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We report on wafer-level measurements of the long-term stability of Ti and Ni
ohmic contacts to n-4H-SiC during thermal treatments in air or air/moisture
environments up to 500�C. Contact metallizations with and without a sput-
tered Ti (20 nm)/TaSix (200 nm)/Pt (150 nm) diffusion barrier stack and Ti
(20 nm)/TiN (10 nm)/Pt (150 nm)/Ti (20 nm) interconnects were compared. A
protective coating consisting of a SiOx (250 nm)/SiNy (250 nm) stack deposited
by plasma-enhanced chemical vapor deposition (PECVD) was used. The sta-
bility of the contact metallizations during long-term thermal treatments in air
and air/moisture was studied. The best performance was achieved with Ti
ohmic contacts without the Ti/TaSix/Pt stack. This system successfully with-
stood 1000 h thermal treatment at 500�C in air followed by 1000 h at 500�C in
air/10% moisture. After the aging, the contact failure ratio was below 1% and
the specific contact resistivity amounted to (2.5 ± 1.1) 9 10�4 X cm2. Scan-
ning electron microscopy (SEM) cross-sectional analysis indicated no degra-
dation in the contact metallization, demonstrating the effectiveness of the
SiOx/SiNy protective coating in preventing oxidation of the contacts. These
results are very promising for applications in harsh environments, where the
stability of ohmic contacts is crucial.
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INTRODUCTION

Efforts to increase energy efficiency and reduce
greenhouse-gas emissions demand robust sensor
and electronic devices operating in harsh environ-
ments. The most common application scenarios are
found in the automotive, aerospace, and avionics
industries.1 Silicon carbide (SiC) is a promising
material for harsh environment sensors and elec-
tronics due to its outstanding properties and the
high level of maturity of the related process tech-
nology.2 The lifetime of SiC devices in harsh envi-
ronments is above all limited by the stability of the

contact metallization, the interconnects, and the
device packaging. In combustion and exhaust gas
environments, especially due to the presence of
moisture up to 10% concentration, the oxidation
resistance of ohmic contacts is a major concern. In
the presence of moisture or impurities such as Na or
Cl, oxidation dynamics in particular is largely
enhanced.3,4 Okojie et al. reported outstanding results
regarding the long-term stability of Ti contacts to
4H-SiC and 6H-SiC at high temperatures in air,
achieving a figure of merit of 1000 h at 600�C.5,6 In
that work, a tantalum silicide (TaSix) layer was
employed as a diffusion barrier between the Ti
contact and the Pt top layer. The most critical
reaction mechanisms were identified, consisting on
the one hand in oxidation of the PtSi overlayer
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formed after the decomposition of the TaSix layer
and on the other hand in TiSi formation in the
interface zone.7 Other works on TaSix thin films
employed as a diffusion barrier for ohmic contacts to
SiC reported poor oxidation resistance for this
material at temperatures at and above 500�C in
air.8,9 In those works, the lifetime of TaSix/Pt and
Ni/TaSix/Pt contact metallizations at 500�C in air
was limited to �200 h by the oxidation of the TaSix
layer. In Ref. 9, a better oxidation resistance was
achieved with TiW/Ti/Pt contacts. However, the
oxidation resistance still remains challenging, since
stability at high temperatures in air/moisture
environment is required for the applications men-
tioned above.

