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Abstract: The diffusion behavior of vanadium (V) implanted in SiC is investigated by secondary ion mass spec-

trometry. Significant redistribution, especially out-diffusion of vanadium towards the sample surface, is not ob-

served after 1650°C annealing. Higher carrier concentration is obtained due to a lack of compensation of vanadium

in the surface region. The electrical characteristics of Ni contacts to V-implanted n-type 4H-SiC are investigated

using a linear transmission line method. A specific contact resistance as low as 4. 4X107°Q + cm? is achieved after

annealing at 1050C for 10min in gas ambient consisting of 90% N, and 10% H, . X-ray diffraction analysis shows

the formation of Ni,Si and graphite phase at the interface after annealing. This provides the evidence that the car-

bon vacancies,resulting from the out-diffusion of carbon atoms from SiC, contribute to the formation of ohmic

contact through the reduction of effective Schottky barrier height for the transport of electrons.
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1 Introduction

Silicon carbide (SiC) is an excellent material
for high-temperature, high-frequency, and high-
power semiconductor devices and has demonstra-
ted its great potential over the past decade. Semi-
insulating regions can be applied to device isola-
tion, a key technology for integrated electronic
devices in SiC ICs'" ,similar to the silicon-on-insu-
lator (SOI) structures in Si ultra large scale ICs.
Since selective doping can be made only by ion
implantation due to the low diffusion coefficients
of impurities in SiC, compensation implantation
can be used to obtain high resistive regions for
electrical isolation. Semi-insulating properties in
SiC can be achieved by deep level compensating
all shallow donors or acceptors, with the doping of
V=4 Studies show that the resistivities at room
temperature exceed 10" and 10°Q ¢ cm for V-
doped in p- and n-type SiC,respectively®® =% .

It is very difficult to fabricate ohmic contacts
on high resistive SiC material. To reduce the con-
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tact resistance of ohmic contacts,a heavily doped
layer was grown at the top of a V-implanted SiC
sample by Kimoto et al."'. This technology can
be simplified by using high energy implantation,
which makes most vanadium ions locate in deeper
regions. As a result, a higher free-carrier concen-
tration is attained in the surface region due to the
lack of compensation. However, the diffusion be-
havior of vanadium in SiC after high-temperature
annealing remains unclear. In our previous works,
a resistivity as high as 7.6 X 10° Q + cm was ob-
tained for high energy (2.1MeV) vanadium im-
planted n-type 4H-SiC'"'*'. Nickel based metals
have been demonstrated to be a superior ohmic
contact to n-type SiC"''°). However. the actual
formation mechanism is not clear yet.

In this paper,the processes and measurements
of contact resistance on V-implanted n-type 4H-
SiC layers are presented in detail. Secondary ion
mass spectrometry (SIMS) is used to study the re-
distribution of vanadium in n-type 4H-SiC after
high-temperature annealing. The electrical char-
acteristics of Ni based ohmic contacts to n-type
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SiC are investigated by the linear transmission line
method (TLM) . X-ray diffraction (XRD) is used
to identify the phase formation in the anncaled
contacts.

2 Experiment

The wafers used in this work were 4.9 m-
thick n-type (5.2 X 10® cm ™ *) 4H-SiC epitaxial
layers grown on Si face,8  off-axis, (0001)-orien-
ted n-type 4H-SiC substrates, purchased from
Cree,Inc. V ions were implanted with a 1.4 X 10"
cm™? dose at 2100keV. An activation annealing
was carried out in Ar ambient at 1650C for
30min. To minimize Si evaporation from the sam-
ple surface, the samples were encased in a SiC-
coated graphite crucible during annealing. Then,
the samples were processed into a rectangular me-
sa structure by reactive ion etching with CF, and
O, gases. The size of the rectangular mesa was
565um X 170pm. Prior to metal deposition, the
samples were cleaned in acetone and deionized
water followed by a standard RCA procedure,and
then patterned with photoresist. The TLM struc-
tures were photolithographically prepared on the
rectangular mesa. Ni was deposited and patterned
by lift-off on the samples. The size of the rectan-
gular Ni pads was 60pm X 150pm, and the spaces
between pads were 2,4,6,8,10,15,and 20pm, re-
spectively. Figure 1 (a) shows a cross section of a
linear TLM structure with seven unequal spaces

[Ni]2[Ni]4[Ni] 6 [Ni] 8 [Ni]10[Ni] 15 [Ni] 20 [Ni]

V'-implantation layer

n-epi,N,=5.2x10"cm’?

n' 4H-SiC substrate

: .

