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SiC nanocrystals with room temperature red region photoluminescence are fabricated at high rate

in atmospheric pressure thermal plasma using SiCls and C2H: as silicon source and carbon source.

Abstract

High rate fabrication of thin film complex consisting of cubic-SiC nanocrystals, amorphous
silicon and graphite was realized by an atmospheric pressure thermal plasma enhanced chemical

vapor deposition (APTPECVD) process with SiCls and C2H> as silicon source and carbon source,
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respectively. The morphology, crystal structure and surface chemical composition of the products
were characterized. The APTPECVD SiC nanocrystals have average diameters between 18-30 nm.
A room temperature red region photoluminescence (PL) property originated from quantum
confinement effect of these SiC nanocrystals was observed under UV wavelength excitation.
Moreover, pure SiC nanocrystals with red region PL property can be obtained after a simple post-
treatment including calcining and etching processes. These red photoluminescent SiC nanocrystals

could be utilized as biomarkers in bioimaging and drug delivery.

Introduction

Silicon carbide (SiC) is an important group IV wide band gap semiconductor with superior
electronic, thermal and mechanical properties for a large variety of applications, e.g. high-power
electronics at elevated temperatures, light emitting diodes (LED) and photonic devices.:® However,
the indirect band gap of bulk SiC material leads to its weak emission property, which has hampered
its application in optical devices.® This fact stimulated intensive studies of different polytypes and
new forms of SiC.” 8 SiC nanocrystals are found to have several excellent properties such as
photoluminescence (PL) at room temperature.®* This PL property can be attributed to the formation
of a direct band gap and quantum confinement effect in SiC nanocrystals.'>1” The band gap of SiC
nanocrystals is widened as a result of quantum confinement which enhances the PL property and
blueshifts the PL peaks.'®-2! With both PL property and biocompatibility, SiC nanocrystals have
found their way into biomedical applications, such as in vivo bioimaging and drug delivery.?2-?

Plasma enhanced chemical vapor deposition (PECVD) is a conventional method of fabricating

SiC nanocrystals.?®-3 This plasma technique has the ability to dissociate and activate various gas
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precursors.3* Plasma can also sustain gas phase nucleation and the polymerization of nano-sized
nucleates in nanomaterial fabrication process.?® Low pressure cold plasma enhancement is mostly
used in the PECVD of SiC nanocrystals even though this method has a relatively low product
capability. Thermal plasma has the features of high temperature field, high energy density and high
reactive species concentration, which has been applied in the fabrication of nanocrystalline silicon
thin films at high deposition rates.® 3 SiC nanocrystals covered by carbon films and embedded in
the complex of graphite and amorphous silicon (a-Si) have also been fabricated with SiCls and CH4
as silicon and carbon sources in atmospheric pressure thermal plasma.3” Moreover, the deposition
mechanism has been studied by optical emission spectroscopy (OES).3" 28 The reason to choose
SiCly as the precursor is to utilize the large amount of hazardous by-product SiCls from polysilicon
industry. In this work, we aim to produce thin films consisting of SiC nanocrystals by using an
atmospheric pressure thermal plasma enhanced chemical vapor deposition (APTPECVD) process
with SiCls and CzH as silicon and carbon sources, respectively. As the APTPECVD process has
the high deposition rate characteristic, it is anticipated that high efficient conversion of SiCls can be
achieved, which accordingly would make the mass production of SiC nanocrystals feasible. The
high efficient fabrication of SiC nanocrystals has been realized with SiCl, and CH, as precursors.®’
Efforts are made to study the effect of different carbon sources on deposition process and product
properties. In the following contents, the properties of APTPECVD products will be characterized,
among which the room temperature red region PL property is to be reported for the first time.
Furthermore, a simple post-treatment is carried out to remove graphite and a-Si from the product to
receive pure SiC nanocrystals. Considering the high production capability of APTPECVD, this

thermal plasma process may be further utilized to fabricate SiC nanocrystals in large scale for
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biomedical applications.

