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A B S T R A C T

The atomic structure, interfacial charge distribution, bonding nature, and interfacial electronic states of a
4H–SiC/TiN interface are systematically investigated to understand the Ohmic contact formation mechanisms of
TiN to 4H–SiC. The experiment results clearly demonstrate that the well-arranged TiN (111)-oriented lattice
planes are parallel to the (0001) SiC-oriented substrate, which is in line with the XRD results. In addition, the
interface is coherent without any secondary phase layers, amorphous layers, or transition regions, which con-
firms the direct contact of TiN to SiC at the atomic scale, exhibiting a linear current–voltage relationship.
Quantitatively, first-principle calculations reveal that the Schottky barrier height (SBH) is as low as 0.03 eV and
that the band gap nearly vanishes at the interface, indicating an excellent Ohmic contact of TiN to 4H–SiC.
Furthermore, the SBH is significantly reduced through the interfacial charge polarization effect and strong
coupling of interfacial electronic states, enhancing the quantum electron transport. The present results provide
insight into the complicated electronic effects of the Ohmic contact interface and indicate that TiN is a promising
SiC Ohmic contact material for advanced next-generation power device applications.

1. Introduction

The promising properties of SiC, such as high thermal conductivity,
high breakdown voltage, and high-saturation electron drift velocity [1],
have stimulated extensive investigations into the fabrication of elec-
tronic devices applied in high-frequency, ultra-high voltage, and high-
temperature areas [2]. However, a major challenge for integrating SiC
is controlling the metal/SiC Ohmic contact properties [3,4]. Over the
past few decades, numerous studies have been conducted on Ohmic
contacts to SiC, which include Ni [5], Al/Ti [6], Ni/Ti/Al [7], and so
on. To date, in most studies the contacts have to anneal at high tem-
perature to obtain better Ohmic contacts performance, and it is there-
fore difficult to understand the Ohmic contact formation mechanisms
owing to severe interfacial reactions and/or inter-diffusion [1]. Dif-
ferent explanations for the origins of Ohmic contacts have been pro-
posed, such as the formation of silicides or carbides [8,9], carbon va-
cancies [10], interface pinning, and/or spiking [11], etc. Even worse,
extremely high temperatures that occur during the Ohmic contact
fabrication process may cause thermal stress in the device structures
[12], and severe chemical reactions could cause a non-uniformity of the

current distribution, thereby degrading the performance of the Ohmic
contacts [5,6]. It is therefore necessary to develop stable contact ma-
terials to prohibit the interfacial chemical reaction and solid-state dif-
fusion. Owing to its low work function [13] and good electrical con-
ductivity [14], TiN has been employed as an effective Ohmic contact
material with SiC [14,15], exhibiting an excellent thermodynamic
stability at up to 1100 °C [16,17]. However, the role of the SiC/TiN
interface in the mechanism through which a Schottky barrier becomes
Ohmic remains unclear. Glass et al. [18] considered that the Ohmic
behavior of TiN to SiC was due to the formation of a thin amorphous
interlayer. Lliadis et al. [15] proposed the idea that the surface-mod-
ification process played a key role in reducing the effective Schottky
barrier height. In addition, to the best of our knowledge, a theoretical
understanding of how the Schottky barrier reduction occurs in a SiC/
TiN interface has yet to be properly achieved. So, in this work, the
interfacial atomic structure of a TiN Ohmic contact to 4H–SiC is sys-
tematically studied by combing first-principle calculations with an
HRTEM analysis, providing a thorough understanding of the me-
chanism underlying an Ohmic formation.
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2. Experiment

The substrates applied were 4° off-axis n-doped 4H–SiC (0001)
wafers with a doping concentration of approximately 1018 cm−3. First,
the substrates were carefully cleaned using a modified RCA solution
and dried with nitrogen gas. Then, W(200 nm)/TiN(200 nm)/SiC con-
tacts were fabricated through magnetron sputtering using a designed
quartz mask and patterned by applying a lift-off process, as described
elsewhere [17]. These structures were then treated with rapid thermal
annealing (RTA) at 800 °C for 3 min in an Ar atmosphere. Finally, the
Ohmic contact performance was characterized through I–V measure-
ments using a Keithley 4200 source meter unit.

