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Abstract: An investigation of Au/Ti/Ni and Au/Ti/Pt ohmic contacts to n-type 4H-SiC and the behavior of metal
films on SiC with thermal anneals is reported. Specific contact resistance as low as 2. 765X 107 °Q « cm® was a-

chieved after rapid thermal annealing in N, for 2min at 950°C . SIMS analysis shows that the formation of Ni sili-

cide after annealing supported a number of carbon atoms”’ outdiffusion from the SiC to form interstitial compound

TiC. This process can create abundant C vacancies near the interface. It is the carbon defect layer that enhances

the defect-assisted tunneling. The interface band structure within the defect level could make it clear why the met-

al-SiC contacts become ohmic during annealing.
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1 Introduction

Since every device must be connected in some
way to the external world via metallic wire or
probe tip,low resistance ohmic contacts are essen-
tial to high performance semiconductor devices.
This is a well-known fact that makes no exception
for SiC devices. For wide band-gap semiconduc-
tors,it is difficult to produce low resistance con-
tacts due to the very low value of the metal work
function"""*'. As such, the formation of ohmic con-
tact on highly doped SiC substrate requires an an-
nealing process at high temperatures (700 ~
1200C)H™*'. However, the mechanism by which
the metal-SiC contacts become ohmic during an-
nealing is not known. Conventional wisdom con-
siders that at least one of the phases formed (met-
al silicide or metal carbide) during the contact an-
neal is responsible for the ohmic behavior™! . Ni-
kitina'®! reported that positively charged C vacan-
cies may be associated with an increased electron
concentration under the contact to promote tun-
neling in n-type SiC. However the results of Mo-
hammad-" indicate that the phases formed are not
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the primary mechanism responsible for the ohmic
behavior. Instead,changes in the SiC surface crea-
ted during the annealing process are responsible
for it.

In this paper, we report that for Au/Ti/Ni
and Au/Ti/Pt ohmic contacts on 4H-SiC, these
structures result in reduced excess carbon at the
interface by providing a Ti source for any free C.
After measurement of their contact resistivity,
secondary ion mass spectrometry (SIMS) was used
to study the interdiffusion of each element at the
interface. The mechanism involved in ohmic con-
tact formation is proposed by analyzing the results
of the experiment.

2 Experiment

Sample 1 is a commercial Cree 4H-SiC wafer.
Substrates were n-type as-grown,but had a lightly
doped p-type 4H-SiC epilayer (p = 2.0 X 10*°
cm °) with a thickness of 2. Opm. Prior to the for-
mation of low contact resistance ohmic contacts
on SiC,a highly doped area is necessary. The sub-
strates were ion implanted with N at 400°C in or-
der to increase the ionization grade and reduce the
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defects induced in the implantation process. First,
a threefold (40,70,and 120keV) implantation was
used to form an n-well with a mean concentration
of 2.5X 10" cm™%. Then, for the uniformity dop-
ant distribution in SiC,threefold implantation was
carried out to form heavily doped concentration
(N concentration:5. 6 X10”cm™®) for the low re-
sistance ohmic contacts. The doses were activated
in pure Ar atmosphere at 1600°C for 1h. The final
activated carrier concentration is 5 X 10" em™?.
After cleaning, micropatterns were formed with
photoresist to determine the ohmic contact resis-
tivity using linear transmission line method (L-
TLM) structures. Titanium and Ni layers were se-
quentially deposited on the 4H-SiC substrates in a
high vacuum chamber. An Au layer was thermally
evaporated to reduce the spreading resistance.
This can be written as ‘Au/Ti/Ni’ contact where
the ¢/’ indicates the deposition sequence. The
thicknesses of the three layers are Au:20nm, Ti:
30nm, Ni:250nm. After lifting off the photoresist,
the samples were annealed at 900C for 25min in
Ar flowing at 2slm.

The other contact was formed on n-type 4H-
SiC epitaxial layers with a thickness of 0.25pm
and a carrier concentration of 1.0 X 10" ¢m™®
(sample 2). The main processes to form ohmic
contact are the same as above; the difference is
the choice of metal and the annealing step. In this
sample, Au/Ti/Pt (the thickness is 400/40/20nm)
were used as the multi-metal deposited on n-type
4H-SiC, and 2Zmin annealing was performed at
950C in N, flowing at 8sccm.

