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Ab initio calculations of the B-SiC(001)/Ti interface
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Ab initio pseudopotential calculations of theSiC(001)/Ti interface have been performed, and are com-
pared with our preceding results of the 8IQD/Al interface [Phys. Rev. B57, 2334 (1998]. The
C-terminated and Si-terminated interfaces have quite different features, similarly to #@®3I8I interface.

For the Si-terminated interface, the Si-Ti bond has a metallic character similar to the Si-terminated SiC/Al
interface. For the C-terminated interface, the C-Ti bond has stpedg covalent interactions between 2

and Ti 3d oribitals like bulk TiC. The C-Ti bond length is very small like bulk TiC although the back Ti-Ti
bond is greatly weakened. The adhesive energy of this interface is much larger than the other SiC/Ti and
SiC/Al interfaces. It can be said that for the C-terminated interface, a solid-state reaction can occur even at low
temperature only at the interface layers, which is in good agreement with experiments. For the Schottky-barrier
height, the difference between the C-terminated and Si-terminated interfaces has a similar tendency to the
SiC/Al interface, which can be explained by the difference in the interface dipole.

[. INTRODUCTION face, Porter and coworkérkave observed that a nearly co-
herent SiCO001)/Ti interface without any reaction layers can
SiC is very important materials for high-temperature,be formed by room temperature deposition of Ti on the Si-
high-speed, and high-power electronic and optoelectronic deerminated 6H-Si(M00]) surface. There are no x-ray photo-
vices as well as high-temperature structural ceramics. It iglectron spectroscopgXPS) signals for Ti-silicide forma-
crucial for such electronic and structural applications to fab+tion, although the XPS indicates the partial presence of the
ricate SiC/metal interfacéswith desirable electronic, me- Ti-C bonds.
chanical, and thermal properties. A large number of experi- On the theoretical sideab initio calculations of the
ments have been performed for the SiC/Ti system, becausgomic and electronic structure of the $IC1)/TiC
Ti or Ti-containing alloys are often used for such applica-interfac has been performed using the full-potential linear-
tions. In SiC brazing by Ti-containing molten alloy$,TiC ~ muffin-tin orbital method based on the local density-
layers are preferentially formed at the interface, and Si atomfunctional theory(LDFT).1° However, it is of great impor-
from the dissociation of SiC seem to diffuse into alloys. Intance to clarify the nature of direct interfaces between SiC
solid-state reactions of SiC surfaces with deposited Ti inand Ti before generating compound layers in order to under-
ultra-high vacuund;® a layer of TiC is also preferentially stand the interface reactions. It is of much interest to under-
formed at the interface, and Si atoms seem to diffuse througktand different reactivity of C and Si atoms at SiC surfaces
the TiC and subsequently form Ti silicides such asSkiin -~ with Ti mentioned above. For this problem, only semi-
high-temperature annealing. High-resolution transmissiorempirical molecular-orbital calculatioh's have been per-
electron microscopy observatidri® have shown that SiC/ formed. In this paper, we performb initio calculations of
TiC interfaces have lattice-matched epitaxial configurationghe SiG001)/Ti interface. We deal with both C-terminated
such asa-SiC(0001/TiC(111) or B-SiC(111)/TiC(1173). and Si-terminated001) interfaces in order to examine the
For the initial stage of interface reactions, it has beenC-Ti and Si-Ti interactions, respectively. We useadminitio
observed that C atoms at SiC surfaces have strong reactivifyseudopotential method, and obtain stable atomic configura-
with Ti even at low temperature. Bellina and Zeflérave  tions at zero temperature, adhesive energies and electronic
shown through Auger electron spectroscd¥ES) that ex-  properties of the two interfaces. In addition, the present re-
cess surface C atoms at C-righSiC(001) surfaces react sults are compared with our preceding calculattémg the
with deposited Ti and form TiC at least less than 300 °C. ByC-terminated and Si-terminated $8D1)/Al interfaces.
high-temperature annealing, Ti attacks the SiC substrate after By the way, we emphasize the importance of the study of
consuming excess C. Hasegawa and cowofKeas investi- the SiC/Ti system in the field of basic studies of ceramic/
gated the behavior of the-SiC(001) c(2x2) surface, namely metal interfaces®~® From studies using recent electron mi-
the C-terminated(001) surface? upon room temperature croscopy techniques and theoretical calculati3ngt it can
deposition of Ti using AES and low-energy electron diffrac- be generally said that the bonding nature and adhesion of
tion (LEED). Results indicate that only the surface C atomsceramic/metal interfaces are dominated by the following two
react with Ti without breaking back Si-C bonds at roomfactors. The first factor is the combination of the bonding
temperature. As for the reactivity of the Si-terminated sur-nature of respective ceramics and metals. The second factor

