) 3~Si! 2.37(10.01) 2.37(10.01) 2.38(10.02) 2.37(10.01)
1~Si! 2.40(10.04) 2.39(10.03) 2.30(20.06) 2.29(20.07)
1~Si! – – 2.71(10.33) –

Si(I ) 3~Si! 2.37(10.01) 2.37(10.01) 2.38(10.02) 2.37(10.01)
1~Si! 2.41(10.05) 2.40(10.04) – –
3~Si! – – 2.91(10.17) 2.93(10.19)
1~Co! – – 2.31(20.05) 2.34(20.02)

SiC(I ) 3~Co! 2.34(20.02) 2.35(20.01) 2.27(20.09) 2.27(20.09)
3~Si! 2.59(20.12) 2.59(20.12) 2.59(20.12) 2.58(20.13)
3~Si! – – 2.91(10.17) 2.93(10.19)
1~Si! 2.41(10.05) 2.40(10.04) 2.71(10.33) –

Co(I -1) 3~Si! 2.31(20.05) 2.30(20.06) 2.27(20.09) 2.27(20.09)
3~Si! 2.34(20.02) 2.35(20.01) 2.40(10.04) 2.39(10.03)
1~Si! 2.26(20.05) 2.24(20.07) 2.37(10.06) 2.36(10.05)
1~Si! – – 2.31(20.05) 2.34(20.02)

SiC(I -2) 3~Co! 2.31(20.05) 2.30(20.06) 2.40(10.04) 2.39(10.03)
1~Co! 2.42(10.11) 2.44(10.13) 2.26(20.05) 2.26(20.05)
3~Si! 2.59(20.12) 2.59(20.12) 2.59(20.12) 2.58(20.13)
3~Si! 2.77(10.06) 2.78(10.07) 2.68(20.03) 2.68(20.03)
n
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duced drastically, the bond length to Co and Si positio
inside the CoSi2 block is enlarged.

For type A8, the atoms in layers Si(I ) and Si(I -1) are
now overcoordinated as compared to the tetrahedral envi
ment in bulk Si. The atom Co(I -1) has its full bulk coordi-
nation, and SiC(I ) loses one Co neighbor but has now sev
Si neighbors. The strongest relaxation effect can be see
the increased distance between Si(I -1) atoms of the Si block
and the SiC(I ) positions. However, the resulting distance
still only 2.71 Å, which corresponds to the Si-Si bond leng
in bulk CoSi2. Based on local bonding arguments, this sin
bond is the only criterion allowing a distinction betwee
structures A8 and B8. The interaction between SiC(I ) and
Si(I ) is obviously repulsive, since corresponding distan
increase to 2.91 and 2.93 Å for types A8 and B8, resp
tively.

It can be concluded that for types A7 and B7 the bond
in the Si block remains essentially unchanged compare
the bulk. The interface positions of the CoSi2 block are un-
dercoordinated, whereby Co(I -1) loses one Si neighbor an
SiC(I ) loses one Co neighbor and three Si neighbors.
types A8 and B8, positions on both sides of the interface
overcoordinated and a competition between stabilizing a
tonal bonding and destabilizing repulsive effects can be
sumed. These effects more or less outweigh each other, s
the interface and bonding energies of all four systems
very close to each other.

