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Electronic structure, Schottky barrier, and optical spectra of the SiC/TiC {111} interface
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A first-principles total energy and electronic structure study ©@fSiC/TiC {111} interfaces was carried out
using the full-potential linear-muffin-tin orbital method. Three distinct plausible structural models were iden-
tified and investigated including the relaxation of the most important structural degrees of freedom. All three
models considered have a threefold symmetry axis and have a mutual boundary layer of carbon. They were
found to be stable with respect to small rigid body translations parallel to the interface which would destroy the
threefold symmetry. One of the modelB)(is a twinned version of the otheAJ while the third model C)
differs from A by a rigid body translation parallel to the interface. Theand C models contain a common
carbon sublattice in both the zinc blende structure of the SiC and rocksalt structure of the TiC. While in model
A the Ti's are on top of the Si atoms nearest to interface, they are in a hollow site between the Si atoms in both
the B andC models. ModelA is found to be metastable with a significantly higher energy BiamdC. This
is explained in terms of the occurrence of compressed Ti-Si nearest neighbor distances in the ideal structure.
The expansion of the latter disrupts the interfacial Ti-C bonding. Our calculations find very nearly equal
energies for the relaxe andC models. This indicates that the occurrence of twinfedwinned structures
on flat(steppedisurfaces as has been observed by electron microscopy is probably not due to a thermodynamic
preference but rather to kinetic factors such as step-flow growth. All three structures have interface states in the
band gap of SiC which are localized within two lattice planes from the interface and which pin the Fermi level.
The nonbonding character of these interface states leads to nearly equal Schottky barriers for all three models.
The optical dielectric functions for our interface models were calculated and show signatures of these interface
states which should be detectable in the infrared range because of their strong anisotropy with respect to the
interface plane[S0163-18207)00124-(

I. INTRODUCTION barrier formation is a prerequisite.
Several metal depositions on SiC have been studied. A
Recently, great progress has been made in developing siliecent review was compiled by Kaplan and Bermutibtost

con carbide(SiC) for high-temperature, high-speed, and metals lead to Schottky behavior in the as-deposited state.
high-power device applicatiotsHowever, an important Upon heat treatments, however, most pure metal deposits, in
technological problem presently limiting device performanceparticular transition metals, are not stable but participate in
in some instances is the fabrication of high-temperaturehemical reactions. The situation is not unlike that of metals
stable, low-contact resistance Ohmic contacts. It would alsen silicon although the complexity is far greater because
be desirable to be able to fabricate high ideality Schottkyboth silicides and carbides can form. Because these com-
barrier metal contacts on SiC. The presently widely followedPounds are typically metallic, the metal-semiconducting in-
approach for achieving Ohmic contacts is to heavily dope thée_rfa_ce is actually displaced to the silicide-SiC or carbide-
semiconductor and to use annealing treatments to create3C interface.

gradual transition layer. The Ohmic behavior in such a case AMong the various metals studied, Ti is of particular in-
erest. Although it can form silicides as well as carbides, TiC

results from tunneling through the barrier, but the actualt1 X :
g g as been shown to form as first phase next to the inteff&ce,

band line up is Schottky-like. This tunneling behavior usu- nd/or as isolated particles near the interf As carbon from
ally results in an undesirably high specific contact resistanc oras isolated particles near the Intertace. As carbon o
e SiC is consumed in the reaction with Ti to form the

unless the barrier is quite thin. Defect free, sharp epltaX|ar ther stable TiC, a more and more Si-rich environment re-

mterfgces are desirable to reQuce the cont.act r_e5|stance %Its for the Ti farther away from the interface. This Si can
Ohmic contacts as well as to increase the ideality factor o

- X X X _diffuse through the TiC and subsequently form Ti silicides
Schottky barrier.An ideal zero resistance Ohmic contact is such as TiSi5 and TiSi,. These results from solid-reaction
one with a zero Schottky barrier. We define tpetype gy dies are consistent with an Auger and low energy electron
Schottky barrier heightSBH) as the Fermi level of the metal (jffraction study by Bellina and ZellérThey found that thin

