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In this work, the ohmic contact mechanism of Ni electrodes on C-faced 4H-n-SiC was investigated by evaluating the electrical and
microstructural properties in the contact interface as a function of annealing temperatures ranging from 950 to 1100°C. We
determined that Ni-silicide, especially the NiSi phase, plays a key role in the formation of ohmic contacts rather than an
increase in carbon vacancies in the C-faced SiC substrate. A vertically oriented NiSi phase was observed in the thermally
annealed sample at the optimized temperature that behaves as a current path. A further increase in annealing temperature leads
to the degradation of ohmic behavior due to the formation of horizontal-type NiSi in the Ni-rich Ni-silicide/NiSi/SiC structure.

1. Introduction

Many technical challenges need to be overcome to
improve the performance of 4H-SiC-based power devices,
such as Schottky barrier diodes (SBDs) and metal-oxide-
semiconductor field-effect transistors (MOSFETs). One of
them is the reproducible formation of low resistance ohmic
contacts. Nickel metallization, which has the lowest specific
contact resistance (ρsc), has been frequently used for this pur-
pose [1–8]. For example, ρsc on Ni contacts to Si-faced 4H-n-
SiC epitaxial layer is between 2:8 × 10‐3 and 1:1 × 10‐6 Ω·cm2

under the high temperature annealing at ~1000°C, depending
on the process technique and doping concentration [2, 6–8].
The thermal annealing at high temperature, however, can
damage the oxide and SiC/SiO2 interface, which is unde-
sirable for device fabrication. In that sense, Ni-based
metal structures have been also studied in order to form
the low resistance ohmic contact even under the low tem-
perature annealing process. With low annealing tempera-
ture at 750°C or 950°C, the ohmic contacts have low ρsc

values, respectively, of 8 × 10‐4 and 4:2 × 10‐5 Ω·cm2 and
were achieved by using Ni/Ti/Al and Ni/Ti/Al/W metal
schemes [9, 10].

The development of ohmic contact can be possible based
on the sufficient understanding of the formation mechanisms
of Ni contact on Si-faced 4H-n-SiC. In the case of Si-faced
4H-n-SiC, carbon accumulation at the interface and donor-
like carbon vacancies (VC) that can lower the barrier height
(ΦB) and reduce ρsc have been suggested as a possible mech-
anism for ohmic contact formation [2–5]. In addition, the
formation of Ni-silicide by thermal treatment may play a pre-
dominant role in the formation of ohmic contacts [5–8].
Indeed, it is highly desirable to optimize the ohmic contact
on the SiC substrate, particularly on C-faced 4H-SiC for ver-
tical device structures. However, the mechanism for ohmic
contact formation in C-faced 4H-n-SiC has not yet been
completely elucidated.

In this study, we investigated the ohmic contact mecha-
nism on Ni/4H-n-SiC substrate (C-faced) interfaces. The
electrical properties of contacts were evaluated using the
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transmission line model (TLM). The formation and degrada-
tionmechanisms of ohmic contacts with the annealing process
were investigated by current-voltage-temperature (I‐V‐T)
measurements, scanning transmission electron microscopy
(STEM), and energy-dispersive X-ray spectroscopy (EDS).

2. Experimental Methods

For this study, we use commercially available 4° off-axis
n-type 4H-SiC substrates with a resistivity of 0.02 Ω·cm
from Cree, USA. Hall-effect measurements were performed
for five SiC substrate samples using the van der Pauw
method and yielded an average electron carrier concentra-
tion (N) of 3:28 × 1018 ± 6:14 × 1014 cm-3 and a Hall mobil-
ity (μ) of 90:8 ± 0:12 cm2/V·s. Prior to metal deposition, the
samples were cleaned with H2SO4 :H2O2=3 : 1, NH4OH : -
H2O2 :H2O=1 : 1 : 5, and buffered oxide etchant solutions
for 10, 10, and 1min, respectively.

