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SiC/Ti;SiC, interface: Atomic structure, energetics, and bonding
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The structural, electronic, and adhesive properties of the 4H-SiC(0001)/Ti3SiC,(0001) interface are system-
atically investigated by first-principles calculations. A total of 96 candidate interface geometries are considered,
encompassing four SiC terminations, each of which involves six Ti3SiC, terminations and four stacking
sequences. We find that the fundamental influence of the SiC substrate on the optimal Si-terminated interface
is twofold characterized atomically by pulling the interfacial C atoms of Ti3SiC, toward the positions that
would normally be filled by C in bulk SiC and electronically by forcing the density of states projected on the
interfacial C of Ti3SiC, to approach that of C in bulk SiC rather than bulk Ti;SiC,. Consequently, the
interfacial C of Ti3SiC, is reasonably viewed as a natural extension of the C sublattice of bulk SiC across the
interface. In contrast, atomic relaxation in the optimal C-terminated interface results in minor rearrangement,
wherein the interfacial C of Ti3SiC, rests straight above interfacial C of SiC. Regardless of the relaxation and
SiC terminations, adhesion is found to be sensitive to choice of Ti3SiC, termination and interfacial C to be an
important factor influencing adhesion strength. Using several analytic techniques, we have characterized the
electronic structures thoroughly and determined the interfacial bonding to be of a mixed covalent-ionic nature.
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I. INTRODUCTION

The promising mechanical and electronic properties of
silicon carbide (SiC) are stimulating extensive investigations
focused on exploiting its semiconducting and excellent struc-
tural properties. In fact, the interest toward SiC is twofold.
On one hand, it is a high-strength composite and high-
temperature structural ceramic,! demonstrating the ability to
function in extremely high friction and radiation
conditions.>> On the other hand, it is an attractive
semiconductor* with excellent inherent characteristics such
as a wide band gap, high breakdown field, and more than
double the high carrier mobility and electron saturation drift
velocity of silicon.®” These intrinsic electronic properties
make it the most likely of all wide band-gap semiconductors
to succeed Si in next-generation electronic devices, espe-
cially for high power and frequency applications.®® Success-
ful fabrication of SiC-based semiconducting devices include
Schottky barrier diodes,'® p-i-n diodes,!"'? metal-oxide-
semiconductor field effect transistors,'3 insulated gate bipolar
transistors, !4 and so forth.

The wide use of SiC as an electronic component is cur-
rently limited by the absence of robust and low-resistance
Ohmic contacts, which allow higher current driving, faster
switching speed, and less power dissipation. Most of the
studies that have been carried out to date to obtain Ohmic
contacts to 4H-SiC (Refs. 15 and 16) have involved the
deposition of Al alloys with Ti (Refs. 17 and 18) or Ni.!*-?0
These deposited alloys are the only currently available ma-
terials that yield significantly low specific contact resistivity
(Ohmic contact) to 4H-SiC. Moreover, they exhibit high
thermal stability. The formation of Ohmic contacts has been
reported to occur through the generation of silicide on the
SiC substrate after annealing, serving as a primary current
pathway to lower the Schottky barrier between the metal and
semiconductor.'®?! Several groups have later identified the
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unknown silicide as ternary Ti3SiC, through x-ray diffraction
analysis.?>?3 However, the role of the SiC/Ti;SiC, interface
on the mechanism whereby the Schottky barrier becomes
Ohmic remains unclear. It is not even clear how the two
materials atomically bond together because of experimental
complications associated with the study of a buried interface.
As in the case of other semiconducting materials,”*? de-
tailed knowledge on the atomic and electronic structure of
the SiC/Ti;SiC, interface is essential to elucidate the mecha-
nism and for device design and performance control.

To determine the most stable interface theoretically, one
first has to establish feasible models on the basis of distinct
terminations and contact sites and then compare them. How-
ever, a direct comparison of the total energies of such models
is not physically meaningful since interfaces might have a
different number of atoms. On the other hand the adhesion
energy W,4,%?7 which is the key to predicting the mechani-
cal properties of the interface, is physically comparable.
Generally, the W4, which is defined as the reversible energy
required to separate an interface into two free surfaces, can
be expressed by the difference in total energy between the
interface and isolated slabs,28-2

W= (E, +E, - E)/A. (1)

Here E,, E,, and Ejg are the total energies of isolated slab 1,
slab 2, and their interface, respectively, and A is the total
interface area. To date, analytic models for predicting W4
concerning SiC have mostly been restricted to SiC/metal het-
erojunctions such as SiC/Ni,*0 SiC/Al1,3'32 and SiC/Ti.*?
These models are motivated by the experimental deposition
of metals on SiC. However, they neglect the complexity of
the situation; namely, the compounds can be generated on
SiC after annealing and thus are only applicable to systems
with an as-deposited state. To our knowledge, no theoretical
study on the adhesion between SiC and the formed com-
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pounds at the atomic scale has been performed despite the
essential effect of this interface on TiAl-based contact sys-
tems.

