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ABSTRACT: A reproducible graphene-induced in situ
process is demonstrated for the first time for growing large-
scale monolayer and bilayer cubic silicon carbide (SiC)
crystals on a liquid Cu surface by chemical vapor deposition
(CVD) method. Precise control over the morphology of SiC
crystals is further realized by modulating growth conditions,
thus leading to the formation of several shaped SiC crystals
ranging from triangular, rectangular, pentagonal, and even to
hexagonal kind. Simulations based on density functional
theory are carried out to elucidate the growth mechanism of
SiC flakes with various morphologies, which are in striking
consistency with experimental observations. In the liquid Cu-
assisted CVD system, growth temperature (∼1100 °C)
enables sublimation and deposition of silicon oxide (SiO2) derived from quartz tube, while liquid Cu facilitates preformation
of graphene originated from methane. The SiO2 and graphene, grown and reacted in situ in the CVD process, are served as the
silicon and carbon source for the cubic SiC crystals, respectively. Moreover, the gradual transformation process from SiO2
particles to SiC flakes is directly observed, with several middle stages clearly displayed. The direct in situ growth of SiC crystals
offers a novel method for scaled production of SiC crystals and is beneficial to understand its growth mechanism, and thus push
forward the way to develop high-temperature and high-frequency electronic devices.
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■ INTRODUCTION

Silicon carbide (SiC) is an important compound with many
benefits to many kinds, ranging from early usage as an abrasive
to as an intrinsic semiconductor.1−3 For many recent years,
SiC has been a prime candidate for use in high-temperature
electronic devices because of its large bandgap and high carrier
mobility.4−7 Meanwhile, it can also be widely employed as
photoanode due to excellent physical stability.8−10 With the
fast development of two-dimensional (2D) materials, SiC has
also been widely employed as an effective substrate for epitaxial
growth of high-quality graphene and other 2D materials. But
its development has been hampered by the lack of a
reproducible process for producing the single-crystal substrates
necessary for device fabrication. Then, there has been
increased efforts to develop many production methods for
the preparation of SiC.11−13 Cubic SiC crystals have been
grown by precipitation from solutions, chemical/physical vapor
transport, or by chemical conversion of Si.14−16 Of those
methods, chemical vapor deposition (CVD) has attracted
extensive attention, showing distinct merits on high controll-
ability and scaled growth of SiC.17−19 In the CVD process, the
silicon substrate has been widely used for the epitaxial growth
of SiC. However, a large lattice mismatch about 20%

introduces structural defects in the growth process, resulting
in the degradation of quality. Moreover, the as-made SiC is
usually bulk crystal with relatively large thickness and poor
quality, which prevent it from having high device performance.
On the other hand, the conventional CVD growth of SiC is
performed at a very high temperature ranging from 1400 to
1600 °C, which requires special apparatus and thus restricting
industrial productions.20−22 Currently, a facile and direct
approach for the growth of large-scale 2D or ultrathin single-
crystal SiC is highly desired to be developed.
The past few decades have witnessed the stunning

development of production methods for silicon carbides. It is
well acknowledged that the most widely used and thoroughly
investigated method of producing silicon carbides is by the
reaction of silica with carbon.23−26 The overall reaction is
represented by the equation: SiO2 + 3C = SiC + 2CO. It takes
place in two stages: reduction of silica by carbon to give
metallic silicon and the reaction of silicon vapor with carbon or
carbon monoxide: SiO2 + 2C = Si + 2CO, Si + C = SiC. In this
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case, silica and carbon can serve as silicon and carbon source
for SiC, respectively. Notably, in a well-developed liquid Cu
CVD system, it is experimentally found that SiO2 particles are
usually formed at high-temperature condition,6 while graphene
is also nucleated and grown simultaneously. It has also been
well acknowledged that SiC can serve as an effective substrate
for epitaxial growth of high-quality graphene. Based on the
above discussion and our previous experimental results, it is
proposed that the graphene-induced in situ process would be
feasible and can be further realized for the synthesis of SiC
crystals by liquid Cu-assisted CVD method.
Here, we demonstrate for the first time a direct graphene-