To investigate the ohmic contacts on C-faced 4H-SiC,
namely, the backside of the SiC substrate, TLM patterns with
circular geometry (diameter of the inner circle was 200μm,
and the distance between inner and outer circles was d = 5,
10, 15, 25, 35, and 50μm) were defined using photolithogra-
phy, as shown in the inset of Figure 1(a). As a contact metal,
150 nm thick Ni was deposited on the patterned SiC substrate
using an e-beam evaporator. After the lift-off process, rapid-
thermal annealing (RTA) was performed at 950, 980, 1020,
1050, and 1100°C for 1min in N2 ambient in order to stimu-
late a reaction between Ni and the 4H-SiC substrate. All
electrical characteristics of the contacts were evaluated in a
vacuum chamber (<0.02Torr) equipped with a variable-
temperature chuck system using a parameter analyzer
(HP 4156A). I‐V‐T measurements were performed to char-
acterize the contact properties in the temperature range of
300–420K. STEM and EDS were also performed to investi-
gate the structural properties of the contacts using a JEOL
JEM-2100F.

3. Results and Discussion

Figure 1(a) shows the I‐V characteristics of Ni contacted to
the bottom of the n-type SiC substrate as a function of
annealing temperature. The current and voltage were
measured from adjacent TLM pads with a d of 5μm. It is
shown that the I‐V curves are significantly dependent on
the annealing temperature. For example, the I‐V curve of
the 950°C-annealed sample exhibited a rectifying characteris-
tic; however, the I‐V curves of samples annealed at tempera-
tures equal to and higher than 980°C were linear indicating
the formation of ohmic contacts. Using the TLM method
[11], the 1050°C-annealed sample was computed to have
the lowest ρsc (5:67 × 10‐4 Ω·cm2) and sheet resistance
(Rsh) of 13.6Ω/sq (Figure 1(b)). Note that ρsc for
1020°C-annealed sample (9:63 × 10‐4 Ω·cm2) is higher than
that of the 1050°C-annealed sample, and the reliable contact
parameters for 980°C-annealed sample could not be obtained
due to the nonlinear relation between the total resistance
(RT) and d (not shown here). Thus, 1050°C was determined
as the most optimized annealing temperature. One interest-
ing result was that thermal annealing at only 1100°C led to
a decrease in current values at the relevant voltages and an
increase in ρsc (8:0 × 10‐4 Ω·cm2). A possible explanation
for degradation of electrical properties is discussed in more
detail in the last section.

Prior to this work, it was unclear whether the Ni-silicide
formed at the contact interface or the out-diffusion of C
atoms played a key role in the formation of ohmic contacts
when Ni was deposited as an ohmic metal on n-type SiC
[2–8]. According to previous studies [2–5], the out-
diffusion of carbon leads to VC, which acts as a donor,
causing an increase of N underneath the contact interface.
Therefore, if an out-diffusion of carbon was critical to the
formation of ohmic contacts, both the increase of N and
decrease of ΦB should be observed simultaneously [2]. To
investigate if the origin of ohmic contact formation was
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Figure 1: (a) I‐V characteristics of Ni/n-SiC substrate contacts as a function of annealing temperature (d = 5 μm). (b) I‐V curves of
1050°C-annealed sample as a function of d. The inset shows the total resistance RT – d plot.
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dominated by the increase of N due to an out-diffusion of
carbon atoms in the contact interface on C-faced 4H-n-SiC,
ρsc values for the 1050

°C-annealed sample were plotted as a
function of annealing temperature (Figure 2). The therm-
ionic field emission (TFE) model [11] was used to calculate
ρsc since the N value predicts that the TFE model would
provide a good approximation, i.e., TFE dominates when
0:5 < E00/kT < 5. Here, E00 is given by E00 = ðqh/4πÞ
ðN/εsm∗Þ1/2, where m∗ is the electron effective mass
(m∗ = 0:36me) and εs is the dielectric constant of 4H-SiC
(εs = 9:66) [5]. With N = 3:28 × 1018 cm−3 and T = 300 K,
the calculation shows that E00/kT was as low as 0.695 which
lies in the TFE regime [11]. ρsc was calculated using

