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Abstract

Silicon carbide is a useful material for the reactors in chemical processes. In recent years, microreactors have gained significant attentions due
to the high demand for process miniaturization. As heat and mass-transfer are highly improved inside the gas flow channels in microreactors, any
change on the surface of inner channels under heating becomes critical to the performance of microreactors. To investigate the surface changes of
silicon carbide during the heat treatment, 6H-SiC coupons were processed in five different gases—Ar, N,, air, 0.9% O, in Ar and 50% H,O in air
—that are commonly encountered in high temperature chemical processes. While the formation of oxide film was found to be dependent on the
partial pressure of oxidizing gas, surface decomposition was found from the treatment in nitrogen environment. Characterization of the SiC
surface by Raman spectroscopy and SEM-EDX revealed that a graphitic layer has formed at the oxide film/SiC interface. Crystallinity of
graphitic layer at the interface seemed to be dependent on the partial pressure of oxidizing gas, which was revealed by the relationship between G
peak position and R(Ip/Is). The intensity ratio of FTO(0)/FTO(2/6) bands showed that stacking faults on the surface of SiC coupons were reduced

after heat treatment.
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1. Introduction

Silicon carbide (SiC) possesses highly desirable properties,
such as superior thermal conductivity and mechanical strength,
and consequently SiC has received a great deal of attention as
a high performance material for a range of applications [1,2].
These properties, combined with its excellent chemical inert-
ness, make SiC suitable for the component of reactors, which
are often exposed to severe conditions in gas-phase chemical
processes. Several different types of SiC reactors have been
described for such applications in literature [3-5]. In recent
years, due to a high demand for process miniaturization, the
use of microstructured reactors for chemical processes has
gained considerable attention [6-8]. Typically, inside the
narrow channels of microstructured reactors, the heat and
mass transfers are largely enhanced compared to conventional
reactors [8]. Therefore, during the operation of this type of
small-scale reactors, structural changes on the surface of inner
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walls, even at a microscopic scale, may critically affect the
performance of the reactor. Our recent study showed that
microstructures have formed on SiC surfaces after being
exposed to methane oxyreforming conditions [9]. Growth of
carbon-related microstructure on the surface of reactors will
affect significantly heat and mass transfer, in particular, for a
narrow flow path in micro-scaled reactors. This led us to
investigate the fundamental processes that occurred on the SiC
surface during the heat treatment under different gaseous
environments. To clearly differentiate the effect of gases used
for heat treatment on the behavior of SiC surface, we have
selected the conditions that are typically encountered in the gas
processing applications such as high temperature argon,
nitrogen and oxygen-containing environments.

Hexagonal 6H-SiC is often used for making SiC-based
devices. In this study, we employed polycrystalline 6H-SiC
coupons to investigate the changes on SiC surfaces upon heat
treatment with different gases at high temperatures. In other
words, the inner surface of SiC-based microscaled reactors can
be simulated by the surface of coupons used in this study.
After heat treatment, Raman spectroscopy, which is a powerful
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and non-destructive technique for exploring the structural
changes on SiC surfaces [10-12], was employed to investigate
the surface of SiC. The results from Raman spectra were
present with the findings from scanning electron microscopy
(SEM) combined with energy dispersive X-ray spectroscopy
(EDX) in this study.

2. Experimental

To perform the heat treatment experiments, 12 pressureless-
sintered 6H-SiC coupons of 50 (L) x 4.75 (W) x 0.72 (D) mm’®
(Ceramatec Co., USA) were stacked in a vertical SiC reactor
with an inner diameter of 6 mm (Hexoloy SA, Saint-Gobain
Ceramics, USA). For the sake of convenience, in this paper we
describe the position inside the reactor according to the coupon
number, with coupon-1 being that located at the top of the
reactor (see Fig. 4c). The reactor was heated in an electric
furnace to 1400 °C at ramping rate of 100 K per hour under
flowing argon. Then, one of five different gases, N,, Ar, 0.9%
O, in Ar, air and 50% H,O in air, was introduced into the
reactor with the gas velocity of 3.5ms~ ' in a down-flow
mode. After heat treatment, for a period of 4 h, the reactor was
cooled to ambient temperature. The surfaces of the SiC
coupons were analyzed by microRaman spectroscopy and
SEM-EDX (FE-SEM Philips XL30) spectroscopy. Raman
spectra were recorded at room temperature using a Renishaw
inVia confocal microscope system with 514.5 nm excitation
from an argon ion laser source at an incident power of 10 mW
and with a spot size of 1.3 pm.

