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During the past few decades, silicon carbide (SiC) has emerged as the most
promising wide-bandgap semiconductor for high-temperature, high-fre-
quency, and high-power applications. All its attractive properties depend
critically on and are often limited by the formation of Ohmic contacts to SiC.
Although impressive progress has been made, improvements to further reduce
the specific contact resistance without lowering the stability of Ohmic contacts
during long-term aging are still indispensable. In this regard, we present a
review of recent progress in Ohmic contacts to n- and p-type SiC reported in
literature. The mechanism of Ohmic contact to SiC, surface preparation
methods, and performance of Ohmic contacts are discussed. Emphasis is
placed on the thermal stability of Ohmic contacts to SiC. To date, extremely
low specific contact resistance values (10�7 X cm2 to 10�6 X cm2) have been
obtained after high-temperature (>800�C) annealing. Moreover, great efforts
have been made to achieve good Ohmic contact performance (10�6 X cm2 to
10�5 X cm2) under low-temperature annealing (<600�C) or even without
annealing. During long-term aging at high temperature (300�C to 1000�C),
surface morphology degradation, formation of unwanted Kirkendall voids,
interdiffusion between metallization stacks and/or SiC substrates, and espe-
cially severe oxidation in oxygen-containing atmospheres can be responsible
for electrical degradation of Ohmic contacts. These critical issues are dis-
cussed along with future perspectives.

Key words: Silicon carbide, Ohmic contacts, thermal stability, high
temperature, wide-bandgap semiconductors

INTRODUCTION

SiC has many promising characteristics such as
high breakdown voltage, high thermal conductivity,
high saturation electron drift velocity, and good
chemical stability, as summarized in Table I,1,2 which
are attractive for fabrication of devices used in high-
temperature, high-frequency, and high-power appli-
cations in place of Si-based devices.3,4 However,
application of SiC as a semiconductor is hampered by
difficulties in controlling metal/SiC contact properties
in SiC-based electronic devices including bipolar

junction transistors (BJTs),5–7 junction field-effect
transistors (JFETs),8,9 metal–semiconductor field-ef-
fect transistors (MESFETs),10,11 metal–oxide–semi-
conductor field-effect transistors (MOSFETs),12,13

insulated gate bipolar transistors (IGBTs),14,15 etc.
Degradation of metal/SiC contacts, or relatively high
specific contact resistance between metal and SiC,
may cause an inadmissible voltage drop at metal/SiC
contacts, hampering application of high-temperature
or high-power SiC devices16–21 such as power MOS-
FETs.22–24 Degradation of metal/SiC contacts is due to
reactions of metal with SiC and/or interdiffusion of
metal stacks, followed by formation of silicides, car-
bides, and oxides plus free carbon generation during
long-time and high-temperature operation in air or
harsh environments. Thus, Ohmic contact structures
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typically consist of multiple layers to achieve excellent
electrical performance, better high-temperature sta-
bility, good resistance to oxidation, etc. Taking the Pt/
TaSi2/Ti19 metallization stack as an example, Ti is the
Ohmic contact metal, Pt is the capping layer to en-
hance connectability to external circuitry (e.g., wire
bonding), and TaSi2 is a conductive diffusion barrier
to prevent interdiffusion between Ti and Pt during
high-temperature operation. Although Ohmic con-
tacts to SiC have been widely investigated, low
stable specific contact resistance, good resistance to
oxidation, and the ability to be connected to external
circuits are still highly desired characteristics.25 This
review focuses on recent progress in Ohmic contacts to
SiC, including the current transport mechanism, the
electrical properties, and especially the thermal sta-
bility of Ohmic contacts, as well as possible future
research directions.

MECHANISM OF OHMIC CONTACT TO SIC

An Ohmic metal–semiconductor contact is defined
as having a linear, symmetric current–voltage
relationship for positive and negative voltages, and
negligible resistance between metal and semicon-
ductor as compared with the bulk resistance of a
device. An Ohmic contact is typically formed in the
following cases:

(I) The work function of a metal is matched to
that of SiC; in other words, there is no

potential barrier between the metal and
SiC. For n-type SiC, the work function of the
metal should be smaller than the electron
affinity of SiC. Unfortunately, the work
functions of almost all metals are in the
range of 4.5 eV to 6 eV,26 while the electron
affinity of SiC is about 4 eV.1,2 For p-type
SiC, the valence band edge is more than
7 eV below the vacuum level.27 However, no
metal has a work function above 6 eV. As
described above, it is hard to find an appro-
priate metal that can form an ideal contact
to n- or p-type SiC.

(II) There is a quite low potential barrier
between the metal and SiC. As a result,
electrons can traverse the barrier at the
interface. In this case, the specific mecha-
nism of current flow is thermionic emission
(TE), which can be described as follows28,29

(taking n-type SiC as an example, similarly
hereinafter):

J ¼ J0 exp
qV

nkT

� �
� 1

� �

¼ A�T2 exp
qV

nkT

� �
� 1

� �
exp

�q/B

kT

� �
;

(1)

JR ¼ A��T2 exp � q/B

kT

� �
1 � exp � qVR

kT

� �� �
; (2)

Table I. Major physical properties of 3C-, 4H-, and 6H-SiC

Physical Property/SiC Polytype 3C-SiC 4H-SiC 6H-SiC

Lattice constant
a (Å) 4.3596 3.0798 3.0805
c (Å) – 10.0820 15.1151

Bandgap (eV) 2.36 3.26 3.02
Electron affinity (eV) 4.0 3.8 3.3
Electron effective mass
mkðm0Þ – 0.67 0.33 2.0
m?ðm0Þ – 0.25 0.42 0.48

Hole effective mass
mkðm0Þ – �1.5 1.75 1.85
m?ðm0Þ – �0.6 0.66 0.66

Effective density of states in the conduction band (91019 cm�3) 1.5 1.8 8.8
Effective density of states in the valence band (91019 cm�3) 1.9 2.1 2.2
Electron mobility at low doping
lkðc� axisÞ (cm2 V�1 s�1) �1000 1200 100
l?ðc� axisÞ (cm2 V�1 s�1) �1000 1020 450

Hole mobility at low doping (cm2 V�1 s�1) 100 120 100
Electron saturated drift velocity (9107 cm s�1) �2 2.2 1.9
Hole saturated drift velocity (9107 cm s�1) �1.3 �1.3 �1.3
Breakdown electric field at ND = 3 9 1016 cm�3

EBk ðc-axisÞ (MV cm�1) 1.4 2.8 3.0
EB?ðc-axisÞ (MV cm�1) 1.4 2.2 1.7

Relative dielectric constant
esk ðc-axisÞ – 9.72 10.32 10.03
es?ðc-axisÞ – 9.72 9.76 9.66

