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We report a fundamentally new growth mechanism for single crystalline nanobelts, namely, the growth and
coalescence of nanobranches. The growth process of the nanobelts includes four typical steps such as nucleation
and growth of the stem, nucleation and growth of the nanobranches at the expense of the stem, widening and
geometrical coalescence of the nanobranches, and finally having nanobelts with perfect structure. The unique
widening growth process of the nanobranches is apparently driven by the lattice distortion within the surface
area of the stem. The continuous geometrical coalescence between the neighbored branches leads to the
formation of the beltlike structures.

Introduction

The synthesis of one-dimensional nanostructured materials
has attracted worldwide interest during the past few years not
only because they likely possess unique properties but also
because of their unique growth mechanisms.1 Among the various
nanostructures, nanobelts have caught special attention due to
their unique rectangular cross-section morphology, which could
lead to many potential applications. Nanobelts have been
successfully synthesized in different material systems, such as
B, Ni, C, ZnO, ZnS, GaN, AlN, Bi2S3, Ge3N4, Si3N4, et al.2,3

The formation processes of nanobelts have also been extensively
studied. While several different mechanisms such as vapor-
solid (VS),3 oxide-assisted-growth (OAG),4 et al. were proposed,
all the reported growth schemes to date have the same
scenario: formation of the nuclei with rectangular-shaped cross
sections followed by growth along the length direction of the
nanobelts. In this paper, we report a fundamentally new
mechanism for the growth of nanobelts, namely, growth and
geometrical coalescence of nanobranches. This mechanism
suggests the detailed growth information of nanobelts at different
growth stages and assists in understanding how the rectangular-
shaped cross sections are formatted.

Experimental Section

The Si3N4 nanostructures used in this study were synthesized
by thermal decomposition of a polymeric precursor with a
catalyst. The experimental procedure employed here is similar
to that described previously.5 First liquid-phased polyureasila-
zane was solidified into powders by heat treatment at 250°C
in flowing nitrogen for 1 h. Cu powders of∼1 µm, used as
catalyst, were mixed with the polyureasilazane powders by high-
energy ball milling for 24 h. The powder mixture was then
placed in a high-purity alumina crucible and heat treated in a

conventional tube furnace under flowing ultrahigh purity
nitrogen at 0.1 MPa. The powder mixture was heated to 1450
°C and held there for 0.5, 1, 2, and 4 h, respectively. The
resulting samples were then investigated by a high-resolution
transmission electron microscopy (HRTEM, JEOL-2010F,
Japan) at 200 kV.

Results and Discussion

The samples obtained at different holding times were first
analyzed using transmission electron microscopy (TEM) to
evaluate the growth process of the nanobelts. The TEM image
given in Figure 1a shows the typical morphology of the product
obtained at short holding time. The major product obtained at
this stage is a nanodendritelike structure consisting of a wire/
beltlike stem with numerous nanobranches on two opposite sides
of the stem. With increasing holding time (Figure 1b), the
nanobranches grew along the length direction of the stem and
met with each other to form boundaries (as indicated by white
dotted arrows) and notches at the end of the boundaries (as
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Figure 1. TEM images of the pyrolysis products obtained at holding
times of (a) 0.5, (b) 1, (c) 2, and (d) 4 h, showing the growth process
of the Si3N4 nanobelts.
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indicated by black arrowheads). The number of such boundaries
and notches were gradually reduced with holding time (Figure
1c), suggesting merging of the different nanobranches. Finally,
all the boundaries and notches disappeared and seamless
nanobelts with a uniform thickness were formed by extending
the holding time for 4 h (Figure 1d). It can also be seen that
the size of the stem (indicated by white arrows) continuously
reduced during growth, indicating that the growth of the
nanobranches occurred by consuming the stem. The resultant
nanobelts have a large width-to-thickness ratio with typically
∼40 nm in thickness, 2-3 µm in width, and up to several
hundred micrometers in length. These images clearly demon-
strate that the nanobelts reported here were formed by the growth
and merging of nanobranches, instead of by epitaxial growth
of nuclei as reported previously.

The growth manner illustrated in Figure 1 is new and
interesting. Growth of structures with nanobranches (so-called
nanodendrites) has been observed previously in many material
systems.6 In these previous studies, the branches always grew
longer along the direction perpendicular to the length direction
of the stem to form a featherlike morphology. In contrast, the
nanobranches in the current study grew parallel to the length
direction of the stem. Another interesting issue is how these
branches merged together to form seamless beltlike structures
(even without stacking faults, as discussed below in Figure 3c
and 4). To further understand these issues, detailed analysis of
different growth stages was carried out using TEM and high-
resolution TEM (HRTEM).

