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Single-crystal silicon carbide (4H-SiC) has a range of useful physical, mechanical and electronic proper-
ties that make it a promising material for fabrication of next-generation semiconductor devices. In this
work, we report a hybrid polishing process combining thermal oxidation pretreatment and soft abrasive
polishing to realize the damage-free and atomic-scale smooth finishing of the carbon face of 4H-SiC.
By thermal oxidation pretreatment, the hardness of the carbon face has been reduced from 4.6 GPa to
1.7 GPa, which enables highly efficient polishing using CeO; slurry. For conventional CeO, slurry polishing
without pretreatment, scratches still existed after a long polishing duration for 16 h. The probable scratch
removal mechanism in CeO, slurry polishing has been proposed based on surface morphology changes
during polishing. Whereas a scratch-free surface with well-ordered SiC atomic steps was obtained within
a short polishing duration of only 3 h when polishing was conducted on a thermally oxidized surface. Our
results demonstrate that hybrid polishing combining surface pretreatment and soft abrasive polishing is
a promising approach to realize the damage-free and atomic-scale smooth finishing of the carbon face of
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1. Background

Single-crystal silicon carbide (SiC) has a wide bandgap, a high
hardness and strong chemical inertness, thus, it has been widely
considered to be one of the most promising next-generation semi-
conductor materials for fabrication of power devices working with
a high voltage, a high frequency and under high temperature con-
ditions [1,2]. Among the thousand polytypes of single-crystal SiC,
4H-SiC is the most widely utilized. 4H-SiC wafers are usually sliced
from a SiC ingot. Prior device fabrication, grinding, rough polishing
and fine finishing are required to correct the wafer thickness, min-
imize the subsurface damage (SSD) layer and decrease the surface
roughness. Final finishing, which determines the surface quality
of the wafer, is a critical step in the semiconductor device manu-
facturing process. As devices will be fabricated on the wafer, the
surface quality including the integrity, the flatness, the SSD layer
and the roughness will greatly affect the device performance. How-
ever, finishing of 4H-SiC with good surface quality is challenging
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owing to its high hardness and chemical inertness. 4H-SiC has a
very high hardness which is only lower than that of diamond and
cubic boron nitride (cBN), meanwhile, it rarely reacts with common
acid or alkaline solutions, making it difficult to obtain a damage-free
4H-SiC surface using existed finishing techniques.

Hybrid polishing combining surface modification and soft abra-
sive polishing is a promising approach to polish 4H-SiC without
forming scratch or SSD. Surface modification softens the substrate
surface and enables polishing using soft abrasives. As the modified
layer can be remove by polishing using soft abrasive, smaller sur-
face roughness can be achieved. Meanwhile, as the abrasives are
softer than SiC, only the modified layer is removed and SSD is not
formed. Based on the efficient combination of surface modification
and soft abrasive polishing, damage-free and highly efficient fin-
ishing of 4H-SiC is expected to be realized. In recent years, several
hybrid polishing processes utilizing different modification meth-
ods have been developed for damage-free finishing of 4H-SiC [3-6].
Chemical mechanical polishing (CMP) is widely used in semicon-
ductor industry as the final finishing process for semiconductor
substrates [7]. For CMP of 4H-SiC, alkaline colloidal silica slurry
is used. SiC is modified by the chemicals in slurry and then the
modified layer is removed by abrasion with the silica abrasives. As
the material removal rate (MRR) of CMP is limited by the surface
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modification process, a lot of effort have been made to improve
the MRR [8,9]. Kurokawa et al. reported that the addition of H,0,
and KMnOy into slurry had the effect for increase in MRR [8]. Pan
et al. developed some catalyst-added slurries to strengthen the
surface modification in CMP [9]. Even though a damage-free and
ultrasmooth surface can be obtained by CMP, the low MRR of CMP
and the high polishing costs become challenges. Electro-chemical
mechanical polishing (ECMP), which is combined of anodizing and
CMP, has been applied to SiC to realize the highly efficient sur-
face finishing [6,10]. It has been reported that a high oxidation
rate of 7 wm/h, which is much faster than the modification rate in
conventional CMP, has been obtained by anodic oxidation [10]. A
hybrid dry polishing process combining modification by irradiation
of atmospheric pressure water vapor plasma and polishing using
soft abrasives has been developed for finishing of some hard and
brittle materials [11]. This polishing process has been successfully
applied to 4H-SiC, chemical vapor deposition SiC and GaN [12-14].
It has been reported that an atomically flat silicon face of 4H-SiC
with a well-ordered step-terrace structure was obtained using the
plasma-assisted hybrid polishing process [12]. In addition, some
novel polishing processes like catalyst referred etching [15], UV-
irradiation assisted polishing [16], and laser-assisted CMP [17] and
so forth have also been proposed and are still under development.