Results and discussion

The crystal structures of the samples were analyzed by X-ray diffraction (XRD) and Raman
spectroscope. Fig. 1 (a) gives the samples’ XRD patterns which show the existence of cubic-SiC (B-
SiC), a-Si and graphite. Diffraction peaks located at 35.431°, 41.278° and 59.869° correspond to
(111), (200) and (220) crystal planes of B-SiC, respectively. The intensities of diffraction peaks of
B-SiC first increase then decrease with increasing SiCls input rate. The highest diffraction peak
intensity is observed at SiCls input rate of 0.42 mol h. Diffraction peaks located at 29.013° and
69.362° correspond to (111) and (400) crystal planes of crystalline silicon (c-Si). The broadening of
the (111) diffraction peak results from the amorphous feature of silicon in the sample. Besides,
diffraction peak of graphite crystal plane (002) at 25.782° is observed in samples with SiCl, input
rates of 0.42 and 0.52 mol h-%. The intensities of B-SiC diffraction peaks are weaker compared with
those of samples fabricated with SiCl, and CHg as precursors, which means that samples with CoH-
as carbon source have fewer amount of SiC.3” The average grain diameters of SiC nanocrystals
calculated according to Scherrer’s fomular are in the range of 18-30 nm.3® Raman spectra in Fig. 1
(b) give the same result as XRD patterns. The broad peak at ~480 cm™* corresponds to a-Si while
peaks at ~1350, ~1580 and ~2690 cm correspond to graphite’s D band, G band and 2D band,
respectively.®® 4! The relatively high intensities of D band and 2D band peaks should originate from
the high defect density and nanoscale of graphite in the samples.*> The a-Si peak becomes higher
with increasing SiCls input rate which signifies the increase of a-Si amount in the sample with

increasing SiCls input rate. The longitudinal optical (LO) phonon peak at 972 cm™ and transverse
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optical (TO) phonon peak at 796 cm™ originated from B-SiC* are not observed during Raman

spectroscope analysis.
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Fig. 1 (a) XRD patterns and (b) Raman spectra of samples deposited at different SiCls input rates.
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The morphology and microstructure of the samples were characterized by scanning electron
microscope (SEM) and transmission electron microscope (TEM). Fig. 2 shows the SEM and TEM
images of the samples. The sample has a porous coral-like structure. Nano-sized sphere particles
are formed on branched skeletons. As can be seen from TEM images, the sphere particles are SiC
nanocrystals covered by carbon films, and the skeleton is composed of graphite and a-Si. Since SiC
nanocrystals are covered by carbon films, the excitation of these nanocrystals during Raman
spectroscope characterization becomes difficult which explains the absence of B-SiC Raman peaks.
Distinguished lattice fringes of (111) crystal plane of B-SiC with interplanar crystal spacing of 0.25
nm and (002) crystal plane of graphite with interplanar crystal spacing of 0.34 nm can be observed,
which agrees well with the fast Fourier transformation (FFT) results given in TEM images. These
APTPECVD products have similar microstructures with the products of CH, as the carbon source.
Nevertheless, less sphere particles are formed with C,H. as the carbon source than the case with
CHy, as the carbon source, which well explains why the diffraction peaks intensities of B-SiC with
C2H; as the carbon source are lower than those with CH, as the carbon source.®” The deposition rate
of the thin film complex is then calculated based on the film thickness measured by SEM as shown
in Fig. 2 (a). The effect of SiCl, input rate on the deposition rate is given in Fig. 3. The deposition
rate increases with increasing SiCly input rate and reaches higher than 100 nm s after SiCl, input
rate is larger than 0.42 mol h1. The deposition rate is much higher than that of APTPECVD with
CHpa as the carbon source at the same SiCls input rate, which may be caused by the formation of

more porous film structures with C,H> as the carbon source.
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Fig. 2 (a) Typical cross-sectional SEM image of the sample at SiCl, input rate of 0.52 mol h%; (b)
SEM image of sample at SiCl, input rate of 0.31 mol h%; typical bright-field TEM images with

associated FFT patterns of samples at SiCl, input rates of (c) 0.10 mol h?, (d) 0.21 mol h?, (e) 0.31

mol h-tand (f) 0.42 mol h.



Journal of Materials Chemistry C

160 | é
s 120 F

=

g

: o’

= 80}

| ™

=

£

Z a0}

53

a

| ./
| M | n 1 " | M 1
0.1 0.2 0.3 0.4 0.5

SiCl, input rate (mol h)

Fig. 3 Effect of SiCl, input rate on deposition rate of thin film complex.

