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Termination effects at metalÕceramic junctions: Schottky barrier heights and interface properties
of the b-SiC„001…ÕNi systems
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First-principles full-potential linearized augmented plane wave calculations for theb-SiC@001#/Ni interface
are presented, focused on the effects of different terminations on the structural and electronic properties. We
find a strong reactivity of the interface, as confirmed by the high adhesion energies that are larger for the
C-terminated junction than for the Si-terminated junction, in agreement with that previously found for Ti and
Al. The metal-induced gap states are efficiently screened in both terminations, resulting in a decay length of
about 1 Å. The calculated dependence of the Schottky barrier height on different terminations is not very strong
and we investigate the observed differences between Si- and C-terminated junctions in terms of Born effective
charges, electronegativity arguments, interface geometries, and screening effects. The agreement with available
experimental data is excellent, thus confirming the strong rectifying behavior of this metal/ceramic contact.
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I. INTRODUCTION

In the last few years, SiC has received great attent
both from the experimental and theoretical point of vie
This interest is motivated by important physical propert
that make SiC well suited for high-power, high-temperatu
and high frequency device technology.1 One of the crucial
aspects for device applications is the formation of go
metal/SiC contacts, which has motivated the large numbe
experiments recently performed on this metal/ceram
interface.2 Among the metals studied, Ni seems to have
highest temperature contacts so that it seems to be the
appropriate metal for high-temperature applications. Inde
it has been reported that the SiC/Ni interface is stable
temperatures up to 600 °C. Due to the high breakdown e
tric field and wide-band-gap, high-voltage (.200 V! SiC-
based Schottky diodes with relatively low leakage curr
have been fabricated.3 Ni seems to be a good candidate f
this latter application due to the highn-type Schottky barrier
height (.1.2 eV! observed at SiC/Ni contacts. This wou
allow diode operation at high temperature with lower pow
losses compared to other metals~e.g., Ti! that have smaller
barrier heights.

Stimulated by this growing interest, we present a theo
ical first-principles FLAPW~full-potential linearized aug-
mented plane wave! study of the SiC/Ni junction that is, to
the best of our knowledge, the first one for this system
both Si~Si-t! and C~C-t! terminations. In a previous paper4

we focused on Ni monolayer adsorption on the SiC surf
and analyzed in detail the different possible adsorption si
the adsorption energies, and the bonding character as a
tion of both adsorption site and substrate termination. T
previous study revealed that the SiC surface is highly re
tive for Ni adsorption so that it could succeed in stabilizi
the metal growth. In the present paper, we study the Ni/
junction, concentrating on the properties that better cha
0163-1829/2001/64~23!/235312~6!/$20.00 64 2353
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terize the interface: heat of formation, Schottky barr
heights~SBH!, metal-induced gap states~MIGS!, Born ef-
fective charges, and core level shifts.

II. TECHNICAL DETAILS

The calculations were performed using the all-electr
FLAPW method5 within density functional theory in the lo
cal density approximation. In the basis set, wave functio
with wave vector up tokmax54.2 a.u. were included, leadin
to about 2000 basis functions; an angular momentum exp
sion up tol max58 was used for the potential and the char
density representations. The Brillouin zone sampling w
performed using 20 specialk points according to the
Monkhorst-Pack scheme.6 The muffin-tin radiiRMT used for
Si, C, and Ni were 2.1, 1.4, and 2.0 a.u., respectively. T
supercell considered contains 11 SiC layers and 7 Ni lay
~1117!; tests on the cell dimension show that bulk con
tions are well recovered away from the interface~the
Schottky barrier height is stable to within 0.01 eV if supe
cell dimensions are increased up to 1919 layers!.

