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We report an approach to the rapid, one-step, preparation of a variety of wide-bandgap silicon carbide/graphene
nanosheet (SiC/GNSs) composites by using a high-density helicon wave plasma (HWP) source. The microstructure and
morphology of the SiC/GNSs are characterized by using scanning electron microscopy (SEM), Raman spectroscopy, x-ray
diffraction (XRD), x-ray photoelectron spectroscopy (XPS), and fluorescence (PL). The nucleation mechanism and the
growth model are discussed. The existence of SiC and graphene structure are confirmed by XRD and Raman spectra.
The electron excitation temperature is calculated by the intensity ratio method of optical emission spectroscopy. The main
peak in the PL test is observed at 420 nm, with a corresponding bandgap of 2.95 eV that indicates the potential for broad
application in blue light emission and ultraviolet light emission, field electron emission, and display devices.

Keywords: helicon wave plasma, SiC/graphene nanosheet, x-ray photoelectron spectroscopy (XPS), fluores-
cence
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1. Introduction

Silicon carbide (SiC) is a novel composite material
with superior properties such as low density, high hardness,
high strength, chemical inertness, high thermal conductivity
(3 W/cm·K–5 W/cm·K) and a high breakdown field strength
(2.0 MV/cm).[1,2] Many published reports covered the syn-
thesis of nanocrystalline SiC and studying its photolumi-
nescence (PL) properties.[3–5] SiC offers a unique combina-
tion of structural and electrical characteristics for applica-
tions in harsh environments such as high temperature and
complex electromagnetic fields. Silicon carbide nanocrystals
(SiC NCs) also show some properties beneficial to biolog-
ical/photoelectric applications[5,6] and catalytic applications
(including water decomposition and water purification).[7] Re-
cently, many techniques such as sputtering, chemical vapor
deposition (CVD),[8] plasma-enhanced chemical vapor depo-
sition (PECVD), and ion implantation have been used for
preparing SiC films.

Graphene is considered an incredibly strong material with
large surface areas as well as excellent mechanical, optical,
thermal, and electrical properties.[9] Many graphene-based
materials have has shown to possess excellent performance in

sensors, transistors, actuators, and storage devices.[10–13]

To our knowledge, few researches reported that tetram-
ethylsilane (TMS) had been used as a source to synthesize
SiC/GNSs in one step. The TMS is a simple organosilane
and is widely used as a precursor for the synthesis of many
important materials,[14–16] such as SiC nanoparticles,[17] and
nanocrystals (NCs).[18] Welzel et al.[19] studied TMS as a pre-
cursor for the preparation of Si–C–N:H films by using an elec-
tron cyclotron resonance (ECR) plasma. Haq et al.[20] studied
the growth of SiC nanocrystals by dissociation of TMS under
atmospheric pressure microplasma. In particular, PECVD has
been widely used to prepare various nanomaterials. It is worth-
while to note that the properties of the films are dependent
on the preparation process. The helicon wave plasma (HWP)
source can be widely used for preparing the nanomaterials, be-
cause of its high ionization rate, low deposition pressure, and
high plasma density (≥ 1019 m−3).[21]

In this work, we report a method of rapidly synthesize the
SiC/GNS composites in one step by using high-density heli-
con wave plasma (HWP) technology and TMS as a precursor
for the first time. We studied the microstructure as well as the
growth model of the SiC/GNS structure.
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2. Experiment
The SiC/GNSs were deposited on silicon (Si) substrates

in an argon helicon wave plasma chemical vapor deposi-
tion (HWP–CVD) system using tetramethylsilane (TMS). Fig-
ure 1 shows a schematic diagram of the deposition sys-
tem. The detailed equipment of the system has been reported
elsewhere.[22,23] In this experiment, a p-Si (100) signal crys-
tal was chosen as the substrate material. The substrates were
cut into 1 cm×1 cm pieces and sequentially cleaned ultrasoni-
cally with acetone, alcohol and deionized water to remove im-
purities from the Si surface. The Si substrates were placed in
the deposition chamber and secured, then the vacuum cham-
ber was pumped to the background vacuum. After evacuation,
Ar (99.99%) gas was introduced into the discharge chamber.
In the axial magnetic field environment, the radio frequency
modulation was used for Ar HWP discharge to clean the vac-
uum chamber, substrate and Si substrate. The HWP was gen-
erated by 1500 W, 13.56 MHz, RF power supply through an
antenna at a pressure of 0.06 Pa and a static axial magnetic
field of 1480 Gs (1 Gs = 10−4 T) in Ar as the working gas.
The injected TMS was decomposed by Ar (40 sccm) HWP.
The HWP discharge and the TMS input were turned off after
ten min.

reaction chamber

matching
box

argon
gas inlet

helical
antenna

pump TMS

Ar

Si
B0

Fig. 1. Schematic diagram of HWP-CVD experimental setup.

