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SiC nanocrystal was fabricated at high rate with SiCl, as Si source by thermal plasma enhanced
chemical vapor deposition through the assembly of precursor atoms.
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Abstract

This work applied thermal plasma to enhance the deposition process of SiC nanocrystals with
SiCly and CHy as Si source and C source, respectively. Thin films containing SiC nanocrystals,
a-Si and graphite are deposited on the substrates. The morphology and crystalline structure of the
samples were characterized by SEM, TEM, XRD, etc. SiC nanocrystals were observed being
covered by carbon films and embedded in the network formed by graphite and a-Si. The effect of
SiCly input rate on deposition process and product properties has been studied in detail combining
the characterization and optical emission spectroscopy (OES) diagnostic results. Based on the
OES diagnostic of the plasma zone, the concentrations of atomic Si and C in the gas phase are
justified to be the main factors affecting the deposition process. Finally, a simple deposition
mechanism is deduced depending on the experimental results, which indicates the formation of

SiC nanocrystals through the assembly of atomic species in the plasma.

Introduction

Silicon carbide (SiC) is a well-known wide-bandgap semiconductor for excellent thermal,
mechanical and electrical properties, such as high thermal conductivity, high thermal resistance,
high breakdown voltage, high electron saturation velocity and chemical inertness.”? It has been

the material of choice for high voltage and high current devices operated at elevated
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temperatures.” * It is also biocompatible with blood and can be utilized as the coating material of
artificial joint.” Large-area, high-quality single crystal SiC substrates are nowadays available due
to the development in crystal growth. In recent years, the discovery of new forms of SiC, such as
superlattices and nanocrystals has been triggered by nano-technology. The SiC nanocrystals have
several superior properties in comparison with bulk SiC materials. Among them, the
photoluminescence (PL) property of SiC nanocrystals have been paid close attention to and widely

6-10

studied.” "~ Combined with its biocompatible property, SiC nanocrystals are applied in in vivo

biological imaging as biomarkers which requires the production of SiC nanocrystals in a relatively
large amount. t-1

SiC nanocrystal is conventionally produced by chemical etching or plasma enhanced
chemical vapor deposition (PECVD) method. The fabrication of SiC nanocrystals using

6,7, 15 . .
> This method involves

electrochemical anodization method has been reported since 1990s.
corrosive solutions and the fabrication process is relatively slow, which makes it difficult to be
handled at industrial scale. Wet chemical etching, replacing the electrochemical anodization
method, has become the major method for SiC nanocrystal fabrication presently.g’ 101617 The
prepared nanocrystals have the features of small diameters and narrow size distribution. It is
acknowledged that the wet chemical etching process is simple and can be easily conducted in the
lab. However, this process also involves corrosive solutions which may lead to sewage pollution
when applied on a large scale. PECVD is a relatively cleaner process widely applied for the

18-20

synthesis of nano-materials. To be noted, PECVD is the most commonly used technique for

the production of cubic SiC (3C-SiC, also B-SiC) while also applied for SiC nanocrystal

21-28

fabrication during the past decade.” ™ In general, SiH, and hydrocarbons were used as silicon and



RSC Advances

. 21-23 : . . .
carbon source gas, respectively, while organosilane was used as single source for both Si and

21, 22

C*’. Both radio-frequency (RF) plasma and electron cyclotron resonance (ECR) plasma23

could be adopted in PECVD processes. Moreover, SiC nanocrystal can also be deposited by

24-26, 28
However, these cold plasma

reactive plasma sputtering of bulk Si and C or SiC targets.
enhanced CVD processes all have low deposition rates, which makes it difficult to fabricate SiC
nanocrystal on a large scale and thus hampers the industrial application of SiC nanocrystal.