induced in situ synthesis of centimeter-scale monolayer and
bilayer SiC crystals on liquid Cu surface by an ambient
pressure CVD method. Further, precise control over the
morphology of the as-grown SiC crystals is realized by tuning
growth conditions in the CVD process, and thus leading to the
formation of triangular, rectangular, pentagonal, and even
hexagonal-shaped SiC crystals. Notably, the SiC crystals are in
situ formed derived from the gradual transition of silicon
oxides (SiO2) by in situ reacted with graphene, whereas the as-
formed SiO2 and graphene can serve as silicon and carbon
source for SiC in the process, respectively. Moreover, the
transformation process is directly observed originally initiated
from the SiO2 particles, offering convincing evidence for the
whole in situ process. Density functional theory calculations
strongly support the feasibility of the in situ transformation
process, owing to a high consistency with experimental
observations. The in situ direct growth of SiC on liquid Cu
surface offers an alternative and facile method for scaled
production of SiC and can largely push forward the
development of novel methods for 2D materials and further
pay the way to develop high-temperature and high-frequency
devices.

■ RESULTS AND DISCUSSION

The whole growth is schematically shown in Figure 1, and it is
worth noting that the most striking in situ transition process is
marked. Conventionally, silica and coke/coal are introduced as
silicon and carbon source for the preparation of SiC samples.

However, it is rather challenging to precisely enable the
reaction process between the silicon and carbon stoichiometri-
cally at very high temperatures, thus resulting in low-quality
SiC samples with intensive defects. In our case, the two sources
for silicon and carbon are not directly introduced instead are in
situ formed at the reacted temperature. For the silicon source,
SiO2 is derived from sublimation and deposition of a quartz
tube at 1100 °C. It is commonly known that the melting point
of the quartz tube is around 1200 °C while it is possible to
partly sublimate and deposit at 1100 °C. Previous reports
confirmed the existence of SiO2 on liquid Cu surface at high
temperature while as a phase of white particles.27,28 In our
experiments, to ensure the formation of enough SiO2 for the
following reaction, a long-time annealing process is performed.
It is seen that white particles with a high density are formed
onto the surface after 2 h annealing (Figure S1). Energy
dispersive spectroscopy (EDS) measurements have been
conducted on the particles to determine the element
compositions, whereas strong signals of silicon and oxygen
were directly detected, indicating the formation of SiO2
together with the ratio of those peaks (Figure S2).
For the carbon source, it is well acknowledged that excessive

carbon precursors are prerequisite for the formation of SiC
while in our CVD process, a large flow rate of CH4 is employed
into the tube reactor. With the aid of liquid Cu, it is more liable
for CH4 to be decomposed into carbon atoms or radicals and
then transformed into graphene as shown in Figure 1. With a
relatively long growth time, the graphene film can be formed
onto the whole liquid Cu surface, with full coverage. Raman
spectrum was conducted to determine the uniformity and
coverage of the graphene film and it is clearly observed that the
whole surface was covered with uniform monolayer graphene
film (Figure S3). Given the large gas flow rate, multilayer
graphene and even graphite can be occasionally fabricated on
the liquid Cu surface (Figure S4), also serving as an effective
carbon source for SiC formation. It should be noted that the
location of as-formed graphene is highly confined to the
preformed SiO2. The potential of SiO2 in shaping graphene
with the aid of liquid Cu has been previously demonstrated.6

