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First principles calculations of the SiC/Ti and SiC/Cr interfaces have been conducted based on the density
functional theory, and adhesion properties along with the electronic structure were obtained. The crystal-
lographic orientation dependence of the adhesion at the SiC/Ti and SiC/Cr interfaces has been investigated. The
work of separation strongly depends on the crystallographic orientation with the SiC(1120)/Cr(001) interface
having the highest value of Wy, = 4.71 J/m? By analyzing the electronic structures, it was found that the

charge transfer between C and Cr is larger, leading to stronger chemical bonds.

1. Introduction

Ceramic substrates are commonly used as electronic packaging
materials with many advantages over plastic and metal counterparts,
including good insulation properties, high reliability, thermal and
chemical stability [1]. With the rapid development of modern micro-
electronic technology, the requirements for electronic packaging ma-
terials became more stringent, leading to a greater use of ceramic
substrates [2]. Silicon carbide (SiC) is a ceramic compound with high
thermal conductivity, excellent dielectric properties, high mechanical
strength, strong corrosion resistance, thermal and chemical stability
and nontoxic nature [3]. For these reasons, SiC is a promising material
for electronic packaging [4]. As an electronic packaging material, it is
vital for SiC to have a strong interface with metals, which it usually
does not [5]. Therefore, studying the interface between SiC and metals
is needed. Metal-ceramic interfaces have been studied experimentally
via scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), which can show microstructure, but not the nature
of the atomic scale bonding, along with theoretical aspects [6-7]. Ad-
ditionally, these interfaces have been studied theoretically via the
density functional theory (DFT), which is widely used to explore the
nature of bonding and can simultaneously illustrate the electronic
structure [8-9].

SiC is a promising material for composites, microelectronics and
electronic packaging, and SiC/metal interfaces play an important role
in these applications [3]. Considering that the first principles
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calculations can provide information about the interface at the atomic
and electronic scales, one can understand the physical nature of the
interface and make reasonable predictions of its performance [10]. This
study considers two metals, Ti and Cr, which have been widely used in
experiments with SiC [11]. SiC fiber is often used as the reinforcing
phase in the Ti matrix composites with strong interfacial bonding
properties [12]. Many experiments show that SiC/Cr has strong inter-
facial bonding because Cr is a strong carbide forming element [13-14].
Ti or Cr used as a transition layer in direct plated copper ceramic
substrates can greatly improve the interface adhesion strength com-
pared with no transition layer [15-17]. Therefore, it can be expected
that Ti and Cr would have strong interfaces with SiC.

The interfacial adhesion between SiC and other materials, such as
graphene, SiO,, and AIN has been widely studied using the DFT.
[18-21] However, little information is available about SiC/metal in-
terfaces, especially the SiC/Cr and SiC/Ti interfaces. Anderson et al.
considered the interfacial bonding of a- and (3-SiC(0001) with Ti(0001)
based on molecular orbital theory, which showed that binding was
mainly controlled by the charge transfer from Ti to the half-filled band
gap of SiC surface atoms. [22,23] Additionally, the s-p hybridized
dangling orbital of the Si and C surfaces forms a chemical bond with 3d
Ti, which provides stability of the interfacial system [22,23]. Kohyama
and Tanaka et al. studied the SiC/Ti interfaces, interfacial electronic
structure and the Schottky barrier heights for new electronic devices
applications [24]. Previous experimental studies of the SiC/Cr interface
have been conducted, while a few studies have been devoted to
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theoretical research using the DFT. [25-27] The crystallographic or-
ientation dependence of adhesion and electronic structure at the SiC/
(Cr, Ti) interface has not been investigated until now.

The first principles investigation of the SiC/(Cr, Ti) interface aids in
understanding the nature of the metal-ceramic interfacial adhesion,
including factors influencing interfacial bonding, allowing to compare
different metals adhered to SiC substrates. However, there is a lack of
these in previous literature reports. Thus, we investigated the work of
adhesion, atomic and electronic structure of the SiC/(Cr, Ti) interface
by using the first principles calculations. In this study, the interface has
been formed by many low index crystal surfaces of SiC and Ti or Cr, so
that the effect of the crystallographic structure could be examined.

2. Methodology and details

The total energy and electronic structure calculations were per-
formed using the Cambridge serial total energy package (CASTEP),
based on the DFT by adopting the plane-wave, ultra-soft pseudopo-
tential method [28,29]. The main purpose of the first principles cal-
culations is to achieve electronic minimization and find the ground
state by solving the Kohn-Sham equation with the self-consistent field
procedure [30]. The atomic structure minimization is known as geo-
metry optimization by using the Broyden-Fletcher-Goldfarb-Shanno
algorithm, where the minimum total energy of the system in achieved.