Thermal conductivity (W cm�1 K�1) 3.3–4.9 3.3–4.9 3.3–4.9
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where J=JR is the forward/reverse current density
per unit area, J0 is the saturation current density,
A�=A�� is the effective Richardson constant for SiC/
metal, T is absolute temperature, V=VR is the ap-
plied forward/reverse bias, n is the ideality factor in
the current–voltage I–V characteristic, and /B is
the potential barrier height. The specific contact
resistance is in general represented as

qc ¼
@V

@J

� �
V¼0

¼ k

qA�T

� �
exp

q/B

kT

� �
/ exp

q/B

kT

� �
:

(3)
Thus, the specific contact resistance increases
exponentially as the potential barrier height /B in-
creases. Han et al.30 reported that the current
transport mechanism of Ni to n-type 4H-SiC
(ND = 4.2 9 1015 cm�3) could be described through
the thermionic emission model. According to Eq. 3,
when /B = 0.35 V,31 A� = 146 A cm�2 K�2,32 qc was
calculated to be 1.45 9 10�3 X cm2, which was in
good agreement with experimental data. To lower
the specific contact resistance under these circum-
stances, Vassilevski et al.33 reduced the height of
the metal–SiC potential barrier to 0.097 eV, which
enhanced the Ohmic contact performance greatly.

(III) There is a narrow potential barrier between
the metal and SiC, which can be obtained by
heavy doping of the near-contact region of
silicon carbide. In this regard, electrons can
penetrate the barrier by quantum-mechan-
ical tunneling, and the specific mechanism
of current flow is field emission (FE).28,34

Then, the dependence of the forward current
density J on the voltage V is exponential:

J ¼ J0 exp
qV

E00

� �
; (4)

where E00 is the Padovani–Stratton parameter,34

which is given by

E00 ¼ qh

4p

ffiffiffiffiffiffiffiffiffi
ND

m�e

r
; (5)

where q is the electronic charge, ND is the donor
concentration, h is the Planck constant, m� is the
effective electron mass, and e is the dielectric per-
mittivity of SiC.

J0 ¼
2pA�E00 exp � q/B

E00

� �

kT log 2 V�/B

n

� �h in o
sin pkT

2E00
log 2 V�/B

n

� �h in o :

(6)
n is equal to ðEF � EVÞ=q, EF is the position of the
Fermi level and EV is the valence band edge.

When reverse bias is applied, the dependence of
the reverse current density JR on the voltage VR is
given by

JR ¼
pA��E00 exp � 2 q/Bð Þ3=2

3E00

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q/B�qVR

p
� �

kT
ffiffiffiffiffiffiffiffiffiffiffiffi

/B

/B�VR

q
sin

pkT

ffiffiffiffiffiffiffiffiffiffi
/B

/B�VR

q
E00

2
4

3
5

: (7)

The specific contact resistance can then be described
as35–37

qc ¼
@V

@J

� �
V¼0

¼ pA�qT2

k sin pckTð Þ exp � q/B

E00

� ��

�A�q

ck2
exp � q/B

E00
þ cqn

� ���1

;

(8)

c ¼ 1

2E00
ln � 4/B

n

� �
: (9)

Then,

qc / exp
/Bffiffiffiffiffiffiffi
ND

p
� �

: (10)

In this way, the specific contact resistance expo-
nentially increases with the decrease of the square
root of the carrier concentration; For instance,
Lundberg et al.38 investigated two different donor
concentrations in epilayers of n-type 6H-SiC, find-
ing that the calculated ratio of specific contact
resistance between q

0
c (ND = 7 9 1018 cm�3) and q00c

(ND = 1.4 9 1019 cm�3) through Eq. 10 was about 4,
in line with the experimental values.

(IV) Combining the TE and FE mechanisms,
electrons can also tunnel through the bar-
rier as it thins towards the top in certain
cases; the specific mechanism of current
flow is thermal field emission (TFE),34,39

which is depicted as follows:

J ¼ J0 exp
qV

E0

� �
¼ J0 exp

qV

E00 coth E00

kT

	 

 !

; (11)

J0 ¼
A�T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pE00qð/B�V�nÞ

p
kcosh E00

kT

	 
 exp � qn
kT

� q

E0
ð/B�nÞ

� �
;

(12)

JR ¼ J00 exp �
qVR

E00

kT � tanh E00

kT

	 

E00

 !
; (13)

J00 ¼ A�� ffiffiffiffiffiffiffiffiffiffiffi
pE00

p

kT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�qVR þ q/B

cosh2 E00

kT

s
exp � q/B

E0

� �
:

(14)

Hence, the specific contact resistance can be ex-
pressed as36
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ffiffiffiffiffiffiffiffi
E00

p

qA�T
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Then,

qc ¼
@V

@J

� �
V¼0

/ exp
/Bffiffiffiffiffiffiffi

ND

p
coth E00

kT

	 

 !

: (16)

Thus, the specific contact resistance increases
exponentially with the increase of the potential
barrier height /B and decrease of temperature.
Using the TFE model, Nakamura et al.40 success-
fully predicted the specific contact resistance from
the barrier height (around 0.40 eV) for NiSi2/n-type
6H-SiC, being well consistent with the measured
values.

In fact, theoretical calculations28 can predict the
emission conditions for which a specific current flow
mechanism plays the dominant role, showing that
the main mechanisms are thermionic emission

when E00

kT <0:5, thermal field emission when

0:5< E00

kT < 5, and field emission when E00

kT > 5.

SURFACE PREPARATION

According to the mechanism of Ohmic contact to
SiC, the potential barrier height (/B) between the
metal and SiC must be as low as possible to achieve
good Ohmic contact, even if the depletion layer at
the metal/SiC interface is thin enough that TFE or
FE can take place. Schottky and Mott41,42 theorized
that the potential barrier height between a metal
and SiC (taking n-type SiC as an example) is

q/B ¼ q/m � vs; (17)

where q/B is the work function of the metal and vs is
the electron affinity of SiC. Meanwhile, Bardeen
et al.43 considered that, if the density of surface
states ðDsÞ is sufficiently high, the difference in
work function between the metal and SiC is com-
pensated by surface state charge (Fermi level pin-
ning), thus the potential barrier height between the
metal and SiC is

q/B ¼ Eg � q/0; (18)

where Eg is the bandgap of SiC and /0 is defined as
the energy below which the surface states must be
filled for charge neutrality at the SiC surface.
Combing these Schottky–Mott and Bardeen theo-
retical models, Cowley et al.44 derived the depen-
dence of the potential barrier height on the metal
work function and the density of surface states,
being given approximately by

q/B ¼ c q/m � vsð Þ þ ð1 � cÞðEg � q/0Þ; (19)

where c is a weighting factor which depends mainly
on the density of surface states; when Ds is suffi-
ciently high, c is equal to 0, otherwise c is equal to 1
as Ds is extremely low.

