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ABSTRACT Ultra-long single-crystalline «-SizN4 nanobelts
were synthesized by catalyst-assisted crystallization of poly-
mer-derived amorphous silicon carbonitride (SiCN). The ob-
tained nanobelts were characterized using X-ray diffraction,
scanning electron microscopy, high-resolution transmission
electron microscopy and selected-area electron diffraction. The
results revealed that the a-Si3N4 nanobelts are 20 to 40 nm in
thickness, 400—600 nm in width and a few hundreds of microm-
eters to several millimeters in length, and grow along either the
[011] or the [100] direction. Intense visible photoluminescence
was observed over a spectrum ranging from 1.65 to 3.01 eV,
which can be attributed to defects in the a-SizNy structure.

PACS 81.07.-b; 78.67.-n; 81.05.Je

1 Introduction

Recently, synthesis of one-dimensional nanostruc-
tured silicon nitride has attracted great attention since it is po-
tentially important for applications in electronic/optical nan-
odevices and nanocomposites for harsh environments. SizNy
nanowires have been synthesized by either confined reac-
tion using carbon nanotubes as templates [1] or reacting Si
and/or SiO; with N, by heat treatment or combustion with or
without catalysts [2—5]. Zhang et al. demonstrated that Si3Ny
nanowires possess much higher bending strength than the
bulk [6]. Chen et al. synthesized well-aligned silicon nitride
nanocones on Si substrates by plasma-assisted hot-filament
chemical vapor deposition [7]. More recently, silicon nitride
of belt-like morphology has also been synthesized in both
nanoscale [8] and micrometer scales [9, 10] via vapor—solid
thermal reaction and thermal decomposition of nitridation.
Silicon nitrides could be excellent host materials in terms
of mechanical strength, thermal/chemical stability and high
dopant concentration [11, 12], similar to the III-N compounds
(such as GaN and AIN) that are used to grow quantum-well
structures for obtaining blue lasers. Previous studies of the
optical properties of silicon nitride primarily focused on non-
stoichiometric amorphous SiN, thin films [12—-15]. These
studies suggested that the optical emission of the silicon ni-
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trides could be attributed to the inherent point defects associ-
ated with amorphous SiN,, such as Si—Si, N—N and Si and
N dangling bonds. Few studies of the optical properties of
single-crystalline Si3N4 have been reported. Munakata et al.
studied the absorption behavior of Al-doped B-SizNy single
crystal [11], and reported the existence of a mid-gap level
of ~ 2.4 eV associated with Al impurity. Yin et al. reported
a broad optical emission from a-SizN4 nanobelts [8].

In this communication we report the synthesis and optical
emission of ultra-long single-crystalline a-SizN4 nanobelts.
The nanobelts were prepared using a novel catalyst-assisted
crystallization of amorphous SiCN synthesized by ther-
mal decomposition of a polysilazane polymeric precursor.
A similar technique has been used to synthesize silicon
carbide/nitride nanostructures [16—18]. In this paper, the
process has been optimized so that single-phase o-SizNy
single-crystalline nanobelts were obtained. The crystalline
structure and morphology of the nanobelts were character-
ized using X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM)
and selected-area electron diffraction (SAED). The photolu-
minescence (PL) of the nanobelts has been recorded under
excitation of a 325-nm HeCd laser at room temperature.

2 Experimental

Polyureasilazane (Ceraset™, Kion Corporation,
USA) was used as the starting precursor. The as-received
Ceraset, which is liquid at room temperature, was first solid-
ified by heat treatment at 260 °C for 0.5 h. The solidification
was due to the cross-linking reaction of C=CH, and Si—H
bonds within the individual Ceraset molecule [19]. The ob-
tained solid was then crushed into fine powder by high-energy
ball milling for 24 h. 3 wt. % FeCl, powder (Beijing Bei Hua
Fine Chemicals Company Ltd., Beijing, China) was added
during ball milling as a catalyst. The powder mixture was
then placed in a high-purity alumina crucible and pyrolyzed
in a conventional furnace with a graphite resistance under
flowing ultra-high-purity nitrogen of 0.1 MPa. The powder
mixture was heated to 1300 °C at 10 °C/min and held there
for 2 h followed by furnace cooling. The morphology, struc-
ture and composition of the pyrolysis products were charac-
terized using SEM (JSM-6301, JEOL, Japan), XRD (Auto-
mated D/Max-RB, Rigaku, Japan) with Cu Ku radiation
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(A = 1.54178 A) and high-resolution transmission electron
microscopy (HRTEM) (JEOL-2010F, Japan) equipped with
energy-dispersive spectroscopy (EDS). The experiments were
also performed on the samples without FeCl, additives for
comparison.

In order to measure their photoluminescence, an attempt
has been made to separate the nanobelts from remaining
amorphous matrix by resolving the belts in ethanol under
ultrasound. The PL spectrum of the purified nanobelts was
recorded using a UV-lamp microzone Raman spectrometer
under the excitation of a 325-nm HeCd laser at room tempera-
ture. The power output of the laser is 35 mW and the beam
focus diameter is 2—5 pm. The PL of the amorphous matrix
has also been measured for comparison.