Experimentally, transmission electron microscopy (TEM)
studies by Tsukimoto et al.?>** provided rather detailed in-
formation on microstructure of the 4H-SiC/TiAl interface.
They have found that 4H-SiC is covered entirely by Ti;SiC,
with the orientation relationships (0001)y; sic, I (0001)gic and

[01_10]T133ic2||[OI_IO]SiC. The universal cover ensures exclu-
sive contact of Ti;SiC, to the 4H-SiC in the TiAl-based con-
tact system. Further, high-resolution TEM (HRTEM) re-
vealed that the 4H-SiC/Ti;SiC, interfaces are atomically flat
without contaminant, while some planar terraces and ledges
were observed. Moreover, Gao et al.> confirmed—by char-
acterizing composition and local states around the
interface—that no additional Al segregates to the interface,
which corroborates the clean contact of Ti3SiC, to SiC. In
light of these observations, we ignored the influence of any
other possible contaminants that might not be detected and
instead focused on clean interfaces and surfaces.

Although the interfacial orientation has been observed, it
remains difficult to gain additional information from experi-
ments. In particular, the atomic configuration and chemical
environment at the interface, which strongly affect the physi-
cal properties, are hardly accessible. However, atomistic
computations can offer a way of complementing experimen-
tal results. Furthermore, simulations, especially first-
principles calculations, can yield insight into the bonding
nature and contact preference of the heterostructure. Thus, in
addition to determining the adhesion energies, we aim to
systematically investigate the atomic and electronic struc-
tures of the 4H-SiC/Ti;SiC, interface from first-principles
calculations. 4H-SiC will hereafter be referred to as SiC.
First, to identify the most stable structure, we considered a
total of 96 candidate interface geometries to cover all pos-
sible terminations. Although Si-terminated SiC was em-
ployed in the experiment,?> we have chosen to also present
results for C-terminated SiC in order to draw a comparison
with Si-terminated SiC and as a precursor to follow up the
study of this interface. The second purpose of this work is to
elucidate the nature of the interfacial bonds and thus shed
light on the correlation of adhesion to electronic structure.

The remainder of this paper is organized as follows. Sec-
tion II describes the computational methodology used and
Sec. III presents detailed results on bulk and surface calcu-
lations. Section IV outlines the geometries of the 96 candi-
date interfaces and describes the procedure used to obtain
their adhesion energies. The 96 interfaces are divided into
two groups based on their SiC terminations: Si- and
C-terminated interfaces. The results of adhesion energies,
atomic structures, electronic states, and bonding characters
for the Si-terminated interfaces are presented in Sec. V and
those for C-terminated interfaces in Sec. VI. We provide con-
cluding remarks in Sec. VIL

II. METHODOLOGY

Calculations of electronic structure and total energy were
carried out using the Vienna ab initio simulation package
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(vasp) within the framework of density-functional theory
(DFT).3637 The projector-augmented wave method®® was
used for electron-ion interactions and the generalized gradi-
ent approximation of Perdew et al.*® (PW91) was employed
to describe the exchange-correlation functional. The single-
particle Kohn-Sham wave function was expanded using
plane waves with different cut-off energies depending on the
calculated systems. Sampling of irreducible Brillouin zone
was performed with a regular Monkhorst-Pack grid of spe-
cial k points* and electronic occupancies were determined
according to the Methfessel-Paxton scheme.*' Independent k
point convergence tests were conducted for distinct super-
cells, ranging from the primitive cell of bulk up to the largest
120-atom cell. Ground-state charge densities were calculated
self-consistently using a Pulay-type*? mixing scheme and the
stable blocked Davidson minimization algorithm.** Total en-
ergies were calculated using the linear tetrahedron method
with Blochl corrections,*** which eliminates broadening-
related uncertainties. All atoms were fully relaxed using the
conjugate gradient algorithm*® until the magnitude of the
Hellmann-Feynman force*’ on each atom converged to less
than 0.05 eV/A, yielding optimized structures.

II1. BULK AND SURFACE CALCULATIONS
A. Bulk properties

We first assess accuracy of the computational methods by
performing bulk calculations. It is known that 4H-SiC, one
of the most common SiC polymorphs,*¥*° belongs to the
hexagonal P6ymc space group with a=3.081 A and ¢
=10.085 A.593! Ti;SiC, also has a hexagonal structure but
within the P6smmc space group (a=3.068 A and ¢
=17.669 A).5253 The Ti atoms of Ti;SiC, occupy two types
of nonequivalent positions: one (Til, two per unit cell) has C
atoms as nearest neighbors, while the other (Ti2, four per
unit cell) has Si atoms [Fig. 4(a)]. Bulk properties were cal-
culated using a cut-off energy of 450 eV and 6 X6X2 k
points, which converges total energies to less than 1 meV/
atom. The calculated optimum lattice constants of bulk SiC
are a=3.095 A and c=10.131 A, 100.5% of the experimen-
tal values;>' while those of bulk Ti;SiC, are a=3.076 A and
c=17.713 A, 100.25% of the experimental values.”> In ad-
dition, our calculated values are in excellent agreement with
other reported results.>!>*

