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Understanding surface kinetics of SiO, growth on single crystal SiC at elevated temperatures is crucial to
fabricate high-performance SiC-based devices. However, the role of oxygen in the evolution mechanism of SiC
surface at atomic scale has not been comprehensively elaborated. Here, we reveal the manipulation effect of
oxygen on the competitive growth of thermal oxidation SiO3 (TO-SiO2) and thermal chemical vapor deposition
SiOy (TCVD-SiO3) on the 4H-SiC substrate at 1500 °C. TO-SiO, is formed by the thermal oxidation of SiC, in
which the substrate undergoes layer-by-layer oxidation, resulting in an atomically flat SiC/TO-SiO; interface.
TCVD-SiO5 growth includes the sublimation of Si atoms, the reaction between sublimated Si atoms and reactive
oxygen, and the adsorption of gaseous Si Oy species. A relatively high sublimation rate of Si atoms at SiC atomic
steps causes the transverse evolution of the nucleation sites, leading to the formation of nonuniform micron-sized
pits at the SiC/TCVD-SiO; interface. The low oxygen concentration favors TCVD-SiO, growth, whose crystal
quality is much better than that of TO-SiO, due to the high surface mobility in the thermal CVD process. We
further achieve the epitaxial growth of graphene on 4H-SiC in an almost oxygen-free reaction atmosphere.
Additionally, ReaxFF reactive molecular dynamic simulation results illustrate that the decrease in oxygen con-
centration can promote the growth kinetics of SiOy on single crystal SiC from being dominated by thermal
oxidation to being dominated by thermal CVD.

interface defects and near-interface traps, thus deteriorating the per-
formance (especially the inversion channel mobility) and the reliability

1. Introduction

As the most attractive third-generation semiconductor material,
single crystal SiC possesses many excellent properties such as a wide
band gap, a high breakdown electric field, and high thermal, mechani-
cal, and chemical stability [1-4]. Thus, SiC is a promising material for
high-temperature, high-power, and high-frequency electronic devices
[4-6], and various surface treatment technologies have been explored to
promote its applications. Typically, SiC can be thermally oxidized to
form an insulating oxide layer, which is indispensable for making
SiC-based devices, for instance, SiC metal-oxide-semiconductor field
effect transistors (MOSFETs) [7,8]. The thermal oxidation kinetics of SiC
with different crystal orientations, performed in 1 atm dry oxygen and in
the temperature range of 950-1150 °C, has been well demonstrated by
the modified Deal-Grove model [9]. The above conventional thermal
oxidation of SiC can inevitably cause significant amount of both
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of SiC-based devices [10-12]. Although it has been reported that
increasing oxidation temperature can improve the characteristics of
SiC-based devices by enhancing the oxidation process of C atoms to
suppress the interface trap density to a relatively low level [10,12], few
studies have focused on the oxidation kinetics of SiC at atomic scale at a
temperature higher than the conventional thermal oxidation tempera-
ture of SiC. On the other hand, with the emergence of graphene fabri-
cated by the mechanical exfoliation method [13], many other
approaches have been presented to produce graphene with large domain
size, high quality, and uniform layers; among these methods, the
epitaxial growth of graphene on the SiC substrate is considered to be the
most promising method to promote the application process of graphene
and SiC in the field of electronics [14-17]. The mechanism of the
SiC-based epitaxial growth method lies in the sublimation of Si atoms
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Fig. 1. Morphology of the 4H-SiC heated at 1500 °C and different pressures for 10 min. (a)-(d) LSCM images at 1 atm (adequate oxygen concentration), 100 Pa
(moderate oxygen concentration), 10 Pa (slight oxygen concentration), and 0.1 Pa (very low oxygen concentration), respectively. The inserts are the corresponding
high-resolution LSCM images. (e)—(h) AFM images of the sample in (b): (e) and (f) thermal oxidation domain, (g) and (h) thermal CVD domain.

and the rearrangement of C atoms at elevated temperatures (~1500 °C)
and under high vacuum conditions.

In general, sufficient oxygen is necessary to conduct the thermal
oxidation of SiC, while oxygen should be maximally isolated to grow
graphene on the SiC substrate. Thus, oxygen is believed to have a sub-
stantial influence on the surface kinetics of SiC at elevated temperatures.
However, an atomic-level investigation of the surface kinetics of single
crystal SiC under elevated temperatures and different oxygen concen-
trations conditions, which is the key to fabricate high-performance SiC-
based devices, is lacking.