Although there are several alternative polishing techniques for
4H-SiC, all of these techniques are targeting on the silicon face (Si-
face). The Si-face of 4H-SiC is generally used for device applications,
however, more and more interest has been focused on the carbon
face (C-face). Inrecent years, devices fabricated on C-face have been
widely reported [18-21]. C-face has several advantages over Si-
face. First, C-face can be used for bulk growth of 4H-SiC crystals to
effectively avoid the switching of polytypes to 6H-SiC which usu-
ally takes place in bulk growth on Si-face; second, the inversion
channel mobility on a C-face has been proved higher than thaton a
Si-face; third, the dislocations in SiC has been found not correlated
with the reliability of the metal-oxide-semiconductor field-effect
transistors fabricated on the C-face. Owing to the hexagonal crystal
structure of 4H-SiC, the Si-face and the C-face have different elec-
tronic properties. Even though the previously introduced polishing
techniques have demonstrated their excellent polishing perfor-
mance for the Si-face of 4H-SiC, the applicable finishing process
for the C-face with an epi-ready level has not been established yet.

In this work, a hybrid polishing process combining thermal
oxidation pretreatment and soft abrasive polishing is developed
for atomic-scale smooth finishing of the C-face of 4H-SiC. Ther-
mal oxidation pretreatment softens the C-face and enables highly
efficient polishing using soft abrasives. Then, soft abrasive polish-
ing removes the oxide layer and realizes obtaining of a smooth
surface. Abrasive material selection is first conducted among dia-
mond, Al,03, SiO; and CeO,. Then, results and mechanisms on
slurry polishing without and with thermal oxidation pretreatment
are presented respectively, demonstrating the effectiveness of the
proposed hybrid polishing process.

2. Experimental details
2.1. 4H-SiC substrate

4H-SiC substrates (On-axis, n-type) supplied by TanKeBlue Co.
Ltd. were used in this research. On the basis of dimensional analysis
of SiC, it has been understood that if the step-terrace structure of
an on-axis 4H-SiC substrate can be generated by polishing, it can
be observed using atomic force microscopy (AFM). The as-received
Si-face was processed by CMP while the C-face was processed by
polishing using diamond slurry. Fig. 1 shows the scanning white
light interferometer (SWLI; ZYGO NewView 200) and AFM (Dig-
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Fig. 1. SWLI and AFM images of as-received C-face of 4H-SiC. (a) SWLI image (S,:
4.89nm, Sq: 0.64 nm). (b) AFM image (S,: 8.34nm, Sq: 0.83 nm).

ital Instruments D3100) images of the as-received C-face. Many
scratches were formed on the surface. Even though the surface has
been observed using AFM in a small area as shown in Fig. 1(b), the
atomic steps of SiC can’t be observed as the surface is fully cov-
ered by scratches introduced by diamond abrasives. As diamond
is much harder than 4H-SiC, it is assumed that a subsurface dam-
age (SSD) layer was also formed beneath the scratched surface. In
this research, soft abrasive polishing experiments without and with
thermal oxidation pretreatment were both conducted on the C-face
with scratches as shown in Fig. 1.

2.2. Slurry polishing

Polishing of 4H-SiC by commercially available slurries was con-
ducted using the experimental setup shown in Fig. 2. Polishing was
carried out in a plastic container with slurry inside. A suede type
polishing pad (NP178, FILWEL Co. Ltd.), which has been widely used
for final finishing of optical components, was pasted beneath the
rotary spindle. In each polishing experiment, a new polishing pad
was used and the slurry was replaced.

