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The microwave plasma oxidation under the relatively high pressure (6 kPa) region is introduced into the fabrication
process of SiO,/4H-SiC stack. By controlling the oxidation pressure, species, and temperature, the record low density of
interface traps (~ 4 x 10'% cm=2.eV~! @E,. — 0.2 eV) is demonstrated on SiO,/SiC stack formed by microwave plasma oxi-
dation. And high quality SiO, with very flat interface (0.27-nm root-mean-square roughness) is obtained. High performance
SiC metal-oxide—semiconductor field-effect transistors (MOSFETs) with peak field effect mobility of 44 cm™2.eV ! is re-
alized without additional treatment. These results show the potential of a high-pressure plasma oxidation step for improving

the channel mobility in SiC MOSFETs.
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1. Introduction

SiC metal-oxide—semiconductor field-effect transistors
(MOSFETsS) are the promising devices for applications in ar-
eas where high power, high temperature, and high speeds
are desired.['l However, one of the technological concerns
that affect the behavior of 4H-SiC MOSFETs is the low in-
version channel mobility. In general, the channel mobil-
ity less than 10 cm?®-V~!.s™! is typically obtained by us-
ing thermally grown SiO, layers as gate oxide.?! This is
about two orders of magnitude below the bulk mobility of
4H-SiC, the polytype most commonly investigated for power
electronics applications, due to the high density of interface
traps (Djt), in the order of 1013 eV—l.cm™2, near the con-
duction band edge. It is attributed to the existence of dif-
ferent types of charge traps either in gate oxide or at the
Si0,/SiC interface, such as the dangling bonds, carbon clus-
ters, and near interface traps.3! Various channel engineering
processes have been proposed to address these issues beyond
nitrogen-monoxide (NO) annealing,!*! the process that is
currently most widely used, but rarely leads to mobility above
40 cm?-V—1.s~! especially with a heavy p-type doping con-
centration (> 10'7 ¢cm™3).11%-12] This doping level is typical
for power double implanted MOSFETs (DMOSFETs).

Plasma oxidation, utilizing a highly activated oxygen
plasma, is one of the low temperature techniques used to
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grow dielectric films on semiconductor surfaces. The study
of SiC oxidation by plasma began around 1997 and Lucovsky
et al. reported that SiC can be oxidized by remote plasma-
assisted oxidation.!!! Recently, Kim et al. investigated that
interface traps generation in the SiO; oxide is more suppressed
in the high-power plasma oxidation process than in the thermal

S.[l4’15

oxidation proces I Early studies preliminarily revealed

the equipment principle of plasma oxidation, mechanism of
plasma oxidation, and characteristics of plasma oxide.[!*-18]
However, the plasma oxidation has not been reported for the
fabrication of SiC MOSFET.

In the present article, for the first time, high-pressure mi-
crowave plasma oxidation process has been introduced for
SiC MOSFETs fabrication. We have systematically studied
the material and electrical characteristics of the plasma oxide
layer. And the MOSFETs with a heavy p-type doping concen-
tration (~ 10'7 cm~3) were fabricated and the field effect mo-
bility was extracted. The high-pressure plasma SiO,/4H-SiC
stack presents a significant improvement of interface proper-
ties over those grown by other oxidation methods.

2. Experiment and measurement
2.1. Plasma oxidation facility

A schematic diagram of the microwave oxidation equip-
ment used in our work is shown in Fig. 1(a). The primary
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Fig. 1. (a) Schematic diagram of microwave plasma oxidation equipment. 2.45-GHz microwave generated by a magnetron is guided through the
waveguide to the quartz discharge tube filled with pure oxygen gas. A plasma hemisphere with a diameter of 2.5 cm was well confined and located at
the center of the chamber, as depicted in the inset. (b) SiC surface temperature as a function of O, pressure and plasma power. (c) OES of plasma under

various chamber pressures by fixing the power at 500 W.

components of the apparatus are a microwave generator
(2.45 GHz) capable of delivering up to 2000 W, water-cooled
waveguides, a reactor cavity (4 cm in diameter and 15 cm in
length). In addition, the surface temperature of SiC was de-
tected from the top infrared thermometer. The pure (7N) oxy-
gen was used as the reactant gas throughout this work. From
the observation window, a plasma hemisphere was observed
that touched the surface of SiC and was located at the center
of the chamber, as shown in the inset.