3 Results and discussion

The morphologies of the heat-treated products
were first examined using SEM. The low-magnification SEM
images (Fig. 1a and b) show that white cotton-like nanofibers
up to several mm in length were grown on the top of un-
reacted black-powder matrix. A typical tip of the nanobelts
is shown as an inset picture in Fig. 1b. No droplets on the
tips of the nanobelts were observed, implying that the vapor—
liquid—solid (VLS) growth mechanism could not be domin-
ant. A closer examination under high magnification (Fig. 1c
and d) reveals that the cross sections of the nanostructures are
rectangular with the thicknesses ranging from 20 to 40 nm and
the widths from 400 to 600 nm, suggesting that the products
possess nanobelt-like morphology. SEM images also reveal
that, within each individual belt, the thickness and the width
are uniform along its entire length, and the surfaces of the belts
are smooth and clear without any residues. Figure 2 shows
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FIGURE 2 XRD pattern of as-pyrolyzed products suggests that a-Si3Ny is
the only crystalline phase

a typical XRD pattern of the synthesized nanobelts, suggest-
ing that a-Si3 Ny is the only crystalline phase. The broad hump
at lower-angle regions suggests that the unreacted powders
remain amorphous. It is estimated that about 15 wt. % of the
original powders has been converted to the nanobelts.

Further characterization of the nanobelts was conducted
using TEM and HRTEM. Figure 3a and b are the typical
TEM images of the as-prepared nanobelts. The nanobelts
are highly transparent, and the copper grid can even be seen
through the thin nanobelts. The curved belts (shown as the
inset picture in Fig. 3b) suggest the high flexibility of the
as-synthesized nanostructures. The typical EDS result (inset

FIGURE1 a and b show the
ultra-long (up to several mm)
nanobelt structure of Si3Ny syn-
thesized at 1300 °C for 2 h under
0.1 MPa Nj, the inset in (b)
shows a typical tip of the belts
without any droplet; ¢ and b are
higher-magnification SEM im-
ages showing that the nanostruc-
tures possess a rectangular cross
section. The surfaces of the belts
are smooth and clear
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in Fig. 3a) shows that the nanobelts contain only Si and N
elements (Cu comes from the copper grid). Typical HRTEM
images show that the a-Siz N4 nanobelts grew along different
directions with inset SAED patterns obtained from the [-121]
(3c) and [010] (3d and f) zone axes. The images reveal that
the nanobelts contain few defects such as stacking faults and
dislocations. SAED patterns are identical over the entire belt,
indicating that the belt possesses a single-crystalline struc-
ture. The measured d spacings of 0.43, 0.67 and 0.56 nm are
in good agreement with (101), (100) and (001) planes of bulk
a-Si3Ny, where ¢ = 0.77541 nm and ¢ = 0.56217 nm (JCPDS
Card No. 41-0360). Both HRTEM images and SAED pat-
terns suggest that [101] and [100] are growth directions for the
a-Si3Ny4 nanobelts, as shown in Fig. 3c—f. The observations of
more than 10 belts suggest that [101] and [100] are the only
two growth directions for the nanobelts.

No nanobelts were formed in the samples without FeCl,
additives, suggesting the catalytic growth of the a-SizNy in
this study.