Thermal plasma intensification has been adopted in high-rate CVD of nanocrystalline silicon
(nc-Si) getting a deposition rate of 9.78 nm s Compared to cold plasma, thermal plasma offers
higher temperature and higher reactive species density, thus offers much higher fluxes of energy
and matter in nanomaterial fabrication.**>' Chaudhry et al.* has utilized a 15 kW thermal plasma
to fabricate polycrystalline SiC and studied the influence of deposition temperature. However, the
analysis of thermal plasma deposition process and product properties is scarce. In this work, SiC
nanocrystal was fabricated using an atmospheric pressure thermal plasma enhanced CVD
(APTPECVD) process and the effect of raw material input rate on deposition process and product
properties was studied. The inductively coupled plasma (ICP) was adopted, which is particularly
appropriate for high-purity product synthesis due to the absence of electrode.

We chose SiCl, instead of SiH, or organosilane as the Si source. SiH, is a hazardous material
because of its pyrophoricity in air,”” while SiCl is chemically more stable, which is liquid at room
temperature. Most of SiCl, comes from the polycrystalline silicon fabrication process using
SIMENS method in photovoltaic industry as the by-product. About 10~15 t high-purity SiCl, is

produced when producing 1 t polycrystalline silicon. This leads to the much lower price of SiCly

than most organosilane and the very large amount of SiCly storage, which makes SiCly a cheap,
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abundant and thus more appropriate Si source for thermal plasma process in comparison with SiHy
and organosilane. To our knowledge, this is the first time that SiCl, is reported to be used as Si
source for SiC nanocrystal fabrication through a PECVD process. Furthermore, optical emission
spectroscopy (OES) diagnostic was carried out during the thermal plasma enhanced CVD process
to analyze the gas phase composition in plasma zone and better understand the plasma deposition

33
process.

Results and discussion

Samples were deposited on both crystalline silicon (c-Si) and glass substrates. X-ray
diffraction (XRD) patterns of samples at different SiCly input rates are shown in Fig. 1. Diffraction
peaks at 35.414°, 41.231°, 59.879° and 71.610° correspond with (111), (200), (220) and (311)
crystal planes of B-SiC. Broadened peaks at 25.782° and 68.545° correspond with (002) plane of
graphite and (400) plane of c-Si, respectively. Silicon is in amorphous phase according to the
diffraction peak structure observed. Therefore, SiC nanocrystals are embedded in a mixture of
graphite and a-Si. Diffraction peak at 29.396° corresponding with (111) plane of c-Si was
observed at very low SiCly input rate, i.e., 0.11 mol h’l, while the intensities of diffraction peaks of
B-SiC are relatively low. So the sample mainly composes a-Si and graphite at very low SiCl, input
rate. However, the intensities of diffraction peaks of (111), (220) and (311) crystal planes of SiC
enhance with the increase of SiCly input rate. The diffraction peak of (200) crystal plane of SiC
becomes notable when SiCl, input rate gets higher than 0.32 mol h'. The broadening of the
diffraction peaks is due to the anisotropic shape of the crystallites, while the relatively large width

of the peaks indicates the presence of very small SiC grain diameters.”® The average diameters of
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SiC grain at different SiCly input rate were calculated using Scherrer’s formula,

_ 092
XRD [BcosO

(1
where /. is the X-ray beam wavelength (A=1.54056 A in this work), § is the broadening of the
X-ray diffraction line expressed in radian.** The average grain diameters were calculated to be in

the range of 21-33 nm and summarized in Table 1.

Graphite  sic(111)
/

(002) Si@\om
SiG(311)

A SiC(200)  sjc(220)

Intensity (a. u.)

20()

Fig. 1 XRD patterns of samples deposited at different SiCly input rate.

Table 1 SiC grain diameters of samples at different SiCl, input rate calculated using Scherrer’s

formula.
SiCl, input rate (mol h™) Grain diameter (nm)
0.11 33
0.21 24

0.32 24
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0.42 29
0.53 32
0.63 21

