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We report that cylinder-shaped Si3N4 nanowires are not stable and can gradually transform into nanobelts via
surface diffusion during high-temperature annealing. We demonstrate that such instability is driven by the
requirements for reducing overall surface energy. The resultant nanobelts have the same width-to-thickness
ratio, suggesting a stable morphology. A model in terms of surface energy is proposed to explain the formation
of such stable morphology, which agrees well with experimental results. Our result suggests that instability
could be a limiting factor for high-temperature applications of 1D nanostructures.

1. Introduction

Recently, one-dimensional (1D) nanostructures have gained
considerable attention because of their potential applications in
nanoscaled electronics,1-3 optoelectronics,4-6 and sensors.7,8 In
the last 15 years or so, tremendous effort has been devoted to
develop a variety of techniques to control the morphology of
the synthesized 1D nanostructures since it is generally believed
that the morphology plays a key role in determining their
properties and applications.9-11 1D nanostructures with different
morphologies such as cylinder-shaped nanowires, prism-shaped
nanowires, and nanobelts (rectangular-shaped cross-section)
have been successfully synthesized.12-14 The formation of
different morphologies was determined by thermodynamic/
kinetic conditions of the synthesis processes.15-17 However, these
conditions generally no longer exist in the environments where
the nanostructures will be used. Consequently, whether these
morphologies are stable during their usage becomes an important
issue, which has received little attention. This is more relevant
when the nanostructures are used at high temperatures, where
the mobility of atoms is high enough for achieving a new
equilibrium under new thermodynamic conditions.

Here, we show that the cylinder-shaped silicon nitride (Si3N4)
nanowires are not stable and can be gradually evolved into
nanobelts during high-temperature annealing. Silicon nitride is
an important wide-band gap semiconductor with a band gap of
5.0 eV.18 Similar to III-N semiconductors (e.g., GaN and AlN),
Si3N4 possesses outstanding thermal/mechanical properties,
chemical inertness, and high doping concentration19-21 and, thus,
could be an excellent host material. Recently, synthesis of Si3N4

nanostructures has been extensively explored because of their
potential applications in high temperature and short wavelength
nanodevices.22-24 Due to its unique hexagonal structure, the
surface energy significantly varies for different crystallographic
planes, which determines the growth habits of Si3N4.25 In this
paper, we demonstrate that such differences in surface energies
can cause a morphology instability and transformation and
determine the final shape of the nanobelts.

2. Experimental Methods

The Si3N4 nanowires used in this study were synthesized by
catalyst-assisted pyrolysis of a commercially available polysi-
lazane.26 First, the liquid precursor was solidified by heat-
treatment at 260 °C for 0.5 h in ultrahigh purity nitrogen. The
obtained solid was then crushed into a fine powder by high-
energy ball milling, with ∼1 wt % Fe(NO3)3 powder being
added as the catalyst. The powder mixture was then placed in
a high-purity alumina crucible and pyrolyzed in a tube furnace
at 1350 °C for 3 h in flowing ultrahigh-purity nitrogen at 0.1
MPa, followed by furnace cooling to room temperature. The
obtained products are hexagonal-phased R-Si3N4 nanowires with
a cylinder shape (Figure 1a), which are ∼50-200 nm in
diameter and up to several hundred micrometers long.26 The
formation of cylinder-shaped nanowires was attributed to a
solid-liquid-gas-solid (SLGS) process.26

The obtained Si3N4 nanowires were separated from the
pyrolysis residues using ultrasonic purification and then placed
into the tube furnace and annealed at 1450 °C in flowing
ultrahigh-purity nitrogen of 0.1 MPa for different times. The
annealed nanowires were then analyzed using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).

3. Results and Discussion

The nanowires annealed at different times were first observed
by scanning electron microscopy to evaluate their stability and
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morphology evolution (Figure 1). The results clearly reveal that
the cylinder shape of the original Si3N4 nanowires is not stable,
and transformed first into prism-shaped nanowires (Figure 1b),
and then into nanobelts (Figure 1c). There is no clear evidence
for any volume change during the shape evolution. This can be
understood since the very low vapor pressure of Si3N4 at
the annealing temperature. The transformation is thus via surface
diffusion. It is interesting to note that further increasing
annealing time (after ∼100 min), the shape (width-to-thickness
ratio) of the nanobelts remains the same, suggesting that the
shape of the nanobelts is thermodynamically stable.

To further investigate the morphology instability and
transformation, the structure of the stable nanobelts has been
analyzed by transmission electron microscopy and electron
diffraction. The results reveal that the nanobelts remain
R-Si3N4 in phase and no phase transformation accompanied
morphology changes, which is confirmed by XRD analysis
on both the nanowires and nanobelts. Analysis of more than
ten nanobelts reveals that there are only two kinds of
nanobelts, with their axial directions along [100] (Figure 2a)

and [101] (Figure 2b), respectively. The nanowires and
nanoprisms exhibit the same SAED patterns, suggesting that
the growth directions remain the same during annealing.
Further analysis of the TEM images and the diffraction
patterns reveals that the nanobelts with their axis along the
[100] direction have {1j20} and {001} as width and thickness
surfaces (Figure 2c), respectively, whereas the nanobelts with
their axis along the [101] direction have {1j20} and {1j01}
as width and thickness surfaces (Figure 2d), respectively.