[31] The convergence tolerance was set to 5 X 107° a‘f:m, with a max-

imum force of 0.01 % for geometry optimization. The valence electrons
play an important role in this reaction for different atoms. The valence
electrons considered in pseudopotentials are Si: 3s> 3p?, C: 2s® 2p?, Ti:
352 3p® 3d? 4s% and Cr: 3s? 3p° 3d° 4s'.

The local density approximation (LDA) with the Ceperley-Alder-
Perdew-Zunger (CAPZ) functional and the generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional
were employed as the exchange-correlation functionals, since both af-
fect calculation accuracy [32]. Since this paper focuses on the inter-
facial properties, including the SiC/Ti and SiC/Cr interfaces, bulk Ti
and SiC, and their surface properties, were first studied by using the
first principles calculations. By comparing bulk calculations results with
experimental or other computational data, appropriate exchange-cor-
relation functionals and parameters were employed to ensure calcula-
tion effectiveness.

The total energy and electronic structure were calculated using the
CASTEP code based on the DFT with ultra-soft pseudopotentials, em-
ploying the LDA-CAPZ and the GGA-PBE, which were both used to
describe interactions in the electronic system [33-35]. The convergence
tests were conducted for the plane-wave energy cutoff k-mesh. After
sufficient tests, the cutoff energy was set to 350 eV, whether the cal-
culation object is bulk, surface, or an interface. The number of k-points
and the sampling of the irreducible wedge of the Brillouin zone gra-
dually increased until good energy convergence, after which it was set
to 8 x 8 x 8 for the bulk and 8 x 8 x 1 for the surface and the inter-
face. Silicon carbide also has many structures, and SiC ceramics used as
electronic packaging substrates usually have hexagonal close packed
structure 4H-SiC.

In order to assess the accuracy of the calculation methods, parti-
cularly for the adoption of the appropriate exchange-correlation func-
tionals, a number of calculations of the bulk properties of Ti, Cr and SiC,
which provided equilibrium lattice constants ‘a’ or ‘c’, were first per-
formed by the LDA-CAPZ and the GGA-PBE, and the results were
compared with others shown in Table 1. Lattice constants calculations
are in agreement with previously reported results. Results calculated
using the GGA-PBE functional for bulk a-Ti, Cr and 4H-SiC are close to
the experimental data, generally corresponding to most other literature
reports, which used the GGA-PBE [44-47]. On the contrary, the values
calculated with the LDA-CAPZ are consistently overestimated by at
least 10%. Therefore, the GGA-PBE exchange-correlation functional
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Table 1
Theoretically predicted and measured lattice constants of Ti, Cr and SiC.

System Lattice constant Reference
a, A <
a
Ti 2.869 1.578 This study, LDA
2.946 1.576 This study, GGA
2.752 1.585 Ref. [36], LDA
2.94 1.587 Ref. [37], GGA
2.95 1.587 Ref. [38], experiment
Cr 2.794 This study, LDA
2.851 This study, GGA
2.779 Ref. [39], LDA
2.836 Ref. [39], GGA
2.884 Ref. [40], experiment
SiC 3.04 3.274 This study, LDA
3.084 3.277 This study, GGA
3.039 3.283 Ref. [41], LDA
3.089 3.273 Ref. [42], GGA
3.078 3.277 Ref. [43], experiment

was selected to perform the calculations in this paper.

The material surface was modeled as a slab, which should be thick
enough to ensure bulk-like behavior, primarily because more atomic
layers will yield more accurate results. At the same time, more atomic
layers take longer computing time. Accordingly, we first determined the
minimum number of atomic layers depending on the chemical or
physical properties of the surface slab. For transition metals, a slab
thickness of 10A is usually sufficient to ensure bulk-like properties
inside the slab [48]. Cr surface and Ti surface models were built using
the 6-layers slab. SiC surface of primary crystallographic orientation
contains more than eight atomic layers [49]. The interface combined
with the supercell model contained two free surfaces of the metal and
the SiC slab per period separated by a 10 A vacuum layer.

