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ABSTRACT: We have developed a novel single-step technique SiH./Ar CoH,
based on nonthermal, radio frequency (rf) plasmas to synthesize sub- l l

10 nm, core—shell, carbon-coated crystalline Si (c-Si) nanoparticles
(NPs) for potential application in Li* batteries and as fluorescent
markers. Hydrogen-terminated c¢-Si NPs nucleate and grow in a SiH,-
containing, low-temperature plasma in the upstream section of a
tubular quartz reactor. The c¢-Si NPs are then transported
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downstream by gas flow, and are coated with amorphous carbon

(a-C) in a second C,H,-containing plasma. X-ray diffraction (XRD), X-ray photoelectron spectroscopy, and in situ attenuated
total reflection Fourier transform infrared spectroscopy show that a thin, < 1 nm, 3C-SiC layer forms at the ¢-Si/a-C interface. By
varying the downstream C,H, plasma rf power, we can alter the nature of the a-C coating as well as the thickness of the
interfacial 3C-SiC layer. The transmission electron microscopy (TEM) analysis is in agreement with the Si NP core size
determined by Raman spectroscopy, photoluminescence spectroscopy, and XRD analysis. The size of the ¢-Si NP core, and the
corresponding light emission from these NPs, was directly controlled by varying the thickness of the interfacial 3C-SiC layer.
This size tunable emission thus also demonstrates the versatility of this technique for synthesizing c-Si NPs for potential
applications in light emitting diodes, biological markers, and nanocrystal inks.
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1. INTRODUCTION

Recent advances in portable electronics, mobile communica-
tion, and electric vehicles have increased the need for efficient
energy storage and conversion devices."” Lithium-ion batteries
(LIBs) due to their high energy and power density, high
operating voltage, and low self-discharge and maintenance, are
attractive candidates for energy storage.' ™ To further improve
the existing LIB technology, it is necessary to develop new
materials that enable significantly higher charge capacities.®’
Silicon is considered one of the most promising anode
materials for LIBs due to its high theoretical charge capacity
(~4200 mAh/g), which is nearly ten times that for the
conventional anode material, graphite (~372 mAh/ g).3’4
However, there are several challenges associated with the use
of bulk Si as the anode material. Upon lithiation, Si undergoes a
significant volume expansion, ~300%,>"> and the resulting
stress leads to electrode pulverization and a subsequent loss of
electrical contact between the Si fragments.>™> Additionally,
fresh electrode surfaces, created due to pulverization of Si
during continuous expansion and contraction cycles, are
exposed to the electrolyte resulting in electrolyte decom-
position on the Si surface, and the formation of a thick solid
electrolyte interface (SEI) layer.*>®® These factors lead to a
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rapid decrease in battery capacity after the first few charging
and discharging cycles. In addition, since the conductivity of Li*
in Si is low, use of bulk Si leads to an increased cycle
duration.'®'" Silicon nanostructures coated with carbon, have
been proposed as a possible solution to circumvent these
challenges, and numerous recent reports indicate promising
results for carbon-coated Si nanostructures.”'"'? However,
these nanostructures often require a complex synthesis route
involving multiple steps.'>~** Additionally, the critical size of
the nanostructures under which crack initiation and prop-
agation would become energetically unfavorable has not yet
been accurately determined.”'® Recent reports suggest that
sub-10 nm Si nanoparticles (NPs) may demonstrate better
capacity retention.'” "

Previously, nonthermal plasma synthesis has been shown to
be a scalable method for the synthesis of monodisperse, H-
terminated, crystalline Si (¢c-Si) NPs with excellent control over
their size.?°™>* Later, Coulombe and co-workers introduced a
dual-plasma technique for the synthesis of surface-function-
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Figure 1. Schematic of the tubular reactor equipped with two radio frequency, capacitively-coupled plasma sources used to synthesize carbon-coated
¢-Si NPs. The ¢-Si NPs were synthesized in the upstream plasma using SiH, heavily diluted in Ar. C,H, was injected into the tube beyond the
afterglow region of the SiH,/Ar plasma. The as-synthesized c-Si NPs were transported by gas flow to the downstream C,H, plasma, where they were
coated in flight with amorphous carbon and collected onto a ZnSe internal reflection crystal for characterization using surface infrared spectroscopy.

