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Effect of additional silicon on titanium/4H-SiC contacts properties∗

Zhang Yong-Ping(张永平), Chen Zhi-Zhan(陈之战)†, Lu Wu-Yue (卢吴越),
Tan Jia-Hui(谈嘉慧), Cheng Yue(程 越), and Shi Wang-Zhou(石旺舟)

Shanghai Normal University, Shanghai 200234, China

(Received 9 October 2013; revised manuscript received 23 December 2013; published online 25 March 2014)

The Ti electrode was deposited on the (0001) face of an n-type 4H-SiC substrate by magnetron sputtering. The effect
of the electrode placement method during the annealing treatment on the contact property was carefully investigated. When
the electrode was faced to the Si tray and annealed, it showed ohmic behavior, otherwise it showed a non-ohmic property.
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and atomic force
microscopy (AFM) were used to characterize the electrode phase, composition, thickness, and surface morphology. The
additional silicon introduced from the Si tray played a key role in the formation of the ohmic contact on the Ti/4H-SiC
contact.
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1. Introduction
Silicon carbide (SiC) is regarded as an excellent candi-

date for high power, high frequency, and high temperature
electronic devices due to its excellent physical properties such
as a wide band gap, high breakdown field, high thermal con-
ductivity, and high saturation electron velocity.[1,2] One of the
most active fields in SiC research is the development of elec-
tronic devices capable of functioning at high power and fre-
quency, high temperature, and in caustic circumstances. The
relatively high contact resistivity may cause an inadmissible
voltage drop on the contacts due to the high current density.
The ohmic contact is therefore a critical factor that could re-
strict the SiC device applications.[3]

The ohmic contact to n-type SiC was formed by the de-
position of different metals or metal alloys.[4–6] Among them,
Ti and Ti alloys were extensively studied.[7–9] Au/Ti ohmic
contact on the (0001) of n-type SiC was prepared, in which C
atoms, released from SiC substrate, reacted with Ti atoms to
form TiC at the contact interface.[10] Ti–Al contact was inves-
tigated and the ohmic contact property was ascribed to the for-
mation of the ternary compound Ti3SiC2.[11–14] On the other
hand, the morphology of the annealed metal contact often be-
came rough due to intermixing and/or alloying after the high
temperature annealing.[15] A rough silicide interface increased
the high leakage of the shallow junctions.[16] Good ohmic con-
tact with both low contact resistance and smooth surface mor-
phology was required to develop a robust manufacturing pro-
cess of high power, high frequency devices.

In this paper, we prepared Ti contacts on the (0001) face
of n-type 4H-SiC substrates. The Ti/4H-SiC interface reac-
tions, contact resistance, and surface morphology were com-
pared as responding to the different electrode placement meth-

ods for annealing treatment. The additional silicon introduced
from the Si tray resulted in not only the smooth surface mor-
phology but also the good ohmic contact property.

2. Experiment
The 4◦ off axis, n-type 4H-SiC substrate, with a doping

concentration of about 1×1017 cm−3, was used in this study.
Prior to deposition, the substrates were ultrasonically cleaned
in deionized water for 600 s to wipe off large particle contam-
ination introduced by the process of dicing the wafer. They
were then ultrasonically washed in alcohol: acetone (1:1) for
600 s to erase the organic contamination. The next step was
performed with a boiled solution of H2O: H2SO4(10:1) for
1500 s to remove the metal ions contamination. Finally, all
the substrates were immersed in 10% HF for 1500 s, followed
by large amounts of deionized water rinse to eliminate the ox-
ide layers.

Ti electrodes were deposited on the SiC substrates by a
magnetron sputtering system (ULVAC, Japan). Before depo-
sition, the substrates were etched for 30 min by plasma to
remove the native surface oxide on the SiC. The depositions
were carried out at a constant pressure of 0.46 Pa in an Ar
atomsphere for 3600 s. The substrate temperature was 300 ◦C.