Generally, the surface free energy (0, for the slab can be obtained
from [50]:

Osurf = [Eqap (N) — NAE] (@)

Here, Eg.(N) is the total energy of the surface slab, N is the total
number of surface atoms in the slab, AE is the average energy of Egq"
and EgqY 2. Since the SiC surface is either Si-terminated or C-termi-
nated, the surface energy could not be obtained from Eq. (1) if both
sides of the surface are the same single element, due to odd-numbered
slab and deviation from stoichiometry. The surface energy of an odd-
numbered slab should consider the corresponding chemical element in
Eq. (1). The surface energy can be quickly calculated for an even-
numbered slab ensuring that the slab preserves its stoichiometry.
However, the SiC slab has C- and Si-terminated surfaces at the top and
the bottom simultaneously, thus the calculated surface energy is an
average of the two terminations according to Eq. (1).

In this work, the surface energy with primary orientation was cal-
culated, listed in Table 2. Due to lower Miller indices, highly stable
crystallographic orientations can be selected. The surface energy of Cr,

Table 2
Calculated surface energy of main crystallographic planes for Ti, Cr and SiC.

System Structure Orientation Surface energy, J, /m?
a-Ti hep (0001) 1.7243
(1010) 1.9401
(1120) 1.7493
Cr bee (001) 3.4381
(110) 2.8695
(111) 3.3981
4h-SiC hep (0001) 5.9849
(1010) 3.4502
(1120) 2.6911
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Ti and SiC slabs is 0y, (0001) = 1.7243 J/m?,0,/"(110) = 2.8695 J/

m? and Gf,jrcf (1120) = 2.6911 J/m?, respectively, indicating relative sta-
bility. Based on previous research, the lowest surface energy for metal is
often obtained by the close-packed plane, in agreement with calculated
results in Table 2 [51]. However, the surface energy of SiC depends on
the surface dangling bonds. Previous research indicated that stable
surface will affect interfacial adhesion. Hence, this article also attempts
to carry out an exploration of the relation between the surface energy
and interfacial adhesion [52].

3. Results and discussion
3.1. The work of separation

The work of separation, Wy, can be used to quantitatively describe
adhesion strength of the metal-ceramic interface, which is defined as
the reversible work to separate a unit area interface of the two con-
densed phases, forming two free surfaces, given by [53]:

Eslab, a«t Eslab,,B - Eint

Wscp A

(2)

Here, Eqqp, o and Egqp,, p is the total energy of the surface slab and the
subscripts a and f are materials a and . E;,, is the total energy of the
interface and A is the interface area.

The interface structure of six SiC/Ti interfaces is shown in Fig. 1.
Separation distance, do, greatly affects Wy, and inter-atomic bonding,
thus we've selected 1.5-2 A for do [54,55]. Furthermore, the lattice
plane of the 4H-SiC has two different atomic terminations: Si and C.
Interfacing the C-terminated surface with a metal, such as Ti and Cr, has
been proven to be much stronger. Therefore, this paper provides the
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Table 3
Work of separation W, for Ti/SiC with the main crystallographic plane.

Ceramic surface Metal surface Wep
Sic Ti J/m*
(0001) (0001) 0.3263
(1010) 0.3057
(1120) -
(1010) (0001) 0.3132
(1010) 0.1784
(1120) -
(1120) (0001) 0.3118
(1010) -
(1120) 0.1452

DFT study of the interfacial properties.
Table 3 shows the W, for SiC/Ti with (0001)/(1120), (1010)/(1120)
and (1120)/(1010) interfaces not forming at all. This is due to the big
difference between the structures for those surfaces, resulting in a large
mismatch. To understand the relationship between the adhesion
strength and the surface energy of the Ti(0001)/SiC interfaces, we se-
lected (0001)/(0001), (0001)/(1010) and (0001)/(1020) orientations
combinations, shown in Fig. 1 along with a linear fit. This graph pro-
vides a relationship between the surface energy o and Wy, for different
SiC planes forming interfaces with the same Ti(0001) surface. Based on
Fig. 2, there's a linear relationship between W,,, and increasing surface
energy.

The interface structure of four SiC/Cr interfaces is shown in Fig. 3.
Due to the large mismatch induced by different structures, only four of

—
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Fig. 1. Interface structures of (a) SiC(0001)/Ti(0001), (b) SiC(0001)/Ti(1010), (c) SiC(1010)/Ti(0001), (d)SiC(1010)/Ti(1010), (e) SiC(1120)/Ti(0001), (f) SiC(1120)/Ti (1120). (Silver:
titanium; grey: carbon; yellow: silicon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Relationship between the surface energy o and Wy, for SiC/Ti(0001) interface.
The black data points represent calculated results, and the line is the linear fit.

nine interfaces had adhesion, as shown in Table 4. The maximum W,
is 4.7108 J/m? for the SiC (1120)/Cr(001) interface. The interface in this
orientation has good stability, and has potential to be used for helping
experiments. Based on these results, adhesion at the SiC/Ti and SiC/Cr
interfaces strongly depends on the crystallographic orientation.

