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Evidence of the Role of Carbon Vacancies in Nickel-Based Ohmic
Contacts to n-Type Silicon Carbide”
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Abstract: N-wells are created by P* ion implantation into Si-faced p-type 4H-SiC epilayer. Ti and Ni are deposited
in sequence on the surface of the active regions. Ni,Si is identified as the dominant phase by X-ray diffraction
(XRD) analysis after metallization annealing. An amorphous C film at the Ni,Si/SiC interface is confirmed by an
X-ray energy-dispersive spectrometer (XEDS) . The Ni,Si and amorphous C film are etched away selectively, fol-
lowed by deposition of new metal films without annealing. Measurement of the current-voltage characteristics
shows that the contacts are still ohmic after the Ni, Si and amorphous C film are replaced by new metal films. The

sheet resistance Ry, of the implanted layers decreases from 975 to 438Q/[ ], because carbon vacancies (V¢) ap-

peared during annealing, which act as donors for electrons in SiC.
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1 Introduction

Silicon carbide (SiC), with its wide energy
bandgap of about 3eV,is an attractive semicon-
ductor material. Its high critical field strength and
good thermal conductivity make it an excellent
candidate for the development of superior high
power, high-temperature, and high-frequency de-
vices. To utilize the excellent properties of SiC in
an electronic device, thermodynamically stable
ohmic contacts with low specific contact resist-
ance are important,since parasitic resistances gen-
erally limit or even jeopardize device operation.
Ohmic contacts to SiC are typically formed by the
deposition of transition metal layers (possibly in
combination with other elements, such as silicon
or carbon) onto heavily doped silicon carbide
(>5X10"%cm™*) followed by high-temperature
annealing (=900C )" "/ . Nickel is the most wide-
ly used metal for the fabrication of ohmic contacts
to n-type SiC, although various transition metals
have been studied extensively™’ . It is very difficult
to achieve a good ohmic contact to n-SiC com-

ion implantation
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pared with Si and GaAs devices,and also the real
mechanism of formation is not very clear yet.

Carbon vacancies (V) in the SiC surface just
below the metals during the annealing, were
thought to be the reason of the formation of ohm-
ic contacts in the Ni/n-type SiC structure®® . In
this work,we attempt to prove the effect of Vo. A
Philips X’ PERT X-ray diffraction (XRD) system
is used to identify the phase formation in the an-
nealed contacts. Analysis of the contact morpholo-
gy and the chemical composition are performed u-
sing a JSM-6360LV scanning electron microscope
(SEM) and an X-ray energy-dispersive spectrome-
ter (XEDS).

2 Experiment

The 4H-SiC wafer used in this experiment
was purchased from Cree Research Company. The
orientation of the substrate was 8 off-axis in the
(1000) direction. The patterns were made on a p-
type epitaxial layer with a concentration of N, =
1.2X10"cm ° and depth of 2um based on the n-
type silicon-faced substrate. N-wells were formed
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by P’ ion implantation into the epilayer at 550C .
The energies and doses for ion implantation were
100keV and 8.3 X 10" cm ™%, respectively. The tar-
geted phosphorus concentration was 1 X10*cm™°.
100nm-thick SiO, films were deposited on the sur-
face of the SiC wafer. P* ion implantation was
carried out through the oxide film in order to in-
crease the density of effective carriers in the sur-
face region of the SiC wafer. Post-implantation
annealing was done at 1650°C for 15min in Ar am-
bient, using a crucible coated by poly-SiC. The
samples were cleaned in acetone before metal
deposition followed by a standard RCA cleaning
process.

Titanium (3nm, especially to improve adhe-
sion) and nickel (200nm) were deposited in se-
quence on the surface of the whole active region.
Finally, High temperature annealing was per-
formed in N, for 15min at 1050C , which is long e-
nough to ensure that there was no further change
in the characteristics of interface and electricity.

A Philips X’PERT X-ray diffraction system

Annealing

Ni/Ti

Active region
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l Metal
deposition
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Fig. 2 Schematic illustration of the processing steps

is used to identify the phase formation in the an-
nealed contacts. XRD results for the prepared
samples are shown in Fig. 1. A binary phase of
Ni, Si appears after the metallization annealing.

Intensity

Fig. 1 X-ray diffraction of the contact system after
thermal annealing

The experimental details described in the fol-
lowing paragraphs were designed to reveal wheth-
er changes occurred in the SiC surface underneath
the contact, resulting from the annealing process
which contributes to the ohmic behavior. Figure 2
shows the processing steps.

lEtching

Active region

(b)

1 Patterning

Active region

(d)

The gray areas represent the regions in the

surface directly underneath the contacts which changed during the annealing.

The alloy phases formed in annealing were
selectively removed from the annealed sample by
etching in HF @ HNO; (1 :
temperature using an ultrasonic bath. Figure 3
shows SEM images of the contact region before
and after etching.

