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Ab initio calculations of theb-SiC„001…/Al interface

J. Hoekstra and M. Kohyama
Department of Material Physics, Osaka National Research Institute, AIST, 1-8-31, Midorigaoka, Ikeda, Osaka 563, Japan

~Received 25 August 1997!

Theb-SiC/Al interface has been studied using theab initio pseudopotential method, the conjugate-gradient
technique proposed by Bylander, Kleinman, and Lee@Phys. Rev. B42, 1394 ~1990!#, and Troullier-Martins
soft pseudopotentials@Phys. Rev. B43, 8861 ~1991!#. Ionic and electronic structures at the interface, local
density of states, Schottky-barrier heights, and bond adhesion between the two materials were determined for
both the silicon-terminated and carbon-terminated interfaces. Results show a distinct difference between the
Al-Si and the Al-C interactions effecting all aspects of the chemical bond, as well as bond adhesion. However,
bond adhesion for both the Si-terminated and C-terminated interfaces is substantially greater than for nonre-
active interfaces such as MgO/Al.@S0163-1829~98!10703-8#
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I. INTRODUCTION

Due to the increasing application of metal-ceramic s
tems for electronic, structural, catalytic, and hig
temperature applications, it is of great scientific interest
investigate the bonding nature and the origins of adhesio
metal-ceramic interfaces, where two solids of very differe
bonding characteristics are brought together.

Metal-ceramic interfaces can be classified into basic
two categories: reactive and nonreactive.1–3 For nonreactive
systems, usually formed by ionic solids and noble or sim
metals, it is assumed that the origin of adhesion is
a physorption type, due to electrostatic effects such as im
interaction and van der Waals forces. For reactive interfa
formed from covalent ceramics and simple or transition m
als, a chemisorption process with a large charge transfer
bond hybridization between the two materials is thought
occur. It is expected that bond adhesion for reactive in
faces is greater than for nonreactive interfaces and hig
dependent on the configuration of atomic species.

Recently, ab initio calculations based on the densit
functional theory have been applied to several metal-cera
interfaces, although most of these studies have been con
to nonreactive systems. Calculations on the MgO/Ag~Refs.
3–5! and MgO/Al ~Ref. 3! systems have confirmed that th
origin of bonding between these solids is based on elec
static effects, while the MgO/Ti~Ref. 6! system showed sub
stantial orbital hybridization between the O 2p and Ti 3d
orbitals. Al2O3/Nb ~Ref. 7! interfaces have demonstrate
rather strong ionic interactions between the O and Nb ato
although interactions were dependent on surface stoichi
etry.

For reactive interfaces, to date there have been only a
ab initio studies. The SiC/Al system itself has been stud
previously by the use of tight-binding8,9 and cluster
calculations;10 however, with these methods it is not possib
to perform complete relaxations and at the same time al
for bond orbital hybridization, which is believed to be esse
tial for an accurate description of such interfaces and
readily accomplished with theab initio pseudopotentia
method. Therefore, in our previous study11 ab initio pseudo-
570163-1829/98/57~4!/2334~8!/$15.00
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potential calculations of theb-SiC~110!/Al were performed.
In that study, a strong interaction between the C and
atoms was found, exhibiting both covalent and ionic char
ter and quite different from the Si-Al interaction. For ou
current study, a more detailed analysis has been perform
this time with the ~001! interface, which allows for C-
terminated and Si-terminated surfaces to fully distinguish
tween the C-Al and Si-Al interactions.

The need to understand the bonding nature of abr
metal-ceramic interfaces has been demonstrated experim
tally by recent techniques such as surface-activa
bonding,12 where microelectronic wafers can be bonded w
clean, abrupt interfaces at room temperature without the p
duction of reaction products. Many properties associa
with these interfaces, such as the Schottky-barrier heigh13

can play a determining role in the applicability of such m
terials when used as electrical devices such as light-emit
diodes. Theab initio pseudopotential method can provid
insight into the bonding nature, bonding strength, and ori
tational preferences at an atomistic level that cannot be
cerned through current microscopic techniques. Electro
properties such as local density of states, Schottky-bar
heights, and the origin of metal-induced gap states may
be investigated. For these reasonsab initio pseudopotential
calculations are expected to be a valuable tool to investig
reactive metal-ceramic interfaces.