The electrodes were annealed at 1000 ◦C for 180 s in
an Ar atmosphere in a rapid thermal processing system (RTP
600). The tray to place the as-deposited samples was a 4-
inch-silicon wafer (hereafter designated as the Si tray). Fig-
ure 1 is the schematic diagram of the placement method of
as-deposited samples in the annealing treatment. The as-
deposited sample was named S1. The samples with their elec-
trodes facing and facing away from the Si tray were named S2
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and S3, respectively.
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Fig. 1. (color online) The schematic diagram of the placement method
of Ti/4H-SiC samples in the annealing treatment. (a) S2 with its elec-
trode facing the Si tray, and (b) S3 with its electrode facing away from
the Si tray.

The current–voltage (I–V ) curves were measured by the
Hall measurement system (Lakeshore 7704). The electrode
phase was identified by X-ray diffraction (Bruker D8 Ad-
vance). The surface elemental composition was measured
by X-ray photoelectron spectroscopy (PHI 5000). Photoelec-
tron peaks were accurately curve-fitted by means of the PHI
multipak software. The surface and cross-section morpholo-
gies were characterized by a Bruker atomic force microscope
(Nanoscope III a) and scanning electron microscopy (Hitachi

S-4800), respectively.

3. Results and discussion

Electrical properties of the as-deposited (S1) and an-
nealed (S2, S3) samples are characterized by the current–
voltage (I–V ) curve. The S1 shows no ohmic behavior
(Fig. 2(a)). However, when annealing treatment at 1000 ◦C
is performed, the S2 is ohmic (Fig. 2(b)) while rectifying be-
havior is observed for S3 (Fig. 2(c)). The linear transmission
line model (TLM) was used to calculate the specific contact
resistance ρc of S2.[17,18] Definition of the contact pads for the
TLM measurement was performed using a reactive ion etch-
ing (RIE) system with a 1-µm thick silicon dioxide etching
mask. TLM structure was composed of six 900 µm×900 µm
square Ti electrodes separated by 100 µm, 150 µm, 200 µm,
250 µm, and 300 µm, respectively. The plot of RTotal to con-
tact resistance as a function of L is shown in Fig. 2(d). The ρc

is 1.23×10−6 Ω· cm2.
Figure 3 is the SEM cross-section and AFM surface mor-

phologies for the three samples. The electrode is about 100-
nm thick for S1. After annealing, the electrode thicknesses of
S2 and S3 are increased to 118 nm and 130 nm, respectively.
From AFM observation, the S1 exhibits a quite flat surface
with a root-mean-square (RMS) of 0.998 nm (10 µm×10 µm),
this RMS is slightly increased to 1.919 nm for S2. As for
the S3, a significant increase in the RMS up to a value of
17.968 nm is measured.
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Fig. 2. (color online) The I–V characteristics of Ti contact onto (0001) C-face 4H-SiC. Panels (a)–(c) are for samples (a), (b), and (c) (S1,
S2, and S3), respectively. (d) The plot of the contact resistance RTotal as a function of L for sample (b). The specific contact resistance ρC
was calculated according to ρC = LLTRC, where RC is the contact resistance, LT is the transfer line length, and L is the electrode length.
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(a) (b) (c)

Fig. 3. (color online) SEM cross-sections and AFM surface morphologies of Ti/4H-SiC contacts for three samples. Panels (a)–(c)
were for S1, S2, S3, respectively.