The results of Raman spectrum analysis agree well with XRD characterization. The typical
Raman spectrum of the sample deposited at SiCl, input rate of 0.53 mol h'is given in Fig. 2(a).
The broad peak centered around 480 cm™ originates from a-Si.”” The peaks at ~1,350 cm™, ~1,580
em’ and ~2,690 cm™ correspond with the D band, G band and 2D band of graphite, respectively.*®
%7 The intensities of D band and 2D band peaks are relatively high, which indicates the existence
of defect in the graphite structure.” Therefore, the composition of the thin film can be determined
to be SiC nanocrystals, a-Si and graphite basing on XRD and Raman spectra analysis results. The
intensities of D band and G band both decrease with increasing SiCly input rate as shown in Fig.
2(b). This may result from the decrease of the amount of graphite in the product with increasing
SiCly input rate. The intensity ratio of D band to G band improves with increasing SiCl, input rate
which means the amount of disordered structures in graphite improves with increasing SiCly input
rate.’® The effect of SiCly input rate on product composition and properties will be further

analyzed and discussed later.
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Fig. 2 (a) Typical Raman spectrum of sample at SiCl, input rate of 0.53 mol h™'; (b) Effect of SiCl,

input rate on intensities of D band, G band and the intensity ratio of D band to G band.
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The samples have porous structures as shown in the scanning electron microscope (SEM)
images in Fig. 3. This porous structure consists of nano-sized spheres and branched networks. All
samples have similar network structures while the diameters of the spheres change with SiCly
input rate. Film thickness was determined basing on the cross-sectional SEM images of the
samples as shown in Fig. 3(e). The deposition rates of the thin films were calculated with that film
thickness analyzed by SEM. The effect of SiCl, input rate on deposition rate is given in Fig. 4.
The deposition rate improves with increasing SiCly input rate. This deposition rate with thermal
plasma enhancement reaches a maximum of ~70 nm s™', which is relatively high compared with

that of cold plasma processesw.
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Fig. 3 SEM images of samples at SiCl, input rate of (a) 0.21 mol h', (b) 0.32 mol h', (c) 0.53 mol

h" and (d) 0.63 mol h™'; (e) A typical cross-sectional SEM image of the sample at SiCl, input rate
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of 0.42 mol h™".
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Fig. 4 Effect of SiCl, input rate on thin film deposition rate.

Transmission electron microscope (TEM) characterization was carried out to further
investigate the morphology of the samples. Fig. 5 shows the typical TEM images of samples at
different SiCl, input rate. SiC nanocrystals and graphite indicated by XRD and Raman spectra
analysis are observed and marked in the images. SiC nanocrystals are formed with the covering of
carbon film and embedded in a network consisting of a-Si and graphite. The diameter of SiC
nanocrystal is in the range from less than 10 nm to larger than 30 nm. The carbon film covering
SiC nanocrystal consists 2-5 layers of graphene. Clear lattice fringes are observed during TEM
analysis. The lattice fringe spacing of SiC grain was determined from the images to be 2.5 A

corresponding to the (111) crystal plane of B-SiC, which agrees well with the fast Fourier
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transformation (FFT) results shown in the figure. Only (111) crystal plane of B-SiC is observed in
FFT images which means (111) is the preferential crystal orientation as shown by XRD results.
Meanwhile, the lattice fringe of (002) crystal plane of graphite can be also identified and the
lattice fringe spacing was determined to be 3.4 A. The (002) crystal plane of graphite is identified
to be the preferential crystal orientation in the FFT image of graphite phase which agrees well
with XRD results. The curve and fracture of graphite phase leading to the high intensity of D band

in Raman analysis is observed in TEM images.
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SiC(111)

Carbon film

Fig. 5 Typical bright field TEM graphs with FFT images of samples at SiCly input rate of (a),(b)

0.42 mol h™'; (¢) 0.53 mol h™".

Surface chemical composition of the samples was analyzed by X-ray photoelectron
spectroscopy (XPS). The surface of the sample consists of Si, C, O and Cl indicated by the survey