The calculated energy band gap of SiC is 2.25 eV, which
is smaller than the experimental value of 3.26 eV (Ref. 55)
and the value of 3.30 eV calculated using self-interaction
corrections pseudopotentials, as reported by Baumeier et
al.>® However, it is close to the calculated value of 2.18 eV
reported by Kickell et al>” and the 2.43 eV reported by
Ching et al.>® Deviation from the experimental value is at-
tributed to the well-known drawback of the DFT.%*% Overall
features of band structure [Fig. 1(a)], however, agree well
with previous calculations®”3® and the location of calculated
conduction-band (CB) minima is consistent with experimen-
tal data.5'? The valence band (VB) originates mainly from
the bonding between the s and p states of Si and C in the
form of sp3 hybridization, as shown in Fig. 2(a). In contrast,
Ti3SiC, exhibits a metallic nature with bands crossing Ep
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FIG. 1. (Color online) Energy-band structure of (a) 4H-SiC and
(b) Ti3SiC, along major symmetric directions. The horizontal and
dashed lines denote the Fermi level (Ef).

[Fig. 1(b)] and thus resulting in a peak in total density of
states (DOS) at Ep [Fig. 2(b)]. It is worth noting that the
presence of the bands at Ey is caused by the energetic over-
lap of Ti d states with the gap levels of SiC [Fig. 2(b)], not
an artifact due to the DFT underestimation of band gap. This
metallic character is in agreement with reported experimental
results®> and other theoretical studies.®*% It is also clear
from Fig. 2(b) that the contribution to the CB comes pre-
dominantly from antibonding Ti d states and that the VB is
dominated by hybridized bonding states containing mainly p
orbitals of Si and C and d orbitals of Ti.

B. Surface properties

Since the main goal of this study is to investigate the
structure, adhesion, and bonding of the experimentally
stimulated bulklike interface, it is essential to ensure that the
two sides of the interface slabs used in calculations are thick
enough to exhibit bulklike interiors because properties of a
thin film may differ significantly from those of the bulk. To
determine the minimum layer necessary for a bulklike slab,
we first performed calculations on the convergence of sur-
face energy with respect to slab thickness and then consid-
ered an additional series of surface relaxations as a function
of slab layers. The surface energies of SiC (o) and Ti;SiC,
(cr(}) under the condition that the chemical potential of the
respective element equals its bulk total energy can be ex-
pressed as follows:

1
0 total bulk bulk
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FIG. 2. (Color online) Total and partial densities of states
(PDOSs) for (a) 4H-SiC and (b) Ti3;SiC,. The PDOS of Ti includes
those of Til and Ti2. The Fermi level is set to zero.
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FIG. 3. (Color online) Schematic plot of 4H-SiC: (a) bulk, (b)
Sil, (c) Si2, (d) C1, and (e) C2 terminations. The upper part shows
the top view, while the lower one shows the side view. Only the top

five of nine symmetric layers are presented for each termination.

1 1 3
0 1 bulk bulk
or= Z[E;m - ENCETli;SiCZ - Ey (NTi - ENC>

1
- gliﬂk<NSi__NC>a (3)
2
where EX% and E5™ denote total energies of a slab and X
bulk, and N, and A represent the number of Y (¥
=Ti,Si,C) atoms and surface area, respectively.

1. 4H-SiC(0001)

Experimentally, the SiC(0001) plane was observed to be a
favorable substrate that allows epitaxial growth of Ti;SiC,
with also a (0001)-oriented face.?>** Four types of SiC ter-
mination within the (0001) surface have been investigated, as
shown in Figs. 3(b)-3(e). Convergence tests show that 10 A
of vacuum, 8 X 8 X 1 k points, and a cut-off energy of 400 eV
ensure total-energy convergence to less than 1 meV/atom.
With these parameters, we first calculated surface energies of
Si-terminated SiC with increasing slab thickness using Eq.
(2) and found that surface energy converges rapidly to
1.35 J/m? for a nine-layer slab. Next, we examined relax-
ations of SiC surface slabs with varying thickness by calcu-
lating the interlayer spacing. SiC(0001) surfaces show a low
degree of interlayer relaxation with a maximum of 3% of
bulk spacing for slabs containing nine or more layers.

2. TiSiC,(0001)

The Ti;SiC,(0001) surface can be terminated with C, Si,
any of two types of Ti (Til and Ti2), or their combinations,
yielding a total of six possible surface geometries, as illus-
trated in Figs. 4(b)-4(g). The surface energy of Til(C) ter-
mination calculated using Eq. (3) is found to converge well
to 0.84 J/m? by a 13-layer-thick slab. Further, interlayer re-
laxations also show good convergence for slabs having 13
layers or more, in agreement with another first-principles
study.% Lastly, we also calculated the surface energies of the
remaining terminations in Figs. 4(c)-4(g) to be 4.10, 0.64,
1.12, 1.56, and 5.60 J/m?, respectively, in good agreement
with reported results.%® In summary, we have calculated the
bulk and surface properties of SiC and Ti;SiC, and shown
that these values are consistent with existing experimental
and theoretical data, thereby verifying the applicability of the
method and model to further investigation.
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FIG. 4. (Color online) Top (upper) and side (bottom) view of
Ti3SiC,: (a) bulk, (b) Til(C), (c) C(Ti2), (d) Ti2(Si), (e) Si(Ti2), (f)
Ti2(C), and (g) C(Til) terminations. The letter in bracket denotes
the subsurface atom. Only the top nine layers of each symmetric
slab are presented for each termination.

