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1 |  INTRODUCTION

One‐dimensional (1D) nanomaterials (nanotubes,1,2 nanow-
ires,3,4 nanobelts,5‒7 nanoneedles8,9) have drawn great atten-
tion in recent decades. Given their high surface‐to‐volume 
ratio, 1D nanomaterials have extensive potential to be applied 
in optical materials,10‒12 ceramics,13‒15 electronics,16 and 
biomaterials17 etc.18‒24 Silicon nitride possesses low thermal 
expansion coefficient.25,26 high strength and stiffness, high 
thermal conductivity, outstanding thermal shock resistance,27 
and excellent resistance to wear.28‒30 Besides, α‐Si3N4 is an 
important wide band gap semiconductor (5.3 eV), resulting in 
good optical and electrical properties. α‐Si3N4 nanomaterials 

exhibit excellent photoluminescence and thermo‐mechan-
ical properties, which make them good candidates for op-
toelectronic nanodevices, such as UVC photodetectors. By 
controlling the defects and the SiOx shell, one can tailor the 
emission peak of the 1D α‐Si3N4 nanomaterials. It is worth 
noting that the photoluminescence peaks and fluorescence 
intensity can be adjusted by controlling defects in the micro-
structure of α‐Si3N4.

5,31

Traditionally, 1D Si3N4 nanomaterials can be prepared by 
chemical vapor deposition (CVD),32 plasma‐enhanced CVD 
(PECVD),33 microwave plasma heating,9,34 catalytic pyroly-
sis of a polymer precursor,35 sol–gel,4 and combustion syn-
thesis,36 etc. The CVD method is considered to be a potential 
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Abstract
Needle‐like α‐Si3N4 with unique structures has potential application in both field 
emission devices and tips for atomic force microscopes. Single‐crystalline, α‐Si3N4 
nanoneedles have been prepared by using an improved chemical vapor deposition 
(CVD) method at 1200°C for 3 hours. The phases, chemical composition, and micro-
structure of the as‐prepared products were determined by X‐ray diffraction (XRD), 
field emission scanning electron microscopy (FESEM), and transmission electron 
microscopy (TEM) equipped with EDS. The as‐synthesized products show a nee-
dle‐like morphology with hundreds of micrometers in length and nanometer‐featured 
tips. The nanoneedles show a α‐Si3N4@SiOx core‐shell heterostructure as charac-
terized by TEM, with single‐crystalline α‐Si3N4 core and an insulating amorphous 
silicon oxide shell. The growth of α‐Si3N4 nanoneedles corresponds to vapor‐liquid‐
solid cap‐growth and base‐growth mechanism. Photoluminescence (PL) properties 
of the products were also characterized. An obvious emission peak at 400 nm under 
254 nm UV excitation was observed. The nanoneedle morphology and photolumi-
nescence properties of the products have potentials to be used in future optoelec-
tronic nanodevices.
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method for the synthesis of α‐Si3N4 nanostructures due to 
its low cost and simplicity. Currently, a lot of pioneer works 
presented the synthesis of 1D α‐Si3N4 nanostructures with 
various morphologies. Researchers studied on the formation 
mechanism of α‐Si3N4 morphology. Liu28 et al. synthesized 
α‐Si3N4 with different micromorphologies using a molten 
salt nitriding method. It was found that α‐Si3N4 products 
include nanowires, blocks, and slender nanobelts. Sodium 
chloride, β‐Si3N4, and Si powder were used as raw materi-
als in this method. They believed that different morphologies 
of products were caused by different concentrations of the 
raw materials and different heating temperature. Takafumi 
Kusunose et al. 37 prepared α‐Si3N4 nanowires by the carbo-
thermal reduction and nitridation of a homogeneous mixture 
of silica (SiO2), carbon, and a small amount of cobalt via the 
vapor‐liquid‐solid (VLS) mechanism. The epoxy composite 
containing α‐Si3N4 nanowires of 60 vol% showed a high ther-
mal conductivity of 9.2 W m‐1 K‐1 along the preferred orien-
tation of the nanowires. In traditional VLS‐based methods, 
nanowires with uniformed diameters were grown along the 
catalyst tip by controlling the concentration of gas precursors. 
Limited by this process, in the family of 1D α‐Si3N4 nano-
structures, nanoneedles with sharp tip and gradually enlarged 
diameter were rarely reported.