ρsc =
coth1/2 E00/kTð Þ cosh E00/kTð Þ

qA∗∗/k2
� � exp

q ΦB +Vnð Þ
E00 coth E00/kTð Þ −

qVn

kT

� �
,

ð1Þ

where A∗∗ is the Richardson constant (146A/cm2 K2) [5] and
Vn is the energy difference between the conduction band
edge (Ec) and the Fermi level (EF). From the successful
theoretical fit of experimental data using Equation (1) as
shown in the broken line of Figure 2, ΦB of 0.62 eV, E00
of 0.019 eV, and N of 3:7 × 1018 cm-3 were obtained.
Note that ΦB was lower than the theoretically expected
value (ΦB =ΦNi ð5:15 eVÞ – χ4H‐SiC ð3:6 eVÞ = 1:55 eV) [12],
whereas N evaluated by the TFE model was nearly constant
compared to the value determined by Hall-effect measure-
ment. Therefore, the above results suggest that a more
dominant factor other than the generation of VC should be
used to explain the formation of an ohmic contact at the
Ni/C-faced 4H-n-SiC interface.

According to the literature [2–8], various Ni-silicide
phases are formed at the interface of the Ni-based contacts
on 4H-n-SiC during thermal annealing. For example,
Ni-rich regions, typically comprised of Ni31Si12 and Ni2Si
phases, are formed under a low annealing temperature of
600°C. The Ni31Si12 hexagonal phase, which is mainly
formed at a considerably low temperature, has little effect

on the reduction of ρsc [5, 8]. As the annealing temperature
is increased (> ~900°C), the Ni-silicide phases recrystallize
at the contact interfaces, i.e., a full transformation of Ni31Si12
into the Ni2Si orthorhombic phase [3, 8]. Several studies have
shown that this Ni2Si phase plays a key role in determining
the electrical transport characteristics at the contact inter-
faces, namely, the recrystallization into the Ni2Si phase leads
to a reduction of ρsc and a decrease inΦB [6, 8]. If this model
is valid, both the uniform distribution of Ni and Si atoms at
metallic regions and the linear increase of current with
applied bias should be observed for the sample annealed
at 950°C.

To investigate the predominant ohmic mechanism in
terms of structural changes, STEM and EDS measurements
were performed. Figure 3 shows the STEM images and the
corresponding EDS elemental mapping for the samples
annealed at 950, 1050, and 1100°C. The interface between
the SiC substrate and contact metal is clearly distinguishable
in the 950°C-annealed sample (Figure 3(a)). Figures 3(c) and
3(d) show that Si and C atoms out-diffused toward the con-
tact metal region and were evenly distributed, indicating a
transformation into the single Ni-silicide phase, which was
expected to be Ni2Si. However, the I –V curve of the
950°C-annealed sample was strongly rectifying as shown in
Figure 1(a). Therefore, we can conclude that the formation
of Ni-rich Ni-silicide (NNS), especially Ni2Si, is not the major
factor in forming ohmic contacts on C-faced n-SiC. Indeed,
this result is supported by Han et al. who reported that the
ΦB of Ni-silicide, comprised of Ni2Si, is higher than Ni metal
on n-type SiC [2]. Interestingly, the distinct difference
between the 950°C-annealed sample and the samples with
higher annealing temperatures was observed in elemental
mapping images. As indicated by the superimposed white
lines in Figures 3(h) and 3(l) directed by white arrows, a
C-rich region was formed after thermal annealing at
1050°C or more, in which the composition of Ni-silicide
in this C-rich region corresponds to NiSi [2, 7]. From a
thermodynamic point of view, the formation of NiSi is
valid since the difference in Gibbs free energy for NiSi at
950°C is negative (ΔG950°C = ‐34:4 kJ/mol) [7, 13]. Moreover,
according to previous research, the formation of the NiSi/SiC
system contributes to the significant reduction in contact
resistance. Considering our and previous results mentioned
above, it is likely that the formation of ohmic contacts is also
related to the formation of NiSi phases rather than Ni2Si even
in the case of C-faced SiC. Thus, an ohmic contact for the Ni
metallization on C-faced 4H-n-SiC can be achieved by the
formation of C-rich areas corresponding to the NiSi phase.