0163-1829/2000/64)/26728)/$15.00 PRB 61 2672 ©2000 The American Physical Society



PRB 61 AB INITIO CALCULATIONS OF THE B-SiC(00D/Ti . . . 2673

is the problem of polar interfaces, termination atoms, or in-
terface stoichiometry. As for the first factor, interfaces be-
tween ionic solids and noble or simple metals such as
MgO/Ag or MgO/Al systems are often non-reactive experi-
mentally. Ab initio calculations of such interfacks’ have
shown that the adhesion is explained mainly by electrostatic
effects, which partially justify the classical image interaction
model® However, if metals are transition metals with reac-
tive d orbitals, there should exist covalent interactions such
asp-d hybridization as predicted bgb initio calculations of

the MgQ00D/Ti (Ref. 19 and ALO5(0001)/Nb interfaces®

On the other hand, interfaces between covalent solids and
metals are often seen to be reactive experimentally, where
strong interactions such as orbital hybridization and charge

tr«_’:msfer domln_ate the adheS|on._ Ou_r .(.:alculatlons of th%i-terminated Si@O01/Ti interface.(110 and(110) cross sections
SiC(001/metal interfaces are the firab initio study of such are shown. Atoms and Si-C bonds are represented by circles and

reactive interfaces. Results of the SI0D/AI Interfacelz_ straight lines. Broken circles and lines represent those not located
have shown that such strong interactions indeed dominatg, the same plane. Contours of the valence electron density are
and that the adhesive energy is much larger than nonreacti\tgotted from 0.001 a.u3 to 0.286 a.u:® in spacing of 0.015
interfaces. The present examination of the SiC/Ti interfaceyy-3,
should clarify the effects of metal species.

The second factor, namely the problem of polar inter-
faces, termination atoms, or interface stoichiometry, ha§h
been observed iab initio calculations of the MgO/C(Ref.

FIG. 1. Relaxed configuration and valence charge density of the

We use the TM-type optimized pseudopotentidl$or
e pseudopotential generation, the configurations

. 0 3s%3p%°3d%° for Si and &%2p? for C are used. The cutoff
zi)la?n?\AAgogé(Sggclzé/s Nt())rlngj:f;%ﬁ;{ggri\ﬁgl%iggm?ggt_e dradii are 1.8 a.u. fos, pandd orbitals of Si, and 1.44 a.u. for
RI O sugr]faces generate interfaces with quite different fea—S andp orbitals of C. !_:or Ti, the configurationsd4p®3d” is
turzes3 respectively. For the SI@1)/Al interfacel? we have used. The cutoff radii are 2.45, 2.55, and 2.25 a.usig,

 [esp Y- ' and d orbitals, respectively. The separable fétnis used

also found that the C-terminated and Si-terminated interface\fli,[h the localp component for Si and C and with the local

have quite different features such as atomic configurations omponent for Ti. The plane-wave cutoff energy of 50 Ry is

bond adhesion, bonding nature and Schottky-barrier heig . . 2
. . o sed. The equilibrium lattice constant of SiC is 8.181 a.u.,
(SBH). The same problem is examined for the SiC/Ti mter-Which is about 99.3% of the experimental value.