Based on the Cowley–Sze theoretical model,
preparation of clean, atomically flat surfaces free of
native oxides and other contaminants to reduce the
density of surface states and thus lower the potential
barrier height is a crucial step prior to SiC metal-
lization. Various cleaning procedures including wet
chemical cleaning (RCA, RCA-like, etc.), thermal
oxidization followed by etching in dilute HF (O/E),
plasma-based treatment, high-temperature anneal-
ing, etc. have been investigated to achieve an ideal
SiC surface.45–55 Unfortunately, wet chemical treat-
ment or O/E often leaves a trace of O and/or F
contamination45–49 on the SiC surface, which causes
the density of surface states to be too high (>
1012 states cm�2 eV�1), thus increasing q/B, as-
cribed to partial Fermi level pinning at the metal/SiC
interface.47 Plasma-based methods such as Ar,50

Cl2,51 and N2 plasma treatment55 can effectively re-
move oxygen from the SiC surface but can cause
surface damage during high-temperature process-
ing.50 High-temperature hydrogen annealing is
suitable for producing clean, atomically ordered,
smooth surfaces through surface hydrogen ter-
mination without introducing contamination;52–54

however, it requires precisely controlled high-tem-
perature processing of SiC under ultrahigh-purity
molecular hydrogen, which makes it infeasible for a
low-cost production environment.53,54 Teraji et al.47

developed a novel, simple method to lower the den-
sity of surface states through immersion in boiling
water after the conventional procedure of degreasing
and HF dipping (DHF) and O/E treatment. The
position of the interface Fermi level was close to the
Schottky limit with density of surface states of
4.63 9 1010 states cm�2 eV�1, lowering the potential
barrier height for Ti/6H-SiC electrodes from
0.736 eV to 0.451 eV. Huang et al.56,57 and Liu
et al.58 proposed a low-temperature (400�C) elec-
tron cyclotron resonance microwave hydrogen
plasma treatment method for passivating 4H-SiC
surfaces and releasing Fermi level pinning with
extremely low density of surface states (�1010

states cm�2 eV�1).
Due to the complicated formation mechanisms of

Ohmic contact to SiC and difficulties in obtaining an
ideal SiC surface with low density of surface states,
the exact values of specific contact resistance are
generally obtained from actual measurements by
the transmission line model (TLM)59 or circular
transmission line model (c-TLM)60 instead of theo-
retical calculations.

OHMIC CONTACTS TO n-TYPE SIC

Since Addamiano first studied Cr-based Ohmic
contacts to n-type 6H-SiC in 1970,61 intense studies
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over the past few decades have focused on Ohmic
contacts to n-type SiC to obtain extremely low
specific contact resistance and excellent oxidation-
tolerant performance16,17,19,21,57,62–115 (shown in
Table II). To form Ohmic contacts, initially metals
were usually heated to above their respective
melting temperatures.61 Obviously, such high
annealing temperatures are unsuitable for practical
applications. So far, an increasing number of re-
searchers have turned to lower annealing temper-
atures. Jang et al.101 investigated TaC contacts to
n-type 6H-SiC; Ohmic contacts with qc = 2.1 9
10�5 X cm2 were obtained from substrates with
ND = 2.3 9 1019 cm�3 after rapid thermal anneal-
ing (RTA) in vacuum at 1000�C for 1 min. The
specific contact resistance reached the lowest value
(6.7 9 10�5 X cm2) after annealing at 1000�C for Ti
contacts to n-type 6H-SiC.116 To date, the vast
majority of studies have no choice but to anneal
metal contacts to n-type SiC at reasonably high
temperatures in the range from 800�C to 1100�C to
obtain better Ohmic contact performance, thus it is
hard to understand the Ohmic contact formation
mechanism owing to the complicated interface
reactions or metal interdiffusion. Different expla-
nations for the low specific contact resistance have
been proposed. Some researchers consider that the
Ohmic behavior can be attributed to the formation
of silicides and carbides such as TiSi2 and Ni2Si or
diffusion of Si atoms into the metallization layers at
elevated temperatures.65,117–119 Also, some re-
searchers consider that carbon vacancies are gen-
erated from outdiffusion of C atoms at the interface
during the annealing process, acting as donors that
play a key role in reduction of the effective Schottky
barrier height and promote Ohmic contact forma-
tion.120–122 However, others hold the different view
that high-temperature annealing of Ni2Si Ohmic
contacts to n-type 4H-SiC appears to cause disso-
lution of the interfacial oxide and form an abrupt
void-free metal/SiC interface, thereby attaining
excellent electrical properties.123,124 Hanafusa
et al.125 investigated the properties of Al/n-type 4H-
SiC contacts with a crystallized amorphous-silicon
interlayer, finding that the amorphous-silicon
insertion layer was effective for Schottky barrier
height reduction. Huang et al.57 produced low-re-
sistance Ti Ohmic contacts to n-type 4H-SiC
through low-temperature electronic cyclotron reso-
nance microwave hydrogen plasma pretreatment of
the SiC surface, which released Fermi level pinning
and thus decreased the surface state density,
thereby lowering the specific contact resistance to
2.07 9 10�4 X cm2 under low-temperature (400�C)
annealing. Hertel et al.105 verified the excellent
electrical contact properties of graphene/n-type 6H-
SiC interfaces, obtaining specific contact resistance
of qc = 6 9 10�6 X cm2 (ND = 1 9 1019 cm�3) with-
out annealing. They found that monolayer graphene
contributed to the formation of Ohmic behavior in
that work.T
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All in all, the mechanisms of Ohmic contact for-
mation are rather complex, especially when metal/
n-type SiC contacts are annealed at high tempera-
ture for a period. In general, according to the cur-
rent transport mechanism of Ohmic contacts, once
Ohmic contacts form between metal stacks and n-
type SiC, decrease of the effective Schottky barrier
height or increase of the charge carrier concentra-
tion in the near-contact region of n-type SiC, and
thus narrowing of the Schottky barrier, should take
place. There is still a long way to go to figure out the
detailed mechanism of Ohmic contacts to n-type
SiC.

OHMIC CONTACTS TO p-TYPE SIC

Shier et al.126 first applied melting of Cu-Ti and Al-
Si eutectic alloys to wet on p-type SiC (unknown
polytype), forming Ohmic contacts. However, the
contacts penetrated the SiC too deeply, and the
specific contact resistance was too high. Recently,
extensive studies have been carried out for Ohmic
contacts to p-type SiC. The reported Ohmic contacts
mainly include Al-based metal stacks, such as
Al/Ti,127–131 Ni/Ti/Al,132–134 Ti-based alloys Ni/
Ti,108,135–137 Ni-based metal films such as Ni,87,138

Al/Ti/Pt/Ni,33 Au/Ta/TaRu/Ni,139 metal carbides
TiC,140 or several kinds of noble-metal-based Ohmic
contacts, for example, Au/Pd,141 Pt,142 Au/Pd/Ti/
Pd,143 etc. (summarized in Table III).33,82,83,87,

