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SiC is essential for epitaxial growth of graphene and promises to be an ideal material for next generation high-
power electronics. The electronic properties of graphene are highly dependent on the facet on which it is grown.
Therefore, the selection of facet provides an extra tuning parameter to obtain its desired characteristics. As one of
the key factors of growing pristine graphene on SiC wafers, their roughness requires to be atomically smooth. In
this work, we present a data-driven study of the grinding, mechanical polishing and chemical mechanical pol-
ishing (CMP) procedures applied to a SiC wafer with arbitrary facets. The phenomena and principles in the
polishing steps are discussed. As specific facets of SiC have unique atomic arrangements, different recipes are
required for the C and Si faces and their performances are investigated. The interesting, but rarely studied (1 1
05) facet is taken as an example of a non-polar case to apply the procedures. It is found that the material removal
rate (MRR) in mechanical polishing is directly related to the facet hardness. Hence, the MRR of the (1 1 05) facet
is the slowest in that process, however, during CMP its MRR is 18 times faster than the Si-face, hints the different
chemical and physical polishing mechanism. Accordingly, polishing recipes are proposed that can be adjusted to
create atomically smooth wafers of arbitrary facets of SiC.

1. Introduction

Silicon as the present dominant platform plays the most critical role
in the microelectromechanical industry due to its favorable electrical
and mechanical properties [1]. However, in high power devices, struc-
ture disorder and dopants diffusion at high temperatures can severely
deteriorate its electronic performance and even lead to permanent
damage. In contrast, silicon carbide (SiC) owns much better mechanical
properties and thermodynamic stability. It is capable of being used as an
electrical semiconductor to well outperform silicon at much higher
working temperature, even keeping extremely low diffusivity up to
600 °C [2]. Also, SiC is highly resistive to a broad spectrum of chemicals
with outstanding high-temperature oxidative endurance. These advan-
tages make SiC a practical substitute of Si for electronics applications in
environments of high temperatures, corrosive, and intensive radiation
[3,4]. Moreover, SiC is the primary material to epitaxially grow gra-
phene for epi-graphene-based devices. Its use in microelectronics re-
quires the surface roughness being less than a nanometer and defect free
to avoid interference to the epi-layer [5]. Hence, surface preparation of
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the wafer is a critical step in electronic integration fabrication [6].
However, also due to its extraordinary mechanical robustness and
chemical resistance, shaping and polishing SiC is very challenging [7].
Additionally, different facets of SiC have different material removal
rates, which further raise the difficulties for fine mechanical processing.

After dicing, damages on the SiC wafer surface could take many
forms, such as scratches, pits, film interfaces delamination, and chemical
or particulate impurities implantation [8]. Post processing, such as
hydrogen etching, high temperature annealing and chemical mechanical
polishing (CMP) are commonly adopted approaches to planarize the SiC
wafer. The CMP method combines chemical reactions with mechanical
removal [9], in which an oxide film forms on the sample surface and is
followed by polishing with a soft abrasive [10,11]. Compared to
hydrogen etching, CMP has the advantage of better preserving the
intrinsic properties of the grown graphene [12]. Also, there is no need
for high temperatures, which is inevitable for both hydrogen etching and
annealing and known for the critical requirement of step formation in
the planarization procedure [13-15]. CMP can effectively eliminate
shallow scratches caused by mechanical polishing without introducing
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Fig. 1. (a) 4H-SiC crystal after dicing; (b) SiC wafer after grinding; (c) SiC wafer after CMP.

extra subsurface damage [12] and largely reduce the amount of defects
[16]. Therefore, CMP is considered as the ideal way of SiC wafer
planarization.

In the past several decades, much progress has been achieved for
polishing on both the silicon face and carbon face of SiC. It is easier to
get ultra-flat surfaces on the Si-face than C-face by CMP, and the Si-face
is also considered to have broader application spectrum for device
fabrication or as substrate for epitaxial film growth. Shi et al. [17] and
Zhou et al. [18] demonstrated that the polished Si-face consists of reg-
ular step terraces with surface roughness of about 50 p.m. Deng et al.
employed electro-chemical mechanical polishing by combining anodic
oxidation and a soft abrasive to polish the Si face, obtaining a root mean
square roughness of 0.23 nm [19]. Later, the same group reported an
alternative recipe combining thermal oxidation pre-treatment and a soft
abrasive polishing for the C-face, obtaining a surface roughness of 0.75
nm with the surface pits density of 1 per 5 pm diameter area [20].
Theoretically, Preston presented the first empirical mechanical model,
which built the connection between the removal rate and the frictional
force on the polishing pad [21]. Luo et al. conceived a model that
demonstrated the dependence of removal rate on the abrasive size and
the elastic deformation of the pad [22]. Both experimental and theo-
retical works indicate that abrasive mechanical properties, particle size,
the topography of the polishing pad, pad speed and contact pressure are
the predominant factors for the removal rate of the polished surface [23,
24]. These factors also determine the surface quality, including flatness,
uniformity, roughness, and subsurface damage of SiC [18].