In this work, we reveal the role of oxygen in the surface kinetics of
SiO4 growth on single crystal SiC at elevated temperatures by experi-
ments and ReaxFF reactive molecular dynamics simulation. Through the
oxidation experiments of SiC at different oxygen concentrations and
temperatures, we find a competitive growth between thermal oxidation
SiO5 (TO-SiO2) and thermal chemical vapor deposition SiO2 (TCVD-
SiO2) on SiC, and the oxidation results show that the low oxygen con-
centration favors the formation of TCVD-SiO5, which presents the radial-
structured patterns. The morphologies and atomic bonding conditions of
the two oxide indicate that the crystal quality of TCVD-SiO5 is much
better than that of TO-SiO,. We demonstrate the layer-by-layer oxida-
tion mechanism for TO-SiO, growth and the SiC atomic steps transverse
evolution mechanism for TCVD-SiO5 growth. In addition, the epitaxial
growth of graphene on SiC is achieved in an almost oxygen-free atmo-
sphere. Moreover, the simulation results illustrate that the decrease in
oxygen concentration can promote the growth kinetics of SiO3 on SiC
from being dominated by thermal oxidation to being dominated by
thermal CVD.

2. Materials and methods
2.1. Sample preparation

High purity semi-insulating 4H-SiC (0001) substrates (on-axis) pur-
chased from SICC Materials Co., Ltd. Were used in this study. Before the
experiments, the SiC wafers were cut into square pieces with a side
length of 10 cm using a dicing system (Veeco Optium ADS-800). To
remove various kinds of contamination on the SiC square pieces, all
samples were cleaned in sequence by SC; (NH4OH/H205/H20), SCa
(HCl/H305/H50), and BOE (HF/NH4F/H50) for 10 min, followed by
being rinsed in ultrapure water for 5min. Finally, these SiC square
pieces were dried with nitrogen. The SiC surfaces (0001) after these
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processes are defined as the as-received surfaces in this study.

2.2. Experimental details

2.2.1. Oxidation of SiC

For the oxidation experiments of SiC, the SiC samples with the Si-face
(0001) up were placed in a corundum crucible, and then heated in a tube
furnace (GSL-1700X, Heifei Kejing Materials Technology Co., Ltd). The
adopted heating element was a silicon-molybdenum rod, and the tem-
perature was controlled by a temperature controller (YD518P). The
heating rate was set to 3 °C/min, while the cooling rate was constant at
5°C/min. A molecular pump (FJ-80, Kyky Technology Co., Ltd) was
used to achieve different vacuum degrees, which were measured by a
multi-gauge vacuum meter (ZDF-11A2, Kyky Technology Co., Ltd). Four
furnace pressures were applied, 1 atm, 100 Pa, 10 Pa, and 0.1 Pa, rep-
resenting adequate, moderate, slight, and very low oxygen concentra-
tions, respectively.

2.2.2. Growth of graphene

The epitaxial growth of graphene on the SiC substrate was completed
in an ultrahigh temperature heat treatment equipment (SR1800G,
Thermo Riko Co., Ltd). The SiC samples with the Si-face (0001) up were
placed in a graphite holder. The heating process was achieved by an
infrared lamp (2 kW), and the heating rate was set to 300 °C/min. The
pressure in the heating chamber was about 1.0 x 107 Pa.

2.3. Characterizations

Laser scanning confocal microscopy (LSCM) images were obtained
by a KEYENCE VK-X1000. Atomic force microscope (AFM) images in
Fig. 1 were acquired using an Asylum Research MFP-3D-Stand Alone in
tapping mode, and AFM images in Fig. 6 were obtained by a BRUKER
Dimension Edge in tapping mode. Energy dispersive X-ray spectroscopy
(EDS) mapping results and Kikuchi diffraction patterns were acquired on
a scanning electron microscopy (Zesis Merlin, accelerator voltage:
10 kV). X-ray photoelectron spectroscopy (XPS) results were obtained by
a PHI 5000 VersaProbe III spectrometer with a monochromatic Al Ka X-
ray source. The vacuum was maintained at or below 10 Torr for data
acquisition. For each XPS analysis, the size of the measured area was set
to 100 pm x 1400 pm. Data analyses were carried out by XPS PEAK 41
software. During element curve fitting, a ‘Shirley’ background subtrac-
tion method and a ‘Lorentzian-Gaussian’ function with a ratio of 20% (0:
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Fig. 2. Morphology of the 4H-SiC heated at 100 Pa and different temperatures
respectively. The inserted AFM images show the corresponding 3D morphologies.