Our results show a vast difference between the carb
and silicon-terminated interfaces in every facet of our stu
This includes a difference in the Schottky-barrier heig
helping to corroborate theories that correlate interfac
structure with this property. Metal-induced gap sta
~MIGS’s! present in both Si-terminated and C-terminated
terfaces differ greatly in their appearance and origin. T
charge-density distribution at the interface, type of bond
between the two materials, and orientational preference
the Al layer over the two surfaces are also different a
contribute to a bond strength for the C-terminated/Al bo
that is much stronger than the Si-terminated/Al bond,
though both bonds are stronger than for nonreactive in
faces. The details of our calculations and a discussion of
results follow.
2334 © 1998 The American Physical Society
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57 2335AB INITIO CALCULATIONS OF THE b-SiC~001!/Al . . .
II. CALCULATION METHOD

The SiC/Al system presents a number of problems w
analysis of it is conducted withab initio techniques. First is
the fact that, unlike many of the studies of metal-ceram
systems involving metal–metal-oxide interfaces,3–7 the
SiC/Al interface is a reactive one and due to the considera
time lengths involved with atomic migration, the study of
full interfacial reaction is currently time prohibitive for anab
initio simulation. However, as mentioned in the Introductio
abrupt, reaction-layer-free interfaces have also become t
nologically very important andab initio calculations are well
suited for this type of interface. Second, SiC and Al hav
rather large equilibrium lattice mismatch (;8%), causing,
as seen by electron microscopic techniques, periodic disl
tions starting at the interface and continuing into the b
regions.14 However, because of the rather stringent limitati
on systems sizes~approximately 100 atoms! due to computer
capacity and execution time, any system large enough
represent the full effect of lattice dislocations would be c
rently too large to study byab initio methods. Thus only
coherent interfaces can be represented. This, however,
not prevent study of the interactions of the interfacial spec
or further understanding of the bond nature between the

For these purposes then theab initio pseudopotentia
method using the conjugate-gradient technique propose
Bylander, Kleinman, and Lee,15 with the Kerker mixing
scheme,16 has been utilized to study the SiC/Al system. Th
method has been shown to be the most efficient for de
mining the minimum of the Kohn-Sham energy function
within the local-density approximation17–19for large systems
containing both metallic and ceramic bonding.11 In order to
reduce the number of required plane waves to describe
electron wave functions, Troullier-Martins–type20 pseudopo-
tentials in the fully separable Kleinman-Bylander21 form
have been employed. Details of the electronic configurati
used in constructing these pseudopotentials can be see
Table I.

The simulation cells used to study the SiC/Al interfa
were chosen to both minimize computational time and
quired memory space while still providing an as accurate
possible representation of a real system. We deal w
SiC~001! 131 ideal surfaces. For both the C-terminated a
the Si-terminated supercells, a slab of nine~001! atomic lay-
ers was created, where both surfaces were terminated b
same species. Two sets of five Al~001! atomic layers were

TABLE I. Electronic configurations used for the calculation
pseudopotentials~local potentialp! for C, Si, and Al.

Species and orbital Occupation Cutoff radius~a.u.!

C 2s 2.0 1.44
C 2p 2.0 1.44

Si 2s 2.0 1.8
Si 2p 0.5 1.8
Si 3d 0.5 1.8

Al 2s 1.0 1.8
Al 2 p 0.5 2.0
Al 3d 0.5 2.0
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then stacked upon these surfaces with the same t
dimensional 131 periodicity. Each~001! layer contains only
one atom, for a total of 19 atoms in the supercell. These
identical interfaces were then separated by a vacuum re
of approximately 15 a.u. to prevent an interaction betwe
the two surfaces.