The successful planarization of an arbitrary facet of SiC has been a
long-standing challenge. Here, we present a successful recipe for
atomically flat polishing arbitrary facets of SiC. A simplified approach
with three steps is proposed to planarize the surface, which include
abrasive pad grinding, abrasive slurry polishing and CMP, achieving
0.05 nm roughness on the Si-face and 0.12 nm on the C-face. In
particular, a series of recipes have been systematically tested on an
interesting but rarely studied non-polar face (N-face) with lattice con-
stant (1 1 05). This extends the toolbox for future exploiting silicon
carbide both for next generation of wide band gap semiconductors and
epi-graphene based electronics.

2. Experiments

Single-crystal rods of SiC (n-doped 4H-SiC) were used as raw ma-
terial. The process starts by dicing the SiC rod into wafers with the
desired facet by a diamond wire saw [26]. The planarization process is
divided into three steps: grinding, mechanical polishing and chemical
mechanical polishing. Fig. 1 shows the surfaces after each step. All
recipes are conducted using the polishing machine Buehler’s EcoMet
250Pro.

In order to remove visible scratches, as seen in Fig. 1(a), which are
introduced by the dicing process, the first step is pure mechanical
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Fig. 2. Schematic diagram of grinding.

grinding. The initial size of material for polishing is 500 pm thick and
one quarter of a 2-inch diameter round wafer, with the requested
orientation or facet. The wafer was waxed onto the platen of the pol-
ishing machine using paraffin. It is shown schematically in Fig. 2.

All facets share the same optimized mechanical-parameter settings
for grinding, including down-pressuring force (DPF), rotating speed of
the polishing head (PH), bottom supporting plate (BSP) and slurry
supplying rate (SSR). In the grinding process, the wafers were polished
by a diamond platen with a supply of distilled water. DPF was 50 N, the
rotating speed of the PH was 60 rpm, and 280 rpm for BSP, the supply
rate of DI water is 550 ml/min. This is followed by mechanical polishing,
where the polishing pad is made of silk (microscopic image shown in
Fig. 3(a)) with 3 pm, 1 pm and 0.05 pm diamond slurries. The DPF was
30 N, PH speed was 60 rpm, BSP speed was 260 rpm and SSR was 1.5 ml/
min.

As for CMP process, the polishing pad is made of fur (microscopic
image shown in Fig. 3(b)) with colloidal silica suspension slurry. The
slurry is a mixture of HoO, colloidal silica (SiO5) particles with 100 nm
diameter average size, and KOH (Fig. 4). The pH of colloidal silica slurry
is 10.0. The PH speed was 60 rpm, the BSP speed was 90 rpm and SSR
was 15 ml/min. The reactions taking place during CMP are presented as
follows [25,27,28].

4H202 +4e”—>40H™ + 2H2
Si+20H™—Si(OH)3" + 2e~

Si(OH)}" +20H™—Si(OH), + 2¢”

H20, as the strong oxidant to provide OH’, but there have been
studies that show the MRR increases with adding KOH into the slurry.
Silica colloidal slurry without alkali addition shows lack of ability to
remove SiC [29]. SiO5 particles provide mechanical remove effect for
CMP process. Therefore, the ingredients of slurry (SiO, particles, HoOo
and KOH) all have influence on SiC planarization behavior.



P. Jiet al

Materials Science in Semiconductor Processing 144 (2022) 106628

© 7300 nm
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Fig. 5. AFM images and profiles of the Si face after polishing with a 3 pm diamond suspension (Ra:2.7 nm) (a), and 1 pm diamond suspension (Ra: 0.67 nm) (b).

After the polishing procedure, the wafers were ultrasonically cleaned
with acetone, isopropanol and deionized water, then dried up. To
evaluate the surface quality, an atomic force microscope (AFM) is used
to inspect the surface. The polishing time to get a certain uniformity/
roughness is used to calculate the material removal rate (MRR).

3. Results and discussion

3.1. Comparison of MRR in grinding and mechanical polishing processes
between Si face, C face and (1 1 On) facet

In the grinding process, a diamond platen was used to remove deep
scratches caused by wire cutting. In order to avoid causing internal
cracks in the crystal, the applied DPF was less than 80 N. The indication
of procedure completion to continue the mechanical polishing is no
visible scratches on the wafer. We calculate the time to remove scratches
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Fig. 6. Atomic structure of 4H-SiC. Silicon atoms are shown in blue, whereas
Carbon atoms are in black.

which caused by dicing from SiC rods. Due to different facets have
different hardness, C-face needed the least time to achieve surface flat-
ness at this stage, while the non-polar face needed the longest. The
surfaces were still very rough after grinding, so there was no obvious
topographic distinction between the different faces from Scanning
Electron Microscope (SEM, Hitachi 3500) images.