alized NPs***® In this article, we describe a single-step,
nonthermal, radio frequency (rf) plasma synthesis technique for
the growth of sub-10 nm, carbon-coated Si NPs using two
capacitively-coupled plasmas in series. We show that the ¢-Si
NPs nucleated and grew in the upstream SiH,-containing
plasma with >90% feed gas depletion. These ¢-Si NPs were
coated with amorphous carbon (a-C) downstream in-flight in a
C,H,-containing plasma.

2. EXPERIMENTAL DETAILS

2.1. Plasma Synthesis Setup. A schematic of the tubular quartz
reactor used to synthesize the carbon-coated ¢-Si NPs is shown in
Figure 1. The total length of the quartz tube between the two vacuum
flanges, the external tube diameter, and the tube wall thickness were
340, 9.5, and 1 mm, respectively. The reactor was evacuated with a
mechanical pump (Edwards E2M28) with a base pressure of ~6
mTorr. The two nonthermal, capacitively-coupled plasma sources were
independently rf-powered at 13.56 MHz via #-type impedance
matching networks. The ¢-Si NP synthesis technique was similar to
the one reported previously by Kortshagen and co-workers.”® The
upstream plasma consisted of two Cu ring electrodes with an internal
diameter and width of 9.5 and 10 mm, respectively. The rf-powered
electrode was 50 mm from the upstream flange with the grounded
electrode 30 mm further downstream from the rf-powered electrode.
SiH, (1.4 standard cm®/min (sccm)), heavily diluted in Ar (275
sccm), was injected upstream via mass flow controllers (see Figure
1).2%*%2¢ The rf power to the upstream plasma was set at 50 W
(RFVII RF-3 power supply with MN-500 matching network).
Previously, we have shown that at an rf power of S0 W in the
upstream plasma, the depletion of SiH, was ~90%.>* C,H, was
injected at 300 sccms through a mass flow controller into the quartz
tube, 18 cm from the upstream vacuum flange. The injection point was
chosen such that it was beyond the afterglow region of the upstream
SiH,/Ar plasma. This afterglow extended ~3 cm downstream from the
grounded electrode (see Figure 1). The rf-powered Cu ring electrode
for the second plasma source was placed 3 cm from the downstream
vacuum flange, which was also used as the grounded electrode. The rf
power to the C,H, plasma was over the range of 40—135 W (RFPP 5SS
power supply with in-house-built matching network). The pressure
was measured upstream using a capacitance manometer.

2.2. Plasma and Surface Diagnostics. Optical emission
spectroscopy (OES) data was recorded by sampling light through a
quartz window placed upstream from the plasma (see Figure 1). The
emission intensities for the Ar (2p; — 1s,, 750.4 nm)”” and C, radical
(Az’l_[g — X%II, 516.5 nm)>® lines were monitored with and without
downstream C,H, injection. The Si NPs were transported by gas flow
into to an in-house-built surface analysis chamber equipped with an in
situ attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy setup.”’ The Si NPs were collected at room temperature