Gaussian, 100: Lorentzian) were chosen. Transmission electron micro-
scopy (TEM) images were obtained using a JEM 3200FS under 300 kV.
Raman spectra were measured on a confocal Raman spectroscopy
(HORIBA LabRAM HR Evolution) equipped with a laser with a wave-
length of 532 nm.

2.4. ReaxFF reactive molecular dynamics simulation

All simulations were conducted using the Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) simulation package. The
simulation results were visualized by an open visualization tool (Visual
Molecular Dynamics, VMD). The size of the Setup A periodic cell was
61.61 x 100.85 x 81.70 10\, containing 18360 O atoms, and 20400 Si and
C atoms, and the periodic cell of Setup B was enlarged to
61.61 x 300 x 81.70 A but contained the same number of 0, Si, and C
atoms. The temperatures in the two setups were set to 1800 K. For the
setup in Fig. S2, except for the temperature changing from 1200K to
2700 K with an interval of 300 K, other parameters were consistent with
Setup A.

3. Results and discussion
3.1. Competitive growth of TO-SiO2 and TCVD-SiOz

Fig. 1 shows the morphology of the 4H-SiC processed at 1500 °C and
different pressures (oxygen concentrations) for 10 min. In Fig. 1(a), SiO2
blocks were formed on SiC at 1 atm, and many microcracks distributed
radially were observed. Under these conditions, the thermal oxidation
reaction of SiC (2SiC + 30, — 2Si0; + 2CO) occurred rapidly, resulting
in the formation of a thick oxide layer. This kind of SiOs is directly
formed by the thermal oxidation of SiC, and is denoted as TO-SiO; in the
remainder of this paper. When the pressure was reduced to 100 Pa
(Fig. 1(b)), the effect of thermal oxidation was weakened to some extent,
and Si atoms readily eliminated the restriction of the thermal oxide layer
and sublimated into the atmosphere inside the furnace [9,16]. Once the
sublimated Si atoms reacted with the active oxygen, gaseous SiOy was
formed and could be adsorbed by the SiC substrate ultimately (SiC — Sit
+ C, Si + O3 — SiOy). This kind of SiOy is generated by the thermal CVD
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for 10 min. (a)-(d) LSCM images at 900 °C, 1100 °C, 1300°C, and 1500 °C,

process, and is denoted as TCVD-SiO5 hereafter. Fig. 1(b) shows the
radial-structured patterns of TCVD-SiO,. Studies have reported the
dendritic shapes of thin film materials during the CVD process, for
example, graphene, hexagonal boron nitride (h-BN), and transition
metal dichalcogenides (TMDs) [18-21]. Many efforts have been made to
illustrate the underlying atomic mechanism in terms of the oxygen effect
[18], hydrogen etching [22], edge-energy equilibrium [23], classical
Wulff structure [24], and phase-field approach [25]. In our study, the
formation of radial SiO, patterns is determined by the oxygen
concentration.

In Fig. 1(b), TCVD-SiO, growth was dominant over TO-SiO, growth,
resulting in several thermal oxidation domains distributed among many
radial-structured patterns. If the pressure was further reduced to 10 Pa
(Fig. 1(c)), TCVD-SiOy growth was further enhanced relatively, as no
thermal oxidation domains were found on the surface. Additionally,
there is an obvious contrast in the density and size of radial-structured
patterns in Fig. 1(b)-1(d). It seems that with a decrease in oxygen con-
centration, the density of radial-structured patterns dramatically in-
creases, while the size of the patterns significantly decreases. Thus,
oxygen is considered to play an important role in manipulating the
surface kinetics of SiO5 growth on SiC.

According to Fig. 1(e) and (f), the typical characteristics of thermally
oxidized SiC such as the formation of SiO, nanoparticles and the flat
oxidized surface were observed [26,27]. Fig. 1(g) shows the typical
microtopography of a branch of a radial-structured pattern in Fig. 1(b);
on the edge of this pattern, the atomic steps of SiO3 are clearly detected
(Fig. 1(h)). Furthermore, some dislocation-like features are present
among the steps, as marked by the blue circles in Fig. 1(h). Hence, it can
be concluded that the thermal CVD domains are made up of mono-
crystalline or polycrystalline SiO», and the generation of dislocation-like
features is attributed to the motion of atoms under the action of elevated
temperatures, stress and other factors during the thermal CVD process
[28-30]. In contrast, the thermal oxidation domains are comprised of
amorphous SiO2 [31]. Thus, it may be deduced that the crystal quality of
TCVD-SiO;, is better than that of TO-SiO9, and our speculation is verified
in section 3.2.