(a)

(b)
(a) A linear TLM structure with seven une-
All distances
are given in um;(b) SEM image of this structure

Fig.1
qual spaces between the contact pads

between the contacts. Finally, the contacts were
annealed at 1050C for 10min in a gas ambient
consisting of 90% N, and 10% H,.The TLM pat-
tern image of the scanning electron microscope
(SEM) is shown in Fig.1 (b).

Depth profiles of the V-implanted SiC sam-
ples were obtained by SIMS using a CAMECA-
ims-4f instrument with a 10. 5keV O, primary ion
beam. The primary beam current of 1uA was fo-
cused and rastered over an area of 250pm X
250pm. The secondary ion signal was extracted
from a circular area of 60pm in diameter centered
on the rastered region. The depth scales were de-
termined by measuring the total crater depth with
a surface profiler and we assumed a constant sput-
tering rate during depth profiling. The concentra-
tion scales were determined by assuming that the
stated nominal implantation fluence is correct.

The specific contact resistance and sheet re-
sistance measurements were performed on the
TLM structures
HP4156B semiconductor parameter analyzer. To

at room temperature by an
better study the phase formation at the interface
during annealing, XRD analysis was performed
using a SHIMADZU XRD-7000 instrument with
CuKe radiation at 40kV and 40mA. The resulting
data were analyzed with graphical-overlay soft-
ware.

3 Results and discussion

3.1 SIMS results

The SIMS depth profiles of vanadium im-
planted in SiC before and after annealing are
shown in Fig. 2. As implanted profiles in SiC sam-
ples,the near surface tail and the mean concentra-
tion are well reproduced by the Monte Carlo
TRIM simulation. However, the tail in the bulk of
the epilayer extends to deeper regions than that of
the simulated profile. Channeling effects, which
are not considered in TRIM,are assumed to be re-
sponsible for the observed discrepancy™'!" .

A little in-diffusion tail extending to the dee-
per region is observed after 1650C annealing. In
addition, a slight movement of the peak of im-
planted V concentration towards the surface can
be seen. Out-diffusion of vanadium towards the
sample surface can be better visualized in the in-
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Fig.2 SIMS depth profiles for V-implanted 4H-SiC
The inset shows the distribution of vanadium ions in
the surface region.

set. Out-diffusion results in a slight pile up of va-
nadium in the surface region, but it is not pro-
nounced. Considering the incomplete ionization
effect, the activated vanadium ions concentration
is below 10¥cm™®. As a result, the free-carrier
concentration remains unchanged (~ 5.2 X 10"
cm™?) due to the lack of vanadium ions compen-
sation in the surface region of SiC.

3.2 TLM measurements

The specific contact resistance p. is defined
by the local current density j and the local voltage

drop V as
_[(2] B
pC a [(av>\/:():| (1)

Since the current distribution across a contact

arca is usually not homogencous, p. cannot be di-
rectly measured, but must be extracted with spe-
cial test structures'®' . By employing the commonly
used TLM originally proposed by Shockley, one
determines the resistance between two rectangular
contact pads of length d and width W on an insu-
lation mesa of width W + 26 with respect to the
spacing L between the contacts (see Fig. 3).

2!