Er minus the valence band maximuf) of the semiconduc-  Tj deposits on SiC first “attack” the surface carbon layers if
tor, i.e., 8p=E¢—E, and likewise then-type Schottky bar- the starting surface conditions are carbon-rich and subse-
rier as®g=E.— Eg, whereE is the conduction-band mini- quently start to break up the SiC with the excess Si segre-
mum. One thus needs to find metals or metal compoundgating to the surface. Recently, Parsoesall®~? have
and/or surface modifications that allow one to cond]  shown that this problem, the deterioration of the semicon-
from zero(for p-type contactsto the band gagfor n-type  ductor, can be overcome if TiC itself is deposited in stoichio-
contacts. To this end a better understanding of the Schottkymetric conditions by chemical vapor deposition. It was then
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found to be in stable coexistence with SiC without formationlations. Bow also found a similar interface orientation for
of Ti silicides up to at least 1400 °C. They reported ther-TiC formed by Ti reactions on 18-SiC. The TiC {111}
mally stable Ohmic contacts with specific contact resistanceplanes were found to be twinned with respect to the last three
below 6x 10~ Q) cn? on n-type 3C-SiC (Ref. 10 and of an  (cubically) stacked layers of theH-SiC. These observations
order of 1.3<10°° Q cn? on n-type 6H-SiC!? raise questions about the relative energy difference of the
TiC has several potential advantages as a contact metdlvinned and untwinned interface configurations as well as
(1) it is a hard and high-temperature resistéuat., refractory  their differences in electronic properties. The band lineup,
metallic compound(2) it is closely lattice matched to SiC, i.e., SBH of these interfaces has not yet been conclusively
and (3) there exist a class of related transition metal anddetermined. Porteet al.” reported!-V, C-V, and x-ray pho-
rare-earth carbides and nitrides with closely related propertoelectron spectroscop§XPS) measurements of the barrier
ties and identical crystal structure, offering the potential forheights of as-deposited and annealed Ti/SiC interfaces, but
tuning the properties of the interface by making suitablethe inhomogeneity of the interfaces resulting from the an-
solid solutions. For example, TiN and TaN have beennealing did not allow them to associate this exclusively with
suggestetias effective diffusion barriers to limit the reaction TiC/SiC.
which would otherwise continue to consume the carbon from In view of the detailed structural information available for
the SiC substrate. TiN, having a somewhat lower work functhis system and its potential technological promise, the SiC/
tion (3.75 e\ than TiC(4.0—4.4 eV,*® was thus suggested TiC system can be considered an interesting prototype sys-
by Glasset al* to be a good candidate for Ohmic contacts.tem for SiC/metal contacts worth further investigation. The
Ohmic behavior was indeed found as deposited but with dattice match also facilitates its theoretical study. Determin-
rather high-contact resistance of order 00 cm?. ing the optimum interface structure between a rocksalt and a
It is of interest to note that TiC, which has the cubic zinc blende structure is of intrinsic interest because of the
rocksalt structure, has also been used rather successfifly frustration of the directed bonding types at the interface: oc-
as a substrate for epitaxial growth ofC3SiC because the tahedral in rocksalt and tetrahedral in zinc blende. Because
lattice mismatch is only 0.6% and it was hoped that a cubighis problem is expected to have some intrinsically geometric
substrate would facilitate the stabilization of cubic SiC. Con-aspects, a study of the TiC/SiC interface may also provide
siderable effort has been spent growing large monocrystainsights for other related interfaces, such as TiN/SiC. As al-
line TiC boules with low defect densities for this purpd8e. ready mentioned, a large family of potentially useful metallic
While this approach has recently been essentially abandonesmpounds share the rocksalt structure with TiC and most
in favor of bulk 6H-SiC and 4 -SiC substrates which result semiconductors have the zinc blende structure.
in better epitaxial film quality, these efforts have shown that The {001} SiC/TiC interfaces were investigated earlier by
epitaxial interfaces of TiC and SiC are possible. TransmisLambrecht and Segdif. Although a rather complete set of
sion electron microscop§T EM) and high resolution electron structural models was investigated, the use of ideal bulk ter-
microscopy(HREM) investigations have shown that the re- minated structures and the atomic-sphere-approximation
sulting interfaces between TiC and SiC can be atomicallfASA) muffin-tin orbital method in that work did not allow
flat® HREM imaging of as-deposited Tik6-SiC interfaces the authors to conclusively determine the interface structure.
and of 6H-SiC/TiC/TisSi5 interfaces obtained after anneal- It was found that most configurations gave rise to unfavor-
ing has also been achieved@he possibility of growing TiC ~ able bond distances and consequently had rather high energy.
on SiC and vice versa is also of interest because it open@ne exception was a model with Ti directly on top of Si
possible new avenues for device fabrication such as metatoms of Si terminated SiC. It could not be excluded, how-
base transistors and metal layer resonant tunneling devicegver, that other models would obtain lower energy by relax-
The feasibility of the latter has recently been demonstratedtion. As a general feature, because {@1} surface of TiC
for the ErAs/GaAs systeffi?? which has the same crystal- contains both Ti and C, an adjustment of both types of bond
lographic relationship between its components as TiC/SiC. lengths would require buckling of the terminating TiC plane.
The TEM studies of Chieet al® provide rather detailed This would then also affect bond distances to the next layers.
information on the structure of the SiC/TiC interfaces be-Hence, one might expect the relaxation to be several layers
cause high-resolution imaging was possible. They show thaleep. Since there are several models to consider, the problem
{001} interfaces are generally rough with only small regionswould be rather formidable without guidance from experi-
of atomically sharp interfaces. Thd 11} interface on the ment. As already mentioned, th@01} interfaces are usually
other hand was found to exhibit large regions of atomicallyfound to be rough. This may indicate that several competing
sharp interfaces. Furthermore, two distinct configurationdow energy configurations exist and conflict with each other
were identified. In both cases, the main crystallographic dias a result of independent nucleation events.
rections of the cubic rocksalt and zinc blende structures are Fortunately, the situation for th11} interface is some-
parallel and there appears to be a common carbon sublatticahat simpler, and, therefore chosen as the subject of the
However, on large flat terraces, thgl1} family of planes present investigation. SincE11L planes of TiC and SiC
[besides the interfacgl11) plang are twinned with respect contain only one type of atom, one may expect that the im-
to the substrate while on small terraces, they were unportant relaxations involve only adjustments of interplanar
twinned. The small terraces occurred(iyt 1) faceting of the  spacings limited to the layers immediately adjacent to the
(112 plane. From that paper, it is not clear if this faceting interface. Finally, thd111 plane of SiC is structurally simi-
occurred as a result of the SiC growth or was present befordar to the{000% plane of the hexagonal and rhombohedral
hand on the surface of TiC. Tentative atomic structures fopolytypes of SiQe.g., H, 6H, 15R, collectively denoted as
these interfaces were proposed based on HREM image sima-SiC). The results for the interface structure of TiC on the
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{111} plane -SiC are thus expected to be relevant forwithin nonoverlapping muffin-tin spheres and the interstitial
those on{0001} planes ofa-SiC. region. Before embarking on the time-consuming relaxation
In this work, we thus focus on thgl11} SiC/TiC inter-  studies, we performed some convergence studies to reduce
face. Full potential linear-muffin-tin orbital calculations were the basis set to a minimal one while maintaining sufficiently
carried out for three models, which were suggested by thaccurate total energies and band structures. Dodlibasis
HREM investigation. Structural relaxations are included.sets, specificalldp for Si (meaning up td =2 for the first
These allow us to address the question of the relative stabi[-«>=—0.01 Ry] and up tol=1 for the second xk>=—1
ity of the models. In fact, we find a low energy model for Ry]), dd for Ti and pp for C were employed in the final
both the twinned and untwinned interfaces mentioned abovealculations. Herex?=E—uv, is the difference between
and find them to have locally similar bonding configurationsthe energy of the spherical wave and the muffin-tin zero. It
for the interface Ti atoms. In the untwinned case, howeverdetermines the decay length of the Hankel envelope func-
this model requires a rigid body translation parallel to thetions of the muffin-tin orbitals. Also, we included a second
interface. This and the other implications for the structure arpanel which contains the pseudocone &ates of Ti. These
discussed in connection with the available HREM informa-states are important for the convergence of the self-consistent
tion. A third, significantly higher energy, metastable inter-procedure as observed in calculations of TiC, TiN, and
face configuration for the untwinned case is also found andiO.?”
discussed. As usual for the relatively open structures encountered
Schottky barrier heights and details of the electronichere, two empty spheres per unit cell of both the zinc blende
structure were obtained from the calculations. They shovand rocksalt structures were used for the augmentation of the
that Fermi level pinning by interface states determines thenuffin-tin orbitals. No basis sets centered on these sites were
Schottky barrier height, a conclusion which was also reachedsed, however, so as to keep the basis set minimal. The
in the previous work on SiC/Ti§001}.23 augmentations and auxiliary fitting Hankel functions were
We find that the Schottky barrier height is almost theexpanded td,,,=4. The radii of all spheres were kept the
same for the various models investigated, including thesame in the bulk parts of the cells. For the untwinned model
higher energy metastable state. This seemingly surprising r¢model A below), we found that this was possible with rea-
sult is subsequently explained in terms of the nature of thgonably large radii even at the interfacial layers in the pres-
interface states pinning the Fermi level. Since experimentaénce of relaxation. It is possible for this case because the
verification of this is important we also investigate whetherunrelaxed latticébody-centered cubjof all sites, including
these interface states could possibly be detected by opticghose for the empty spheres, is uniform throughout the whole
spectroscopies. To this end, we calculate the optical responsgructure. This situation does not prevail for the twinned
functions of our model systems. model. In that case, the space available for an empty sphere
The paper is organized as follows. In Sec. Il we providenear the interfacial carbon atoms and the neighboring Ti
the necessary details on the computational method. In Seatom is small. Instead of using a small sphere there, we have
Il we describe the supercell models used to study{ftil}  found it preferable to just eliminate that sphere. The error
SIiC/TiC interface. This is not entirely trivial because we introduced thereby is found to be small, specifically, much
need to find ways to make the proposed interface structuraimaller than the energies characterizing the relaxation pro-
models compatible with three dimension@D) periodicity  cesses. The interface empty spheres in the untwinked
required for the band-structure calculations. We also describeodel, see below, were scaled with the increasing distance in
the interface degrees of freedom that were relaxed. The rehis region in the course of the relaxation.
sults section, Sec 1V, is divided as follows: Sec. IV A pro- A symmetry reduction of the number & points was
vides our total energy results for the various structures and effective using the sampling procedure of Methfessel and
discussion of the relaxation and bonding; Sec. IV B containgaxton?® The number of irreducibl& points varied from 20
the results for the Schottky barrier heights; Sec. IV C prefor the calculations of the self-consistent electronic density
sents the electronic structure of the models in terms of localo 230 for the densities of states.
densities of states and state charge density plots and dis- The particulars of our calculation of Schottky barrier
cusses their role in establishing the Schottky barrier heightieights and of the optical response functions of the interfaces
and the relative stability of the models. In Sec. IVD we are given along with the corresponding results in later sec-
present our theoretical calculations of the optical spectrations.
Section V contains a summary of our main conclusions.
Some preliminary results of the present study were previ-
ously published in a conference proceedifiys. IIl. STRUCTURAL MODELS

As noted in the Introduction we will be concerned with
the {111} interface of rocksalt TiC and zinc blende SiC. The
{111} planes of both of these are polar planes, indicating that

The calculations of the total energy and electronic structhey contain only one type of atom. In principle, there are
ture were carried out within the framework of density func-thus four possible terminations to consider: Si or C for the
tional theory in the local density approximatidrDA) using  SiC and Ti or C for the TiC. Since the bonding has a par-
the exchange-correlation parametrization of Hedin andially ionic character in both materials with Ti and Si playing
Lundqvist?®> We employed the full-potential linear-muffin- the role of cations and C the role of anion, it is unlikely to
tin orbital (FP-LMTO) method introduced by Methfess8l. lead to Ti-Si or C-C as pairs of interface planes. We thus
This allows one to treat potentials of general form bothexpect a mutual boundary layer of C atoms which can then

II. METHODS
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be considered to be the terminating plane of both the TiC and
SiC. This assertion may seem to be at odds with the previous
result® which found Ti on top of Si to be a low energy
configuration for thg001} interface. However, thi01} TiC
plane is neutral as it contains both Ti and C ions. In addition,
that arrangement was found to result mainly from a more
favorable Ti-Si separation in the low-energy configuration
than in the other unrelaxed geometries. We will show below
that the Ti-Si distance also plays a crucial role for {h&1}
interfaces.

