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Ab initio calculations of the 3C-SiC„111…ÕTi polar interfaces
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Ab initio pseudopotential calculations of 3C-SiC~111!/Ti polar interfaces have been performed and com-
pared with ab initio calculations of 3C-SiC~001!/Ti interfaces @Phys. Rev. B61, 2672 ~2000!# and the
3C-SiC~111!/TiC interface@Phys. Rev. B55, 16 472~1997!# and with experiments on 6H-SiC~0001!/Ti inter-
faces. Two types of interfaces, Si- and C-terminated interfaces, are dealt with in order to examine the depen-
dence on the atom species at the interface. As to stable atomic configurations, the six candidates for each
interface are examined. In the most stable configurations, the interfacial Ti atoms are located on top of the
center of the triangle of surface atoms of SiC (T4 site for the Si-terminated interface andH3 site for the
C-terminated interface! rather than on top of surface atoms of SiC (T1 site!. There are serious differences in the
bond lengths, bonding nature, and adhesive energies between the Si- and C-terminated~111! interfaces and
between the SiC~111!/Ti and SiC~111!/TiC interfaces, respectively. The C-terminated interface has strong
interfacial bonds with a large adhesive energy rather than the Si-terminated one, similarly to the~001! inter-
faces. However, there exist substantial differences between the~111! and ~001! interfaces, which can be
explained by the interface morphology such as the number of back bonds and the neighboring atoms of
interfacial atoms, and the number and direction of surface dangling bonds. A calculatedp-type Schottky barrier
height~SBH! of the C-terminated interface is smaller than that of the Si-terminated one. This SBH relationship
is in good agreement with the experimental results of the 6H-SiC~0001!/Ti interfaces and consistent with
previousab initio results of the 3C-SiC~001!/Ti interfaces. The dependence of SBH on the interface atom
species can be explained by the following two factors: the relationship of intrinsic band structures between two
materials and the interface dipole caused by the interfacial charge distribution. On the other hand, the extended
Schottky model has been examined using the theoretical work functions including effects of the surface
structure for the SiC~111!/Ti and SiC~001!/Ti interfaces. The obtained relationship of the SBH between the Si-
and C-terminated interfaces is contrary to theab initio results and experiments. It is clear that the SBH at the
interface is dominated by the interfacial atomic and electronic structures, and is unable to be estimated by the
surface properties simply.

DOI: 10.1103/PhysRevB.64.235308 PACS number~s!: 68.35.Ct, 68.43.Bc, 73.20.2r, 73.30.1y
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I. INTRODUCTION

Silicon carbide~SiC! is a very attractive material for high
performance~high-temperature, high-speed, high-frequen
and high-power! electronic and optoelectronic devices
well as high-temperature structural ceramics. SiC has a l
number of polytypes (2H,3C,4H,6H,15R, . . . ), andeach
structure has various characters. It is of great importanc
fabricate SiC/metal interfaces with desirable properties
various electronic and structural applications of SiC1,2

Among them, a SiC/Ti interface is one of the most importa
systems because Ti or Ti-containing alloys are often used
such applications.3 The problems of the interfacial orienta
tion and the atom species are important factors to design
structure and properties for the SiC/Ti interfaces. In str
tural applications, the reactivity between SiC and Ti reve
the anisotropic behavior with respect to the interfac
orientation.4

In electronic applications, a Schottky barrier height~SBH!
of the SiC/Ti interface2,5 has been studied extensively as w
as the interfacial configurations. The SBH is very importa
factor to fabricate excellent electronic devices. An extrem
low SBH is necessary for an Ohmic contact to achiev
linear current-voltage relationship and a high SBH is
quired for a rectifying~or Schottky! contact to flow the elec-
0163-1829/2001/64~23!/235308~12!/$20.00 64 2353
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tric current for only positive or negative voltage bias, such
using ap-n junction. The differences in SBH’s between th
Si- and C-terminated interfaces have been observed in
6H-SiC~0001!/Ti interfaces6 and the 4H-SiC~0001!/Ti
interfaces.7 Recently, n-type 6H-SiC~0001!/Ti interfaces
have been constructed by controlling the density of inter
cial defects with special surface treatment.8 It seems that this
kind of experiment reveals the intrinsic nature of the inter
cial SBH without the effects of interfacial defects. In th
kind of interface, the difference in SBH’s between the S
and C-terminated interfaces has also been observed.9

On the other hand, Sugawara and co-workers10 have
found in this kind of interface that Ti on the atomically fla
~0001! face of 6H-SiC shows a face-centered-cubic~fcc!
structure, although the stable structure of bulk Ti is
hexagonal-close-packed~hcp! structure at room temperature
The authors consider that the unusual fcc structure of T
due to the high adhesion and high degree of coherence
tween Ti and SiC. This is expected to be able to control
crystal structure of metal in the future.

From the theoretical point of view, recently,ab initio cal-
culations of the 3C-SiC~001!/Ti interfaces11 have been per-
formed using the pseudopotential method based on den
functional theory within the local density approximatio
~DFT-LDA!. Both Si- and C-terminated interfaces have be
©2001 The American Physical Society08-1
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examined, and it has been found that both interfaces h
quite different features from each other. The Si-termina
interface has weak and metallic Si-Ti bonds, whereas
C-terminated interface has strong and covalent C-Ti bo
such as bulk TiC. The calculatedp-type SBH of the
C-terminated interface is smaller than that of t
Si-terminated one. This tendency is consistent with
experiments of 6H-SiC~0001!/Ti interfaces6,9 and
4H-SiC~0001!/Ti interfaces.7 This theoretical result can b
explained by the difference in the interface dipoles. Sim
theoretical results of the SBH were obtained for the Si- a
C-terminated interfaces of the 3C-SiC~001!/Al system.12

Besides the SiC/Ti system, Rashkeev and co-worke13

have dealt with the 3C-SiC~111!/TiC interface using the full-
potential linear-muffin-tin orbital~FP-LMTO! method based
on DFT-LDA. In this interface, the arrangement of atom sp
cies at the interface layers is similar to the C-termina
SiC~111!/Ti interface, although the C layers are stacked
tween the Ti layers in the TiC side.

In this paper, we performab initio calculations of the
3C-SiC~111!/Ti polar interface. We use the first-principle
pseudopotential method, and obtain the stable atomic c
figurations, adhesive energies, and SBH’s for the Si-
C-terminated interfaces. It is very important to examine su
an interface by following reasons.