In this work we propose, therefore, a different
approach to achieve the required stability. This
approach consists of the deposition of a stable protective
coating on the contact metallization, thus preventing
incorporation of oxygen into the contact region. We
demonstrate that this approach allows achievement
of the desired stability with comparably simple con-
tact metallization stacks, implementing a protective
coating based on a plasma-enhanced chemical vapor
deposition (PECVD) SiOx/SiNy stack on Ti and
Ni-based contact metallizations to n-4H-SiC. Besides
the beneficial effect on the stability of the ohmic
contacts, a stable protective coating is highly desir-
able for sensors and electronics exposed to harsh
environments, since it can inhibit degradation
occurring in other device components such as active
areas, interconnects or gate metallizations.10–13

EXPERIMENTAL PROCEDURES

We used 3-inch, Si-face, 4� off-axis 4H-SiC wafers
(Cree, Inc.). The n-substrates (0.022 X cm) had a
0.5-lm-thick n-epilayer with a doping level of
1 9 1018 cm�3 and a 5-lm epilayer with a doping
level of 2 9 1019 cm�3 on top. The wafers were
coated with a 300-nm SiO2 layer deposited by low-
pressure chemical vapor deposition (LPCVD) using
tetramethyl orthosilicate (TEOS) as a precursor.
This layer was then annealed for 30 min at 900�C in
nitrogen atmosphere and patterned by means of
standard photolithography and inductively coupled
plasma (ICP) etching to expose the contact areas.
Then, photolithography with an image reversal
resist was performed, and the wafers were cleaned in
Caro’s acid and dipped in HF. Immediately there-
after, the wafers were loaded into the evaporation
chamber for deposition of the Ni or Ti contact metals
by e-beam evaporation. After carrying out the lift-off
of the resist, the contact metals were annealed for
2 min at 1100�C in Ar using a rapid thermal
annealing (RTA) system. The additional metal lay-
ers were deposited onto the alloyed contacts in a
sputtering chamber. These layers were sputtered
subsequently without breaking the vacuum and
patterned through lift-off. Samples with a Ti
(20 nm)/TaSix (200 nm)/Pt (150 nm) diffusion bar-

rier stack and Ti (20 nm)/TiN (10 nm)/Pt (150 nm)/
Ti (20 nm) interconnect on top as well as samples
without the Ti/TaSix/Pt diffusion barrier stack were
fabricated (Fig. 1). The final 20-nm Ti layer depos-
ited on the Ti/TiN/Pt interconnect improved the
adhesion of the protective coating. The passivation
consisted of a SiOx (250 nm)/SiNy (250 nm) stack
and was deposited by PECVD. Finally, the contact
pads were exposed by means of a photolithographic
mask and ICP etching. The process parameters of
wafers A to D are summarized in Table I. More
details on the protective coating and the intercon-
nects can be found in Ref. 14.

We employed a modified version of Reeves¢ cir-
cular transmission line method (cTLM) to deter-
mine the specific contact resistance (SCR) of the
contact metallizations. The schematic layout of the
contact structures is shown in Fig. 2. The structures
consisted of two concentric contact rings with a
varying gap of 20 lm, 30 lm, 40 lm, 50 lm, 60 lm,
and 100 lm, respectively. A top view of a single
cTLM structure is shown in Fig. 3a. Following
Reeves, the resistance between two concentric ring
contacts on a semiconductor layer reads15,16

R ¼ Rsh=2p � ln r3=r2ð Þ þ Rc1 þ Rc2; (1)

where Rsh is the sheet resistance of the semicon-
ductor, and Rc1 and Rc2 are the contact resistance
for the inner and the outer ring, respectively. With
the specific contact resistance qc and the sheet
resistance of the semiconductor layer under the
contacts Rsk we define the parameter a as (Rsk/qc)

1/2.
With the modified Bessel functions of the nth kind
In(x) and Kn(x), the contributions of the contact
resistance Rc1 and Rc2 can be written as17:

Rc1 ¼ Rsk= 2par2ð Þ � I1 ar1ð ÞK0 ar2ð Þ þ I0 ar2ð ÞK1 ar1ð Þð Þ=
I1 ar2ð ÞK1 ar1ð Þ � I1 ar1ð ÞK1 ar2ð Þð Þ; ð2Þ

Rc2 ¼ Rsk= 2par3ð Þ � I1 ar4ð ÞK0 ar3ð Þ þ I0 ar3ð ÞK1 ar4ð Þð Þ=
I1 ar4ð ÞK1 ar3ð Þ � I1 ar3ð ÞK1 ar4ð Þð Þ; ð3Þ