III. STRUCTURAL PROPERTIES

We deal with both the Si-terminated and C-terminat
SiC/Ni interfaces. The calculated bulk lattice constants of
cubic SiC~3C-SiC! and paramagnetic fcc Ni are 4.34 Å an
3.43 Å, respectively. We calculated the most stable interf
geometries, assuming pseudomorphic growth conditi
along the@001# direction. To reduce the very large mismatc
at the interface (;27%), we rotate the Ni overlayer by 45
with respect to SiC (aoverlayer5aSiC /A2). However, the
mismatch is still quite large~of the order of 10%!. The su-
percell contains one atom per layer in the SiC region and
atoms per layer in the Ni region. At the interface, the two
©2001 The American Physical Society12-1
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atoms occupy the bridge (Nib) and antibridge (Nia) adsorp-
tion sites, as conventionally labeled. The two sites differ
their coordinations with respect to the substrate atoms: w
the bridge site corresponds exactly to a zinc-blende site,
antibridge position is an empty site of the zinc-blende latt
and lays on top of the sub-surface layer sites. As a con
quence, the atom at the bridge site points towards thes-p
hybrids of the substrate atoms, while the one on the
tibridge site will have no tetrahedral bonds to coordin
with.

The Ni-Ni interplanar distance in the bulk region was o
timized by performing a tetragonal distortion of bulk fcc N
along the growth direction and keeping the in-plane latt
constant constrained to bulk SiC. The calculated va
dNi-Ni51.93 Å, is in excellent agreement with the macr
scopic theory of elasticity7 predictions (dNi2Ni

MTE 51.92 Å).
All the free structural parameters in the supercell are t
optimized according to the Hellmann-Feymann forces. T
resulting structural data for the equilibrium geometry are
ported in Table I. The two Ni sites are no longer on the sa
horizontal plane but show a vertical buckling: in fact, the
atom occupying the bridge site is in line with the semico
ductorsp3 dangling bonds, and therefore shows stronger
bridization and shorter bond length~see discussion below!.
The Ni in the antibridge site, on the other hand, moves aw
from its ideal position. The buckling effect is mainly loca
ized at the interface: the bulk conditions are already rec
ered starting from the second Ni layer. The main differen
between the two SiC terminations is due to size effects:
Si-Ni bond length is larger than the C-Ni bond length~by
0.32 Å!, in excellent agreement with the difference betwe
Si and C covalent radii~0.33 Å!. As regards the SiC substra
relaxation, we find only a small deviation from the SiC bu
bond length only in the Si-t case for the subsurface bonds

IV. ADHESION ENERGY

We recall that the adhesion energy (Eadh) is defined as
the energy gain per unit area due to interface formation,
ing as reference the two relaxed (131) surfaces, with area
A. This can be calculated subtracting from the total energ
the supercell (Esup) that of the relaxed~and tetragonally
strained in the Ni case! clean constituent surfaces (ESiC and
ENi).

Eadh5
1

2A
~Esup2ESiC2ENi!,

TABLE I. Structural data in angstrom.

Si term C term

Interface bond length 2.24 (dSi2Nib
) 1.92 (dC2Nib

)

Interface bond length 11% (dSi2C) Bulk (dC2Si)

Vertical buckling 0.55 0.23

Ni interplanar distance 1.93 1.93
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where the factor 2 takes into account the two identical int
faces in the supercell. The calculated adhesion energies
shown in Table II, where other available theoretical data
SiC/Al and SiC/Ti interfaces8,9 are reported for comparison
Our FLAPW calculations show that there is a large ene
gain in the formation of the SiC/Ni interface. For the St
interface, this energy is the largest reported in Table II; t
indicates the strong reactivity of the SiC/Ni interface a
possible strong Si-Ni and C-Ni bonding formation~see dis-
cussion below!. In the nonreactive case~e.g., MgO/Al!, in
fact, adhesion energies are much smaller~1.1 J m22).10

However, in the case of SiC/Al and SiC/Ti, the unit ce
contains only one Ti or Al atom per layer, still assuming
(131) in-plane periodicity. This choice is induced by stra
considerations, since both Ti and Al have large lattice c
stants that match the SiC substrate much better than Ni.

In order to gain insights into these large adhesion ene
values, it is useful to separate chemical from structural
fects; we therefore let the Ni overlayer expand, in order
recover the same geometry as in the Ti and Al case, hav
one atom per layer. This system itself~referred to as 1Ni/
SiC! is quite unrealistic since too large an Ni in-plane expa
sion ~up to 27%! is required. The most energetically favo
able position of the interface Ni atom is the bridge site
both terminations and we again relax all the internal para
eters. For the Si-t interface, we find an equilibrium Si-N

FIG. 1. Valence charge density for the Si-terminat
SiC~001!/Ni interface. Contours are plotted from 0.007 to 1.9 wi
a spacing of 0.1 ine Å23.

