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We report the self-assembly of microworms from boron nitride horns by chemical vapor deposition.
Through advanced electron microscopy analysis of the intermediate products, the evolution of such
microworms has been determined to be governed by a root-based growth mechanism, in which BN
horns are initiated by the boron particles, self-intertwisted together to from worm-like structures, and
finally formed into microworms. Strong light emissions are observed in such microworms, showing their
high potential for applications in lasing, light-emitting diode, and medical diagnosis devices.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembly, as an important synthesis method, has been
extensively used to fabricate nanoscaled building blocks into com-
plicated structures coupled with their superior electronic, magnetic
or photonic properties for active optoelectronic devices and nano-
electromechanical systems, such as integrated logic gates [1],
field-effect transistors (FETs) [2,3], light-emitting diodes, laser
diodes [4] and field emitters [5-7]. Many existing and emerg-
ing electronic/optoelectronic devices can greatly benefit from such
complex integration into a single system in either two-dimensional
(2D) or 3D layouts [8,9].

BN nanostructures with super thermal [10] and chemical
stabilities [11-13] show great potential applications as unique
electromechanical and optoelectronic components for laser,
light-emitting diode, and medical diagnosis [9]. Various BN nanos-
tructures, such as nanotubes (NTs) [14], nanobamboos [15],
yard-glass BNNTSs [16], nanowires [17], microbelts [18] and hollow
nanoribbons [19], have been studied. Among them, a BN cone-
shaped structure, called BN nanohorn, is of special interest since
the deviations from a flat B-N hexagonal sheet surface are accom-
panied by the appearance of topological defects located at its apex.
This type of nanostructures was often observed as a byproduct for
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the synthesized BNNTs and their yields were marginally low, except
one case where a large-scale fabrication was achieved at very high
temperature (1700 °C) and the synthesized products exhibited spe-
cific aggregation behavior [20]. For this reason, it still is a great
challenge to search for more efficient methods to fabricate high
purity BN horns. Especially, in situ self-assembly of such BN horns
structures into integrated systemsisin their early stage for practical
applications.

In this study, we demonstrate self-assembly of high quality
micro-sized worm-like structures composing of BN horns with
large inner diameter and open tips via a chemical vapor deposi-
tion (CVD) method. Their morphology and structural characteristics
were investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Cathodoluminescence
(CL) measurement is performed and strong light emission is
observed at the room temperature, indicating their great potential
applications in lasing, light-emitting diode, and medical diagnosis
devices.

2. Experimental

BN architectures were synthesized at a temperature of 1240°C
by a floating catalyst method [16] in a multi-zone horizontal tube
furnace. The central region of the furnace was heated to 1240°C
with a heating rate of 35°Cmin~! and maintained at this temper-
ature for 60-100 min. High purity streams of Ar gas (at a rate of
~150 ml/min), H, gas (at a rate of ~20ml/min) and NH3 gas (at a
rate of ~200 ml/min) were used as the carrier and reaction gases,
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Fig. 1. (a) Low magnification SEM image showing several synthesized micro-sized architectures. (b) High magnification SEM image of a single BN architecture. (c) High
magnification SEM image showing the cone-shape nanostructure. (d) XRD pattern of the synthesized architectures showing they are hexagonal BN structure.

respectively. The raw materials, ball milled mixture of B-O-Fe pre-
cursors with ratios of B:B,03:Fe;03 =1:7:2, were loaded into a BN
crucible at the center of an Al,03 tube (diameter of 32 cm, length
of 100 cm) which was located at the center of the furnace. After the
furnace was cooled to room temperature naturally, white filament-
like products were collected around the thermal couple above the
crucible. Around 20 mg synthesized products can be collected for
each synthesis, suggesting a yield of ~15% when compared with
the B-O-Fe precursors used for the synthesis.