face. ! .
. . : Each supercell contains a slab of 9 81Q1) atomic lay-
2
Thg SBH? is one .Of the most |mpqrtant properties of ers, where both surfaces are terminated by the same species.
ceramic/metal or semiconductor/metal interfaces. CurrentIyTWO sets of five Ti001) layers are stacked on both surfaces
it is possible to estimate the SBH at coherent interfaceg.. g jealt with, although hep Ti is the most stable. Two
through supercell calculations based on the LDFT, as Pl ce metal surfaces are separated by a vacuum region of

Qi 123,24 25
qurcr:(nleldl)/_frq(r: . '\tl'sg(llig)_/ri" GaAs(llO?/mefL,h antc'j | about 15 a.u. in the supercell, which ensures stable interlayer
' I~ Interfaces. The comparison of Such INOretical yiqiances without any constraint. Coherent interfaces with

?gﬂltzhgm ?))r(g\?iggq?:;?gr?tn%t\c,)w:netrtzriggi(r)r?:cl:hrlaqr?iiréir:k:)rf theideal (1x1) periodicity are dealt with, where Ti layers are
; 0 .
SBH. In our calculations of the SIGOL/AI interface ? the expanded along the interface by about 6%. To determine the

, . . . . lowest energy position of the Ti layers parallel to the inter-
SBH for the C-terminated interface is quite different from ; : ; :
that for the Si-terminated one. This can be understood fro face, we examined four special translatisorresponding

the different dipole caused by the different interface chargrgg e?? ez)gfytﬁ;tre(;?na}[. Arl(l)lzfg Conf;gl;rastlzréisamaviii?sf |a(Iers ym-
distribution. However, this is contrary to the traditional mOd'irredﬁcible 16l?h of ?he Brilzldoﬁine zorl?e are Ll?sed Fopr frac-

els that geny .the dependence of the SBH on IIqten‘"’lc?}lonal occupancies, we use the Gaussian broadening
structure? In this paper, we also examine the SBH for eaChschemé3 With =0.2 eV
SiC/Ti interface, and discuss the mechanism of the SBH. ' '

Il. THEORETICAL METHOD Ill. RESULTS AND DISCUSSION

The details of the computational scheme are given in our A. The Si-terminated interface

preceding paper’ Total energies, stable configurations and  Figure 1 shows the stable atomic configuration and va-

electronic properties are given in the framework of #ie  lence charge distribution on two cross sections. The interface
initio pseudopotential method based on the L& The  Si atom is fourfold coordinated, and neighbors two Ti atoms.

electronic ground state is efficiently obtained using theThe interlayer distance between the Si and Ti layers is 3.81
conjugate-gradient technigtiefor metallic systems with an a.u., and the Si-Ti bond length is 4.79 a.u. These are much
effective mixing schenf@ preventing the charge sloshing larger than those of the C-terminated interface mentioned
instability>® Stable configurations are obtained through re-below. The Si-Ti bond length is larger than the average of

laxation according to Hellmann-Feynman forces. the equilibrium Si-C and Ti-Ti bond lengths, 4.49 a.u.
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FIG. 2. Valence charge density distribution along ¢b@l) axis
of the Si-terminated Si@01)/Ti interface. Valence charge density
is averaged on eadl®01) plane. The half of the supercell contain-
ing 5 SiC and 5 Ti atomic layers with a vacuum region is shown.
Asterisks indicate the positions of atomic layers. The interface is
marked by a vertical line.

LOCAL DENSITY OF STATES

The valence electron density at the interface is relatively
small, and is rather broadly distributed. However, the density A
has a peak above the interface Si atom drelectrons are A EVAI
distributed only near Ti atoms. Thieelectrons at the inter- A -
face Ti atom reveal a slightly polarized distribution different PV L L A
from other Ti atoms. However, there seems to exist no strong ENERGY (EV)
hybridization between orbitals of Si and Ti.