Further information allowing us to limit our search for
plausible low energy structures comes from experiment. The
HREM and selected area diffraction studies by Chéenal°
show that the crystallographic directions of the two crystal
lattices are parallel, except for a stacking alternation leading
to twinning at the interface in one of the two interface con-
figurations that were observed. The HREM images show es-
sentially a continuation of the lattice planes. However, this
must be viewed with some caution because it isaptiori FIG. 1. Structure of theA, B, and C models of the SiC/TiC
clear whether the bright spots in the HREM images corre{111} interface. ModelsA andB are shown in the IDB geometry,
spond to atoms or to voids. Also, since we see only one crosshile a 6+6 layer slab-slab geometry is used for mod€l. The
section, lateral displacements perpendicular to the imagearbon (diamonds, silicon (black circleg, and titanium (white
plane cannot be excluded. Nevertheless, the images suggestigles atoms displayed are all in one plane. The crosses indicate
simple structure which can be described as follows: the zingenters of inversion, and the dashed lines emphasize that the carbon
blende and rocksalt structures— both of which consist of twdlanes are parallel in the TiC and SiC componenté ahdC while
interpenetrating fcc lattices— share a common fcc sublatticéhey are twinned irB.
of carbon atoms in the bicrystal. A common fcc sublattice of
anions was also conclusively proven by ion channeling studer Si because it is a continuation of each of the two crystal
ies for the case of ErAs/GaAs, another example of a rocksaltAttices.
zinc blende interfacé Next, we consider the main degrees of freedom for the

Having decided that SiC should enada C layer, we still  interface atoms which should be relaxed, while retaining the
have two possibilities: either the second layer Si atoms lieessential aspects of these structural models. We should dis-
directly beneath the C atoms which then results in three dartinguish here between rigid body displacements and indi-
gling bonds sticking out into the interface region, or, they sitvidual atomic displacements. In a rigid body displacement,
in the centers of the triangular array of C atoms, in whichi.e., a translation of the whole TiC half crystal with respect to
case there is only one dangling bond. Since the latter is erthe SiC half crystal, the bonding within each unit remains
ergetically more favorable for a free surface, it is reasonablgerfect, only the interfacial bonding is affected. Clearly, this
to take it to be the preferred starting point for the interfaceis energetically preferable to moving the interface atoms
formed by TiC growing on SiC. In the experiments of Chien separately while keeping the bulk layers fixed because that
et al,'® however, SiC was grown on the TiC. Neverthelesswould disrupt the bonding of the interface layers to the bulk-
one may still argue that the number of SiC terminatinglike layers. The simplest type of rigid body displacements
C-dangling bonds at the interface should be minimized in are those perpendicular to the interface. Since the carbon
low energy configuration. layer in some sense belongs to both half crystals, we allow

The above considerations lead immediately to the twdoth the nearest neighbor Ti and Si layers to it to be dis-
modelsA and B shown in Fig. 1 for the untwinned and placed independently, with rigid shifts of the attached TiC
twinned configurations of the carbon planes, respectively. Imnd SiC half crystals.
model A the carbon atoms can indeed be seen to form a The initial calculations of the models indicated that model
continuous sublattice throughout the structure, while inA is unfavorable compared #® because the Ti sits directly
model B the TiC part of the sublattice has been rotated byabove the Si. Subsequently it was shown that the forces re-
180° about &111} direction thus forming a coherefit11l}  sulting from small lateral displacement on the interface at-
twin boundary at the interface plane. We note that both modems vanished. This confirmed that these configurations are
els contain a threefold symmetry axis. In general one wouldocal minima. There is, however, another configuration
expect that high symmetry configurations are more likely toclosely related to the untwinned case which also has a three-
correspond to either local maxima or minima in the totalfold axis.
energy. We thus restrict our attention initially to configura- Considering the close-packed triangular lattice of carbon
tions maintaining a threefold symmetry axis at the interfacesatoms in the interface layer, there are three sets of threefold

From a local bonding point of view, the main difference symmetry axes: the ones through the atoms and the ones
in the models is that i\ the interfacial Ti sits directly above through the centers of the triangles pointing upwards or
the interfacial Si layer while iB it sits in the center of the downwards(the so-calledA, B, or C positions, in the usual
triangle of the Si atoms. In both models, the common carbomomenclature, which are not to be confused with the present
layer sits in the correct position to form bonds with either Tilabels for the interface configurationsthus, a rigid body

IDB
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translation parallel to the interface which maintains threefoldspecify the range of possible values of the chemical poten-
symmetry is possible. In particular, a shift which brings thetial. For example, for excess Ti atoms, we would have
interfacial Ti atoms in the same position with respect to the

underlying SiC as in modeB seems a plausible candidate u%> pri> i+ AH((TIC), @)

for a low energy structure. We label this mo@zhnd further

relax it with respect to rigid body displacements perpendicuyhere M% is the energy of a Ti atom in bulk Ti, and
lar to the interface. As will be discussed below, that structurey H,(TiC) is the energy of formation of TiC out of bulk Ti
was found to have a lower energy than that foand very  and bulk(say graphiteC. We have not carried out the sepa-
close to that foB. _ rate calculations of the IDB energy or of the separate Ti and

_ The next step is to make these interface models compag energies here because there is no need at this point to
ible with 3D periodicity so as to enable us to use bandynow the absolute value of the interface energy. Since mod-
structure methods for calculating the total energy. The mosgisA andB have exactly the same number of Ti and C atoms
commonly used procedure is to repeat the interfaces perioding SiC units and the IDB energy is essentially the same in

cally. This, however, automatically introduces a second inygth, all of the corresponding terms drop out of the differ-
terface. In structures of sufficiently high symmetry, the twoence of the energies fox andB. We find

interfaces can be chosen to be equivalent. However, because

the {111} surface of the zinc blende structure is not a mirror 25(yA— 4B)=EA _EB ®)
plane and the lattice has no inversion center, it is impossible YT supercell - =supercelt

to obtain a periodic supercell with two equivalent interfaces.

iny special techniques foqus[ng on I.ocal energy Co_mrib_u'energy for each of the models separately.
tions allow one to extract individual interface energies in Unfortunately, comparable IDB cells for th@ model in-
31 ; '
such caseS}* We have taken two different approaches 1o oy ce problems. A supercell of the same size as that used

handle this problem. for A and B involves a different geometry: its translation

In the first one, we introduce inversion domain boundarieector lying out of the interfacial plane is not orthogonal to

(lDB'Sg in th? lrlniddle fOf the SiC par; of the cell. This ap- 5t plane. The mesh of thepoints generated in such a case
proach was followed for our study of modetsandB, but will be different from that for theA and B cells. That is

not for C for the reasons given below. It was previously used, njegirable for an accurate comparison of the total energies.

n calculathns of GaAs1ly surfapes by Kaxwaa;t al* . On the other hand, one can construct an orthogonal cell with
Since as discussed above the SiC part is terminated in Evo equivalent interfaces, but in that case we need four lay-
carbon layer with a single dangling bond, the other end Ol g o Tj and three of C instead of three and two as in models
each SiC half ends in a Si layer with a single dangling bond, 5,4 B while this is not an essential problem since the