In order to select the suitable abrasive material for 4H-SiC, slurry
polishing experiments using different abrasive materials: diamond,
Al,03, SiO, and CeO, were conducted. To evaluate their polishing
characteristics, a scratch-free surface is required to be used as the
reference. Currently, 4H-SiC substrates with scratch-free C-faces
are not commercially available, whereas the commercially CMP-
processed Si-faces are smooth and free of scratch. Thus, the Si-face
was used as the reference surface for abrasive material selection,
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Fig. 2. Schematic of experimental setup used for slurry polishing.

even though it is more convincing to compare their polishing per-
formances on the C-face which is the target face of this research.
With the appropriate abrasive material selected, slurry pol-
ishing experiments of C-face were conducted. Along with the
increasing of the polishing duration, the change of surface mor-
phology was investigated using AFM to study the scratch removal
mechanism in the conventional slurry polishing process.

2.3. Thermal oxidation-combined slurry polishing

Slurry polishing of a thermally oxidized C-face was conducted
using the same experimental setup shown in Fig. 2. Thermal oxida-
tion pretreatment was performed using a miniature lamp annealer
(MILA5000, ULVAC Technologies, Inc.). Dry oxygen with a flow rate
of 22.4 sccm was used as the reactive gas for thermal oxidation and
the oxidation temperature was 1100 ° C. The thickness of the oxide
layer was measured using a spectroscopic ellipsometer (SOPRA
GES-5 M) with an operation wavelength range of 300-900 nm. The
surface hardness before and after thermal oxidation was measured
using a nanoindentation tester (ENT-2100, ELIONIX Inc.). The max-
imum load in nanoindentation tests was set to 0.1 mN to only
measure the hardness of the top surface layer and 9 points located
on the substrate surface were measured to calculate the average
hardness.

The change of surface roughness and the generation of atomic
steps of SiC were confirmed by observation using SWLI and
AFM. Before surface characterization, to remove the organic con-
taminants on the substrate, cleaning in a sulfuric acid (H,SO4)
and hydrogen peroxide (H,0,) mixture (SPM) was conducted
for 10 min followed by cleaning in pure water for 10 min. The
concentration of the SPM solution was H;SO4 (97 wt%): H,0,
(30wt%)=4:1.

3. Results and discussion
3.1. Abrasive material selection for 4H-SiC

To initiate a damage-free and scratch-free polishing process for
4H-SiC, one critical parameter is the abrasive material. In order to
select the appropriate abrasive material, slurry polishing experi-
ments using different abrasive materials including diamond, Al, O3,
SiO, and CeO, were conducted for comparison. A CMP-processed
Si-face was used as the reference. Table 1 shows the polishing

Table 1
Polishing conditions.

Substrate 4H-SiC (On axis, 0001)
Load 50g
Polishing pad Swede type (¢ 10 mm)

Pad rotation speed
Slurry concentration

2000 rpm
Diamond: 0.4 wt%, Al;03: 10 wt%
Si0y: 1wt%, CeO,: 1wtk

Grain size Diamond: 100 nm, Al;03: 100 nm
Si03: 72 nm, CeO,: 190 nm
Duration 3h

conditions. Shown in Fig. 3(a) is AFM image of the as-received CMP-
processed Si-face. It is free of scratch and the step-terrace structure
of SiC can be observed. Polishing experiments were carried out
on CMP-processed Si-faces using diamond, Al,03, SiO, and CeO,
slurries and the polished surfaces were observed using an AFM.

Diamond slurry has been widely used for rough polishing of
SiC substrates as well as many other hard and brittle materials.
Compared with the original surface, it has been found that many
scratches were formed owing to the high hardness of diamond as
shown in Fig. 3(b). When Al,03 was used, the polished surface was
also very rough as shown in Fig. 3(c). Scratches were also formed
and it was found that the formed scratches were discontinuous. The
hardness of Al;03 is comparable with that of 4H-SiC. Therefore, it
is assumed that scratches were formed only in some over-stressed
sites during polishing making the scratches discontinuous. Very
similar results have been observed in plasma-assisted polishing
of 4H-SiC using an Al,03-coated polishing film [22], which also
supports the assumption. On the basis of these results, it is con-
cluded that both diamond and Al, O5 slurry are not suitable for final
finishing of 4H-SiC.