As previously mentioned, the ability of oxygen to manipulate the
competitive growth of TO-SiO3 and TCVD-SiO3 is based on the elevated
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Fig. 3. EDS elemental mapping results and Kikuchi diffraction patterns of the 4H-SiC heated at 1500 °C and 100 Pa for 10 min. (a) LSCM image of the heated 4H-SiC.
(b)-(e) EDS mapping results of the red dotted box in (a): (b) the mapping result of all elements (Si, C, and O), (c)-(e) the mapping results of Si, C, and O elements,
respectively. (f) and (g) Kikuchi diffraction patterns of position 1 and position 2 in (a), respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

temperature conditions. We verified the importance of temperature in
this process by heating SiC at 100Pa with different temperatures
(900°C, 1100 °C, 1300 °C, and 1500 °C) for 10 min, as shown in Fig. 2.
According to the modified Deal-Grove model for the thermal oxidation
of SiC, once SiC is heated above 900 °C in an oxygen-containing reaction
system, an oxide layer is formed on its surface, accompanied by the
diffusion of CO from the SiO,/SiC interface [9]. In Fig. 2(a), almost no
apparent oxidation results can be distinguished owing to the short re-
action time and the relatively low temperature. The atomic steps of the
original polished SiC still can be detected by AFM, according to the
inserted 3D morphology image. At 1100 °C in Fig. 2(b), SiO, began to
grow along the steps of the SiC substrate. The corresponding insert in-
dicates that the surface is still atomically flat with visible steps. How-
ever, a noticeable layer of TO-SiO2 was formed on the SiC substrate
when the temperature increased to 1300 °C (Fig. 2(c)), and the typical
features as SiC underwent thermal oxidation are illustrated in the rele-
vant AFM image. Moreover, the nucleation sites of TCVD-SiO, appeared
on the substrate surface, which are depicted as the black pits in Fig. 2(c).
Nevertheless, the growth of TCVD-SiO2 was extremely weak due to the
extraordinarily low sublimation rate of Si atoms at 1300 °C. Therefore, it
is reasonable that no radial SiO, patterns were formed. Predictably, once
the temperature reached 1500 °C and the Si atoms sublimated from SiC
quickly, radial-structured patterns attributed to the growth of
TCVD-SiO; emerged, as shown in Fig. 2(d). The inserted AFM image
shows the boundary between TCVD-SiO5 and TO-SiO,. The above results
show that only when the temperature reaches 1500°C, which can
accelerate the sublimation process of Si atoms, the radial-structured
patterns of TCVD-SiO5 can be formed. Thus, it is concluded that the
elevated temperature is an essential prerequisite for the manipulation
effect of oxygen on the growth modes of SiO5 on SiC.

3.2. Difference in crystal quality between TO-SiO2 and TCVD-SiO2

The different growth processes of TO-SiO, and TCVD-SiO, lead to
significant differences in the element distributions and the atomic
bonding conditions in the thermal oxidation domain and the thermal
CVD domain. Fig. 3(b)-3(e) show the EDS mapping results of the red
dotted area marked in Fig. 3(a), which includes both the aforementioned
domains. It is clear that the thermal oxidation domain contains more O
element and fewer C and Si elements than the thermal CVD domain. The
difference in element distributions is due to the difference in oxidation
extents in these two domains. Clearly, TO-SiO» is always formed prior to
TCVD-SiO,, because the thermal oxidation temperature of SiC is lower
than the sublimation temperature of Si atoms from SiC. Consequently,
the thickness of the TO-SiO3 film is greater than that of the TCVD-SiOy
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Table 1
Composition ratio of TO-SiO, and TCVD-SiO».
Oxidation Peak Sensitivity Composition
Area Factor Ratio (%)
Thermal Si2p Si*t 3860 0.368 32.06 21.90
Oxidation si%* 7370 61.21
(TO-Si05) si%* 810 6.73
Cls Si4C4.x02 2845 0.314 20.01 30.30
Contaminant 6980 49.09
C-0 2676 18.82
C=0 1717 12.08
Ols SiOy 14200 0.733 27.13 47.80
Si4C4.x02 18850 36.01
OH 19300 36.87
Thermal Si2p S 7500 0.368 54.66 24.76
CVD i3t 6070 44.24
(TCVD- Si%* 150 1.09
Si0y) Cls Si4C4.x02 1133 0.314 14.09 17.00
Contaminant 4251 52.88
C-0 1893 23.55
C=0 762 9.48
Ols SiOy 36100 0.733 56.14 58.24
Si4C4x02 17000 26.44
OH 11200 17.42