2.2. Device fabrication

All devices were fabricated on the N-type epitaxial layer
(dopant density ~ 1 x 10'® cm~3) deposited on the (0001)
Si-face of 4H-SiC wafers. The fabrication process of metal—
oxide—semiconductor (MOS) capacitors is as follows. 4H-SiC
wafers were precleaned by using deionized water, acetone, and
HF aqueous solution. Then the plasma oxide was grown in
the microwave chamber at room temperature and pressure of
6 kPa under a flow of purity (7N) O, gas and an optimized mi-
crowave power of 1000 W.['1 Al electrodes were deposited
to form gate (diameter is about 200 pm for capacitance—
voltage (C-V) measurement; thickness ~ 400 nm) and back-
side Ohmic contacts. The fabrication process of MOSFET is
shown in Fig. 2. To obtain the surface aluminum (Al) con-
centrations of 1 x 10'7 cm™3, box-shaped, p-type wells, and
p+ contact regions (~ 1 x 10°° cm™—>) were all fabricated by
multiple Al-implantations into the epitaxial layer at 500 °C.

0%° cm™3) were implanted

Source and drain regions (~ 1 x 1
with nitrogen at room temperature. Then the SiC surface was
capped with a graphite layer, and the implants were activated

at 1700 °C. After a sacrificial oxidation, the gate oxide was

grown by using 6-kPa plasma oxidation with the microwave
power of 1000 W. Next, a 600-nm layer of tungsten was de-
posited and patterned for the gate metal and an 80-nm-thick
nickel layer was deposited over the source and drain for Ohmic
contacts. The Ohmic contacts were alloyed at 970 °C for
2 min. The channel width of the MOSFETs is 100 um and
the length is 50 pm.

2.3. Material characterization

The direct characterization of the SiO,/4H-SiC inter-
face was measured by the transmission electron microscope
(TEM). The high resolution TEM images were obtained us-
ing a field-emission gun at an acceleration voltage of 200 keV.
The chemical bonding states of the SiO; films grown on the
4H-SiC substrates were examined via high-resolution x-ray
photoelectron spectroscopy (XPS); a monochromatic Al x-ray
source (hv = 1486.7 eV) with a pass energy of 55 eV and a
resolution energy of 0.1 eV was used. Si-2p, C-1s, O-1s, and
N-1s spectra were recorded. Binding energies (BE) was cor-
rected for charging effects assuming the BE of the contam-
inant C-1s peak as lying at 284.6 eV. The interface rough-
ness of the samples was measured via the atomic force mi-
croscopy (AFM). Before testing, the oxide of all samples was
completely removed by using buffer oxide etch (BOE) solu-
tion for 60 minutes. Then the morphology of SiO,/4H-SiC
interface was examined with testing area of 1 pm x 1 um. The
AFM (XE-200, Park Systems) was used for the surface mea-
surement. Park Systems AFM XEI software programming was
used to evaluate the root-mean-square roughness (RMS rough-

ness).
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Fig. 2. Fabrication procedure and device structure of the SiC n-MOSFETs with SiO, gate stacks. Note that the figure shows the ion implantation dose.

2.4. Electrical characterization

In order to further evaluate the quality of the oxide and
the interface formed by the plasma oxidation, the MOS capac-
itances and MOSFETSs were analyzed by the electrical mea-
surements. The capacitance—voltage (C—V) measurement was
performed with an Agilent E4990A LCR meter. The density
of interface traps (Dj;) values were estimated by the conduc-
tance method at various temperatures. >*!) The MOSFET DC
characteristics were measured with an Agilent B1500 A semi-
conductor parameter analyzer. Drain current (I3) as a function
of gate voltage (Vy) (Ig—Vy) for the MOSFET was measured.
The data were collected with the drain voltage (Vy) held at a
constant 50-mV bias. And the I as a function of Vg (I4—Vy)
was also measured with the V, ranging from 2 Vto 8 V.

3. Results and discussion
3.1. SiO; grown by microwave plasma oxidation

Figure 1 (b) shows the SiC surface temperature by vary-
ing O, pressure and plasma power. The surface temperature
ranging from 750 °C to 900 °C is found to be linearly pro-
portional to the chamber O, pressure by fixing the power at
1000 W. Moreover, it is also known that the temperature can
be further adjusted by changing the microwave power. Con-
cerning the origin of the in situ self-heating process during
oxidation, heat accumulation related to O, molecular emis-
sion may be the main reason. As the O, pressure increased,
optical emission at around 400-700 nm significantly grows,
as depicted in Fig. 1(c). The oxygen plasma is confirmed to be
dominated by excited atomic O plasma (O*), according to the
feature of 777 nm, 844 nm, and 485 nm.!?2 To evaluate the
quality of SiO,/SiC, two SiO, samples with thickness of 8 nm
and 24 nm were prepared under an optimized condition (cham-
ber pressure = 6 kPa, power = 1000 W). As shown in Fig. 3(a),