onto a 50 X 10 X 1 mm trapezoidal ZnSe internal reflection crystal
(IRC) with their short edges beveled at 45°. In the ATR mode, at
room temperature, ZnSe is transparent in the infrared up to ~700
cm™". Infrared data were recorded over the spectral range of 700—
4000 cm™ at a resolution of 4 cm™" using S00 averages. All infrared
spectra were recorded as difference spectra, where a reference
spectrum was collected before the NPs were deposited onto the
IRC. For ex situ characterization, the Si NPs were collected on to a c-
Si(100) wafer placed adjacent to the ZnSe IRC. Photoluminescence
studies were performed ex situ with excitation from a 365 nm laser
diode (ThorLabs). Photoluminescence (PL) from these Si NCs was
collected through a 4.5” quartz viewport, and focused with a quartz
lens into an Ocean Optics (QP1000—2-VIS-NIR) optical fiber that
directed the light to a spectrometer (Si charge-coupled device, Ocean
Optics) with a spectral resolution of 0.36 nm. The PL spectra were
corrected for the system response by calibrating with a tungsten lamp,
which was at a temperature of 3100 K. The crystallinity of the carbon-
coated Si NPs was characterized using ex situ X-ray diffraction (XRD)
(Philips X'Pert Pro Diffractometer, Cu Ka source), the data were
recorded with a resolution of 0.05° over 20 = 20—60°. Raman
spectroscopy (Jasco NRS-3100, 532 nm laser) and transmission
electron microscopy (TEM) (Philips (FEI) CM200) analysis were
used to determine the size of the core of the Si NPs and the structure
of the a-C coating. X-ray photoelectron spectroscopy (XPS) analysis
of the carbon-coated ¢-Si NPs was performed (Kratos Nova) with a
monochromatic Al Ka source operated at 300 W. The ¢-Si NPs were
pressed onto a nonconductive adhesive tape, and during acquisition of
the spectra were subject to charge compensation using low-energy
electrons. Survey and high-resolution spectra of C 1s, O 1s, and Si 2p
regions were acquired at pass energies of 160 and 20 eV, respectively.
Data analysis was performed using the CasaXPS software, and
included linear background subtraction, smoothing, charge referenc-
ing, and curve-fitting. The spectra were calibrated by setting the Au 4f
peak to 84 eV. High-resolution Si 2p spectra were fitted with a series of
Gaussian—Lorentzian functions. Each Si peak contains 2p;/, and 2p, ),
components constrained to have ratio of 0.67 in area under the peak
with a separation of 0.6 eV. Elemental concentrations and distribution
of species in the Si 2p spectra are reported as average values, based on
analysis of three different areas on a sample.

3. RESULTS AND DISCUSSION

The OES data in Figure 2 shows that injection of C,H,
downstream did not perturb the upstream SiH,/Ar plasma
significantly. The emission intensity of the C, line in the
upstream plasma at 516.5 nm remained essentially unchanged
suggesting minimal back diffusion of C,H, or its radical
fragments to the upstream ¢-Si NP synthesis plasma.
Emission from the Ar line in the upstream plasma at 750.4
nm decreased in intensity by ~10%, most likely due to the
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Figure 2. Optical emission spectra showing the effect of C,H,
injection on the upstream c¢-Si NP synthesis plasma. The emission
intensities for the Ar and C, radical lines at 750.4 and 516.5 nm,
respectively, were monitored in the upstream plasma prior to and after
downstream C,H, injection.

change in the upstream pressure from 5.3 to 7.3 Torr upon
injection of C,H, downstream. Thus, the OES data in Figure 2
confirms that the two plasma sources were operated nearly
independent of each other: H-terminated ¢-Si NPs were
synthesized in the upstream plasma where SiH, was almost
completely depleted, and these NPs were coated with a-C in
the downstream C,H, plasma. The size of the Si NPs
synthesized using the nonthermal plasma technique has been
shown to depend on the gas pressure.”"*° To isolate the effects
of the downstream C,H, plasma, all the experiments in this
work were performed at constant gas flow rates while varying
only the C,H, plasma 1f power. Figure 3 shows in situ infrared
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Figure 3. In situ infrared difference spectra for carbon-coated ¢-Si NPs
grown at (a) 40 and (b) 90 W rf power to the downstream C,H,
plasma.

spectra for carbon-coated ¢-Si NPs synthesized at 40 and 90 W
if power to the downstream C,H, plasma. As reported
previously, the surface of SiH,-plasma-synthesized ¢-Si NPs is
terminated with SiH, (x = 1,2, 3) groups.zz’31 As OES indicates
no back diffusion of C,H, to the upstream plasma, the ¢-Si NPs
synthesized in the upstream plasma are also expected to be H-
terminated. These H-terminated NPs are then carbon-coated in
flight when exposed to reactive hydrocarbon radicals in the
downstream C,H, rf plasma. In addition to C,H, gas, the
downstream plasma contained Ar and a small fraction of SiH,,
which was injected upstream. When the C,H, plasma was
operated at 40 W rf power, the infrared spectrum (see Figure 3,
spectrum “a”) shows a strong absorption band centered at

