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Abstract

A systematic evaluation of ultra-high-temperature ox-
idation, focusing on the cooling process, was performed.
Sufficient Ar displacement to suppress oxide growth dur-
ing the cooling process revealed the superiority of an ul-
tra-high-temperature oxidation process in obtaining an
improved metal-oxide-semiconductor (MOS) interface.
In addition, a rapid water-cooling process was investi-
gated, aimed at minimizing degradation of the MOS in-
terface due to SiO2 decomposition at ultra-high tempera-
ture in non-oxidizing ambient. The rapid water-cooling
process after ultra-high-temperature oxidation achieved
the lowest interface state density compared with other
cooling processes.

1. Introduction

For reduction in the ON-resistance of SiC metal-oxide-
semiconductor (MOS) devices, a gate oxide process which
can reduce the interface state density (Dj) is necessary. In
general, nitridation is performed after gate oxide formation,
to reduce the Dy.. However, it has been reported that the nitri-
dation process causes flatband voltage (V+g) shift due to hole
trapping under negative gate bias stress [1]. Thus, a gate ox-
ide process without nitridation is required, to achieve both
low Dj and suppressed Vg shift. A number of studies have
reported that an ultra-high-temperature oxidation process

might be a candidate to improve interface characteristics [2.3].

However, we believe that systematic results have not yet been
obtained, because there is a lack of adequate discussion re-
garding the cooling process after ultra-high-temperature oxi-
dation. Thus, in this study, we systematically evaluated the
ultra-high-temperature oxidation process, focusing on the
cooling process.

2. Experiments

4H-SiC(0001) substrates with an n-type epilayer were
used in the study. 40-nm-thick SiO; films were formed by
thermal oxidation at temperatures ranging from 1150°C to
1600°C, in dry O, in an ultra-high-temperature rapid anneal-
ing furnace [4]. After oxidation, a variety of different cooling
processes from oxidation temperature were attempted. Then,
Al gate electrodes were deposited to form MOS capacitors,
by vacuum evaporation through a shadow mask. The Dy for

each sample was evaluated using the high-low method.

3. Results and Discussion

Figure 1 shows a comparison of the high-frequency C-V
curves measured for SiC MOS capacitors with varying cool-
ing ambient, after oxidation at 1400°C. The C-V curve of the
MOS capacitor cooled in O, ambient exhibited hysteresis and
positive Vg shift. On the other hand, the C-V curves of the
MOS capacitors using Ar ambient or Ar gas displacement af-
ter vacuum pumping exhibited no hysteresis and ideal Veg,
suggesting that oxide growth during the cooling process may
be suppressed to improve the electrical properties of the
Si0,/SiC interface.
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Fig. 1. Comparison of high-frequency C-V curves meas-

ured for SiC MOS capacitors with various cooling ambient

after oxidation at 1400°C.

Figure 2 shows the interface state densities of SiC MOS
capacitors with varying cooling ambient. The Dj; located in
the energy region of E.-E = 0.3-0.7 eV was reduced by the
cooling process using Ar ambient. In addition, the Dj located
in the energy region of E.-E < 0.4 eV was reduced by Ar gas
displacement after vacuum pumping, indicating that Ar dis-
placement sufficient to suppress oxide growth during the
cooling process is required, to reduce the D located in the
shallow energy region. Figure 3 shows the energy distribution
of Dj; with varying oxidation temperature, using the cooling
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Fig. 2. Interface state densities of SiC MOS capacitors
with various cooling ambient after oxidation at 1400°C.
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Fig. 3. Interface state densities of SiC MOS capacitors
with various oxidation temperatures using cooling pro-
cess of Ar gas displacement after vacuum pumping.

process involving Ar gas displacement after vacuum pumping.

It was found that the D; value clearly depended on the oxida-
tion temperature, and oxidation at 1450°C resulted in the low-
est Dj.

Next, we investigated the degradation of the MOS inter-
face at ultra-high temperature in non-oxidizing ambient, and
employed a rapid cooling process in order to validate our con-
cept. Figure 4 shows a schematic illustration of ultra-high-
temperature oxidation with a rapid water-cooling setup, in
which the SiC chip is dropped into water immediately after
thermal oxidation, to maximize the cooling rate. Using this
setup, additional oxidation during the cooling process is com-
pletely suppressed, without vacuum pumping and Ar gas dis-
placement. Figure 5 shows the Di; of MOS capacitors fabri-
cated with and without the water-cooling process. It was
found that the water-cooling process effectively reduced the
D;; values in all energy regions, compared with the other pro-
cesses, probably due to preservation of the high-quality
Si0,/SiC interface formed by ultra-high-temperature oxida-
tion.
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Fig. 4. Schematic illustration of ultra-high-temperature
oxidation with rapid water cooling setup.

Hiqﬁ-low r'netho'd

0,
“ O,>Vac.=Ar

O,>Water cooling
" @1400°C Ox.
10

0.2 0:3 0:4 0:5 0:6 0.7
E_-E (eV)

Fig 5. Effect of water-cooling process on interface state
densities of SiC MOS capacitors.

4. Conclusions

The cooling process after ultra-high-temperature oxida-
tion was systematically investigated. It was found that ideal
Vrs and low Dj; can be obtained in ultra-high-temperature ox-
idation by Ar displacement sufficient to suppress oxide
growth during the cooling process. Additionally, to minimize
degradation of the MOS interface during the ultra-high-tem-
perature process in non-oxidizing ambient, we designed a
rapid water-cooling setup, and found that the D; values of
MOS capacitors fashioned using the proposed rapid water-
cooling process achieved the lowest Dj; values compared with
other cooling processes.
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