Figure 2 shows the averaged charge density on @b FIG. 3. Local density of states of the Si-terminated ®@)/Ti
plane plotted along th€001) axis. At the interface, there interface. Eigen states for 26 points in the irreducible part are
exists a charge depletion region near the interface Ti atonmbroadened with a Gaussian half width of 0.16 eV. LDOS is given
and a small peak near the Si atom as observed in Fig. ¥or each region between successi@1) atomic layers. Broken
From Figs. 1 and 2, it can be seen that the atomic configulines represent the LDOS of the central SiC region of the supercell.
ration and electron distribution recover the bulk featuresThe Fermi level is indicated by a vertical line.
quickly at the back Si-C and back Ti-Ti bonds, although the
distribution ofd electrons at the Ti atoms reveal slight ef- similar to the Si-Al bond at the Si-terminated SiC/Al inter-
fects of the surface and interface even at the second layersace. This feature is consistent with the experiménts.

The atomic configuration is rather similar to the Si-
terminated Si@O01/Al interface, where the interface Si
atom is fourfold coordinated, and the Si-Al bond length is ) ) ) )
4.72 a.u. The features of the charge distribution are alsp Figure 4 shows the stable atomic configuration and va-
similar to those of the SiC/Al interface, although the chargd®€nce charge distribution of the C-terminated interface. Fig-
distribution near Ti atoms is different from that near Al at- Ure 5 shows the averaged charge density on €2@D plane
oms, and the peak value of the valence density above the 8lotted along the(001) axis. Both figures show that the
atom is larger in the present interface. It seems that the inPresent C-terminated SiC/Ti interface has special features
terfacial Si-Ti bond has a rather metallic character similar to
the Si-Al bond.

Figure 3 shows the local density of state®OS) of the
Si-terminated SiC/Ti interface. The LDOS is calculated for
each region between successi@01) layers of the
supercell? The LDOS at the interface has features like su-
perposition of the Si-partial DOS of SiC and the Ti bulk
DOS. This also indicates the rather metallic character of the
Si-Ti bond. The LDOS recovers the bulk features at the back
C-Si bond and at the back Ti-Ti bond, which is consistent
with the features of charge distribution and atomic configu-
ration. However, the peak of the metal-induced gap states

B. The C-terminated interface

' he SIC valence-band top | i rather B 00O
(MIGS’s) near the SiC valence-band top is attenuated rather WX«W M)»X@%

slowly inside the SiC. This peak has features of occupied Si

dangling-bond states, although there exists some hybridiza- F|G. 4. Relaxed configuration and valence charge density of the
tion with Ti 3d orbitals. C-terminated Si(®01)/Ti interface. Contours of the valence elec-

All the results indicate the rather metallic character of thetron density are plotted from 0.001 a.tito 0.271 a.u.® in spac-
Si-Ti bond without strong covalent or ionic interactions, ing of 0.015 a.u.®.
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FIG. 5. Valence charge density distribution along ¢6@1) axis
of the C-terminated Si@01)/Ti interface.

quite different from the other SiC/Ti and SiC/Al interfaces.
The interface C atom is fourfold coordinated, and neighbors
two Ti atoms. The interlayer distance between the C and Ti
layers is 2.51 a.u., and the C-Ti bond length is 3.83 a.u.
These are much smaller than those of the Si-terminated
SiC/Ti interface, 3.81 a.u. and 4.79 a.u., although the C-Ti
bond length is larger than the C-Al bond length, 3.51 a.u., in ,
the C-terminated SiC/Al interface. The interlayer distance LA B e e
between the C and Ti layers is smaller than the average Ti-Ti ez o8 <4 0k
interlayer distance. The opposite is true for the Si-terminated
interface. FIG. 6. Local density of states of the C-terminated Bi@)/Ti