The synthesized products were characterized using X-ray
diffraction (XRD, RINT2200, Cu Ka), scanning electron microscopy
(SEM, LEO Super35) and transmission electron microscopy [TEM,
Philips Tecnai F20 equipped with electron energy loss spectroscopy
(EELS) and energy dispersive spectroscopy (EDS)]. Spatially
resolved CL measurements and in situ CL imaging of BN architec-
tures were carried out (TFE-SEM, Hitachi S4200). The synthesized
BN architectures were spread on Si substrates for SEM and CL char-
acterizations. CL spectra were collected using a high-resolution CL
system operating at an accelerating voltage of 5kV and a current
of 1.2 nA. The specific surface area was determined from nitrogen
adsorption-desorption isotherm at 77 K (ASAP 2010). The specific
surface area of the synthesized BN architectures was estimated to
be ~50 m2/g.

3. Results and discussion

Fig. 1a-c are SEM images of synthesized architectures and
show their general morphology. As shown in Fig. 1a, the syn-
thesized products have worm-like morphology with their lateral
dimension of several tens pm and their axial dimension of hun-
dreds pm. Fig. 1b shows a magnified SEM image taken from a
section of worm-like architecture; from which the architecture
self-assembled by numerous tube-like structures can be seen.

Fig. 1c is a high-magnification SEM image and shows detailed
morphology of tube-like structures that form the worm-like archi-
tecture. As can be clearly seen, these nano-sized tubes are not
parallel, rather resembling horns with typical cone-shaped mor-
phology with open ends. Moreover, the open ends are relatively
large with a diameter of several hundred nm. The comparison of
Fig. 1b and Fig. 1c indicates that these horns grew randomly along
the body of microworms. To understand the crystal structure(s)
of synthesized projects, XRD analysis was carried out and Fig. 1d
shows a typical XRD pattern taken from the synthesized products.
By carefully analyzing the diffraction pattern, it is found that all
diffraction peaks can be indexed by a hexagonal BN structure with
the lattice parameters of a=0.250 nm and c=0.665 nm (JCPDS card:
45-0896). No other diffraction peaks were observed, suggesting
that the synthesized products have a high purity of BN without
impurities, such as B, 03 or other crystalline phases.

To understand the detailed structural characteristics of synthe-
sized microworms, TEM was employed. Fig. 2a is a bright-field
TEM image taken from a section of a typical microworm, similar
to the SEM images. Fig. 2b is an enlarged TEM image taken near
the truck of the microworm and displays their aggregation behav-
iors of horns. Such behaviors illustrate the small end tips intertwist
each other and then form an aggregated morphology-microworm.
Fig. 2cis a high-magnification TEM image, showing the open ends of
typical horns. Fig. 2d is an entire horns peeling from the miroworms
which show clear hollow morphology. The lateral diameters of
these open ends vary from several hundred nm to wm. Based
on our TEM investigation, the wall of horns can be estimated to
be ~100 nm, which is much thicker than the reported nanohorns
[20,21], which could be attributed to the synthesis low tempera-
ture.

The inset of Fig. 2d is a selected area electron diffraction (SAED)
pattern obtained from a small area around the wall of a horn. Clearly
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Fig. 2. (a) Low magnification TEM image of BN architecture assembled by numerous nanohorns. (b) Low magnification TEM image of a truck region. (c) High magnification
TEM image showing cone-shape BN nanostructure. (d) A typical BN horn peeling from the architecture and inset being a SAED pattern showing {000 2}* diffraction of the
BN horn. (e) High resolution TEM image around the wall of a horn showing the wall is formed by basal BN sheets. (f) EELS analysis of a typical horn showing its high purity

without contamination by other elements.

two diffraction spots perpendicular to the axial direction of the
horn are seen. In fact, these two diffraction spots can be indexed
as (0002)* diffraction spots for the hexagonal BN structure, indi-
cating that the wall of the horn is formed by the wrapping of basal
sheets of hexagonal BN structure. Fig. 2e is a high resolution TEM
image taken from a section of the wall shown in Fig. 2c and shows
that the wall is consisted of atomic planes with the lattice spac-
ing of ~0.34nm (corresponding to the {0002} lattice spacing of
hexagonal BN structure). To understand whether the synthesized
BN microworms have contaminated by impurities, such as car-
bon or oxygen, EELS analysis was carried out on a number of BN
microworms or individual horns. Fig. 2f shows a typical EELS pro-

file and no carbon and oxygen were detected in the EELS profile (as
shown in the inset of oxygen EELS profile), suggesting that the BN
microworms or horns are pure hexagonal BN without contamina-
tion. In addition, sharp m*-peaks can be seen on the left sides of both
B and N K-edges, indicating that the tubes has the sp2-bonding, i.e.
the hexagonal structure. Quantitative analysis of all EELS spectra
gives a B/N atomic ratio of 1.0 +0.1.