First, many experiments have been done for
6H-SiC~0001! interfaces.1,2,5,6,8–10Especially, some experi
mental groups make it a challenge to clarify the intrin
atomic and electronic structures and properties of
6H-SiC~0001!/Ti interface without effects of interfacia
defects.8–10 The theoretical approach is of great importan
to be directly compared with such experiments. On the ot
hand, the 3C-SiC~111! interface can be used as a model f
the 6H-SiC~0001! one because an atomic configuration
the SiC side from the interface to the seventh-layer is sim
According to the preceding calculations of th
3C-SiC~001!/metal calculations,11,12 the properties of coher
ent interfaces are determined from only a few layers near
interface. Thus, we think that application of the 3C-SiC~111!
interface as a model of the 6H-SiC~0001! one causes no
serious problems. The other merit is that the number of
oms in the supercell ofab initio calculations can be greatl
reduced in dealing with the 3C-SiC~111! interface as com-
pared with the 6H-SiC~0001! interface. It is of great interes
to examine theoretically the difference between the SBH’s
the Si- and C-terminated interfaces for the 3C-SiC~111!/Ti
system, so as to be compared with the experimental resul
the 6H-SiC~0001!/Ti interfaces.6,9

Second, it is of great interest to compare t
3C-SiC~111!/Ti interface with the 3C-SiC~001!/Ti
interface.11 This comparison should clarify the effect of in
terface orientation on the interface properties such as
adhesive reaction and SBH. In practical applications, cla
cation of this effect is one of the most important issues
achieve the hoped for properties. The atomic configurati
and properties should depend on the interface orienta
through the morphology such as the number of the b
bonds and the neighboring atoms at the interface or the n
ber and direction of dangling bonds of each surface.
23530
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Third, a comparison between the 3C-SiC~111!/Ti inter-
face and the 3C-SiC~111!/TiC interface13 with respect to the
stable atomic configuration and the SBH is also of gr
interest. Particularly, many experiments are uncert
whether TiC layers are formed at the SiC/Ti interface or n
Thus, this comparison should clarify the features of int
faces with and without TiC layers, theoretically.

In this paper, we also perform a detailed discussion of
mechanism of the SBH using the results of the SiC~111!/Ti
and SiC~001!/Ti interfaces. Here, we briefly explain previou
traditional models of the mechanism of the SBH
semiconductor/metal or ceramics/metal interfaces. First,
Schottky model14 evaluates the SBH by the difference b
tween the work function of metal and the electron affinity
a semiconductor or ceramics. In this model, the SBH sho
be changed in proportion to the change of the work funct
of metal for the same semiconductor. However, the SBH’s
several semiconductors such as Si and GaAs are experim
tally observed to be only a little changed.15 This phenom-
enon is explained by the Fermi level pinning by some s
cific states in the band gap of semiconductor at the interfa
for example the states associated with defects.16,17 On the
other hand, the metal-induced gap state~MIGS! and charge
neutrality level~CNL! model18 proposes that the SBH is de
termined by occupying electrons up to the CNL within t
MIGS ~Ref. 19! at the interface, which are formed in th
band gap of semiconductor. The CNL is considered to
intrinsic to respective semiconductors.

In this paper, we concentrate on the intrinsic nature of
SBH without the effects of interfacial defects, because ourab
initio calculations can deal with only coherent interfac
without any defects. On the other hand, such an intrin
SBH is tried to be examined experimentally.8,9 From this
point of view, the Schottky model and MIGS-CNL model a
influential. However, these two models deny that the S
depends on the practical interface structure. Hence, th
models cannot explain well the experimental and theoret
results of the SBH’s with the interface-structure depende
for NiSi2 /Si interfaces20–22and for SiC/metal interfaces.11,12

Our precedingab initio calculations11 have indicated that an
intrinsic SBH of the interface without any defects is dete
mined by ‘‘two factors’’ in a similar way as the band disco
tinuity of the semiconductor heterojunction:~i! the relation-
ship of intrinsic band structures between two materials a
~ii ! the interface dipole derived from the charge transfer
the charge distribution itself at the interface. The latter d
pends on the interface structure, whereas the former d
not. If we consider a surface as an interface between vac
and material, the ‘‘two factors,’’ the band-structure term a
the dipole term, should correspond to the two dominant f
tors of the work function of the surface. It is of great intere
to compare the calculated SBH’s of the present Si- a
C-terminated 3C-SiC~111!/Ti interfaces with those of the
~001! interfaces and with the two-factor model, the Schott
model, and the MIGS-CNL model.

On the other hand, recent experiments of t
6H-SiC~0001!/metal interfaces with reduced defect dens
seem to indicate that the SBH behaves as a Schottky limit
various metals.8 Thus, we additionally examine the extende
8-2
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Ab initio CALCULATIONS OF THE 3C- . . . PHYSICAL REVIEW B 64 235308
Schottky model. The work function~electron affinity! in the
original Schottky model is defined as an intrinsic constant
each material. However, the work function~electron affinity!
itself depends on the surface structure as revealed in m
surface calculations. Then, we examine the SBH’s estima
from ab initio calculations of the work function of each su
face slab for the SiC~111!/Ti and SiC~001!/Ti interfaces. As
shown below, the result indicates that the interface prop
cannot be predicted correctly by the sum of properties of
surfaces or two materials.

II. THEORETICAL METHOD

First of all, it is necessary to overcome several tou
problems associated with the~111! polar interfaces as com
pared with the~001! interfaces.11 In the periodic cell, the
atom species of both surfaces on the 3C-SiC~111! slab can-
not be the same, because the slab, the basic structu
which is zinc blende, does not have a mirror plane and
version center. This is quite different from the case of
SiC~001! slab. If we use the original~111! slab, charge trans
fer will occur between two surfaces or between two int
faces, and an electric-field problem will rise, which shou
prevent realistic calculations. Even if the charge transfe
suppressed, it is not so easy to analyze the energy of
respective interface regions in the supercell containing
different interfaces. In order to settle this problem, we co
struct a slab with two identical~111! surfaces by introducing
a stacking fault at the center of the SiC slab. The slab
mirror-plane symmetry with respect to the center of t
stacking fault. At the stacking fault, Si-Si or C-C wron
bonds are introduced. However, these wrong bonds do
create deep levels in the band gap or any extra carriers
cause SiC is a homovalent compound, as observed inab
initio calculations of the SiC grain boundaries.23 As will be
shown, the existence of the stacking fault does not seem
have serious effects on the interfaces. The same kind
stacking fault has been introduced in the calculation
the 3C-SiC~111!/TiC interface,13 as inversion domain
boundaries.