film, which is also verified in Fig. 5(e) and (h). The thicker TO-SiO layer
gives rise to the higher oxygen content in the thermal oxidation do-
mains, and the stronger atomic signals of C and Si elements in the
thermal CVD domains originate from the SiC substrate. Kikuchi
diffraction patterns were used to evaluate the crystal state of TO-SiO;
and TCVD-SiO; [32,33]. As shown in Fig. 3(f) and (g), a clear Kikuchi
diffraction pattern of SiOy was obtained in the thermal CVD domain
(position 2 in Fig. 3(a)), but no Kikuchi diffraction pattern was found in
the thermal oxidation domain (position 1 in Fig. 3(a)). The comparison
indicates that TCVD-SiO, tends to present distinct crystal features;
however, TO-SiO; is certainly composed of amorphous SiOs.
Additionally, XPS was used to quantitatively analyze the atomic
bonding conditions of TO-SiO, and TCVD-SiO,. According to the peak
area and sensitivity factor of each composition, we calculated the cor-
responding composition ratio based on the following equation

I;
n=—
Si
{ C = m
doni

where i represents the different compositions, including different
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Fig. 4. XPS results of (a)-(c) TO-SiO, and (d)-(f) TCVD-SiO, on the heated 4H-SiC (1500 °C, 100 Pa, 10 min).

elements and valence states; I;, S;, and n; are the peak area, sensitivity
factor, and absolute content of composition i; C; is the percentage
composition of i. Table 1 summarizes the composition ratios of each
element for one oxide and each bonding condition for one element.
Considering the spin-orbit splitting, the Si2p spectra in Fig. 4(a) and (d)
show different bonding features of Si in the two domains. The thermal
oxidation domain contains two intermediate oxidation states (Si** and
Si®") in addition to the eventual oxidation state (Si*") [34-36], and the
composition ration of Si** is only 32.06%. However, the composition
ratio of Si*" in the thermal CVD domain is as high as 54.66%. For the C
content in TO-SiOy and TCVD-SiO, (Fig. 4(b) and (e)) [37,38], the
composition ratios are 30.30% and 17.00%, respectively. Because the
oxidation layer is thinner in the thermal CVD domain than in the ther-
mal oxidation domain (Fig. 5(e) and (h)), it is reasonable that C atoms in
the thermal CVD domain are more easily diffused as a gaseous oxide.
Hence, the total amount of C in TCVD-SiO5 is less than that in TO-SiOo,
which means that the carbon-related byproducts in the former are less
than that in the latter. As for the O1s spectra in Fig. 4(c) and (f) [39,40],
the composition ratios of SiOz in TO-SiO2 and TCVD-SiOy are 27.13%
and 56.14%, respectively, while that of the intermediate oxide
(Si4Csx02, x < 2) are 36.01% and 26.44%, respectively. Significantly,
the content of the final oxidation state of Si atoms in TCVD-SiO5 is much
higher than that in TO-SiO,, and less carbon-related byproducts are
generated during thermal CVD than thermal oxidation. Thus, combining
with the morphology observation, Kikuchi diffraction pattern, and
atomic bonding condition, it is concluded that the crystal quality of
TCVD-SiO5 is much better than that of TO-SiOs.

3.3. Growth mechanisms of TO-SiO2 and TCVD-SiOz

To reveal the growth mechanisms of TO-SiO5 and TCVD-SiO,, we
further studied the structure of SiC/TO-SiO, and SiC/TCVD-SiO5 in-
terfaces. Fig. 5(a) shows the original morphology of a SiC sample heated
at 1500 °C and 100 Pa for 10 min. After etching by KOH at 550 °C for
15s, the oxide layer was completely removed, accompanied by the
emergence of some dislocations of SiC, which can be visualized as
hexagonal etching pits in Fig. 5(b). More importantly, the etched ther-
mal oxidation domain still seems to be very flat, and the radial-
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structured pattern has changed into a flower-shaped pattern
comprised of countless pits. The detailed 3D topographies of these two
interfaces are depicted in Fig. 5(c) and (d). The Sa roughness of the
atomically flat SiC/TO-SiO2 interface is only 0.27 nm; however,
remarkable micron-sized pits are detected at the SiC/TCVD-SiO,
interface.