3.2. Interfacial structure and interfacial energy

3.2.1. Interface structure

To understand how the interface reaches its stable structure and
reduce the interfacial energy, it is necessary to find how atoms move.
The unrelaxed and relaxed local structures for SiC(0001)/Ti(0001) and
SiC (1120)/Cr(001) interfaces are given in Fig. 4.

Form Fig. 4, it is obvious that there are substantial changes in the
atomic geometry of the relaxed interface. After relaxation, it can be
found that the atomic restructure degree at Ti layer is slight, as only the
first layer close to the interface has changed, but Cr layer has changed
significantly. In Fig. 4, after structure relaxation, the SiC(0001)/Ti
(0001) interface spacing has changed a lot from 2.076 A to 0.955 A, and
the SiC(1120)/Cr(001) interface spacing also changed from 1.864 A to
1.692 A. Moreover, in unrelaxed SiC(0001)/Ti(0001), the C—Si bond
length and C—Si—C bond angle at the interface are 1.904A and
110.13°,while after structural relaxation, they changed to 1.874 A and
110.84°, which are extremely small changes. Form Fig. 4(c) and (d), it is
clear that compared with the unrelaxed interface, relaxed
SiC(1120)/Cr(001) has undergone strong atomic rearrangements at the
interface. The C—Si bond length and C—Si—C bond angle at the inter-
face transformed to 1.874 A and 110.84° from 1.904 A and 110.13°. The
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Table 4
Work of separation Wi, for Cr/SiC with the main crystallographic plane.

Ceramic surface Metal surface Wiep

Sic Cr J/m*
(0001) (111) 2.528
(1010) (001) 2.859
(1120) (001) 4.711
(1120) (110) 2.326

SiC(112 0)/Cr(001) with strongly reconstruction could greatly reduce
the system energy, thus it is necessary to make sure that the interface
structure is in steady state.

3.2.2. Interface energy

Another thermodynamic quantity, which can be used to represent
interfacial thermodynamic stability, is the interfacial energy, vi,. It can
be defined as the excess free energy associated with the unit area of the
system due to the interface forming, and comes from the charge transfer
between the interface atoms and the structure strain. It is difficult to
obtain precise interfacial energy from experiments; therefore only ap-
proximate value can be assessed. In many cases of solid/solid interfaces,
Yine has been ignored, or set to zero when both solid structures are si-
milar. Due to the interfacial misfit strain caused by different structures,
interfacial energy should be positive. However, it can also be negative
under some conditions, which are not thermodynamically stable. The
atoms at the interface region will diffuse across the interface, and begin
interfacial alloying when the interfacial energy is negative enough. The
smaller the interface, the steadier it is. The interfacial energy is defined
as [56]:

NEb _
A

Eug(N,M) — ME}

R

int (3)
Here, v, and vz are the surface energy of materials a and §, respectively;
Eayp, NE ¥ and NEﬁb“"‘ are the total energy of the interface system, the
energy of bulk a and bulk 3 per atom, respectfully; A; is the area of the
interface, and N and M are the atomic numbers of materials a and f,
respectively. SiC(0001)/Ti(0001) and SiC(1120)/Cr(001) have the
highest stability for the SiC/Ti and SiC/Cr interfaces, with their inter-
facial energy listed in Table 5. Table 5 also shows that for the latter,
Wyep is smaller, while y;p, is larger than for the former. This means that
the smaller y;, will result in larger W, and both contribute to the
interface stability in different ways.

3.3. Electronic structure

In the previous section it was found that the optimal orientations for
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Fig. 3. Interface structures of: (a) SiC(0001)/Cr(111), (b) SiC(1010)/Cr(001), (c) SiC(1120)/Cr(001), (d) SiC(1120)/Cr(110). (Green: chromium; silver: titanium; grey: carbon; yellow:
silicon). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Unrelaxed and relaxed local atomic structures for: (a) unrelaxed SiC(0001)/Ti(0001) interface, (b) relaxed SiC(0001)/Ti(0001) interface, (c) unrelaxed SiC (1120)/Cr(001) in-

terface, (d) relaxed SiC (1120)/Cr(001) interface.