IV. INTERFACE CONSTRUCTION AND CALCULATION
PROCESS

As mentioned above, the orientation relationships be-
tween SiC and Ti3SiC, were observed to be
(OOOl)TiQSiCZH(OOOl)SiC and [01 IO]TQSiCz”[Ol lo]SiC by Se-
lected area electron diffraction.”? Since detailed data on nei-
ther the chemical composition of SiC or Ti;SiC, termination
nor their interfacial stacking sequence are available, we have
constructed a total of 96 possible candidate models, includ-
ing four SiC terminations, six TizSiC, terminations, and four
stacking sequences. In the four stacking sequences, interfa-
cial Ti (C or Si) of Ti;SiC, are located (i) on top (OT) of the
surface atoms of SiC, (ii) at the center of the thombic (RC)
unit cell, (iii) above second-layer (SL) atoms of SiC, and (iv)
above hollow sites (HS) of SiC, as shown in Fig. 5. These
stacking sequences are of high symmetry and thus more
likely to correspond to total-energy extrema. According to
surface calculations, our interface models consist of a nine-
layer SiC(0001) slab connected to a Ti;SiC,(0001) slab of at
least 13 layers. A 10 A area of vacuum was added so as to
minimize the coupling perpendicular to the interface. Along
the interface plane, the slabs utilize 1 X1 cells, which are
composed of a finite number of layers of infinite extent. To
form coherent interfaces, in-plane lattice constants of
Ti;SiC, are expanded by 0.63% to match those of the harder
SiC. Because of the small lattice-constant mismatch, we ne-
glect the full effect of misfit dislocation as a first approxima-
tion. Further, we performed calculations on the SiC/Ti;SiC,
interfaces using 2 X2 slabs and found that the interfacial
atoms have identical locations as we determined using the
1 X 1 slabs. Namely, we saw no clear evidence of reconstruc-
tion in the enlarged interface models. To better describe all
interfaces, we shall divide our 96 models into two groups
based on SiC terminations: Si- and C-terminated interfaces.

We took two steps to estimate the adhesion energy (W,q)
defined in Eq. (1). First, total energies were calculated for
various separations as two rigid slabs were brought increas-
ingly closer from a large initial separation. The total energy
was found to behave like a parabola, passing through a mini-
mum at the equilibrium separation. The unrelaxed W4 was
obtained by computing the energy difference between the
interface at equilibrium separation and unrelaxed isolated
slabs. Next, full relaxation of each isolated slab and interface
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FIG. 5. (Color online) Schematic plots of four stacking se-
quences. Only the Ti layer of Ti3SiC, proximal to interface is pre-
sented for clarity. The dotted parallelogram outlines the SiC rhom-
bic unit cell projected along the [0001] direction.

slab was allowed, which yielded an estimate for relaxed W 4.
For the purpose of comparison, all total energies were calcu-
lated using the same cut-off energy (400 eV), 8 X8 X1 k
points, 10 A area of vacuum, and—where possible—the
same slab size. Convergence tests found that these param-
eters were sufficient to converge the total energy well to less
than 1 meV/atom and thus applied to all ensuing calcula-
tions.

V. SILICON-TERMINATED INTERFACES
A. Adhesion energies

Table I lists the adhesion energies of Si-terminated inter-
faces before and after relaxation. A general trend observed in
this table is that C-terminated Ti3SiC, exhibits the strongest
adhesion followed by Ti- and Si-terminated Ti3SiC, as sec-
ond and third, respectively, independent of whether SiC is
terminated with Sil or Si2. Of all the interfaces, the one that
consists of Sil-terminated SiC and C(Til)-terminated
Ti;SiC, [Sil-C(Til)] has the largest relaxed W,y of
4,99 J/m? and its ordering of stacking sequence has been
altered by relaxation. Instead of the HS site with the stron-
gest adhesion, the RC site—which is predicted to be the third
before relaxation—is now preferred, suggesting that there
might be a substantial change in structure. Since neither ex-
perimental nor theoretical W,y values are available for this
interface, it is hard to confirm the accuracy of our calculated
results directly. However, we have noticed that our relaxed
W, of the Sil-Ti2(Si) case (2.44 J/m?) agrees well with the
W,, value of 2.52 J/m? calculated from the SiC/Ti
interface.>> Moreover, the W,y value of the Sil-Si(Ti2) case
(1.01 J/m?), though relatively smaller, is comparable to the
result for the SiC/Si interface (1.55 J/m?) obtained using ab
initio methods.?