Th_e IDB’s thus_ consist of Si'_Si bonds._ The speci_fic modelgy;ra energy of a bulk TiC layer can easily be subtracted out,
unit cells used in our calculations consist of six SIiC double js nevertheless preferable to have equal size supercells
layers and a five atomic layer TiC unii-C-Ti-C-Ti) as

denicted in Fi il ref h hwith the same geometry when calculating energy differences.
epicted in Fig. 1. We will refer to such arrangements as theryig ensures that all relevant energies are converged in ex-

IDB geometry. We will show that the IDB does not have a 404y the same manner and it minimizes the effects of sys-
significant effect on any of the results for the layers adjacenfematic errors. We thus used an alternative approach. That

to the SIC/TIC interche. . . has the added advantage that when applied toAtlzand B
These supercells involve about 30 atoneluding empty 1, 4es it provides a check on the results obtained from the
sphereg a number which is sufficiently small to aIIQW us 1o |pp geometry. In this approach, we choose supercells which
conveniently carry out total energy calculations mcIudmghave a double-slab geometry. Specifically they contain three
atomic relaxations. We also note that these cells have tWBnits of TiC and three double layers of S{6r six units of
centers of inversion. Since the IDB stays the same in the W&c anq six layers of SiCagain with a mutual carbon layer
models in which itis used, we can meaningfully compute the,; e interface. At the other ends of the cell, the SiC and TiC

relaxation of each of the interface models and compare theﬁre separated by a “vacuum” which we take to be two layers
interface energies. If the IDB energy were known separatelyof empty spheres. Such arrangements will be referred to as

which could be done following the approach of Ref. 30, wey, o «gjab+siab geometry.” This approach introduces two

could obtain the absolute interface energies from additional interfaces, namely, a “SiC-vacuum” and a “TiC-
vacuum” interface. Both of these involve dangling bonds
_ which are expected to contribute states near the Fermi level.
(271 Y108]S=Esuperceir Eputk tic ™ Eouk sic™ ; Nata: However, we will show below that the effects of these states
(1) on observables of interest such as the Schottky barrier can
easily be excluded. Although the real surfaces can be ex-
where y; and ypg are the interface and IDB energies per pected to exhibit relaxations, this need not concern us here
unit area,S is the unit cell areal:gpercenthe total energy of  since the surface energies of the present models again drop
the supercellE, ik ic and Epyk sic the total energies of cor- out of the relevant energy differences. In this approach, the
responding numbers of TiC and SiC layers in the bulk, andenergy associated with the translation involved in going from
N, is the excess number of atoms of speaieper unit cell A to C can straightforwardly be evaluated by subtracting the
and u, their chemical potential. The last term allows one, supercell total energies without any need for additional cal-
for example, to introduce extra Ti atoms in the cell to pro-culations and without having to worry about equal conver-
duce a cell of a convenient shape and size. It requires one gence of bulk and supercell energies. A final advantage of

he above-mentioned terms also drop out of the relaxation
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4.00 localized to its immediate vicinity. It will thus not apprecia-

1;: A bly influence our conclusions about the TiC/SiC interface.
3.50 - "o Our next and more important concern involves the relax-
e ation of the atomic positions in the interfacial layers in both
— 3.00 N e e structures. We first assume that all the interplane distances
g 250 | (Si-C, C-Ti, Si-Tj in the interfacial region change homoge-
® - neously, i.e., are all expanded by the same fa@toSince
g 200 L @ the Ti and Si are cations in their respective sublattices we
= expect them to repel each other, i.e., Bto relax to a value
§ 1.50 - @“I"-‘Q:::::Q::»’iig"' greater than one. Subsequently, we checked that separate re-
% 100 ¢ . . L Iaxati_ons of the Si-C and C-Ti inter_plan_g distances gives
—~ [~ B 1.0 14 12 13 practically the same result as the simplified homogeneous
%’ 050 - - B model. For simplicity we only show the results of the homo-
® e o i@ geneous model.
0.00 |- R - Figure 2 displays the energies for the two structures as a
function of 8 by the open circles with the value effixed at

the value 1.24 found above. It can be seen that the relaxation
at the interface is much larger for, and has a much greater
effect on, the higher energy than lower energy structure.

FIG. 2. Relaxation of the total energy of structusesandB in ~ The energy differences between the minima is reduced to
the space of two parametesisand 8. « corresponds to IDB bond about half the unrelaxed difference. Nevertheless, the
relaxation and is indicated with filled circleg.corresponds to SiC/  twinned structure remains the distinctly lower energy struc-
TiC interface plane relaxation and is indicated with open circlestyre.
yvhen performed in the IDB geometry and with squares when done The final calculated energy difference between relaxed
in the slab models. Theg-relaxation results for the C structure modelsA andB is Ay,=2.8 3/ or 1.43 eV/unit cell area

(carried out only in the slab geomeltrgssentially overlap those for (i.e., per Ti aton. The relaxation energies of modélandB
the B model and consequently were not included. The energy "~ .
re, respectively;- 3.1 J/nm? and — 0.3 J/n?.

shown is normalized per interface unit cell area and given relativé®
to the lowest energy of modeé8. Dotted lines indicate best fits
through the calculated points and were used to obtain the energy 2. Slab+slab geometry
minima. . . .

As mentioned in Sec. lll, by using the slabslab geom-
the slab+ slab geometry is that small lateral displacementsetry we were able to check the interface relaxations found for

away from the threefold symmetry can be taken into accounth® DB geometry, and, in addition, to study the structre
and the effects of small lateral displacements away from

threefold symmetry. The relaxation in terms of {Bescaling
parameter was calculated in the same manner as in the IDB
A. Structural relaxations models. These results are shown in Fig. 2 by means of the
open squares. We found the minimum for thenodel at the
same B value, 1.23, found above, and for tli2 model

Our first step in determining how the IDB affects the elec-3=0.98, i.e., close to the ideal distance. The relaxation en-
tronic structure at the interface, and, in particular, the totakrgies of—2.9 J/n? in the A case and almost zero in thge
energy differences is to consider the relaxation of the disease are also in good agreement with the IDB results. For the
tances between the two Si layers in the IDB. The separationinterface energy difference we firy, = 3.2 J/n?. Although
s is expressed as= as;, wheres; is taken to be the pure the precise values differ slightly from the IDB results, the
SiC bond lengtt(1.88 A). The energies of the two structures conclusion is the same. This gives us confidence in the ap-
as a function ofa (while keeping the rest of the structure plicability of the slab+ slab geometry thus allowing us to
ideal) are shown in Fig. 2 as the filled circles. The energiednvestigate structural modifications which would be difficult
displayed are relative to an arbitrary referefiebose choice to address with the IDB model.
will become clear latgrand divided by a factor two. The Next, we checked the stability of modedsandB against
reason for the halving is that then the energy differences giveateral displacements away from the threefold symmetry. To
the change in interface energy between moleindB per  calculate the change of the total energy due to such a trans-
interface unit cell aregsee Eq.(3)]. It can be seen that the formation we made a rigid shift of the TiC part of the cell
bonds in both structures relaxto=1.24 ors=2.25 A. For  along the horizontal axis in Fig. 1 without moving the inter-
comparison, the bond in pure Si is 2.35 A. Most significantlyfacial carbon layer. For shifts up to the order of 0.1-0.2 of
for our purpose, the curves for th and B structures are the lattice constant, the total energy increased monotonically
virtually identical except that the curve for the energy of thein both the structure8 andB (which were initially relaxegl
twinned structure being rigidly displaced below that for the This provides a strong support for our previous assumption
untwinned structure by the substantial amount of 2.8 eV/unithat the structured andB with the threefold symmetry axis
cell area. This provides evidence that the IDB behaves as aare stable with respect to small tangential shifts, i.e., they
independent entity with a total energy difference contributionrepresent at least a local energy minimum.