To remove nanometer-scale scratches, different sized diamond sus-
pensions were employed in mechanical polishing. For the Si face, 9 pm,
3 pm, 1 pm and 0.05 pm diamond suspensions were tested sequentially.
Due to the shallow pits of the silk pad, as shown in Fig. 3(a), it is hard to
hold polishing particles in position, especially for large particles.
Therefore, silk pads with 9 pm diamond slurry have much less MRR than
with 3 pm [23]. Further polishing the Si-face with 0.05 pm diamond
suspension does not improve the surface roughness after polishing with
1 pm. This simplified the original multiple step mechanical polishing to
adjust it to two steps for the Si-face instead. Fig. 5 shows the topography
of the Si-face after 3 pm and 1 pm diamond suspension polishing.

The C-face is terminated by a layer of carbon (Fig. 6) and the (1 1 05)
facet appears similar to the Si-face but rotated 37.1°. The same me-
chanical polishing process was applied to both the C-face and the (11 05)

(a) nm ) ‘ i (b)

(d) nm - ©
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facet using 3 pm, 1 pm and 0.05 pm diamond slurries sequentially. After
polishing with 3 pm diamond slurry, the surface of the C-face already
has fewer shallow scratches per unit area compared with the Si-face
while the deepest ones can reach about 10 nm, almost the same as the
results of Si-face. However, in the case of the C-face, the 0.05 pm dia-
mond slurry does improve the smoothness effectively (see Fig. 7 (a), (b)
and (c)). The (1 T 05) facet takes the most time grinding due to its higher
hardness and there is almost no effect by polishing with 0.05 pm dia-
mond slurry. Its roughness reaches 0.51 nm after polishing with 1 pm
diamond slurry (Fig. 7 (e)), which is comparable to the result of Si face
(Fig. 5(b)). At this stage, the optimum is to achieve an MRR higher than
the generation rate of new scratches and the results indicate that the
MRR of grinding and mechanical polishing is with the order of C-face >
Si-face > (1 1 05) facet.

3.2. Comparison between the MRR of CMP of the Si face and the (1 1 On)
facet

After mechanical polishing, the surface roughness is about 0.5 to 1
nm for both the Si-face and the (1 T 05) facet, while it was about 0.2 to
0.5 nm for the C-face. However, they are still not smooth enough to be
appropriate substrates for epitaxial growth of graphene. CMP was
adopted to further flatten the surface with minimum introduction of new
damages. For this procedure, Y. Zhao et al. have shown that the MRR is
more sensitive to the slurry particle size than the applied force and the
speeds of PH and BSP [30] and F.G. Shi et al. found that the polishing
rate dependence on force is nonlinear and highly correlated to the
number of particles in contact with the wafer [31], which will need to be
considered.

Small size abrasives are inefficient in mechanical removal, while
larger ones are more efficient, but at the cost of diminishing planariza-
tion quality. It usually reflects as larger mean crack lengths from sub-
surface damage with increase in abrasive size [32,33]. The material
removal rate depends on the chemical etching rate (CER) of SiC with the
CMP slurry. In this experiment, 100 nm colloidal silica abrasive slurry
was chosen, as shown in Fig. 4. The C-face is hard to be flattened by CMP
mainly due to inertness of the carbon-terminated layer to OH™ [34],
which hinders the surface reactions, hence slowing down the MRR.

Fig. 7. AFM images of the C-face after polishing with 3 pm diamond slurry (a), 1 pm diamond slurry (b), 0.05 pm diamond slurry (R,:0.281 nm) (c), and non-polar

face after polishing with 3 pm diamond slurry (d) and 1 pm diamond slurry (e).
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Fig. 8. AFM images of the Si face after using colloidal silica suspension for 1 h (a), 3h (b), 5h (c), 7 h (d) and 9 h (e, f).

For the Si-face it is noticeable that the total number of scratches on
the surface decreased after 3 h of CMP compared to 1h, but the number
of deepest scratches increased (Fig. 8(a)(b)). There is a proposed hy-
pothesis for this phenomenon. First, the deepest scratches come from
initially non-visible (in AFM images) sub-surface damage [35]. For
shallow scratches, they are first transformed to discontinuous scratches
which are further transformed into micro pits and are finally removed.
However, deep scratches are first broadened and then transformed to
wide and deep grooves. These grooves will further transform into
discontinuous scratches, then micro pits and finally are removed [36].