3. Results and discussion

The representative SEM images for the surface of pristine and
heat-treated SiC coupons are present in Fig. 1. We have noticed
that free carbon was left on the surface of pristine sample from
the sintering process of manufacturing (Fig. la). After the
treatment with argon, carbon has been found to be removed due
to the oxidation by oxygen-containing impurities in argon. As a
result, clear grain boundary is seen in Fig. 1b. Corresponding to
this, the ratio of carbon to silicon from EDX decreases (Fig. 1b)
in comparison to that from the pristine coupon. Under the
experimental condition used in this study, the removal of carbon
residues on the surface via oxidation seem to proceed under the
diffusion controlled region, as considering the condition in the
previous study [13]. Furthermore, the combination of the flat
surface geometry of the SiC coupon and the gas velocity as high
as 3.5ms~ ! in this study will significantly decrease the
thickness of gas boundary layer on the surface, leading to the
minimization of diffusion limitation for oxidants. Therefore, it is
thought that oxidation rate of carbon residue is very rapid even
under argon containing a trace of oxidizing impurity. Similarly,
Pavese et al. reported that residual carbon from the pristine SiC
surface was fully oxidized up to 1100 °C under air [14]. This
supports that the free carbon, if any, from the pristine surface
would be removed well below the temperature of 1400 °C,
probably during the heating step in this study, before the silicon
carbide surface is exposed to a gas selected for heat treatment.

Under oxygen and steam environments, provided that there is
no concern on active oxidation of SiC, silicon carbide undergoes
the surface oxidation through reactions (1) and (2) to form silicon
oxide film. It is found that thick oxide film has formed on the
coupon surface after being heat treated in 50% H,O in air
(Fig. 1c). Due to the thickness of oxide film on the SiC surface,
the grain boundary was not observed in this case and the carbon
peak in EDX has decreased significantly. Similar result was also
found from the surface of SiC coupon treated under air (Fig. 1d).
However, under the lower pressure of oxygen (i.e. 0.9% O, in
argon), the heat treatment led to the formation of thinner oxide
film on the SiC coupon. This resulted in the decrease in the ratio
of oxygen to silicon peaks from the EDX in Fig. le. Due to the
reduction in the thickness of oxide film, carbon peak associated
with silicon carbide was also detected in the EDX in Fig. le.
Formation rate of the oxide film in this study seems to be
dependent on the partial pressure of oxidants, which is consistent
with the literature [15].

SiC (s)+3/20; (g) = SiO; (s)+CO (9),
AG14()() °c= — 813.4 kJ/mol (1)

SiC (s)+3H0 (2) = SiO; (5)+CO (2)+3H: (g),
AG14()() °c= — 349.4 kJ/mol (2)

SiC (8)+8i0; (s)+N> (2) > SiNo0 (s)+CO (g),
AG14()() cc= — 62.7 kJ/mol (3)

On being treated with nitrogen, the surface decomposition
was found to have occured, leaving pits and holes on the
coupon surface (Fig. 1f). From EDX, in addition to silicon and
carbon atoms, nitrogen and oxygen were also detected. This
may indicate that stable nitride film (Si3N4) has not formed on
the surface. Gomez et al. [16] have reported that the conver-
sion of SiC into Si3N, during the nitridation required the
temperature above 1450 °C and nitrogen pressure higher than
50 bar. At the present condition of atmospheric pressure of
nitrogen, it seems that SiC with the native SiO, film reacts
with nitrogen to produce silicon oxynitride (Si,N,O) through
reaction (3), followed by decomposition into the gas phase
species [17]. This is the possible reason for the decomposition
of SiC surface in nitrogen environment in the present study.