IV. RESULTS

1. IDB geometry
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N7
FIG. 3. Nearest neighbor carbon environments of the interfacia h ‘
Ti atom in theB andC models.
FIG. 4. Charge densities in modeis B, andC shown as a gray
Finally, we examine th€ model. Its energy minimum is  scale and contour lines calculated i3 slab models. The plane
reached at the value of the paramegeclose to unity and passes through the nuclei of all atoms indicated and is the same as
hence very close to that for th structure. Since its depen- in Fig. 1.
dence ong is also close to that foB its values were not
included in Fig. 2. Moreover, the absolute value of the tOta&ypiCm Ti-Si distance in Ti silicides which fall in the range
energy for theC structure was found to be almost the same, g4< dr,.5=<2.80 A% This suggests that the high energy of
as for theB structure. It is actually found to be lower by 8 he A configuration is due to the repulsion between Ti and Si
meV/atom. However, we consider this to be too small anyhose nearest neighbor distance is unfavorably compressed.
energy cﬂfference to be S|gn|f|c§1nt. We thus conclude that 19, the ¢ andB models on the other hand, the Ti sits at the
the precision of these calculations tBeand C models are 616 comfortable distance of 2.59 A from the Si atom. The
essentially degenerate in energy. charge density plot, indicates that in modBlandC there is
rather little Ti-Si bond charge, suggesting little interaction at
all between Ti and Si. This is because of the nature of the
The closeness in the energies and in tjgd (elaxations hybridization of the Ti orbitals which are already strongly
for the C and B models, which have the same Ti position participating in Ti-C bonds.
relative to the SiC surface, indicates that this relative posi- The reason why the Ti-Si distance in themodel cannot
tioning is the most important factor in determining the inter-be stretched further can be understood as follows. Suppose
face energy. In both th€ andB structures, the Ti sits si- that the interface carbon atoms stay fixed with respect to the
multaneously above the centers of the triangles formed bynderlying Si atoms so as to maintain their tetrahedral bond-
nearest neighbor interfac®@ atoms and above the second ing environment as closely as possible. Then the bonding of
layer interface Si atoms. The difference between the two ishe Ti to the interface carbon;Gveakens as the Ti recedes
that in theB model the carbon atoms in the next layer on thefrom the interface. On the other hand, if the Were to move
TiC side sit above the underlying Si atoms while in fie along with the Ti, the Si-€ bonding underneath would
model it sits above the interfa layer. This is illustrated in  weaken. Our calculations indicate that the ratios of the
Fig. 3. Ti-C; and Si-G to Ti-Si interplanar distances, with their sum
The nearest neighbor cage 6f atoms around the inter- equaling the Ti-Si distance, stay the same during the relax-
face Ti is thus the usual octahedronBnwhile it is a trian-  ation, meaning that some compromise between the two
gular prism inC. While theB model thus provides a nearest above tendencies occurs. In either case, we see that this
neighbor cage exactly as in bulk TiC, and thus might beweakening of the Ti-Cand/or Si-G bonds will limit the
expected to have a significantly lower energy, this turns ouextent to which the Ti-Si distance can be expanded.
not to be the case. The charge density plots in Fig. 4 show The charge densities exhibited in Fig. 4 reveals that there
that the bonding of the interface Ti to the interface C is veryis actually more charge in the Ti-Si bond region in the model
similar to that to itsSC neighbor on the TiC side in both tlie A than in the other two. Furthermore, there is clearly a much
and C models. weaker bonding of the Ti to the;@n that model. This shows
In contrast, in the puré\ position, the Ti sits directly that the bond-length analysis alone given in the preceding
above the second layer Si atoms. In the unrelaxed positioparagraphs does not reveal the complete story. From the
the Ti-Si distance is 1.88 A, whereas after relaxation it be-point of view of the charge densities, we see that mo#els
comes 2.30 A. Even so, it is still considerably smaller than andC are characterized by three strong interface Ti-C bonds

3. Local bonding environment analysis
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and three rather weak Ti-Si bonds. In modelthere is a our calculations indicate, we would expect to occasionally
somewhat stronger Ti-Si bori@hich should nevertheless be also find the untwinned arrangement even if the untwin@ed
weaker than in the Ti silicides because of the remaining bondhodel would have a slightly higher energy. In favor of this
compressiop but there is only one of these and the threeassertion, we note that the SiC grown on top of TiC is found
Ti-C interface bonds are significantly weaker than in theto exhibit numerous microtwins. In opposition to it is in fact
other structures. So from this point of view it is rather thethat the latter did not seem to originate directly at the inter-
weakened Ti-C bonds that are responsible for the higher erface. We note, however, that to date only one experimental
ergy of theA model. It is, however, interesting to note that study has been made of the structure of this interface. Sig-
this severing of the Ti-Cbonds results from the repulsion nificant statistics for the relative frequency of occurrence of
between the Ti and Si. twinned versus untwinned interface structures is lacking.
One other point revealed in Fig. 4 is worth observing. In A large energy difference between twinned and un-
the C model, the C atoms in the second layer on the TiC siddwinned structure as we found betwegrandB would make
is sufficiently close to the interfacial,Gitoms that there is a the high energy structure unlikely even in the presence of
nonnegligible interaction between the two. Effects mani-steps. Thus, the observation of both structures, twinned and
fested by this will be noted below. untwinned, is, in our opinion, an indication that both struc-
Having rationalized the total energy differences in termstures have nearly equal energies, in agreement with our find-
of bond-length relaxations and total charge densities and inings for the small energy difference betwe@rand B.
terplanar forces, it would at this point be desirable to further
confirm these interpretations by inspection of the interface

electronic densities of states. That is done below in Sec. B. The Schottky barriers
IV C. Before that, however, we will compare our structural  There are a few factors which make the calculations of a
results with the HREM resullts. Schottky barrier more difficult than the band offset between

two semiconductoré particularly those with a small lattice
mismatch and the same valencies. For one thing, the differ-
A rigid body translation like that in ou€ model was not ence in the character of the bonding in the two components
discussed explicitly by Chieat al'® Nevertheless it is clear of the semiconductor/metal system is significant. This can
from the suggested crystal structures in their paper and frofead to appreciable relaxation at the interface. As noted
the electron micrographs that Ti atoms do not sit directly orabove, we are including such effects. Secondly, as was
top of Si atoms in the untwinned case. Thus those imageointed out by Dagt al,® the Schottky barrier heighbh,
most likely corresponds to o@ model rather than to ouk  although a ground state property and, as such calculable
model. This inference is also consistent with the absence of fom Kohn-Sham density functional eigenvalues, must in
substantial interplanar expansion. In fact, the interplanaprinciple include a possible discontinuity in the exchange-
Ti-Si distance they obtain by image simulations is 1.878 A.correlation potential across the interface. This is not included
It is significant that this is very close to the ideal and thein the LDA. Unfortunately, no explicit approach is available
relaxed distances obtained in modBlandC. As explained to compute this discontinuity except for very simplified
by the authors, the images show an apparent “gap” betweemodel system3? From a somewhat different point of view,
bright spots at both interfaces which might naively be takerone may also look at Schottky barrier heights as a difference
as meaning an expansion of the interplanar distance. Howsetween one-electron excitation energies, which can be cal-
ever, they showed that the best image simulations were oleulated, for example, by means of ti@W method?®3738
tained when it is assumed that there is a contrast revers@éhamed after the original notations used in Ref). 2&hile
between TiC and SiC. In other words, Ti spots are bright buthe corrections to LDA values found by this approach are
Si-C pairs(not resolved correspond to the dark spots. Such typically less than 0.1 eV for interfaces between semicon-
a reversal is not an uncommon occurrence. ductors, they are expected to be somewhat larger for those
The next question that comes to mind is why the twinnednvolving a metal. Wenzienet al>® obtain a value of
structure was observed on large flat terraces while the un—0.66 eV for the correction to the valence-band maximum
twinned structure was found only on sméllll) facets oc- in 3C-SiC. Since the correction to LDA is believed to be
curring on step bunche@l12 surfaces. Two possibilities much smaller in a metal, we take the correction for the Fermi
may be considered: either the twinned structure has a signiflevel of TiC to be zero. This would imply that all our LDA
cantly lower energy, or, the energies for both structures argalues for the Schottky barrier height have to be increased by
fairly close and growth kinetics is responsible for the differ-0.66 eV. In any case, even if the absolute value of the
ence in their occurrence. Our present results indicate that th@chottky barrier height is somewhat uncertain, the LDA cal-
latter is more likely. In fact, to the precision of our calcula- culations should be capable of providing the differences in
tions we find y®~ <. The occurrence of the untwinned barrier height for different interface structures. This was
model for faceted surfaces is easily explained. Kinetic effectslemonstrated by Daset al® in their calculations for
due to step edges are well known from the growth of the SiQNiSi,/Si. Their calculated Schottky bariers indeed underesti-
on off-angle 61-SiC surfaces. The small terrace sizes aremated experimental values by about 0.5 eV but their value
found to aid in maintaining the layer stacking of the sub-for the difference in barriers for twinned and untwinned
strate. The same effect is expected in the present case whstructures(a situation rather similar to the present pmeas
steps are present on the TiC surface and terraces are smallintagreement with experiment.
is more difficult to explain why the twinned structure appears Our method to determine the Schottky barrier closely re-
to be dominant on flat surfaces. If the energies are as close asmbles a procedure often used experimentally. The scheme