sharp and very flat interface with RMS roughness value less
than 0.27 nm is obtained after oxidation, which is comparable
to the initial surface roughness of the as-cleaned SiC wafer
and hardly be obtained by conventional thermal oxidation.
This result suggests almost no accumulation of residual car-
bon at the interface. Figure 3(b) shows the XPS spectra of
Si 2p for the 8-nm and 24-nm Si0,/SiC stacks, 1300 °C ther-
mally grown SiO,/SiC stack is also listed out for comparisons.
For the 8-nm SiO; sample, a small hump is observed in the
range of 100-101 eV,!?3! which is assigned to SiC substrate.
Thus, the Si 2p of the 8-nm SiO, must include the signal from
the interfacial transition region. While for the 24-nm SiO,
case, Si-2p signal should come from the surface region where

Si 2p

plasma oxidation 1 kW
SiO5 24 nm

plasma oxidation 1 kW
SiOy 8 nm

thermal oxidation 1300 °C
SiO5 50 nm

Intensity/arb. unit
T T T T T
] \\\\
=y
—~

102 100 98
Binding energy/eV

Fig. 3. (a) Cross-sectional TEM image of the SiO,/SiC stack. (b) Compar-
ison of XPS Si-2p spectra between microwave plasma oxidized SiO, and
1300 °C thermally grown SiO,.
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almost no contribution of interfacial transition region is in-
cluded. Since signal related to SiO in the three spectra are
almost the same, it strongly indicates that high quality SiO,
comparable to thermally grown SiO, with almost no interfa-
cial transition region is obtained, this result is consistent with
our previous electron energy loss spectroscopy results.['?] It
should be noted that there is no N-1s signal, eliminating the
existence of N contamination during the plasma oxidation pro-

CeEss.

3.2. SiC MOS capacitor characterization

Figure 4 (a) shows the multi-frequency bidirectional C—

V curves of the MOS capacitors fabricated by plasma oxida-

tion with pressure of 6 kPa and power of 1000 W measured at
100 K and 300 K and a 1300-°C thermal oxidized sample (the
thickness of SiO; is 50 nm) with NO annealing as a reference.
The thickness value of plasma oxide, 25.7 nm, is evaluated
by the oxide capacitance for the unit area (Cyx). Cox is deter-
mined by the extrapolation of high frequency capacitance in
accumulation region, as shown in Fig. 4(b). Compared with
NO annealed thermal oxidized sample, nearly frequency dis-
persion free C-V curves with hysteresis less than 50 mV are
observed in 1000-W case, especially at 100 K, strongly indi-
cating that high quality SiO,/SiC stack with low Dj; can be

achieved through microwave plasma oxidation.
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Fig. 4. (a) Multi-frequency bidirectional C-V curves of the MOS capacitors fabricated by plasma oxidation with pressure of 6 kPa and power of 1000 W
and 1300-°C thermal oxidation with NO annealing measured at 100 K and 300 K. (b) The Cox of 1000-W plasma oxidized MOS capacitor is determined

by the extrapolation of high frequency capacitance in accumulation region.

The Dj; values were determined via calculations by us-
ing a combination of forward bias capacitance—frequency (C—
/) and conductance—frequency (G—f) measurements to obtain
the parallel conductance (Gp), as shown in Fig. 5(b), while
the energy levels of the defect states were determined from
frequency measurements. The Dj; is approximated as the fol-

lowing relationship: 2!

257 G
Dn%(") : (1)
gA \2nf max

where A is the area of the electrode and ¢ is the elemental
charge. Before applying the conductance method, series re-
sistance (Ry) was determined by the extrapolation of high fre-
quency limit of the real part of impedance measured in ac-
cumulation region, as shown in Fig. 5(a).?!! Then, R, was
removed from the measured impedance. The measurements

were done at the temperature from 50 K to 200 K to extend

the energy range of the characterization toward the conduc-
tion band edge of SiC. As a result, the value of Dj; for 1000-W
plasma-oxidized sample is lower than 10'! cm™2.eV~! at the
energy level range from 0.1 eV to 0.2 eV below the 4H-SiC
conduction band edge, as shown in Fig. 5(c). And the D;; value
is one order of magnitude lower than the NO annealed thermal
oxidized sample, nearly catching up with the Si0,/Si level. As
shown in Fig. 5(d), to our knowledge, this work is the record
low published Dj in Si0,/SiC system,[>!%24311 confirming
the effectiveness of high-pressure oxidation in forming high
quality SiO,/SiC stack. And it is found that the breakdown
field for the 1000-W sample could reach 10 MV/cm, as shown
in Fig. 6, which is comparable to the breakdown field of the
high temperature thermal oxidized sample. It proves that the
plasma oxidation method has a great potential in both main-