Figure 2a shows the TEM image recorded from the nanobelts
at an early stage of growth. The contrast suggests that different
nanobranches exhibit different thickness. The different contrast
between the center and edge of some nanobranches indicates
that the thickness within the same nanobranch is also not
uniform at this stage. The typical energy-dispersive spectrometry
(EDS) images obtained from the nanobranch and stem, respec-
tively, were given as the upper left and lower left inserts in
Figure 2a, showing that both the nanobranch and stem consisted
of Si and N elements only (Cu originates from the copper grid).
Figure 2b is a higher magnification TEM image recorded from

the root area that connects the stem and the nanobranches (area
A marked in Figure 2a). The darker contrast of the stem suggests
that the stem is much thicker than the nanobranches at this stage.
Figure 2c is an HRTEM image recorded from area B marked
in Figure 2b; the insert in Figure 2c is an enlarged image from
the outlined area. These images clearly reveal that the lattice
of the stem is highly distorted. Such lattice distortion existed
all along the 30 nm top layer thickness of the entire stem. Some
dark spots were observed at the root of the branches, as indicated
by an arrow. These tiny clusters, a few tenths of a nanometer
in size, may correspond to tiny Cu clusters. The distortion of
the lattice and the Cu clusters suggests that there is an
enrichment of Cu at the surface layer of the stem. Such an
enrichment in nanostructures was not observed when Fe was
used as a catalyst,7 where nanodendrites instead of nanobelts
were formed. Figure 2d shows a typical HRTEM image of the
branches. The entire branch except for the area close to the root
possesses perfect crystal structure with very few defects, and
there is no amorphous layer on the surface of the nanobranches.

The microstructure of the nanobelts at a late stage of growth
is shown in Figure 3a (TEM bright-field image) and b (TEM
dark-field image). At this stage, the nanobranches formed in
the early stage were found to join together leaving boundaries
and notches. The selected area electron diffraction (SAED)

Figure 2. Structure of the nanobelts at the early growth stage. (a)
Bright-field TEM image of the nanobelts. The upper left and lower
left inserts corresponding to the typical EDS images were obtained
from the nanobranch and stem, respectively. (b) Enlarged TEM image
of the area A marked in part a. (c) HRTEM image of area B marked
in part b with the insert being the enlarged HRTEM image of a selected
area showing the lattice image, showing the distortion of lattice of the
stem as well as a possible Cu cluster at the root of the branches. (d)
HRTEM image of area C marked in part b.

Figure 3. Structure of the nanobelts at a late stage of growth. (a)
Bright-field TEM image of the nanobelt. (b) Dark-field TEM image
recorded from area B marked in part a. (c) Typical SAED pattern of
the nanobelts indicating that the nanobelts possess anR-Si3N4 structure.
The SAED patterns obtained from different areas of the nanobranches
and stem are identical, suggesting the single crystalline nature of the
nanobelts. (d) Enlarged image of the nanobelt corresponding to the
selected area D in part a. (e) HRTEM image recorded from area E as
marked in part d. (f and g) HRTEM images obtained from areas F and
G as marked in part d, respectively, showing the boundary area between
two neighboring branches before complete combination. (h and i)
HRTEM images obtained from areas H and I as marked in part a,
respectively, showing the boundary area between two neighboring
branches nearing complete combination with a notch.
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pattern (Figure 3c) suggests that the nanobelts haveR-Si3N4.
The pattern also reveals that the length direction of the stem is
along [100] and the nanobranches formed on((001) surfaces
of the stem. The nanobranches grew along [100], instead of
[001] which is preferred by the hexagonal structure ofR-Si3N4

when there is no constraint.8 Such an unusual growth manner
of the nanobranches is likely driven by the lattice strain energy
resulting from the lattice distortion in the stem. Generally, Si3N4

has a higher surface energy along (001) (the basal plane) than
along (100) (the prism plane); thus, the material preferably
grows along the [001] direction to minimize the total energy
by minimizing the total surface area of the (001) plane.8 In the
present case, the strain energy arising from the lattice distortion
far exceeded the energy difference between different planes;
thus, the nanobranches preferentially grew along the surface of
the stem to release the strain energy by removing the lattice
distortion (Figure 3e). Compared to our previous study,7 the
nanodendrites were formed by using a process similar to that
in the current investigation except that FeCl2 was used as the
catalyst. In that study, no Fe solution or lattice distortion were
detected within the Si3N4 stem and the nanobranches grew
longer along the preferred [001], which is perpendicular to the
length direction of the stem. While the difference between Cu
and Fe in terms of dissolution and segregation in Si3N4 is

unknown, the results suggest that the growth behavior of
nanobranches is very sensitive to the type of catalyst used,
indicating a possibility of controlling the morphology of
nanostructures.