4, Comparison to HREM
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models. In this figure we have arbitrarily shiftedo be zero
at layerA = — 3 on the SiC side. Thus the valueobn layer
N =3 on the TiC side immediately gives the Schottky barrier
®B for A andB. The layers+=4 and =5 approach the two
surfaces and are thus less bulklike than the layer 3. However,
one can clearly see thatreaches a plateau on either side of
the interface within the few layers that comprise our compu-
tational unit cell. Thus the curve yields a well-defined
Schottky barrier. We obtaid values of 1.0 eV for theA
structure, 1.2 eV for th& structure, and 1.1 eV for th€
structure. These values are in satisfactory accord with those
obtained from the IDB geometr§l.0 eV for A and 0.9 eV
for B) and from an independent estimate using the local den-
sities of stategsee below.

The most remarkable thing about these values of the
NS T T 5 s 1 o 1 5 3 4 5  Schottky barrier height is that they are almost the same for

by all of the structures. The reasons for this will become clear

when we examine the electronic structure of the interface in

FIG. 5. Schottky barrier determination. The quanttyefined Sec. IV C . . .
in the text is shown as function of carbon-layer numbelt relates Including the LDA correction mentioned at the beginning
to E, on the SiC side and t&¢ on the TiC side. Layer 0 corre- Of this section, our calculations predict the Schottky barrier

sponds to the common interface CE, in the central SiC layer t0 be 1.7-0.1 eV, with the uncertainty taken to be the dif-
(A=3) is chosen as reference so that the values on the right givéerence between the two minimum energy structu@eand
@B directly. The filled circles correspond to the the open squares B. The uncertainty in the LDA corrections is more difficult
to the B, and the triangles to th€ model (for a 3+3 slab. to evaluate but is certainly larger than that. The above value
thus leads to the prediction of a Fermi level position at about
utilizes the simple fact that in the “bulk regions” of the 2/3 of the gap measured from the valence-band ©rS3C
structure the separation of relevant “valence” enerdees., (Eg=2.4 eV) and about half way in the gap forH5SiC
the Fermi energy of the metal and the valence-band maxi(Egzg_o eV).
mum of the semiconductpfrom core levels are the same as  The Schottky barrier height has to our knowledge not
in the bulk. Thus by using that energy difference along withheen measured directly. However, it has been deterrfiiéd
the position of the core level in the structug()) at layer  that strongly rectifying behavior occurs fprtype SiC while
numberk, which essentially follows that of the average elec-Ohmic behavior could be obtained with n-type SiC. In order
trostatic potential in the structure, one obtains the position Ofo be Compatib|e with our results, we must assume that the
the relevant valence energy relative to a common referenc@hmic behavior results from tunneling through the Schottky
energy in the entire structure. The relative positiorEefin  parrier. The fact that the contact resistance @SC (Ref.
the TiC component is thus given by(N)=Ec(\)  10) is lower than on 61-SiC (Ref. 1) by a factor of about
+(EE'C—EC,0), whereEE'C— E.ois the separation dEr and  two could be viewed as being consistent with the fact that
the core level in bulk TiC. We define to be a similar quan- our Fermi level is significantly closer to the conduction band
tity for the SiC component except that it involves the edge in 3-SiC than in 64-SiC. However, the difference in
valence-band maximutg, instead ofEr. Sincee(\) tracks  the tunneling probability due to the different barrier heights
Er on the TiC side and, on the SiC side, the difference in the two polytypes would be expected to be much larger
between its two “asymptotic” value@hose forh—+o and  than a factor of two. The structural quality of the interface
A— —o, whereA =0 at the interfacegives us the Schottky undoubtedly plays an important role. In fact, the low values
barrier. of specific contact resistance are probably primarily due to
In principle, we can use any of the core levels for thisthe better structural quality of the interface along with thin
procedure, and they need not even be the same on each layspace-charge layers due to heavtype doping. They do not
as long as we use the approprife— E. 5. This was shown necessarily reflect a true band lineup of the Fermi level with
in our previous report on the part of this wétlbased on the the conduction band edge. Nevertheless, the above shows
IDB models. In practice, there are slight variations due to thehat further improvement in the contact resistance would be
fact that certain core levels track the electrostatic potentigpossible if we could find a means for shifting the Fermi level
more closely than others and because of slight differences inigher into the gap.
the bulk and interface computational parameters. In the Porteret al.” reported values for Schottky barrier heights
present case, we use the same core level, ths, Griboth  at as-deposited and annealed HX5IC contacts measured
sides of the interface. This seems preferable as it helps twith a variety of techniques: current-voltagk-\{), capaci-
reduce systematic errors. A better approximation of bulkliketance voltage €-V), and XPS. Formation of an interfacial
behavior in the central layers on both sides of the interface itayer of TiC was observed in these annealed structures, but
achieved in the larger cells. We thus used the large66 with an additional formation of Ti silicides further away
layer slabs for theA and B structures for this purpose. A from the interface with SiC. Because the Fermi levels in the
3+ 3 layer slab was used f@. Figure 5 shows the variation metals(TiC, Ti-silicide, and unreacted Timust align, one
of & with the carbon layer number in the cells for the threecould thus attempt to interpret the annealed values as corre-
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FIG. 6. Densities of states for different layers of SiC in the  FIG. 7. Densities of states for different layers of TiC in the
(6+6) slab geometry for thé structure(left graph andB structure  (6+6) slab geometry for thé structure(left graph andB structure
(right graph. The upper curve is for SiC at the interfagthe C of  (right graph. The upper curve is for TiC at the interfatie C of
which are on the mutual carbon layer with TjGvhile the curves  which are on the mutual carbon layer with $i@hile the curves
for the other layers are shifted down. The lowest curve is for SiC afor the other layers are shifted down. The lowest curve is for TiC at
the interface with “vacuum.” The energies are relative to the Fermithe interface with “vacuum.” The energies are relative to the Fermi
energy. The dashed curve in the middle shows a bulk SiC DOS foenergy. The dashed curve in the middle shows a bulk TiC DOS for
comparison. Arrows indicate interface and surface states. comparison. Arrows indicate interface and surface states.

sponding to the SiC/TiC barrier height. However, the inter- C. Electronic structure

faces were not homogeneous. The effective barrier height is In this section we present results for the electronic struc-
thus influenced by parts of the interface where Ti silicides otture of the interface primarily by inspecting partial densities
pure Ti is in direct contact with SiC. It may also be influ- of states(PDOS. These provide insights into essentially all
enced by defects occurring at these less well-matched inteproperties and aspects of the interface, e.g., the interfacial
faces. This of course makes the interpretation difficult. Nevbonding and energetics and the origin of the Schottky barrier
ertheless, their values for the electron SBH, i@}  height.

