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Abstract

The effect of crystalline plane orientations of Silicon carbide (SiC) (a-, m-, and c-planes) on the local oxidation on
4H-SiC using atomic force microscopy (AFM) was investigated. It has been found that the AFM-based local
oxidation (AFM-LO) rate on SiC is closely correlated to the atomic planar density values of different crystalline
planes (a-plane, 7.45 cm-2; c-plane, 12.17 cm-2; and m-plane, 6.44 cm-2). Specifically, at room temperature and
under about 40% humidity with a scan speed of 0.5 μm/s, the height of oxides on a- and m-planes 4H-SiC is 6.5
and 13 nm, respectively, whereas the height of oxides on the c-plane increased up to 30 nm. In addition, the
results of AFM-LO with thermally grown oxides on the different plane orientations in SiC are compared.

Introduction
Silicon carbide (SiC) is a well-known wide band gap
semiconductor material, which exhibits high values of
thermal conductivities, critical fields, and chemical inert-
ness. However, there have been challenges in processing
SiC into device applications, since the electric character-
istics and yield ratio of SiC-based devices are hampered
by micro-pipes and stacking faults. Typical SiC wafers
have dislocation densities in the range of 103-105 cm-2,

and in order to prevent this problem, extensive studies
on bulk growths, thermal oxidations, and etching prop-
erties have been conducted on various crystalline planes
in SiC [1-4].
In recent years, atomic force microscopy-based local

oxidation lithography (AFM-LO) techniques have been
receiving increasing attention as attractive, emerging
lithography techniques for fabrication of nano-scale pat-
terns and related device structures [5-7]. Although elec-
tron beam and nano-imprint lithography techniques
have been widely studied, there are issues with regard to
the damage to structures caused by high-energy electron
beams or high imprinting temperatures [8]. On the
other hand, AFM-LO can be used as a standard method
for the fabrication as well as the characterization of

nanostructures and electronic devices, particularly in
silicon, since silicon oxides are indispensably used as
gate dielectrics, insulation/passivation, and masks. So
far, there have been many studies reporting on AFM-
LO in various materials [5,9-11]. However, there have
been few published studies on AFM-LO of different
crystalline planes (a-, c-, and m-planes) of SiC. The
enhanced AFM-LO of 4H-SiC at room temperature
without heating, chemicals, or photo-illumination has
been observed [12]. In this study, the effect of crystalline
plane orientations of SiC (a-, m-, and c-planes) on the
AFM-LO of SiC was investigated. We compared the
rates of AFM-LO and thermal oxidation of horizontal
crystalline plane orientations (a- and m-planes) with
those of perpendicular crystalline plane orientation
(c-plane) to the c-axis in 4H-SiC. Figure 1 shows the
crystal structures of the c-, a-, and m-planes on 4H-SiC
substrates from left to right, respectively [13].

Experiment
Three different sets of 4H-SiC samples were prepared
with corresponding different plane orientations of a-
(ND: 5.9 × 1018 cm-2), c- (ND: 9.6 × 1018 cm-2), and
m- (ND: 9.3 × 1018 cm-2) planes. AFM (Bruker AXS
Inc.)-based local oxidation was performed using the
contact mode, whereas the topographic AFM measure-
ment was performed in the non-contact mode AFM. Si
cantilevers with a spring constant of 48 N/m, a
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resonance frequency of 190 kHz, and a radius of 5 nm
were used to analyze the morphology of surfaces. For
the AFM-LO, Pt/Ir-coated Si conductive tips with radii
of 50 nm were used. The spring constant and the reso-
nance frequency were set at 3 N/m and 70 kHz,
respectively. The temperature and the humidity of the
atmosphere were controlled at 27°C (± 2°C) and 40%
(± 5%), respectively, during the AFM-LO process. A dc
bias was applied between the cantilever and the sub-
strate for the local oxidation. The electrical field was
then created between the native oxide layer and the
substrate, which caused the oxyanions (OH-) to drift
through the oxide film [14-16]. In the case of SiC, the
reactions in the AFM-LO were described by the
following chemical reactions. In the anode (sample
surface), the oxidation takes place as follows: SiC +
2H2O + 4h+ ® SiO2 + 4H+ + C4+, SiC + 3/2O2 +
4h+ ® SiO2 + CO↑. The oxyanions (OH-) contribute
to the formation of the oxide patterns in the surface,
while hydrogen generation occurs at the tip (cathode)
to complete the electrochemical reaction, 2H+(aq) +
2e- ® H2. The local oxide patterns were formed on
n-type a-, m-, and c-planes of c-face 4H-SiC with a
doping concentration of 1019 cm-3.

Results and discussion
In general, it is difficult to form oxide patterns on SiC
using AFM-LO because of both physical hardness and
chemical inactivity. The binding energy of a Si-C bond
(451.5 kJ/mol) is higher than that of a Si-Si bond
(325 kJ/mol), and thus the reactions of oxyanions (OH-)
into a Si-C bond require a higher activation energy. The
removal of carbon atoms in the forms of CO or CO2

species also requires additional energy. The simulation
examination that contains the 2D electric field distribu-
tion between the tip and both Si and SiC substrates to
optimize the doping concentration of materials and the
direction of applied bias in oxide formation was carried
out. We used ATLAS simulator by Silvaco Inc. to design
the tip and semiconductor (SiC or Si) structure with a

