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A Wafer-Scale Ni-Salicide Contact Technology on n-Type 4H-SiC
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A self-aligned Nickel (Ni) silicide process (Salicide) for n-type ohmic contacts on 4H-SiC is demonstrated and electrically verified
in a wafer-scale device process. The key point is to anneal the contacts in two steps. The process is successfully employed on
wafer-level and a contact resistivity below 5 x 1076 € - cm? is achieved. The influence of the proposed process on the oxide quality
is investigated and no significant effect is observed. The proposed self-aligned technology eliminates the undesirable effects of the
lift-off process. Moreover, it is simple, fast, and manufacturable at wafer-scale which saves time and cost.
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Silicon carbide (SiC) is a well-known wide bandgap semiconduc-
tor for high temperature and high power applications due to its unique
electrical and physical properties.'™ The self-aligned silicide process
(Salicide) has been developed in Si technology for many years.>¢ The
two-step annealing silicide process has been widely known and used
in silicon CMOS technology since the 1980s.% The Ti- and Co-based
Salicide processes in silicon CMOS used two-step processing specif-
ically to reduce the resistivity of the contacts (2 - cm).>* In spite of
this progress, unlike the Si technology, forming a good ohmic con-
tact to SiC is a persistent problem which requires high temperature
annealing (~1000°C).! The two-step annealing has been previously
used for SiC technology to form Co-based contacts to n-type’ and
for Ni-Al contacts to p-type.'” However, it should be noted that the
two-step annealing has been used to initiate reactions at lower tem-
peratures. To the best of our knowledge, two-step annealing for the
self-alignment process has not been presented in SiC device technol-
ogy though some studies have been reported on self-aligned process
in some type of devices.!'"!* Nickel (Ni) silicide is shown to be a good
choice for the n-type ohmic contacts.'~?! For SiC, Ni,Si is rectifying
until annealed at 950°C, without any obvious phase-change. The Ni
layer cannot be patterned by reactive ion etching (RIE). Therefore, the
lift-off process, wet etching, or ion milling of Ni become alternatives
for Ni etching. The lift-off process, which is widely used to form the
metal stacks, requires a thick photoresist layer that limits the down-
scaling and leaves metal residues and jagged metal edges. Therefore,
it is desirable to avoid using lift-off process for wafer-scale industrial
applications. SiC contact technology suffers from the lack of a simple
and clean self-aligned Ni process particularly on wafer-scale. More-
over, downscaling of SiC-based devices and circuits is hampered by
a lack of reliable self-aligned process to form the metal contacts and
short channels.! High temperature annealing of metal/SiO, increases
the risk of diffusion-reaction of metal and oxide layer which could
affect large area devices and circuits functionality. Also, the quality of
silicide surface and coverage significantly affects the device behavior.

In this work, a wafer-scale self-aligned n-contact with a two-step
rapid thermal annealing (RTA) is demonstrated. The electrical and
physical properties of the contacts are studied. The key point is to
perform a first step annealing (FSA) of Ni layer at low-temperature
(550-700°C) to form one phase of Ni, Si, and removing the unreacted
Ni by a selective wet etch in Piranha (H,SO4 + H,0, (3:1)). After-
ward, the second step annealing (SSA) at high temperature (950°C)
produces a low contact resistance. This eliminates the effect of high
temperature annealing of Ni/SiO, layer which could affect the quality
of oxide at higher temperatures. This method is successfully employed
on a 4-inch SiC wafer process and the surface quality and the cov-
erage of silicide in the oxide openings is significantly improved in
comparison with the lift-off process. This method improves the yield
and reduces the process complexity. Unlike the lift-off process, the
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thin oxide opening could simply be shrunk, filled in by the sputtered
metal and annealed to form the contact. Also, no underlap is required
in the contact openings which improves the silicide coverage. The
proposed self-aligned technology could widely be used for all kind of
SiC devices and integrated circuits to form the n-type ohmic contacts.

