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Plasma-Assisted Synthesis of a-Si;N,/SiO, Core-Shell Nanocombs
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(College of New Energy, Bohai University, Jinzhou, Liaoning 121013, China)

Abstract: Nanocombs composed of crystalline «-Si;N, inner core and amorphous SiO, outer shell were synthe-
sized by a simple one-step method of direct current arc discharge without the addition of any catalysts or tem-
plates. The morphology and structure of the nanocombs were characterized by XRD, SEM, EDS, TEM and FTIR.
The photoluminescence (PL) spectrum of the nanocombs shows two strong emission peaks at about 450 nm and
511 nm. The growth mechanism of the a-Si;N/SiO core-shell nanocombs can be considered as plasma-assisted

vapor-solid mechanism.
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0 Introduction semiconductor nanowire cores are sheathed with
insulator or semiconductor nanotube shells P. Until

One-dimensional (1D) structures with nanometer now, a great many 1D nanowires with coaxial

diameters, such as nanotubes and nanowires, have
been the focus of extensive research due to their
potential applications as interconnects or functional
components in nanoscale electronic, optoelectronic,
and mechanical devices . In such device structures,
increasing the packing density or scaling -down the
device for efficiency improving is facilitated by
structure  in  which

adopting a  nanocable

Wk B 1.2014-03-27,, Wl ki H 41.2014-06-30,

structures have been reported. Thus, investigations
have been devoted to the synthesis of coaxial core/
shell structures of Si/Si0,7, SiC/Si0.M, Zn/ZnOP, GaP/
Ga,05' and GaN/Ga,0;"' systems, where oxide shells
were formed by the oxidation of core materials. Among
these reports, coating a silica shell on metallic ¥,
magnetic ), or semiconducting cores has been most

often discussed owing to its outstanding advantages
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such as easy control of the deposition, controllable
porosity and optical transparency. Furthermore it is a
low-cost material to tailor the surface properties while
maintaining the physical integrity of the core. In
addition, silica-coated nanostructures are very useful
for biological applications because they allow surface
conjugation with amines, thiols, and carboxyl groups,
which in turn can be linked to biomolecules!'”.

Si;N, is a wide-band-gap (5.3 eV) semiconductor
extensively used in the optical and electrical device
industries ", Especially, its nanowire counterpart has
recently attracted much attention because of their
enhanced hardness associated with their unique
optical and other mechanical properties as compared
with coarse-grained Si;N, ceramic materials!"*". Si;N,/
SiO, nanocables, with crystalline Si;N, core and
amorphous Si0, shell, are ideal semiconductor-
insulator hererostructures in the radial direction, thus
exhibiting excellent properties of both Si;N, nanowires
and Si0, nanotubes as expected. Several research
SisNy/Si0,

nanostructure by different methods. For example,

groups  have  synthesized core-shell
crystalline Si;N/amorphous SiO, nanocables have
been synthesized from silicon substrates using N, as
working gas at 1 250 °C without any catalysts. Well-
aligned coaxial nanocables, composed of a crystalline
a-SisN, inner core and amorphous SiO, outer shell,
were prepared on silicon substrates by pyrolysis of a
preceramic polymer (perhydropolysilazane) with iron
as catalyst ™. @-Si;N/SiO, nanocables have been
synthesized by the reaction of silicon dioxide
nanoparticles with active carbon at 1 450 °C in flowing
nitrogen atmosphere "%, Si;N,/SiO, nanoparticles have
been prepared via the Stober process, using SisN,

[17]

nanoparticles as the seeds These approaches,

however, normally require complex procedures,
substrates, and long reaction time, in some cases,
sophisticated and expensive heating systems and
significant amounts of energy are required to maintain
the high temperature conditions for long periods of
time. Therefore, in this paper, the authors report a

Ol-si3N4/Si02
(DC) arc discharge

new synthesis route for core-shell

nanocombs using direct current

without metal catalysts. This high-efficiency synthesis
method is characterised by much shorter reaction time
as well as increased yield. The growth mechanism of

a-SizN,/Si0, core-shell nanocombs is also discussed.
1 Experimental

The synthesis was carried out in an improved DC
arc discharge plasma setup!®. A tungsten rod, with the
purity higher than 99.99%, 4 mm in diameter and 15
cm in length, was used as the cathode. Si powder
(particle size 74 pm (~200 mesh), purity: 99.95%,
Sinopharm Chemical Reagent Co., Ltd.) and SiO,
powder (particle size 74 pm (~200 mesh), purity:
99.99%, Sinopharm Chemical Reagent Co., Ltd.) were
mixed with a molar ratio of 1:1 in a ball mill and
pressed into columns as reactants. A column, 18 mm
in diameter and 4 mm in height, was placed into a
water-cooled graphite crucible which acts as the
anode. The reaction chamber was first evacuated to
less than 1 Pa and then filled with argon several times
to remove residual air completely. Then the working
gas  (NHs, purity: 99.999%) was introduced into the
chamber until the inner pressure reached 30 kPa. As
the DC arc discharge was ignited, the input current
was maintained at 100 A and the voltage was a little
higher than 20 V. The power supply was turned off 10
min later. After passivation in Ar for 6 h, high yield
of the white powder samples was gathered at the
surface of tungsten rod.