~2100 cm™, which was assigned to the SiH, (x = 1, 2, 3)
stretching mode.”” This indicates that the surface of the ¢-Si
NPs after carbon coating was still predominantly H-terminated.
In addition, we also observed an increase in absorbance in the
750—950, 950—1400, 1400—1700, and 2800—3400 cm™"
regions, which have been assigned to the SiC stretching
mode, CH, deformation modes, C=C stretching modes, and
CH, stretching modes, respectively.”**>™>° The presence of
various C-containing species detected by infrared spectroscopy
clearly suggests the formation of an a-C coating around the ¢-Si
NPs in the downstream C,H, plasma.‘m_42 The CH, stretching
modes in the 2800—3400 cm ™' region were further categorized
based on the hybridization of the C atom. The vibrational
modes in the 2800—2980 and 2980—3100 cm ™' region were
assigned to the sp’-and sp>-hybridized CH, species, respec-
tively. 23534143 The CH, stretching modes in the 3000—3100
cm™' region were assigned to the aromatic sp’-hybridized
species, which indicates the formation of aromatic ring
structures in the a-C coating around ¢-Si NPs.**** The
peak centered at ~3300 cm™' was assigned to the CH
stretching mode for sp-hybridized species indicating alkenyl
termination of the surface of ¢-Si NPs, in addition to the SiH,
groups.®”** In addition, the SiC stretching vibration in the
750—950 cm™' region was attributed to the transverse optical
(TO) phonon mode of SiC>*3*3%3¢ Thus, the infrared
spectrum in Figure 3 (spectrum “a”) suggests that SiC is
formed at the c¢-Si/a-C interface due to the reaction of
hydrocarbon radicals with the H-terminated c¢-Si surface.
When the downstream C,H, plasma was operated at higher
if power, 90 W, (see Figure 3, spectrum “b”), we observed
almost no absorption in the SiH, stretching region at ~2100
cm™! as compared to a strong absorption band in the 750—950
cm™! region corresponding to the Si—C stretching mode in
SiC. At higher rf power to the C,H, plasma, the hydrocarbon
radical density and the NP temperature are expected to be
higher.”>* The reaction of these hydrocarbon radicals with the
surface of ¢-Si NPs resulted in the formation of a significant
amount of SiC on the NP surface at the ¢-Si/a-C interface, and
almost complete consumption of surface SiH, (x = 1, 2, 3)
species. This SiC is not expected to be on the outermost surface
since SiH, is almost completely depleted in the upstream
region, and the flow rate of C,H, (300 sccm) into the
downstream plasma is more than 3 orders of magnitude greater
the undepleted SiH, (~10% of 1.4 sccm). In addition, in
spectrum “b” in Figure 3, we also observed a change in the
shape and relative intensities of the different CH, and C=C
stretching regions as compared to spectrum “a” in Figure 3: this
clearly indicates that changing the downstream plasma rf power
from 40 to 90 W also affected the H-content and the sp*/sp’
hybridization ratio of the C atoms in the a-C coating. To study
this effect of plasma power on the type of a-C layer deposited,
we deconvoluted the CH,, stretching region for carbon-coated
¢-Si NPs synthesized at three different downstream plasma rf
powers — 40, 60, and 90 W (see Figure 4). Deconvolution of
the infrared spectra based on peak assignments in the literature
enabled us to determine the relative changes in the
concentration of the various hybridization states of the C
atoms present in the a-C network. The infrared spectra were
deconvoluted using four Gaussian line-shapes with peaks
centered at ~2880, ~2930, ~2970, and ~3050 cm™'. The
peaks centered at ~2880 and ~2970 cm™' were assigned to
symmetric and antisymmetric stretching modes of CHj, while
the peak at ~2930 cm™' was assigned to the symmetric
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Figure 4. Infrared difference spectra showing the CH, stretching
region for carbon-coated ¢-Si NPs synthesized at (a) 40 W, (b) 60 W,
and (c) 90 W rf power to the downstream C,H, plasma. The spectra
were deconvoluted with four Gaussian line shapes. The ratio of the
integrated absorbance of the sp*-hybridized carbon to that of the sp*-
hybridized carbon increased with increasing downstream plasma rf
power.