Experimental

N-type 4-inch 4H-SiC wafers with the doping of >1 x 10! cm™3

are used in our investigation. The wafer surface is cleaned in Piranha,
HF:H,0, and the RCA baths to remove the organic contaminant and
the native oxide. A 100-nm layer of SiO, is conformally formed at
350°C on the surface of the SiC samples and the contact windows
are opened by dry etching process. An O, cleaning for 10 minutes
and conditioning process for 10 minutes are consequently done in
the oxide deposition chamber, which significantly improves the ox-
ide quality and uniformity. A 100-nm Ni layer is sputtered using a
pre-sputtering process. The pre-sputtering is done for 20 sec on the
wafer to remove the possible formed oxide at the SiC surface and
on the Ni target to remove any contamination from the target. Fig. 1
presents the process step flow and annealing profile of the self-aligned
n-contact. The FSA is performed to form one phase of Ni silicide in
the contact openings. Temperature steps from 450 to 1000°C in N,
ambient to find the optimum temperature of the FSA are performed.
To protect the formed silicide and the Ni layer from oxidation after
the annealing steps, a continuous purging with N, for 3 minutes is
done in the chamber to cool down the wafer to below 200°C before
unloading the wafer. Then, the sample is dipped into the Piranha to
remove the unreacted Ni. The SSA at 950°C for 1 min in N, ambient
to form the low-resistivity ohmic contacts is performed. The contact

1000 4
Removal of SSA
unreacted Ni
with Piranha Oxide
800
Patterning the photoresist
N . .
9 00 FSA Oxide etching (wet or dry)
g Ni deposition with pre-sputtering
g 400 4 FSA, Low temperature annealing
g— (550-700 °C)/(45-90 sec) to form
K at least one phase of Ni,Si,
200 Removal of unreacted Ni with Piranha
SSA, Final annealing (950 °C/60 sec)
O T T 7 T T T
0 30 60 0 30 6
Time (sec)

Figure 1. (Left) the schematic annealing profile and (right) the process step
flow of the self-aligned process on n-type 4H-SiC.
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Figure 2. The XRD spectra of the Ni contact layer after the first step annealing
(FSA) at different temperatures and removal of unreacted Ni.

characteristics as a function of the annealing temperature profiles are
evaluated in terms of electrical and structural properties. In order to
measure the contact resistivity (pc), linear transmission line model
(TLM) structures with rectangular pads with spacing from 5 pwm to
25 pm are fabricated. Finally, 1-pm Al/TiW was sputtered and pat-
terned to form the final metal pads. For further investigation, the
structural analyses at the interface of Ni/4H-SiC and the formation
of Ni,Siy, silicide phases by X-ray diffraction (XRD) are done. The
morphology of the contacts by atomic-force microscopy (AFM) is
studied.

Results and Discussion

The proposed self-aligned process is based on two annealing steps.
The formation of Ni-silicide (Ni,Siy) compounds is an important fac-

tor to form a low-resistive electrical contact between Ni and 4H-
SiC.!-2! The silicide phase at the Ni/4H-SiC interface changes at
different annealing temperature. To find the optimum temperature
range of the FSA, the formation of Ni,Si, silicide at different temper-
atures is investigated by XRD. Fig. 2 presents the XRD spectra of the
Ni silicide contacts after the FSA at different temperatures. A 4H-SiC
reference and an as-deposited Ni sample are also added as references
in which a peak of single-crystaline 4H-SiC and poly-crystalline Ni
are visible. A phase transformation of Ni-silicide is obvious for differ-
ent annealing temperatures. This interaction between Ni and Si is the
key point in this self-aligned process that allows the following wet re-
moval of the unreacted Ni and the consequent SSA. Nij3; Siy, at below
600°C and Ni,Si for higher temperatures are the main phases while
no trace of Ni is observed after the FSA and removal of unreacted
Ni. The SSA at 950°C is necessary to produces low-resistive ohmic
contacts.'®2 The silicide formation starts at 550°C and its phase trans-
formation continues at higher temperatures. The intensity of the Ni,Si
peak is dramatically increased at above 700°C. The contact surface
became rougher at higher annealing temperatures. Due to presence of
Ni atoms, different phases of Ni,Si, could be formed due to diffusion
and reaction of these atoms. The silicide starts to agglomerate when
the temperature increases and the silicide islands become visible. The
AFM images of the samples after FSA and wet removal step and after
the SSA at 950°C compared with the as-deposited Ni are shown in
Fig. 3. The annealing process influences the surface morphology of the
samples which is attributed to the reaction of Ni and Si and the phase
transformation of Ni-silicide. The short annealing time in RTA and the
thickness of Ni film could affect the formation of the silicide and its
morphology.?! The formation of silicide in larger areas is much more
uniform than in the smaller openings. This might be attributed to the
immediate expansion of the Ni layer surrounded by oxide sidewalls
during the RTA process. The annealing process aftects the quality of
oxide which could be a passivation layer of BJTs,>* gate oxide of
MOSFETs,'"!? side-wall oxide of JFETs and trench devices,!? etc.
Fig. 4 illustrates the scanning electron microscopy (SEM) image of
the Ni-contacts formed by the lift-off process and the double-step an-
nealing salicide process. The contact with lift-off has metal residues
and jagged edges whereas the one with the silicide process has smooth
metal edges and clean oxide surface.