Fig. 1. Schematic cross-section of the investigated contact metalli-
zations. Samples with a Ti (20 nm)/TaSix (200 nm)/Pt (150 nm) dif-
fusion barrier stack deposited onto the contacts after the annealing at
1100�C were compared with samples without the Ti/TaSix/Pt stack.
The interconnects consisted in both cases of a Ti (20 nm)/TiN
(10 nm)/Pt (150 nm)/Ti (20 nm) stack.
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We calculated the specific contact resistivity qc

through weighted nonlinear regression of the
experimental data to Eq. (1) performed with
MATHEMATICA. We used a and Rsh as the fitting
parameters and assumed that Rsh was equal to Rsk.
We note that the contributions to the total resis-
tance given by the multilayer contact stacks and by
the interconnects are neglected in this calculation.
The latter assumption is fairly justified when Pt
interconnects are used, since the resistivity of Pt
(10.4 lX cm) is smaller than that of the silicide and
carbide phases that are typically formed after the
annealing of Ti or Ni contacts (TiSi2, TiC, and Ni2Si,
respectively) by a factor of 2 to 3.18 Nevertheless,
the parameter qc extracted with our method over-
estimates the actual specific semiconductor–alloy
contact resistivity. We emphasize that this study
did not target exact determination of qc. Rather, we
aimed at investigation of the stability of the total
contact resistance upon thermal treatment in air
and air/moisture.

The electrical measurements were carried out
using a fully automatic shielded Cascade probe
station. The I–V characteristics were measured in
four-point probe configuration in the current range
from �1 mA to 1 mA. A Keithley 6221 current
source and a Keithley 2181A nanovoltmeter were
used in the measurement. The resistance between
the contacts was calculated through least-squares
fitting of the measured I–V characteristic. The
contacts were considered to be ohmic if the condition
R2 > 0.999 was satisfied, where R2 is the reduced
chi-squared associated to the fitting. This condition
is satisfied for characteristics with good linearity.
An average over all ohmic contacts was then carried
out before fitting the dataset to Eq. (1). For each

sample type, 126 modified cTLM structures were
measured, corresponding to a total number of 1512
contact rings. The thermal treatment was per-
formed in a furnace at 500�C with slow heating/
cooling ramps of 5�C min�1. The wafers were
cumulatively aged up to 2000 h at 500�C, and
measurements were carried out at room tempera-
ture after each aging step. Hereby, the atmosphere
was switched from synthetic air (20% O2 in N2, total
flux 1 slm) to an air/moisture mixture (10% H2O,
10% O2 in N2, total flux 1 slm) after the first 1000 h.
To investigate the microstructural changes induced
by the aging, we carried out scanning electron
microscopy (SEM) analysis and SEM cross-sectional
analysis. Sample cross-sections were prepared by
focused ion beam (FIB) technique using a Carl Zeiss
CrossBeam 1540 system. A Pt layer with a thickness
of 1 lm was deposited locally on the sample before
cutting the cross-section. Cross-sections with 10 lm
width and about 3 lm depth were thus prepared.

RESULTS AND DISCUSSION

Measurement of the Specific Contact
Resistivity (SCR)

The SiOx/SiNy passivation showed good adhesion
on all wafers except for the samples with a Ni con-
tact and the Ti/TaSix/Pt stack (wafer B). Here,
partial adhesion failure occurred already during the
processing (Fig. 3). This is believed to be caused by a
combination of stress build-up in the Ti/TaSix/Pt
stack and in the SiOx/SiNy passivation, and poor
adhesion properties of the Ni contact layer to the
SiC semiconductor. It is known that the morpho-
logical stability of Ni contacts is limited by the
segregation of C atoms and the void formation at the
SiC/contact interface that occur during the silici-
dation reaction.18–21 Incidentally, no adhesion fail-
ure was visible for either Ni contacts without the
Ti/TaSix/Pt stack (wafer D) or Ti contacts with the
Ti/TaSix/Pt stack (wafer A) after the processing. The
magnitude of adhesion failure because of stress
build-up in the Ti/TaSix/Pt stack in wafer A is
believed to be limited by the strong adhesion of Ti on
SiC.