C. Energy Bands

Figures 2~a! and 2~b! show the projected bands of bu
CoSi2 and bulk Si in which for all cases@and also for Figs.
s
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2~c! and 2~d!# the Fermi energyEF is the zero of the energy
scale. For perfect bulk Si the Fermi energy is defined by
top of the valence band. As a reference system we brou
bulk CoSi2 and bulk Si in thermodynamical equilibrium t
each other without allowing any interaction, which was do
by setting the chemical potentials, i.e., the Fermi energie
both systems, equal. By this construction the projected b
structures@as applied in Figs 2~c! and 2~d!# are overlapped.
Features of the band structure such as interface states d
the chemical interaction at the interfaces can then be dire
realized from Figs. 2~c! and 2~d!, in which the sum of pro-
jected bands of the pure bulk systems are superposed b
energy bands of the interface calculations. The bulk ba
structure of Si~Fig. 2b! reveals wide partial gaps for th
occupied states. We find localized features, which we exp
in Sec. III E for the derivation of Schottky barriers later o
at K̄ the two lowest areas of band projections shrink to poi
at 28.6 and26.7 eV. The fundamental indirect gap near
M̄ on the directionḠ-M̄ is about 0.5 eV, about half of the
experimental value. As is well known, the gaps calcula
from ground-state density functional theory are often t
small. For a correct calculation of the gap size, excitatio
must be described properly.

The bulk band structure of CoSi2 shows much smaller
gaps with a wide partial gap above the Fermi energy

directionM̄ -K̄. At EF aroundḠ no gap occurs, demonstra
ing the metallic character of CoSi2. Again as in Si, localized
features of bands merging into a point are found atK̄ now at
about21 eV.

The calculated bulk band structure of Ref. 23 was qu
often used for searching for a possible ballistic electr
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FIG. 2. Bulk bands projected along@111# orientation of bulk Si~a! and bulk CoSi2 ~b!. Energy bands for the A7~c! and A8~d! interface
types. Shaded area: sum of projected bands of~a! and~b!. Interface states localized at positions SiC(I ) ~Si interface site of the CoSi2 block!:
black circles; Si(I ) ~Si interface site of the Si block!: grey circles. All other states: small dots. The fermi energy is defined byE50 in all
cases.
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tive
transmission through the interface, which requires conse
tion of energy and the Bloch vector componentki parallel to
the interface orientation. Assuming an experimental Scho
barrier of '0.7 eV, it is argued that transmission fo
n-doped Si requires CoSi2-like states at a conduction-ban

minimum of Si at'0.7 eV aboveEF at ki;0.853Ḡ-M̄̄ .
Also from our results, in agreement with Ref. 23, no pr
jected states of bulk CoSi2 exist in the interesting energ
range@Fig. 2~b!#.

By application of a kinematic theory~i.e. conservation of
band energy andki) of ballistic electron emission micros
copy ~BEEM!, Stiles and Hamann24 utilized projected bands
in the interface Brillouin zone to explain the delayed onse
transmission because they could obtain an appreciable o
lap of CoSi2 and Si states only about 0.9 eV aboveEF ~Fig.
2 of Ref. 24!. Then it was even higher in energy by abo
a-

y

-

f
er-

t

0.3–0.4 eV before states occured in CoSi2 that corresponded
to Si states at the conduction-band minimum with the sa
ki. Inspecting our projected bands for the bulk cases,
obtain approximately the same result, because CoSi2 bulk
bands appear at'1.3 eV at the interestingki @Fig. 2~b!#. So
far, only bulk features were discussed. From our results
the interfaces in Figs. 2~c! and 2~d!, we find a series of state
in the interesting energy range at the discussedki. However,
as far as we analyzed these states they are mainly o
character, as will be discussed below for states atM̄ . This
means, that even taking fully into account chemical bond
and relaxation, as we did by our supercell approach, does
alter the bulk-based picture of the delayed transmission.
want to point out, however, that we applied ground-st
density-functional theory, which cannot ensure a quantita
meaning of unoccupied electronic states in particular.
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Figures 2~c! and 2~d! show that the bands for the interfac
calculations also reveal interface-localized states. The de
tion of such states is somewhat ambigous because of
finite-slab ~or repeated multilayer! construction we used
Since in our calculation the eigenstates are represente
plane waves, localized states must be defined by project
onto localized functions. This is done by expanding the pla
waves into spherical functions inside spheres of radius 2
Å–corresponding to the assumed atomic radii—centere
the SiC(I ) position ~black dots! and Si(I ) positions ~gray
dots!. For the sake of a useful graphical representation
Fig. 2, we defined interface states as states having at
20% of their charge inside the chosen spheres. We discu
detail only the bands for types A7@Fig. 2~c!# and A8 ~Fig.
2~d!#, because the corresponding data for the B-type in
faces are rather similar.