The SiC lattice constant was determined by minimizi
the energy of a perfect SiC crystal using Troullier-Martins
type soft pseudopotentials, while varying the size of the u
cell. This lattice constant was determined to be 8.181 a
approximately 99.3% of the experimental value. Howev
since Al and SiC exhibit an equilibrium lattice size mismat
of ;8%, the Al atoms were artificially placed in tension
form a coherent interface.

A plane-wave cutoff energy of 45 Ry was used, requiri
10 393 plane waves. This cutoff energy was arrived at
converging the total-energy calculations of each of the p
materials as a function of cutoff energy to 0.02 eV.

The initial configurations of the Al atoms over the Si
surfaces were set by translating the Al layers rigidly alo
the ~001! plane. For the ideal 131 SiC~001! surface there
exist four special positions that the Al atoms can occup8

corresponding to extrema on the energy surface, and give
total supercell aD2d symmetry. These are the bridge site, t
fourfold site, the on-top site over the surface atom, and
on-top site over the first atom below the surface. Each
these sites were tested to determine the lowest-energy p
tion of the Al layers. For the Si-terminated surface, the
atoms occupied the position of what would be the vac
carbon atoms in the SiC structure, thus maintaining the fo
fold coordination of the Si atom. However, for the C
terminated system, the Al atoms were in their lowest-ene
configuration when occupying the position directly above
surface carbon atoms in a cube-on-cube arrangement.
atoms were then relaxed by calculating the ex
Hellmann-Feynman22,23 forces. The vacuum space betwe
the two identical interfaces enabled a full relaxation of the
and SiC layers; however, due to the symmetry of the sys
all atomic relaxations were along thez axis only and allx-y
plane forces were equal to zero. After the relaxed positi
of both the Si- and C-terminated surfaces of the SiC/Al
terfaces were determined, the electronic structure, local
density of states, Schottky-barrier heights, and ideal work
adhesion were calculated. The electronic structure was de
mined on a real space grid of 323323256 points, from ten
specialk points in the irreducible Brillouin zone. The eigen
states used in calculating the localized density of states w
obtained from the ground-state charge-density data from
grid, using 23k points in the irreducible Brillouin zone ove
70 eigenstates. The Schottky-barrier height was meas
from the Fermi level of the supercell systems to the top
the valence band of the bulk region of the SiC, determin
by using the valence-band width of pure crystallineb-SiC.
The ideal work of adhesion was calculated by comparing
total energy of the relaxed interfacial system with the to
energy of the relaxed free surfaces of both SiC and Al.

III. RESULTS AND DISCUSSION

A. The carbon-terminated interface

For the C-terminated SiC surface, the lowest-energy
sition of the Al layer was directly above the C atoms, or
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FIG. 1. Final relaxed ionic structure and charge density for the C-terminated SiC/Al supercell. Charge-density contours are fro
to 0.301 a.u.23 in spacings of 0.015 a.u.23.
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cube on cube arrangement. This causes the surface ca
atoms to be in a threefold-coordinated site, as opposed to
normal fourfold-coordinatedsp3 bonding of the bulk SiC.
This signals either a more ioniclike bond between the C
Al interfacial atoms or ansp2 orbital hybridization of the
carbon atom. Both Figs. 1 and 2 indicate a charge tran
from the interfacial Al atom to the interfacial C atom. Fro
Fig. 1 the ground-state charge density and atomic config
tions of the C-terminated supercell can be seen. In this
ure, as in all following figures, the small black spheres r
resent C atoms, large black spheres Si atoms, and
spheres Al atoms. The C/Al interface has a very large e
tronic charge density between the interfacial atoms conc
trated nearest the C atoms, while the charge density betw
the surface C and the second-layer Si atoms is slightly
duced from bulk levels.