3 Results and discussions

3.1 Specific contact resistance

Specific contact resistance (p.) values were
measured by the L-TLM model, where the linear
electrode patterns with different gap spacing (d)
were used. Figure 1 shows the total resistance
(R ) values plotted as a function of the contacts
gap spacing for samples 1 and 2.

The specific contact resistance p. can be
found using the equation p. = R.L+Z ,where Rc is
the contact resistance and L. is the transfer
length, which can be obtained in a R versus d
plot from the intercept with the vertical axis
2R and the intercept with the horizontal axis
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Fig.1 Plot of total resistance as a function of contact
spacing d

2L+.Z is the width of the contact pad. The aver-
age p. of sample 1 and sample 2 are 1.912 X 10 °
Q-+ cm® and 2.765 X 107° Q « cm®, respectively.
The larger carrier concentration of sample 2 im-
proves the specific contact resistance by one order
of magnitude as compared to sample 1.

3.2 SIMS analysis

The SIMS depth analysis of sample 1 reveals
evidence for the expected interaction in ohmic
contacts between Ti,Ni and the semiconductor,as
shown in Fig.2 (the y-axis is the intensity of the
signal;the x-axis is time) . At the beginning of on-
set,the intensities of Au,Ti,and Ni must be strong
enough. For the emphasis on interaction in ohmic
contacts, the multi-metal signal is not presented
here. Ten minutes later, when the electron emis-
sion began to attack the ohmic contacts interface,
the intensity of each element was recorded. The
existence of an Ni signal inside SiC, and the de-
crease of the Si signal proved that at high annea-
ling temperature most of the Ni film was trans-
formed to the nickel silicide phase. It is speculated
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Fig.2 Depth profiles of Ti, Ni, C and Si atoms for
Ti/Ni contact on n-type 4H-SiC using secondary ion
mass spectrometry (SIMS)

that this was caused by the increased (i.e. meta-
stable) energy state of the sputter-damaged SiC
surface. This reaction could produce nickel crys-
talline voids within the Ni layer, which causes the
migration of Ti towards the contact interface. In
addition.,an abundance of C atoms,leaving at the
interface with the silicidation process,outdiffused
in the opposite direction of the Ti. When the two
atoms collide at high temperature,they must react
to form interstitial compound TiC. Because the a-
tomic radius of C is smaller than that of Ti and
Ni, the diffusion of C could directly traverse the
metal layer but have no use for voids (this could
create large numbers of C vacancies at the inter-
face). Therefore outdiffusion of C is faster than
indiffusion of Ti. Ti-C reaction must take place on
the Ti layer and this process could reduce excess

carbon at the interface. Because of the high melt-
ing point (3080C) and the good thermal stabili-
ty, the TiC layer guarantees high temperature
characteristics of the ohmic contact. The forma-
tion mechanism of sample 2 is the same as sample
1. Because of the higher carrier concentration and
the larger atom radius of Pt,the specific contact
resistance of sample 2 is smaller than sample 1.
Figures 3 and 4 shows the surface states of sam-
ples 1 and 2 obtained for as-deposited and 950C
anneal, respectively. The accidented surface indi-
cates, similarly, the reaction between the metal
layer and SiC. The concave must be brought by re-
action between metal films and SiC (formations
are Ni silicide and TiC),and the convexity could
be a graphite intercalation compound (GIC)
formed by a new mechanism'®’. The formation of
GIC should be analyzed with some other analysis
instruments in the future.