As for the charge distribution, it is clear that theslec-  interface.
trons at the interface Ti atom have special hybridization quite
different fromd electrons of other Ti atoms. The density of Ti. This means that electrons of the interface Ti atom are
the d electrons at the interface Ti atom has four humps, angartially transferred toward the C atoms as electrons in bulk
the two humps are directed toward the neighboring C atomsTiC. This kind of interfacial charge transfer is observed also
The electron density of the neighboring C atoms is also inin the C-terminated SiC/Al interface.
creased near the Ti atoms. It should be noted that such The formation of the strong C-Ti interfacial bond weak-
charge distribution of the interfacial C and Ti layers is quiteens the back Ti-Ti bond. As shown in Fig. 5, the interlayer
similar to that of bulk TiC studied byab initio  distance at the back Ti-Ti bond is greatly enlarged by 21.3%
calculations**~* Ti d orbitals in TiC, TiN, and TiO in the as compared with the averaged value, and the valence charge
NaCl structure are split integ-type andt,4-type orbitals in  density at the back Ti-Ti bond is greatly reduced. This point
the octahedral crystal field. In TiC, strongdo covalent is quite different from the other SiC/Ti and SiC/Al inter-
bonds are formed between @ drbitals and Ti 8 e,-type  faces, where the bulk metallic features are recovered quickly
orbitals, although the,,-type component dominates in TiN. at the back metal-metal bonds. Thus it can be said that the
In the valence charge density on tE00 plane of bulk interface C and Ti layers are some kind of TiC compounds
TiC,**3¢the four humps at the Ti atom directed to neighbor-different from bulk Ti and SiC, and that the back Ti-Ti re-
ing C atoms are typical of the dominaef; component, gion with reduced charge density should be regarded as a
which is similar to the present charge distribution in Fig. 4.new interface between TiC and Ti. If we were to perform a
In the present configuration, the interfacial Ti atom is nottensile test, this new interface should be broken first.
located in the octahedral environment with equivalent six The formation of the strong C-Ti bonds has also large
neighbors, but has two neighboring C atoms and four neigheffects on the SiC layers. The 9 S8D1) atomic layers of
boring Ti atoms. However, the local zigzag chain of the in-the supercell are expanded slightly along ¢b@1) direction.
terfacial C and Ti atoms on th@ 10 plane shown in Fig. The deviations of the respectiu@01) interlayer distances
4(a) is common to the local configuration in bulk TiC. The from the central C layer to the interface C layer ar8.5%,
present C-Ti bond length is slightly smaller than the experi-+4.7%, +4.7%, and—0.2%. The total size of the S{G01)
mental value in bulk TiC, 4.08 a.u. It can be said that theslab is expanded by 3.7% along tk@01) direction. In the
C-Ti bonds with strongp-do covalent interactions similar to  Si-terminated interface, the absolute deviations are all less
bulk TiC are formed at the interface. than 1.4%. The present expansion causes a slight reduction

In Fig. 5, the charge density at the C-Ti bond indicates an the values of the valence charge density in the SiC region
partial ionic character also similar to bulk TiC. The valenceas shown in Fig. 5. The reason of this expansion is not clear.
charge density at the interface C atom is only a little smalletn any case, the formation of the strong C-Ti bonds induces
than the bulk value in spite of the lack of two neighboring Silarge distortions on both SiC and Ti sides.
atoms. On the other hand, the charge density at the interface Figure 6 shows the LDOS of the C-terminated SiC/Ti
Ti atom is substantially reduced as compared with metallianterface. The LDOS at the interface also indicates the strong

LOCAL DENSITY OF STATES
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TABLE I. Calculated bond adhesion of the Si-terminated and TABLE Il. Calculated p-type Schottky-barrier heights of the
C-terminated Si@O01)/Ti interfaces. Results of the S{@1)/Al in- Si-terminated and C-terminated S0D1)/Ti interfaces. Results of

terface(Ref. 19 are also listed. the SiG001)/Al interface (Ref. 12 are also listed.
SiC(001)/Ti interface SiC(00D)/Ti interface
Si-terminated 2.52 Jnf Si-terminated 0.50 eV
C-terminated 8.74 Jnt C-terminated 0.22 eV
SiC(001)/Al interface SiC(001)/Al interface
Si-terminated 3.74 Jnt Si-terminated 0.85 eV
C-terminated 6.42 Jnt C-terminated 0.08 eV

covalent interactions between the C and Ti atoms. The occifonfiguration is really generated in such experiments. In any
pied C2p-Ti3d bonding band is separated by a shallowCcase, the strong interactions between the surface C atoms and
minimum from the unoccupied G2Ti3d antibonding or T With covalent and partial ionic character shown in the
Ti3d nonbonding bands. The Fermi level is located at thePresent calculations sshould dominate the interface reactions
shallow minimum, which indicates the stability of the inter- I many applicationd-

facial bonds. This feature is quite different from the interface

LDOS of the Si-terminated interface without any minima at D. Schottky-barrier height

the Fermi level. This feature is similar to the bulk TiC DOS, Thep-type SBH can be obtained by supercell calculations

where a deep mmmumgeparates the PCCUp'ed and unocCYzsed on the LDFT as the difference between the Fermi level
pied C2-Ti3d band§: In the LDOS's below the back anq the valence-band top of the bulk SiC region, if the cell