The charge-density distribution, as taken along thez axis
or the direction perpendicular to the interface, is shown
Fig. 2. Half the simulation cell is shown, or 128 grid poin

FIG. 2. Charge-density distribution for the C-terminated sup
cell along thez axis, as totaled in thex-y planes. The vertical line
marks the interface between the Al and C layers.
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of the total 256z-direction grid points of the simulation cell
with the charge density totaled for everyx-y grid point along
the z direction. The distribution shows the depletion of th
charge density near the interfacial Al atoms due to its bo
with the C surface. The depletion of the charge density n
the interfacial C from Fig. 2 is most likely due to the redu
tion in coordination of the surface atoms since the surfac
atoms are only threefold coordinated. There is also a sur
effect near the last Al atoms because of the vacuum sp
created in the simulation cell. The charge density within b
the bulk Al and SiC seems relatively unaffected by the re
tion at the interface.

The bond distances for the interfacial C atom with both
neighboring Si atoms and interfacial Al atom are virtua
the same and the charge distribution around these t
bonds are similar. This was also the case in our previ
study of the SiC~110!/Al system, even though for the~110!
system the interfacial C atom was four coordinated. T
suggests a very similar covalent type of bonding for t
surface–C-Al as is with the surface–C-Si bond and
threefold coordination suggests a possiblesp2-type arrange-
ment. To investigate whether this type of orbital hybridiz
tion is indeed occurring at the interface, the local density
states~LDOS! was calculated and shown in Fig. 3. Th
LDOS is calculated for each region between successive~001!
atomic layers in the supercell. Dotted lines indicate t
LDOS of the bulk SiC region of the supercell, although th
has a slightly different shape than the DOS of the perfect
crystal. It is clear that the LDOS above the first layer of
and below the first layer of Si recovers features very mu
like those of bulk Al and SiC DOS’s. The LDOS’s at th
interface and the back Si-C bonds are substantially differ
from the bulk regions, both regions showing MIGS pea
that grow as one approaches the interface. This indicates
the Si-C back bonds have an electronic structure that is q
different from SiC bulk bonds and similar to the C-Al bond
which supports the assumption ofsp2-type bonding. Using
the eigenvectors associated with these gap states, one
determine from which part of the supercell they are deriv

-
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Figure 4 shows the local charge density associated w
the eigenvector at theG point for the peak labeled by a star
Fig. 3. This peak is an occupied state just below the Fe
level and appears to be a bondingp-orbital state between th
interfacial C and Al atoms. It also has associated with
some surface Al charge. Figure 5, taken from the peak
beled with an asterisk in Fig. 3, appears to be a nonbond
p orbital in the@100# direction, or perpendicular to the fac
of the paper, as seen in the figure, consistent with ansp2

hybridization and one nonbondingp orbital of the interfacial
C atom. A similar electronic structure of the surface C at
of an ideal 131 surface was observed in the tight-bindin
calculation by Huet al.24

B. The silicon-terminated surface

Figure 6 shows the final relaxed structure and grou
state electronic charge density of the Si-terminated~001! b-
SiC/Al interface. As mentioned previously, for this interfa
the aluminum atoms at the interface sit in the position
what would be the vacant carbon atoms in the SiC struct
With the aluminum atoms in this position, the Si atoms at
interface maintains a fourfold coordination consistent w
ansp3 orbital hybridization. The charge between the surfa
Si atoms and the first Al atoms is relatively small a
broadly distributed throughout the interfacial region,
though there is a slightly greater density near the Si at

FIG. 3. Local density of states for the C-terminated superc
The vertical line represents the Fermi energy.
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This is similar to the charge density observed around
Si-Al bond in our previous study of the SiC~110!/Al system.
The charge-density distribution, as totaled in thex-y planes
along thez axis, is shown in Fig. 7. In this figure the charg
transfer from the interfacial Al to the interfacial Si can b
seen; however, it should be noted that the charge densit

FIG. 4. Spatial representation of the eigenstate at theG point
associated with the peak labeled with a star in Fig. 3. The bond
interfacial p orbital and Al surface charge effects are show
Charge-density contours are from 0.001 to 0.0019 a.u.23 in spacings
of 0.000 15 a.u.23.