Since the k point and cut-off energy are sufficient to en-
sure a total-energy precision of higher than 1 meV/atom,
another potential inaccuracy may arise from the size effect of
the slabs used. To assess this effect, we quadrupled the origi-
nal 1 X1 slabs along the interface plane to 2 X2 slabs and
recalculated the W, of Sil-terminated interfaces. We found
that the calculated unrelaxed W,y for C(Til) at the RC site,
Ti2(Si) at RC, and Si(Ti2) at OT using 2X2 (1 X 1) slabs
were 3.54 (3.54), 2.25 (2.25), and 1.03 (1.04) J/m?, and
their corresponding relaxed values were 5.00 (4.99), 2.54
(2.44), and 1.01 (1.01) J/m?, respectively. The largest dif-
ference in W, caused by the size effect was 0.1 J/m?; only
4.1% larger than its original value. Further, we examined the
influence of slab size on W 4 rank ordering of the four stack-
ing sequences and found that a fourfold-enlarged slab kept
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TABLE I. Unrelaxed and relaxed values of adhesion energy, W,q (in J/m?), as defined in Eq. (1), for the interfaces between Si-terminated
SiC(0001) and TizSiC,(0001) terminated with any of six possibilities: Til(C), Ti2(Si), Ti2(C), Si(Ti2), C(Ti2), and C(Til).

Termination Unrelaxed Relaxed
SiC Ti5SiC, oT RC SL HS oT RC SL HS
Til(C) 1.10 2.17 2.42 2.27 1.07 2.31 2.33 2.17
Ti2(Si) 1.06 2.25 2.36 2.47 1.02 2.44 2.33 2.43
Sil Ti2(C) 1.14 2.17 2.23 2.45 1.09 2.34 2.13 2.35
Si(Ti2) 1.04 0.85 1.00 0.89 1.01 0.97 0.98 0.85
C(Ti2) 2.08 2.86 2.95 397 1.81 3.87 342 3.86
C(Til) 2.12 3.54 3.74 4.63 2.18 4.99 4.65 4.97
Til(C) 1.58 2.25 2.85 2.04 1.52 2.71 2.75 1.98
Ti2(Si) 1.59 2.26 2.95 2.04 1.52 2.86 2.90 2.02
Si2 Ti2(C) 2.04 2.22 2.77 2.04 1.96 2.62 2.65 1.96
Si(Ti2) 2.63 1.61 1.36 1.66 2.58 1.64 1.33 1.62
C(Ti2) 3.66 3.00 2.11 3.14 3.45 2.83 1.95 2.82
C(Til) 3.63 3.08 2.23 3.09 3.65 3.14 2.28 3.08

the same ordering as that we determined from the 1X1
model.

B. Local atomic structure

For the interface having the strongest adhesion, our fully
optimized structure is shown in Fig. 6, where one can see
that the geometry of interfacial C of Ti;SiC, is altered sub-
stantially as a result of relaxation. The interfacial C atoms
are strongly pulled away from the RC site toward the SiC
surface, shifting the interface location somewhat closer to
SiC (dotted lines). The heavily displaced C atoms ultimately
fill the positions that would normally be occupied by C in
bulk SiC, presumably to satisfy dangling bonds on interfacial
Si. The interfacial C-Si distance and bond angle of tetrago-
nally coordinated C-Si-C are calculated to be 1.90 A and

FIG. 6. (Color online) Left: unrelaxed interface between Sil-
terminated SiC and C(Til)-terminated Ti3SiC,. Interfacial C atoms
of Ti3SiC, occupy RC site of SiC. Right: corresponding relaxed
geometry. The direction of view is along [1120] and location of
interface is marked with dotted lines. Top and bottom parts have
been omitted.

109.8°, strikingly close to the values 1.89 A and 109.54°
obtained from bulk 4H-SiC.>"®7 The subinterfacial C-Ti
bonds, however, deviate in length by 0.26 A from their bulk
Ti;SiC, value of 2.18 A.%5 This deviation is screened rapidly
to less than 0.03 A within the next layer, meaning that the
effect of the interface is localized. Despite the length devia-
tion, the stacking sequence of Ti3SiC, around the interface is
identical to that of its bulk. This, together with the occupa-
tion of C in the anion site of bulk SiC, implies that the
interfacial C layer plays a crucial role in the smooth transi-
tion from SiC to Ti3SiC,. We also found that the rumpling of
interfacial layers is relatively small (<0.01 A), which is
consistent with the atomically flat interface observed by
HRTEM.?

C. Electronic properties
1. Charge-density difference

To investigate the degree to which changes in structural
characteristics are localized and to analyze the mixture of
electronic states at the interface, we have calculated the
charge-density difference by subtracting the sum of the
charge density of isolated SiC and Ti;SiC, slabs from the
total interface charge density. Figure 7 shows the results of
plane-averaged density difference along the normal to the
interface. The location of the respective atom is shown as
well for easy reference, and the interface position is set to
zero. A comparison of Figs. 7(a) and 7(b) confirms that in-
terfacial C is displaced toward SiC in the Sil-C(Til) inter-
face after relaxation, forming an interfacial Si-C pair similar
to the pair in the SiC bulk. As a consequence of this shift of
interfacial C and corresponding charge transfer, there appears
a dramatic depletion of charge in the region between interfa-
cial C and Ti [denoted by a arrow in Fig. 7(b)], which indi-
cates that the covalent element of the C-Ti bonds is weak-
ened. Meanwhile, charge is also found to be depleted
significantly in the region between interfacial Si and sub-
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FIG. 7. (Color online) Variation in charge density as a function
of distance from interface along [0001] direction for (a) unrelaxed
Sil-C(Til), (b) relaxed Sil-C(Til), (c) unrelaxed C2-C(Til), and
(d) relaxed C2-C(Til) interfaces. The interfacial C atoms of TizSiC,
initially occupy the RC site of the outmost layer of SiC for the
Sil-terminated interface but the OT site for the C2-terminated in-
terface. The interface location is set to zero.