Si-C bond, the bulk SiC features are recovered substantialliize is |arge enough. Thetype SBH is obtained by subtract-

although there exist MIGS's in the band gap. ing the p-type value from the experimental band-gap value,
because the LDFT cannot reproduce the band gap correctly.
C. Bond adhesion Even for thep-type SBH value based on the LDFT, there

. . . . remains a problem of a possible discontinuity in the

: Table | lists the adhes_lve energy of_each m'Ferface, Whldéxchange-correla’[ion potential across the interface between
is the energy gain per unit area in forming one interface fromyeo ot material which should be dealt with by methods
two relaxed(1x1) surfaces. For the Si-terminated inten‘ace,beyond the local aensity approximati¢hDA) such as the

El'haeblidre'ls'lr:/'e _eni(r)%y 'Istezr{t52 '?En!:;(;?ahs’ctii;rggieséflr’lheGW approximatiort’ Thus, an exact quantitative determina-
- 1S 1S SIS W ! ' tion of the SBH is not possible in the present calculation.

tShl—Tébtond .W'tth%u.t ftr?ng c?r\]/alegaor.lonlc mtera}ctg)r;%. JForHowever, it is possible to obtain the difference in the SBH
€ Loierminated interiace, the adnesive energy IS ©. /4.5 M ¢, yigfarent interface configurations of the same ceramic/

¥Vh'0ht_'s th? Iargeskt_ 'g Tfa_ll?_lce: l. This |sdc|on5|stenttt;/]wth tthemetal or semiconductor/metal system as shown for the
ormation of some kind of TiC compound layers at the inter-\ic 111)/'s; ystenfo.2*

face as mentioned above. The absolute energy gain per

(1X1) unit cell of the C-terminated interface with two C-Tii We have determined the SBH by analyzing the data of the

DOS for each interface. Results are listed in Table Il. For
he Si-terminated interface, the LDOS of the bulk SiC region
as a small peak at the valence-band top caused by the
MIGS, which makes it difficult to determine the SBH. We
Shave decided the bulk valence-band top by the total band
Svidth from the valence-band bottom, and obtained the SBH

bonds is 5.11 eV, although the value for the Si-terminate
one is 1.48 eV. The calculated cohesive energy of bulk Ti
is 17.78 eV(Ref. 35 for one pair of Ti and C, which make
six Ti-C bonds. Thus the cohesive energy for two Ti-C bond
is estimated to be 5.93 eV. It is interesting that this value i
comparable to the present energy gain (x1) unit cell
associated with the formation of two C-Ti bonds.

The present calculation of the C-terminated interface
clearly shows that the surface C atoms of the C-terminated
(001) surface can react with Ti atoms even at low tempera-
ture, and that some kind of TiC compound layers can be
formed spontaneously only at the interface without breaking -
back Si-C bonds. This result is in good agreement with the ; \ W
experiment§ using AES and LEED, which showed room [P AL
temperature reaction of the surface C atoms of the ENERGY (EV)

C-terminated001) surface with deposited Ti without break-

ing back Si-C bonds, as mentioned in Sec. I. Of course, the FiG. 7. Comparison between the LDOS of the central SiC re-
present calculations do not deal with the surfacegion of the Si-terminated Si001)/Ti interface(solid line) and that
reconstructiorf, but deal with only(1x 1) surfaces and inter- of the central SiC region of the Si-terminated 8Q1)/Al interface
faces. However, the LEED experiment has clarified that thgRef. 12 (broken ling. The difference between the valence-band
(2x2) reconstructed SiC surface is changed into thg1)  top and the Fermi level indicated by a vertical line corresponds to
surface by Ti depositiohThus, it is possible that the present the p-type SBH.