X-ray photoelectron spectroscopy (XPS) was applied to analyze the surface chemical
composition of the samples and the results are given in Fig. 4. Si, C and O are found on the surface
and their chemical states can be studied by deconvolution of the spectra. Si 2p spectrum is fitted
into peaks at 100.79 eV, 102.69 eV and 103.68 eV corresponding to Si-C in SiC, Si-O in SiOx and
Si-O in SiOy, respectively.*+4¢ Si-O is formed through the oxidation of surface dangling bonds
during the samples’ contact with air.3” This explains the occurrence of O on the surface. As can be
seen from the O 1s spectrum in Fig. 4 (d), O atom mainly exists in Si-O of SiO,. No peak of Si-Si
is observed in Si 2p spectrum, which means that no a-Si exists on the sample’s surface. XPS is
known to be a surface-sensitive technique that analyzes only the top 0-10 nm of the sample. The
surface of the samples is oxidized in air, which may result in the fact that surface Si only appears in

the form of SiC and SiOx. C 1s spectrum is fitted into peaks at 283.79 eV, 284.93 eV and 286.17 eV
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corresponding to Si-C in SiC, C-C in graphite and C-H.*"“8 As can be seen from Fig. 4 (c), the peak
of C-C in graphite has the largest area, which means that C mainly exists in the form of graphite in
the thin film complex. XPS analysis results agree well with XRD and TEM characterization results.
Moreover, the surface mole fractions of C and SiC could be calculated. The surface C mole fraction
is defined as the relative mole fraction of C on the surface divided by the total mole concentration
of surface C and Si while the surface SiC mole fraction is defined as the relative mole concentration
of Si in Si-C of SiC divided by the combined mole concentration of Si-O in SiOx and SiO,. The
effect of SiCl, input rate on surface mole fractions of C and SiC is shown in Fig. 5. The surface C
mole fraction first increases then decreases with increasing SiCls input rate. This indicates that the
increase of SiCls input rate would intensify the decomposition of C,H; at first stage. However, more
Si is deposited while SiCls keeps increasing which results in the increase of Si mole fraction in the
sample and the decrease of C mole fraction. The surface SiC mole fraction increases with increasing
SiCl, input rate and reaches a maximum at SiCly, input rate of 0.42 mol h'%, then the mole fraction
decreases when SiCl, input rate keeps increasing. This result explains the effect of SiCls input rate
on XRD peaks intensities of -SiC. A larger amount of Si will be produced in the gas phase at higher
SiCls input rate so that more SiC will be formed. However, the carbon amount may be insufficient
as too much Si exists in the gas phase, which will lead to the formation of a-Si other than SiC and

cause the decrease of SiC mole fraction.
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Fig. 5 Effect of SiCls input rate on (a) surface C atomic fraction and (b) surface SiC mole fraction

of samples.

The PL property of SiC nanocrystals suspended in ethanol was further studied. The excitation
is in the ultra-violet (UV) wavelength region and the effect of excitation wavelength was studied.
As shown in Fig. 6, the emission shows a small red shift as the excitation moves toward 280 nm,
which agrees well with the prediction of quantum confinement effect!’. A strong PL in red
wavelength region with the excitation of 280 nm laser is observed, as shown in Fig. 6. This red
region emission originats from quantum confinement effects of SiC nanocrystals in the sample. The
relatively larger average diameter makes the samples’ PL in red region, which differs from SiC
quantum dots’ UV-green region emission.*” 22 Red region emission is desirable for in vivo studies
since photons in this region can penetrate deeply in organic tissues.?® This shows the potential

application of APTPECVD SiC nanocrystals in bioimaging and drug delivery.
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Fig. 6 PL spectra of SiC nanocrystals deposited at SiCls input rate of 0.31 mol h and suspended in

ethanol with different excitation wavelength.