XPS spectrum in Fig. 6 (a). The distinct peaks at around 101.82 eV, 284.80 eV, 532.59 eV and
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200.42 eV correspond to Si 2p, C 1s, O s and Cl 2p, respectively. Chemical states of the surface
elements was further analyzed by high-resolution XPS spectra. Moreover, the deconvolution of
the spectra of Si 2p and C 1s was carried out. The Si 2p spectrum can be fitted into 3 peaks at
101.33 eV, 101.75 eV and 103.07 eV corresponding to Si from SiC39, Si from Si0240 and Si from
(-Si(CH3),0-),"", respectively. The C Is spectrum can also be fitted into peaks at 287.42 eV,
287.82 ¢V and 285.92 eV corresponding to C from SiC*, C from graphite” and C from the
carbon network, respectively.** O comes from the oxidation of the sample surface. During thermal
plasma deposition, dangling bonds like Si-Cl, Si-H and Si-CHj; are formed on the surface. These
active bonds can be easily oxidized when contacting with air, leading to the formation of Si-O on

the surface. Cl comes from the remaining dangling bonds on the surface which contains Cl atoms.
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Fig. 6 (a) Survey XPS spectrum of sample deposited at SiCl, input rate of 0.21 mol h™' and spectra

of (b) Si2p and (c) C 1s.
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The C atomic fraction of the samples, defined as the relative atomic fraction of C divided by
the combined fraction of Si and C, was computed based on the analysis of the survey XPS
spectrum. These results are summarized in Fig. 7 (a). The C atomic fraction of the samples
decreases with increasing SiCly input rate. Moreover, the mole fraction of SiC, defined as the
relative mole concentration of Si from SiC divided by the combined mole concentration of Si from
SiC, (-Si(CH3),0-), and SiO,, was calculated from the analysis of the XPS spectrum of Si 2p. The
SiC mole fraction first improves and then decreases with increasing SiCly input rate which can be
seen from Fig. 7 (b). The SiC mole fraction reaches a maximum at SiCl, input rate of 0.21 mol h'

which means the most SiC component was obtained under this condition.

(a) (b)

C Atomic fraction
SiC mole fraction

1 L 1 ! 1 1 1 L L 1 !

L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7

. . -1 O . -1
SiCl, input rate (mol h™) SiCl, input rate (mol h™)

Fig. 7 Effect of SiCl, input rate on (a) C atomic fraction and (b) SiC mole fraction of samples.

To better understand the effect of SiCl, input rate on the deposition process and product
properties, OES diagnostic of the thermal plasma enhanced deposition was carried out. A typical
optical emission spectrum of the thermal plasma deposition at SiCl, input rate of 0.42 mol h™ is
shown in Fig. 8. Excited species like Si’, C, H and Ar’ are observed and marked in the images,

which indicates the sufficient ability of thermal plasma to decompose SiCly, CH4 and H, into
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atomic state. The effect of SiCly input rate on three emission lines was studied, which located at
288.17 nm, 247.83 nm and 656.24 nm corresponding with Si’, C" and H, respectively. As can be
seen from Fig. 9, the emission intensity of Si (288.17 nm) improves with SiCl, input rate and gets
to a platform when SiCl, input rate reaches 0.42 mol h™". In this thermal plasma deposition system,
the effect of precursors input on the electron density of the plasma can be negligible and thus the
emission intensity of Si" and C” linearly correlates with the concentration of atomic Si and C in
the gas phase, respectively.33 Therefore, the increase of SiCl, input rate enhances the concentration
of atomic Si in the gas phase while the concentration of atomic C first improves and then
decreases depending on the OES diagnostic results in Fig. 9. The concentrations of atomic Si and
C in the gas phase are found to be the main factors affecting the deposition process and product
properties. Higher atomic Si concentration in the gas phase leads to more Si deposited in the
sample, resulting in the increase of thin film deposition rate and the decrease of C atomic fraction.
More SiC will be formed with more atomic Si and C in the gas phase when first increasing SiCly
input rate. However, the amount of atomic C then turns to be insufficient and the redundant Si
prefers to form a-Si rather than SiC, leading to the decrease of SiC mole fraction at higher SiCly

input rate.
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Fig. 8 Typical optical emission spectrum of thermal plasma deposition at SiCl, input rate of 0.42

mol h™' in the wavelength of (a) 200-500 nm and (b) 600-100 nm.
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Fig. 9 Effect of SiCl, input rate on the emission intensities of Si (288.17 nm), C (247.83 nm) and

H (656.24 nm).