The SCR data calculated after the method
described previously are summarized in Table II.
The SCR of as-processed samples was generally in
the range of 1.1 9 10�4 X cm2 to 1.2 9 10�4 X cm2,
and the sheet resistance of the n-epilayer Rsh

Table I. Fabrication process details for the investigated contact metallizations

Wafer
Doping
(cm23)

Contact
(nm)

RTA
Anneal

Diffusion Barrier
Stack (nm)

Interconnect
(nm)

Passivation
(nm)

A 2 9 1019 Ti 30 2 min 1100�C Ti/TaSix/Pt 50/200/70 Ti/TiN/Pt/Ti 20/10/150/20 SiOx/SiNy 250/250
B 2 9 1019 Ni 50 2 min 1100�C Ti/TaSix/Pt 20/200/70 Ti/TiN/Pt/Ti 20/10/150/20 SiOx/SiNy 250/250
C 2 9 1019 Ti 30 2 min 1100�C – Ti/TiN/Pt/Ti 20/10/150/20 SiOx/SiNy 250/250
D 2 9 1019 Ni 50 2 min 1100�C – Ti/TiN/Pt/Ti 20/10/150/20 SiOx/SiNy 250/250

Fig. 2. Schematic layout of the employed cTLM structures consist-
ing of two concentric rings; the gap between the rings amounted to
20 lm, 30 lm, 40 lm, 50 lm, 60 lm, and 100 lm, respectively.
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amounted to 1.5 X/sq (Table II). The measured SCR
is larger than the best values reported in the litera-
ture for Ni and Ti contacts, which are in the range of
0.1 9 10�5 X cm2 to 1 9 10�5 X cm2 for n-epilayers
with similar doping level.22,23 This can be explained
considering the contributions to the SCR given by
the Ti/TaSixPt diffusion barrier stack and/or the
Ti/TiN/Pt interconnect, which add to the contact
resistance and are not ruled out in our calculation of
the SCR. For samples A, C, and D, the wafer-level
statistics in the as-processed state was fairly narrow
(Table II). On wafer B, the spread was larger and
approximately 8% of the contacts exhibited non-
ohmic characteristics. This was due to the partial
adhesion failure observed already in the as-pro-
cessed state (Fig. 3). The current–voltage charac-
teristics between single contacts from wafer A in
the as-processed state are shown in Fig. 4. As can be
seen, the contacts have good linearity (R2 = 1).

Cumulative Aging at 500�C in Air
and Air/Moisture Environment

The results of the cumulative aging for wafers A,
B, C, and D up to 2000 h at 500�C are summarized
in Fig. 5. For wafers A, C, and D the SCR stabilized
at a value of about 1.9 9 10�4 X cm2 after 100 h at
500�C in air. This may be due to intermetallic
reactions in the contact metallizations which
increase the effective SCR value, such as the

formation of PtTi phases. This mechanism was
observed in a previous study on Ti/TiN/Pt/Ti inter-
connects passivated by a SiOx/SiNy stack.14 For
wafers A, C, and D the statistical spread did not
increase substantially during the first 1000 h of
aging at 500�C in air (Fig. 5a, c, d). After the switch
to air/moisture environment, an increase of the
statistical spread and a further increase of the SCR
were observed for all wafers. The SCR then stabi-
lized again for wafers C and D, whereas for wafer A
the SCR showed a slight drift towards an end value
of �5.3 9 10�4 X cm2 and a further increase of the
spread (Table II). For Ni contacts with the Ti/TaSix/

Fig. 3. Micrographs of cTLM structures in the as-processed state for Ti (a) and Ni (b) contacts with the Ti/TaSix/Pt diffusion barrier stack.