The morphologies of the SiC/GNSs were studied by scan-
ning electron microscopy (SEM, Model Hitachi SU8100).
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250 XI) analyzed the composition of the SiC/graphene com-
posite nanosheets. The x-ray diffraction (XRD) patterns were
obtained by using an x-ray diffractometer (Rigaku D/MAX–
2000 PC). Raman spectra were measured with a Horiba Ra-
man system and a 514-nm excitation semiconductor laser.
Steady-state fluorescence (PL, FLS 920) was measured by us-
ing an OSRAM XBO 450-W high-pressure xenon arc lamp
as a light source and showed a strong continuous spectrum
in a range of 200 nm–900 nm. In the measurement, the
working current and voltage were 25 A and 20 V, respec-
tively the starting voltage was 25 kV, and the pressure was

5 atm (1 atm = 1.01325×105 Pa). The optical emission spectra
(OES) were collected with a grating spectrometer (MS 5204i)
in combination with a 74-UV silica collimating lens.

3. Results and discussion
3.1. Structure and phase composition

Figure 2(a) shows a low magnification SEM image
of SiC/GNS composites deposited for 10 min. It shows
the nanosheets uniformly aggregated in a small island, like
hairballs, with an average size of approximately 230 nm.
Compared with a typical carbon nanosheet (vertically stand-
ing nanowalls with a maze-like, highly branched and
porousstructure),[24] the SiC/GNS composites display some
of those typical characteristics, such as vertically standing
nanowalls with a maze-like structure. However, they aggre-
gated into uniform spherical objects.
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Fig. 2. (a) SEM of SiC/GNS composites and local enlargements; (b) XRD
pattern of SiC/GNS composites.

Figure 2(b) shows the XRD[25] pattern of SiC/GNS com-
posites. The major crystalline phases in the samples are α-SiC
and β -SiC.[26] The XRD pattern of the sample shows mainly
cubic 3C-SiC (namely, β -SiC), crystalline phase of strong
peaks corresponding to the (111), (220), and (311) planes.
These values are consistent with those in the literature.[27]

There also exist 2H-SiC (namely, α-SiC) peaks at 2θ =

39.73◦, 45.68◦, and 66.54◦. The α-SiC peaks are weaker
than the β -SiC peaks. In this paper,[28] it is pointed out that
the structure changes from β -SiC (cubic structure) to α-SiC
(hexagonal structure) after cooling from high temperature of
over 1500 ◦C in Ar atmosphere. The β -SiC structure has been
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considered to be the low-temperature polymorph of SiC. In
addition, weak hexagonal SiC peaks of (101) were observed,
which are due to the polymorphic phase transition of cubic
SiC formed by the reaction in HWP. In addition to α–SiC
and β–SiC, the phases such as graphite and silicon oxyni-
tride were also identified. A carbon peak at 2θ = 78.54◦ was
observed.[29] The presence of silicon oxynitride was attributed
to the contamination of oxygen during film preparation.
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Fig. 3. Raman spectra of SiC/GNS composites.

Raman spectra in Fig. 3 further confirm the structural
characteristics of these materials. Each Raman band is ana-
lyzed by being fit with a Lorentzian line. The D-band seen
in Fig. 3 is attributed to the strong peak carbon structure at
1355 cm−1. The mixed peak deconvolution is divided into two
small peaks at 1592 cm−1 and 1621 cm−1, which correspond
to the G-band and D′-band, respectively. The D′ was associ-
ated with six-membered ring structures and graphene edges,
and D originates from disordered carbon, the G peak comes
from the graphitized carbon.[29] The most prominent feature of
graphene in Raman spectrum is the 2D peak; its position and
shape are clearly distinguished among single-layer, double-
layer, and multi-layer graphene.[31,32] Single-layer graphene
sheet has a single, clear 2D peak below 2700 cm−1.[33,34]