In this article, we report an improved VLS method to syn-
thesize α‐Si3N4 nanoneedles without using flowing gases. 
The phase composition, morphology, and microstructure of 
the products were characterized. The growth mechanism of 
the nanoneedles was proposed according to the experimen-
tal observations and previous studies. The resulting α‐Si3N4 
nanoneedles were found to show an obvious emission peak at 
400 nm under the excitation of 254 nm UV light.

2 |  MATERIALS AND METHODS

The experimental equipment consists of a horizontal high‐
temperature tube furnace and two corundum crucibles (as 
shown in Figure 1). First of all, an n‐type Si (100) wafer 

(1 cm × 1 cm) was ultrasonically cleaned in acetone and etha-
nol for 20 minutes, respectively, and then air‐dried at room 
temperature. The Si wafer was coated by a layer of Au with 
0.5‐1  nm thickness. After that, the Au‐coated Si substrate 
was placed in a larger alumina crucible, covered with another 
smaller corundum crucible as shown in Figure 1. Finally, the 
bigger crucible was completely filled with silicon powder 
and sealed with a corundum lid. It was worth noting that the 
silicon powder we used to fill the space between crucibles is 
recyclable and reusable. In this way, the Si (100) wafer with 
Au catalyst is completely separated from another Si source 
(silicon powder) in case unnecessary distractions occur. The 
closed system was then placed in a tube furnace and heated in 
the air atmosphere. The temperature increase mechanism in 
the furnace is to increase from room temperature to 1000°C 
at 10°C/min, then from 1000°C to 1200°C at 3°C/min, and to 
hold at 1200°C for 3 hours. After cooling to room tempera-
ture, a white layer of products can be seen on the substrate. 
It was characterized with an X‐ray diffractometer (XRD, 
D8 Advance, Germany), a field emission scanning electron 
microscope (FESEM, Quanta FEG 650, America) equipped 
with an energy dispersive spectroscopy (EDS, INCA), and 
a transmission electron microscope (TEM, TECNAI G2, 
America). The room temperature photoluminescence spec-
tra of the products were recorded with a fluorescence spec-
trophotometer (PL, Hitachi F‐4600, Japan) equipped with a 
450 W xenon discharge lamp as the excitation source.

3 |  RESULTS AND DISCUSSION

In this research, an improved and simplified CVD method 
without using flowing gases (N2, CH4, Ar, NH3, etc.) was 
employed to synthesize α‐Si3N4 nanomaterials. A white 
layer of thin film can be seen on the Si substrate. Figure 
2 shows the X‐ray diffraction (XRD) pattern of the prod-
ucts. The peaks with strong intensities and narrow width 
indicated the products were crystalline. Searching and 
matching the peaks in the PDF database, the peaks can be 

F I G U R E  1  Schematic diagram of 
the experimental equipment for α‐Si3N4 
nanowires preparation [Color figure can be 
viewed at wileyonlinelibrary.com]
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indexed to those of the standard PDF cards (JCPDS Card 
No: 5‐659) of α‐Si3N4. What's more, there are some peaks 
corresponding to SiO2.

Figure 3A‐E shows the typical FESEM images of the 
as‐synthesized products. As can be seen, the α‐Si3N4 prod-
ucts exhibit a tree crown‐like divergence, multiple nanonee-
dles sharing one single root. Their length is in the range of 
100‐200  μm with excellent uniformity. Figure 3F‐G shows 
high‐resolution FESEM images, and the sharp needles with 
dozens of nanometers to several micrometers through the 
thin‐to‐thick shape can be observed. Detailed TEM charac-
terization of the sharp tips is presented in Figure 4. Figure 3H 
shows a typical image of the needle cap. There are spherical 
clusters at the needle cap. An EDS spectrum recorded from 
the needle cap is presented in Figure 3I, which shows that 
there are only Si and Au elements in the spherical clusters of 
nanoneedles (N element cannot be seen because it is a light 
element.). It indicates that Au, as the catalyst, accelerates the 
growth of the top. Together with the XRD and EDS results, 
we confirmed that the as‐formed nanoneedles were α‐Si3N4.