The phase structure of the W/TiN/SiC systems were examined using
X-ray diffraction (XRD) with Co Kα radiation. For the interface char-
acterizations, the cross sections of W/TiN/SiC samples were observed
using a high-resolution transmission electron microscope (HRTEM)
equipped with a high-angle annular dark-field (HADDF) detector in the
STEM system. An energy-dispersive X-ray (EDX) analysis across the
interface in the STEM system was also conducted. The TEM samples
were fabricated using milling samples through a focused ion beam
process.

3. Computational details

Calculations of the geometric and electronic structures were con-
ducted using the Vienna ab initio Simulation package [19], employing
projector augmented wave pseudopotentials [20] and Perdew-Burke-
Ernzerhof (PBE) functions [21]. The kinetic energy cutoff for the pla-
newave basis was set to 400 eV. In addition, the energy and force
convergence criteria were set to 10−5 eV and 0.01 eV/Å, respectively. A
k-point grid with a 7 × 7× 1 Gamma-centered mesh was employed for
the 4H–SiC/TiN slab unit cell. For all supercells, a corresponding
number of k-points were employed to maintain the k-mesh spacing
constant across different structures. The strong on-site Coulomb inter-
action on the d-orbital electrons at the Ti-sites was treated using the
GGA + U approach [22]. We adopted Ueff = 3.5 eV for a Hund's ex-
change interaction, which has been proven in previous studies to pro-
vide reasonable predictions of both geometric and electronic structures
[23]. In addition, we used the Bader charge model [24] to analyze the
charge distribution at the 4H–SiC/TiN interface.

To build the 4H–SiC/TiN interface model, a 4H–SiC(0001) surface
with two types of exposed Si sites (Si1 and Si2) was chosen to combine
with a Ti-terminated TiN(111) surface, as shown in Fig. 1. The N-ter-
mination was not considered herein because Ti-termination has been

proven to be more consistent with the experimental work function for a
TiN(111) surface [25]. For each possible combination, the terminated
Ti-atoms can sit on three possible site, i.e., Si top, C top, and hollow
sites of the 4H–SiC(0001) surface. To determine the most stable inter-
facial structure, the physically comparable adhesion energy Wad is de-
fined as follows [26]:

= +W E E E A( )/ad SiC TiN IF (1)

where ESiC, ETiN and EIF are the total energies of the isolated
4H–SiC(0001) slab, TiN(111) slab, and 4H–SiC/TiN interface, respec-
tively, and A is the total interface area. Hence, a larger Wad means a
more stable binding of the two slabs.

The calculated adhesion energies are listed in Table 1, in which Si2
of the SiC on-top binding of the Ti site of TiN is determined to be the
most stable interfacial configuration for the subsequent calculations.

4. Results and discussion

Fig. 2 shows a typical HADDF-STEM image of the W/TiN/SiC con-
tact system. Evidently, the SiC surface is covered entirely by a uniform
TiN film with no cracks or holes. In addition, from Fig. 2b–f, one can see
that the substrate is composed of Si and C, and the contact layer is
composed of Ti and N. Moreover, no elemental inter-diffusion occurs
between the interface of TiN/SiC. To further observe the atomic
structure of the interface, a cross-sectional HRTEM image of the SiC/
TiN interface is shown in Fig. 3. It can be seen that the well-arranged
TiN (111)-oriented lattice fringes are parallel to the (0001) SiC-oriented
substrate, which is in line with the XRD patterns (Fig. 4), indicating that
TiN exhibits strongly (111)-oriented textures. In addition, these results
agree well with the experiment results of Yang et al. [27] and Hultman
et al. [14]. Moreover, these orientation relationships are obviously
beneficial to forming a well-matched interface between the SiC and TiN
because SiC belongs to the hexagonal P mc63 space group with
a = 3.081 Å and c = 10.085 Å, and TiN belongs to the cubic Fm m3
space group with a = 4.236 Å, which are nearly the same lattice

Fig. 1. Atomic structures of 4H–SiC(0001) surface with (a) Si1 and (b) Si2 termination, and TiN(111) surface with (c) Ti termination.