Table 5
Best interfacial energies W, and vy, for the SiC/Ti and SiC/Cr models.

Interface model

Best orientation Wiep Yint
J/m? J/m*
SiC/Ti (0001)/(0001) 0.3263 2.4806
SiC/Cr (1120)/(001) 4.7108 1.4344

the SiC/Cr and SiC/Ti interfaces are SiC (1120)/Cr(001) and SiC(0001)/
Ti(0001), respectively. To better understand these two interfaces, it is
necessary to perform the deformation density, the Mulliken population
and the density of states (DOS) calculations, which all depend on
electronic interactions.

Fig. 5 shows the interface geometry of SiC(1120)/Cr(001) and
SiC(0001)/Ti(0001). The former only has C-terminated SiC surface,
while both C-terminated SiC and Si-terminated SiC surfaces are present
for the latter. The C—Cr and Si—Cr bonds formed at the
SiC (1120)/Cr (001) interface enhance the charge interactions between C
and Si, possibly due to the Si atom, which will be discussed later.

For better understanding of electronic interactions and chemical
bonds, the valence electron density difference for the
SiC(1120)/Cr(001) and SiC(0001)/Ti(0001) interfaces is shown in
Fig. 6. Red and blue areas represent charge increase and decrease, re-
spectively. The charge accumulates primarily in the areas around C
atoms, implying that electron transfer occurs at the interface. There are
two visible differences between the two interfaces. First, the charge
transfer at the SiC(1120)/Cr(001) interface is shown in Fig. 6(b), where
the charge transfers mainly from Cr to C atoms, stronger than the
charge transfer at the SiC(0001)/Ti(0001) interface. Thus, stronger
chemical bonds have formed between the C and Cr atoms, in agreement
with the Wy, variations in Table 4. A distinct charge transfer occurs at

123

both interfaces, suggesting that the ionic bond has formed. Second, for
the Si atom shown in Fig. 6(b), one part of the charge has been trans-
ferred to the C atom, while the other part has been shared with the Cr
atom at the SiC(0001)/Ti(0001) interface. Therefore, the electrostatic
force between the Cr and C atoms has been enhanced by the Si atom.
Moreover, a covalent bond can be found between the neighboring Si
and Cr atoms. Since they share some electrons, this also strengthens the
interface bonding for the SiC(1120)/Cr(001) interface.

A figure of the valence electron density difference can show the
charge transfer and the degree of ionization of the interface system, but
not quantitatively. Therefore, the Mulliken charge population has been
used, which may help to understand this quantitatively. Table 6 shows
the charges for the SiC(1120)/Cr(001) and SiC(0001)/Ti(0001) inter-
faces. Almost all the change in the Mulliken population appeared at the
ceramic layer and the interface. In order to analyze the charge transfer
at the interface, we selected interfacial atoms, including C, Si, Cr and Ti
in order to look more closely at the Mulliken population. Table 6 in-
dicates that the charge transfer from the metal layer to the ceramic
layer is clear, about 1.07 electrons for the SiC (1120)/Cr(001) interface,
and 0.9 electrons for the SiC(0001)/Ti(0001) interface, showing the
existence of ionic interaction at the interface. In addition, some Si and
Cr atoms had no charge transfer, implying that covalent bonds may
exist, which is in agreement with the electron density difference.

Fig. 7 shows the total DOS and partial DOS of the selected atoms for
the two interfaces. The interfacial Ti atoms have the same electronic
state as bulk Ti atom, while the peak of the DOS for the interfacial Ti
becomes sharper, as shown in Fig. 7(a). This implies that electrons
became localized. The DOS of the interfacial Cr, C and Si atoms are very
similar to their corresponding atoms in the bulk. In addition, the in-
terfacial Ti atom shows a set of new states at around — 10 eV, which is a
result of the surface effect and is called the surface level. In Fig. 7(a),
orbital hybridizations can be analyzed. C and Ti atoms of the interface
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(a) SiC(0001)/Ti(0001) interface