106,108,109,127–130,133,136,138–155 Tsukimoto et al.133

investigated the electrical properties of Ni/Ti/Al con-
tacts to p-type 4H-SiC after annealing in vacuum at
800�C for 30 min, which provided specific contact
resistances of approximately 7 9 10�5 X cm2. How-
ever, the vast majority of the aforementioned contacts
were annealed at temperatures above 800�C to obtain
relatively low specific contact resistance. Extreme
annealing temperatures may cause stress in device
structures2 and also cause rough contact surface
morphology,156 which makes it difficult to align in the
photolithography process. To reduce the annealing
temperature, Lee et al.140 developed epitaxial TiC
Ohmic contacts to Al-ion-implanted 4H-SiC, achiev-
ing a relatively low specific contact resistance of
1.9 9 10�5 X cm2 after annealing in Ar + 10% H2

atmosphere for 3 min at 500�C. Tsukimoto et al.157

added a small amountof Ge to theconventional binary
Ti/Al contacts to construct ternary contacts, which
yielded a specific contact resistance of approximately
1 9 10�4 X cm2 after annealing at a temperature as
low as 600�C for 30 min. Tsao et al. improved AlNi-
based Ohmic contacts to p-type 4H-SiC by implanting
low-energy Al+ and inserting a thin Ti layer, which
successfully decreased the specific contact resistance
to 1.8 9 10�4 X cm2 after annealing at 650�C for
30 min in Ar atmosphere.158 Just like the Ohmic
contact formation mechanism of n-type SiC, different
explanations for Ohmic contact to p-type SiC have
been proposed. One suggestion is that the Ohmic
behavior is generated by formation of Ti3SiC2

159–161

or Al3C4.129,162 The Schottky barrier height is reduced
by the formation of the Ti3SiC2 layer, which acts as a
p-type intermediate semiconductor layer at the metal/
SiC interface.157 Another suggestion is that Ohmic
contacts (especially for Al-based contacts) exhibit
pinning and/or spiking during high-temperature
annealing,127,163–165 which enhances the electric field
by geometric effects, thus improving the performance
of Ohmic contacts. Also, Crofton et al. assumed that
aluminum diffuses into the SiC surface during
annealing, resulting in a heavily doped layer at the
interface, thus enhancing current transport by field
emission.25,166

THERMAL STABILITY OF OHMIC CON-
TACTS

As discussed above, great efforts have been made
to reduce the specific contact resistance of Ohmic
contacts to SiC after annealing at certain tempera-
tures. On the other hand, it is essential to achieve
excellent thermal stability of Ohmic contacts to SiC
in appropriate ambient conditions; otherwise con-
tinuous operation of SiC devices at high tempera-
ture would accelerate reactions between the contact
materials and SiC substrate, or between individual
contact layers, which would deteriorate the relia-
bility of SiC devices.122 As shown in Table IV,
multilayered contacts, such as Au/CrB2,149 Pt/
TaC,101 W/WC/TaC,17 Pt/Ir/Pt/TaSi2/Ti,167 Pt/Si,146

TiW/Ni,95 and Ni/Ti/Al/Ni168 have been developed to
maintain the thermal stability of Ohmic contacts to
SiC. The specific contact resistance of CrB2 Ohmic
contacts to p-type 6H-SiC only increased slightly
after 2226 h of aging at 300�C in vacuum.149 Ohmic
contacts comprising a W/WC/TaC/SiC multilayer
sequence showed excellent thermal stability after
storage testing at 600�C for 1000 h, with no degra-
dation of specific contact resistance and no reaction
among the films and n-type 6H-SiC substrate being
observed.17 However, long-term survivability of
Ohmic contacts in vacuum or inert ambient is in-
valid in air atmosphere. Oxygen in air would lead to
severe electrical and morphological degradation of
Ohmic contacts due to severe oxidation; For exam-
ple, Au/TiW/Ni2Si contacts to n-type 6H-SiC showed
little change in electrical characteristics up to 600�C
in vacuum, while this metallization showed electri-
cal degradation due to severe oxidation at 600�C
when exposed to oxygen.169 In this regard, a con-
ductive diffusion barrier that can prevent diffusion
of oxygen into the contacts during high-temperature
aging as well as interdiffusion between Ohmic con-
tact metals such as Ni or Ti and capping layers
such as Pt or Au is essential for long-term reliability
of SiC devices. Various diffusion barriers, for in-
stance, TaSix,

19,21,78,93,167 WSi,170 TaRuNx,
139,150

TaSiN,77,106 TaN,115 and TiN,73,86 are intended to
slow the diffusion and/or reaction between adjacent
layers greatly. Metallization stacks Au/Ta/TaRu/Ni/Al
to p-type 4H-SiC substrates remained stable
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when aged at 350�C in air for 3000 h, with the specific
contact resistance changing slightly from
1 9 10�5 X cm2 to 2 9 10�5 X cm2.139 Okojie et al.19

reported that Ti-based metallization films (Pt/
TaSi2/Ti to n-type 4H- and 6H-SiC) could success-
fully withstand 1000 h at 600�C in air. Oxidation

Table III. Ohmic contacts to p-type SiC

Metallization
Stack

SiC
Polytype

Doping
Level

(31018 cm23)

Annealing Conditions

qc
(31025

X cm2)

Surface
Preparation
Conditions Refs.

Temperature
(�C)

Time
(min) Atmosphere

Ni/Al 4H 7.2 1000 5 UHV 1200 HF 83
Ni/Ti/Al 4H 4.5 800 30 UHV 220 RCA/O/E 82
Ni/Ti 4H �100 950 �1 N2 130 RCA 108
Ni 4H 100 1000 1 N2 �100 N.R. 87
Au/NiAl/
Ti/Ge

4H >100 600 30 Vacuum �80 N.R. 144

Au/NiAl/Ti 4H >100 600 30 Vacuum �50 N.R. 144
Al 4H 4.8 1000 2 Vacuum 42 N.R 129
Ti/Al 6H 16 900 4 N2 40 N.R. 128
Co/Si/Ti 4H 3.9 850 1 Vacuum 40 Chem. clean. 145
Pt/Si 6H 7 1100 5 Vacuum 28.9 Chem. clean. 146
Al/Ti/Al 4H 4.8 1000 2 Vacuum 25 N.R. 129
Au/Pt-N/
TaSiN/
Al70Ti30

4H �1000 1000 2 Vacuum �20 RCA 106

Si/Al/Ti 4H 24 1020 2.5 Ar 17 BHF 109
Pt 4H 10 1100 5 Vacuum �15 Chem. clean. 142
Al/Ti/Ge 4H 4.5 600 30 Vacuum 10.3 RCA/O/E 147
AlSiTi 4H 30–50 950 7 Ar 9.6 RCA/Ar+ ions 148
Au/CrB2 6H 13 1100 15 Vacuum 9.58 Chem. clean. 149
Ni/Pt/Ti/Al 4H 6–8 1000 2 Vacuum 9 RCA 33
Al/Ti/Ni 4H 4.5 800 30 Vacuum 7 Chem. clean./O/E 133
Au/Pt-N/
TaSiN/
Ni (7% V)