Under this circumstance, nucleation of graphene mainly takes

Figure 1. Whole formation process of SiC crystals on liquid Cu surface. At high temperature, SiO2 is deposited as particles onto the liquid Cu
surface, and graphene will be formed once CH4 is intr oduced. Reacted with graphene, SiO2 gradually in situ transformed into SiC crystals. Note
that the SiC crystals own triangular shapes.
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place onto the SiO2, showing one to one relationship. The
relation between graphene and SiO2 offers a prerequisite for
the in situ growth, whereas the two substances reacted with
each other completely and gradually transform into SiC
crystals.
In our experiments, it is noted that the liquid Cu rather than

Si wafer is employed as a substrate for the formation of SiC.
The liquid Cu plays critical roles in shaping SiC, of which first
its catalyzed property can ensure the preformation of graphene
in the CVD process, and further its ultra-flat surface enables
the uniform deposition of SiO2. With the aid of liquid Cu, the
formation process of SiO2 and graphene can be precisely
controlled, and thus facilitate the followed production of SiC
crystals. Another critical factor in the CVD process is the
presence of hydrogen. It serves as two roles, one is the carrier
gas and the other is reduction gas. It is speculated that the
introduction of H2 gas into the tube can largely promote the
transition of SiO2 into SiC crystals. To ensure the full mixture
of the hydrogen gas and methane gas, relative long time is
necessary for the annealing process and the following reaction
process.
Figure 2a shows large-area ultrathin SiC crystals fabricated

on liquid Cu surface at 1100 °C with a growth time of 5 min.
Note that the as-grown flakes with a high density are uniformly
dispersed onto the surface, and can be clearly detected from
color contrast. It is interesting to see that all the ultrathin SiC
sheets have regular shapes, mainly triangles (Figure S5), a
typical characteristic of well-defined crystals. Most crystals have
lateral sizes of ∼21 μm (Figures 2b and S6), indicating a
uniform growth. As for a single SiC flake, the three edges are
strictly the same, owing to a strictly regular triangle shape. The

regular triangular shape might be highly correlated with the
inner atomic structure of the SiC, which will be detailed for the
relationship in the following section. From the SEM images, it
is observed that the rest area of the whole surface is fully
covered with white substance among the SiC crystals. As
mentioned above, those substances are SiO2, which is highly
related to the very long annealing time process. It should be
noted that two phases are present for the deposited SiO2, one
is the sheet-like substance fully covered onto the liquid Cu
surface, while the other one is the sphere-like particles
occasionally dispersed onto the first ones. Further, there exists
one striking and common feature among the whole system, the
SiO2 particles are always present into the center of triangular
SiC crystals. It is further observed that the size of those
centrally located particles is much smaller than those of the
original and middle-staged located ones (Figure S7),
suggesting a gradual transition process for SiC synthesis. The
as-grown SiC flakes were also transferred onto the SiO2
substrate for further measurements. Based on the EDX analysis
of the as-transferred SiC crystals, it is observed that the
element Si, O, and C were detected, while no copper signals
existed (Figure S8). All the results further suggested the
controllable formation of SiC on the liquid Cu surface.
Moreover, TEM has also been conducted, whereas the
triangular SiC flakes could be well kept on the grid and
SAED patterns clearly show a high crystallinity of the samples
(Figure S9), owing to good consistency with the above
measurements.
Figure 2c shows the typical conductive atomic force

microscopy (AFM) image of the single SiC flake. There exists
an obvious discrepancy in the color contrast between the