stretching mode of sp*-hybridized CH,.****3%**3* The peak
at ~3050 cm™' was assigned to the stretching mode for sp*-
hybridized CH.>*** The integrated absorbance for each of the
deconvoluted vibrational modes (see Figure 4) is directly
proportional to correspondinég bond density and its infrared
absorption cross section.”>*® Since the infrared absorption
cross section of various CH stretching vibrations in a-C are not
reported in the literature, we estimated the sp’-to-sp®
hybridized C ratio in the a-C network by taking the ratio of
total integrated absorbances of the sp* and sp* hybridized CH,
species. This ratio was 0.27, 0.43, and 0.60 at 40, 60, and 90 W,
respectively, clearly indicating that the fraction of graphitic or
aromatic sp>-hybridized C content increased with the down-
stream plasma power, regardless of the infrared absorption
cross section of the individual bands. According to previous
reports in literature, the sp* content of a-C films was shown to
increase upon thermal annealing due to the atomic H
desorption from the sp*-hybridized C atoms, and subsequent
local restructuring to sp>-hybridized C.**™* In our experi-
ments, this observation can be explained based on the plasma-
induced heating of the carbon-coated ¢-Si NPs due to the
exothermic jon-electron and neutral-neutral recombination

reactions that occur on the NP surface in a plasma
environment.””*>* Previous reports suggest that these
exothermic reactions result in Si NP heating to temperatures
that are sufficiently high for crystallization (>800 K) given that
their melting point is significantly reduced compared to bulk c-
S$i* The maximum temperature of the NPs in the plasma
depends on the applied rf power.”***** Previously, we showed
that heating of Si NPs in the plasma not only affects their
crystallinity, but also affects the surface SiH, (x = 1,2,3)
composition, as the population of higher hydrides decreases
due to their lower thermal stability.”> Similarly, as the
downstream C,H, plasma rf power is increased, the core—
shell NPs reach higher temperatures,zo’zz’45 which leads to H-
desorption from sp® C and thus a higher sp* C content in the a-
C network.

Our previous studies show that the PL emission energy from
these ¢-Si NPs is consistent with quantum confinement effects,
which results in a NP-size-dependent band gap.”* Thus, the
emission energy can be used to estimate the average size of the
¢-Si NPs.>">* Figure 5 shows normalized PL spectra for c-Si
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Figure S. Normalized PL spectra for uncoated (black) and carbon-
coated (red) ¢-Si NPs. The carbon coating was accompanied by the
formation of a 3C-SiC at the c¢-Si/a-C interface, which led to the
consumption of surface Si, and a reduction in the size of the NP core.
In the quantum confinement regime, this causes a blue-shift in the PL
peak position.

NPs synthesized with the downstream C,H, plasma turned off,
and carbon-coated ¢-Si NPs synthesized with the downstream
C,H, plasma operated at 90 W 1f power. Since in both
experiments the upstream NP synthesis conditions were
identical, we attribute the blueshift from 930 nm for the
primarily H-terminated ¢-Si NPs to 655 nm for carbon-coated
¢-Si NPs to the consumption of the Si core due to reaction with
a-C to form SiC: this is also consistent with the infrared data in
Figure 3, which shows infrared absorption due to the Si—C
stretching vibrations.

Using accepted quantum confinement models for ¢-Si, this
blueshift in emission corresponds to a reduction in the Si core
size from ~5.8 to ~3.2 nm.’° Additionally, when the
downstream C,H, plasma was operated at the lowest rf
power (40 W), we observed an absorbance band due to
stretching vibrations of surface SiH, (x = 1,2,3) (Figure 3,
spectrum (a)) species suggesting all surface Si atoms in the core
were not bonded to C atoms in the coating. However, when the
C,H, plasma power was increased to 90 W, almost all the
surface SiH, (x = 1,2,3) species were consumed indicating a
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denser shell structure (Figure 3, spectrum (a)). This suggests
the C,H, plasma has to be operated at high powers to ensure a
dense coating. Hence, to determine the effect of the C,H,
plasma 1f power on the carbon-coated Si NPs, all further
characterization results presented below are for C,H, plasma rf
powers between 90 and 135 W.