Microelectronics Reliability 83 (2018) 119-126

(b)SiC(1120)/Cr(001) interface

Fig. 5. Relaxed interface geometry for: (a) SiC(0001)/Ti(0001) and (b) SiC (1120)/Cr(001). (Green: chromium; silver: titanium; grey: carbon; yellow: silicon). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

have the same peak in DOS with the energy ranging from —5 to 0 eV,
which indicates the presence of the C-2p/Ti-3d orbital hybridization
and a covalent bond can be seed for Fig. 7(c). Similarly, in Fig. 7(d), the
Cr-3d/C-2p and Cr-3d/Si-2p at interfacial area have hybridization in-
teractions, which means that Cr—C and Cr—Si also have covalent
bonding due to the overlap of the peaks between Cr and C. Cr and Si
also present in the —5 to 0 eV energy range, as shown in the Fig. 7(b).
Comparing Fig. 7(a) and (b), the overlapping area in Fig. 4(a) for in-
terfacial Ti and C has less than one of the interfacial Cr and C atoms
from Fig. 7(b), which means that the strength of the Ti—C bond is
weaker than the Cr—C bond.

4. Conclusions

The first principles calculations, based on the DFT were performed
to explore the adhesion properties of the SiC/Ti and SiC/Cr interfaces in
various orientations. Considering mismatches between the two con-
stituent surfaces, six interface models of SiC/Ti and four interface
models of SiC/Cr have been successfully built. The optimized geometry,
work of separation, interfacial energy, electron density difference, the
Mulliken population and the density of states for the interface models
were calculated. The following conclusions can be drawn:

Table 6
The Mulliken charges for the SiC(1120)/Cr(001) and SiC(0001)/Ti(0001) interfaces.

Interface Element s P d Total Charge, e
SiC/Cr C 1.45 3.62 0 5.07 -1.07

Si 1.13 2.04 0 3.17 0.83

Cr 2.38 6.64 5.02 13.86 0.14
SiC/Ti C 1.5 3.41 0 4.9 -0.9

Ti 2.25 6.48 2.57 11.31 0.69

(1) Calculation of the work of separation for interfaces formed by
various planes of SiC, Ti and Cr indicate that the optimal orienta-
tion for the SiC/Ti interface is Ti(0001)/SiC(0001), which has the
highest value of W, = 0.3263J/m>. Similarly, the optimal or-
ientation for the SiC/Cr interface is SiC(1120)/Cr(001) with
Wiep = 4.7108 J/m?. The Wiep for SiC(1120)/Cr(001) is larger than
for Ti(0001)/SiC(0001), which suggests that the SiC (1120)/Cr (001)
interface has the strongest adhesion and is the most stable.

(2) The interfacial energy calculations for SiC(1120)/Cr(001) and
SiC(0001)/Ti(0001) show that the smaller vy;,, will result in larger
Wiep- In addition, the DFT calculations of W, and interfacial en-
ergy suggest that the crystallographic orientation should

~ 1.000e1
~ 5.000e-2
- 0.000

- -5.000e-2
- 1.000e1

Fig. 6. Valence electron density difference along the plane containing different interfacial C, Si and Ti or Cr atoms at the interface for: (a) SiC(0001)/Ti(0001) and (b) SiC (1120)/Cr (001).

Dotted line indicates the interface location.
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Fig. 7. Total DOS for selected atoms at interfaces: (a) SiC(0001)/Ti(0001) and (b) SiC (1120)/Cr(001). Partial DOS for selected atoms at interface region: (a) partial DOS of C and Ti atom
at the SiC(0001)/Ti(0001) interface, (b) partial DOS of Cr, C and Si atom at the SiC (1120)/Cr(001). “INT” means the atom at the interface. “BULK” means the atom in the bulk. Vertical

dotted lines show the location of the Fermi energy.

significantly affect the interface bonding.

(3) The relationship between the surface energy and Wy, was obtained,
showing a positive relationship between the SiC surface energy and
the value of Wy, for interfaces formed by SiC surfaces with different
orientations and the Ti(0001) surface.

(4) According to the study of the electronic structure, it was found that
a covalent bond can be formed between the neighboring Si and Cr
atoms for SiC(1120)/Cr(001), which strengthens the interface
bonding. Moreover, the charge transfer of SiC(1120)/Cr(001) is
mainly from Cr to C atoms and is stronger than from Ti to C at the
SiC(0001)/Ti(0001) interface. Thus, the stronger chemical bond has
formed between C and Cr atoms, which agrees with W, variations
in Tables 3 and 4. From the Mulliken population, one can see that
the ionic interaction at the interface exists and ionic bonding be-
tween Cr and C is stronger than between Ti and C. From the DOS,
the overlapping area in Fig. 4(a) for interfacial Ti and C has less
than one interfacial Cr and C in Fig. 4(b), which means that the
strength of the Ti—C bond is weaker than the Cr—C bond.
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