For understanding the growth mechanism of synthesized horns
and their assembled microworms, we have carefully analyzed
intermediate products, produced by reducing the reaction dura-
tion. Fig. 3a and b are SEM images of the products synthesized for
less than 10 min. As can be seen, a large number of tadpole-shaped
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Fig. 3. (a) and (b) SEM images of intermediate products showing of the early formed architectures. (c) and (d) TEM images of the BN architectures showing open ends of
flower-like BN structures. (e) HRTEM image of an open end showing the morphology. (f) EDS analyses of intermediate product confirming that the truck contains more B.

nanoparticles are self-assembled into a worm-like structure. It
should be noted that the lateral dimension of the worm-like struc-
ture is in the order of 1 wm, distinctly smaller than that of obtained
microworms [refer to Fig. 1a]. We anticipate that this should be
the infantile structure of the microworms. From the corresponding
TEM observations [refer to Fig. 3c and d], open ends can be seen
in the form of flowers in bud at the heads of tadpoles, which fur-
ther demonstrated the initial stage of the horns. Fig. 3e is a high
resolution TEM image taken from the open ends and shows their
typical lattice structures with the lattice spacing of ~0.34 nm (the
distance of the basal planes of hexagonal BN structure). This indi-
cates the open ends of the tadpoles have the hexagonal BN structure
which similar to the BNNHs. To understand their chemical compo-
sition, EDS analysis was carried out. Fig. 3f is EDS spectra taken
from the trunk and edge of the intermediate worm-like structures.
From which, boron, nitrogen, and oxygen can be observed in both
cases. Through quantitative analysis of EDS spectra, trunk regions

contain more boron than the edge regions, indicating that trunk
regions may be originally aggregated by the boron particles. That's,
the infancy BN horns may be initiated by the boron particles which
self-intertwisted together to from worm-like structures and finally
to form mircoworms. This strongly suggests our BN horns gov-
erned by a root-based growth mechanism [22,23]. In our case, two
reactions should govern the entire process and they are:

B+ B,03 — BO, (1)
BO + NH3 — BN + H,O0. (2)

At the high temperature of 1240 °C, amorphous B powders react
with B,03 to form the intermediate products (BO) under the help
of Fe, 03 catalysts in the B-O-Fe precursor. The intermediate prod-
ucts (BO) are easy to vaporize and react with ammonia to form
boron and nitrogen atoms. The incoming boron and nitrogen atoms
are incorporated into the BN honeycomb network (the BN honey-
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Fig. 4. SEM images of BN architectures synthesized at the temperature of 1200 (a), 1240 (b), and 1280°C (c).

comb bonds are most reactive owing to the presence of defects
[22]) at the bottom or the “root” of the forming BN horns. During
the vaporizing reactions, the B-O-Fe precursor (the particle sizes
of the B-O-Fe precursors are about several micrometers aggre-
gated by nanoparticles with tens of nanometers, estimated by our
SEM and TEM characterizations) is believed to decompose into ele-
mental boron and nitrogen ions, which later agglomerate to form
boron particles and later BNMWs. Such processing is relative long
and has sufficient boron and nitrogen atoms to grow into thick
and long BN horns. On a previous report [20], thin BN nanohorns
were fabricated in super high temperature of 1700°C using MgO
as a catalyst. The growth of thin BN horns was hampered soon
after the synthesis started, because Mg was oxidized to a solid
MgO (the melting point of MgO is approximately 2800 °C, while
the temperature in the growth area is less than 1700°C) and then
loses its catalytic activity. Therefore, this processing time would
be much shorter and could result in the short lengths of thin BN
horns [20].