Figure 2. Characterization of SiC crystals. (a, b) SEM images of large-area and single SiC crystals on liquid Cu surface. Note that triangular-shaped
SiC crystals are uniformly grown on the substrate, with a uniform edge size range of 20 μm. (c) AFM image of single SiC crystal, whereas the
central SiO2 particle can be observed. (d) Line profile of the SiC crystal, showing thickness of around 40 nm.
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central particles and SiC flake, suggesting the difference in the
electrical property. Based on the contrast, the SiO2 is much
more conductive than SiC flake, owing to a consistency with
their intrinsic features. Thickness measurements on the single
SiC flake have been conducted as shown in Figure 2d,
displaying a thickness around 40 nm. Further, surprisingly, all
the as-grown SiC crystals own similar thickness around 40 nm,
with a rather narrow range, suggesting a uniform and regular
growth rule in the CVD process. In our case using the in situ
growth method, it has to be admitted that it is rather
challenging to thin SiC crystals to several nanometers. Related
experiments involving optimized growth conditions are still
undergoing. Moreover, control experiments have also been
conducted, whereas the growth was employed on solid Cu
surface at the same growth conditions except for the difference
in the growth temperature. It is clearly noted that no SiC
crystals were detected on the solid Cu surface, while only
graphene and silicon oxides were observed (Figure S10). It is
speculated that the relatively lower temperature for the solid
Cu was not beneficial to the transformation of silicon oxides
into silicon carbides. The experiments further verified the
unique role of liquid Cu surface in shaping SiC crystals.
With the off introduction of CH4, the in situ transition

process from SiO2 and graphene into silicon carbides starts.
The whole process is illustrated in Figure 3. After the
formation of SiO2 and graphene on the surface, the high
temperature enables further reaction between them together
with the catalysis of liquid Cu. At the first stage, the SiO2 are
usually deposited onto the center of graphene because of much
higher surface activity. It is observed that SiC appears in
certain areas, which can be differentiated by the color contrast
in SEM images as shown in Figure 3a. According to the mass
equation rule, SiO2 and graphene experience mass loss in the
process. Once started for the reaction, the minimum energy
drives the further transition from SiO2. At this stage, the
change is mainly dominated by the growth kinetics of SiC
crystals, thus leading to the formation of triangular

morphology. As clearly shown in Figure 3b, two edges of the
triangular SiC have been formed, while the areas of SiO2 and
graphene are becoming smaller and smaller. Those observa-
tions strongly indicate the direct in situ growth of SiC crystals.
With an increase in time, the transition has been nearly
finished with only very little graphene left (Figure 3c). It is
noted that the SiO2 particles are still located onto the center of
as-grown SiC crystals, but with a much smaller size. On the
basis of the experimental results, it is proposed that the
formation reaction of SiC is a SiO2-limited process.
The direct observation of the whole transition process

strongly verifies the in situ growth of SiC crystals on the liquid
Cu surface. It is the first experimental evidence for the in situ
growth of SiC crystals. The as-grown SiC crystals are found to
own a similar size of around 20 μm, suggesting a uniform
growth. Additional evidences of the transition process for
shaped SiC flakes have also been demonstrated in Figure S11.
On the basis of those data, the process is supposed to be
general and reproducible. As carefully examining the whole
stage for the in situ growth, in our case the long-time annealing
process is highly needed for the formation of SiO2, then
introduction of CH4 initiates the production of graphene, and
finally high-temperature maintenance results in the transition
process into SiC, it is concluded that the sequence for the first
two steps is crucial to a success formation. Control
experiments have also been conducted, whereas CH4 was
first introduced and then long-time annealing was employed.
After the high temperature expectedly drives the transition, no
SiC crystals are found on the surface, while only graphene is
detected (Figure S12). The results are highly consistent with
the above conclusion that the sequence of the two steps is of
great importance in shaping SiC crystals. As for the reason, it is
previously reported that graphene could be fabricated onto the
SiO2 substrate with the aid of copper vapor by the CVD
method.6 As the same in our case, the SiO2 is first deposited
onto the liquid Cu surface, on which the graphene is further
deposited. After the two steps, the SiC crystals are finally