SiO; slurry has been commercially used in CMP of 4H-SiC based
on the following mechanism: the substrate surface is modified by
the chemicals in SiO; slurry and the modified layer is mechanically
removed by abrasion. The hardness of SiO, is much lower than that
of SiC, thus, no scratches will be formed and an ultra-smooth sur-
face can be obtained as widely reported [9]. Fig. 3(d) shows the SiC
surface polished by SiO, slurry. A scratch-free and ultra-smooth
surface with a Sq roughness of 0.15 nm has been obtained. Differ-
ent with the step-terrace structure on the as-received Si-face, a
step-terrace structure with four types of terrace that appear alter-
nately is formed in our previous experiments even though the step
edges are very rough. Consistent with its name, there are four Si-C
bilayers in one unit cell of 4H-SiC single crystal. Based on the anal-
ysis of the physical relationship between these four bilayers and
the different number of dangling bonds at the bilayer step edge, it
has been found that these four types of Si-C terrace in a unit cell
of 4H-SiC have different stability, meaning that they have different
modification rates in slurry polishing [23-25]. Thus, the periodicity
ofthe step-terrace structure of 4H-SiC generated by slurry polishing
varies according to the change of the balance between surface mod-
ification and mechanical abrasion [26]. The step-terrace structure
showninFig. 3(d)indicates that surface modification was dominant
in the polishing experiment using SiO, slurry [26].

The polishing performance of CeO, slurry, which is also a soft
abrasive material, was also investigated. CeO, slurry is widely used
to polish glass substrates [27,28]. CMP of glass substrates with high
polishing efficiency and good surface quality has been achieved. The
removal mechanism of CMP of glass using CeO, has been widely
studied. Different with SiO,-CMP in which the substrate is modified
by the chemicals in slurry, CeO, itself can be used as a tribo-catalyst
which could directly react with the substrate [29-31]. CeO, was
tried in this study because excellent polishing characteristics have
been demonstrated in plasma-assisted polishing of 4H-SiC using
CeO, abrasives [12]. Fig. 3(e) shows the AFM image of the surface
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Fig. 3. AFM images of slurry-processed SiC (Si-face). (a) As-received (S;: 0.82 nm, Sq: 0.12 nm). (b) Diamond slurry (S;: 2.46 nm, Sq: 0.30 nm). (c) Al;Os slurry (S;: 30.63 nm,

Sq: 1.28 nm). (d) SiO3 (S;: 2.01nm, Sq: 0.15nm). (e) CeO; (S,: 0.68 nm, Sq: 0.08 nm).

polished by CeO, slurry. An atomically smooth surface with well-
ordered step-terrace structure was obtained. While the atomic step
edges obtained by SiO5 slurry polishing was very rough, the atomic
steps obtained by CeO, slurry polishing have very smooth and
strait edges. The step-terrace structure has a uniform terrace width,
indicating that mechanical factors were dominant in the polishing
process [26].

Although SiO, is the most widely used slurry for polishing of
SiC, our results demonstrate that CeO, slurry has the superior pol-
ishing performance compared with SiO, slurry. Meanwhile, in the
proposed hybrid polishing process combining thermal oxidation
pretreatment and slurry polishing, the major removal material is
the oxide layer (SiO;) for which CeO, is the most suitable abra-
sive material. Hence, in the following polishing experiments, CeO,
slurry was used.

3.2. CeO; slurry polishing of C-face

For comparison with the proposed thermal oxidation-combined
slurry polishing process, conventional CeO, slurry polishing with-
out thermal oxidation pretreatment was conducted on the C-face.
The polishing conditions were the same with those shown in
Table 1. In order to study the scratch removal mechanism in CeO,
slurry polishing, the polished surface was observed using AFM after
different polishing durations and the results were shown in Fig. 4.
On the as-received surface, there are many small scratches intro-
duced by diamond slurry polishing as shown in Fig. 4(a). However,
these scratches are shallow with a depth less than 5 nm as can be
observed from the surface cross-sectional profile.