To determine the structure of the interfacial SiC layer, we
performed XRD analysis on Si NPs that were synthesized at
different rf powers for downstream plasma, but otherwise
identical process conditions. The diffractograms in Figure 6

Si(111) 3C-SIC (111) Si(220) Si(311)
. N
o, 4
= \ 4
B Mol
WM
20 30 40 50 60

20 (degrees)

Figure 6. XRD patterns for the c-Si NPs grown at (a) 0, (b) 105, and
(c) 135 W tf power to the downstream C,H, plasma, but identical
upstream plasma conditions. As the C,H, plasma rf power was
increased, the amount of 3C-SiC formed at the ¢-Si/a-C interface
increased, which is indicated by the increase in the relative intensity of
the 3C-SiC (111) diffraction peak compared to the Si (111) diffraction
peak.

show that when the rf power to the downstream plasma was
turned off, diffraction peaks appeared corresponding to the
(111), (220), and (311) crystallographic planes of Si indicating
the presence of c¢-Si NPs.> At 105 W rf power to the
downstream C,H, plasma (pattern (b)), we also observed an
additional diffraction peak at 20 = 36°, which corresponds to
the (111) crystallographic plane of 3C-SiC.>>** Diffraction
peaks corresponding to other crystallographic planes of 3C-SiC
lie outside the range of measurements in Figure 6. The
presence of the 3C-SiC(111) peak in pattern “b” in Figure 6
clearly suggests that a crystalline SiC layer forms at the ¢-Si/a-C
interface in the downstream C,H, plasma due to carburization
of surface Si atoms in the Si NPs. When the downstream C,H,
plasma rf power was further increased to 135 W (see pattern
(c)), we observed an increase in intensity for the 3C-SiC(111)
peak as compared to the Si(111) peak showing that the extent
of carburization of surface Si atoms increases at higher rf power
to the C,H, plasma: we attribute this increase in surface
carburization to a higher NP temperature***
higher flux of hydrocarbon radicals to the NP surface. In
multicomponent mixtures, the integrated intensity of an XRD
peak for a particular component depends upon its volume
fraction in the mixture, the crystal structure parameters of the
phase such as the structure and the multiplicity factors, and the
linear absorption coefficient of the phase.** Therefore, by
comparing the integrated intensities of the (111) peaks for Si
and 3C-SiC we can quantitatively estimate the volume fractions
of the two phases in the mixture using the expression in eq 1.

combined with a

L SiC

I(111) |Fg;(111)P (LSi]'uSiCVSZiCVSi
Igic(111) lFSiC(111)|2 ﬂSiVsziVSiC (1)

In eq 1 above, I is the integrated intensity of the diffraction
peak, F is the structure factor, L is the Lorentz polarization
factor, v is the volume of the unit cell, V is the volume fraction,
and u is the linear absorption coeflicient. The subscripts in eq 1
indicate the crystalline material, and the parentheses contain
the Miller indices for the crystallographic plane. The linear
absorption coefficient for 3C-SiC, pg;c, was calculated based on
the linear absorption coeflicients of Si and C and their
respective weight fractions in 3C-SiC according to eq 2
below,>*

[”&c]_ [ﬂSi] [/‘c]
— | =wa| — | T w| —
Psic Ps; Pc ()

where, w is the weight fraction of Si or C in SiC, and p is the
density. Thus, the expressions in eq 1 and 2, with pug/pg =
65.32 cmz/g and uc/pc = 4219 cmz/g for Cu Ka radiation,54
can be used to determine the volume ratio of Si and 3C-SiC.