Fig. 2 shows the Raman spectra obtained from the coupon-
6s after being heat-treated in five different gases, together with
one from a pristine SiC coupon. For the pristine sample, while
there is no detectable peak in the acoustic mode region
(Fig. 2a), the spectrum in the optical mode region between
1200 and 1800 cm ™' (Fig. 2b) is dominated by two carbon-
induced peaks, the D peak from the defective structure and the
G peak from the in-plane E,, mode at ca. 1360 and
1590 cm ', respectively. In the absence of any peaks asso-
ciated with SiC, these peaks reflect that the surface free carbon
remained on the surface of pristine coupons. For the heat-
treated coupons, the peaks assigned to 6H-SiC are observed at
150, 241 and 265 cm ™' in the frequency region of acoustic
mode [10]. As observed in the similar condition [18], it is
believed that a-cristobalite is produced as the protective layer
after the treatment under oxidative environments in this study.
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Fig. 1. SEM microphotographs with EDX spectroscopy (insets) of pristine 6H-SiC and those heat-treated under different atmospheres at 1400 °C [note: air and
argon were used as balance for conditions described in (c) and (e), respectively. Scale bar=10 pm].
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Fig. 2. Changes in Raman spectra in the frequency region of acoustic mode (a) and of optical mode (b) collected from 6H-SiC coupons after heat treatment in
different atmospheres at 1400 °C [¢: Raman bands attributed to SiO,, a-cristobalite; and 3¢: Raman bands for 6H-SiC].

Raman-active peaks for a-cristobalite becomes prominent at
113, 231 and 417 cm~! [19,20] for the coupons heat-treated
using the higher oxygen partial pressure (i.e. 50% H,O and
air). For the coupon treated in 0.9% O, in argon, no peak
associated with a-cristobalite is observed. This is probably
because the oxide thickness on the surface is too thin, which
might be below the detectable limit in the set parameters of
Raman instrument. In Fig. 2b, except for the pristine sample,
for all other heat-treated samples, the peaks originated from
6H-SiC appeared prominent at 1516 and 1714 cm ™' [21,22].
However, carbon-related D and G peaks are still observed for
all samples after the heat treatment. The surface free carbon on
pristine coupon is believed to have been oxidized even during
the temperature ramp stage in argon atmosphere. Therefore, it
is obvious that the carbon-related Raman peaks from the heat-
treated samples are not attributed to the residual carbon on the

surface. Then, the possible occasions for carbon formation
should be considered. It was reported that the enrichment of C
on the surface occurred through the graphitization of SiC
during the heat treatment in the inert environment even at
atmospheric pressure [23]. However, this possibility should be
ruled out in this study. This is because the graphitization of
SiC, which is accompanied by Si sublimation, requires a
temperature higher than 1550 °C. Another possible occasion
for the carbon production on the surface under oxygen
environment is the reaction of SiC with oxygen, producing
SiO, and C, as reported previously [24,25]. However, under
the circumstance where Si and O are mainly detected from
EDX in Fig. lc—e, it is hard to believe that SiO, (s) and C (s)
are produced together on the surface. Furthermore, even if any
carbon is produced on the surface, it may readily undergo the
oxidation process. Therefore, regardless of the type of gas used
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in the treatment, carbon-related peaks in Raman spectra for
those heat-treated in the present study should be considered to
have originated from the place other than the top surface.
While direct carbon formation on the surface of SiC is unlikely
to happen in this study, it should be pointed out that carbon
containing structures such as graphitic layer can be formed in the
SiO,/SiC interface upon oxidation [26,27]. Chang et al. [26]
observed the relative high C concentration at the SiO,/SiC
interface from electron energy loss spectroscopy (EELS) analysis.
By means of the similar EELS analysis, Zheleva et al. [27] also
found that C/Si ratio increased at the SiO,/SiC interface.
Although the clear understanding of the mechanism for the
formation of interfacial carbon structure is still the subject of
future studies, it is believed that oxygen diffusing through silica
layer reacts with Si and residual C forms the graphitic structure or
can be released as CO during oxidation of SiC [27,28].
Presumably, those carbon formed at the interface undergoes the
structural change during the heat treatment. In order to determine
the crystallinity of carbon structure, various parameters in Raman
spectroscopy have been extensively used. It was reported that the
G peak from graphitic carbon shifts to higher frequency with a
decrease in the crystallinity, such as a reduction of the size of
crystallites [29,30]. The intensity ratio of D to G peaks, R(Ip/Ig),
has been also widely used to investigate the structure of carbon
materials [29,31]. Taking this into account, we deconvoluted the
Raman spectra from Fig. 2b to evaluate carbon structure at the
SiO,/SiC interface. Then, the position of the G peak is plotted
against R(Ip/lg) as shown in Fig. 3, where a linear trend is
observed. Pristine sample shows the G peak position and R(Ip/I)
at 1589.4 cm " and 0.89, respectively. Starting from the point of
the sample treated under 50% H,O in air, the frequency of G
peak and R(Ip/lg) combine to lead the trend towards the upper
right-hand side, indicating a deterioration in the crystalline
structure of the carbon. It is seen overall that the higher partial
pressure of oxidizing component in the treatment gases is in favor
of the formation of higher crystalline carbon structure at the
interface. In other words, the shifting of G peak to higher
frequency with higher value of R(Ip/lg) is intensified with the
decrease in the partial pressure of oxidizing gas. It is believed that
thick oxide film may kinetically limit the release of C atoms at the
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Fig. 3. Relationship between the position of G peak and R(Ip/lg) for the
crystallinity of the produced graphitic carbon layer at the oxide film/SiC
interface.