Fig. 4(b-f) shows the AFM images and diagonal cross sectional
profiles of the polished C-face with different polishing durations.
With the increase of the polishing duration, morphology of the
scratches significantly changed. Overall, most of the scratches on
the original surface have been gradually removed and only few
discontinuous scratches remained on the polished surface after a
long polishing duration for 15h as shown in Fig. 4(e). However,

it has been revealed that the removal mechanisms for the shal-
low scratches and the deep scratches are different. As shown in
Fig. 4(b), after polishing for 3 h, the amount of scratch has been sig-
nificantly reduced due to the removal of some shallow scratches
on the original surface. Some scratches became discontinuous and
were transformed to micro pits located along the scratch directions.
Meanwhile, it is worth noting that the deep scratches on the orig-
inal surface became wider and deeper during polishing as can be
observed from the profile. Owing to the formation of micro pits and
the broadened scratches, the surface roughness also greatly dete-
riorated. After an additional 3 h of polishing, the above mentioned
phenomenon also occurred as shown in Fig. 4(c). Some scratches
were further broadened while the number of micro pit reduced as
some micro pits were removed. The surface roughness was deterio-
rated owing to the broadened scratches. After polishing for 9 h, only
some scratch-transformed grooves and very limited micro pits can
be observed as shown in Fig. 4(d). With a total polishing duration
of 15 h, the grooves shown in Fig. 4(e) were further transformed to
discontinuous scratches and some micro pits. AFM observation of a
small area of 500 nm x 500 nm was conducted on the scratch-free
and pit-free area, and disordered atomic steps of SiC on the C-face
were observed as shown in Fig. 4(f). Based on these results, the
removal process for shallow and deep scratches has been clarified.
For shallow scratches, they were first transformed to discontinu-
ous scratches which were further transformed to micro pits and
finally removed. As for deep scratches, they were first broadened
and then transformed to wide and deep grooves. These grooves
were further transformed to discontinuous scratches which were
further transformed to micro pits and finally removed.

A probably scratch removal mechanism of the C-face in CeO,
slurry polishing was proposed as shown in Fig. 5. It has been
reported that CeO,, as a tribo-catalyst, could react with 4H-SiC,
especially the C-face [30]. Kido et al. used CeO, contained grind-
ing wheels to grind the C-face of 4H-SiC, and a very high MRR
was obtained owing to the tribo-catalytic reaction [30]. Thus, in
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Fig. 4. AFM images and diagonal cross sectional profiles of the C-face polished by CeO; slurry with different polishing durations. (a) As-received surface (S;: 21.15nm, Sg:
1.08 nm). (b) 3h (S;: 29.25nm, Sq: 1.67nm). (c) 6h (S;: 59.21 nm, Sq: 2.77nm). (d) 9h (S;: 35.49nm, Sq: 3.10nm). (e) 15h (S;: 17.03 nm, Sq: 1.63 nm). (f) The step-terrace
structure on surface (e).
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Fig. 5. Probable scratch removal mechanism in conventional CeO, slurry polishing
without pretreatment.

CeO, slurry polishing of C-face, two types of surface modifica-
tion can be expected: the surface modification by chemicals in the
slurry and the tribo-catalytic reaction between CeO, and SiC. As
the original surface was polished using diamond slurry, a SSD layer
existed beneath the polished surface and more damage were intro-
duced along the deep scratches as shown in Fig. 5(a). Meanwhile,
these damaged areas are more easily to be modified as there are
residual stress and dislocations. Thus, as shown in Fig. 5(b), the
scratched areas were preferentially modified (oxidized) by CeO,
slurry and the modified layer was removed by mechanical abra-
sion, resulting in the formation of grooves. This could explain why
the deep scratches became wider and deeper in the early polish-
ing stage shown in Fig. 4. As the depth of the damaged areas along
scratches was not uniform, the damaged sites with large depth were
transformed to micro pits during polishing. Thus, a long polishing
duration was required to completely remove the surface scratches.

Based on the above results and analysis, it is concluded that
conventional slurry process is not an efficient approach to achieve a
scratch-free and atomically smooth C-face as a long polishing dura-
tion is required for complete scratch removal. To solve the problem
of preferential removal of scratched areas in CeO, slurry polish-
ing, the thermal oxidation-combined slurry polishing process was
developed.