FIG. 5. Spatial representation of the eigenstate at theG point
associated with the peak labeled with an asterisk in Fig. 3.
nonbonding interfacialp orbital aligned perpendicularly to the
plane of the paper is shown. Charge-density contours are f
0.0005 to 0.018 a.u.23 in spacings of 0.001 25 a.u.23.

l.
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FIG. 6. Final relaxed ionic structure and charge density for the Si-terminated SiC/Al supercell. Charge-density contours are fro
to 0.286 a.u.23 in spacings of 0.015 a.u.23.
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the interfacial Al is very nearly the same value as that for
surface Al and only a very shallow depletion region
present near the interfacial Al. This is in contrast to the re
tively large charge depletion around the interfacial Al wh
in contact with the C-terminated surface. The bond dista
between the surface Si atoms and the interfacial Al atom
much larger than the bond distances within the bulk SiC,
a.u vs 3.5 a.u., respectively. This is also much larger than
C-Al bond for the C-terminated case of 3.5 a.u.

The local density of states and the regions of the
terminated interface from where each graph is associated
shown in Fig. 8. As with the C-terminated supercell, met
induced gap states appear near the metal-ceramic inter
However, unlike the C-terminated supercell, the density
states at the interfacial region itself has an appearance
similar to that of the metallic Al region instead of the bu
SiC region, suggesting a more metallic nature to the Si
bond. Also, the C-Si back bond seems to recover v
quickly to features similar to the bulk SiC region. Examin

FIG. 7. Charge-density distribution for the Si-terminated sup
cell along thez axis, as totaled in thex-y planes. The vertical line
marks the interface between the Al and Si layers.
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tion of the charge densities associated with the me
induced gap states show a broad distribution of charge in
interface region rather than a very localized charge densit
was the case for the C/Al interface. Also, these gap sta
tend to involve the underlying carbon atoms as well as

-
FIG. 8. Local density of states for the Si-terminated superc

The vertical line represents the Fermi energy.
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57 2339AB INITIO CALCULATIONS OF THE b-SiC~001!/Al . . .
surface silicon atoms. Figure 9 shows the charge density
sociated with the eigenstate at theG point just below the
Fermi energy and Fig. 10 for that which is associated w
the eigenstate just above the Fermi energy, labeled wi
star and an asterisk, respectively, in Fig. 8. These states
tain the contribution from not only the Sip orbitals, but from
C orbitals as well. It can be seen from these figures how
underlying C in the SiC plays an important role in creati

FIG. 9. Spatial representation of the eigenstate at theG point
associated with the peak labeled with a star in Fig. 8. The par
pation in the creation of MIGS’s is shared by both the Si surfa
and the underlying C atoms. Charge-density contours are f
0.0001 to 0.0013 a.u.23 in spacings of 0.000 15 a.u.23.

FIG. 10. Spatial representation of the eigenstate at theG point
associated with the peak labeled with an asterisk in Fig. 8.
further contribution of the underlying C atoms to the MIGS’s in t
local density of states is shown. Charge-density contours are f
0.0001 to 0.0025 a.u.23 in spacings of 0.000 15 a.u.23.
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these gap states. For the C-terminated case, no effect
the underlying Si was observed.

C. Bond adhesion

The bond adhesions for both the C- and Si-termina
interfaces were calculated by comparing the total energie
the relaxed interfacial systems with the total energies of
relaxed pure material surfaces without an interface and
shown in Table II. Although this method certainly does n
produce the same quantitative results as an experimenta
of a material, it can, however, be used as a qualitative co
parison between the two different interfaces in this study