=E.—Er, are about 0.79-0.88 eV for as-deposited and Since the PDOS for the IDB models were shown
about 0.86—1.04 eV for annealed. These values are somglSewheré’ here we present only the results for the slab

what smaller than the presently calculated values, but, giveff5|ab geometries. These permit a more accurate evaluation

the uncertainties mentioned. are not too far from our resultsOf the interface electronic structure features and their decay

Furthermore, since pure Ti}SiC appears to have a smalle'-PtO the bulk because of the larger number of layers that were
. . . employed in these models.

SBH than TiC/SiC and influences the effective value for the Figures 6 and 7 display the PDOS for the six layers of SiC

annealed sample, one could infer that the reported value P'%nd the six layers of TiC, respectively, in theand B su-

V|de§ an underestlmate of the pure T'C/S'C, SBH. _ percells. It is apparent that the shape of PDOS in the second
Itis also of interest to compare our predicted values withy, . g fith layers from the interface are almost identical in

those of the Schottky theory. In that theory, the Schottkyihe two structures. Moreover, they are similar to those for the

barrier height is expected to be simply the difference in workiegpective bulk materials, shown in dashed lines, when the

functions. The worlzofunction for B-SiC has been reported |atter are appropriately shifted. The shifts in energy required
to be 4.80-0.05 eV For the work function of TiC, experi- to achieve this “best alignment” have uncertainties of at

mental values between 3.8 and 4.1 have been reported whilgast 0.1 eV. With this alignment, the SiC valence-band
theoretical calculations gave 4Befs. 43 and 4.7 eV*! The  maximum is found to occur 0.9 eV below the Fermi level of
discrepancy between the measured and calculated values wiag slab which coincides with that of bulk TiC. We thus
proposetf to be due primarily to the existence of carbon obtain an independent estimate of the Schottky barrier of 0.9
vacancies in TiC. In fact, one finds that the work function of = 0.1 eV for both models, a result in good agreement with
TiC, increases withx. The Schottky theory would thus give the values obtained above using core levels.

a p-type Schottky barrier of 0.1-1.0 eV. This is rather dif- While the PDOS for the second through fifth layers differ
ferent from our value of 1.7 eV. We will show below that the very little from each other they differ from that for the sixth
Schottky barrier in this system is strongly influenced bylayer, which interfaces with “vacuum” and which exhibits
Fermi level pinning at interface states. As such, the Schottkydditional peaks due to surface effects, namely, dangling
limit is not expected to apply. bonds. These results indicate that the three interfaces in the
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FIG. 8. Densities of states for the Ti layer nearest to the inter-
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face for the relaxed\, B, andC structures in thé6+6) slab geom-

etry. The energies are relative to the Fermi energy. FIG. 9. Partial charge densities of states in a narrow energy
window around the Fermi level in modeds B, andC shown as a

I he obi . gray scale and contour lines calculated i#t 3slab models. The
Superce. (one the object of our S_tUQY’ the other two inter- plane passes through the nuclei of all atoms indicated and is the
faces with the “vacuum) have significant effects only on same as the one in Fig. 1.

adjacent layers. The PDOS for the SiC adjacent to the inter-
face shows a fairly wide distribution of interface states in the

gap, which is indicated by an arrow. These states are corrjlg the central concerns of this study; moreover, these sur-

monly referred to as metal induced gap states, or MIG’s, an c;s Wetrr(]a |n°t r?le.lxe? or trr? cor;]str_ucte;j. losel
are basically the tails of the TiC states into the SiC. evertheless, It is clear that the interface states are closely

The PDOS for the Ti layer nearest to the interface isrelated to corresponding free surface states. Due to the ter-
shown in greater detail around the Fermi level Fig. 8. In eacfhination of the TiC lattice in Ti with the common,Gayer
of the three structures the Fermi level is located precisely oR€ing more closely bound to SiC, we obtain unbounded Ti
a DOS peak which does not appear in the bulk. ThaEjsis  d-tzg states which produce a peak at the density of states. At
pinned at an “interface state.” The peaks in theandB  the vacuum end, our model ends lwi C layer on the TiC
models have very similar amplitudes and widths while thatside. Hence the surface states there are somewhat shifted in
for C is broader. The latter appears to be the overlap of thenergy from the ones near the interface. Both are indicated
peak corresponding to those Anand B with the one above by arrows in Fig. 7. TiC surface states were previously stud-
it. The Fermi level states are found to have mainlydTiy ied by Wimmeret al*! and Priceet al*? for TiC {001} and
character, with a weak admixture-0.2) of C p functions by Fujimori et al*® for both the{111} and{001} surfaces.
from analysis of the orbital projected densities of states and Figure 10 displays the DOS for the interfacial carbon
partial charge densities shown in Fig. 9. The contributiondayer, the layer which is shared by both the SiC and TiC
from Si atoms to these states are negligible. This fact iparts of the structure. As might be expected from the fact that
consistent with the similarity of the interface states in boththis carbon layer could be considered “the interface,” or, at
structures. least the layer in the center of the interface, it is the one most

The most prominent peak in Fig. 8, which lies at sensitive to the details of the structure. Thus greater differ-
~2.1-2.3 eV in theA andB models and~2.8 eV inC, ences between various spectra might be expected here than
reflects a major Ti peak in bulk TiC. The relative upwardsin the interface Ti laye(Fig. 8). The most significant overall
shift of this peak for theC-structure results from the fact that difference is that the spectra f& and C, which are gener-
interface Ti is not bonded octahedrally to its carbon neigh-ally fairly similar, are shifted downward relative to the spec-
bors. trum for A by roughly 2 eV. This reflects the fact thAtand

Figure 9 shows partial charge densities from a region ofC have appreciably lower total energies thAn Another
energy of=0.5 eV around the Fermi level. It shows clearly prominent difference in the three PDOS is the peak at
that the largest contribution near the interface iglTpg and ~ —1.3 eV in the spectrum foC.
is very similar in all three models. To identify the atoms in  To pursue the issue further, we show the PDOS for the
this figure, it is useful to compare it with Fig. 4. The inter- carbon atoms in the carbon layer adjacent to the interface on
face occurs roughly in the middle of the figure. The otherthe TiC side in Fig. 11. The spectrum for C in bulk TiC is
sizable contributions to the charge density in this energy redisplayed as the dotted curve for comparison purposes. The
gion appear near the top and bottom of the figure and correrelevant feature in this set of curves is the reappearance of a
spond to surface states. These surfaces states are extranepaak at— 1.3 eV for the C structure. The presence of this
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FIG. 10. Densities of states for the interfacial carbon layer for  FIG. 11. Densities of states for the carbon layer adjacent to the
the relaxedA, B, andC structures in the slab geometry. The ener- interface on the TiC side for the relaxéd B, andC structures in
gies are relative to the Fermi energy. the slab geometry. The superposed dotted line is for bulk TiC. The

energies are relative to the Fermi energy.

peak her_e as vv_eII as for_the |nFerfaC|aI Ti and C atoms for theThe computations were carried out for the three structures. In
¢ model is again a manifestation of the nonoctahedral bondsger to exclude possible contributions from the extraneous
ing of the interfacial Ti to its carbon neighbors. surface states which appear from interfaces with the vacuum,
we performed all of the dielectric tensor calculations using
supercells with the IDB geometry. As was noted in Sec. lll,
the IDB supercell for th&C model of the same size as those

Since optical properties reflect the electronic structure of gysed for theA and B models differs from them in that its
system, it is of interest to see if they could effectively betransiation vector lying out of the interface plane is not or-
used to detect the interface states shown here to play afogonal to that plane. That fact, however, does not intro-
essential role in determining the Schottky barrier heightqyce any fundamental difficulties here. In contrast to the
What makes this an even more attractive pOSS|b|I|ty than irtomputations of the total energieS, here we will not be con-
other interface systems is the fact that SiC is transparent iBerned with quantitative differences between the results for
the visible. the different structures.