TABLE II. Adhesion energy (J/m2) for the SiC~001!/Ni inter-
face. Results for the SiC~001!/Ti and SiC~001!/Al interfaces are
taken from Refs. 8 and 9

Si term C term

SiC~001!/Ni interface 6.21 8.63

SiC~001!/Ti interface 2.52 8.74

SiC~001!/Al interface 3.74 6.42
2-2
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FIG. 2. PDOS for the Si-terminated
SiC~001!/Ni interface. The dashed line represen
the bulk value and the vertical line denotes t
Fermi level~zero of the energy scale!.
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interlayer distance of 1.65 Å, while for C-t the equilibrium
C-Ni distance is 0.93 Å. These values have to be compa
with the interlayer spacing between the Nib and the substrate
found previously; namely, 1.63 and 1.15 Å for Si-t and C-t,
respectively. The calculated adhesion energies are now
and 8.8 J/m2, for the Si-t and C-t, respectively. These result
confirm the reactivity of the surface, related to a stro
chemical bond formation between Ni and Si~C! atoms. From
the data of both structures~1Ni/SiC and 2Ni/SiC!, a trend
emerges: the C-t adhesion energy is always larger than t
Si-t one. Moreover, based on strain considerations, it is
pected that in real conditions there will be more than one
surface adatom per (131) SiC unit-cell, thus confirming ou
unit cell choice.

V. ELECTRONIC PROPERTIES

In order to give a rationale for the strong adhesion ene
values observed and to understand the nature of the bon
formation at the interface, we investigate the electronic pr
erties of the interface in terms of charge density distributi
core levels, and density of states.

A. The Si-terminated interface

Figure 1 shows the Si-t valence charge density distribu
tion on two vertical planes cutting the interface Si-Nib bond
~left panel! and the interface Si-Nia ~right panel! bond, re-
spectively. On the~110! plane@Fig. 1~a!#, we can see that the
spherical symmetry in the metal side is broken at the
occupying the bridge site: two bonding humps are direc
towards the neighboring Si atoms. Quite different featu
are observed for the charge on the@ 1̄10# plane@Fig. 1~b!#.
No evident bonding features between Ni and Si are obser
As expected, the Si-Ni interaction is stronger for Ni in t
bridge adsorption site than in the antibridge site. Figur
shows the site-projected partial density of states~PDOS! for
the Si-t interface. From inspection of the DOS, we find th
bulk conditions are well recovered already in the seco
metal layer and that the high DOS at the Fermi level (EF),
characteristic of bulk Ni, decreases in moving towards
interface.
23531
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As already noted from the charge density plot, Nia and
Nib have quite different features: inspection of the PDO
reveals that the contribution to Si-Ni hybridization is mo
pronounced for Nib . Also, comparing with the PDOS in bulk
Ni ~dashed lines in Fig. 2!, we find that on Nib some states
move away fromEF towards higher binding energies. As fa
as Nia is concerned, only states in a small region close toEF

differ substantially from the bulk. The right panel in Fig.
shows the DOS projected on the interface Si site and on
two subsurface Si layers~2nd and 3rd!. Bulk conditions are
perfectly recovered in the inner layer~3rd layer! showing
that the supercell dimensions are large enough for our p
poses. The DOS projected on interface Si atom clearly
veals the presence of MIGS in the band-gap region. We
tice a deviation from the bulk behavior in thep band between
24.5 and 2.5 eV and in thes band between27.5 and
210 eV; this suggests that the orbitals involved in the bo
ing are Si-sp and Ni-d. The MIGS decrease rapidly in th
semiconductor region and completely disappear on the in
Si layer.