Table II. Comparison between the specific contact resistivity (SCR) in the as-processed state and after
2000 h at 500�C

Wafer SCR New (1024 X cm2)
SCR after 2000 h

at 500�C (1024 X cm2)
Failed Contacts after

2000 h at 500�C (%)

A 1.2 ± 0.4 5.3 ± 5.1 1.9
B 1.1 ± 1.1 >106 85.8
C 1.2 ± 0.5 2.5 ± 1.1 0.8
D 1.2 ± 0.4 3.0 ± 1.2 0.1

Fig. 4. Current–voltage characteristics of single Ti contacts without
the Ti/TaSix/Pt stack (wafer C) in the as-processed state.
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Pt diffusion barrier stack (wafer B), a very large
statistical spread was present already for new
samples. This was explained by the poor adhesion
observed already for new samples (Fig. 3). The sta-
tistical spread increased greatly during the aging,
while the fraction of the contacts preserving the
ohmic character decreased. After switching to air/
moisture environment, massive degradation of the
SCR was visible (Fig. 5b). This resulted in spread of
the order of 280 X cm2 for the SCR of the ohmic
contacts after 2000 h at 500�C. In Fig. 6, a com-
parison between the I–V characteristics of two sin-
gle contacts from wafer B in the as-processed state
and after 100 h at 500�C is shown. As can be seen,
the characteristic was ohmic in the as-processed
state and became diode-like after 100 h at 500�C.
This contact was considered as failed according to
the above-mentioned criterion (R2 > 0.999). The
failure statistics for wafer B as a function of aging
time is shown in Fig. 7. The failure rate appears to
saturate after 300 h at 500�C in air, but increases
quickly after switching the environment from air to
moisture/air. This indicates that oxidation plays a
dominant role in the degradation of the contacts.
For wafers A, C, and D, failure of less than 1% of the
contacts was observed after 2000 h at 500�C. In a
previous work on the Ti/TiN/Pt interconnects and
the SiOx/SiNy passivation, we demonstrated
through x-ray photoelectron spectroscopy (XPS)
depth profiling that the protective coating inhibits
oxidation of the Ti/TiN underlayers during thermal

treatment in air at 600�C. We argue therefore that
the excellent stability observed for the contact
metallization in C and D is achieved because the
migration of oxygen towards the contact layer is
efficiently inhibited by the protective coating.

SEM Analysis and SEM Cross-Sectional
Analysis of the Samples

The samples were investigated by light micros-
copy, SEM, and SEM cross-sectional analysis. For
Ti contacts with the Ti/TaSix/Pt diffusion barrier
stack (wafer A), increasing delamination of the

(a) (b)

(c) (d)

wafer A wafer B

wafer C wafer D

Fig. 5. Average specific contact resistance (SCR) as a function of cumulative aging time. The environment was switched from synthetic air
(0.2 slm O2/0.8 slm N2) to air/10% moisture after the first 1000 h.