interfacial C on the SiC side. The depleted charges accumu-
late at the interface, suggesting strengthened Si-C bonding.
These charge variations due to interface formation decay rap-
idly with distance from the interface, and the entire interfa-
cial region is basically neutral.

2. Partial density of states

To gain further insight into the electronic states, we
present in Fig. 8 the DOS projected on selected atomic layers
of the Sil-C(Til) interface. A key feature of this figure is that
the PDOS of the interfacial C layer of Ti3SiC, is very similar
to that of a C layer deeper in SiC but far from that of a C
layer deeper in Ti3SiC,, which suggests the strong influence
of the SiC substrate on the interfacial electronic states. This
pronounced effect even emerges before relaxation (see lower
part of Fig. 8) when the interfacial C atoms still sit at the RC
site. In addition to this feature, significant hybridization can
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FIG. 8. (Color online) DOS projected on atomic layers of the
Sil1-C(Til) interface before (lower two panels) and after (upper six
panels) relaxation. The left panel shows PDOS of SiC layers, while
the right panel shows that of Ti3SiC, layers. The first layer is the
atomic layer closest to the interface. The Fermi level is set to zero
and represented by vertical lines.

FIG. 9. (Color online) Contour plot of charge density (left) and
its difference (right) along the (1120) plane of the Sil-C(Til) inter-
face. The difference of charge density shows redistribution of
charge in the interface relative to the isolated system. The interface
is indicated by a horizontal line and the atoms that intersect the
contour plane are labeled. The upper scale denotes the magnitude of
charge in the left panel, while the lower scale denotes that in the
right panel.

be observed between interfacial Sisp and C sp states, sug-
gesting covalent bonding at the interface. It is worth noting
that there is a small degree of overlap between interfacial
C p and Ti d states inside the Ti3SiC, slab, which persists as
the distance from the interface increases. This overlap in-
duces weak gap states at £, meaning that the C layers inside
Ti;SiC, are somewhat metallized. The slight metallization of
C is also present in bulk Ti;SiC, (see Fig. 2) but is com-
pletely absent in both the SiC slab and bulk. However, there
is a sharp peak in the energy gap of SiC surface layers
(eighth and ninth layers), which is due to the surface states of
dangling bonds, as observed in the Si-terminated 6H-
SiC(0001) surface.® Apart from the presence of metal-
induced gap states (MIGSs) in the C layers, the Si layers of
Ti3SiC, exhibit similar MIGSs at E, which is ascribed to the
overlap between Ti d and Si p states.

3. Charge distribution

Though the PDOS can reveal detailed information on how
covalent bonds form, it offers restricted insight into matters
regarding ionicity and charge distribution. To identify bond-
ing type directly, we present in Fig. 9 a contour plot of

charge density and its difference along the (1120) plane for

the Sil1-C(Til) interface. The (1120) plane has been selected
deliberately because it slices through interfacial atoms, Si-C
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TABLE II. Unrelaxed and relaxed values of adhesion energy, W,q (in J/m?), as defined in Eq. (1), for the interfaces between
C-terminated SiC(0001) and Ti3SiC,(0001). The nomenclature is identical to that in Table I.

Termination Unrelaxed Relaxed
SiC Ti5SiC, oT RC SL HS oT RC SL HS
Til(C) 2.82 3.11 3.69 3.10 2.46 3.29 3.30 2.75
Ti2(Si) 2.88 3.13 3.82 3.28 2.52 345 3.46 3.07
Cl Ti2(C) 2.84 3.12 3.38 3.17 2.48 2.75 2.95 2.86
Si(Ti2) 3.39 1.72 1.73 1.06 3.04 2.84 1.36 0.72
C(Ti2) 3.73 1.68 1.50 0.60 3.00 2.98 1.62 0.36
C(Til) 4.06 1.92 1.38 0.71 3.76 3.68 1.44 0.51
Til(C) 3.76 5.05 5.06 5.08 3.65 5.08 5.22 5.16
Ti2(Si) 3.78 5.93 6.36 6.29 371 5.92 6.34 6.30
C2 Ti2(C) 3.79 4.79 4.97 4.69 3.70 4.81 4.88 4.74
Si(Ti2) 4.18 5.19 5.89 6.69 3.66 6.81 6.08 6.66
C(Ti2) 6.50 5.60 5.14 5.27 6.10 5.92 5.89 5.32
C(Til) 7.24 6.03 5.49 5.91 7.14 6.68 6.60 6.36

pairs deeper in the SiC, and many Ti;SiC, atoms, thereby
allowing us to extract maximum bonding information on this
interface. As can be seen in Fig. 9, there is a significant
difference in charge distribution between SiC and Ti;SiC,,
especially for the C atom. The charge distribution around the
C of Ti3SiC, is almost spherically symmetric, while that sur-
rounding the C of SiC has humps directed toward neighbor-
ing Si. Evidently, the two distinct classes of charge distribu-
tion on C atoms are responsible for their different DOS.