Figure 4 is the XRD patterns for S2 and S3. The posi-
tions of the diffraction peaks of these two samples are similar.
The TiC (111), (200) diffraction peaks are identified. The SiC
(004) overlapped with the TiC (111) at diffraction peak 35.9◦.
The extra peaks at 31◦ and 36.8◦ are attributed to the Ti3SiC2

and Ti5Si3Cx phases, respectively. The TiC (200) overlaps
with the Ti3SiC2 (008) at diffraction peak 41.1◦.[19–21] In spite
of TiC and Ti3SiC2 phases are identified in the samples, the
peak intensities for S2 are higher than those of S3, especially
for those of Ti3SiC2 peaks. The results suggested that more
percentages of the Ti3SiC2 in S2 are generated.
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Fig. 4. (color online) XRD patterns of S2 and S3. Both electrodes are
annealed at 1000 ◦C for 180 s.

Figure 5 is the XPS spectra for S2 and S3. Analyses of
the C1s, Si2p, and Ti2p photoelectrons show that the S2 and
S3 electrodes exhibit C–Ti interaction, with the C1s peaks lo-
cated at 282.70 eV. From the Si2p spectrum, we obtain bind-

ing energies of 99.89 eV and 99.59 eV, due to the small es-
cape depths of the photoelectron, the Si2p spectrum should
be dominated by the surface layer, which is likely to be in-
complete and has Ti atoms only on one side, so the obtained
binding energy for Si2p may differ from the bulk value.[14] A
smaller C–Si bonding at 282.9 eV is present, as observed from
the convoluted spectra. The Ti2p chemical bonding energies
are determined to be 454.5 eV for Ti2p3/2, and 460.5 eV for
Ti2p1/2, which correspond to Ti–C bonding as in TiC.[21,22]

The electrode surface elemental compositions of C, Si, and Ti
are calculated from the XPS peak areas and standard relative
sensitivity factors. The C, Si, and Ti atomic concentrations are
33.74%, 12.52%, 53.74% for S2, and 35.12%, 9.66%, 55.22%
for S3, respectively.

It is almost impossible to form an ohmic contact relying
only on the choice of a metal with suitable work function and
metal diffusion into the SiC during annealing. In order to
form an ohmic contact, metallization schemes are chosen so
as to form an intermediate layer at the Ti/SiC interface, which
could decrease the barrier height (qΦBn). In these cases, an-
nealing treatment regenerates new interfacial compounds, the
old Ti/SiC interface is eliminated and replaced by a new one.
The resulting qΦBn is not dependent on the SiC surface prop-
erty and/or Ti work function. Based on the experimental re-
sults, the placement method of the electrodes in the anneal-
ing treatment plays a key role in the ohmic contact formation,
which reveals an important insight into Ti/SiC contact. The
formation process of the intermediate phases is described as
follows.
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Fig. 5. XPS spectra of S2 and S3. Panels (a)–(c) are the C1s region, Si 2p region, and Ti2p region for S2, respectively; panels (d)–(e)
are the C1s region, Si 2p region, and Ti2p region for S3, respectively.

It was reported that 1000 ◦C annealing caused SiC partial
dissociation to form Si and C atoms.[23] The contact forma-
tion was initiated by the dissociation of the SiC surface, due
to the high affinity of Ti for C at this temperature.[24] TiC and
Ti5Si3Cx at the Ti/SiC interface are generated by reacting Ti
with SiC for S3 sample

Ti+C→ TiC, (1)

5Ti+3Si+ xC→ Ti5Si3Cx. (2)

At the interface Ti atoms diffuse into and through the TiC
and Ti5Si3Cx mixed layer towards the SiC side. Simultane-

ously, Si and C atoms diffuse towards the Ti side. Once a
pileup of excess C atoms at the interface reaches the satura-
tion limit for Ti3SiC2, a Ti3SiC2 phase is formed

3Ti+Si+2C→ Ti3SiC2. (3)

The supply of Ti atoms at the SiC side continues and the
above reactions are repeated. On the other hand, more TiC
phases are formed through reaction (1) at the Ti side since the
diffusion of C atoms is faster than that of Si atoms. Finally, the
deposited Ti layer is completely consumed, the new interfacial
compounds are formed, as shown in Fig. 6(a).
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Fig. 6. (color online) The illustration of reaction pathway of S2 (a) and S3 (b).