The supercell of the interface consists of a slab of
SiC~111! atomic layers including one stacking fault and tw
sets of 4 Ti~111! layers stacked on both SiC surfaces. In th
paper, we deal with a coherent (131) interface, where Ti
layers are slightly expanded parallel to the interface. The
layers have fcc structure similarly to our preceding study
the SiC~001!/Ti interface,11 although the hcp structure i
stable as the bulk structure at room temperature. As m
tioned in Sec. I, the recent high-resolution transmission e
tron microscopy~HRTEM! observation10 found that fcc-Ti is
generated on the atomically flat~0001! face of 6H-SiC at
room temperature, where the orientation relations
between the fcc-Ti and the 6H-SiC substrate is
(111)fcc-Ti //(0001)6H–SiC and @ 1̄10# fcc-Ti //@112̄0#6H-SiC.
From the analysis using coincidence of reciprocal latt
points,10 the orientation relationship has high coheren
across the interface and a lattice mismatch between fc
and 6H-SiC is very small (,1%) in comparison with the
hcp-Ti/6H-SiC system (;4.3%). Our preliminary first-
23530
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principles calculations, the pseudopotential method, and
full-potential linearized augmented plane-wave method,
bulk Ti, indicate that the difference of total energy betwe
fcc-Ti and hcp-Ti is very small (,10 meV/atom).24

In the supercell, a vacuum region more than 15 a.u. se
rates two free metal surfaces, which ensures stable interl
distances without any constraint. About the determination
a stable position of a Ti layers parallel to the interface a
the stable stacking sequence of the Ti layers, we examine
candidates of special translations corresponding to ene
extrema as shown in next section. All the configurations h
special symmetry of the point groupD3h .

Interface structures are obtained byab initio pseudopoten-
tial calculations based on DFT-LDA~Ref. 25! for the above
supercell. To obtain the electronic ground state, a conjug
gradient technique26 and an effective charge-mixing
scheme27 for controlling the charge-sloshing instability28 are
used. Stable atomic configurations are obtained through
relaxation according to Hellmann-Feynman forces. Pres
pseudopotentials are softened by a Trouller-Martins-ty
optimization.29 The Kleinman-Bylander separable form30 is
used with the localp component for Si and for C and with
the locals component for Ti. A plane-wave cutoff energy o
50 Ry is used. In self-consistent calculations, 16k points in
the irreducible 1/24 Brillouine zone are used.

In the present system, there is other difficulty about
stability of the self-consistent iterations. The present sup
cell is extremely slender, as compared with the supercell
the SiC~001!/Ti interface. The ratio of cell size normal to th
interface,c, to that parallel to the interface,a, i.e., c/a, is
about 15. In such a type of supercell, the convergence of
self-consistent loop of the charge density is not so easy e
if we use the efficient charge-mixing scheme.27 In order to
execute huge computations of the self-consistent loop
large supercells, we used a parallel-type supercompute
developing a program code using the message-passing i
face ~MPI!.

III. ATOMIC MODEL

As to the rigid-body translations parallel to the interfa
between the Ti layers and the SiC surface, a high-symm
configuration should correspond to the total energy extre
Thus, we examine three groups of atomic configurations w
threefold symmetry for both the Si- and C-terminated int
faces as shown in Fig. 1:~i! Ti on top of the surface atoms o
SiC ~case 1 and case 2!, denoted byT1, ~ii ! Ti above the
hollow site of SiC~case 3 and case 4!, denoted byH3, and
~iii ! Ti above the second-layer atoms of SiC~case 5 and case
6!, denoted byT4. The difference in each pair is the stackin
position of the second-layer Ti because a stacking of fcc t
has two candidates about the second-layer atoms
ABCA . . . andACBA . . . . In theT1 group, an interfacial Ti
atom interacts directly with a dangling bond of each Si or
atom, and hence each Ti atom has only one neighboring S
C atom. In this case, it seems that the bonding nature
tween interfacial atoms is dimer like. On the other hand,
the two other groupsH3 andT4, the interfacial Ti atoms are
located on top of the center of the triangle of surface ato
8-3
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S. TANAKA AND M. KOHYAMA PHYSICAL REVIEW B 64 235308
of SiC, and hence each Ti atom interacts mainly with th
neighboring Si or C atoms. Also the interfacial Si or C ato
have three neighboring Ti atoms. The difference betweenH3
and T4 is the back side of the SiC. InT4, there exists the
second-layer atom~Si or C! near the interfacial Ti atom
while no existence inH3. Thus it may be possible that th
interfacial Ti atom interacts with the interfacial Si or C atom
and the second-layer C or Si atom inT4.

IV. RESULTS AND DISCUSSION

A. Atomic configurations

The most stable configurations for the Si- a
C-terminated interfaces are determined by the relaxation
all six candidates~case 1 to case 6! of atomic configurations.
First of all, the total energy difference within each group
very small (,0.01 Ry per supercell!. Thus, the difference in
stacking sequences after the second Ti layer does not cre
large energy difference. This feature may be related to
growth of Ti layers with fcc structure instead of hcp structu
observed experimentally.10 In both the Si- and C-terminate
interfaces, the total energies of twoT1 configurations~case 1
and case 2! are considerably higher than those of the oth
groups (.0.1 Ry per supercell!, which means that thes
configurations are unstable or metastable rather than
others.

In the Si-terminated interface, the configurations ofT4 are
more stable than those ofH3. And case 5 and case 4 are mo
stable inT4 and H3, respectively. Therefore, case 5 is th
most stable. As listed in Table I, the Si-Ti distance, 4.97 a
in case 5 is comparable with a range of the Si-Ti distance
Ti silicide, 4.91–5.29 a.u.31 It should be noted that the dis
tance of the second-layer C and the interfacial Ti, 4.88 a
is rather small, although this is larger than the C-Ti bo
length in bulk TiC, 4.08 a.u. There exists a strong adhes
interaction between C and Ti atoms in the SiC~001!/Ti
system.11 Thus, it has the possibility that the interaction b
tween the interfacial Ti and the second-layer C exists in
dition to the interaction between Ti and Si in case 5. In c
4, on the other hand, the Si-Ti distance, 5.01 a.u., is clos

FIG. 1. Atomic models of the 3C-SiC~111!/Ti interface~cases
1–6!.
23530
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that of case 5, while interfacial Ti is far from the secon
layer C. Thus, case 5 should be more stable than case
the Si-terminated interface.

In the C-terminated interface, on the other hand,H3 ~case
4! is more stable thanT4 ~case 5! contrary to the Si-
terminated one, where case 5 is more stable inT4, and case 4
is more stable inH3. The C-Ti distance is 4.37 a.u. in case
and 4.50 a.u. in case 5, respectively. These values are c
to the bulk TiC~4.08 a.u.!, but slightly larger. In case 5, the
distance of the second-layer Si and interfacial Ti is 4.25 a
This is too small as compared with the range of the Si
distance in Ti silicide, which is caused by the small inter
cial C-Ti distance. The interaction between Ti and t
second-layer Si should behave as repulsive, which resul
the C-Ti distance in case 5 larger than that in case 4. Th
case 4 with no repulsive interaction between Ti and
second-layer Si is more stable. In this way, case 5 and ca
are the most stable for the Si- and C-terminated interfac
respectively. From here on, we discuss the atomic and e
tronic structures of these configurations.