Interfacial Si-C bonds exhibit a character practically iden-
tical to that of Si-C bonds deeper in SiC: (i) most of the
charges are localized on C atoms and (ii) charges on C are
distorted toward neighboring Si. These two observations sug-
gest that the interfacial bonds are of a mixed covalent-ionic
nature. We also find a significant amount of charge accumu-
lated along the interfacial Si-C bond, as in the case of the
Si-C pairs visible in bulk SiC (right panel of Fig. 9). This
similarity corroborates our previous findings from the DOS
analyses showing that interfacial C has an electronic struc-
ture approaching that of C in bulk SiC. The charge accumu-
lated along the interfacial Si-C bond strengthens the interfa-
cial adhesion, which is consistent with the large Wy
associated with this interface. Finally, we note that a small
degree of covalency is present in the Ti of Ti3SiC,, which is
due to hybridization of Ti d states with C (Si) p states, as
shown in Fig. 8. The charge distribution between Ti and C is
larger than that between Ti and Si, indicating that Ti-C is a
stronger chemical bond than Ti-Si.

VI. CARBON-TERMINATED INTERFACES
A. Adhesion energies

Results of W, 4 on C-terminated interfaces before and after
structure relaxation are shown in Table II. As in the case of
the Si-terminated interfaces, the C-terminated Ti;SiC, also
shows the strongest adhesion to SiC. The difference is that
the preference ordering of the Ti- and Si-terminated Ti;SiC,

depends on the SiC termination; that is, the Ti-terminated
Ti3SiC, ranks the second when SiC is terminated with C1,
but the third when terminated with C2. In addition, unlike
the substantial difference in W 4 between the three classes of
Ti;SiC, terminations in Si-terminated interfaces, the differ-
ences here are minor. Moreover, the ordering of the most
preferred stacking sequence has also been altered, with the
OT site exhibiting strongest adhesion for C-terminated cases
and the SL site for Ti-terminated cases. The largest W4 of all
the C-terminated interfaces belongs to the C2-C(Til) inter-
face: 7.14 J/m?. Finally, through quadrupling the original
slabs along the interface plane and recalculating the W4 of
Cl-terminated interfaces, we found that the unrelaxed W,y
for C(Til) at OT site, Ti2(Si) at SL, and Si(Ti2) at OT using
2X2 (1X1) slabs are 4.06 (4.06), 3.81 (3.82), and
3.38 (3.39) J/m?, and the corresponding relaxed values are
3.76 (3.76), 3.46 (3.46), and 3.04 (3.04) J/m?, respectively,
which validates the use of original slabs to predict W .

B. Local atomic structure

The unrelaxed and fully relaxed geometries of the C2-
C(Til) interface are shown in Fig. 10. Unlike the Sil-C(Til)
interface in which there is significant change in interfacial
configuration due to optimization, the atomic rearrangement
here is negligible, and the slabs retain the stacking sequence
of the bulk. The interfacial C atoms of Ti;SiC, sit 1.25 A
straight above the interfacial C of SiC in a triple-bonded-
dimer fashion and have a bond length of 2.23 A with neigh-
boring Ti, which is somewhat longer than the bulk distance
of 2.18 A.%5 The interfacial C-C bond length changes by less
than 0.001 A during relaxation. The interfacial C atoms of
SiC are also located directly above the neighboring Si with a
distance of 1.84 A; only 0.05 A shorter than the value ob-
served in the 4H-SiC bulk.’® Moreover, the atoms second
nearest to the interface on either side maintain nearly the
same bond lengths and angles as those in the bulk, indicating
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FIG. 10. (Color online) Left: unrelaxed atomic geometry of the
C2-C(Til) interface. The interfacial C atoms of Ti;SiC, occupy the
OT site of surface atoms of SiC. Right: corresponding relaxed
structure.

that the influence of the interface is localized to within inter-
facial layers.

C. Electronic properties
1. Charge-density difference

The plane-averaged density difference for the C2-C(Til)
interface is presented in Figs. 7(c) and 7(d). Unlike the Sil-
C(Til) interface, structure relaxation here does not result in a
noticeable change in charge, which can be inferred from the
negligible rearrangement of atomic structure. Upon compar-
ing the two interfaces, we also find that the density differ-
ence in the C2-C(Til) interface deviates more prominently
from zero around the interface, reflecting a more pronounced
charge transfer between the SiC and Ti3SiC,; slabs. One com-
mon feature is the large degree of charge accumulation at the
interface at the expense of depletion of charge in the sub-
interfacial layers. This suggests that the atoms second nearest
to interface have a significant contribution to the interfacial
bonding.