Structure type A7 reveals very deep-lying interface loc
ized states in the bulk projections, states in the lowest ga
K̄, and gap states at and above Fermi energy for a w
range ofki. Just aboveEF at M̄ , two bands in the gap de
generate to a rather flat band along directionM̄ -K̄, dispers-

ing and splitting up when running fromK̄ to Ḡ. No distinct
localization—according to our definition given above—
observable. Also, the characteristic merging of bulk band
a point atM̄ is either shifted or blurred.

Quite in contrast to type A7, the bands of type A8@Fig.
2~c!# change much less of the projected bulk band featu
Just belowEF at M̄ there is a distinct interface localized pa
of bands. For A8 only one twofold-generated state arise
the gap, which visibly splits up betweenM̄ and K̄ due to
coupling of the two interfacelike states becoming a nea

degenerate band without dispersion along directionK̄-Ḡ be-
fore merging into the bulk projections. A remarkable featu
is the deepest localized band along the boundary of
shaded bulk bands.

The band structure of both interface systems illustrates
pinning ofEF due to interface states in the gap. Whereas
type A7 @Fig. 2~c!# a very flat band of interface states alon
M̄ -K̄ lies very close to Fermi energy, and is occupied atK̄,
for type A8 the pinning is due to dispersive interface ban
at M̄ .

D. Interface states and metal-induced gap states

An important property of interface states is theirz depen-
dency orthogonal to the interface plane which is illustra
by planar averages of their spatial distribution. Averag
over planesr zz5$xuu ,yuu% parallel to the interface are define
by

r~z,E!5
1

AEA
r~r zz,z,E!dr zz, ~6!

whereinA is the area of the corresponding two-dimensio
unit cell andr(r zz,z,E) denotes the charge distribution of th
electronic state at the chosen band energyE. The z axis ob-
viously points in the@111# direction. Figures 3 and 4 show
planar averages for selected states of interface types A7
A8 at M̄ .
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In Fig. 3 the two lowest states at29.42~a! and29.12~b!
eV fulfill the localization criterion. The densityr(z) in panel
~a! is distributed into two distinctly separated regions. In t
CoSi2 block two distinct maxima at Co layers occur, b
some appreciable density is still found in the interface
gion. The minimum in the Si block separates the pair
planes closest to the interface from the bulklike planes.
the SiC(I -1) location withz521.24 Å, r(z) is large, giv-
ing the state its localization character. Panel~b! reveals a
state of strongly localized peaks at SiC(I ) and Co(I -1) plane
positions, and values ofz corresponding to the first two S
bulk layers with very small intensity at Si(I ) and Si(I -1)
close to the interface. Summarizing, both states discussed
of CoSi2 as well as Si character.

The properties of the remaining three states are distin
different: The states in panels~c! and~d! are of CoSi2 char-
acter, whereas state~e! is well localized within the Si block.
State~c! at 20.34 eV is just in the center of the energy ga
and characteristic for a metal-induced gap state~MIGS!. A
pair of sharp peaks arises twice: at the positions of SiC(I )
and Co(I -1), and the corresponding sites in the next Co2
trilayer. A small but distinct nonzeror(z) decays into the Si
block up to 5 Å away from the interface. Closer inspection
the bands in Fig. 2~c! shows that this state is by far no