As listed in Table I, the Si-Ti distance of the Si-terminat
interface is larger than the C-Ti distance of the C-termina
one. The Si-Ti and C-Ti distances of the Si- an
C-terminated interfaces are larger than those of the~001!
interfaces, respectively, which is concerned with the num
of neighboring atoms at the interface as discussed below.
back Si-C bond lengths of both the Si- and C-termina
interfaces are similar values to the Si-C bond length in b
3C-SiC, 3.57 a.u., such as the~001! interfaces. In both the
Si- and C-terminated interfaces, the interlayer distance at
interface is quite smaller than that between the interfacia
and back Ti layers, as listed in Table II. The interlayer d
tance between the interfacial Ti and second Ti layers of
Si-terminated interface, 4.56 a.u., is smaller than that of
C-terminated one, 4.77 a.u. This is because the interfacia
layer of the C-terminated interface is attracted to the S
surface greater than that of the Si-terminated interface
seen below.

Figure 2 shows the stable atomic configurations and
valence-charge distributions on the@ 1̄10# cross sections for
the Si- and C-terminated interfaces. In the Si-terminated
terface of Fig. 2~a!, the charge distribution around the inte

TABLE I. Distance between atoms near the Si- a
C-terminated~111! and ~001! interfaces~Ref. 11!. ‘‘Si-C~back!’’
and ‘‘Ti~int!-Ti’’ indicate a bond between interfacial Si~C! and back
C ~Si! atom and an interfacial Ti atom, respectively. A unit of da
is a.u.

Interface Si-C~back! Ti~int!-Ti

~111!
Si-terminated 4.97 3.57 5.66
C-terminated 4.37 3.59 5.84

~001!a

Si-terminated 4.79 3.52 4.87
C-terminated 3.83 3.54 5.32

aReference 11.
8-4



th
t

si
h
en
i-

if
gt

it
in
e
ee

re

e

ive

t t
fa

c
a.
e
d
on
tin

e
-
ow

1
ck

ed
of
lk

k
a.u.
yer
h

e

of

on

ed

Ab initio CALCULATIONS OF THE 3C- . . . PHYSICAL REVIEW B 64 235308
facial Ti atom has no drastic changes as compared with
other Ti atoms, although there exist some changes at
interfacial Ti atom and a slight increase of the charge den
at the Si-Ti bond. It can be said that the Si-Ti bond has rat
metallic character with rather broadly distributed charge d
sity. This feature is similar to the Si-Ti bond of the S
terminated interface of the SiC~001!/Ti system,11 although
the atomic structure is different.

In the C-terminated interface of Fig. 2~b!, the charge dis-
tribution around the interfacial Ti atom has substantially d
ferent features from the other Ti atoms. The C-Ti bond len
is very small. It is clear that the Ti~111! and C~111! layers
are closely stacked at the interface with some similarity w
the~111! stacking layers in bulk TiC. There exist increases
the charge distribution between the Ti and C atoms. Th
seems to exist both covalent and ionic interactions betw
Ti and C atoms, similarly to the SiC~001!/Ti interface.11 This
point is not so clear from the present figure, as compa
with the case of the SiC~001!/Ti interface wherep-d hybrid-
ization like bulk TiC can be seen. However, this point will b
shown in the local density of states~LDOS! analysis.

The difference of the charge distribution for respect
Si-Ti and C-Ti bonds between the~111! and~001! interfaces
can be explained by the numbers of neighboring atoms a
interface and the numbers of back bonds of each inter
atom. This problem will be discussed later.

The bond lengths of the C-C and Si-Si bonds at the sta
ing faults of the Si- and C-terminated interfaces are 3.08
and 4.42 a.u., respectively, as results of free relaxation. Th
values are near the bond length in diamond, 2.92 a.u., an
bulk Si, 4.44 a.u. Thus, it does not seem that these wr
bonds generate structural or electronic frustration affec
the interface regions in the supercell. In the SiC~001!/Ti
interface,11 the 9 SiC~001! atomic layers of the supercell ar
expanded along thê001& direction; especially the total ex
pansion of the C-terminated one is rather large, 3.7%. H
ever, in the present interfaces the total expansion of the
SiC~111! atomic layers of the surpercell except for the sta

TABLE II. Interlayer distance of the Si- and C-terminated~111!
interfaces. ‘‘int.’’ and ‘‘S.F.’’ mean the interfacial atom and th
stacking-fault atom, respectively. A unit of data is a.u.

Si-terminated C-terminated
interface interface

Ti~third to fourth! 4.16 4.22
Ti~second to third! 4.89 4.76
Ti~int. to second! 4.56 4.77
Interface 3.71 2.79
SiC~int. to second! 1.20 1.25
SiC~second to third! 3.58 3.53
SiC~third to fourth! 1.19 1.20
SiC~fourth to fifth! 3.58 3.56
SiC~fifth to sixth! 1.18 1.19
SiC~sixth to seventh! 3.67 3.54
SiC~seventh to S.F.! 1.25 1.18
Between S.F. 3.08 4.42
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ing fault is less than 1% of both the Si- and C-terminat
interfaces. This small distortion means that the influence
interface formation and the stacking fault on the SiC bu
region is rather small.

In comparison with theab initio calculation of the
6H-SiC~0001! surface,32 the interlayer distances of the bac
Si-C layers of the Si- and C-terminated interfaces, 1.20
and 1.24 a.u., as listed Table II, are similar to the interla
distance of the (131) ideal unit cell, 1.19 a.u., and are muc
larger than those of the relaxed (131) Si- and C-terminated

FIG. 2. Stable atomic configuration and charge distribution
~a! the Si-terminated and~b! the C-terminated 3C-SiC~111!/Ti in-

terfaces.@ 1̄10# cross sections are shown. All atoms are located

the same (1̄10) plane. Contours of the charge density is plott
from 0.001 a.u.23 to 0.281 a.u.23 for the Si-terminated one and
from 0.001 a.u.23 to 0.288 a.u.23 for the C-terminated one in
spacing of 0.015 a.u.23
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S. TANAKA AND M. KOHYAMA PHYSICAL REVIEW B 64 235308
surfaces, 0.91 a.u. and 0.71 a.u., because of the formatio
interfacial bonds. The interlayer distances of the second
third SiC layers of the Si- and C-terminated interfaces, 3
a.u. and 3.53 a.u., are slightly smaller than those of the
laxed Si- and C-surfaces, 3.70 a.u. and 3.72 a.u.