4

Fig. 3 Geometry of a linear TLM structure

The total resistance Ry as a function of L is
shown in Fig. 4. In order to reduce the errors,the
data shown in Fig. 4 are the median values from
multiple measurements. By assuming that the
length of each contact is long enough ( W>¢) ,the
total resistances Rt can be described by
R L
W
where 2R, is obtained from the intercept on the y
axis. The specific contact resistance p. can be cal-

R+ = 2R, + (2)

culated as
(R, W)?
O — R,
Therefore, sheet resistance Ry, is W multi-
plied by the slope dR./dL of the lincar curve

3

shown in Fig. 4. The value for sheet resistance Ry,
of the implanted layer is about 68. 8kQ/[]. The
lowest value of the specific contact resistance is
4.4%X107°Q « cm®. Lower contact resistance can
be obtained for SiC samples with higher initial
carrier concentration. Semi-insulating SiC layers
formed by this technique can be effectively used
for device isolation, reduction of parasitic imped-
ance in high-frequency devices,and the realization
of SiC ICs on insulators.

The transport of electrons from metal to SiC
can be described through the thermionic emission
model because of the low doping concentration (n
=5.2X10"cm™*). The Schottky barrier height,
$s. » was previously calculated to be 0. 35eV for Ni
contact on n-type 4H-SiC after high-temperature
annealing'®’. When the ¢35, = 0.35eV and the
Richardson contact''', A" = 146A/(cm’ « K*),
are substituted into p. = (k/qA " T) X exp (q$s./
kT) ,the specific contact resistance p. is calculated
to be 1.5X107°Q « cm®, which agrees well with
the experimental value.

12

Pl B Experimental data
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Fig. 4 TLM total resistance versus gap spacing
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Fig.5 X-ray diffraction pattern of Ni contact to n-
type 4H-SiC after annealing at 1050C for 30min

3.3 XRD analysis

Figure 5 shows the results of XRD analysis
after 1050C annealing. A dominant peak with
many small peaks at positions corresponding to
Ni,Si appears in the data range. In addition, two
peaks corresponding to graphite are also detected.

It is well established that nickel silicides are
formed during high-temperature annealing as a
result of SiC dissociation and the chemical reac-
tion between Ni and Sit**''% . The depth profiles of
Ni, Si, and C atoms support that the silicidation
occurred at the interface of Ni with SiC and pro-
ceeded by means of the out-diffusion of Si rather
than the in-diffusion of Ni''"). In addition, the sili-
cidation through out-diffusion of Si is faster than
out-diffusion of C,leaving elemental C atoms at
the interface in the form of a nanocrystalline
graphite film"**), The XRD results agree well
with the results obtained by Han et al."'™ .

Studies including XRD"*', Raman-'®, X-ray

(18]

energy-dispersive spectrometer ( XDES)''*', syn-
chrotron radiation photoemission spectroscopy
(SRPES)™""', and morphological characteriza-
tion®) show that the ohmic behavior of Ni based
contact to n-type 4H-SiC is strongly related to the
out-diffusion of carbon atoms rather than Ni,Si.
The Ni,Si contact produced at 600C annealing
shows a rectifying behavior''’’, as shown in Fig. 6
(a).However,a number of V. are formed due to
the out-diffusion of carbon atoms when the Ni
contact is annealed at 950°C or above. This causes
the net concentration of electrons to increase un-
der the contact because of the role of V. acting as
donors for electrons®’'. Therefore, the depletion
layer width and effective tunneling barrier height
for the transport of electrons are simultaneously

(b)

Fig.6 Energy band diagrams under Ni contact (a)
After annealed at 600C ; (b) After annealed at 1050C

decreased’”’, leading to the reduction of contact
resistivity,as shown in Fig. 6 (b).

4 Conclusions

The V atom profiles measured by SIMS show
a slight redistribution after high-temperature an-
nealing at 1650C . However, a strong pile up of
vanadium in the surface region of SiC is not ob-
served, indicating that the carrier concentration
remains unchanged in the surface region due to
the lack of compensation. Semi-insulating SiC lay-
ers formed by this technique can be effectively
used for device isolation and the realization of SiC
ICs on insulators. Ni based n-type 4H-SiC ohmic
contact with the specific contact resistance p. as
low as 4.4X107? Q + cm® is achieved on the high
energy V-implanted SiC surface. XRD analysis
shows the formation of Ni,Si and graphite at the
Ni/SiC interface after 1050C annealing, which
supports the fact that the formation of C vacan-
cies is responsible for the low resistance contact.
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