Figure 3. In situ growth of SiC crystal derived from SiO2 and graphene. (a−d) Gradual evolution process for the formation of SiC originated from
SiO2 reacted with graphene. (e) EDX measurement of the round particles, showing a strong signal of Si and O. (f) Raman spectrum of the black
regions, suggesting features of graphene. (g−i) EDX mapping images of the middle-staged SiC crystal, confirming the existence of Si and C. The
scale bars in (a−d) are 1 μm, and (g−i) are 5 μm.
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formed. It is speculated that the SiO2 surroundings play critical
roles in the formation of SiC, served as both the silicon source
and substrate. Meanwhile, the liquid Cu served as two roles in
shaping SiC crystals. First, the liquid Cu can help to
decompose the methane into carbon atoms as a catalyst,
thus offering the building blocks for the graphene formation.
Second, the liquid Cu can also facilitate the decomposition of
graphene and then provide the carbon source for the formation
of SiC.
Apart from the major triangular SiC flakes, several other

shaped flakes are also observed. Due to the variation in the
transition process, rectangular, pentagonal, and hexagonal SiC
are fabricated on the surface (Figures 4a−c and S13a−c). It

should be noted that the newly emerged shapes are almost
derived from the basic triangular one (Figure S13d−f). The
emergence of those shapes poses great potential in tuning the
shape of SiC by modulating growth conditions. On the other
hand, the various regular morphologies also suggest the
uniform and general rule in the transition process.
Furthermore, the in situ transition processes for all the
morphologies are all directly observed as displayed in Figure
5d−f, suggesting a general rule for the precise tune of SiC
crystals.
Density functional theory is employed to study the in situ

growth mechanism of SiC (Figure 4g). Based on the above

Figure 4. Growth of other shaped SiC crystals. (a−c) SEM images of four-pointed, five-pointed, and six-pointed SiC flakes, respectively. (d−f) The
corresponding SEM images of each middle-staged SiC flakes. All the scale bars are 1 μm. (g) DFT calculation of the reaction, suggesting the
feasibility of the formation of SiC crystals.

Figure 5. Growth of bilayer SiC crystals. (a−c) SEM images of the bilayer SiC crystals. Noted that nearly all the top layers have a rotation of 60°
related with the first layers. (d) Rotation angle statistics between the two layers within bilayer SiC crystals. All the scale bars are 5 μm.
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experiments and results, we here assume the following
reaction:

+ ↔ +SiO C SiC CO2 2

The difference in total energies between reactants and
products is used to determine the reaction activation energy.
The volume and entropy effects are usually negligible during
the reaction. Therefore, the reaction activation energy can be
approximately from the energy difference

= + − −E E E E Ereac SiC CO SiO C2 2

where ESiC, ECO2
, ESiO2

, and EC are the total energies of the
reactants and products, and the Ereac represents the activation
energy of this reaction. The negative value of Ereac stands for
the reaction that can occur spontaneously, but not otherwise.
After calculations, when the reaction contains only one Si
atom, two O atoms and one C atom, the activation energy of
the reaction is −5.09 eV, indicating that this reaction can occur
spontaneously. With a combination of theoretical calculations
and experimental results, it is strongly convinced that the in
situ growth of SiC induced by graphene is feasible and
reproducible.
Further by tuning the growth conditions, bilayer SiC crystals

are controllably prepared. It is observed that the second growth
is occurred onto the first SiC triangles, resulting in the
formation of regular bilayer SiC crystals. From the SEM images
(Figures 5a and S14), the two layers could be clearly
distinguished from the contrast difference. It is found that
the second layer is nucleated at the center of the first layer, still
mainly anchored to the pregrown SiO2 particles. Moreover, the
second layer is displaying triangular shape, the same
morphology with the first layer. It is worth noted that several
second nuclei might be formed on the first SiC layer but
almost followed a 60° interlayer orientation. Generally, two
interlayer orientations will appear when triangles further
formed on the first triangles (Figure 5b,c). In our case,
statistics of the second layer’s orientation shows that the
orientation with a rotation of 60° is the major type, owing to
95% among all the counts (Figure 5d). It should be noted that
few-layer SiC crystals were also observed (Figure S15),
following the same orientation rule with respect to the bilayer
ones. The emergence of the bilayer and few-layer SiC crystals
might be highly related with a novel growth mechanism that
needs to be elucidated.
A critical question is, why are the interlayer rotations in the