When the downstream C,H, plasma rf power was turned off,
using PL measurements (see Figure 5), the average size of the
¢-Si NPs was estimated to be ~5.8 nm. As the two plasmas
operate practically independent of each other, changing the
downstream C,H, plasma rf power would not affect the size of
the ¢-Si NPs synthesized in the upstream plasma. Hence, the
change in size of the ¢-Si NPs is almost entirely due to
formation of the 3C-SiC shell in the downstream C,H, plasma.
Therefore, by calculating the volume fractions of the ¢-Si and
3C-SiC from the XRD patterns (see eqs 1 and 2), we can
estimate the size of the ¢-Si core and the thickness of the 3C-
SiC shell. The quantitative XRD analysis shows that as the
downstream C,H, plasma rf power increased, the volume
fraction of 3C-SiC also increased, which led to a decrease in the
size of the ¢-Si core of the NPs. For the ¢-Si NPs synthesized at
C,H, plasma rf powers of 105 and 135 W, we estimated the
~5.8 nm-diameter ¢-Si core was reduced to ~4.6 and 3.5 nm,
respectively, due to carburization which results in a 3C-SiC
layer of ~0.5 and 0.7 nm, respectively.

The 3C-SiC interlayer was formed by the reaction between
the a-C coating and the ¢-Si NP core. On the basis of previous
work by Mangolini and Kortshagen,55 an increase in the C,H,/
Ar plasma rf power is expected to lead to an increase in the
average temperature and the magnitude of the temperature
fluctuation of these carbon-coated ¢-Si NPs in the downstream
plasma. As the NP temperature increases, we expect that the
extent of carburization of the ¢-Si NP core increases due to
enhanced diffusion of the C atoms from the outer 4-C coating,
through the intermediate 3C-SiC layer, into the ¢-Si core.

The ¢-Si NPs synthesized at 135 W C,H, plasma rf power
were further characterized via Raman spectroscopy (see Figure
7(a)). The Raman-active transverse optical phonon mode for
bulk ¢-Si is at 521 cm™!, which red-shifts in ¢-Si nanostructures
due to phonon confinement.**~® Therefore, the position of
the Raman band in nanostructured c-Si provides an estimate of
the average size of the nanocrystals. The Raman spectrum in
Figure 7(a) was deconvoluted over the 300—600 cm ™" region
using a Lorentzian line shape for ¢-Si centered at ~510 cm™
and a Gaussian line shape centered at ~450 cm™" (see Figure
7(b)).

The red-shift in the ¢-Si phonon band from 521 to 510 cm™
corresponds to ¢-Si NPs with an average core size of ~3.5

dx.doi.org/10.1021/am504913n | ACS Appl. Mater. Interfaces 2014, 6, 19026—19034
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Figure 7. (a) Raman spectrum showing the presence of ¢-Si NPs, a-C,
and 3C-SiC for carbon-coated ¢-Si NPs grown at 135 W rf power to
the C,H, plasma. (b) The ¢-Si region was fit using a Lorentzian line
shape centered at $10 cm™, while the shoulder attributed to a-C, was
fit with a Gaussian line shape centered at ~450 cm™. The a-C region
was fit with a Lorentzian centered at ~1345 cm™ (D band), and a
Breit—Wigner—Fano line shape centered at ~1576 cm™ (G band).

nm.>”® The peak at ~450 cm ™" was attributed to the bending
modes of the sp-hybridized C present in the outermost a-C
coating around the c¢-Si NPs.*’ Additionally, the Raman
spectrum also contains a distinct band over the 1100—2000
cm™" region (see Figure 7 (a)), which was deconvoluted using
two Gaussian line shapes centered at ~1576 and ~1345 cm™
assigned to the G and D bands of a-C (see Figure 7(b)).506!