4H �1000 900 1 Vacuum �8 RCA 106

Ti/Al 4H 10 1000 2 Vacuum �7 Chem. clean. 142
Al/W 4H 100 850 1 Ar 6.8 RCA 130
Au/Sn/Pt/
TaRuN/Ni/Al

4H 1000 N.R. N.R. N.R. 2 Chem. clean. 150

W/NiAl/Ti 4H >100 975 2 Ar �5.5 N.R. 144
Pd 4H 50 700 N2 5 5.5 Chem. clean./Ar+ ions 151
Al/Ti 4H 100 850 1 Ar 4.8 RCA 130
Pt/Si 4H 10 1000 5 Vacuum �4.4 Chem. clean. 142
Au/Pd 4H 30–50 850 15 Ar 4.19 RCA/Ar+ ions 141
Au/Pd/Al 4H 30–50 900 5 Ar 4.08 RCA/Ar+ ions 141
W/Ni/Al N.R. 10 850 2 N.R. 4 Chem. clean. 152
Ni 4H 100 1000 1 Ar �3 RCA 138
Au/Pd/Ti/Pd 4H 30–50 900 N.R. Ar + 1% H2 2.9 N.R. 143
Au/Ta/
TaRu/Ni

4H �1000 850 1 Ar �2 Chem. clean. 139

TiC 4H 20 500 3 Ar + 10% H2 2 Chem. clean. 140
Ti/Al 4H 4.5 1000 2 Vacuum 2 Chem. clean./O/E 133
Au/TiW/Ti/Pd 4H 100 400 + 850 1.5 + 1 N2 1.6 BOE 153
Au/Ti/Al 4H 30–50 900 5 Ar + 1% H2 1.42 RCA/Ar+ ions 154
Al-Ti N.R. 13 1000 2 Vacuum 1.1 Chem. clean. 127
Au/Ru/
TaRu/Ni/Al

4H �1000 850 1 Ar �1 Chem. clean. 139

Al/Ti/Al 4H 10 1050 10 N.R. 0.5 RCA/Piranha
etched/BOE

136

Al/Ti 4H 10 1050 N.R. Ar 0.1 RCA-like 155

Multilayered contacts are designated with slashes to separate the distinct layers prior to annealing; layers are listed from right to left in
deposition order. BHF = buffered hydrofluoric acid.

Recent Progress in Ohmic Contacts to Silicon Carbide for High-Temperature Applications 275



T
a
b
le

IV
.
S
u
m
m
a
r
y
o
f
r
e
su

lt
s
p
e
r
ta

in
in

g
to

th
e
r
m
a
l
st
a
b
il
it
y
o
f
O
h
m
ic

c
o
n
ta

c
ts

to
S
iC

in
v
a
r
io
u
s
a
tm

o
sp

h
e
r
e
s

M
e
ta

ll
iz
a
ti
o
n

S
ta

c
k

S
ta

c
k

T
h
ic
k
n
e
ss

e
s

(n
m
)

A
g
in

g
C
o
n
d
it
io
n
s

B
e
g
in

n
in

g
o
f
T
e
st

(3
1
0
2
5
X

c
m

2
)

E
n
d

o
f

T
e
st

(3
1
0
2
5
X

c
m

2
)

R
e
fs
.

T
e
m
p
e
r
a
tu

r
e
(�
C
)

T
im

e
(h

)
A
tm

o
sp

h
e
r
e

P
t/

T
a
S

i 2
/N

i
1
5
0
/5

0
/1

0
0

3
0
0

1
0
0
0

A
ir

3
4
.4

2
8
0

2
1

A
u

/C
rB

2
2
0
0

3
0
0

2
2
2
6

V
a
cu

u
m

9
.5

8
1
9
.2

1
4
9

A
l-

S
i/

T
a
N

/T
a
/N

i
8
5
0
/1

5
0
/5

0
/5

0
3
0
0

1
2
,0

0
0

A
r

0
.0

4
�

0
.0

4
1
1
5

A
u

/S
n

/P
t/

T
a
R

u
N

/N
i/

A
l

2
0
0
/2

5
/1

0
0
/2

0
0
/5

0
/1

5
3
5
0

2
0
0
0

A
ir

2
3

1
5
0

A
u

/T
a
/T

a
R

u
/N

i
7
0
0
/5

/2
0
0
/5

0
3
5
0

3
0
0
0

A
ir

�
2

�
4

1
3
9

A
u

/T
a
/T

a
R

u
/N

i/
A

l
7
0
0
/5

/2
0
0
/5

0
/1

5
3
5
0

3
0
0
0

A
ir

�
1

�
2

1
3
9

A
u

/P
t-

N
/T

a
S

iN
/A

l 7
0
T

i 3
0

N
.R

.
3
5
0

4
0
0
0

A
ir

�
2
0

�
2
4

1
0
6

A
u

/P
t-

N
/T

a
S

iN
/N

i
(7

%
V

)
N

.R
.