For the C-terminated interface, the total energy of the f
two-interface supercell was21779.9 eV. For the C-
terminated SiC 131 surface without the Al layer, the tota
energy was21203.2 eV and for the Al 131 surface without
the SiC layer,2569.2 eV. This resulted in a calculated bon
adhesion of 0.401 eV/Å2, or 6.42 J m22. The equivalent val-
ues for the Si-terminated interface were21734.8 eV for the
full supercell and21161.2 eV for the SiC layer without the
Al, resulting in a calculated bond adhesion of 0.234 eV/Å2,
or 3.74 J m22. From these results, it can seen that the bo
between C and Al, having a more localized charge distri
tion at the interface, produce a bond almost twice as str
as the more dispersive Si-Al bond. These results can the
further compared to the ideal work of adhesion values
tained for the nonreactive MgO/Al interface, as calculated
Smith, Hong, and Srolovitz3 at 1.10 J m22, showing a bond
strength of less than half that of the reactive SiC/Al interfa
confirming the hypothesis that reactive metal-ceramic in
faces are quite large compared to nonreactive ones. In
with an adhesive energy of pure Al of only 2.04 J m22, as
calculated by Smith, Hong, and Srolovitz,3 it is quite pos-
sible that the interfacial bond between the Al and SiC
stronger than the intralayer bonds within the pure aluminu

i-
e
m

e

m

TABLE II. Calculated bond adhesion of C- and Si-terminat
supercells, pure aluminum surface energy, and work of adhesion
the Al/MgO system.

C-terminated supercell Total energy~eV!

complete supercell 21779.9
SiC only 21203.2
Al only 2569.2
adhesion 6.42 (J m22)

Si-terminated supercell Total energy~eV!

complete supercell 21734.8
SiC only 21161.2
adhesion 3.74 (J m22)

Pure aluminum Adhesion energy

2.04 (J m22)a

MgO/Al Adhesion energy

1.10 (J m22)a

aReference 3.
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2340 57J. HOEKSTRA AND M. KOHYAMA
D. Schottky-barrier height

One very important property for determining the electric
and optical properties of devices that employ metal-cera
interfaces is the Schottky-barrier height~SBH!. In 1942,
Schottky13 proposed his model relating the SBH to the d
ference between the metal work function and the elect
affinity in the semiconductor. However, Heine25 later stated
that the pinning of the Fermi levels was due to MIGS
which were caused by the tails of the metal wave functio
decaying into the semiconductor. Louie and Cohen,26 using
local-density formalism, showed that indeed a high den
of MIGS’s is formed with the creation of a metal-ceram
interface. It was believed that the pinning position in t
MIGS’s was intrinsic to respective semiconductors. Ho
ever, Tung, Gibson, and Poate27 found experimentally tha
the SBH of a metal-ceramic interface is dependent on
interfacial structure, and these findings have been corro
rated by the use ofab initio calculations based on th
density-functional theory by Fujitani and Asano28 and Das
et al.29 More recentab initio calculations30,31 also indicate
that the SBH is dependent on interfacial structure.

For the present system, the SBH for the C-terminated
Si-terminated SiC/Al interfaces have been calculated.
cause of the rather poor estimation of the band-gap energ
calculated by using the local-density approximation,
SBH of a material simulated with this method is best defin
as the difference between the Fermi level and the energ
the top of the valence band in the bulk SiC region (EF
2EVB), which corresponds to the SBH of ap-type semicon-
ductor, to avoid use of the highly inaccurate values for
excited states, and are best used only comparatively. H
ever, the results~as shown in Table III! do show a definite
interface structural dependence on the SBH, as has b
found in the previous studies just eluded to, and actu
agree quite well with the experimental findings for the S
terminated surface.32 The energy gap (Eg) between the va-
lence and conduction bands for the bulk SiC as calculated
the local-density approximation and the Troullier-Marti
pseudopotentials used in this study was found to be 1.5
as opposed to the experimental value of 2.38 eV. For
C-terminated supercell the SBH was found to be 0.08 eV
for the Si-terminated supercell 0.85 eV. This difference
the SBH can be clearly seen in the LDOS curves of Figs
and 8. Experimentally, a value of 0.9 eV has been estima
for
EF2EVB for Si-terminated surfaces,32 which agrees well
with our findings. The dramatically smaller SBH of the C
terminated system is believed to be due to the interfa
dipole caused by the charge transfer from the Al layer to
interface C atoms as shown in Figs. 1 and 2. This dip
shifts the electrostatic potential of the Al layers downwa
which is known to substantially effect the band discontinu
of two materials.33,34 Of course, the present interfaces co

TABLE III. Schottky-barrier heights (EF2EVB).