In the case of S2, the Ti electrode is faced to the Si tray,
the annealed system can be regarded as Si/Ti/SiC, as shown in
Fig. 6(b), where Si refers to the Si tray. On the one hand, the
TiC, Ti5Si3Cx, and Ti3SiC2 phases are formed at the Ti/SiC
interface similar to that of S3 after annealing treatment. As

the bonding energy for Si–Si bond in Si and Si–C bond in SiC
are 1.81 eV and 4.47 eV, respectively,[25] the bond cleavage
of Si–Si is easier than that of Si–C. When Si is introduced
in the system, a part of dissociated Si atoms from the Si tray
diffuse into the Ti layer to form a Ti–Si compound although
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no Ti–Si phase is detected in the XRD pattern. When the C
atoms dissociate from SiC diffuse into the Ti–Si compound
layer, Ti5Si3Cx and Ti3SiC2 are formed.

Ti−Si compound+C→ Ti5Si3Cx+Ti3SiC2. (4)

To achieve good ohmic contact, qΦBn between metal and
semiconductor is required to be as low as possible for high
current conduction.[16] After annealing at 1000 ◦C, TiC alloy
compound is identified in S2 and S3 samples. As the work
function of TiC (3.74–3.94 eV)[26] is smaller than that of Ti
(4.33 eV),[27] leading to a reduction of qΦBn, which may be re-
sponsible for the decrease in contact resistivity of Ti/4H-SiC.

The above mentioned formation mechanism was verified
by XPS data. The C, Si, and Ti atomic concentrations were
33.74%, 12.52%, and 53,74% in the S2 sample, and 35.12%,
9.66%, and 55.22% in the S3 sample, respectively. The per-
centages of Si was 2.86% more and C 1.48% less in the S2
sample than those in the S3 sample. This difference was
caused by the different bonding energies of the Si–Si bond in
Si and the Si–C bond in SiC. When the S2 was annealed, the Si
atoms dissociation from the Si tray diffused into the Ti elec-
trode, which weakened the diffuse driving force of Si atoms
dissociation from the SiC substrate to Ti electrode. There-
fore, the dissociation of SiC was suppressed to some extent.
The effect of the annealing treatment on the electrode surface
RMS and the thickness of the electrode were smaller. Com-
pared with the S1 sample, the RMS and thickness increases
were only 0.9 nm and 18 nm, respectively. Different from
the S2 sample, no additional Si atoms were present in the S3
sample, the more Si and C atoms diffused from the SiC sub-
strate, the more vigorous the reaction between C atoms and
Ti atoms. The effect of the annealing treatment on the RMS
and the thickness of the electrode was larger. Compared with
these of the S1 sample, the RMS and thickness increase were
17 nm and 30 nm for S3, respectively. It was reported that
the surface morphology of the electrodes affected the electri-
cal properties, and the smoother morphology was beneficinal
to the ohmic behavior.[28–32] On the other hand, the Ti3SiC2

and Ti5Si3Cx were electrically and thermally more highly con-
ductive than TiC which was also beneficial to the formation
of good ohmic contact.[33] The experimental and theoretical
analysis demonstrates that an ohmic contact with low specific
resistivity is related to the smoother surface morphology, and
rectifying contact is related to the rough surface morphology.

4. Conclusions
In conclusion, we have grown Ti electrodes on an n-

type 4H-SiC by magnetron sputtering and studied the contact
properties using TLM measurement. The electrode placement

method in the annealing treatment played a key role in the for-
mation of ohmic contact on Ti/4H-SiC. Ohmic contact was
achieved when the electrodes were faced to the Si tray. The ad-
ditional silicon dissociation from the Si tray is the reason why
the Ti3SiC2 and Ti5Si3Cx phases were formed in the electrode
surface in S2. The improved smooth surface morphology is a
key role in the formation of ohmic contact.
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