SEM images of the sample were taken on a
HITACHI S-4800 microscope operated on 10 kV and
equipped with an energy dispersive spectrometer
(EDS). Structural analysis of the products was carried
out by XRD on a D8 DISCOVER GADDS
diffractometer operated at 40 kV and 100 mA with
Cu Ka; radiation (A=0.154 056 nm). Scanning rate is
0.02°+s™ in a 26 range of 10° to 80°. The diffraction
patterns were recorded on an image plate. The
morphology of the nanocombs, as well as HRTEM
images and the selected area electron diffraction
(SAED) patterns, were obtained via a JEM-2100F
transmission electron microscope using an accelerating

voltage of 200 kV. The FTIR study was carried out on
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a Nicolet Avatar 360 FTIR spectrometer with the
prepared powders diluted in KBr pellets. The PL
spectrum was measured with a JY-T800 Raman
(excited with a He-Cd line at 325 nm).
performed  at

spectrometer
All  measurements were room

temperature.
2 Results and discussion

Fig.1a is a typical low-magnication SEM image of

the product. A large number of comb-like
nanostructures are observed. The most attention-
getting feature of the nanostructures is that the
branches grow unilaterally on one side of the stems to
form a unique asymmetric nanocomb structure. The
stems are typically several tens of microns in length.
Fig.1b is a high-magnication SEM image of a typical
nanocomb. It can be seen that the wire-shaped
branches are nearly perpendicular to the stem. The
branches are in narrow distributed size of 50~200 nm
and distributed at one side of the stem. The chemical
composition of the nanocombs is characterized by
EDS. The results shown in Fig.lc indicate that the
nanocomb consists of mainly Si, N and O. Fig.1d
shows the XRD pattern of the nanocombs. All the
diffraction peaks can be indexed to the hexagonal

crystal lattice of a-SisN, with the space group P3¢

(159) and the cell constants ¢=0.776 8 nm and ¢ =
0.562 5 nm, which is in good agreement with the
standard values for bulk a-Si;N4PDF No. 83-0700, a=
0.776 5 nm, ¢ =0.562 7 nm). Besides the a-Si;N,
(20) is
found in the XRD pattern, which could be assigned to

phase, an unobvious broad hump at 17°~30°

amorphous SiO,.

Fig.2a is a typical TEM image of the as-grown
nanocomb structures, revealing that the periphery of
nanocomb is very smooth and clean. The nanocomb is
composed of a core and a shell forming the core-shell
structure. The thickness of the shell is around 25 nm
and the core is around 100 nm. The total diameter of
the stem including the outer SiO, sheath is 150 nm.
The shell thickness of branches is also about 25 nm,
and the core thickness of branches is very thin,
however, only 15~20 nm. Fig.2b is the HRTEM image
of a representative juncture of the stem and the
branches. The parallel lattice fringes can be clearly
seen from stem to branch. It can be seen that the
branches and stem are virtually one integrated mass.
The lattice fringe spacing of 0.67 and 0.56 nm agree
well with the (100) and (001) planes of bulk a-Si;N,
(PDF No. 83-0700). The branches are epitaxial grown
on the stems and the stem grows along <100 >

direction, while the branches grow along <001 >

o)L
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Fig.1 (a) Low-magnification and (b) high-magnification SEM images, (¢) EDS spectrum obtained from the region marked

with a rectangle in (b) and (d) XRD pattern of the a-Si;N,/SiO, core-shell nanocombs
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Fig.2 (a) TEM image of a-Si;N,/SiO, core-shell nanocomb; (b) HRTEM image for the selected area of A; (c) typical SAED pattern
for the area of B and (d) typical SAED pattern for the area of C for the nanocomb in (a), respectively. Intentionally, area

A is for interfacial juncture of nanocomb, area B is representative for the core of branch and area C for the shell of branch area.

direction. The SAED pattern recorded from the a-
(Fig.2¢) and the SiO, shell (Fig.2d) is
shown in the corresponding positions. The SAED from

SisN4 core

the core region of the nanocomb yields a set of
diffraction spots of a-SisN, crystal and the shell region
shows an amorphous ring pattern.

The FTIR spectrum of the product is shown in
Fig.3. The FTIR absorption bands at 850, 684, 601
and 492 cm -
absorption bands of «-Si;N,

correspond to the characteristic

201 Tt confirms the

presence of a-Si;N, phase. The spectrum demonstrates
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Fig.3 FTIR spectrum in the range of 1 400~400 cm™ of
the a-Si;N,/SiO, nanocombs

a wide absorption band in the range of 890~1 200 c¢m™.
These are overlapped to the Si-N stretching vibration
mode of a-SizN, and Si-O-Si stretching band ®*. The
spectrum exhibit absorption peaks at 460 cm
corresponding to Si-O-Si rocking mode Y. These
results mean that the nanocombs are composed of
closely @-Si;N, and SiO,.