3
5
0

4
0
0
0

A
ir

�
8

�
8

1
0
6

A
u

/P
t-

N
/T

a
S

iN
/N

i 8
0
C

r 2
0

N
.R

.
3
5
0

4
0
0
0

A
ir

�
0
.5

�
2
.5

1
0
6

A
l-

S
i/

T
a
N

/T
a
/N

i
8
5
0
/1

5
0
/5

0
/5

0
3
8
5

1
2
,0

0
0

A
r

0
.0

4
�

0
.0

6
1
1
5

A
l/

T
i/

G
e

1
4
4
/3

2
/2

4
4
0
0

1
0

A
r

�
1
0

�
1
2

1
4
7

A
u

/N
i/

S
i

1
5
0
/6

6
/6

0
4
0
0

5
0

A
ir

�
4
0

�
8
0

7
7

A
u

/T
a
S

iN
/N

i/
S

i
1
5
0
/1

0
0
/6

6
/6

0
4
0
0

5
0

A
ir

�
4
0

�
4
4
.8

7
7

N
i

1
0
0

4
0
0

9
5

N
2

�
1
0

�
1
0

8
7

T
iW

/N
i

2
0
0
/1

0
0

4
0
0

1
0
0

N
2

4
.2

7
6

9
5

P
t/

T
a
C

1
0
/3

2
0

4
0
0

1
4
4

V
a
cu

u
m

�
1
.4

�
1
.6

1
0
1

A
u

/T
a
C

1
0
/3

2
0

4
0
0

1
4
4

V
a
cu

u
m

�
0
.2

0
�

0
.2

4
1
0
1

M
oS

i 2
5
0
0

4
0
0

1
0
0
0

A
ir

5
.2

1
.7

1
6

W
S

i 2
5
0
0

4
0
0

1
0
0
0

A
ir

2
4

1
1

1
6

A
l-

S
i/

T
a
N

/T
a
/N

i
8
5
0
/1

5
0
/5

0
/5

0
4
3
8

7
0
0
0

A
r

0
.0

4
�

0
.3

1
1
5

A
u

/T
i/

A
l

1
0
0
/1

5
0
/1

5
0

5
0
0

2
0

A
r

S
ta

b
le

1
1
0

P
t/

T
a
S

i x
4
0
0
/2

0
0

5
0
0

4
5

2
0
%

O
2

in
N

2
1
.0

1
.6

7
8

P
t/

T
a
S

i x
/N

i
4
0
0
/2

0
0
/1

0
0

5
0
0

7
0

2
0
%

O
2

in
N

2
3
5

3
7

7
8

P
d

1
0
0

5
0
0

1
0
0

N
2

5
.7

5
.7

1
5
1

T
i/

A
l

6
0
/4

0
5
0
0

1
0
0

N
2

1
.4

2
2
.1

1
0
7

P
t/

T
i/

T
iW

3
0
0
/3

0
/1

8
0

5
0
0

5
2
0

2
0
%

O
2

in
N

2
1
.5

5
0

7
8

P
t/

Ir
/P

t/
T

a
S

i 2
/T

i
2
0
0
/2

0
0
/2

0
0
/4

0
0
/1

0
0

5
0
0

1
0
0
0

A
ir

N
.R

.
N

.R
.

1
6
7

S
iN

x
/S

iO
y
/

T
i/

P
t/

T
iN

/T
i/

P
t/

T
a
S

i x
/T

i/
T

i

2
5
0
/2

5
0
/

2
0
/1

5
0
/1

0
/2

0
/7

0
/2

0
0
/5

0
/

3
0

5
0
0

1
0
0
0

+
1
0
0
0

A
ir

+
a
ir

/1
0
%

m
oi

st
u

re
�

1
2

�
5
3

8
6

S
iN

x
/S

iO
y
/

T
i/

P
t/

T
iN

/T
i/

P
t/

T
a
S

i x
/T

i/
N

i

2
5
0
/2

5
0
/

2
0
/1

5
0
/1

0
/2

0
/7

0
/2

0
0
/2

0
/

5
0

5
0
0

1
0
0
0

+
1
0
0
0

A
ir

+
a
ir

/1
0
%

m
oi

st
u

re
�

1
1

>
1
0

7
8
6

S
iN

x
/S

iO
y
/

T
i/

P
t/

T
iN

/T
i/

T
i

2
5
0
/2

5
0
/

2
0
/1

5
0
/1

0
/2

0
/

3
0

5
0
0

1
0
0
0

+
1
0
0
0

A
ir

+
a
ir

/1
0
%

m
oi

st
u

re
�

1
2

�
2
5

8
6

S
iN

x
/S

iO
y
/

T
i/

P
t/

T
iN

/T
i/

N
i

2
5
0
/2

5
0
/

2
0
/1

5
0
/1

0
/2

0
/

5
0

5
0
0

1
0
0
0

+
1
0
0
0

A
ir

+
a
ir

/1
0
%

m
oi

st
u

re
�

1
2

�
3
0

8
6

P
t/

T
a
S

i 2
/N

i
1
5
0
/5

0
/1

0
0

6
0
0

2
4

A
ir

8
7

2
3
0
0

9
3

P
t/

S
i

6
0
/5

0
6
0
0

6
0

V
a
cu

u
m

S
ta

b
le

1
4
6

Z. Wang, Liu, and C. Wang276



T
a
b
le

IV
.
c
o
n
ti
n
u
e
d

M
e
ta

ll
iz
a
ti
o
n

S
ta

c
k

S
ta

c
k

T
h
ic
k
n
e
ss

e
s

(n
m
)

A
g
in

g
C
o
n
d
it
io
n
s

B
e
g
in

n
in

g
o
f
T
e
st

(3
1
0
2
5
X

c
m

2
)

E
n
d

o
f

T
e
st

(3
1
0
2
5
X

c
m

2
)

R
e
fs
.

T
e
m
p
e
r
a
tu

r
e
(�
C
)

T
im

e
(h

)
A
tm

o
sp

h
e
r
e

A
lS

iT
i

1
0
0

6
0
0

1
0
0

N
2

9
.6

9
.6

1
4
8

N
i

1
5
0

6
0
0

1
0
0

N
2

�
0
.5

�
0
.5

1
0
7

W
/N

i/
A

l
2
0
0
/2

0
0
/2

0
0

6
0
0

3
0
0

V
a
cu

u
m

S
ta

b
le

1
5
2

N
i/

S
i

N
.R

.
6
0
0

3
0
0

A
ir

6
9

3
.5

7
2

P
t/

T
a
S

i 2
/N

i
2
0
0
/4

0
0
/1

0
0

6
0
0

3
0
0

A
ir

5
.2

3
3

9
3

a
-S

iC
/a

-S
iO

x
/

T
i/

P
t/

T
iN

/T
i/

T
i

2
5
0
/2

5
0
/

2
0
/1

5
0
/1

0
/2

0
/

3
0

6
0
0

5
0
0

A
ir

�
6
.5

�
2
2
.9

7
3

a
-S

iC
/a

-S
iO

x
/

T
i/

P
t/

T
iN

/T
i/

T
i

2
5
0
/2

5
0
/

2
0
/1

5
0
/1

0
/2

0
/

3
0

6
0
0

5
0
0

A
ir

/1
0
%

m
oi

st
u

re
�

6
.5

�
1
2
.5

7
3

T
i/

T
iN

/P
t/

T
i/

N
i

2
0
/1

0
/1

5
0
/2

0
/5

0
6
0
0

5
0
0

A
ir

�
2
1

�
1
7
,9

0
0

7
3

T
i/

T
iN

/P
t/

T
i/

T
i

2
0
/1

0
/1

5
0
/2

0
/3

0
6
0
0

5
0
0

A
ir

�
6
5

�
2
2
9

7
3

T
i/

T
iN

/P
t/

T
i/

T
i

2
0
/1

0
/1

5
0
/2

0
/3

0
6
0
0

5
0
0

A
ir

/1
0
%

m
oi

st
u

re
�

6
5

�
1
2
5

7
3

W
/W

C
/T

a
C

5
0
/1

0
/1

0
0

6
0
0

1
0
0
0

V
a
cu

u
m

S
ta

b
le

1
7

P
t/

T
a
S

i 2
/T

i
2
0
0
/4

0
0
/1

0
0

6
0
0

1
0
0
0

A
ir

1
6
.8

N
.R

.
1
9

A
u

/T
i-

A
l

1
0
0
/2

0
0

7
0
0

1
0
0

N
2

S
ta

b
le

1
5
4

N
i/

T
i

5
0
/1

0
9
0
0

1
0

H
2

3
3

�
2
6

7
9

S
i/

W
N

i
2
0
/1

0
0

1
0
0
0

1
5

A
r

N
.R

.
5
0

7
5

W
/W

C
/T

a
C

5
0
/1

0
/1

0
0

1
0
0
0

1
0
0
0

V
a
cu

u
m

3
.0

2
7
5
.1

1
7

M
u

lt
il

a
y
er

ed
co

n
ta

ct
s

a
re

d
es

ig
n

a
te

d
w

it
h

sl
a
sh

es
to

se
p

a
ra

te
th

e
d

is
ti

n
ct

la
y
er

s
p

ri
or

to
a
n

n
ea

li
n

g
;
la

y
er

s
a
re

li
st

ed
fr

om
ri

g
h

t
to

le
ft

in
d

ep
os

it
io

n
or

d
er

(e
.g

.,
T

i/
T

iN
/P

t/
T

i/
N

i
re

fe
rs

to
T

i/
T

iN
/P

t/
T

i/
N

i/
S

iC
).