When applied in in vivo system, the thin film complex should be purified to obtain pure SiC
nanocrystals. Fig. 7 shows the thermal gravity analysis (TGA) results of samples at different SiCl,
input rates. The largest weight-loss ratio is observed in the temperature range of 550-650 °C, which
is the main decomposition temperature of C in oxygen. Since both C and a-Si could be oxidized, a
post-treatment including calcinnation and HF solution etching was carried out to remove C and a-
Si from the complex. The sample was first calcined in air at 650 °C to oxidize a-Si to SiO; and to
remove C. Then, the calcined sample was treated by 20% HF solution to remove SiO,. Finally, pure

SiC nanocrystals were obtained after washing and drying.
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Fig. 7 (a) TGA spectra in O, atmosphere and (b) the 1% derivative curve of TGA spectra of samples

at different SiCl, input rates.
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TEM images of samples before and after post-treatment are given in Fig. 8. Before post-

treatment, SiC nanocrystals are covered by carbon films and embedded in a complex consisting of

a-Si and graphite. After post-treatment, carbon films covering SiC nanocrystals disappear and so

does the skeleton complex consisting of a-Si and graphite. Thus, pure SiC nanocrystals can be

fabricated combining APTPECVD and a simple post-treatment process. Clear lattice fringes of -

SiC (111) crystal plane are observed. Meanwhile, FFT results show clear diffraction pattern of -

SiC (111) crystal plane. PL property of samples after post-treatment is shown in Fig. 9. The samples

after treatment still have emission in red region while the emission shows a small blue-shift

compared with raw samples. The high temperature calcination process may affect the crystal

structure and defect state of SiC nanocrystals resulting in the change of PL property.
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Fig. 8 Bright-field TEM images with associated FFT patterns of (a) raw samples at SiCl, input rates

of 0.31 mol h?, (b)(c)(d) samples at SiCls input rates of 0.21, 0.31 and 0.42 mol h* after post-

treatment.
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Experimental

Fabrication of SiC nanocrystals

SiC nanocrystals were fabricated by APTPECVD with thermal plasma generated by 10 kW RF
plasma source. Detailed information of this APTPECVD apparatus could be found elsewhere.*® The
plasma working gas was Ar. SiCls and C2H. diluted by H> were used as silicon source and carbon
source, respectively. SiCls input rate was changed from 0.10 to 0.52 mol h™ to study its effect on

deposition process. The input rates of CoH, and H, were fixed at 0.13 mol h"* and 2.27 mol h'. Both

(111) c-Si and glass were used as substrates.

Post-treatment

650 675
Wavelength (nm)

700
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The post-treatment includes both calcination and etching processes. First, the sample was
calcined at 650 °C for 3 h in air, during which C was oxidized to CO,/CO and a-Si was oxidized to
SiO,. Then, the sample was etched by 20% HF solution at room temperature with ultrasonic
vibration for 30 min to remove SiO,. The ultrasonic frequency was 80 kHz. The solution with
suspended nanocrystals was centrifuged at 8,000 rpm for 5 min to remove surplus acid. The obtained
nanocrystals were washed and dried at 70 °C for hours. Finally, ethanol was added to suspend the
SiC nanocrystals with ultrasonic vibration for 30 min.

Characterization

The microstructure of the samples were characterized by SEM (JSM-6460LV) and TEM (JEM-
2010). The crystal structure of the samples were analyzed by XRD (Bruker D8 Advance) with
monochromatized Cu Ka radiation and Raman spectroscope (Horibra LABRAM-HR) with 532 nm
He—Ne laser excitation. The surface chemistry of the samples was analyzed using XPS (ESCALAB

250Xi) with Al Ko, radiation, and the C 1s peak at 284.6 eV was used as an internal standard.

Conclusion

SiC nanocrystals have superior chemical, physical and mechanical properties, e.g.
biocompatibility and PL property, which have various potential applications in electronic and
biological systems. In this work, thin film complex consisting SiC nanocrystals, a-Si and graphite
was fabricated by APTPECVD with deposition rates up to 150 nm s*. The SiC nanocrystals have
average diameters in the range of 18-30 nm. The effect of SiCl, input rate on deposition rate and
product properties was studied. A room temperature red region PL property of SiC nanocrystals was

observed with 280 nm laser excitation. After a simple post-treatment process, C and a-Si were
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removed from the complex and pure SiC nanocrystals were obtained. These SiC nanocrystals
fabricated by APTPECVD with red region emission have potential applications in in vivo systems

such as biomarkers for bioimaging and drug delivery.
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