Fig.4 shows photoluminescence spectrum of the
a-Si3N/Si0, nanocombs, which is excited by 325 nm
UV light from He-Cd laser at room temperature. The
a-SizNy/Si0, exhibit

luminescence. Previously, Robertsons ™ studies on

nanocombs intensive
SisNy show that there are four types of defects: Si-Si
and N-N bonds, and Si and N dangling bonds. The Si-
Si bond forms a bonding o orbital and antibonding ¢
orbital that are separated by 4.6 €V in stoichiometric
SisNy. The silicon dangling bond forms a gap state
about midgap, and the two nitrogen defect states that
give rise to levels within the gap, namely, N,* and N,’
bands,

respectively. The strong emission around 511 nm (2.4

are near the conduction and valence

eV) arises from recombination processes at the silicon
(4.6/2 0.1 =2.2 ~2.4 eV) *7 The
presence of SiO, shell will inevitably form Si-O-Si and

dangling bond
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Fig.4 PL spectrum from the a-Si;N./SiO,

core-shell nanocombs

N-Si-O defective gap states, which leads to the
emissions around 2.5 and 2.8 eV, respectively ™. In
this model, the PL peak at 450 nm is related to the
incorporation of O during the synthesis of nanocombs,
forming the Si-O-Si and N-Si-O defective gap states,
which form the recombination between the intrinsic
conduction band edge and Si dangling bonds. This
peak is the same as the one in previous work on a-
SisN/SiO, core-shell nanowires formed by CVD route
(only one peak centered at 450 nm was observed) .

Several mechanisms have been proposed for the
growth of «-Si;sN,; nanowires, such as vapor-liquid-
solid (VLS)™., solid-liquid-gas-solid  (SLGS)™' and
vapor-solid  (VS)®. The VLS and SLGS mechanism
seems not applicable in this case, because there are
not any droplets observed on the ends of the stems
and branches. Therefore, the growth mechanism of the
a-Si;N,/Si0, nanocombs might well be a VS process,
which can be described as follows.

As soon as the DC arc is ignited, the solid
mixture of silicon and silica is evaporated drastically
both thermally by the high temperature and by the
bombardment of radicals of the arc zone. The
following reactions can be expressed as follows:

Si(s)+S104(s) — SiO(g) 1)

Due to the high temperature (above 1 500 °C),
the NH; will decompose to N, and H, vapors.

2NH;(g) — 3Hu(g)+Na(g) (2)

The SiO gases are diffused toward the cathode
(tungsten rod) through an interfacial gas layer. They

are adsorbed on the surface of the tungsten rod, where
SiO would meet with the reactive radicals generated
as a result of the excitation and ionization of flowing
N, and H,. These gaseous species then react with the
nitrogenous radicals to form Si;N, nanorods and H,0
via the following reaction.

35i0(g)+2N(g)+3H,(g) — SizNu(s)+3H,0(g)  (3)

Firstly, the growth process is mainly a
heterogeneous nucleation under low supersaturation
condition, which leads to preferential growth along the
<100 > direction with a rapid rate to produce the
central axial nanowires. Secondly, with SiO gas
accumulated gradually and reaching a steady vapor
pressure, the growth process changes from
heterogeneous nucleation to homogeneous nucleation.
Under this condition, the growth direction of a-SisN,
then switches to <001>. During the formation of -
SisN, nanocomb, H,O formed in reactions (3) reacts
with the «-Si;N, nanocomb to form solid SiO, which is
located on their surface. The reaction can be

expressed as follows™.

Siz;Ny(s)+6H,0(g) — 3SiO0y(s)+4NH;(g) 4)
The addition of amorphous SiO, shell not only
helps to produce straight stems and branches, but also
blocks the growth along the cross section of the a-
SizN, branches to form ultrathin central core. The
whole growth process of the a-Si;N/SiO, core-shell

nanocomb is based on the VS growth mechanism.
3 Conclusions

In summary, we have synthesized «-Si;N/SiO,
core-shell nanocombs in large amounts via plasma-
assisted the DC arc discharge method without any
catalysts or templates. SEM and TEM morphologies
show that the products usually have branches and
stems, and branches grow unilaterally on one side of
the stems to form a unique asymmetric nanocomb
structure. XRD, FTIR, TEM and SAED results
confirm that nanocombs are composed of a crystalline
a-Si;Ny inner core and amorphous SiO, outer shell.
Room-temperature PL spectrum of nanocombs shows
broad visible emission around 400 ~700 nm, which

can be attributed to defects in the Si;N, and SiO,
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assisted VS growing model.
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