Fig. 5 presents the I-V electrical characteristic of the Ni contacts
after the FSA from 450 to 950°C. The typical Schottky behavior of the

Figure 3. The AFM images of the silicide contact surface after removal of the unreacted nickel at different temperatures of the FSA. The AFM scanning size is

20 x 20 wm?.
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Figure 4. The SEM images of Ni n-contacts on 4H-SiC formed by (bottom)
lift-off and (top) salicide process. The proposed Ni-salicide technology results
in a smoother metal edge and cleaner oxide surface.
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Figure 5. The I-V characteristic of the Ni contacts (a) after the FSA at different
temperatures and removal of unreacted Ni and (b) after the SSA at 950°C. All
samples with FSA > 500°C become ohmic after the SSA at 950°C.

30
1 | Single-step annealing
o5 | 950°C/L,=1.8 ym
_ 201
<3
8 15 Two-step annealing
5 FSA (°C) / Extracted L,
L —e—500/4.1 ym
B 10+ —A—550/1.9 ym
o —v—600/1.5 ym
——700/1.8 ym
5 —<—800/2.1 ym
—=—900/2.8 um
SSA =950 °C
0 T T T T T T T T T T
0 5 10 15 20 25

Distance (um)

Figure 6. The total resistance measured for the TLM structures with different
pad distances at various FSA temperatures 500 to 900°C followed by the
SSA temperature at 950°C. The transfer length (Lt) is extracted for each
sample.

contacts at lower annealing temperatures gradually changes to ohmic
behavior at higher annealing temperatures. All samples with FSA >
500°C become ohmic after the SSA at 950°C. However, the lower
annealing temperature of Ni/SiO, saves the oxide quality. The FSA
range between 550 to 700°C results in low-resistive ohmic behavior
after the SSA at 950°C. It is also found that the annealing time between
45-90 seconds is sufficient for the FSA and SSA steps. Hence, the
proposed two-step self-aligned process benefits from a wide process
window for the annealing temperature and time which makes it a
reliable contact technology. The influence of the proposed process
on the oxide quality is optically and electrically investigated and no
significant effect is observed.

The TLM plots with different FSA temperatures and SSA at 950°C
are shown in Fig. 6. To fairly measure the contact characteristics, the
total resistance of different samples is calculated by differentiation of
the I-V curves for different distances of TLM pads. All samples with
FSA > 500°C shows pc below 1 x 107> Q- cm? whereas the samples
with the FSA in the range of 550 to 700°C shows pc below 5 x 107°
Q- cm? which is comparable to that of the conventional single-step
annealing at 950°C. It should be noted that the difference between
contact resistances is mainly attributed to the doping variation of the
samples. As mentioned earlier, the pc decreases for higher annealing
temperatures of FSA. The wafer mapping of the measured contact
resistivity is shown in Fig. 7. Among the 112 measured dies with
TLM structures, above 50% has a contact resistivity below 5 x 10°°
Q- cm? and more than 80% has a contact resistivity below 6 x 1076
Q-cm?. A high uniformity for the contact resistivity is achieved.

Conclusions

A self-aligned Nickel (Ni) silicide process (Salicide) for n-type
ohmic contacts on 4H-SiC is demonstrated and electrically verified
on wafer-scale and a high uniformity for the contact resistivity is
achieved. To avoid the undesirable effect of the high temperature
annealing of Ni/SiO,, the annealing is performed in two steps. A first
step annealing (FSA) at low temperature is performed to form one
phase of Ni,Siy and the unreacted Ni on SiO, is removed by Piranha.
The second step annealing (SSA) at 950°C to form the low-resistance
n-type ohmic contacts is then performed. It is found that the FSA
range at 550-700°C with the duration of 45-90 seconds results in a
contact resistivity below 5 x 107 © - cm? which is comparable to the
conventional silicide formation at 950°C. The proposed self-aligned
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Figure 7. The wafer mapping of the measured contact resistivity on the wafer
with 112 dies.

process eliminates the undesirable effects of the high temperature
annealing of Ni/SiO, and lift-off process. Moreover, it is simple, fast,
and manufacturable at wafer-scale which saves time and cost.
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