3.3. CeO; slurry polishing of thermally oxidized C-face

As shown in Fig. 5, the preferential removal of the scratched
areas makes it a time-consuming process to completely remove the
scratches by CeO, slurry polishing. A two-step polishing process
combining thermal oxidation pretreatment and slurry polishing
was developed as a promising approach to solve this problem. Fig. 6

W,
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Modified layer
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Lokl

7
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Fig. 6. Schematic of hybrid polishing combining thermal oxidation pretreatment
and soft abrasive polishing.

shows the schematic of the proposed hybrid polishing process. As
shown in Fig. 4(a), the scratches on the original as-ground surface
are shallow and their depths are less than 5nm. In thermal oxi-
dation pretreatment, these scratches as well as the SSD layer will
be completely oxidized as shown in Fig. 6(b). Then, in the follow-
ing slurry polishing step, the oxide layer, which is softer than the
bulk substrate, will be removed by abrasion with the abrasives.
As the scratched areas have been completely oxidized, preferential
removal of scratched areas, which is the bottleneck of the slurry pol-
ishing process limiting the reduction of polishing duration, will not
occur in this hybrid polishing process. Thus, it is expected that the
required polishing time can be greatly shortened compared with
conventional polishing without pretreatment. After the oxide layer
is completely removed by slurry polishing as shown in Fig. 6(c), a
scratch-free surface is expected to be obtained as shown in Fig. 6(d).
Even though there are several modification methods which can be
applied to 4H-SiC, thermal oxidation is tried in this work because
it has been reported that thermal oxidation is a more uniform oxi-
dation process during which a smooth oxide-SiC interface can be
formed [32].

Thermal oxidation for 4 h was conducted on a C-face of 4H-SiC.
According to measurement results using an ellipsometer, an oxide
layer with a thickness of about 33 nm was formed, which was con-
sidered enough to oxidize the scratched areas. Before polishing of
the oxidized surface, the surface hardness before and after thermal
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Fig. 8. SWLI and AFM images of C-face processed by thermal oxidation pretreatment (3 h) followed by polishing using CeO,. (a) SWLI image (S,: 16.60 nm, Sq: 0.94 nm). (b)

AFM image (S;: 25.13 nm, Sq: 0.75 nm). (c) AFM image of a pit-free area (S;: 0.41 nm, Sg: 0.07 nm). (d) Cross-sectional profile on surface (c). (d) AFM image of a pit-contained
area (S;: 18.43 nm, Sq: 0.98 nm). (d) Cross-sectional profile of a pit.
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oxidation was measured using a nanoindentation tester. Fig. 7(a)
shows the load-displacement curves obtained in nanoindentation
tests. It was found that the maximum displacement for the ini-
tial SiC surface was only 12 nm while it was greatly increased to
24 nm for the oxidized surface. Fig. 7(b) shows the results of the
hardnesses calculated from the load-displacement curves using the
Oliver-Pharr method [33]. The oxidized surface was much softer
than the original SiC surface, meaning that the oxidized surface
was much easier to remove. Meanwhile, the main oxidation prod-
uct for thermal oxidation of SiC is SiO, as has been widely reported
[34], for which CeO, slurry is an appropriate polishing media [31].
Hence, it is expected that the oxide layer can be efficiently removed
by polishing using CeO, slurry and a smooth surface, which is free
of scratch, can be obtained.

The thermally oxidized C-face was polished using CeO, slurry
under the same conditions as shown in Table 1 and the polishing
duration was 3 h. Fig. 8 shows SWLI and AFM images of the sur-
face after polishing. As shown in Fig. 8(a) and (b), all the scratches
on the original surface, which can be observed in Fig. 1, have been
completely removed. However, many micro pits were formed on
the polished surface. Enlarged observations were conducted on a
pit-free area (location A) as well as a pit-contained area (location
B). Fig. 8(c) shows the AFM image of area (A), it was found that
a well-ordered step-terrace structure has been formed on the pol-
ished surface. These atomic steps are uniform and strait just like the
polished Si-face shown in Fig. 3(e). Shown in Fig. 8(d) is the cross-
sectional profile of the atomic steps. The step height was measured
to be 0.25nm, corresponding to one bilayer of 4H-SiC, indicating
that an epi-ready C-face, which is smooth in atomic scale, has been
obtained without any step bunching. To clarify the origin of the
micro pits, enlarged observation of a micro pit was conducted and
shown in Fig. 8(e). From a detailed observation of the micro pit, it
was found that these micro pits generated after the hybrid polish-
ing process were originated from the screw dislocations in 4H-SiC.
As it was reported, the preferential oxidation of the defects in SiC
occurred in thermal oxidation owing to the high oxidation temper-
ature [35]. Thus, micro pits were formed after the oxide layer was
removed by polishing. Although the depth of these micro pits was
small as shown in Fig. 8(f), the surface integrity was deteriorated.