Table 1
Adhesion energy Wad (in J/m2) for the interfaces between Si-terminated
SiC(0001) and TiN (111) terminated with Ti site.

SiC/TiN Si top C top Hollow

Si1 site/TiN unstable 4.43415 3.98488
Si2 site/TiN unstable 4.46412 4.08404
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constants of the TiN(111) and SiC(0001) lattice planes. Evidently, the
interface is coherent without any secondary phase layers, amorphous
layers, or transition regions, which confirms the epitaxial growth of TiN
films on SiC [27] (Fig. 3b). In addition, this atomic-scale contact should
qualitatively be the formation origin of the Ohmic contact of TiN to SiC,
as shown in Fig. 5, which shows a linear current–voltage relationship.

To investigate the Ohmic contact mechanism theoretically, first-

principle calculations are carried out to study the atomic structure,
energetics, and bonding of the TiN/SiC interface. Prior to the simula-
tions of the interfacial structures, we conduct bulk calculations to assess
the accuracy of the computational methods. The computed lattice
constants of both 4H–SiC (a = b = 3.088 Å, c = 10.109 Å) and TiN
(a = b = c = 4.307 Å) agree well with the experiment measurements
(a = b = 3.081 Å, c = 10.085 Å for 4H–SiC, and a = b = c = 4.236 Å

Fig. 2. Cross-sectional HADDF-STEM image of (a) W/TiN/SiC contact and element distributions of (b) W, (c) Ti, (d) N, (e) Si, and (f) C.
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for TiN) with minor errors of less than 2%. The computed band struc-
tures of 4H–SiC are shown in Fig. 6a, in which SiC represents a semi-
conductor property with an indirect band gap of 2.10 eV. The band gap
is smaller than the experiment value [1] because of the intrinsic defect
of DFT [28], but agrees well with previous calculated values of 2.18 eV
reported by Bechstedt et al. [29] and 2.25 eV reported by Wang et al.
[26] In contrast, TiN exhibits a metallic property with bands crossing
the Fermi level (Fig. 6b), which is also in line with the previous results
[25]. The computed electronic partial density of states (PDOS) in Fig. 7
further verifies the electronic structures. It should be noted that the
metallic property of TiN is mainly attributed to the overlap of the Ti 3d
and N 2p orbitals at the Fermi level, rather than an artificial error
caused by a DFT underestimation of the band gap.

We then study the charge behaviors at the 4H–SiC(0001)/TiN(111)
interface, as shown in Fig. 8. In principle, electrons tend to transfer

from the low work function side to the high work function side after
combining [30] (Fig. 8a). In this work, the work function of
4H–SiC(0001) is much larger than that of TiN(111) (Fig. 9), indicating
that after combining electrons tend to transfer from TiN to SiC. As
shown in Fig. 8b, the electrons heavily accumulate within the inter-
facial area, which suggests a good electrical conductivity throughout
this region. Further calculations on the charge density differences also
demonstrate this point, and it is found that ~0.86 e- will transfer from
TiN to SiC for each unit in our slab model.

The Schottky barrier height (SBH) at the 4H–SiC(0001)/TiN(111)
interface is then calculated. In general, SBH is determined based on the
difference between the semiconductor band edges and the Fermi level
of the interface supercell [31,32], and can be written as follows:

= E ECBM F (2)