taining high oxide reliability and low Dj;.
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Fig. 5. (a) The R, determined by the extrapolation of high frequency limit of the real part of impedance measured in accumulation region. (b) Frequency
dependence of G,/ ® measured at 100 K. (c) The Dj; as a function of energy level below the conduction band, estimated from the peak values of G,/ @
measured at the temperature from 50 K to 200 K and the NO annealed thermal oxidized sample is the reference group. (d) The Dj of the sample
oxidized by plasma oxidation compared with the other oxidation method in previous reports, as a function of energy level of 0.2 eV below the 4H-SiC

conduction band edge.

100F

= =

o o
| |

- [V
r T

—

o
|

=)
-

chakagc/A‘Cm41

10-8

4 6 8 10
Electric field/MV-cm~!

10—10
0

e

Fig. 6. The typical J-E characteristics of MOS capacitors formed by
1000 W plasma oxidation.

3.3. SiC MOSFET characterization

Figure 7 (a) shows the raw transfer characteristics of
the MOSFETs with channel length of 50 pm. On/off ra-
tio of over 107 with the minimal subthreshold swing (SS) of
~ 110 mV/dec is obtained. Series resistance of 390 Q is ex-
tracted from the intercept by plotting the Ry, against channel
length. The output characteristics of the SiC MOSFET with
channel width (W) = 100 um, length (L) = 50 pm are shown

in Fig. 7 (b). From transfer characteristic, we calculate field-
effect channel mobility (ugg) through the relationship: 3!

L dly
=—7| =) 2
MEE WCoVs <8Vg> )
Figure 8 shows the upg as a function of the normalized elec-
tric field (Vo—Vin /tox) in 4H-SiC MOSFETs with different gate
oxides subjected to plasma oxidation, thermal oxidation, nitri-

(2331 The peak ppg

dations (NO) or wet annealing treatments.
of 44 cm?-V~!.s~! can be obtained for plasma oxidation. For
inversion type MOSFETs, although higher mobility has been
reported by doping P, B, Ba into the SiO, network,*3l most
of these approaches are still far to be used for real applica-
tions, because they suffer from threshold voltage instability
issues due to the fragile network. Moreover, for most of the
previous reports, the p-body doping densities are lower than
10'® cm—3. Kimoto et al. have reported that the sub-bands are
shifted upward with increasing the p-body doping, leading to
a stronger quantum confinement effect.**! Thus, the energy
levels of Dj; of the NO annealed sample exhibits a sharp in-
crease toward (and likely inside) the conduction band edge
in SiC. Therefore, the mobility of NO annealed sample on a

more heavily doped p-body, affected by a higher Dj; located
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at higher energy levels, drops significantly in heavily-doped
MOSFETs. The peak mobility of the NO sample dropped

to lower than 30 cm?-V—!l.g!

with a heavy p-type doping
concentration (~ 1017 ¢m™3).[1112.35] plagma-oxidized SiO,
exhibits a relatively high field effect mobility with a heavy p-

type doping concentration (~ 10'” cm™3) compared with other

10-! ———"T"—T—T——T1—T1—7——— 2.0X1072
V4=0.05 V (a)
FW=100 ym
10-3 L =50 um
Ftox = 25.7 nm, 11.5%10-2
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Fig. 7. (a) Transfer characteristics of SiC MOSFETs with channel lengths
of 50 um fabricated by plasma oxidation. (b) Output characteristics of SiC
MOSFET with channel lengths of 50 um fabricated by plasma oxidation.

oxidation processes. By considering the low Dj, flat interface,
and high mobility, it is clear that high quality SiO,/SiC stack

can be obtained by using plasma oxidation method.

4. Conclusion and perspectives

A high-pressure plasma oxidation process has been

demonstrated on 4H-SiC yielding a lower Dj; than numer-

ous literature reports of thermal oxides. Field effect mobil-

ities of ~ 44 ¢cm?-V~1.s~! have been extracted from lateral

channel MOSFETSs with a heavy p-type doping concentration

(~ 10" cm™3). This is higher than other reports of mobility
in 4H-SiC MOSFETs with thermally grown oxides. The en-

hanced mobility is most likely due to a reduction in trapped

charge. The findings in this work demonstrate that a high-

pressure plasma oxidation step may be a promising process
for improving the channel mobility in SiC MOSFETs.
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