Convexity

Concave

Fig.3 Surface state of sample 1 for 900C anneal

Fig.4 Surface state of sample 2 obtained for as-deposited (a) and 950C anneal (b)

3.3 Discussion of barrier height and the interface
band structure

Based on the available evidence, the Ni sili-

cide alloy behaves as a semiconductor with an
electron affinity close to 4. 9eV. The ionization
energy level of V¢, which plays a role as a defect
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layer,is located at 0. 5¢V,under the bottom of the
conduction band™’ . Therefore,an interfacial layer
of Ni silicide and a V. layer would then lower the
barrier height to ~0. 4eV,which agrees well with
0.35eV reported by Nakamura''"' . For sample 1,
when p. = 1. 912 X 107°Q « cm? and the Richardson
constant A" = 146A/(cm* « K*) were substituted
into p. = (k/qA" T)exp(q®Ps,/kT), the barrier
height @z, was calculated to be 0.315eV. This
drop of &g, should be associated with enhanced C
vacancies because of the presence of the Ti layer.

To clarify the mechanism for the formation
of ohmic contacts,a basic model of interface band
structure is summarized in Fig. 5. It is believed
that the interface between the as-deposited metal
and the silicon carbide is similar to the one shown
in Fig. 5(a). Considering the SIMS results men-
tioned above, both silicidation reaction and out-
diffusion of C could produce vacancies, either Si
vacancies (Vg act as acceptors) or C vacancies
(V¢ act as donors), under the Ni silicides. The
ohmic contact behavior of the annealed Au/Ti/Ni
contacts on n-type SiC is attributed to the V. de-
fect formation at and near the SiC surface. Such
defects can either narrow the depletion width and
increase the probability of tunneling (the outdif-
fusion of C break Si—C bond and bring many va-
cancies, which predicate the depressed energy
band) as illustrated in Fig.5(b),or decrease the
effective barrier height as illustrated in Fig.5(c).
For the existence of the defect layer,there are in-
direct tunnel processes that can occur, such as a
tunnel hopping process. Such processes modify the
transparency of the barrier quite markedly from
that corresponding to a direct transition. The con-
tact resistance measured using a TLM pattern for
the NiSi contact on SiC decreased with up to 150h
of annealing at 600C and increased for longer an-
nealing times-"'. Similar results have been reported
for TaC by Jang (an optimum annealing time of
200h at 1000C was observed) and for platinum by
Okojie''") (optimum annealing time of 100h at
600C was observed). These results support this
defect model (i.e.,the defects out-diffuse by ex-
cessive annealing and the metal-SiC interface
moves from the state shown in Figs.5(b) and 5(¢)
to that in Fig. 5 (a)). Modification of interface
structure and liberation of the barrier height can
cause the I-V characteristics to change from recti-

fying to ohmic. A number of carbon vacancies
play a key role in forming an ohmic contact
through the reduction of effective Schottky barri-
er height for the transport of electrons.
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Fig.5 Interface band diagrams of Ti/Ni on SiC (a)
As-deposited Ti/Ni on SiC; (b) C defects, which are
created via the outdiffusion of C,reduce the depletion
width and increase the tunneling current; (¢) Electri-

cally active defects created as in (b) decrease the ef-
fective barrier

Thus, if the metal is changed to Re or PtSi
(work function of 4. 8 and 4. 94eV ,respectively) ,
the electrons must surmount a ~0. 37eV barrier to
enter the SiC layer, a negligible difference.
Hence,assuming an intimate contact at the metal-
SiC interface and that no unusual metal-Si interac-
tions alter the defect density, changing the metal
should have a relatively small effect on the cur-
rent injecting capability of an n* contact.
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4 Conclusion

In this study,we have reported Au/Ti/Ni and
Au/Ti/Pt ohmic contacts to n-type 4H-SiC. After
rapid thermal annealing in N, for 2min at 950C ,
the best specific contact resistance (p. of 2. 765 X
107°Q « ecm®) was achieved. The barrier height
&y, was calculated to be 0.315eV for Au/Ti/Ni
contact. Depth profiles using SIMS indicate the
reaction between metal films and SiC. With the
outdiffusion of C atoms from SiC,a number of C
vacancies must be created to form a carbon defect
layer underneath the contacts. This defect layer is
very helpful for the formation of ohmic contacts
by decreasing the effective barrier height. The re-
al mechanism that causes the I-V characteristics
to change from rectifying to ohmic can be ex-
plained well by the interface band structure with-
in the defect level.
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