10-nm-thick oxide layer and the doping concentration
for the semiconductor was varied in the range between
1015 and 1019 cm-2.
The maximum electric field is located on the tip-con-

tacted surface, and the electric field increases when the
doping concentration of the substrates increases, as
shown in Figure 2. The electric field enhances the trans-
port of oxyanions (OH-, O2-) [2], and also the bias
direction affects the OH- diffusion across the oxide layer
[8]. The variation in oxide height can also be affected by
the magnitude of loading force and applied voltage
values. Figure 3 represents that the oxide patterns are
formed over the LF of 100 nN at an applied voltage of
6 V. The local oxidation rates increase with increasing
applied voltages because of the wider effective contact
area and higher electric field.
Then, the effect of the scan speed on the different

crystalline plane orientations was investigated The
AFM-LO was performed on a-, c-, and m-plane 4H-SiC
wafers with an applied voltage of 10 V (tip as a cath-
ode) under different scan speeds of 8.376, 5.235, 2.094,
and 1.047 μm/s. Figure 4 presents typical AFM topogra-
phy images of the four sets of oxide lines obtained by
AFM-LO on a c-plane 4H-SiC wafer. The oxide height
profile of Figure 3 shows that the local oxidation is
enhanced by decreasing the scan speed. As shown in
Figure 4a, d, a lower scan speed (1.047 μm/s) favors
oxide line formation (17.17 nm), while a higher scan
speed (8.376 μm/s) leads to depressed oxidation (3.34
nm). Figures 5 and 6 show the AFM topography images
of the four sets of oxide lines obtained by AFM-LO on
a- and m-plane 4H-SiC wafers, respectively. The AFM-
LO as a function of scan speed on a- and m-plane 4H-
SiC is similar to that of scan speed on c-plane 4H-SiC.
The local oxidation on a-plane 4H-SiC is also improved
by lowering the scan speed, although the tendency for

Figure 1 The crystal structures of c-, a-, and m-planes on
4H-SiC substrates from left to right.

Figure 2 Simulated maximum electric field values for different
doping concentrations (1015-1019 cm-2) of n-type 4H-SiC and Si.
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this is minimized. In the case of a lower scan speed
(1.047 μm/s), the oxide height increases (3.33 nm),
while a higher scan speed (8.376 μm/s) leads to a lower
oxide height (1.41 nm), as shown in Figure 5a, d,
respectively. Figure 6a shows an oxide line pattern hav-
ing an oxide height of 4.08 nm with a lower scan speed
(1.047 μm/s). The higher scan speed (8.376 μm/s) leads
to a lower oxide height (0.79 nm), as shown in Figure
6d. The AFM-LO is improved by the lower scan speed,
which causes the duration of the applied voltage to be
longer [17].
These results are shown in Figure 7, where the oxide

heights versus the scan speed on a-, c-, and m-planes of
4H-SiC are compared. The oxide height decreases as the
scan speed increases on all a-, c-, and m-planes of
4H-SiC, suggesting that a longer anodization time
resulted in an increased oxidation rate. It has clearly
been shown that the AFM-LO rate on c-plane 4H-SiC is
significantly higher than the other plane orientations,

which may be related to the areal density of the first
layer for the different surfaces.
Table 1 shows the oxdiation rates for both AFM-LO

and thermal oxdiation on the three different plane
orientation of 4H-SiC as well as the doping concentra-
tion and the theoretical planar atomic density values.
The c-plane surface has much more carbon areal density
than a- and m-plane surfaces and the theoretical planar
atomic density of the c-plane (12.17) is higher than that
of the a-plane (7.45) and m-plane (6.42) of 4H-SiC, as
shown in Table 1. It can be seen that the oxidation rate
is mainly proportional to the carbon areal density [18],
and the enhanced thermal and local oxidation rates on
c-plane 4H-SiC is ascribed to the high planar atomic
density. However, the oxide height of the a-plane
(6.5 nm) seems to be lower than that of the m-plane
(13 nm), even though the planar atomic density of the
a-plane (7.45 atoms/cm2) is higher than that of the
m-plane (6.42 atoms/cm2). This may be related to the
different doping concentration values for a- (ND: 5.9 ×
1018 cm-2) and m- (ND: 9.3 × 1018 cm-2) plane-oriented

Figure 3 Variations in AFM-LO oxide height with different
loading forces and applied voltages.

Figure 4 AFM images and cross-sectional curves of oxide lines
on c-plane 4H-SiC obtained under different scan speeds: (a)
8.376 μm/s; (b) 5.235 μm/s; (c) 2.094 μm/s; and (d) 1.047 μm/s.

Figure 5 AFM images and cross-sectional curves of oxide lines
on a-plane 4H-SiC obtained under different scan speeds: (a)
8.376 μm/s; (b) 5.235 μm/s; (c) 2.094 μm/s; and (d) 1.047 μm/s.

Figure 6 AFM images and cross-sectional curves of oxide lines
on m-plane 4H-SiC obtained under different scan speeds: (a)
8.376 μm/s; (b) 5.235 μm/s; (c) 2.094 μm/s; and (d) 1.047 μm/s.
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samples,, because the effective electric field value is
increased at higher doping levels, as shown in the simu-
lation results in Figure 2.

Conclusions
In conclusion, the effects of crystalline plane orienta-
tions of a-, m-, and c-planes on the AFM-LO of 4H-SiC
wafers were investigated. It has been shown that the
AFM-LO oxide heights of a-plane and m-plane 4H-SiC
are lower than that of c-plane due mainly to the differ-
ence of planar density. It has clearly been shown that
the AFM-LO rate on c-plane 4H-SiC is significantly
higher than the other plane orientations, which can be
correlated to the areal density of the first layer for the
different surfaces as well as the doping concentration.
The oxide height decreases as the scan speed increases,
which suggests that a longer anodization time resulted
in increased oxidation rates.

Abbreviations
AFM: atomic force microscopy; AFM-LO: AFM-based local oxidation; SiC:
silicon carbide.
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