It can also be seen (Figure 3a) that at this later growth stage
the thickness of different nanobranches became relatively
uniform and close to that of the stem. The growth of the
nanobranches along the thickness direction of the stem, which
could also occur due to lattice distortion, was likely constrained
by the thickness of the stem. A relatively large amount of
wrinklelike contrast could be seen in the images (Figure 3a and
b). Such contrast is caused by bending resulting from slight
lattice mismatch and/or thickness difference between different
branches. Figure 3d is the enlarged picture of the selected area
D marked in Figure 3a. Figure 3e is an HRTEM image of area
E marked in Figure 3d. The image shows that both the stem
and the branch possess perfect crystalline structure and that the
preexisting lattice distortion in the stem was removed. Between
the stem and the branches, there is a narrow intermediate layer
(∼3 nm), which connects the stem and the nanobranches via
stacking faults.

The formation of nanobelts by merging the nanobranches is
a direct result from the so-called “grain coalescence”. Figure
3f-i shows two types of boundaries/notches at different
combination stages. Figure 3 parts f and g are HRTEM images
of boundaries at an early combination stage. The boundary area
(∼2 nm thick) between two branches can be clearly seen, as
indicted by the dotted lines. Such a boundary runs through the
entire belt from bottom to top. The images also reveal that there
is a slight difference in the lattice patterns between the branches
and boundary area; thus, the boundary energy should be very
low. Figure 3 parts h and i are HRTEM images recorded from
the area that was a boundary previously. While the notch can
still be seen (Figure 3i), the preexisting boundary disappeared.
Observations reveal that there are only two situations: either
the boundary runs from bottom to top or the preexisting
boundary totally disappears. Such results suggest that the
combination of branches is achieved by geometrical coalescence,
in which a low energy boundary can be removed suddenly
through atom rearrangement.9 Such a mechanism occurs in the
current study and is likely due to the high synthesis temperature
and low boundary energy.

Figure 4. Typical structure of the nanobelts at the final growth stage.
(a) Bright-field TEM image of the nanobelt. (b-c) HRTEM images
showing the perfect and identical crystal structures on the two sides of
the middle stripe.

Figure 5. Model for the nanobelts growth via the mechanism of growth and coalescence of nanobranches. (a) Stem nucleation and growth. (b)
Branch nucleation and growth. (c) Branch widening growth followed by geometrical coalescence. (d) Resulting perfectly structured nanobelts.
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Figure 4 shows the typical structure of the final nanobelts.
No notch can be seen from the image (Figure 4a), suggesting
that the notch formed at an earlier stage was removed by surface
diffusion. It can also be seen that the strain-induced contrast is
much less than that in Figure 3a and b. Figure 4 parts b and c
are the typical HRTEM images recorded from both the sides
of the nanobelts with the corresponding SAED patterns recorded
from the selected areas of B and C marked in Figure 4a, which
showed that the crystal structures were identical on the two sides
of the middle stripe. No planar defects are found over the two
sides of the nanobelt, suggesting the perfect crystal structure
of the nanobelts.

On the basis of the above analysis, a model is proposed for
the growth of nanobelts via the mechanism of growth and
coalescence of nanobranches, as shown in Figure 5. The process
includes four typical steps. First, the stems nucleate and grow
via the mechanism of solid-liquid-gas-solid (SLGS) (Figure
5a).10 Second, the nanobranches nucleate and grow at the
expense of the stem (Figure 5b). The Cu particles evaporated
in the atmosphere would deposit on the newly grown stem and
act as new nucleation sites for the growth of nanobranches
perpendicular to the growth direction of the stem via the
mechanism of SLGS. At the same time, some Cu atoms would
precipitate to the surface layer of the stem and result in the
distortion of the lattice. Third, the nanobranches are driven by
the distortion energy to grow parallel along the axial direction
of the stem and lead to the widening growth of the nano-
branches. The geometrical coalescence between two neighbored
branches would happen when the branches met each other, as
shown in Figure 5c. Such widening and geometrical coalescence
between two neighboring branches would continue to minimize
the distortion energy until all the branches disappeared com-
pletely. Finally, nanobelts with the perfect structure would be
achieved. The remaining notches on the two sides of the
nanobelts would be removed by surface diffusion.

Conclusion

In summary, we report a new growth mechanism for
nanobelts: growth and coalescence of nanobranches. The
widening growth of nanobranches along the length direction of
the stem instead of along the axes of the branches is driven by
lattice distortion that existed within the surface area of the stem.
The complete disappearance of the boundaries between the
neighboring branches is through continuous geometrical coa-

lescence. It is likely that such a mechanism can be used to grow
nanobelts in various material systems by a proper choice of the
catalyst. Unlike the conventional growth mechanisms where the
aspect ratio of nanobelts is limited by anisotropic growth along
different crystalline directions, the new mechanism could lead
to nanobelts of high aspect ratios, which is potentially useful
in many applications such as nanosubstrates.
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