Based on the characterization and OES diagnostic results summarized above, the deposition
mechanism in the APTPECVD process was simply deduced and shown in Fig. 10. Si source
(SiCly) and C source (CH4) together with H, are imported into thermal plasma where these
precursors are decomposed into atomic Si, C, H and Cl through Eqgs. (2)-(4).

SiCly + M — Si+ 4Cl + M, (M represents e or Ar) 2)

CH,+M— C+4H+M, 3)
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H,+M—-2H+M. “)

When these excited species flow to a low temperature zone, combination between these species

begins, leading to the formation of small molecules, such as HCI and chlorosilanes, and crystal

nucleus through Eqgs. (5)-(8).

H+ Cl — HC], (%)
Si + xH +(4-x)Cl — SiH,Cly, (x=0, 1,2, 3) (6)
Si +C — SiC(s), (7)
C — C(s). (8)

The crystal nucleus grows through collision when they continue to travel in the plasma to places at

a lower temperature. As the input rate of CH, is higher than SiCl;, more C related species are

formed in the plasma. C is found not only in SiC but also in graphite. Small molecules and clusters

prefer to attach on particles previously formed in the plasma, such as SiC nanocystals. Finally,

these particles leave the plasma and deposit on the substrate to form thin film samples. These

result in the morphology observed in Fig. 5, i.e., SiC nanocrystals are covered by carbon films and

embedded in the network formed by graphite and a-Si, and explain the appearance of dangling

bonds on the surface of the sample.
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Fig. 10 Schematic diagram of the deposition mechanism of APTPECVD process.
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Experimental

Fabrication of SiC nanocrystals

The APTPECVD apparatus with OES diagnostic equipment has been discussed elsewhere.””
33 The thermal plasma is generated by a RF plasma source with a power up to 10 kW. SiCl, and
CH, diluted by H, are used as Si and C sources, respectively. Ar is the plasma working gas. The
input rate of SiCly is changed from 0.11 to 0.63 mol h' to study the effect of SiCl, input rate on
the deposition process while the input rate of CH, and H, is fixed at 0.51 and 1.54 mol h™'. The
volatile SiCly precursor is transferred into a plastic injector in the fuming cupboard and pumped
into the deposition system using an injection pump. Both crystalline silicon and glass are used as
substrates.
Characterization

The morphology and nanostructure of the samples are characterized using a scanning electron
microscope (SEM, JSM-6460LV) and a transmission electron microscope (HRTEM, JEM-2010).
The crystal structure of the sample is analyzed by X-ray diffraction (XRD, Bruker D8 Advance)
with monochromatized Cu Ka radiation between scattering angles of 5° and 90° and a micro
Raman spectroscope (Horibra LABRAM-HR) with 532 nm He—Ne laser excitation between
wavelength of 300 and 3000 cm™. The surface elemental composition of the samples is analyzed
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) with Al Ka radiation and the Cls

peak at 284.6 eV as an internal standard.
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Conclusion

SiC nanocrystal is a promising material with potential applications in electronic, photovoltaic
and biological fields. In this work, SiC nanocrystal was fabricated using an APTPECVD process
with SiCly as Si source and CHy as C source. The thermal plasma enhanced CVD process and
product properties were thoroughly studied. The SiC nanocrystals produced are covered by carbon
films and embedded in the network formed by graphite and a-Si. The deposition rate of the thin
film improved with increasing SiCl, input rate and reached a maximum of ~70 nm s™'. The SiC
nanocrystal has an average grain diameter in the range of 21-33 nm. Effect of SiCl, input rate on
the surface chemical composition of the samples was studied, and the C atomic fraction and SiC
mole fraction of the samples were calculated. OES diagnostic was carried out to better understand
the effect of SiCl, input rate on the deposition process. The concentrations of atomic Si and C in
the gas phase were found to be the main factors affecting deposition rate and product properties.
Based on these experimental results, a simple deposition mechanism in the APTPECVD process
was deduced, indicating that SiC nanocrystal is formed by the assembly of atomic species formed

by thermal plasma decomposition of Si and C precursors.
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