The double-layer graphene sheet has a wider, upshifted 2D
peak below 2700 cm−1.[31,32] Sheets with more than five lay-
ers and larger pieces of graphite exhibit similar spectra[31,32]

with broad 2D peaks shifting up field above 2700 cm−1. The
position and shape of the G peak further prove the graphene
structure of the SiC/GNS composites. Listed in Table 1 are
the full widths at half maximum (FWHM) and relative inten-
sity ratios of band-peaks of D, G, D′, and 2D (ID/IG, ID′/IG,
and I2D/IG) for the Raman spectra in Fig. 3. The large value
of ID/IG indicates that the as-grown carbon material possesses
a large number of defects, which are caused by vacancies, de-
formations, ripples and edges. The most important feature in
Raman spectrum of graphene is 2D peak, and its intensity and

position are widely used to estimate the number of layers in
graphene sample. Raman spectrum indicates a∼ 1592 cm−1 G
peak and a∼ 2692-cm−1 2D peak with I2D/IG∼ 0.46 ratio and
the FWHM2D ∼ 79.86 cm−1. This means that the graphene
structure in the film is multilayer graphene structure.[35] The
graphene flake contains neither the oxygen peak nor the G
peak of the flake appearing at 1580 cm−1.[32,33] For graphite
oxide flakes, the G peak is expanded and shifted significantly
to 1594 cm−1.[36,37] The G peak of the SiC/GNS composites
appears at 1591 cm−1, which indicates the presence of oxygen
in the structure.

Table 1. Full widths at half maximum (FWHM) and relative intensity
ratios of band-peaks of D, G, D′, and 2D (ID/IG, ID′/IG, and I2D/IG)
for Raman spectra in Fig. 3.

Sample FWHM
ID/IG ID′/IG I2D/IGSiC/GNS D band G band 2D band

42.98 43.16 79.86 2.76 0.42 0.46
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Fig. 4. XPS spectra of SiC/GNS composites: (a) C 1s and (b) Si 2p.

To evaluate the quality of SiC/GNSs, XPS spectra of
the SiC/graphene nanosheet film are shown in Fig. 4. As
shown in Fig. 4(a), the C 1s spectrum contains four peaks
at 283.1 eV, 284.7 eV, 285.4 eV, and 286.7 eV, which corre-
spond to C–Si bond,[38] graphite C=C species,[39] localized
alternate hydrocarbon,[30,40] and C–O bond.[41] In Fig. 4(b),
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two peaks related to Si–C (99.8 eV)[38,42] bond and O–Si–C
(102.7 eV)[43] exist in the Si (2p) spectrum of SiC/GNS. Oxy-
gen may come from physically adsorbed oxygen or oxygen-
related contamination.

3.2. Growth mechanism

The ionization rate of HWP is high, the TMS can be
treated as fully ionized, and a large number of active free rad-
icals exist inside the plasma. After a complex gas-phase reac-
tion and a short-chain reaction,[44] SiH, CH, and C2 radicals
are viewed as the primary species for SiC/GNS growth.[45]

The loss of TMS methyl groups and the extraction of hydrogen
are important nucleation approach and growth pathway.[20]

The TMS reactions can be described by the equations in
Ref. [46].

The initial growth mechanism model is given as follows.

(i) Carbon-containing active radicals are adsorbed onto the Si

substrate, and thus forming a very thin carbon layer. (ii) Sil-

icon and carbon combine and fuse to form a sphere with a

size of approximately 230 nm. The SiC nanocrystalline is-

lands completely cover the substrate surface, and thus forming

a rough surface interface layer with many dangling bonds on

the substrate. These dangling bonds are the nucleation sites

for graphene nanocrystals. (iii) Disordered carbon nanosheets

nucleate there and undergo two-dimensional growth to form

nanographene sheets. The formation mechanism of SiC/GNSs

in the Ar/TMS HWP is the polymerization of neutral TMS

fragments. Figure 5 describes the above-mentioned morpho-

logical evolution of SiC/GNSs surface.

nano island

nucleus

SiC/graphene nanosheet 

SiC/graphene nanosheet 

300 nm

300 nm

300 nm
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1 min

3 min
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(d) 10 min
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TMS

Ar HWP

particles collide
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Fig. 5. Illustration of initial growth model of SiC/GNS synthesized on Si substrate; [(a)–(d)] SEM images of SiC/GNS composites deposited at different
times.

High magnification SEM images of SiC/GNSs with dif-
ferent deposition times to observe its growth process are
shown in Figs. 5(a)–5(d). Those results show that nanois-
lands of silicon and carbon initially nucleate during the initial
nanosheet composite growth phase, an interface layer is con-
structed by aggregating the formed silicon and carbon nanois-
lands, and carbon nanosheets then grow at the nuclei on the
interface layer. This is because the SiC nanoparticles agglom-
erate significantly,[47–49] which is consistent with a previous
mechanistic model of SiC/GNS growth.