About the comparison with the SiC~111!/TiC interface,13

three kinds of configurations of the interface correspond
to theH3 ~case 3 and case 4! andT4 ~case 6! groups of the
C-terminated SiC~111!/Ti interface in the present mode
were examined in Ref. 13, although the C layers are stac
between the Ti layers in the TiC side. The reason why o
the C-terminated interface is dealed with in Ref. 13 is t
the formation of the Si-Ti bond at the SiC~111!/TiC interface
seems to be unfavorable because both the Ti and Si a
play the role of cation in TiC and SiC. In Ref. 13,T4 ~case 6!
is found to be metastable with a significantly higher ene
thanH3, although the difference of total energies withinH3
group~case 3 and case 4! is rather small~8 meV/atom!. It is
of great interest that the relative stability among these th
models for the SiC/TiC system is similar to our results
the SiC/Ti interface. The interfacial C-Ti distance~4.37 a.u.!
in the most stable case 4 of the SiC~111!/Ti interface is larger
than the interfacial C-Ti bond length~4.05 a.u.! in the most
stable structure of the SiC~111!/TiC interface.13 The latter is
very close to that of bulk TiC~4.08 a.u.!. In the SiC~111!/TiC
interface, the interfacial Ti atom is a part of TiC, where t
partial charge transfer from Ti to C already exists in the T
side. In the SiC~111!/Ti interface, on the other hand, the ba
side of the interfacial Ti atom is metallic Ti. This should b
the reason why the bond length at the SiC/Ti interface
larger.

B. Electronic structure

Figure 3 shows an averaged charge density on each~111!
plane plotted along thê111& axis. In the Si-terminated in
terface, the slope is changed in the SiC side near the in
face. However, it seems that the averaged charge densi
the interface has a feature like simple superposition of
charges of Ti and Si layers. This is consistent with the rat
weak interactions observed in Fig. 2~a!. In comparison with
the ~001! interface,11 there exists no fine structure in the a
eraged charge at the interface, which may be associated
the small interlayer distance at the interface.

In the C-terminated interface, the charge of the interfac
Ti layer is merged into the shoulder of the charge of the
layer, because of a very small interlayer distance. And th
exists the charge-depletion region between the interfacia
and back Ti layers. In the~001! interface, the charge transfe
from Ti to C was observed obviously. In the~111! interface,
on the other hand, the charge transfer from Ti to C is no
clear. This is because the charge density of the interfacia
layer overlaps that of the C layer by the small interlay
distance as mentioned above. However, the charge of th
layer is slightly larger than that of the SiC bulk region. Th
feature shows the possibility of charge transfer from Ti to

Figure 4 shows the LDOS for each~111! interface. The
LDOS is calculated for each region between successive~111!
layers of the supercell. Eigenstates for 16k points in the
23530
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irreducible part are broadened with a Gaussian half wi
~0.16 eV! similarly to the ~001! interface.11 It should be
noted that a too large broadening width may affect the an
sis of MIGS’s because of the large shoulders of the ba
edges.

In the Si-terminated interface, the LDOS at the interfa
region seems to have a feature like the superposition of
DOS of SiC and Ti, similarly to the Si-terminated~001!
interface.11 This is consistent with the metallic character
the Si-Ti bond observed in the charge-density distribution
Fig. 2~a!. However, there exists a sharp peak near the top
the SiC valence band and there exists a decreased region

FIG. 3. Averaged charge density profile along the^111& axis of
~a! the Si-terminated and~b! the C-terminated 3Cs-SiC~111!/Ti in-
terfaces. The half of the supercell containing four sets of SiC lay
and four Ti layers with the vacuum region is shown. Asterisks
dicate the positions of atomic layers. A vertical line indicates
interface.
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Ab initio CALCULATIONS OF THE 3C- . . . PHYSICAL REVIEW B 64 235308
the Fermi level, differently from the Si-terminated~001! in-
terface. This means the partial covalent nature of the S
bond. The LDOS recovers the bulk features at the region
back C-Si and Ti-Ti interlayer. In the C-terminated interfac
the LDOS at the interface region has a deep valley near
Fermi level. A similar valley was also observed in the LDO
of the ~001! interface. This kind of valley represents bo
covalent and ionic interactions of the C-Ti bond.

One of the important factors in the LDOS analysis is t
MIGS. The MIGS-CNL model18 insists that the existence o
MIGS’s affects the SBH seriously. As seen in Fig. 4, MIGS
seem to exist in the band gap up to the second Si-C la
near the interface as tiny peaks in both the interfaces. Sim
peaks were observed in the~001! interfaces.11 We think that
these MIGS peaks are tails of metallic Ti states or tails
hybridization between dangling bonds and Ti orbitals.
both the Si- and C-terminated~111! interfaces, the MIGS
peaks are smaller than those of the~001! interfaces, and dis-
appear rather quickly at the third layer as compared w
those of the~001! interfaces. These points may be concern

FIG. 4. Local density of states~LDOS! for ~a! Si- and ~b!
C-terminated 3C-SiC~111!/Ti interfaces. The LDOS is given fo
each region between successive~111! atomic layers. Dashed line
indicate the LDOS of the bulk SiC region in the supercell. A ver
cal line indicates the Fermi level.
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with only one dangling bond per~111! surface atom as com
pared with two dangling bonds per~001! surface atom.

In comparison with the LDOS of the SiC~111!/TiC
interface,13 the MIGS’s of the SiC~111!/TiC interface are
similar to those of the SiC~111!/Ti interface. And the MIGS’s
of the SiC~111!/TiC interface rapidly decrease inside the S
region similarly to the SiC~111!/Ti interface.

C. Adhesive energy

An adhesive energy is energy gain by the formation of
interface from two free surfaces and is obtained from
difference in total energies between the relaxed interface
relaxed (131) Si- or C-terminated SiC and Ti surfaces, u
ing supercells with the same size. Results are listed in Ta
III with those of the~001! interfaces.11 In the ~111! inter-
faces, the value of the C-terminated interface is larger t
that of the Si-terminated one, similarly to the~001! inter-
faces. This means that the interfacial bond at
C-terminated interface is stronger than that at the
terminated one. As to the comparison with the~001! inter-
faces, the adhesive energy of the Si-terminated~111! inter-
face is quite larger than that of the Si-terminated~001! one,
while the adhesive energy of the C-terminated~111! interface
is smaller than that of the C-terminated~001! one. Thus, for
the Si-terminated interfaces, the interfacial adhesion of
~111! interface is stronger than that of the~001! one, contrary
to the C-terminated interfaces.

Here we summarize the bonding nature of the pres
~111! interfaces in order to discuss the adhesion results.
Si-Ti bond of the Si-terminated interface is metallic and p
tially covalent as shown in the charge distribution of F
2~a! and the shape of the LDOS of Fig. 4~a!. This feature is
basically similar to the~001! interface.11 It should be noted
that the Si-Ti bond length and the number of neighbor
atoms are similar to the Ti silicide.31 On the other hand, the
C-Ti bond of the C-terminated interface is covalent and io
as shown in the charge distribution of Fig. 2~b! and the shape
of the LDOS of Fig. 4~b!. This feature is similar to bulk TiC.