‘‘+
’’

re
fe

rs
to

se
q
u

en
ti

a
l
a
g
in

g
p

ro
ce

d
u

re
s

(e
.g

.,
A

g
in

g
ti

m
e:

1
0
0
0

+
1
0
0
0

a
n

d
A

g
in

g
a
tm

os
p

h
er

e:
A

ir
+

a
ir

/1
0
%

m
oi

st
u

re
re

fe
rs

to
a
g
in

g
in

a
ir

fo
r

1
0
0
0

h
fo

ll
ow

ed
b
y

1
0
0
0

h
in

a
ir

/1
0
%

m
oi

st
u

re
).

Recent Progress in Ohmic Contacts to Silicon Carbide for High-Temperature Applications 277



resistance of Ohmic contacts still remains challeng-
ing when considering harsh moist operation envi-
ronments; For example, oxidation is aggravated
in combustion and exhaust gas environments.171

Recently, many thermal stability tests performed in
moist circumstances have been reported. Daves
et al.86 developed a novel approach to achieve
the required stability, consisting of depositing
stable protective coatings on the contact metalliza-
tion, thus preventing penetration of oxygen into the
contact region. In that work, SiNx/SiOy protective
coatings were utilized on Ti-based Ohmic contacts to
construct a SiNx/SiOy/Ti/Pt/TiN/Ti lamellar struc-
ture, and this system successfully withstood 1000 h

of thermal treatment at 500�C in air and 1000 h of
storage at 500�C in air/10% moisture. In another
article,73 a PECVD a-SiOx/a-SiC protective coating
successfully inhibited diffusion of oxygen/moisture
into Ti-based contact metallization, with excellent
stability being obtained during 500 h, long-term
aging in both air and air/moisture at 600�C.

THERMAL DEGRADATION MECHANISM OF
OHMIC CONTACTS DURING LONG-TERM

AGING

Marinova et al.172 studied the interface properties
of Ni/n-type 6H-SiC and found that the formation of

Fig. 1. SEM micrographs of Au/Ni2Si/n-SiC Ohmic contacts: (a) as deposited, and aged in air at 400�C for (b) 50 h and (c) 150 h (after Ref. 20).

Fig. 2. Cross-sectional transmission electron microscopy (TEM) image of W/WC/TaC/SiC: (a) as deposited, and annealed at 1000�C for (b)
600 h, (c) 700 h, (d) 800 h, (e) 900 h, and (f) 1000 h (after Ref. 17).
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unwanted Kirkendall voids at the interface after
high-temperature annealing would undoubtedly
cause internal stress and delamination of the contact
layers, thereby resulting in thermal degradation.

Kuchuk et al.20,77 reported that Au/Ni2Si Ohmic
contacts aged in air at 400�C for 50 h tripled their
specific contact resistance, and even presented non-
Ohmic behavior after 150 h of aging. For 150-h-aged
contacts, a mass of Au atoms diffused into the con-
tact, while Ni and Si atoms diffused outward to the
surface, leading to decomposition of the Ni2Si phase
and formation of NiSi and Aux(Ni,Si)1�x phases.
Then, oxygen penetrated into the contact through
granular areas and craters appearing in the Au layer
according to Fig. 1, resulting in corresponding elec-
trical degradation. Baeri et al.173 characterized the
thermal stability of TiW films as diffusion barriers
between a gold overlayer and the Ni2Si/SiC Ohmic
contact and found that Ti atoms diffused through the
gold layer and reacted with oxygen to form a thin
TiOx layer on aging in vacuum, damaging the per-
formance of the Ohmic contact as well as the bond-
ability in subsequent wire bonding. In most cases,
electrical degradation during long-term aging of
Ohmic contacts is due to oxidation.17,19,21,93,101 Jang
et al.17 investigated the thermal stability and
degradation mechanisms of TaC Ohmic contacts
with W/WC overlayers to n-type 6H-SiC after
annealing at 1000�C for 600 h, 700 h, 800 h, 900 h,
and 1000 h in vacuum below 3 9 10�7 Torr. With
increasing aging time, the W2C/TaC and TaC/SiC
interfaces became slightly roughened (Fig. 2d), then

Fig. 3. AES depth profiles of (a) as-received Pt/TaSix/Ni Ohmic contacts with thickness of 150 nm/50 nm/100 nm, and contacts heated in air (b)
at 300�C for 288 h, (c) at 500�C for 240 h, and (d) at 600�C for 48 h (after Ref. 21).

Fig. 4. SEM micrograph of Pt/TaSi2/Ti Ohmic contacts with thick-
ness of 300 nm/200 nm/100 nm after heat treatment in air at 600�C
for 250 h (after Ref. 19).
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generated new insulating phases (Fig. 2e). Finally,
the TaC film decomposed completely to form oxide
layers (Fig. 2f). Correspondingly, a substantial
increase of the specific contact resistance to
8.08 9 10�5 X cm2 and 7.51 9 10�4 X cm2 occurred
after 900 h and 1000 h of annealing, respectively.
These results showed that the oxide phases nucle-
ated first at the interfaces of contact layers, then
grew together. Similarly, Pt/TaSix/Ni Ohmic contacts
with thickness of 150 nm/50 nm/100 nm showed a
large increase in specific contact resistance after
aging at 300�C for 288 h in air, and non-Ohmic
behavior after aging at 500�C for 240 h or 600�C for
36 h. The concentration profiles from Auger electron
spectroscopy (AES) illustrated in Fig. 3 show that
oxygen accumulation at interfaces could be respon-
sible for the degradation, with the entirely oxidized
tantalum silicide layer leading to electrical failure.21

What is worse, thinner diffusion barriers could
accelerate free Ohmic contact metals such as Ti to
migrate to the surface and agglomerate locally at the
diffusion barriers’ (e.g., PtSi2) subsurface, further
causing formation of blisters and cracks (as seen in
Fig. 4), which possibly provides a rapid diffusion
path for oxygen towards the contact region.19 To
further improve the thermal stability, thicker Pt/