FIGURE3 a and b typical
TEM images of SizN4 nanobelts.
A typical EDS spectrum (up-
per right inset in (a)) shows
that the nanobelts contain only
Si and N elements. The curved
nanobelt (upper right inset in
(b)) suggests the high flexibility
of the as-synthesized nanostruc-
tures. ¢ HRTEM lattice image
with the corresponding SAED
pattern (lower left inset obtained
from [121] zone axis) shows
the growth direction of [101],
d HRTEM lattice image with
the corresponding SAED pat-
tern (lower left inset obtained
from [010] zone axis) shows
the growth direction of [101],
e HRTEM lattice image and cor-
responding SAED pattern (f) ob-
tained from [010] zone axis show
the growth direction of [100]. The
measured d spacings of 0.43, 0.67
and 0.56 nm in (¢)—(e) correspond
to (101), (100) and (001) planes
of a-Si3Ny, respectively
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Generally, catalytic growth of the one-dimensional struc-
tures followed the vapor—liquid—solid growth mechanism that
was first proposed by Wagner and Ellis [20]. A previous
study [19] of the pyrolysis of pure Ceraset without the catalyst
revealed that the polysilazane was converted to an amorph-
ous alloy with an apparent composition of SiCgg9Nggs at
~ 1000 °C under 0.1 MPa N,. This material remained pre-
dominantly amorphous up to ~ 1450°C where it crystal-
lized to SizN4 and free carbon. The SisNy4 and free carbon
then reacted with each other to form SiC and N, gas at
~1500°C [19, 21]. These studies clearly suggested that the
VLS mechanism was not valid in the current study simply
because of the absence of Si-containing vapor phase during
the pyrolysis. Considering these circumstances, we suggest
a growth mechanism based on a combination of solid—liquid—
solid (SLS) and gas—solid (GS) for the Si3N4 nanobelts. At the
beginning of the process, the amorphous SiCN reacted with
Fe to form a liquid Si—Fe—C alloy at a temperature higher
than the eutectic temperature of the Si—Fe—C ternary system
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(which is obviously lower than 1300 °C), meanwhile releas-
ing N, gas. Further reaction of the SiCN and the liquid alloy
formed a supersaturated liquid phase. This supersaturated li-
quid phase then reacted with N, gas to precipitate the Si3Ny
nanobelts. The precipitation phase is silicon nitride rather than
silicon or silicon carbide because under the pyrolysis con-
ditions, namely 1300 °C and 0.1 MPa N, the silicon nitride
is the most stable phase [21]. The formation of high-energy
a-phase, instead of more stable B-phase, is due to the com-
bination of the SLS-GS growth mechanisms [22,23]. The
mechanism that governed the formation of belt-like morph-
ology in the current study is rather difficult to understand,;
particularly it has been reported [4] that a-Si3N4 nanowires
with cross sections close to a circle were formed under similar
growth conditions at 1200 °C. It was believed that the for-
mation of the belt-like cross section is due to the anisotropic
growth at earlier stages of growth, in which the growth rate
along the width direction is much higher than that along the
thickness direction. Previous studies [24,25] suggested that
the difference in growth rates of SizNy along different crys-
talline directions can be up to 100 times. The growths along
the width/thickness directions stopped after they reached cer-
tain values limited by the confining effect of the liquid-phase
droplets and further growth only occurred along the axial di-
rection to form nanobelts. A detailed study of the effect of
crystalline orientation on anisotropic growth in nanostruc-
tures is ongoing. Accordingly, it is believed that the formation
of nanowires instead of nanobelts in [4] was because the li-
quid droplets formed at lower temperatures are small and limit
the anisotropic growth at an earlier stage. The temperature de-
pendence of the size of the liquid droplets can be understood
by the fact that at higher temperatures more silicon (carbon)
can be dissolved in equilibrium liquid phase. Another pos-
sibility is that the higher temperature favors the anisotropic
growth. Investigation of this issue is ongoing and will be re-
ported separately.

The optical emission of the nanobelts was measured using
the 325-nm line of a HeCd laser as excitation source. The
nanobelts exhibited intensive luminescence that can even be
seen by the naked eye. Figure 4 shows a typical PL spec-
trum of the nanobelts obtained at room temperature. A similar
measurement on the matrix amorphous SiCN particles fails
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FIGURE 4 Photoluminescence of the Si3N4 nanobelts stacked on silicon
wafer under excitation of 325-nm HeCd laser at room temperature

to record any light emission, suggesting that the PL spectrum
is from the nanobelts. The spectrum is slightly different from
that reported previously [8]. A broad peak ranges from 1.5
to 3.5 eV with a maximum centered at 2.4 eV and two shoul-
ders centered at 1.8 and 3 eV, respectively. Similar emission
properties were also observed in amorphous silicon nitride
films [26—-30]. Robertson [31, 32] has defined defects in sil-
icon nitride to be of four types, namely, Si—Si, N—N and
Si and N dangling bonds. The Si—Si bond forms a o state
near the valence band and an empty ¢* state close to the con-
duction band. These two states forms the optical band edges.
The Si dangling bond between N3 and Si (referred as to a K
center) forms a state about the mid gap, while the N dan-
gling bond between Si; and N (referred as to an N center)
forms two defect states that have been calculated to be near
the conduction and the valence band, respectively. The K cen-
ter forms a dominant trap and recombination center in sili-
con nitride and participates in the radiation transitions giving
rise to the luminescence. The current PL result can be ex-
plained according to Robertson’s modul by assuming Si—Si
(0—0™) bonds separated by 4.6 eV, as proposed by Pundur et
al. [27]. The strong emission around 2.4 eV arises from re-
combination processes at the silicon dangling bond (4.6/2 +
0.1 =2.2-2.4¢V). The weak emission at 1.8 eV can be at-
tributed to recombination between two N dangling bonds.
Finally, the emission at 3.0 €V is due to recombination either
from the conduction band to the NY level or from the valence
band to the N/ level.

4 Conclusions

In summary, single-phase ultra-long single-crys-
talline a-Si3N4 nanobelts have been synthesized via a novel
catalyst-assisted crystallization of polymer-derived amorph-
ous SiCN at 1300 °C in 0.1 MPa N,. The nanobelts are 20 to
40 nm in thickness and 400 to 600 nm in width and can grow
up to several millimeters in length. The growth direction of
the SizN4 nanobelts can be either [101] or [100]. The growth
mechanism is a combination of solid-liquid—solid and gas—
solid reaction/crystallization. The formation of nanobelts in-
stead of nanowires in this study is due to the anisotropic
growth of SizNy nuclei at an earlier growth stage. Intensive
light emission was observed between 1.5 and 3.5eV with
a maximum centered at 2.4 eV and two shoulders centered at
1.8 and 3 eV, respectively. The PL behavior is attributed to
inherent defects in silicon nitride.
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