Further insights into the nature of the gap states can
gained from their spatial localization. We plot in Figs. 3~a!
and 3~b! the charge density due to the occupied MIGS,
the@110# and@ 1̄10# planes. These states are mainly localiz
in the interface region with a resonant behavior in the Ni s
and a negligible dispersion in the SiC region. Performing
planar macroscopic average,11 as shown in Fig. 3~c!, and
assuming an exponential decay in the semiconductor s
we can estimate the decay length for the MIGS:lSiC;1 Å.
The MIGS tend to vanish very quickly in the SiC side a
determine a metallic behavior very localized at the interfa
with a decay length smaller than that of other semicond
tors such as GaAs~Refs. 12 and 13! (lGaAs;3 Å! and GaN
~Ref. 14! (lGaN;2 Å!.

The interface effects on the charge rearrangement ca
investigated in a more quantitative way by analyzing the c
level shifts ~Si 1s and Ni 1s) and the variation of the MT
charge with respect to the bulk value as a function of
distance from the interface~not shown!. The Ni and Si core
levels bend~by about 0.2 eV! on going from bulk towards
the interface region and follow the same trend~i.e., the bind-
2-3
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G. PROFETAet al. PHYSICAL REVIEW B 64 235312
ing energy is larger at the interface than in the inner lay!.
The core level shifts are consistent with the observed cha
transfer, if we subtract out the Madelung contribution15 from
the core level binding energies. The present results are
sistent with those found previously4 for the monolayer Ni
and are therefore not shown.

B. The C-terminated interface

Figure 4 shows the valence charge distribution for thet
SiC/Ni interface on the same planes used for the Si-t ~cf. Fig.
1!. The strong bonding nature of this termination is evide
from the rather large charge density present at the inter
between Ni and C. In particular, we find non-negligib
charge on the C-Nib bond. This is consistent with the larg
adhesion energy associated with this termination. As alre
observed for the Si-t interface, Ni in the antibridge adsorp
tion site shows a weaker bond.

We report in Fig. 5 the PDOS for the C-t: Fig. 5~a! shows
the DOS projected on the two interface Ni and on the s
surface Ni with respect to the bulk~dashed line!. No remark-
able differences appear with respect to the Si-t interface. The
DOS at the interface C and at the two subsurface C atoms
plotted in Fig. 5~b! and compared with the bulk PDOS. Th
features on the interface C atom are very clear: in the ene
region between210 eV and21 eV, the character is mainly
p type whiles states, due to their higher binding energy,
not participate in the hybridization. The overall shape of
interface C PDOS shows a depletion of states in the reg
from 24 eV to the valence-band maximum~VBM !. These
states hybridize with Ni 3d states and show bonding
antibonding features. The bonding part is located around25
eV, where new states appear with respect to the bulk.
antibonding partners are pushed to higher energies, f
VBM up to 2 eV: these states give rise to the MIGS. It
important to note, in the region close toEF , that the DOS is
higher than in the Si-t, probably due to the presence of

FIG. 3. Charge density for the MIGS states@Figs. 3~a!, ~b!#.
Contours are plotted from 0.007 to 0.07, spaced by 0.007e Å23)
and macroscopic average of the MIGS charge density@Fig. ~3c!#.
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antibonding contribution just mentioned. As we will discu
later, this is responsible for the different screening proper
found in Si-t and C-t.

The MIGS charge density contour plots are formally ide
tical to the Si-t interface and are, therefore, not shown; t
calculated MIGS decay length is found to be equal to the St
case, confirming that the decay length is a semicondu
bulk property and thus is termination independent.

VI. SCHOTTKY BARRIER HEIGHTS

The SBH is calculated adopting the usual procedure16,17

that takes core levels as reference energies. We expres
barrier height as the sum of two terms:

FB5Db1DEb ~1!