TaSix/Ni contacts, with thickness of 200 nm/400 nm/
100 nm, were employed in Ni-based Ohmic contacts
to n-type 6H-SiC for high-temperature applications,
showing only a gradual increase from an initial value
of 5.2 9 10�5 X cm2 to 3.3 9 10�4 X cm2 after aging
at 600�C for 312 h in air atmosphere. Use of a thicker
TaSi2 diffusion barrier and Pt capping layer sub-
stantially slowed the kinetics of oxygen diffusion/re-
action within contact layers.93 However, thicker
Ohmic contacts could not effectively prevent exten-
sive oxidation through the encroaching edge, even
though no oxygen penetrated from the top layer
(Fig. 5). Subsequent encroachment of oxygen into the
active circular contact regions would cause electrical
failure of the contact, especially during high-tem-
perature (>500�C) annealing.19

CONCLUSIONS AND FUTURE PERSPEC-
TIVES

This paper summarizes the development of Ohmic
contacts to SiC and also emphasizes improvements
and breakthroughs in the thermal stability of Oh-
mic contacts to SiC in recent years. To provide good
Ohmic contacts to SiC, decreasing the effective
Schottky barrier height or increasing the carrier
concentration of SiC substrates is indispensable to
lower the specific contact resistance. In addition, to
improve the thermal stability of Ohmic contacts to
SiC, better design of metal stacks on SiC and
stable protective coatings are even more urgent.

In the past few decades, although significant
progress has been made in the area of Ohmic con-
tacts to SiC, there are still many challenges that
have to be solved before SiC electronic devices can
be put into practical high-temperature applications.
To promote the commercialization process of high-
temperature SiC devices, future work should focus
on the following points:

1. Secondary Ohmic contacts: Secondary Ohmic
contacts result when annealing of primary
Ohmic contacts (such as Ni, Si) results in a
structure that has very good electrical perfor-
mance itself; these are then etched off, followed
by deposition of a second metal with other
required properties, such as excellent thermal
stability, better oxidation resistance, good adhe-
sion to SiC, etc. Moreover, the electrical perfor-
mance of unannealed secondary contacts is
nearly identical to that of the previous annealed
ones.94,174 Secondary Ohmic contacts can be
optimized to improve the reliability of SiC
devices for various applications, especially in
aggressive environments. Some researchers are
developing this kind of Ohmic contact.70,94,174–177

Cichon et al. reported that NiSi2 and Si sec-
ondary contacts showed good electrical proper-
ties and high thermal stability in air at 300�C for
hundreds of hours.177

2. Bondable metallization stacks: Although some
thermally stable Ohmic contacts such as

Fig. 5. AES depth profile of Pt (200 nm)/TaSi2 (400 nm)/Ti (100 nm)
Ohmic contact on SiC after 1000 h of heat treatment at 600�C in air
(after Ref. 19).
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Pt/TaSi2/Ti can successfully withstand 1000 h
of thermal treatment at 600�C in air,19 detri-
mental silicides will inevitably form on the
surface of Ohmic contacts after high-tempera-
ture aging, making the wire-bonding process for
electronic packaging difficult. In this regard, it
is necessary to develop bondable metallization
stacks which can improve the success rate of
wire bonding. Spry et al.167 investigated Pt/Ir/
Pt/TaSi2 layers as both a bond metal and
diffusion barrier, where the iridium layer pre-
vents outdiffusion of silicon due to its inertness
against formation of silicides during further
aging, thus leaving a pure platinum layer at the
surface, being ideal for the gold wire-bonding
process.

3. Reproducible specific contact resistance results:
The specific contact resistance usually varies
under similar annealing conditions and similar
carrier concentrations for Ni-based Ohmic con-
tacts to n-type SiC.65,94,99,107 In fact, the
obtained specific contact resistance is deter-
mined by many factors, for example, the surface
state density of SiC,57 or even the model used to
extract specific contact resistance data.73 There-
fore, an empirical formula including various
influencing factors is urgently needed to calcu-
late the specific contact resistance and further
guide efficient research on Ohmic contacts.

4. Better electrical properties after mild annealing
conditions: Most Ohmic contacts to SiC are
annealed at temperatures above 800�C to
achieve low specific contact resistance and rel-
atively good thermal stability. Extreme anneal-
ing temperatures may cause a variety of issues.
To date, one must make a trade-off between
lower annealing temperature (<800�C) and bet-
ter electrical performance in most cases. Some
researchers have obtained moderate specific
contact resistance values after low-temperature
or even no annealing.19,57,84,103,105 However,
such low specific contact resistance values are
generally obtained through decreasing the sur-
face state density, which will restrict various
industrial applications. In this regard, great
efforts should be made to achieve better electri-
cal properties using mild annealing conditions.

5. Simultaneous formation of n- and p-type Ohmic
contacts: For SiC MOSFET devices, simultane-
ous formation of Ohmic contacts on both n+-
source and p-well regions using a single metal
(or metal stack) in a one-step annealing process
is really needed and will not only simplify device
fabrication processes but also miniaturize cell
sizes.82,83,108,178 Although many materials have
been investigated to form Ohmic contacts to n-
or p-type SiC separately, only a few materials
such as Ni,179 Al/Ni,83,178 Al/Ti/Ni,82 Ni/Ti,108

and W-Ni alloy180 have been developed to form
Ohmic contacts to both n- and p-type SiC. Due
to the large difference in Schottky barrier

height of metal/n-type and metal/p-type SiC
for the same contact material, it is hard to
obtain excellent Ohmic contact performance
simultaneously. Moreover, the mechanisms of
simultaneous formation of n- and p-type Ohmic
contacts are not very clear, even though some
researchers consider that d-Ni2Si(Al)83 or WxCy-
NixSiy

180 is responsible for simultaneous Ohmic
contact formation.

6. Better optimization of Ohmic contact processing:
According to the mechanism of Ohmic contacts to
SiC, increasing the carrier concentration of the
SiC substrate is an excellent strategy to achieve
better Ohmic contact performance. In this case,
ion implantation becomes a critical technique for
selective-area doping during Ohmic contact pro-
cessing due to the extremely low diffusion coef-
ficients of dopants in SiC.181 At the same time,
ion implantation inevitably introduces a high
density of defects and lattice disorder in the
implanted region.182,183 Thus, hot implantation
and postimplantation high-temperature anneal-
ing are necessary to repair such implantation-
induced damage and also to obtain high dopant
activation.184–186 However, these high-tempera-
ture annealing processes will cause surface
roughening,187–190 macrostep formation,189 and/
or dopant redistribution.191,192 Several tech-
niques to suppress the surface deterioration
have been developed, such as annealing in
silane,190 annealing with an AlN193 and/or
graphite cap,194 and rapid thermal annealing
such as flash-lamp annealing184 or laser-pulse-
exposure-generated shock-wave annealing.195

Despite the high-temperature processes, high
sheet resistance of implanted layers is another
major obstacle to Ohmic contact process technol-
ogy, especially for p-type layers, which is due to
incomplete dopant activation or low hole mobil-
ity.196,197 Hence, to go one step further, great
efforts should be made to optimize implantation
and annealing techniques to obtain sufficient
electrical activation with high surface quality
and low sheet resistance.
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