TABLE III. Calculated adhesive energy andp-type SBH for the
Si- and C-terminated~111! and ~001! interfaces~Ref. 11! and ex-
perimental p-type SBH (SBHexpt) for the Si- and C-terminated
6H-SiC~0001!/Ti interfaces~Refs. 6 and 9!. Adhesive energy is the
energy gain by the interface formation from relaxed surfaces.

Adhesive energy SBH SBHexpt

@eV/(131) cell# @J/m2# @eV# @eV# @eV#

~111!
Si-terminated 3.21 6.25 1.022.16a 2.549b

C-terminated 3.88 7.56 0.671.79a 1.903b

(001)c

Si-terminated 1.48 2.52 0.50
C-terminated 5.11 8.74 0.22

aReference 6.
bReference 9.
cReference 11.
8-7
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And the number of neighboring atoms and C-Ti bond leng
is also similar to bulk TiC. These are basically similar to t
~001! interface.

However, the Si- and C-terminated~111! interfaces have
substantially different features from those of the~001! inter-
faces. For the C-terminated~111! interface, the C-Ti bond
length is larger than that of the~001! interface, and the
charge transfer andp-d hybridization are not so noticeable a
compared with the~001! interface. In both the~111! and
~001! interfaces, the adhesive energies of the C-termina
interfaces are larger than those of the Si-terminated in
faces, which can be understood by the difference in
bonding nature. However, the adhesion of the Si-termina
~111! interface is stronger than that of the Si-terminat
~001! one, while the adhesion of the C-terminated~111! in-
terface is weaker than that of the C-terminated~001! one, as
mentioned above.

The difference between the~111! and~001! interfaces can
be explained as follows. As for the C-terminated interfac
both the interfaces tend to form local configurations like T
From the number of the C-Si back bonds and the C-Ti in
facial bonds for the interfacial C atom, it is clear that t
interfacial C atom of the~111! interface and that of the~001!
interface are located in the environment more close to
and close to TiC, respectively. In the~001! interface, a
zigzag-chain structure of C-Ti bonds is formed parallel to
interface, which is similar to the local configuration of bu
TiC. The C atom on the~001! surface has two back bond
with back Si atoms and has two dangling bonds, which fo
strong covalent and ionic bonds with two neighboring
atoms at the interface. In the~111! interface, on the othe
hand, the stacking of the interfacial layers is similar to tha
the TiC ~111! layers. However, the C atom on the~111! sur-
face has three back bonds with back Si atoms and has
one dangling bond. The dangling bond connects with
three interfacial Ti atoms at the interface.

In this way, the interfacial C-Ti layers of the~001! inter-
face tend to have atomic and electronic structures close
bulk TiC rather than that of the~111! one. This is the first
reason why the~001! interface has a larger adhesive ener
than the~111! interface. This point is consisted with the ca
culated results of bond lengths, charge distribution, a
LDOS.

The second reason why the adhesive energy of
C-terminated ~001! interface is larger than that of th
C-terminated~111! interface is that both surface energies
the SiC and Ti~001! slabs are larger than those of the~111!
slabs. For instance, the number of dangling bonds per sur
atom of the SiC~111! and~001! surfaces are 1 and 2, respe
tively, the coordination numbers of the Ti~111! and ~001!
surfaces are 9 and 8, respectively, and 12 in the bulk Ti.

As for the Si-terminated interfaces, the~001! interface has
the zigzag-chain structure of the Si-Ti bonds similarly to t
C-terminated interface. And the~111! interface also has a
stacking of interfacial layers similarly to the C-terminat
interface. It can be said that the local configuration at
~111! interface has features closer to Ti silicide than that
the ~001! one. Such a configuration that the interfacial
atom has many interacting Ti atoms seems to be favor
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for the interfacial metallic and partially covalent bondin
like Ti silicide. This should be the reason why the~111!
interface has a larger adhesive energy than the~001! inter-
face for the Si-terminated interface. In addition, the inter
tion between the interfacial Ti atoms and the second-laye
atom affects the adhesion of the~111! interface.

D. Schottky barrier height

A p-type SBH can be obtained by supercell calculation
the difference between the Fermi level of the supercell a
the valence-band top~VBT! of the bulk SiC region.11,12 It
should be noted that no band bending occurs in the pre
supercell calculations because of no dopants and zero
perature. Thus, the Fermi level only means the highest oc
pied level of the metal region, which should be locat
somewhere in the band gap of the bulk SiC region. Th
exists a step for the highest occupied states from the VBT
the bulk SiC region to the Fermi level of the metal regio
This step corresponds to thep-type SBH. The VBT of the
bulk SiC region is determined by analysis of the LDOS.
course, as shown in Fig. 5, the shape of the LDOS of
bulk SiC region has some disorder especially near the V
by the influence of the interface. Thus, the VBT is det
mined by comparing the LDOS with the DOS of the bu
crystal, where the valence-band bottom~VBB! is first deter-
mined by fitting the main peaks of the LDOS to those of t
bulk DOS.

Calculated SBH’s are listed in Table III with those of th
~001! interface.11 The values of thep-type SBH’s for the Si-
and C-terminated interfaces are 1.02 eV and 0.67 eV, res
tively, and the difference is 0.35 eV. In Fig. 5, the shift of th
valence band of the bulk SiC region of the C-terminat
interface against that of the Si-terminated one is clearly se
which corresponds to the difference in the SBH. The te
dency of the value of the C-terminated interface to be low
is similar to the~001! interfaces.

LDOS’s near the interfacial region have MIGS’s as sho
in Fig. 4. In the presentab initio calculations as well as thos
of the SiC~001!/Ti ~Ref. 11! and SiC~001!/Al interfaces,12 it
does not seem that the MIGS’s have dominant effects
determine the SBH of respective interfaces.

In comparison with experiments, then-type SBH of the
Si-terminated 6H-SiC~0001!/Ti interface is 0.79–0.88 eV for

FIG. 5. Local density of states~LDOS! of the bulk region of the
Si- and C-terminated 3C-SiC~111!/Ti interfaces. A vertical line in-
dicates the Fermi level.
8-8
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as-deposited contacts.5 This means ap-type value of 2.1–2.2
eV using the experimental band-gap value~3.0 eV!. Our cal-
culated SBH of the Si-terminated interface is much sma
than this. In DFT-LDA calculations, there is the problem
possible discontinuity in the exchange-correlation poten
across the interface between different materials.20 In 3C-SiC,
such a problem has been discussed and the val
(20.66 eV) for the correction to the VBT is obtained.13,33

Thus, it may be difficult to estimate the SBH quantitative
in the present calculations. However, the difference in SB
for the Si- and C-terminated interfaces and the qualita
properties should be reliable.