Db and DEb denote aninterface and abulk contribution,
respectively. As reference core levels, we take the 1s level
both for Ni and Si~or C!: Db5E1s

Si(C)2E1s
Ni . A stability of a

few hundredths of eV of the barrier heights was observed
a different choice of the reference core levels, leading t
total uncertainty of 0.05 eV in the final SBH. Thebulk con-
tribution can be evaluated from separate calculations of b
SiC and strained Ni and the difference between the bind
energies of the same 1s levels considered above:DEb

5(EVBM
SiC 2E1s

Si(C))2(EF
Ni2E1s

Ni). Thep-type SBH values ob-
tained are shown in Table III and compared with calculatio
for Al and Ti junctions.8,9 The values for the SiC/Ni interface
calculated from the core levels are in good agreement w
those evaluated from the density of states, definingFB as the
energy difference betweenEF and the VBM of the inner
semiconductor layer~within 0.1–0.2 eV!; note that this last
procedure introduces errors due to the nonperfect determ
tion of the VBM. If we evaluate then-type SBH by using the
experimental band gap, we find for the Si-t interface a S
of 1.40 eV, in good agreement with the value estimated
the 4H-SiC/Ni interface~1.3 eV!.18

FIG. 4. Valence charge density for the C-terminat
SiC~001!/Ni interface. Isocharge contour from 0.007 to 1.8 spac
by 0.1e Å23).
2-4
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FIG. 5. PDOS for the C-terminated
SiC~001!/Ni interface. The dashed line represen
the bulk value, the vertical line represents th
Fermi level~zero of the energy scale!.
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The p-type SBH for the Si-t interface is smaller than tha
for the C-t interface~by about 0.3 eV!. The theoretical SBH
values for Ti and Al~the only ones found in the literature fo
SiC! can be understood on the basis of the results obta
for Ni/SiC. Being a transition metal~TM! with d orbitals
participating in the bond, Ti can be directly compared w
Ni. In both cases, we find the same difference~i.e., 0.3 eV in
absolute value! between the SBH at the two terminations, b
the trend with the termination is opposite and the abso
values of the Ti SBH’s are smaller than in Ni. The first o
servation can be justified in a qualitative way, recalling th
Ti has two electrons in thed shell, while Ni has two ‘‘holes,’’
thus suggesting somehow opposite chemical properties.
therefore reasonable to expect a reversed charge trans
the interface19 leading to an opposite interface dipole orie
tation and to a consequently reversed trend as a functio
the SiC termination. Moreover, the Schottky model20 gives
SBH linearly dependent on the metal work functionfM
(fTi54.3 eV andfNi55.22 eV!, confirming the observed
trend between the two metals.

The comparison with Al is more complicated due to t
very different nature of the chemical bonds at the interfa
between a TM and a free-electron metal such as Al.21 More-
over, we observe that, at variance with Ti and Ni, the SB
variation with the SiC termination is appreciable~about 0.8
eV!. The response of the metal to the two Si- a
C-semiconductor terminations~which, as we showed, are re
markably different! is mainly governed by the DOS atEF .
This is quite high for TM, due to localizedd states producing
high DOS localized aroundEF that are essentially able to pi

TABLE III. Calculated p-type SBH ~eV! for the C-terminated
and Si-terminated SiC/Ni interface. Results for SiC/Al and SiC
from Refs. 8 and 9 are also listed.

Si term C term

SiC~001!/Ni 0.90 1.19

SiC~001!/Ti 0.50 0.22

SiC~001!/Al 0.85 0.08
23531
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the Fermi level in a relatively small region independent
SiC termination. On the other hand, the DOS atEF is smaller
for Al, which indeed shows a larger variation of the SB
with the SiC termination.

In addition to chemical effects related to the metal sp
cies, the SBH is strongly dependent on the interface str
tural geometry that, in principle, can even reverse the
served trend with respect to the semiconductor~ceramic!
termination. As stated before, the unit cell adopted in
present study contains two Ni atoms per layer on the m
side ~2Ni/1SiC!, while previous studies8,9 with Al and Ti
were performed with one atom per layer. In order to und
stand possible structural effects on the SBH formation,
calculated the SBH variations due to strain on the metal, t
considering the case of one Ni atom per in-plane unit c
~1Ni/1SiC!. The calculated SBH is in this case 0.70 eV f
the Si-t case and 1.0 eV for the C-t. These values follow
exactly the same trend observed in the previous geome
even if the absolute values are now smaller~by about 0.2
eV!. It is very interesting to investigate these differenc
further. First, we note that the SBH@see Eq.~1!# accounts for
a bulk contribution (DEb) that comes from the relative po
sition of the metal Fermi level and the semiconductor VB
of the isolated bulk materials. This term varies with the str
conditions: actually, we find that the core-level binding e
ergy variation in bulk Ni is equal to 0.1 eV. Therefore, sin
the total SBH variation is about 0.2 eV, we can infer that t
remaining 0.1 eV has to be ascribed to contributions com
from the interface term (Db).