2. Partial density of states

The layer-projected DOS (Fig. 11) for the C2-C(Til) in-
terface shares some features with that of the Sil-C(Til) sys-
tem: (i) effect of interface on electronic states of both SiC
and Ti;SiC, are localized to within the second layer, (ii)
there are some dangling-bond surface states in the energy
gap of SiC, and (iii) the C and Si atoms of Ti;SiC, are
slightly metallized because of the overlap of Tid with C
(Si) p states. The main difference is that the overall PDOS
feature of the interfacial C layer of TizSiC, does not re-
semble the C layer in bulk SiC or Ti;SiC,. Moreover, a slight
bump at Ey can be seen in the PDOS of interfacial C of
Ti3SiC,, which may be attributed to the interaction between
Ti d and C p states. This interaction continues into the SiC,
inducing a peak around Ej in the PDOS of interfacial C of
SiC and also leading to a complicated PDOS for subinterfa-
cial Si of SiC. The peak at Ef is due to the metallization of
the interfacial C layer of SiC, which nearly vanishes in the
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FIG. 11. (Color online) The DOS projected on atomic layers of
C2-C(Til) interface before (lower two panels) and after (upper six
panels) relaxation. The left panel shows the PDOSs of SiC layers,
while the right panel shows those of Ti;SiC, layers. The first layer
is the atomic layer proximal to the interface. The Fermi level is set
to zero and represented by vertical dashed lines.

layers away from interface. At the interface, there is a large
degree of overlap between the two C p states just below Ep.
When comparing the PDOS before and after relaxation, we
find that electronic structures are altered significantly by op-
timization even though the change in atomic structure is neg-
ligible.

3. Charge distribution

Figure 12 shows contour plots of charge density and its
difference for the C2-C(Til) interface intersected along the
same plane as in Fig. 9. As in the case of the Sil-C(Til)
interface, most of the charge is still concentrated on the C
atoms in two distinct manners: the charge region on the C of
Ti3SiC, is of predominantly spherical symmetry, while that
on the C of SiC exhibits pronounced lobes directed toward
neighboring Si. At the interface, we observe a large charge
accumulation along the interfacial C-C bond lines, which is
consistent with the positive peak in Fig. 7(d). As seen in right
panel of Fig. 12, this charge accumulation is so dramatic that
it even exceeds that on the Si-C bonds of the SiC slab, which
is apparently responsible for the strong adhesion in the C2-
C(Til) interface. This, together with the charge localization
on interfacial C, indicates that the interface exhibits a mix-
ture of covalent and ionic-type bondings. However, we find
that the consolidated interfacial bonding occurs partly at the
expense of depletion of charge between the interfacial C and
the remainder of the Ti;SiC, slab, thereby weakening the
subinterfacial C-Ti bonding, as seen in Fig. 7(d).

VII. CONCLUSIONS

We have conducted a first-principles study of the
4H-SiC(0001)/Ti3SiC,(0001) interface aimed at determining
the stable interface configuration, evaluating the adhesion
energetics, and providing insight into the nature of interfacial
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FIG. 12. (Color online) Contour plots of charge density (left)
and difference of charge density (right) for the C2-C(Til) interface

taken along the (1120) plane.

bonding. After validating application of the methodology and
models by conducting calculations on bulk and surface prop-
erties, we established a total of 96 candidate interfacial ge-
ometries using bulklike slabs, taking into account the termi-
nation effect, stacking sequence, and full optimization. We
found that independent of the SiC terminations, C-terminated
Ti5SiC, has the largest W 4, indicating the fundamental ef-
fect of C on strong adhesion in this interface system. For the
optimal Sil-C(Til) interface, the interfacial C atoms of

PHYSICAL REVIEW B 79, 045318 (2009)

Ti3SiC, are pulled toward the SiC surface and ultimately
occupy the sites where there would normally be C in bulk
SiC, shifting the interface toward the substrate. Simulta-
neously, the interfacial C maintains a stacking sequence
identical to that in the Ti3SiC, bulk, thereby playing an es-
sential role in realizing a smooth transition from SiC to
Ti5SiC,. For the optimal C2-C(Til) interface, however, no
significant atomic displacement due to relaxation is observed
around the interface; in which the interfacial C of Ti;SiC,
rests straight above the interfacial C of SiC.

Several analytic methods were used to characterize the
nature of the interfacial bonding. We found that the interfa-
cial bonds were primarily of a mixed covalent-ionic type.
The covalency of the interfacial bonds in the Sil-C(Til) in-
terface stemmed mainly from the hybridization between
Sisp and C sp states. The PDOS of the interfacial C of
Ti3SiC, resembled that of C in bulk SiC rather than bulk
Ti;SiC, and interfacial Si-C bonding was similar to what is
seen in bulk SiC. This, together with the similarity of the
atomic structure to that in bulk SiC, suggests that the inter-
facial C of TiSiC, can be regarded as a continuation of SiC.
However, the PDOS of the interfacial C of Ti3SiC, in the
C2-C(Til) interface does not resemble that of C in bulk SiC
or bulk Ti;SiC,. Furthermore, a large charge is found to ac-
cumulate on the interfacial C-C bonds, strengthening adhe-
sion in the C2-C(Til) interface.
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