3.3. Electron temperature

Optical emission spectroscopy is used to diagnose HWP
discharge, and shown Fig. 6. An Hα line is found at 656.2 nm,
meanwhile weak lines for Si (at 288.1 nm and 390.5 nm) and
C (at 516.0 nm and 588.6 nm) species are also recorded. The
lines for Si are found at 288.04 nm and 388.22 nm, which
originate from the dissociation of the TMS. We can deduce

the formation process of active species as follows: ((CH)3)4Si
+ e− → SiH, Si, C2, H. Inert gases such as argon, neon and
helium each play an important role in controlling electron tem-
perature through excitation and ionization.[50] In a local ther-
mal equilibrium (LTE) plasma, the electron temperature is the
same as the excitation temperature, so the most common elec-
tron temperature can be calculated by the light intensity ratio
method.[51] In order to understand the HWP discharge mode,
we choose the two spectral lines 738.3 nm and 801.44 nm
to calculate the electron excitation temperature. The electron
temperatures are determined to be 1.7435 eV.

3.4. Photoluminescence

In addition, the fluorescence characteristics of SiC/GNSs
on different substrates are also studied. Figure 6 shows the
fluorescence spectrum of the SiC/GNSs synthesized at room
temperature at 380 nm. Two strong fluorescence peaks are
observed at 420 nm and 440 nm, the corresponding energies

075201-4



Chin. Phys. B Vol. 30, No. 7 (2021) 075201

are about 2.95 eV and 2.82 eV (1240/wavelength = eV),[52]

respectively. A single PL peak of graphene oxide can be ob-
served in Ref. [53]. Our SiC/GNS sample generates multi-PL
peaks, which indicate that the PL mechanism of SiC/GNS is
complicated. The strong D peaks in Fig. 3 and the large value
of ID/IG indicate that the sample contains the definite sp3 car-
bon and defects.[54] Thus, a bandgap is formed in the sample.
The results of Fanchini et al.[55] indicate that the energy dif-
ference between π∗ state and π state is ∼ 2.5 eV–3.5 eV al-
though the optical gap is lower than 1 eV for carbon materials.
Thus, the PL peaks centered at about 420 nm and 44 nm can
be attributed to the transition between the π∗ and π bands.[56]

The PL results of films deposited on the quartz and silicon
substrates show that their peak positions remain unchanged.
Therefore, the substrate is not necessarily related to the PL per-
formance of the material. The luminescence mechanism may
be related to the quantum size effect of the nanomaterial.[57]

These strong peaks are caused by material morphology, orien-
tation, defects, and dangling bond surfaces.
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Compared with the bandgap of bulk 3C–SiC (2.23 eV),
SiC nanowires (2.07 eV–2.48 eV)[58] and SiC nanoparticles

(2.38 eV–3.10 eV),[59] the PL peak of SiC/GNSs (2.95 eV)
is blue-shifted. Those results indicate that SiC/GNSs have
the potential applications in serving as light-emitting materi-
als with excellent thermal and oxidation stabilities. Therefore,
the synthesis of SiC/GNSs should have broad applications in
blue and ultraviolet light emission, field electron emission, and
display devices.

4. Conclusions
In this study, SiC/GNSs composites are directly and

rapidly synthesized by decomposition of TMS at low pressure,
high density HWP discharge of Ar flow. Raman spectrum
confirms the graphene structure. In the XRD and XPS stud-
ies, the α-SiC and β -SiC are obtained on the surface of the
SiC/GNS composite. Moreover, a diffusion–nucleation pro-
cess describes nanosheet formation. Graphene nanosheets nu-
cleate on many dangling bonds of the SiC nano-islands, then
undergo two-dimensional growth, ultimately resulting in the
formation of SiC/GNS composites. The electron excitation
temperature is calculated to be about 1.7435 eV for the Ar
+ TMS in the HWP during synthesis of samples. Compar-
ing with other SiC, the PL peak of SiC/GNSs (2.95 eV) is
blue-shifted, indicating that SiC/GNSs have the potential ap-
plications in serving as light-emitting materials with excellent
thermal and oxidation stabilities.

Therefore, we expect these SiC/GNS composites to have
broad applications in blue and ultraviolet light emission, field
electron emission, and display devices.
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