LDOS
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significant changes in the atomic and electronic structure as
compared with the other interfaces. This should also affect
the SBH.

The present dependence of the SBH on the interface
structure for the same ceramic/metal or semiconductor/metal
system is contrary to the traditional models for the SBH that
oty deny such dependené&ln the Schottky model® the SBH is
-16-12 -8 -4 0 4 determined only by the relation between the work functions

ENERGY (EV) of two materials, although the work function itself should

FIG. 8. Comparison between the LDOS of the central SiC re-depend on the surface structure. In the MIGS or charge neu-

: 9,40 ; ;
gion of the Si-terminated Si001)/Ti interface(solid line) and that trality level modeI53, the SBH is determined by some

of the central SiC region of the C-terminated 8IQ1)/Ti interface level ﬁn the MlGS’ which is regar(_jed to be intrinsic to re-
(broken ling. spective semiconductors or ceramics. On the other hand, the

dependence of the SBH on the interface structure was experi-
of 0.50 eV. Figure 7 shows the comparison between thenentally observed for the two types of interfaces of the
LDOS of the bulk SiC region of the present Si-terminatedyisi,(111)/Si systent* Ab initio calculationd®?* have
SIC/Ti interface and that of the Si-terminated SIC/Al clearly shown the mechanism of the difference, where the
interface-“ It is clear that the valence band of the bulk region gitterent interface dipole associated with the different inter-

Mace charge distribution causes different SBH. Our results of

of the present interface is shifted upward by about 0.35 e
against the bulk band of the SiC/Al interface with the SBche SiC/Al and SIiC/Ti interfaces are essentially consistent
with these results.

of 0.85 eV. This justifies the present value of the SBH.
For the C-terminated SiC/Ti interface, the interlayer dis- It should be noted that there are no firm or quantitative
eories or models that can explain all the experimental re-

tances are expanded even at the central region in the super-
ults of the SBH. At least about the SBH of coherent inter-

cell as mentioned in Sec. lll B. Thus the valence-band width
is reproduced to be smaller by about 0.3 eV even in th ) PR ) .
LDOS of the central SiC region, which makes it difficult to aces Wlth_OUt any misfit dislocations or _defects, we thlnk_ that
determine the SBH. However, Fig. 8 shows that the averageli® following two factors should dominate the SBH, in a
shift of the valence band of the central SIiC region of theSiMilar way to the semiconductor heterojunction band
present C-terminated interface is about 0.28 eV as compareffsets. The first factor is the absolute relation between the
with that of the Si-terminated SiC/Ti interface with the SBH band structure of two materials. It is possible to define ref-
of 0.50 eV. Thus, the SBH for the present interface is esti€rence levels or averaged potentials for respective materials,
mated to be 0.22 eV. which first determine the relative position of the bands of
The p-type SBH for the C-terminated interface is smaller two materials without any effects of interfaces or surfaces.
than that for the Si-terminated interface. The same tendencVhis does not depend on the interface structure. The second
was observed for the SiC/Al interface. This difference is un-factor is the interface dipole, which should greatly affect the
derstood by the different interface dipole generated by difconnection of the two bands at the interface. This is deter-
ferent polarized charge distributions at the interfaces, simimined by the interfacial charge distribution, and should seri-
larly to the case of the SiC/Al interface. As shown in Fig. 5, ously depend on the interface structure. Of course, the inter-
the C-terminated interface has a larger charge transfer frofface charge distribution and interface dipole are determined
the interface Ti atom to the interface C atom than the Siby the details of the interfacial atomic and electronic struc-
terminated interface because of the partial ionic character dfire. These are very complicated in the cases of ceramic/
the C-Ti bond. This generates a larger dipole shift at themetal or semiconductor/metal systems, unlike the rather
interface, which lowers the electrostatic potential of the Tisimple atomic and electronic structure of the semiconductor
layers downward relatively to the SiC region, and thus low-heterojunction.
ers thep-type SBH. This point is similar to the C-terminated  In comparison with the experiments, Porter and
SiC/Al interface. coworkers have obtained the experimental SBH of the Si-
However, the respective values for the SiC/Ti interfacederminated 6H-Si@001)/Ti interface. Then-type SBH is
are different from those for the SiC/Al interfaces. And the about 0.79—0.88 eV for as-deposited, and is about 0.86—1.04
difference between the two SiC/Ti interfaces is not so largeeV for annealed. The as-deposited interface is a nearly co-
as compared with the SiC/Al interfaces. Of course, such difherent interface without reaction layers and with misfit dis-
ferences between the SiC/Ti and SiC/Al interfaces should bécations not at the interface but at a finite distance from the
caused by the different nature of Ti and Al. Therbitals of interface. Thep-type SBH of this as-deposited interface is
Ti atoms induce complex features to the interfacial atomicabout 2.1-2.2 eV because of the band gap of 3.0 eV. Our
and electronic structure as shown above. For the Sitheoretical value for the Si-terminated $001)/Ti interface,
terminated SiC/Ti interface, the charge density above the in0.50 eV, is quite different, even if we add 0.66 eV as the
terface Si atom shown in Fig. 1 is larger than that of thecorrection to the LDA as discussed in Refs. 9 and 43. Of
Si-terminated SiC/Al interface. This may be concerned withcourse, the atomic configuration of the 8001)/Ti interface
the MIGS peak near the valence-band top attenuated rath&r quite different from that of the 6H-S{G001)/Ti interface.
slowly in Fig. 3. These points may cause the pregetype It is of much importance to performb initio calculations of
SBH lower than the Si-terminated SiC/Al interface. For thethe SiG111)/Ti or 6H-SiG0001)/Ti interfaces, which will
C-terminated SiC/Ti interface, the strong C-Ti bonds inducebe present in the near future. Of course, the present values of