FIG. 3. Planar average of electron densitiesr(z,E) of selected

states atM̄ for relaxed structure type A7 vs spacingz in direction
@111#. Values ofr(z,E) are in arbitrary units. Values ofz: distance
with respect to the interface plane defined as half in between SI )
and SiC(I ) according to Table II. The CoSi2 block is at negative
values ofz, the Si block at positivez, and the interface plane atz
50 ~dotted line!. Si layers: dashed lines; Co layers: full lines. S
lection of energies: ~a! 29.42 eV, ~b! 29.12 eV, ~c!
20.34 eV, ~d! 0.11 eV, and~e! 0.477 eV with respect toEF .
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doubly degenerate, which must be the case if it would b
truly localized interface state: about 0.3 eV deeper a sta
found belonging to an energy band which finally merges aK̄
with the band to which state~c! belongs. The deeper sta
lies already in the bulk continuum, and we cannot distingu
sharply between states resonant in a bulk block and a
state being generated by the interface.

State ~d! at 0.11 eV just above the Fermi energy is
rather diffuse character with some small but long-ranged t
in the Si block. This state atM̄ in the center of the gap is
well-defined localized interface state because two bands
nearly perfectly degenerate. Due to its charge distribution
is of MIGS character.

Finally, state~e! at 0.48 eV is of Si character withou
being a truly localized interface state because—again—
by far not degenerate. Even its intensity at the interfa
planes is smaller than at the bulklike layers.

Discussing the results presented in Fig. 4 for struct
type A8, we derive quite a different charge distribution ch
acter of interface states. The state~a! of lowest energy at
210.30 eV shows perfect localization in the interface lay
of both blocks. Accordingly, the band structure reveals t
nearly degenerate bands spanning all the shownki directions.
Although r(z) is larger at Si(I ) than at SiC(I ), in the band
structure it is denoted to be of SiC character due to the defi
nition of localization for the band structure for which w
integrated over atomic spheres.

At 27.94 eV in panel~b! of Fig. 4, a state of CoSi2
character is found which induces quite some charge at

FIG. 4. Planar averages of electron densities of selected s

for relaxed structure type A8 atM̄ . For details, see Fig. 3. Selectio
of energies:~a! 210.30 eV, ~b! 27.94 eV, and~c! 20.14 eV
with respect toEF .
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first two interface layers of Si. In the band structure it
denoted as a state fulfilling the localization criterion in t
Si(I ) sphere. It seems surprising that this state decays ra
fast toward the Si block, because inspecting the projec
bulk bands of Si atM̄ no energy gap is found between
27.5 and28 eV @Fig. 2~a!#. Closer inspection, however
shows that it might be possible that due to the curvature
the shaded energy regions just at this critical energy a v
small forbidden energy range arises.

The distinct interface state in Fig. 2~d! at 20.14 eV is
strikingly manifested byr(z) in panel ~c! of Fig. 4: it is
strongly localized at layers SiC(I ) and Co(I ) and Si(I ) and
Si(I -1). At the CoSi2 interface just at the interface laye
positions we find the characteristic two-peak structure.

By summation of all states of the interface systems in
energy window defined by the valence-band maximum a
conduction-band minimum of Si, we derive the charge d
sity rMIGS comprising all the metal-induced gap states. Fro
the planar and macroscopically25 averagedrMIGS , we derive
decay lengthsl which describe the decay of metallic CoS2
states into the Si block. The values ofl are 3.2 and 3.0 Å for
types A7 and B7, correspondingly, being rather similar a
substantially shorter thanl54.8 and 3.9 Å for types A8 and
B8. The longer-ranged character ofrMIGS of the eightfold-
coordinated interface types is due to localized interface st
as shown, for example, in Fig. 4~c!.

E. Schottky barriers

In our study, Schottky barrier heights are derived fro
two different approaches: the first is based on the lineup
averages of electrostatic potentials,25 and the second utilizes
the shift of localized Si bulk states due to the presence of
interface.

In general, the Schottky barrier heightFp for p-doped
semiconductors is defined by the difference between
Fermi energy of the metalEF

M and the valence-band max
mum of the semiconductorEV

S :

Fp5EF
M2EV

S. ~7!

The barrier heightFn for n-doped semiconductors is the
correspondingly defined by

Fn5Egap2Fp , ~8!

whenEgap is the measured energy gap of the semiconduc
The barrier heightFp might be reformulated as25,26

Fp
av5DEbulk1DV. ~9!