bilayer SiC crystals almost exclusively 60°? In our experiments,
it is found that the bilayer SiC are almost concentric,
suggesting they nucleate from the same site. During nucleation,
it is proposed that a SiC|Cu step interface might be formed,
similar to the graphene case.29 The strong interface bonding
determines the SiC orientation with respect to liquid Cu
substrate and then leads to the mutual orientations between
SiC layers. Therefore, the energy-preferred SiC|Cu step
interface would lead to the preferred orientation between
SiC and liquid Cu substrate, and eventually result in preferred
orientation between SiC layers. It is suggested that the optimal
SiC|Cu step interface is formed by atomically straight SiC
edges because they can efficiently contact the step atoms and
saturate their dangling bonds and thus being with lower energy
and higher stability. Among all the orientations, the 60°
orientations render straight SiC edges. Consequently, the
interlayer orientation almost follows the 60° type. The

presence of bilayer SiC crystals strongly verify the classic
nucleation-growth mode for SiC on liquid Cu surface, offering
a direct system to fully probe the growth mechanism.

■ CONCLUSIONS
In summary, direct in situ growth of large-area and high-quality
monolayer and bilayer SiC crystals is demonstrated for the first
time. CVD method allows for precise control over the
morphology and layer-number of the as-grown SiC. The
preformed SiO2 and graphene on the liquid Cu surface are
found to be the silicon and carbon source, respectively. It is
worth noting that all the processes occur at high temperature
around 1100 °C, enabling the feasible reaction for SiO2 and
graphene, one after the other. DFT calculations are conducted
to elucidate the in situ process, owing to a high consistency
with our experimental observations. The in situ growth of SiC
offers a facile and alternative approach to produce very highly
stable 2D materials, which pose a great potential in developing
2D materials based electronic applications.

■ METHODS
Growth of SiC Crystals. The ambient pressure CVD (APCVD)

method was employed for the whole growth. Liquid Cu was used as
the catalytic substrates, and methane (CH4) was chosen as the
precursor for graphene growth. First, 2 h annealing process was
conducted at ca. 1100 °C under a condition of 200 sccm H2 to enable
the deposition of silicon oxides from the quartz tube. After that, the
CH4 was introduced with a flow rate of 3 sccm to initiate the growth
of graphene and the H2 was kept still. Meanwhile, in situ growth of
SiC has begun when preformed silicon oxides reacted with as-formed
graphene. The transformation process lasted for 5−8 min and then
followed by rapid sample cooling.

Transfer of SiC Samples. A thin layer of poly(methyl
methacrylate) (PMMA, weight-averaged molecular mass Mw =
600 000, 4 wt % in ethyl lactate) was first spin-coated on the surface
at 5000 rpm for 1 min and cured at 180 °C for 30 min; the PMMA-
coated samples were then immersed in a 0.2 M (NH4)2S2O8 solution
at 70 °C for 10 min to etch the Cu substrate. After that, the PMMA-
coated SiC crystals were stamped onto the SiO2/Si substrate, and
warm acetone (55 °C) was used to dissolve the PMMA layer.

Characterizations of SiC Samples. Optical images were
obtained using an OlympusBX51 microscope. SEM measurements
were conducted on the FEI Verios 460 Field Emission Scanning
Electron Microscope. The AFM images were obtained using a Bruker
Dimension FastScan atomic force microscope in the tapping mode.
Raman spectra were recorded at room temperature using a WITec
Raman microscope with laser excitation at 532 nm.
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(17) Sukkaew, P.; Danielsson, Ö.; Kordina, O.; Janzen, E.; Ojamae,
L. Ab Initio Study of Growth Mechanism of 4H−SiC: Adsorption and
Surface Reaction of C2H2, C2H4, CH4, and CH3. J. Phys. Chem. C
2017, 121, 1249−1256.
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