Waldrop and Grant6 have reported the SBH ofn-type
6H-SiC~0001!/metal~Pd, Au, Ag, Tb, Er, Mn, Al, Ti, Ni, and
Mg! and p-type 6H-SiC~0001!/metal ~Pd, Ni, Au, Ag, Mg,
Ti, and Al! systems with respect to both Si- and C-termina
interfaces. Generally, then-type SBH of the C-terminated
interface is larger than that of the Si-terminated one, wh
the opposite relationship exists for thep-type SBH, except
for Au, Ag, and Mg. The dependence on the terminat
atom species is obvious for 6H-SiC~0001!/metal systems.
The SBH’s of the Si- and C-terminated 6H-SiC~0001!/Ti
interfaces6 are 0.73–0.75 eV and 1.0–1.09 eV for then-type
SBH, respectively, and 2.16 eV and 1.79 eV for thep-type
SBH, respectively. The differences between the Si- a
C-terminated interfaces are 0.27–0.34 eV for then-type SBH
and 0.37 eV for thep-type SBH. These difference values a
in good agreement with our result, 0.35 eV. In t
4H-SiC~0001!/Ti interfaces,7 then-type SBH’s of the Si- and
C-terminated interfaces are 0.95–1.09 eV and 1.16–1.25
respectively. The relationship of SBH’s between the interfa
species is similar to our result.

Of course, it is necessary to consider the effects of in
facial defects or the formation of reaction layers in a co
parison between the experimental SBH’s and the present
culated ones. Recently, the 6H-SiC~0001!/metal interfaces
with greatly reduced density of interfacial defects have b
fabricated through special surface treatment, and the SB
of such atomically flat interfaces have been examined.8,9 For
the n-type 6H-SiC~0001!/Ti interface in such experiments
the values of the SBH’s of the Si- and C-terminated int
faces are 0.451 eV and 1.097 eV for as-deposited conta
respectively,9 which correspond to 2.549 eV and 1.903 e
for the p-type SBH using the experimental gap value. T
difference of the SBH’s between the Si- and C-termina
interfaces is 0.646 eV.

The present calculated results of the SBH depending
the interface structure can be explained by the following t
factors in a way similar to the SiC~001!/metal interfaces11,12:
first the relationship of the intrinsic band structures of t
two materials, independent of the interface structure,
second the interface dipole caused by charge transfer o
charge distribution itself at the interface, depending on
interface structure. We think that these two factors sho
generally determine the intrinsic SBH’s of the two materi
without any effects of defects. This idea is consistent w
the theoretical and experimental results of the NiSi2 /Si
interface20–22 as mentioned in Sec. I. In the case of t
C-terminated SiC~001!/Ti interface,11 the interface dipole
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lowering the p-type SBH is clearly caused by the charg
transfer from the interfacial Ti layer to the interfacial C laye
In the present C-terminated~111! interface, such charge
transfer is not so clear in Fig. 4. However, the charge den
at the interfacial C layer is increased because of the C
bond formation. This may be associated with the format
of an interface dipole lowering the electrostatic potential
the Ti side, resulting in the present smaller value of t
p-type SBH.

In the SiC~111!/TiC interface,13 the p-type SBH is calcu-
lated by two types of methods. In one method, the VBT
the bulk SiC region and the Fermi level of the TiC region a
determined from the lineup of the core levels of each atom
layer in the supercell. Thep-type SBH is obtained as th
difference between the VBT and the Fermi level similarly
our method. The obtained value is 1.1 eV without the LD
correction. In the other method, analyzing the LDOS sim
larly to our method, the SBH value is 0.960.1 eV. These
SBH’s are larger than that of the present C-terminated in
face. This point is reasonable if we consider the larger cha
transfer from Ti layers than that from TiC layers.

Next, we discuss the effects of dopants in semiconduc
on the SBH. Then- or p-type dopants exist in the usual Si
samples in SBH experiments. If some dopants exist in
semiconductor in a real system, the charge of dopants
the interface should go to the interface, which generate
macroscopic dipole associated with the band bending
depletion regions. However, for the usual dopant concen
tion, the amount of the accumulated charge and the elec
static potential in the depletion layer should be extrem
small for the area of the interface in the atomic scale. Th
the shape of the LDOS of the interface and the occupa
should be little changed for the formation of such a mac
scopic dipole. Therefore, we think that the present theoret
results of the SBH are applicable even to the doped syste
at least qualitatively.

Finally, we discuss the effects of the roughness of
interface structure. In the usual experiments
6H-SiC~0001!/Ti ~Refs. 2, 5, 6, 8, and 9! and
4H-SiC~0001!/Ti ~Ref. 7! interfaces, the interface is not nec
essarily atomically flat, which means the existence of so
steps, tilted regions, and rough regions in the interface. H
ever, at least there should exist some coherent regions
tween disordered regions. And there exists the possib
that the SBH at such coherent regions consistent with
theoretical results should dominate the whole SBH of
interface. This may be the reason why our theoretical res
of the SBH are consistent with usual experiments.2,5–9

E. Examination of the Schottky model

A dependence on the interface structure or interface s
cies for SBH’s obviously exists for the theoretical results
the 3C-SiC~111!/Ti and 3C-~001!/Ti interfaces11 and for the
experimental results of the 6H-SiC~0001!/Ti ~Refs. 6 and 9!
and 4H-SiC~0001!/Ti ~Ref. 7! interfaces. However, the con
ventional SBH models such as the Schottky model and
MIGS-CNL model cannot explain this feature because th
models deny such dependence as mentioned in Sec. I. A
8-9
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S. TANAKA AND M. KOHYAMA PHYSICAL REVIEW B 64 235308
the MIGS-CNL model, our calculated results indicate th
the MIGS’s have no significant effects on the SBH of the
and C-terminated 3C-SiC/Ti interfaces. The observe
MIGS’s seem to be tails of Ti states or tails of hybridizati
between dangling bonds and Ti orbitals, which are not si
lar to localized defect states to capture the carrier causing
Fermi level pinning.

On the other hand, recent experiments of t
6H-SiC~0001!/metal interfaces with reduced density of d
fects seem to indicate that the SBH behaves as a Scho
limit for various metals.8,9 Thus, it is of interest to examine
the applicability of the Schottky model to the present int
faces. Of course, in the original Schottky model, the wo
function ~electron affinity! is regarded as the intrinsic con
stant for each material. Thus, this model cannot explain
difference in the SBH’s for the Si- and C-terminated inte
faces. However, the work function~electron affinity! depends
seriously on the surface structure through the surface di
caused by the charge distribution at the surface. Therefor
is of great interest to examine the extended Schottky mo
dealing with such a realistic work function or an electr
affinity. As mentioned above, we regard the SBH of the
terface with no defects as the band discontinuity of the t
materials dominated by two factors: the relation between
intrinsic band structures and the interface dipole. Simila
the work function or the electron affinity is essentially t
band discontinuity of the material/vacuum interface, which
also dominated by a similar two factors. Thus, examinat
of the extended Schottky model corresponds to examin
whether the band discontinuity of the interface between
two materials can be estimated from the two kinds of ba
discontinuity of each material/vacuum interface or not.