The G peak in the Raman spectrum for a-C is observed due
to the sp” stretching vibrations of the aromatic or olefinic chain
structures, while the D peak arises due to structural disorder,
and requires the presence of six-membered aromatic rings.*’
Thus, the presence of the D band in the Raman spectrum
confirms the presence of a graphitic fraction in the 4-C coating.
Finally, in the Raman spectrum in Figure 7(a), we also
observed a band at ~940 cm™', which was assigned to the
longitudinal optical phonon mode of 3C-SiC.>® Thus, for the
case of ¢-Si/a-C core—shell NPs synthesized at 135 W rf power
to the C,H, plasma, the ¢-Si core size determined from the
Raman analysis (~3.5 nm) agrees well with the size obtained
from the PL (~3.2 nm) and XRD (~3.5 nm) analysis. Figure
8(a) shows a TEM image of the ¢-Si NPs synthesized at C,H,
plasma power of 135 W. A zoomed-in view of image (a) is
shown in image (b), which clearly shows a c-Si NP with a ~3.7
nm core with a ~1.5 nm coating. Thus, TEM analysis further
confirms the size of the NPs as determined by Raman
spectroscopy and XRD analysis. In Figure 8(b), no lattice
fringes were observed for 3C-SiC most likely due to the
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Figure 8. TEM images of carbon-coated ¢-Si NPs grown at 135 W rf
power to the downstream C,H, plasma. Image (b), which is a zoomed-
in view of a particle that was observed in image (a), clearly shows a ¢-Si
core of ~3.7 nm with a ~1.5 nm-thick coating.

different low-index zone axis alignment of the core and shell
crystal structures, combined with the fact that the 3C-SiC is
coating very thin. The quantitative XRD analysis combined
with the TEM image analysis further allows us to estimate the
composition of the coating around the ¢-Si core. In this
particular experiment, from the XRD analysis we estimated that
the thickness of the interfacial 3C-SiC layer was ~0.7 nm,
which implies that the rest of the ~0.8 nm thick coating is the
a-C film.

The elemental and chemical composition of the ¢-Si NPs was
also obtained using XPS analysis. Since the size of the carbon-
coated ¢-Si NPs is comparable to the escape depth of
photoelectrons (~2—5 nm),*> XPS analysis is not limited to
just the surface of the NPs, but provides an estimate of the bulk
composition. Given that the XPS analysis was performed ex
situ, the surface of the ¢-Si NPs undergoes some degree of
oxidation along with physisorption of hydrocarbons. Therefore,
the carbon-coated ¢-Si NPs synthesized at 135 W rf power to
the downstream C,H, plasma show ~4$ at. % C, 35 at. % Si,
and 20 at. % O. A corresponding representative high-resolution
Si 2p spectrum is shown in Figure 9, which was fitted with 4
sets of Gaussian—Lorentzian peaks, each consisting of two
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Figure 9. High resolution XPS scan of the Si 2p region for carbon-
coated ¢-Si NPs synthesized at 135 W rf power to the C,H, plasma.
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components, 2p;/, and 2p,,,, separated by 0.6 eV. The 2p;/,
component of the first doublet is centered at 99.2 + 0.1 eV and
attributed to elemental Si.®*®* The second 2p;/, component
centered at 100.5 + 0.1 eV, and is due to SiC.°>*® Doublets
with 2p;/, components located at 101.9 and 102.8 eV are due
to various SiO, species.”’ "% On the basis of these peak
assignments, Si was present in these carbon-coated c¢-Si NPs
primarily as elemental Si and SiC, with their respective
concentrations of 45 + 5% and 38.5 + 7%, while the rest of
the Si (~16.5 + 2%) is bound to oxygen.

4. CONCLUSIONS

We have developed a single-step process to synthesize a-C-
coated Si NPs < 10 nm in size using a dual-plasma setup. We
have demonstrated that the sp>to-sp® hybridization ratio of the
a-C coating as well as the thickness of the interfacial 3C-SiC
layer can be manipulated through the downstream C,H, plasma
rf power, which in turn controls the hydrocarbon radical flux
and plasma-induced heating of the NPs. The 3C-SiC layer has
direct implications for the use of these NPs in LIBs. While 3C-
SiC conducts Li ions, it does not undergo lithiation. Therefore,
this interfacial layer does not contribute to the lithiation
capacity of the a-C-coated Si NPs thereby reducing the effective
charge capacity of the LIBs.”” Hence, the downstream C,H,
plasma should be operated under conditions which result in a
high graphitic content in the a-C coating while minimizing the
amount of 3C-SiC formed. Given that the size of the ¢-Si NP
core and the light emission wavelength (see Figure S) were
directly controlled by varying the thickness of the interfacial
3C-SiC layer, we have demonstrated that this technique can be
also used for synthesizing c-Si NPs for potential applications in
light emitting diodes, biological markers, and nanocrystal inks.
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