The XEDS spectrum was obtained from the

3) solution at room

active regions after etching (Fig.4). The C atom
percentage was 78.06% at the surface of the ac-
tive region after the nickel silicide was removed,
proving that there were redundant C atoms to
form an amorphous C film on the SiC. This film
was removed by oxidizing in O, for 15min at
500C.
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Fig. 3 SEM images of the contact region before (a)
and after (b) etching
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Fig.4  XEDS spectrum of the active region after
etching
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Fig. 5 XEDS spectrum of the active region after oxi-
dizing the amorphous C film

The XEDS spectrum of the active region af-
ter oxidizing the amorphous C film is shown in
Fig.5. The atom percentages of C, Si,and O are
28.20% ,59.32% , and 14. 48% , respectively. The
atom percentage of C is much less than that of Si,
which proves that there are carbon vacancies

(V) in the surface region of the SiC. The pres-
ence of O is likely due to the oxidation. Further-
more,the XEDS results (Figs.4 and 5) show that
the nickel silicide was removed completely after
etching and oxidizing.

The same metallization, titanium (3nm) and
nickel (200nm) ,was deposited anew on the active
regions after the HF treatment of the sample. The
structures of the TLM pattern were patterned
through conventional photolithography and lift-
off techniques (Fig. 6). The I-V measurements
were made on-wafer at room temperature by an
Agilent 4156 semiconductor parameter analyzer.
The newly deposited Ni contacts are ohmic as de-
posited at room temperature. In comparison, the
Ni contacts that were directly deposited on n-type
4H-SiC epilayers are usually rectifying. By assum-
ing that the length of each contact is long enough,
the total resistance R can be expressed as

RgwL

RT = ZRc+ (1)

where W is the width of the contacts,and 2R is

the y-intercept of the linear curve. The specific

contact resistances p. can be given as
_ (Re W)*

e R., @

Fig. 6 SEM image of TLM structure

The lowest value of the specific contact re-
sistances is 6.52 X 107" Q + c¢cm?®. Furthermore, the
sheet resistance Ry, is W multiplied by the slope
dR+:/dL of the linear curve shown in Fig. 7. The
sheet resistance Ry of the implanted layer de-
creased from 975Q/[], which is comparable to
that of a sample reported elsewhere™, to 438

Q/[].
3 Discussion

We determined that nickel silicides were
formed during high-temperature annealing as a
result of SiC dissociation and chemical reaction
between Ni and Si. At temperatures above 950C
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Fig.7 TLM total resistance versus gap spacing

only the Ni,Si phase is present, which is regarded
as the typical temperature to form Ni-based n-SiC
ohmic contact™ . Therefore, in many studies, the
formation of Ni,Si was considered to be responsi-
ble for the ohmic behavior of the contact™ . How-
ever,the Schottky barrier height of Ni,Si/n-SiC is
0.36eV higher than Ni on n-type SiC""'. In addi-
tion, Ni, Si already exists in the mixture of silicides
at temperatures as low as 600C , while the Schott-
ky-ohmic transition in the contact behavior ap-
pears at temperatures around 950°C . It is apparent
that Ni,Si formation is not the major factor in
forming ohmic contacts on n-type SiC.

According to thermionic field emission
(TFE) and field emission (FE),when the Ni,Si is
formed during high temperature annealing, the
density of effective carriers must increase at the
same time. There has been some discussion of
whether positively charged C vacancies may be as-
sociated with an enhanced electron concentration
underneath the contacts to promote tunneling in
n-type SiC'*'". Considering the experimental re-
sults, the formation of the ohmic contact in the
Ni/n-type SiC system is deeply related to the out-
diffusion of C atoms rather than the Ni silicide. In
SiC, C vacancies, V¢, act as donors for electrons
and Si vacancies, Vg, act as acceptors for elec-
trons. The ionization energy level of V¢ is located
at 0.5eV, under the bottom of the conduction
band,and Vy is at 0.45eV,above the top of the
valence band'*''. High temperature annecaling
provides enough V. as donors, which contribute to
the formation of the ohmic contact. This is the re-
al reason of the formation of ohmic contacts in
the Ni/n-type SiC structure, that the depletion
layer width and effective tunneling barrier height

for the transport of electrons are simultancously
decreased, leading to the reduction of specific
contact resistance.

In addition to defect-enhanced doping,anoth-
er plausible explanation may be defect-assisted
tunneling or recombination,via point defects near
the surface and well within the band gap.

It is believed that metals with better catalytic
graphitization activities form better ohmic con-
tacts,such as Ni and Co"**'. It should be noted
that other metals may also act as graphitization
catalysts and a similar mechanism for the creation
of carbon vacancies due to the formation of metal
carbides may explain ohmic contact formation in

the cases of titanium--*°-1% b7l

and tungsten

In this paper,the effect of C vacancies on the
SiC surface is shown. The density of effective car-
riers changes so much that metal contacts are
ohmic when deposited without annealing. Obvi-
ously,the C vacancies formed during high temper-
ature annealing are the decisive factor for the for-
mation of ohmic contacts. The sheet resistance R,
decreases by almost 55% also because of the high

density of effective carriers by C vacancies.

4 Conclusion

In summary, we have made an attempt to
show the effect of the C vacancies formed during
high temperature annealing. Ni,Si was identified
as the dominant phase by XRD analysis after the
metallization annealing. An amorphous C film at
the Ni,Si/SiC interface was confirmed by XEDS.
After the Ni,Si and amorphous C film were
etched away selectively, the newly deposited Ni
contacts were ohmic as deposited without annea-
ling. The result for sheet resistance R, of the im-
planted layers decreased from 975 to 438Q/[] (al-
most 55%), because carbon vacancies (V) ap-
peared during annealing, which act as donors for
electrons in SiC. Furthermore, we have discussed
the mechanism of the formation of Ni-based ohm-
ic contacts to n-type SiC in detail.
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