Regular terraces start to show on the Si-face after 5 h of CMP (Fig. 8
(c)). With longer polishing time, the depth of the deepest scratches
become shallower (Fig. 8(d)(e)) until they are not detectable (Fig. 8(f)).
The terrace orientation and step height are shown in Fig. 8(d—f). Fig. 8
(d) shows the same terrace as in Fig. 8(e), but in a small area, while Fig. 8
(e) shows a different orientation, and the height of the steps is 0.25 nm,
corresponding to the thickness of Si—C bilayer [18]. The width between
steps is 0.12 nm which corresponds to the size of silicon atoms which
indicates a one-atom thick step, as shown in Fig. 8(f). The terraces may

arise from the wafer miss-cut as shown in Fig. 8(d and e). The MRR was
about 1-2 nm/h [6].

In order to make a comparative investigation on the influence of
crystal facet orientation to the MRR of CMP, all the parameters were set
the same for both Si face and (1 T On) facet. Comparing to the Si-face, the
(11 05) facet is much easier to be polished. It only took 30 min to reach
atomic level smoothness with the same CMP recipe, which is 18 times
faster than the Si-face.

In the CMP process for SiC, the MRR is mainly determined by the
reaction rate between OH" and Si, which forms a softer layer and is
eventually removed by abrasives. Since, (1 1 05) facet has more dangling
bonds than the Si-face, leads to more active chemical reaction [34],
which explains the much faster MRR for the N-face comparing to the
Si-face.

For the N-face, the CMP reduces scratches to 1 nm from the previous
step of mechanical polishing within 5 min, indicating an ultra-fast MRR.
And then, these 1 nm scratches could be removed in the next 25 min.
However, in the second step (10 min), some new scratches are
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Fig. 9. AFM images of N-face after CMP with colloidal silica suspension for 5 min (a), 10 min (b), 15 min (c), 20 min (d), 25 min (e) and 30 min (f).

Table 1
Summary of the procedure parameters for polishing the three facets
investigated.

Facet/ Si-face C-face N-face Comments
Procedure
Grinding Intermediate Least time Longest time  MRR is
Force 50 N time correlated
PH: 60 rpm, with
BSP: 280 hardness
rpm
Results No visible No visible No visible
scratches scratches scratches
Mechanical 3pmand1lpm 3 pm, 1 pm 3 pm and 1
Polishing slurries and 0.05 pm pm slurries
Force 30 N slurries
PH: 60 rpm,
BSP: 260
rpm
Results 0.5-1 nm 0.2-0.5 nm 0.5-1 nm
smoothness smoothness smoothness
Chemical 9h 30 min CMP took
Mechanical much less
Polishing time for the
100 nm N-facet
abrasive
Force 30 N
PH: 60 rpm,
BSP: 90
rpm
Results Atomic Atomic
Smoothness Smoothness

introduced that showed as the bulgy lines in the AFM profiles (Fig. 9).
These may be caused by an over-reaction of the slurry with the polishing
face, leading to penetration of several layers due to the existence of large
amount of surface dangling bonds. Most of the scratches were removed
in the third step (15 min), but there are still some humps. They finally
were completely removed in the last 15 min of CMP. It is worth noting
that it took less time if there were no interruptions in the process, which
were needed to observe the changes every 5 min, but Si and OH may not
completely react in that time. In summary, the surface could reach
atomic smoothness in 30 min of CMP. The optimized parameters are
summarized in Tablel.

4. Conclusion

The facet orientation of SiC determines the material removal rate
(MRR) and the final surface quality after polishing. In this work, the
MRR mechanism was explored with the Si and C faces, and accordingly
the determined recipe was applied to polish the facet (1 1 05), which
achieved atomic smoothness successfully.

It was found that the different facets display distinct MRR of
grinding, mechanical polishing and CMP. For grinding and mechanical
polishing, due to the dominant role of friction, the facet-dependent
hardness defines the MRR, confirming that the order of MRR during
these procedures is C face > Si face> (1 1 On) facet. Regarding CMP, the
MRR and final surface quality are mainly governed by the chemical
reaction rate of silicon to the slurry, the fiber texture and material of
polishing pad, the slurry abrasive size and supply rate and the polishing
time. Due to the fact that the (1 1 05) facet has many more dangling
bonds compared with the Si-face, which results in much higher chemical
activity, it leads to a much faster MRR for the N-face. These results open
an avenue to many varieties of non-polar graphene growth and appli-
cations of SiC with different facets, which will vastly extend the possi-
bilities of epi-graphene and SiC based devices for next generation high
speed and power electronics.
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