The as‐prepared α‐Si3N4 nanoneedles were further char-
acterized by transmission electron microscopy (TEM). After 
sonicated and suspended in pure ethanol, the solution was 

F I G U R E  2  XRD pattern of α‐Si3N4 nanoneedles [Color figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  3  (A‐H) Different magnification FESEM images of as‐grown nanoneedles. (I) EDS spectrum of the top [Color figure can be 
viewed at wileyonlinelibrary.com]

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)
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dispersed onto a TEM grid. Figure 4A shows a TEM image 
of a single nanoneedle tip. The diameter of the nanoneedle tip 
is about 42 nm. The inset in Figure 4A is an HRTEM image, 
revealing that the as‐prepared α‐Si3N4 nanoneedles possess a 
core‐shell nanostructure. The chemical composition of a sin-
gle nanoneedle tip was analyzed by EDS as shown in Figure 
4B. The EDS spectrum shows Si, N, O, and C. Carbon is 
derived from the TEM carbon‐supported carrier film. The 
as‐detected Si, N, and O confirmed the α‐Si3N4@SiOx core‐
shell structure. The oxygen comes from the residual air in 
the reaction system. Figure 4C,D shows a typical HRTEM 
image and the corresponding SAED pattern recorded from 
the α‐Si3N4 needle region. These results further confirmed 
the single‐crystalline feature of the nanoneedles. As can be 
seen, the lattice spacing observed is 0.31 and 0.43 nm, which 
corresponds to the (410) and (020) planes of α‐Si3N4, respec-
tively. The SAED pattern shown in Figure 4D can also be 
indexed to the α‐Si3N4.

The PL spectrum was measured at room temperature in 
order to investigate the optical properties of the as‐prepared 
α‐Si3N4 nanoneedles. Excited by 254 nm UV light, the as‐
recorded emission spectrum from the nanoneedles is shown 
in Figure 5. An emission peak centered at 400  nm can be 
observed, which is located in the violet‐blue spectral range. 
To further analyze the optical properties of the as‐synthe-
sized α‐Si3N4 nanoneedles, the PL spectrum was simulated 
by the Gaussian‐Lorentzian method. The black line is the 
intrinsic emission spectrum of α‐Si3N4. The red one is the 
simulated line. The three short dash lines are the decompo-
sition of the experimental peak into Gaussian components. 
The black emission spectrum shows three emission peaks 

at 388, 400, and 420  nm located in the violet/blue spec-
tral range. Compared with α‐Si3N4 nanowires (emission 
spectrum‐417  nm) by Liu et al.,32 there is a certain blue 
shift in the strong emission peak 400  nm and has two an-
other weak emission peak at 388 and 420 nm. This is due 
to the difference in needle‐like morphology, which makes 
more defects in the structure. Photoexcitation and luminous 
emission occur between all permissible energy states in the 
defective α‐Si3N4 layer.38 The prepared sample possesses a 
large amount of ≡Si－Si≡, and the presence of trace oxygen 
breaks the ≡Si－Si≡ chain in the α‐Si3N4 nanoneedle energy 
gap, forming more Si－O－Si structural defects that cause 
electron radiative transitions.

F I G U R E  4  (A) TEM image of a 
single nanoneedle tip at low resolution. 
(B) EDS spectrum of α‐Si3N4 nanoneedles. 
(C) A higher magnification TEM image 
of as‐prepared α‐Si3N4 nanoneedles. (D) 
Corresponding fast Fourier transform 
pattern [Color figure can be viewed at 
wileyonlinelibrary.com]

(A) (B)

(C) (D)

F I G U R E  5  Emission spectra of α‐Si3N4 nanoneedles and 
decomposition of the experimental peak into Gaussian components 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com


   | 2377SHEN Et al.

The growth of one‐dimensional nanostructure materials 
is traditionally governed by the mechanism of VLS (Vapor‐
Liquid‐Solid), VS (Vapor‐Solid), and SLS (Solid‐Liquid‐
Solid) processes. In order to clarify the growth mechanism of 
the nanoneedles, an SEM image of the silicon nitride sample 
prepared at 1100°C is shown in Figure 6A.

When the temperature is raised to 1100°C, short α‐Si3N4 
nanowires can be obtained instead of nanoneedles, which can 
provide some useful clues for the initial formation process of 
the needle‐shaped α‐Si3N4. Their roots contain Si and Au, as 
revealed by EDS, shown in Figure 6B and Figure 3I, suggest-
ing that VLS base‐growth is in operation.