interface [26]. Thus, more C will be trapped at the interface
during the heat treatment using the higher partial pressure of
oxidizing gas, which produces thicker oxide film on the surface.
This leads to the higher crystallinity in carbon structure produced
at the SiO,/SiC interface, suppressing the shifting of G peak to
the higher frequency with higher value of R(Ip/Ig). This explains
how the trend in Fig. 3 is established.

Raman spectroscopic analysis for SiC surface also allowed
us to investigate the information on the surface defects in the
present study. For the 6H-SiC polytype, characteristics of the
Raman spectra are the folded transverse optical (FTO) and
longitudinal optical (FLO) modes [10]. As seen in Fig. 4a and
b, it is interesting to see the changes between the peaks in the
FTO mode in this study. The peaks in FTO mode consist of
three bands, which are assigned to the FTO(6/6), FTO(2/6) and
FTO(0) bands. The FTO(6/6) and FTO(2/6) bands are located
at 767 and 788 cm ™', respectively. Another band, assigned to
FTO(0), is observed at 797 cm ™ '. This band is known to be
sensitive to the stacking faults on the 6H-SiC [11]. As the
representative results, Fig. 4a and b shows the Raman spectra
from the SiC coupons-4 and -6 together with the curve-fitting
results using the Lorentzian lines that were treated in 0.9% O,
in argon at 1400 °C. As the intense FTO(2/6) bands are
independent of stacking faults that exist on the surface of the
SiC coupons [10,11], the intensity ratio of FTO(0) to FTO(2/6)
bands are varied depending on the positions. The intensity
ratio of the FTO(0) to FTO(2/6) bands for all SiC coupons,
together with the temperature profile corresponding to the
location of each SiC coupon in the reactor (Fig. 4c), is present
in Fig. 4d. From the trend obtained, the lowest intensity ratio is
recorded for coupon-6, at which the highest temperature was
recorded in Fig. 4c. In overall, the intensity ratio of the FTO(0)
to FTO(2/6) bands from the coupons followed the variation
of temperature in the reactor. This may represent that the
reduction in the density of stacking faults on the surface was
maximized at the highest temperature region. We believe that
the surface of the SiC coupons in the high temperature region
undergoes a restructuring process, in which the degree of
stacking disorder is reduced.

4. Conclusions

Effect of heat treatment under different gaseous environ-
ments on the surface of 6H-SiC coupons was investigated at
1400 °C. Heat treatment of SiC coupons under oxidative
environments led to the formation of silicon oxide film, which
was dependent on the partial pressure of oxidizing gas.
Treatment with nitrogen resulted in the surface decomposition,
where no detectable silicon nitride film was observed. It seems
that SiC with the native SiO, film reacts with nitrogen to form
silicon oxynitride, followed by decomposition into the gas
phase species. Characterization of the heat treated SiC coupons
by Raman spectroscopy and SEM-EDX revealed that the
graphitic carbon layers were produced at SiO,/SiC interfaces
during heat treatment. A relationship between the position
of the G peak and R(Ip/l;) was established for the order of
crystallinity in the interfacial carbon structures. Crystallinity of
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open circles). Temperature profile along the reactor (c) and the intensity ratio of the FTO(0)/FTO(2/6) bands in the Raman spectra collected from the surface of the

SiC coupons heat-treated in 0.9% O, in Ar at 1400 °C (d).

carbon layer at the interface seemed to be dependent on the
partial pressure of oxidizing gas, where more carbon tended to
be trapped at the interface at higher partial pressure of
oxidizing gas. Less crystalline carbon structure was formed
from the treatment under inert environments such as argon and
nitrogen that contained a trace amount of oxidizing sources.
Furthermore, heat treatment under 0.9% oxygen in argon was
found to have reduced the content of stacking faults on SiC
surface. This was verified by the fact that the relative intensity
of FTO(0) to FTO(2/6) bands gradually decreased with
increasing the temperature in the reactor.
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