In addition, we note that while in the Si-t case the inter-
planar distance between the substrate and the metal is
insensitive to strain conditions~from 1.65 to 1.63 Å!, in the
C-t case there is a compression of about 20%~see discussion
in Sec. III!. Nevertheless, the relative variation of the SBH
the same for both terminations. Now, the SBH variation d
to bond-length relaxation can be explained if we evaluate
longitudinal interface effective charge22 ZL* in the 2Ni/1SiC
case in both terminations. For Si-t we find ZL* (Si)510.08
and ZL* (Ni) 520.04, while for C-t: ZL* (C)520.08 and
ZL* (Ni) 510.007. Therefore, in the Si-t case,ZL* (Ni) is
nearly an order of magnitude greater than theZL* (Ni) in the

i

2-5
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G. PROFETAet al. PHYSICAL REVIEW B 64 235312
C term. If we calculate the same quantities in the 1 Ni/1S
case, we find the same trend, but with absolute values
are about four times larger. These results demonstrate
different and relevant aspects that characterize the diffe
terminations.~i! The C-t interface has a stronger metall
character: this is confirmed by the effective charges
PDOS on the interface C atom~see Fig 5!, showing a higher
DOS atEF with respect to the Si-t case~the same is found in
the 1 Ni/1SiC case, not shown!. In fact, if we take the equi-
librium Si-t interface and exchange C and Si, we obtain at
interface with distances that are about143% larger~0.48 Å!
than its own equilibrium: the SBH changes only by 0.1 e
~ii ! The values ofZL* (Ni) are also dependent on the intrins
Ni metallicity. ZL* (Ni) increases on going from 2 Ni to 1 Ni
due to the unphysical large strain condition of 1Ni/1SiC a
to the lower DOS atEF contributed by only one Ni per cell
Moreover, let us consider the 1Ni/1SiC case and bring
Ni-substrate distance from 1.77 to 1.153 Å~i.e., we force the
Ni to occupy the Nib position in the case of 2Ni/1SiC in th
C-t). This increases the Ni-substrate distance by about 2
and leads to a SBH variation of20.2 eV. The SBH variation
is, therefore, larger than that discussed in~i! for an overall
much smaller structural change, therefore indicating a los
metallicity and an increasedZL* (Ni) in going from 2Ni/1SiC
to 1Ni/SiC.

At this point, we can draw some conclusions concern
the SBH: the values calculated for both 2Ni and 1Ni int
face structures are consistent with trends found as a func
of the metal and semiconductor terminations. We were a
to separate bulk and interface contributions to the SBH
to different strain conditions. In particular, we found that t
different metallic interface configurations considered co
tribute 0.1 eV to the bulk-term and 0.1 eV to the interfa
term, for both terminations. Independent of the interface
m

ris

De
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ometry, the effective charge on the interface metal atom
the C-t shows a more metallic behavior with respect to t
Si-t: this is related to the different screening properties,
sociated with the MIGS and more in detail on the char
redistribution on the interface atom.

VII. CONCLUSIONS

We have carried out anab initio study of the
b-SiC~001!/Ni interface, focusing on the effects of the di
ferent termination and comparing our results with those
tained for other metal/SiC interfaces~available in the litera-
ture!. The high adhesion energies found confirm the stro
reactivity of the interface, and are shown to be related to
remarkablep-d hybridization between the substrate ato
and the Ni at the bridge site. We also showed that the str
bond between the substrate and the Ni at bridge site ma
the adhesion energy quite independent on strain conditi
The values of the calculated SBH lead to the conclusion
the ideal metal-semiconductor contact is rectifying. In ad
tion, we find that the SBH value of the two different term
nations are sensitive~within 0.2 eV! to strain modifications
and interfacial geometry changes. This suggests that the
density of MIGS, originating fromp-d hybridization, is able
to pin the Fermi level in quite a small region within th
semiconductor band gap.
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