In our case, the SBH is computed as 0.03 eV and the band gap nearly
vanishes at the interface (Fig. 10), indicating an excellent Ohmic con-
tact of TiN to 4H–SiC. To shed light on the lower SBH, several analytic
approaches are employed to theoretically characterize the detailed in-
terfacial charge distribution, bonding nature, and interfacial electronic
states. First, we compute the variation in charge density at the interface.
As shown in Fig. 11a, the overall charge density of TiN is higher than
that of SiC owing to a higher electronegativity of the N element.
Compared with the inner layer atoms, the charge density of Si and Ti
undergoes a rearrangement at the Si–Ti interface owing to the inter-
facial polarization effect. We then calculate the charge-density differ-
ence [26] to study the mixture of interfacial electronic states, as shown
in Fig. 11b. It is evident that electrons are depleted by both the sub-
interfacial N layer and the interfacial Si and Ti layers, suggesting that
these layers contribute significantly to the interfacial bonding. Fur-
thermore, the charge density difference fluctuates remarkably near the
interface, indicating a significant charge transfer between the SiC and
TiN slabs. Such a charge polarization effect at the interface can be more
visually presented by the two-dimensional charge density and differ-
ences, as shown in Fig. 12. One can see clearly that the transferred
electrons accumulate at the interface but should still be classified as
more electronegative Si ions than as Ti ions, forming a mixed covalent-

Fig. 3. (a) HRTEM image of TiN/SiC interface, where inset (b) shows the lattice
fringes of the interface. Typical crystal planes (111) of TiN and (0001) of
4H–SiC are also shown in the image.

Fig. 4. XRD patterns of W/TiN/SiC systems.

Fig. 5. I–V characteristics of W/TiN/SiC contact.
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ionic bonding. In addition, the good current conductivity can also be
attributed to a strong coupling of the interfacial electronic states [33],
as shown in Fig. 13, exhibiting a very good overlap of all interfacial and
sub-interfacial Si 2p, C 2p, Ti 3d, and N 2p orbitals. Moreover, the
PDOS of all layers (Fig. 14) suggests that the effect of the interfacial

Fig. 6. Energy band structures of (a) 4H–SiC and (b) TiN bulk structures. The horizontal dashed lines denote the Fermi level (EF).

Fig. 7. Electronic PDOS of (a) 4H–SiC and (b) TiN bulk structures. The vertical dashed lines denote the Fermi level (EF).

Fig. 8. (a) Schematic illustration of the charge transfer mechanism driven by
the difference in work function between 4H–SiC(0001) and TiN(111) surfaces.
(b) Charge density differences in 4H–SiC(0001)/TiN(111) interface structure.
Yellow and blue bubbles represent electron and hole charge distributions, re-
spectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 9. Potential energy surfaces of bare 4H–SiC(0001) (blue) and TiN(111)
(red) along the [0001] direction. Work functions are the convergent values of
these curves. (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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polarization on the electronic states can exist in only a few layers and
will eventually return to a bulk PDOS with an increase in the distance
from the interface.

5. Conclusion

In summary, the Ohmic contact mechanisms of TiN to 4H–SiC are
systematically studied by combining experimental studies with first-
principle calculations. HRTEM images illustrate how epitaxially grown
TiN atomically bonds to SiC substrates uniformly without any other
phases, which is further confirmed by the XRD and HADDF-STEM re-
sults. Furthermore, the atomic structure, interfacial charge distribution,
bonding nature, and interfacial electronic states of the 4H–SiC(0001)/
TiN(111) interface are computed using first-principle calculations. The
interfacial charge polarization and strong coupling of the interfacial
electronic states can lower the Schottky barrier height to 0.03 eV and
thus significantly enhance the quantum electron transport, and are the
origins of TiN Ohmic contact to 4H–SiC. The results highlight an im-
portant advancement in combining experimental studies with first-
principle calculations in an atomic-scale determination of an Ohmic
contact interface and present a major step toward addressing the cur-
rent Ohmic contact issues in SiC devices.

Fig. 10. Band structure of 4H–SiC(0001)/TiN(111) interface. Red dots re-
present projected bands of SiC. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Computed variation in (a) charge density and (b) differences as a function of distance along the [0001] direction. The interface position is indicated by
vertical dashed lines.

Fig. 12. Contour plot of (a) charge density and (b) its differences along the
(1120) plane of the 4H–SiC(0001)/TiN(111) interface.

Fig. 13. PDOS of the first Si, C, N, and Ti layers at the 4H–SiC(0001)/TiN(111)
interface.
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