The differenceDEbulk is then expressed by

DEbulk5~EF
M ,bulk2Vav

M ,bulk!2~EF
S,bulk2Vav

S,bulk! ~10!

where the first term denotes the energy difference betw
the Fermi level of the metal and its average electrost
potential, and the second term is the corresponding dif
ence for the semiconductor. Both terms in Eq.~10! are de-
rived separately for the corresponding bulk systems. In
case we obtain a valueDEbulk53.26 eV.

The potential lineupDV is the shift due to interface for
mation of the averaged electrostatic potentialsVav

M ,int and

tes
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Vav
S,int for the metal and semiconductor phases, accordin

Naturally, it has to be derived from the actual interface c
culations:

DV5Vav
M ,int2Vav

S,int . ~11!

The quantityFp
av can be derived from pseudopotential ca

culations in a straightforward manner. However, the calcu
tion of DV needs some care in order to get rid of the artific
choice of the interface plane. The interface plane is int
duced just as a simple geometrical concept, but has no m
ing for the electronic states which are smooth over the wh
space. To evaluateDV now from electrostatic potential
given in real space, the procedure for macroscopic avera
according to Ref. 25 is strictly defined. By that, the mac
scopic averagef̄ (z) of a functionf (z), which denotes a pla
nar average similar to Eq.~6!, is obtained by the convolution

f̄ ~z!5
1

aEz2a/2

z1a/2

f ~z8!dz8, ~12!

in which a denotes the period inz direction of the considered
system. A further complication arises when the actual in
face system consists of two bulk blocks with nonmatch
lattices, i.e., different periods in thez direction. Then, a two-
fold convolution has to be applied,25 resulting in a macro-
scopic averaged functionf% (z). In general, for a bulk with
perfect bulk periodicity in thez direction, the macroscopic
average is a constant independent ofz. We checked that for
the separated bulk systems of CoSi2 and Si stacked accord
ing to the@111# orientation.

In the present case, there are two different periods oz,
namely, 9.22 Å for CoSi2 and 9.36 Å for Si. We studied two
different averaging procedures, as shown in Fig. 5. Pro
dure ~1!, which is a single average changing the perioda
abruptly when moving from the CoSi2 block to Si; and pro-
cedure~2! which performs the rigorous twofold convolution
In general for the averaging we used the sum of electro
and ionic potentials because—as pointed out by Bar
et al.25—Poisson’s equation has to be solved for the to
charge, electronic as well as ionic charge, in order to de
a physically meaningful electrostatic potential. Figure
shows the results for A7 and A8 interface types only, b
cause for B-type interfaces very similar results are obtain
correspondingly.

Procedure~1! yields smooth averages in the center of t
Si block, very small kinks at the~artificial! interface plane
and fluctuations inside the CoSi2 block at Co layer positions
Procedure~2! results in very smooth and broad curves. Wh
is needed for the determination ofDV is the value of the
averaged potential deep in the bulk far away from the in
face, i.e., at the centers of the respective blocks. Analyz
the Si block in Fig. 5, we can extract well-defined valu
from procedures~1! and~2! yielding the same values within
a difference of 0.04 eV. The results for the CoSi2 block are,
however, less clear. The twofold average is moved to
negative values compared to procedure~2! presumably be-
cause the CoSi2 block is too thin: the broad width of the
convolution function might smear out too much of the neg
tive valley. Procedure~2! results in a fluctuatingDV, making
a choice for the lineup somewhat arbitary within 0.2 eV. F
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type A8, the twofold average seems to work reasonably,
ing no more negative at the CoSi2 center than the again
fluctuating result for procedure~2!. Because in the CoSi2
block curve~2! is higher ~lower! than curve~1!, the corre-
sponding lineupDV is less ~more! negative for type A7
~A8!, and the barrier heights change correspondingly
Table IV. In Ref. 25 the averaging method was introduc
for GaAs~100!/AlAs~100! interfaces, where the perturbatio
caused by the interface is much faster screened out than
CoSi2(111)/Si(111) interfaces as discussed.