TEM observations of SiC/TO-SiO, and SiC/TCVD-SiO, interfaces
were shown in Fig. 5(e)-5(k). According to Fig. 5(e) and (h), the thick-
ness of the TO-SiO; layer is approximately 400 nm, while the thickest
part of the TCVD-SiO;, layer is just around 230 nm, which indicates that
the growth rate of the former is much faster than that of the latter. In
addition, the atomic flatness of the SiC/TO-SiO, interface is verified in
Fig. 5(f) and (g). By contrast, many micron-sized pits resulting from the
sublimation of large quantities of Si atoms from SiC at 1500 °C exist at
the SiC/TCVD-SiO; interface (Fig. 5(h)-5(k)). As shown in Fig. 5(j) and
(k), the side face of the pit presents the distinct step-terrace structure,
while its bottom face is extremely flat at the atomic scale. The two
different interfaces provide significant evidence for the different growth
mechanisms of SiO5 in the two domains.

For the growth of TO-SiO,, oxygen must diffuse to the interface,
while the generated CO at the interface must diffuse out of the oxide
layer. The shortest diffusion path exists between the protruding struc-
ture of the substrate and the flat surface of the oxide layer. Thus, pro-
trusions on the SiC surface are more easily oxidized to TO-SiOq,
indicating that the thermal oxidation of SiC is conducted layer by layer.
Therefore, it is rational that an atomically flat interface can be obtained
after the formation of TO-SiOy. With the decreasing of oxygen concen-
tration, the effect of thermal oxidation is gradually weakened, while the
sublimation process of Si atoms is enhanced accordingly. Some inherent
defects of SiC become the first nucleation sites of TCVD-SiO,. Since the
Si atoms at the steps are easier than those at the terraces to sublimate
from SiC due to the difference in the number of dangling bonds [41],
these nucleation sites transversely expand as the thermal CVD process
progresses, eventually forming the pits with step-terrace-structured side
faces and flat bottom faces.

The difference in crystalline property between TO-SiO, and TCVD-
SiO5 can be attributed to the difference in surface mobility during the
thermal oxidation (oxygen-rich) and thermal CVD (oxygen-poor)
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2.0 nm(d) 47.0 nm

Fig. 5. Morphologies of the SiC/TO-SiO; and SiC/TCVD-SiO; interfaces. (a) LSCM image of the 4H-SiC heated at 1500 °C and 100 Pa for 10 min. (b) LSCM image of
the 4H-SiC in (a) after etching by KOH at 550 °C for 15s. (c) and (d) AFM 3D morphology images of the thermal oxidation domain and thermal CVD domain after
etching, respectively. (e)-(g) TEM images of the SiC/TO-SiO, interface. (h)-(k) TEM images of the SiC/TCVD-SiO, interface.

processes. Under the oxygen-rich condition, the thermal oxidation of SiC
is conducted rapidly and an oxide layer is formed directly on SiC, which
can be denoted as bulk growth. In this bulk growth, the first generated
oxide is surrounded by molecules in the amorphous phase, and any
molecule crossing the phase boundary can potentially join the following
growth process [42]. Therefore, the corresponding surface mobility is
low and the surface relaxation is insufficient, resulting in the formation
of amorphous TO-SiO,. Under the oxygen-poor condition, the sublima-
tion of Si atoms and the formation, evolution, and adsorption of gaseous
oxide are carried out on the SiC surface or in the ambient atmosphere,
which can be regarded as surface growth. In this surface growth, the
slow CVD rate leads to the high surface mobility and the sufficient
surface relaxation, resulting in the growth of TCVD-SiO with good
crystal quality [42-44]. Overall, it is rational to conclude that the
different growth modes and the resulting different surface mobility
determine the differences in morphology and crystal quality between
TO-SiO2 and TCVD-SiOs.