We are concerned here with the optical properties as ex- A problem in calculatinge,(w) over even moderately
pressed by the frequency dependent dielectric function assqyide energy range for our system arises from the role of
ciated with direct interband transitions. It is also of interest tOCorrectionS to the LDA. In SemiconductorS’ this is frequenﬂy
see if these properties are sufficiently different for the thregeferred to as the “gap problem.” For the most common
structural models that the frequency dependent dielectrigolytypes of SiC it was found that a constant shift of about 1
function could serve as a tool to distinguish between them.g\/ of the bands at and above the fundamental band gap is

Because of the presence of the interface there is a uniqugeeded to bring the calculated reflectivity into agreement
principal axis of the dielectric function tensor, which is alongith measured value¥. This shift is in fairly good accord
the normal to the interface. And, because of the threefolqyith that found in recen6W calculations® At the present
symmetry there are two degenerate axes perpendicular to thﬁHoment, however, we do not have a similar knowledge of
direction. There are thus two independent components ahe corrections for TiC. We could only anticipate that they
both the realg;(w), and imaginary parts;(w), of the com-  \yould be smaller because TiC is metallic.
plex e(w) tensor. We have calculated the contributions to These problems are most severe for energies near and
62((0) from the interband transitions inClUding the Computa-above the band gap of SiC. Since we are here primar”y
tion of the dipole matrix elementsee, e.g., Refs. 44,45 for concerned with the role of the interface states which are most
details. The real part,e;(w), could be obtained from important at relatively low energief<Ey(SiC)] and are
€2(w) by a Kramers-Kronig transformation if it is needed. aiming at qualitative effects, we will utilize the LDA bands.

Although we used a full-potential method in all other phasesye also recall that there are no direct interband transitions in
of this work, we used the scalar relativistic LMTO method in SiC for 4w<5.5 eV and there are only weak contributions

the ASA (Ref. 46 to obtain the electronic structure used in from TiC.

the calculation ofe;(w). However, the positions of the at-  Figure 12 shows the interband contributionsei¢w) for
oms were taken to be those determined by the FP calculg;y<4.0 eV for the three structures and both polarizations.
tions. The tetrahedron method with 5§€points in the irre-  The major relevant features that can be drawn from Fig. 12
ducible wedge was used for the Brillouin zone integration.are as follows(1) though both components of the system are

D. Optical spectra of interface
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~ FIG. 12. The imaginary part of dielectric function(w) for FIG. 13. The polarization ratio functiof(») (see textin the
light polarized parallel to the interfacial plarithree upper curves infrared regioniw<1 eV for the three models. Solid line corre-
and perpendicular to {three lower curves Solid lines are used for sponds to theA model, dotted to th® model, and dashed to ti@
the A model, dotted for thé8 model, and dashed for the model. 1 qdel.

cubic, the components fdEL ¢ andE|c are quite different we see that the Drude contributions will be quite weak.
— the difference reflecting the presence of the interface; anfiloreover, like the other contributions (), those from
(2) there are significant differences between the spectra for the bulklike regime will cancel out of. Only those arising
andB on the one hand an@d on the other. The peaks at low from the few layers adjacent to the interface will not com-
energy arise mainly from interface states arolfid. The  pletely cancel.
strong covalent bonding typical of the carbides strongly ad-

mixes the Tid and Cp states resulting in charge transfer

interband transition® As mentioned earlier, the Si atoms

are not strongly involved in the interface states and conse- The main results of the paper are as follows. Based on the

V. SUMMARY

guently do not play a significant role ip. results of HREM studies and on physical arguments we iden-
To emphasize the contributions from the interface, wetified three likely trial structures for the TiC/Si111} inter-
have computed the polarization ratio face. We calculated and compared their electronic structure

and total energies. These models all have a common carbon

€, (w)—€&)(w) layer at the interface and a common carbon sublattice shared

:W’ (4) by the two components. The sublattice is twinned in one of
the models. The two low energy structures, labé3eahdC,

the values of which are restricted to the rangd to 1.  which are, respectively, twinned and untwinned configura-
Because contributions from the cubic bulklike regions aretions, are found to have energies which are quite close and
polarization independent, they cancel ouofThe values of are significantly lower than the third structure which is un-
{(w) in the infrared regio w<< 1 eV for the three models twinned and denoted. In both of the low energy structures,
are shown in Fig. 13. The key feature of these results is thathe Ti atoms are located in the hollow sites in between sub-
while the differences betweefis for A andB are relatively  surface Si atoms. The metastable higher energy structure has
small they are huge between those ratios and thaCf@ur  the Ti directly above the Si in which case there is an unfa-
inability to use this optical properties to distinguish betweenvorable repulsion between the two. While relaxation accom-
the A and B structures is in fact not too serious, since themodates for this Ti-Si bond compression to some extent, it
relatively high energyA model is, in fact, an unlikely candi- cannot lead to the bond’s achieving its equilibrium length
date structure. On the other hand, the large differences in thgithout adversely affecting the interfacial Ti-C bonds. This
ratios for the likely B and C structures, particularly for results in a less favorable energetic compromise. The calcu-
hw<0.5 eV, suggest a promising means for distinguishindations predict an almost perfect interface interplanar dis-
between the two. tance for bothC andB models. The calculations also predict

The complete dielectric function, of course, also includeshat the favorable untwinned configuration corresponds to a
the contributions from intraband transitions, namely, therigid body translation parallel to the interface so as to bring
Drude term, which are concentrated at low energies. Sincéhe Ti into the above-mentioned position. These predictions
these contributions are proportional to the square of thevere shown to be in good agreement with HREM image
plasma frequencyw,, and that quantity is expected to be simulations. The higher energy untwinn&dstructure would
less than 10 of the corresponding value for a good metal, have a much larger interplanar spacing and is not consistent

{(w)
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with experimental images. The nearly equal energies of theorrection to the LDA for the valence-band maximum of SiC
twinned and untwinned modeB and C indicates that the is taken into account. ForH-SiC, the Fermi level position
preferred occurrence of the untwinned configuration onwould then be at about midgap if as expected the valence-
stepped surfaces is related to step-flow growth rather than asand maximum to Fermi level lineup is assumed to be the
energetic difference. The steps ensure the continuation of th&yme as in the cubic form. This is in gualitative agreement
cubic stacking. This principle is similar to the stabilization of with the observation of lower specific contact resistance for
6H-SiC on stepped I8 substrate§? The reason for the pre- Ohmic contacts ta-type 3C-SiC than to &1-SiC. It indi-
dominance of the twinned form on large flat areagXil)  cates though that in both cases these are tunneling contacts
surface is not clear given that we find the twinned and unyather than true band line-up Ohmic contacts.
twinned forms to have energies that are so close. Finally, we showed that the interface states pinning the
While significant energy differences were found betweengermj level have a characteristic contribution to the optical
the A model and theB and C models, we found all three response function. Although it lies in the IR and as such may
models have almost the same Schottky barriers. This situq;ve”ap with the rather weak Drude term of bulk TiC, it was
tion is rather different from, for example, Nig5i,*® and at  shown to posess strong anisotropy with respect to the inter-
first rather surprising and interesting. This should, howeveriace plane which should allow one to distinguish it from bulk
not be taken as evidence that Schottky barriers are related tntributions. We think this is a promising technique, per-
bulk properties only, nor does it support the Schottky theoryhaps along with internal photoemission, to probe these inter-

of SChOttky barrier heights, i.e., that they are the difference$ace states and to experimenta”y Verify the predictions of
between work functions. In fact, we find that the Fermi levelihis theoretical work.

is strongly pinned by interface states. The explanation for the

structure independence is that the states pinning the Fermi

level are primarily Ti nonbonding states not participating in
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