In all-electron ab initio calculations another procedur
might be adopted for calculating Schottky barrier heigh
There one derives the energies of core states, and comp
their values for the pure bulk systems~with respect to Fermi
energy for the metal and valence-band maximum for
semiconductor! to the corresponding values of the interfa
system.30 Because of the strong localization of proper co
states~typically, 1s states are chosen! the relative changes o
core levels is—in first order—due to the change of the av
age electrostatic potential in the atomic spheres. This cha
reflects the potential lineup due to the interface, if the pot
tial is averaged in atomic spheres around bulklike atom
positions~in the center of the blocks!.

In our case of a pseudopotential approach, it is not ob
ous how to find localized states because core states are
zen and only used for the construction of the pseudopo
tial. However, as discussed in Sec. III C for the project
energy bands of pure bulk Si atK̄, some localization ink
space occurs. Now analyzing the interface band structu

FIG. 5. Macroscopic average of the electrostatic potential
cording to procedures~1! ~dashed line! and~2! ~solid line! ~see text!
for interface types A7 and A8 vs spacingz in direction @111#. The
potential is shifted by a constant so that*DV dz50. Positive val-
ues ofz: Si block; negative values: CoSi2 block.
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TABLE IV. Potential lineupsDV and p-type Schottky barrier heightsFp in eV. DV1 and Fp
av1 are

derived from averaging procedure~1!. DV2 and Fp
av2 are derived from averaging procedure~2!. Fp

loc is
derived from bulk, localized Si 3s-states.Fp

QP,i is the sum ofFp
i and quasiparticle corrections of 0.31 eV

For further details, see text. The experimental value ofFp is 0.66 eV.

A7 B7 A8 B8

DV1 -2.91 -3.09 -3.06 -3.29
DV2 -2.82 -2.98 -3.16 -3.49

Fp
av1 0.35 0.17 0.20 -0.03

Fp
av2 0.44 0.28 0.10 -0.18

Fp
loc 0.24 0.05 0.13 -0.06

Fp
QP,av1 0.66 0.48 0.51 0.28

Fp
QP,av2 0.75 0.59 0.41 0.13

Fp
QP,loc 0.55 0.36 0.44 0.25
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we again detect similar band mergings of selected band
about28.5 eV. All these states are of Si 3s character. Ana-
lyzing the averaged densityr(z) for these 3s states for all
four interface types, we find thatrSi-3s(z) is perfectly local-
ized in the Si block. Therefore, if Si bulklike states in th
interface systems experience some change ofV̄ ~now aver-
aged not in an atomic sphere but in a Si bulklike block!, this
change is directly reflected in the corresponding Kohn-Sh
energies.

The discussed localization property can now be explo
to define the Schottky barrier height by

Fp
loc5ebulk

Si23s2e int
Si23s , ~13!

whereebulk
Si23s is the Kohn-Sham eigenvalue of the Si 3s state

with respect toEF ~which is equal toEV) of the pure Si bulk.
In Fig. 2~b! this is the lowest energy where all bands mer
at K̄. The energye int

Si23s is the Kohn-Sham level of the sam
state with respect toEF of the interface system. Values fo
Fp

loc are given as the last row in Table IV. These valu
compare reasonably well with the results obtained using
macroscopic averages of the electrostatic potential.
qualitative trends are the same, where the largest barrie
predicted for type A7, a slightly negative value is predict
for type B8, andFp for type A8 is larger than that for B7. As
in Sec. III D, not taking into account a quasiparticle corre
tion, all our calculated barrier heights are substantially low
than the experimentally accepted result.