3.4. Epitaxial growth of graphene on the SiC substrate

To further explore the role of oxygen in the surface kinetics of single
crystal SiC, we conducted the heat treatment of SiC at approximately
1.0 x 103 Pa, which means that the corresponding oxygen concentra-
tion is about one ten millionth of that at 1 atm. After the treatment at
1500 °C for 10 min, graphene was formed on SiC owing to the extensive
sublimation of Si atoms, the rearrangement of C atoms, and the almost
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Fig. 6. AFM images of (a) as-received 4H-SiC and (b, c) heated 4H-SiC
(1500°C, ~1.0 x 10 Pa, 10 min). (d) Raman spectrum of graphene formed
on the heated 4H-SiC.
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Fig. 7. Simulation setups and results. (a) Two molecular dynamics simulation setups used in our study. (b) Configurations of the reaction layers in Setup A and Setup
B after equilibrium (5 ns). (c) and (d) Top view of the generated oxide layer and carbon buffer layer in Setup A and Setup B after equilibrium (5 ns), respectively.

oxygen-free reaction atmosphere [16]. Fig. 6(a)-6(c) show the AFM
images of the as-received and annealed SiC. By subtracting the Raman
spectrum of as-received SiC from that of annealed SiC, we obtained the
Raman spectrum of graphene, which was labeled as ‘Difference’ in Fig. 6
(d). Clearly, the G and 2D signals together with a defect D peak indicate
that graphene with defects was formed on the SiC substrate after the
annealing treatment. Thus, it is concluded that when the oxygen con-
centration drops to an extremely low value, neither TO-SiO5 nor
TCVD-SiO; grows on SiC; however, graphene is formed because the C
atoms remaining on the surface cannot be oxidized after the sublimation
of Si atoms in an almost oxygen-free reaction atmosphere.

3.5. ReaxFF reactive molecular dynamics simulation

A molecular dynamics simulation based on the ReaxFF force field
was used to further illustrate the role of oxygen in the surface kinetics of
SiOy growth on single crystal SiC at elevated temperatures. As an
empirical bond-order-dependent potential, the ReaxFF method allows
for fully reactive atom-scale molecular dynamics of chemical reactions
and has been widely used for the study on the oxidation of Si and SiC
[45-47]. To apply the ReaxFF method to our simulation system with Si,
O, and C elements, we combined the corresponding potential functions
(Tersoff potential and Lennard-Jones potential) of these three elements
to facilitate the analysis of the bonding conditions of Si-C, Si-O, and C-C
(Supplementary Information Note 1 and Tables S1-S3). To confirm the
accuracy and rationality of our simulation results, the binding energy of
oxygen absorbed at different site positions on the SiC surface was first
calculated by the quantum mechanics (QM) method and the ReaxFF
method, respectively (Supplementary Information Note 2 and Fig. S1). It
is clear that the binding energy values calculated by these two methods
are numerically close to each other. Additionally, the bond lengths of
C-Si, O-Si, and C-C were calculated based on the related radial distri-
bution function (RDF) curves, and these calculated values are numeri-
cally close to the corresponding theoretical values, further ensuring the
validity of our simulation results (Supplementary Information Note 2,
Fig. S2, and Table S4). Moreover, the changes in the binding energy of
three small setups containing one Si atom and one C atom, six Si atoms
and six C atoms, and six C atoms, respectively, were studied with the
evolution of structures, which can account for the formation of specific
configurations in our simulation setups (Supplementary Information
Note 3 and Fig. S3).

We established two simulation setups (Setup A and Setup B), as
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shown in Fig. 7(a). The two setups contain the same number of C, O, and
Si atoms, but the volume of Setup B is approximately three times larger
than that of Setup A. Thus, Setup A can be regarded as an oxygen-rich
reaction setup, while Setup B is an oxygen-poor reaction setup. The
temperature in both setups is set to 1800K, which is closed to the
temperature in the oxidation experiments. Fig. 7(b) shows the final
configurations of the reaction layers in Setup A and Setup B after the
simulation processes reached equilibrium, and Fig. 7(c) and (d) show
details of the typical oxide layer and carbon buffer layer of the two
setups from the top view, respectively. In contrast, a compact oxide layer
with a disordered atomic arrangement was formed on the SiC substrate
in Setup A, while the oxide layer in Setup B seems to be porous, and some
regular Si-O rings can be observed. Moreover, the carbon buffer layer in
Setup A also shows disordered features, while the buffer layer in Setup B
tends to form a graphene-like structure. All these differences are
attributed to the differences in oxygen concentrations. Specifically, in an
oxygen-rich reaction setup, the thermal oxidation of SiC occurs rela-
tively fast, and the generated SiOy and residual C atoms are promptly
adsorbed into the adjacent sites rather than the best adsorption site
because this process may be under non-thermodynamic equilibrium
conditions, thus forming the amorphous TO-SiO5 layer and the disor-
dered carbon buffer layer. However, in an oxygen-poor reaction setup,
the aforementioned reaction occurs to a lesser extent than in an oxygen-
rich reaction setup, and the sublimated Si atoms can easily eliminate the
restriction of the thin oxide layer, and form Si, O, with active oxygen in
the gas phase. Consequently, the generated gaseous oxide is adsorbed
onto the preferred sites on the SiC substrate owing to the CVD process
being at thermodynamic equilibrium. The nucleation sites of the radial-
structured patterns resulting from the growth of TCVD-SiO, may be
related to the inherent defects of the substrate (Supplementary Infor-
mation Note 4 and Fig. S4). Moreover, C atoms on the substrate surface
can also seek the preferred adsorption sites and ultimately form stable
graphene-like structures.