The observed morphology instability and transformation
of the Si3N4 nanowires are driven by the requirement for
reducing surface energy. The nanowires with a cylinder shape
unavoidably contain energetically unfavorable high-index
surfaces. During the synthesis, formation of such an energeti-
cally unstable cylinder shape is due to the confining effect
of the catalytic droplets, where the boundary between the
nanowires and the droplet tends to be circular to minimize
surface energy. However, such confinement no longer exists
during annealing. Atoms on high-energy surfaces tend to
rearrange onto low-index surfaces which have lower energies
to form faceted morphology. R-Si3N4 has a lattice parameter
ratio of c/a ) 0.725 (JCPDS Card No. 41-0360), which is
less than that of the ideal close-packed hexagonal structure
(c/a ) 1.633). As a result, its {1j20} planes have the highest
packing density and lowest surface energy,25 similar to other
hexagonal structures.27 Consequently, during annealing (when
the temperature is high enough), atoms rearranged onto {1j20}
planes and grew the planes to form the width surface. This
is consistent with experimental observations (Figure 2). With
axial directions and width surfaces being fixed (by the
growing direction of the original nanowires), the thickness
surfaces of the nanobelts were automatically determined, to
be {001} (Figure 2c) and {1j01} (Figure 2d), respectively.

The formation of the stable nanobelts (fixed aspect ratio of
width-to-thickness) is a direct result of minimizing surface
energy. Considering a nanobelt with unit length, the volume,
V, of the nanobelt is given by

where w and t are width and thickness of the nanobelts,
respectively. During morphology change, the volume remains
constant (neglecting the evaporation of Si3N4 due to its low
vapor pressure at annealing temperature). The total surface
energy, Us, of the nanobelt is

where γw and γt are respective specific surface energies of width
and thickness, and are constants for given crystallographic
planes. Combining eqs 1 and 2

Taking the derivative of eq 3 and equating it to zero (since
the surface energy is to be minimized), we obtain the following
relationship:

Figure 1. Scanning electron microscopy images of (a) as-received
cylinder-shaped nanowires, (b) prism-shaped nanowires obtained after
annealing at 1450 °C for 10 min, and (c) nanobelts after annealing at
1450 °C for 120 min. The inserts are respective cross-section mor-
phologies of the nanostructures at each stage.
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Combining eqs 1 and 4, we obtain the final result:

This suggests that the width and thickness of an equilibrium
nanobelt should have linear relationship; its aspect ratio (w/t)
should be equal to the surface energy ratio of γt/γw.

To test the above analysis, we measured the width and
thickness of the nanobelts under SEM, and plot them in Figure
3. It is interesting to see that the data splits into two groups;
and within each group, the width and the thickness of the
nanobelts exhibit well-defined linear relationships. This is
consistent with the prediction of eq 5 and the experimental result
which reveals that there are two types of nanobelts with different
facets (Figure 2). The current result shown in Figure 3 suggests
that γ1j01/γ1j20 should be 2.2 (the nanobelts along [101] direction)
and γ001/γ1j20 should be 1.7 (the nanobelts along [100] direction).

Krämer et al. have calculated the surface energies of various
crystallographic planes for the hexagonal Si3N4 in a supercooled
liquid using the periodic bond chain method, and obtained γ1j01/
γ1j20 ) 3.0 and γ001/γ1j20 ) 2.0.25 Note that these calculations
accounted for the inherent properties at room temperature; while
the morphology change reported here was carried out at the
elevated temperature. Surface energies are affected by temper-
ature. Generally, increasing temperature will lead to the decrease
in the difference between the surface energies of different planes.

To further test the thermodynamic model discussed above,
R-Si3N4 nanobelts synthesized using the procedure described
in ref 28 are annealed at the same conditions. These nanobelts
also grew along either [100] or [101] directions and have the
aspect ratios of 8-10,28 which is much higher than the stable
value as predicted above. It is interesting to note that the w-to-t
ratio (morphology) of the nanobelts remains the same, and does
not change to the stable value. This can be understood as
follows. For nanobelts of high aspect ratios changing to the
stable shape of the low aspect ratio, atoms on the lower-energy
{1j20} surface need to move to the higher-energy {001}/{1j01}
surfaces. Although the total surface energy will be reduced by
the change of morphology (eq 5), the local energy barriers
prevent such motion of atoms, leading to that the nanobelts
stayed in their metastable shapes. This suggests that nanobelts
with the aspect ratio higher than the equilibrium value can retain
their shapes.

4. Conclusion

In summary, morphology instability and transformation of
cylinder-shaped Si3N4 nanowires are experimentally observed.
During high-temperature annealing, the original nanowires
gradually transform into nanobelts with stable shapes. We have
proposed a thermodynamic origin which can consistently explain
the occurrence of such morphology changes. Since the instability

Figure 2. (a and b) Transmission electron microscopy images of nanobelts grown along [100] and [101] directions, respectively. The insets are
corresponding selected area electron diffraction patterns. (c and d) Schematic models of the characteristic surfaces of the nanobelts shown in panels
a and b, respectively.

Figure 3. Linear relationship between the width and thickness of the
Si3N4 nanobelts.
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is the result of minimizing surface energies, it could happen at
even lower temperatures by taking longer times. Our result
suggests that thermal stability could be a limiting factor for
applying 1D nanostructures at relatively high temperatures.
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