LDOS

/
T

T T T
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the SBH of the SiGO0D/Ti interface may contain some covalent interactions between @ 2and Ti 3d orbitals like
errors caused by the small cell size. bulk TiC. The C-Ti bond length is very small like bulk TiC,

Finally, it should be noted that the present interface is although the back Ti-Ti is greatly weakened. The adhesive
coherent(1x 1) interface where metallic layers are expandedenergy of this interface is quite large. It can be said that
along the interface. Thus, it is also important to examine thesolid-state reaction can occur at the C-terminated interface
effects of misfit dislocations in future. Of course, there existeven at low temperature. This is in good agreement with the
experiments indicating the presence of such coherent SiC/TExperiments using AES and LEED, which revealed room
interfaces in some conditions, and it is of much interest taemperature reaction of surface C atoms of the C-terminated
examine the SBH of coherent systems as the intrinsic SBFBIC(001) surface with Ti without breaking Si-C bonds. For
without any extrinsic effects. Recent experiméhthave the Schottky-barrier height, the difference between the
shown that the SBH of samples with greatly reduced interC-terminated and Si-terminated interfaces has a similar ten-
facial defects has quite different features from the SBH ofdency to the SiC/Al interface, which can be explained by the
usual samples. difference in the interface dipole.

IV. SUMMARY

The 8-SiC(001)/Ti interface has been studied using Hie

initio pseudopotential method, and compared with preceding The authors are grateful to Dr. S. Tanaka, Dr. A. Sawa-
results of the Si@O0D/AIl interface. The C-terminated and mura, Dr. S. Ogata, and Dr. K. Tanaka for fruitful discus-
Si-terminated interfaces have quite different features, simisions. The present study was supported by the Science and
larly to the SiGO0D)/Al interface. The Si-Ti bond at the Si- Technology Agency of Japan as the project “Frontier Ce-
terminated interface has a rather metallic character similar teamics.” All the computations were performed on the Cray
the Si-Al bond at the Si-terminated SiC/Al interface. The C90 at the RIPS center of the Agency of the Industrial Sci-
C-Ti bond at the C-terminated interface has strgnglo ence and Technology of Japan.
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