Additionally, each bond type, cluster type, and ring type from the
molecular dynamic simulation trajectories of Setup A and Setup B were
identified and counted. As shown in Fig. 8(a), Si-O and C-C bonds were
formed at the expense of Si-C bonds in both setups. For the three-atom
clusters in Fig. 8(b), the species considered are C-Si-C (SiC), O-Si-O
(SiOy), and C-C-C (carbonaceous material), each of which represents the
composite species in parentheses that may form and/or disappear dur-
ing the reaction. It is clear that C-Si-C species were rapidly consumed,
while O-Si-O and C-C-C species were consequently formed in the two
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Fig. 8. Quantity changes of the (a) bonds, (b) clusters, and (c) six-membered and twelve-membered rings composed of Si and O atoms in Setup A and Setup B during
the simulations. (d) The typical six-membered and twelve-membered rings in the simulations.

setups. More importantly, the number of both O-Si-O and C-C-C species
in Setup B is greater than that in Setup A, which is consistent with the
results in Fig. 7(b)-7(d). According to the crystal structure of single
crystal SiOo, the arrangement of Si and O atoms can present a six-
membered or twelve-membered ring structure. Hence, we counted the
number of six-membered and twelve-membered ring structures in the
two setups, and the results can be used as a rough criterion to qualita-
tively judge the crystal quality of SiO,. Fig. 7(d) shows the typical six-
membered and twelve-membered ring structures obtained in our simu-
lations. As shown in Fig. 7(c), more six-membered and twelve-
membered rings were formed in Setup B than in Setup A. Thus, it can
be inferred that the oxide layer in Setup B is more likely than that in
Setup A to form an ordered structure.

Fig. 9(a) and (b) show the structural evolutions of the two setups in
the simulation, respectively. The oxidation of SiC in Setup A was con-
ducted layer by layer as oxygen rapidly diffused to the interface,
resulting in an oxide layer with a flat surface and a flat SiC/SiO3 inter-
face. The above oxidation process demonstrates the growth of TO-SiO,.
SiC in Setup B, however, underwent a completely different oxidation
process. Fig. 9(c) shows not only the diffusion and adsorption of oxygen
(the formation process of TO-SiO3) but also the sublimation of Si atoms,
and the formation, evolution and adsorption of gaseous SiO, (the
growth process of TO-SiO2) in Setup B. The results verify the different
oxidation mechanisms of SiC at the atomic scale in the oxygen-rich and
oxygen-poor setups. Thus, it is confirmed that the decrease in oxygen
concentration can promote the growth kinetics of SiO; on single crystal
SiC from being dominated by thermal oxidation to being dominated by
thermal CVD.

4. Conclusions

In this paper, we comprehensively investigate the role of oxygen in
manipulating the surface kinetics of SiO, growth on single crystal SiC at
elevated temperatures based on the experiments and ReaxFF reactive
molecular dynamics simulation. Our work clearly reveals that oxygen
concentration can strongly affect the domain morphology, crystal
quality, interface structure, and growth kinetics of SiO, on the SiC
substrate. To summarize, the main conclusions are given below:

(1) Oxygen concentration determines the competitive growth of TO-
SiO, and TCVD-SiO; on the SiC substrate at 1500 °C. We exper-
imentally and theoretically reveal that the decrease in oxygen
concentration can promote the growth kinetics of SiOy on SiC
from being dominated by thermal oxidation to being dominated
by thermal CVD.

(2) We demonstrate that the crystal quality of TCVD-SiO; is much
better than that of TO-SiO,, which may open the door to grow the
high-quality oxide layer for fabricating high-performance SiC-
based electronic devices only by controlling the oxygen concen-
tration in the reaction system.

(3) The layer-by-layer oxidation mechanism and the SiC atomic steps
transverse evolution mechanism are proposed for TO-SiO;
growth and TCVD-SiOy growth at the atomic scale, respectively.
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