It is also necessary to investigate why the ohmic proper-
ties degraded with annealing beyond the optimized tempera-
ture. One possible factor that increases ρsc value might be the
change of the C-rich region thickness. However, the thick-
ness of C-rich region varies between 20 and 36nm as shown
in Figures 3(h) and 3(l). Therefore, the electrical properties at
the contact interface have little to no correlation with the
thickness of the C-rich region. Another possible explanation
for ohmic contact degradation is the structural change in the
C-rich area. Indeed, ohmic behavior was observed in both
the 1050°C- and 1100°C-annealed samples. Although C-rich
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Figure 2: ρsc vs. 1000/T plot for a 1050°C-annealed sample.
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regions were observed in both samples, the corresponding
structures were clearly formed with different shapes. For
example, for samples annealed at 1050°C, the C-rich region
was formed vertically (Figure 3(h)), indicating that the cur-
rent path with low resistance between the SiC and the top
electrode was well formed. When the annealing temperature
was increased by 50°C, i.e., in the case of 1100°C-annealed
sample, C-rich areas were formed horizontally as well as ver-
tically, as shown in Figure 3(l). In addition, NNS was formed
just above the horizontal C-rich region, i.e., a Ni2Si or
a Ni31Si12/NiSi/SiC structure was formed. As mentioned
before, the formation of NiSi/SiC structures has the effect of
reducing ρsc, compared with the NNS/SiC system [2, 7]. On
the other hand, the formation of NNS/NiSi contacts could
negatively affect the current flow. Due to the work function
of NiSi (~4.5 eV) and NNS (~4.8 eV) [14], there is a contact
potential difference (qΔV =ΦNNS –ΦNiSi) of 0.3 eV between
the NNS/NiSi structure. Therefore, to produce the same cur-
rent value for the NNS/NiSi/SiC and NiSi/SiC structures, an
additional voltage of 0.3V should be applied to the former
structure. Eventually, the increase in ρsc of the contact
annealed above the optimized temperature was due to the
horizontal formation of the C-rich region causing the
NNS/NiSi/4H-n-SiC structure. Indeed, it is evident that the
formation of the horizontal C-rich area restricts current flow

although the exact origin of ohmic contact degradation on
Ni/C-faced 4H-n-SiC should be further investigated.

4. Conclusions

The ohmic contact mechanism of Ni contact to C-face and
n-type 4H-SiC can be characterized as follows:

(1) The carrier concentrations extracted from Hall-effect
and I – V – T measurements for the sample annealed
at optimized conditions (1050°C) are nearly constant.
This proves that VC, acting as donors, have little con-
tribution to the formation of ohmic contacts

(2) The evidence for the formation of various Ni-silicide
phases after thermal annealing was confirmed
from EDS elemental mapping. It was shown that
the C-rich area corresponding to the NiSi phase plays
a key role in the formation of ohmic contacts since the
linear I –V curve was observed only for the samples
having C-rich regions, especially, vertically shaped
C-rich regions

(3) The degradation of ohmic contacts by annealing at
higher temperatures beyond the optimized tempera-
ture can be explained in terms of the structural
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change of the C-rich area. After annealing at the opti-
mized temperature, the C-rich area formed vertically,
acting as an electron pathway. Above the optimized
temperature, the ohmic contacts degrade because a
horizontal C-rich region was developed in the con-
tact metal region, leading to an increase in contact
resistance due to the formation of NNS/NiSi
contacts. However, the detailed effect of the Si-rich
Ni-silicide and the horizontal C-rich region needs
further investigation
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