Fig. 6. Comparison between the current–voltage characteristics of a
single Ni contact with the Ti/TaSix/Pt stack (wafer B) in the as-pro-
cessed state and after 200 h at 500�C in air.
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contact metallization along its edges was visible
during the aging. This was confirmed by the SEM
analysis of samples after 2000 h at 500�C (Fig. 8).
Stress build-up in the Ti/TaSix/Pt stack is probably
the mechanism responsible for the delamination. As
can be seen in Fig. 8, the peeling off of the contact
metallization along the edges of the contact ring
caused a fracture in the SiOx/SiNy passivation layer.
Therefore, a fraction of the contact metallization
was left unprotected during part of the aging. This
degradation mechanism is consistent with the large
increase of the statistical spread in the SCR data
that was observed for wafer A, especially after
switching the environment from air to air/moisture
(Fig. 5). A cross-section of the as-deposited contact
metallization of wafer A before the deposition of the
passivation stack is shown in Fig. 9a. In the
as-deposited contact metallization, a clear material
contrast is visible in the in-lens detector between
the Pt and the TaSix layer. This contrast corre-
sponds to the higher conductivity of the Pt layer.
The FIB cross-section obtained in the center of a
contact ring of wafer A after 2000 h at 500�C is
shown in Fig. 9b. After 2000 h at 500�C, the mate-
rial contrast between the Pt and the TaSix layers is
not visible. The presence of voids in the upper and in
the lower Pt layers suggests that significant
migration of Pt into the TaSix layer occurred. Also,
the TaSix layer shows a granular microstructure,
which corresponds to the presence of grain-bound-
ary diffusion paths. This behavior differs signifi-
cantly from that of an ideal diffusion barrier. The
thickness of the TaSix layer increased from
�220 nm in the as-deposited state to about 390 nm
after 2000 h at 500�C. This is believed to be caused
by intermixing reactions.

In Fig. 10, a FIB cross-section of a Ti contact
without the Ti/TaSix/Pt stack (wafer C) after 2000 h
at 500�C is shown. The Ti contact layer and the

Fig. 7. Failure statistics of Ni contacts with the Ti/TaSix/Pt stack
(wafer B) during cumulative aging at 500�C. The contacts were
considered nonohmic if the reduced chi-squared R2 associated to a
linear regression of the I–V characteristics was smaller than 0.999.

Fig. 8. Tilted SEM micrograph on a Ti contact with the Ti/TaSix/Pt
stack (wafer A) after aging for 2000 h at 500�C.

Fig. 9. SEM cross-sectional micrograph of a Ti contact (wafer A) after the deposition of the Ti/TaSix/Pt stack (a) and after aging for 2000 h at
500�C with the SiOx/SiNy protective coating (b).
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Ti/TiN/Pt interconnect show a smooth topography,
and no degradation of the contact metallization is
visible in this cross-section. The corresponding
cross-section of a Ni contact without the Ti/TaSix/Pt
stack (wafer D) after 2000 h at 500�C is shown in
Fig. 11. Here, a rough SiC/Ni contact interface as
well as voids and an additional layer below the Ti/
TiN/Pt interconnect are evident. These observations
are consistent with detailed transmission electron
microscopy (TEM) studies on as-processed Ni con-
tacts to n-SiC,20,24 where formation of Kirkendall
voids at the SiC–contact interface and segregation
of excess carbon to the top region of the contact
layer were reported. The Ni contacts appear thus to
be less stable than Ti contacts from the morpho-
logical point of view. Considering both the SEM
cross-sectional analysis and the SCR data, it is
evident that the Ti/TaSix/Pt diffusion barrier stack
introduces a thermodynamic instability into the
system, degrading its performance. Ti and Ni

contacts without the Ti/TaSix/Pt stack exhibited
excellent stability of the SCR, with the additional
advantage of a simpler fabrication process.

CONCLUSIONS

In this work, we performed wafer-level measure-
ments of the long-term stability of Ti and Ni ohmic
contacts to n-4H-SiC during thermal treatments at
500�C in air and air/moisture environments. Sta-
tistical analysis of the specific contact resistance
and of the contact failure ratio during the aging was
carried out. SEM analysis and SEM cross-sectional
analysis on samples prepared through the FIB
technique were used to investigate the degradation
mechanisms. We found that, through a stable pro-
tective coating, excellent stability of the contact
metallization could be achieved, also when standard
materials (sputtered Ti, TiN, and Pt) and thin films
(total stack thickness <250 nm) were employed. In
future work, further reliability testing and a more
detailed material analysis necessary to understand
the intermetallic reactions occurring in the contact
metallizations during aging will be carried out.
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