In the present examination, we only consider the wo
functions of the Si- and C-terminated surfaces. The diff
ence between the two surfaces corresponds to the differ
in the SBH of the two interfaces in the extended Schot
model because of the common work function of the Ti s
face. The theoretical work function is obtained as the diff
ence between the vacuum level and the VBT of the bulk S
region in ab initio calculations of the surface-sla
supercell.34 This is consistent with our theoretical definitio
of the p-type SBH. Note that we do not consider the po
tions of the surface states in the present case.

Figure 6 shows the averaged potential~AP! curves of~a!
the relaxed~111! slabs and~b! the relaxed~001! slabs for
both the Si- and C-terminated surfaces along the direc
normal to the surface. The AP is the sum of the local co
ponent of pseudopotential, the Hartree potential, and
exchange-correlation potential averaged on each plane p
lel to the surface. The nonlocal part of the pseudopoten
existing only near atoms is neglected because of no lo
range effects. The center of the AP in the bulk SiC region
each curve of the Si- or C-terminated surface is set to
equal to each other. Thus, we can get the difference in
work functions from the difference in the vacuum levels
the two curves, which corresponds to the difference in
p-type SBH in the extended Schottky model.

As seen in Fig. 6, the work functions of the C-terminat
surface are larger than those of the Si-terminated one
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both the ~111! and ~001! slabs. This can be explained a
follows. The amount of electrons outside of the C-termina
surfaces is larger than that of the Si-terminated one, beca
the C atom plays the role of anion in the SiC and has exc
charge in comparison with the Si atom, which generate
large surface-dipole shifting of the electrostatic potential
the bulk region downward. The present results of the w
functions mean that thep-type SBH’s of the C-terminated
~111! and ~001! interfaces are larger than those of the S
terminated~111! and ~001! ones, respectively, in the ex
tended Schottky model. This is contrary to our interfac
supercell calculations and experiments. It is clear that

FIG. 6. Average potential profiles of~a! the relaxed~111! sur-
face slabs and~b! ~001! surface slabs along thê111& and ^001&
axes, respectively. Two types of surface slabs, SiC~Si! ~Si surface!
and SiC~C! ~C surface!, are shown. For each pair of the Si- an
C-terminated surfaces, the center of the potential in the bulk reg
of the slab is set to be equal to each other. Thus, the differenc
the vacuum levels of the two surfaces corresponds to the differe
in the work function.
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extended Schottky model cannot explain the SBH’s of the
and C-terminated SiC/Ti interfaces. Thus, the interface pr
erty cannot be predicted correctly by the sum of the prop
ties of two surfaces constituting interfaces. Consideration
practical interface structures should be essentially in orde
analyze the SBH.

V. SUMMARY

The atomic and electronic structures of t
3C-SiC~111!/Ti polar interfaces are calculated by using t
ab initio pseudopotential method. In stable configuratio
the interfacial Ti atoms are located on top of the center of
triangle of the surface atoms of SiC~111! plane (T4 site for
the Si-terminated interface andH3 site for the C-terminated
one! rather than on top of the surface atoms (T1 site!. The
stacking sequence of the Ti layers does not affect the t
energy seriously in comparison with positions of the inter
cial atoms. This point may be concerned with the experim
tal results that the fcc-Ti layers are generated on the ato
cally flat ~0001! surface instead of the hcp-Ti.

In the stable configurations, the Si-Ti bond at the
terminated interface and the C-Ti bond at the C-termina
interface tend to have bond lengths similar to those in
silicide and TiC, although the lengths are somewhat lar
than those in Ti silicide and TiC, respectively. The bondi
nature of the Si-terminated interface reveals metallic and
tial covalent character, while in the C-terminated one re
tively strong covalent and ionic character can be seen.
adhesive energy of the C-terminated interface is larger t
that of the Si-terminated one, which means that the forme
stronger than the latter. In the LDOS of both the interfac
there exist small peaks in the band gap of the LDOS of
SiC regions near the interface. These MIGS’s almost dis
pear below the third layer inside SiC in both interfaces
does not seem that such MIGS’s have serious effects on
SBH of the present interface.

The p-type (n-type! SBH of the C-terminated interface i
smaller~larger! than that of the Si-terminated one. This res
is consistent with the experimentally observed difference
the SBH between the Si- and C-terminated 6H-SiC~0001!/Ti
and 4H-SiC~0001!/Ti interfaces. This result can be unde
stood by considering that the SBH is dominated by two f
tors: the relation of the intrinsic band structure and the in
face dipole depending on the interface structures or spe

In comparison with the~001! interface, the bonding na
ture of the Si-Ti bond and the C-Ti bond at the Si- a
C-terminated interfaces is basically similar to that in t
3
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~001! interfaces, and the SBH relationship between the
and C-terminated interfaces is also similar. However, the
tailed features of the bond lengths, the bonding charact
the charge distribution, and the electronic structures are
ferent. And especially the adhesive energy of t
C-terminated~111! interface is smaller than that of the~001!
interface, while the adhesive energy of the Si-termina
~111! interface is much larger than that of the~001! interface.
These differences can be explained by the morphology of
interface structure depending on the interface plane suc
the number of back bonds and neighboring atoms at
interface.

In comparison with the SiC~111!/TiC interface, the stable
atomic configuration is similar to the present C-termina
interface, although the C atoms are inserted between the
ers in the metal side. The relatively weak effect of the sta
ing sequence of the Ti layers on the total energy is a
observed for the stacking of TiC layers in the SiC/TiC inte
face. The C-Ti distance of the C-terminated~111! interface is
larger than that of the SiC/TiC interface because of the
ference in the environment of the interfacial Ti atom. T
p-type SBH of the C-terminated interface is smaller than t
of the SiC/TiC one.

The extended Schottky model has been examined u
the theoretical work functions of surfaces including the
fects of surface structures. The calculated work function
the C-terminated surface is larger than that of the
terminated surface in both the~111! and ~001! surfaces,
which means that thep-type SBH of the C-terminated inter
face is larger than that of the Si-terminated one in the
tended Schottky model. This is contrary to the SBH obtain
by the supercell calculations of the interfaces and by exp
ments. It is clear that the interface properties are not abl
be predicted correctly by the properties of surfaces const
ing the interface.
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