To further confirm the proposed pit generation mechanism,
thermal oxidation-combined slurry polishing with a longer oxida-
tion pretreatment duration for 6 h was conducted under the same
polishing conditions. Fig. 9 shows the SWLI and AFM images of
the polished surface. The same with the surface shown in Fig. 8,
scratches were completely removed while many micro pits were
formed. Meanwhile, it was found that the pits shown in Fig. 9 were
larger than these shown in Fig. 8. As the polishing conditions were
constant, it was considered that the micro pits became larger owing
to the prolonged thermal oxidation duration. This result also sup-
ports the proposed mechanism regarding micro pit generation in
thermal oxidation-combined slurry polishing.

The experimental results have demonstrated that the combina-
tion of thermal oxidation pretreatment and CeO, slurry polishing
is effective to reduce the total polishing time to achieve a scratch-
free and atomically flat C-face. For conventional slurry polishing
without pretreatment, scratch cannot be completely removed even
after a long polishing duration for 15 h while a scratch-free C-face
with well-ordered SiC atomic steps has been achieved by polishing
for only 3h on a thermally oxidized surface. For finishing of 4H-
SiC, not only the surface roughness but also the surface integrity
is considered important. Thus, the formation of micro pits, which
deteriorates the surface integrity, becomes a problem, meaning
that thermal oxidation is not the best pretreatment method for
hybrid finishing of the C-face of 4H-SiC. To modify SiC, there are
several approaches besides thermal oxidation such as anodic oxida-
tion, plasma irradiation, laser irradiation and so forth. It is expected

0 20 40 60
Distance (um)

(b)

Fig. 9. SWLI and AFM images of C-face processed by thermal oxidation (6 h) fol-
lowed by polishing using CeO;. (a) SWLI image (S;: 9.57nm, Sq: 1.09nm). (b)
Cross-sectional profile on surface (a). (c) AFM image (S;: 25.22nm, Sq: 1.49 nm).

that micro pits will not be formed in hybrid polishing using a low
temperature pretreatment method, which will need to be validated
in future studies.

4. Conclusions

In this paper, finishing of the C-face of 4H-SiC using a hybrid
polishing process combining thermal oxidation pretreatment and
slurry polishing has been presented. To summarize, the following
conclusions can be drawn from this study:

(1) CeO; slurry demonstrates more excellent polishing perfor-
mance of 4H-SiC from the view of the surface roughness,
integrity and the uniformity of the obtained atomic steps com-
pared with diamond, Al;03 and SiO; slurries.

(2) Conventional slurry polishing of the C-face using CeO, slurry is
a time consuming process owing to the preferential removal of
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the scratched areas on the original surface. Even after along pol-
ishing duration for 15 h, scratch cannot be completely removed
and the polished C-face is still rough.

(3) The proposed hybrid polishing process, in which thermal oxida-
tion pretreatment and slurry polishing are combined, has been
proved to be effective for finishing of C-face of 4H-SiC. Ther-
mal pretreatment reduces the surface hardness of the C-face
and enables highly efficient polishing using CeO, abrasives.
The scratch can be completely removed within a short pol-
ishing duration for only 3h and a well-ordered atomic steps
of SiC can be formed on the polished surface. However, micro
pits are introduced after polishing due to the high oxidation
temperature.

(4) The surface modification method need to be further optimized.
It is expected that a pretreatment method conducted under a
low temperature will be able to solve the problem of micro pit
generation in hybrid finishing of the C-face of 4H-SiC.
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