To further understand the effect of the synthesis temperature
on the morphology of fabricated BN architectures, the synthesis
temperatures were varied (mainly 1200, 1240, 1280°C) and the
typical SEM images of the synthesis products are shown in Fig. 4.
From which, the significant effect of the synthesis temperatures
on the morphologies of BN architectures can be evidenced. With
increasing the synthesis temperature, the BN horns tend to be large
and their quality become poor, particular when the synthesis tem-
perature reaches to 1280°C. We also examined the effect of the
concentration of NH3 flow (varying the flow rates in the range of
100-250 ml/min) and found that the concentration of NH3 has a
little effect on the morphologies of BN architectures.

As mentioned above, one of the key applications of BN nanos-
tructures and their architectures is in the field of optoelectronics.
For this reason, the CL properties of the synthesized microworms
were measured. Fig. 5a is a SEM image of a section of a microworm
and Fig. 5b is its corresponding room temperature SEM-CL image
taken with a wavelength of 341 nm. A uniform contrast can be
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Fig. 5. (a) SEM image of a section of BN microworm. (b) SEM-CL image using the CL wavelength at 341 nm showing the uniform contrast across the BN microworm. (c) CL

spectrum taken at room temperature.
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observed in the SEM-CL image when compared its contrast and the
microworm morphologies shown in both Fig. 5(a) and (b), indicat-
ing a uniform CL property across the entire microworm. Fig. 5c is a
CL spectrum taken from the microworm at room temperature, simi-
lar to those reported in the literature [24-26]. There is a strong peak
in the range of 200-500 nm and this peak exhibits asymmetric pro-
file with aright-shoulder. In fact, this peak can be deconvoluted into
two peaks, respectively centered at 341.1 and 415.77 nm, as shown
in Fig. 4c. The peak centered at 341.1 nm (3.64eV) is a typical CL
emission from hexagonal BN structure or multi-walled cylindrical
BNNTs [25,27], excited by high-energy electrons. This ultraviolet
light emission was very stable after the sample was irradiated for
10 min. The peak (centered at 415.77 nm, corresponding 2.98 eV) is
most likely associated with the large diameter conical structured
BN nanostructures as the emission at the same energy range was
only observed from BNNHs [20], suggesting that they are attributed
to deep-level emissions associated with defect-related centers (B
or N vacancy-type defect-trapped states). The spectrum has two
additional band emissions centered at around 532.85 (2.33 eV) and
602.95nm (2.57eV), respectively. These visible band emissions
may be attributed to large curve in the assembly processing. In
fact, visible emissions at 490 nm from Eu-doped bamboo BNNTs
[28] and ~550 nm from Si-doped bamboo BNNTSs [29] have already
been reported. The electronic structure of BNNHs has been theo-
retically studied [30,31]. The band-gap of B31N31 nanohorn was
found to be 0.8 eV by the molecular orbital calculation [30], while
a more reasonable band-gap at ~3.0eV was determined by the
density function theory calculation [31]. Therefore, the variable CL
peak positions (ultraviolet and visible emissions) for BNMWs could
be induced by intrinsic structural characteristics cased by impuri-
ties, defects, or B and N vacancies in individual BNNHs. Apparently,
these ultraviolet and visible emissions are very useful for the opto-
electronic applications in scatheless biological essay and medial
analysis. Our study also indicates that the light emission from near-
UV to near-red light range can be tuned by structural engineering
(such as introducing defects through self-assembly).

4. Conclusions

In this study, BN microworms self-assembled from boron
nitride horns were fabricated by a facile chemical vapor deposi-
tion method. The BN horns with a conical hollow structure and
tens of pwm in length are self-assembled to form microworms
with tens of pm in diameter and hundreds of micrometers in
length. From detailed characterizations of intermediate products,
the infancy BN horns are initiated by the boron particles, then
self-intertwisted together to from worm-like structures and finally
to form mircoworms. Such growth is governed by a root-based
growth mechanism. Strong light emissions at ultraviolet and vis-
ible regions are observed in such microworms, indicating their
potential applications in lasing, light-emitting diode, and medical
diagnosis devices.
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