All values calculated by the procedures discussed ab
are significantly smaller than the accepted experime
value of 0.66 eV~derived from BEEM data27!, because the
Kohn-Sham or density-functional-theory~DFT! barrier
heights~as we calculated! have to be corrected due to th
relative band bending of DFT bands to the quasipart
bands.28 The DFT barrier is too small by an amountGp for p
type barriers andGn for n-type barriers. The sumGp1Gn

5D equals the differenceD5Egap2Egap
DFT , the difference

between the experimental~or quasiparticle! value and the
valueEgap

DFT derived from standard DFT calculations for th
ground state. In principle, such quasiparticle corrections
the separate bulk systems need to be calculated. For C2
such calculations still need to be done. Following argume
in the comment by Godbyet al.29 for NiSi2 /Si interfaces, we
at
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assume that the quasiparticle correction for CoSi2 is vanish-
ing, and thatGªGp5Gn . Then the correctionG5D/2 in
our case amounts to 0.31 eV. Adding this constant to
calculated values we come substantially closer to the exp
mental value, in particular for the A7 type and also for B
and A8 types, as listed in Table IV. It should be noted th
due to the rather crude estimation of the quasiparticle cor
tion, the absolute values of the calculated barriers con
some uncertainties, presumably on the order of 0.1–0.2
The calculated trend of barrrier height versus geome
however, seems to be meaningful.

As listed in Table IV, the barrier heights for th
sevenfold-coordinated interface types are always larger t
the results for their corresponding eightfold counterpa
Also, Fp for the A-type interfaces is significantly larger b
about 0.2 eV than for B-type interfaces. We conclude t
the Schottky barrier height depends on the geometry of
interface. Recently it was stated also by means ofab initio
calculations that the Schottky barrier height depends on
nature of the metal,31 the crystallographic orientation, an
the microscopic morphology of the interface,32 rather than
depending on the nature of the semiconductor only. Conc
ing the theoretical calculation of Schottky barrier heights
silicide/Si interfaces, Fujitani and Asano33 claimed that their
value depends crucially on the cell size in a repeated s
scheme. On the other side, Daset al.34 argued that the as
sumed layer thicknesses for their calculations
NiSi2(111)/Si(111) is sufficient. Magaud-Martinageet al.35

calculated barrier heights for CoSi2(111)/Si(111) and
NiSi2(111)/Si(111) in reasonable agreement with expe
ment using a self-consistent tight-binding method coup
with a decimation technique which does not require trans
tional periodicity in the direction perpendicular to the inte
face.

IV. SUMMARY

Based on a powerfulab initio method, we tried to mode
the CoSi2(111)/Si(111) interface by studying four possib
structure types. For the experimentalist it would be ve
helpful to know which structure type is the most stable o
For that reason we investigated interface energies rather
tensively, with the result that after relaxing the atomic po
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tions all four types are energetically very close, the eightf
types being slightly more favored by 0.05–0.10 eV. The
fore, we conclude that kinetics plays an important role d
ing the actual growth of a particular type of interface. T
situation is even more complicated when we look at the c
culated Schottky barrier heights. Then, it seems that type
is closest to experiment, the other values—in particular
type B8—being significantly smaller. However, one shou
keep in mind that our estimate for the quasiparticle corr
tion is rather crude. Furthermore, when deriving the poten
lineup according to Eq.~11! in particular for A7 and B7
interfaces, we find by performing the macroscopic averag
according to Ref. 25—as one should do in order to be in
pendent from artificial choices of the interface plane—t
the thickness of the CoSi2 block is possibly too small, leav
ing some additional uncertainty as to the final value for
er

v.

p

de

F

.
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d
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r

-
l

g
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t

e

barrier height. The electronic structure, in particular for t
eightfold types, comprises states strongly localized at the
terface. The decay length of metal-induced gap states is
nificantly different, about 3 Å for the sevenfold interface
types, but substantially longer ranged for types A8~about 5
Å! and B8~about 4 Å!.
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