Property Current study~eV! Experiment~eV!

Eg of SiC ~perfect crystal! 1.55 2.38
EF2EVB C-terminated 0.08
EF2EVB Si-terminated 0.85 ;0.9a

aReference 32.
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tain no interfacial defects as would normally occur in expe
ment and have been shown to effect SBH.35 However, it is
still very probable that the SBH of the C- and Si-terminat
interfaces will prove to be quite different in experiment
well considering the very different bonding nature describ
above.

IV. SUMMARY AND CONCLUSIONS

In this study, theb-SiC~001!/Al interface was simulated
using theab initio pseudopotential method for the purpos
of describing the bonding nature and strength of an abr
metal-ceramic interface, calculating the value and provid
insight into the mechanism behind the Schottky-barr
height, and contributing to the understanding of adhes
between metals and ceramics by expanding the study into
realm of the reactive metal-ceramic interface.

The results show a drastic difference between the
terminated and C-terminated surfaces as they are bro
into contact with the Al layer. For the fully relaxed C
terminated supercell, the highly localized charge density
the interface, the amount of charge transfer from the Al la
to the C layer, and the equilibrium distance between Al a
C atoms indicate a strong bond formation between the
layers. With the Si-terminated surface supercell this is
the case. A low, broadly dispersed charge density at the
terface, large interatomic spacing between the Si and Al
oms, and small charge transfer are observed.

The observation of the LDOS of each supercell reve
that for the C-terminated case, the LDOS at the interfac
very similar in form to that of the Si-C back bond, yet su
stantially different from the SiC bulk region or the Al bul
region, suggesting a unique bonding arrangement betw
the Si, C, and Al at the interface. However, for the S
terminated case, the LDOS at the interface has a more
tallic appearance, similar to that of the other Al layers, b
the C-Si back bond returns rapidly to a bulk SiC-like appe
ance, suggesting a kind of bonding at the interface very
ferent from that for the bulk SiC. Although both superce
exhibit MIGS’s, analysis of the charge density associa
with these states shows that for the C-terminated case,
the C-Al bonds are responsible in the creation of MIGS
and the underlying Si atoms play no part. However, with
Si-terminated case, the interfacial Si, as well as the unde
ing C, aids in the formation of MIGS’s. These gap states a
show a very localized, covalentlike bonding between the
and Al, consistent with ansp2 orbital configuration, whereas
for the Si/Al interface, a more dispersive, metalliclike bon
ing, though with some directionality, seems to be occurri

As a result of these differences in bonding types betw
the two supercells, the magnitude of the bond strength
Schottky-barrier heights were also found to be quite dissi
lar. For the C-terminated interface, the bond strength w
found to be 6.42 J m22, compared to only 3.74 J m22 for the
Si-terminated interface. However, both of these values
high when compared to the strength of the bond betwee
nonreactive interface, such as MgO/Al, found to have a t
oretical work of adhesion of approximately 1.10 J m22, or
even when compared to the adhesive energy of pure Al its
which is estimated to be 2.04 J m22. The Schottky-barrier
height, as measured from the Fermi level to the top of
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valence band of the bulk region of the SiC, for the
terminated and Si-terminated interfaces were 0.08 and
eV, respectively, providing evidence in support of an int
face structural dependence on the Schottky-barrier heigh
metal-semiconductor interfaces. This value for the
terminated SBH agrees well with an experimental estim
of 0.90 eV. The dramatically smaller C-terminated SBH
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thought to be the result of an interfacial dipole, shifting t
electrostatic potential of the Al layer downward.

In conclusion,ab initio computer simulation has bee
shown to provide valuable insight into the nature of met
ceramic interfaces. Of the SiC/Al interface in particular it h
been shown that very different properties may result for t
system depending on the surface species of the SiC when
interface is created.
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