Figure 7 shows a schematic illustration for the growth of 
α‐Si3N4 nanoneedles. As the temperature increases, Si and Au 
begin to melt at the contact surface to form a eutectic liquid 
phase, providing nucleation and active sites for the formation 
of nanoneedles. The employment of catalysts dramatically de-
creased the barrier of nucleation. Low supersaturation of the gas 
precursors enabled the growth of 1D nanomaterials along the 
low energy lattice plane. In this experiment, when maintaining 
at 1200°C, Si reacts with the limited amount of oxygen remain-
ing in the air in the furnace chamber to form a small amount of 
solid SiO2 by the reaction (1). At the same time, gaseous SiO is 
generated by a solid‐solid reaction between Si and SiO2 (reaction 
2)39,40. The gas phase produced by the raw materials is continu-
ously diffused into the Si/Au eutectic alloy clusters to form the 

Si‐Au‐N‐O liquid droplets. When the Si‐Au‐N‐O liquid droplets 
are supersaturated, nucleation will begin in the droplets. During 
the growth, part of Si‐Au‐N‐O liquid droplets will gradually 
separate from Si substrate because of their poor wettability, be-
coming the caps of nanoneedles. Each single cap continuously 
absorbs SiO and N2 to maintain stable growth, illustrated as the 
VLS cap‐growth. At the same time, the other part of droplets on 
the substrate also contain Si and Au catalyst, becoming nanon-
eedle roots, implying that VLS base‐growth contributes to the 
nanoneedle formation. Each root provides growth driving force 
for several nanoneedles, resulting in a less stable growth than 
caps. Due to the limited N2 in the system, after the initial nanon-
eedle formation (reaction 3), when N2 concentration is getting 
smaller, the growth driving force of the nanoneedles is insuffi-
cient and will become finer. Based on the above discussion, it is 
suggested that the overall growth mode of α‐Si3N4 nanoneedles 
in this catalytic synthesis process is presumably governed by the 
combined VLS base‐growth and VLS cap‐growth mechanism.

(1)Si(s) +O2(g) =SiO2(s)

(2)Si(s) +SiO2(s) =2SiO(g)

(3)3Si(s) +2N2(g) =Si3N4(s)

F I G U R E  6  (A) FESEM image 
of α‐Si3N4 prepared at 1100°C (B) EDS 
of (A) [Color figure can be viewed at 
wileyonlinelibrary.com]

(A) (B)

F I G U R E  7  The growth mechanism of α‐Si3N4 nanoneedles [Color figure can be viewed at wileyonlinelibrary.com]
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In this closed reaction system of the whole experiment, 
residual SiO gas reacts with oxygen to form viscous SiO2, 
which is coated on the surface of the as‐grown α‐Si3N4 
nanoneedles. As the melting point of α‐Si3N4 is higher than 
that of SiO2, the solidification of the α‐Si3N4 core happens 
faster than that of the viscous SiO2 layer. For this reason, a 
thin amorphous SiO2 shell will be formed and wraps the crys-
talline α‐Si3N4@SiOx nanoneedles.41

4 |  CONCLUSION

Needle‐like, single‐crystal, α‐Si3N4 nanoneedles have been 
prepared by using an improved, simplified, vapor‐liquid‐solid 
(VLS) method at 1200°C for 3 hours without using gases. The 
synthesized α‐Si3N4 nanoneedles were 100‐200 μm in length, 
evenly tapered from the cap to the root, whose diameter ranging 
from tens of nanometers to several micrometers through one na-
noneedle. The resulting α‐Si3N4 nanoneedles were structurally 
characterized and found to have α‐Si3N4@SiOx core‐shell na-
nostructures with a single‐crystal α‐Si3N4 core and an insulating 
amorphous silicon oxide shell. The formation of α‐Si3N4@SiOx 
nanoneedles is supposed to be governed by the combined VLS 
base‐growth and VLS cap‐growth mechanism. Furthermore, α‐
Si3N4 nanoneedles prepared by this way have an emission peak 
at 400 nm under the excitation of 254 nm UV light. This result 
indicates that the morphology has a certain influence on the op-
tical properties of the nanoneedles, and has potential applica-
tions in the optical fields such as UVC photodetectors.

We believe that this CVD method with Au layer evapo-
rated on Si substrates to synthesis α‐Si3N4 nanoneedles could 
enlighten us on the morphology of one‐dimensional nanoma-
terials by changing the type of catalyst and the conditions of 
the gas to be introduced, so as to adapt to different application 
requirements. For example, generally speaking, it is better for 
cylindrical nanowires to require a larger aspect ratio, but in 
the field of solar applications, tapered nanoneedle morphol-
ogy is a good light absorber for solar cell applications. Hence, 
to pay more attention to the one‐dimensional nanomaterials 
morphology and to study other growth parameters like tem-
perature is a necessary way to produce appropriate nanoma-
terials of good quality.
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