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Abstract

SiGaN/SiOxNy nanocables and SiOxNy-based nanostructures on silicon and silica substrates, respectively, have been firstly syn-

thesized via using GaN as a resource of Ga. The silica wafer is mainly responsible for the formation of SiOxNy-based nanostructures

and the intermediate Ga plays an important role in the formation of diverse nanostructures. SEM, TEM, line scan and SAED were

employed to characterize as-prepared samples. The growth mechanism of as-prepared samples is also discussed.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Compared with SiO2, silicon oxynitrides (SiOxNy)

thin films are of interest for gate dielectrics and ultra-

large scale intergrated (ULSI) circuits because of their
improved reliability [1–3]. Hydrogenenated amorphous

silicon oxynitride (a-SiOxOy:H) is also one of the most

important insulating materials in microelectronics [4,5].

It can be applied to optical fibers and waveguide since

its refractive can be continuously varied between wide

limits by adjusting a proper composition of X/Y [6,7].

Similarly, silicon nitride is one of the most important

dielectric materials for the microelectronic processing
due to its remarkable electrical, optical and chemical

properties [8–10]. With the emerging of nanoscience

and nanotechnology, in the past a few years, Si3N4

and SiO2 nanostructures (nanowires, nanowhiskers,

nanobelts) have been synthesized via many approaches

such as carbonthermal reduction and nitridation reac-

tion [11,12], carbon nanotube template [13,14], hot fila-

ment chemical vapor deposition [15] and microwave
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plasma heating [16]. In addition, Kim et al. [17] and

Ran et al. [18] have prepared silicon nitride nanowires

directly from Si wafer with and without the presence

of catalysts, Pan et al. [19] fabricated SiO2 nanostruc-

tures on silicon wafer via using molten gallium as a cat-
alyst. On the other hand, much attention is currently

being paid to doping the element into nanowires, which

allows one to tailor the properties and functions of

nanowires. Ga-doped ZnO nanotips can for instance en-

hance the carrier concentration of ZnO [20], and Mn

doped GaN nanowires have ferromagnetism above

room temperature, which is expected to the manufacture

of spintronic device [21]. However, to our knowledge, no
literatures are available for elements doped silicon ni-

tride nanowires and silicon oxynitride-based nanostruc-

tures. In fact, Ga is an effective catalyst for the

preparation of Si compound because of both the solubil-

ity of Si in Ga at a wide range of temperature [22] and

non-reactivity with Si. In addition, Si vacancies can eas-

ily be filled with Ga to form Ga doped Si [23] since the

covalent radius for Ga (1.225 Å) is only 4.4% larger than
that for Si (1.173 Å) [24]. In this Letter, an effort has

been made to prepare Ga doped silicon nitrides nano-

wires and silicon oxynitrides-based nanostructures using
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GaN as source of Ga both catalyst and dopant. As a re-

sult, we have successfully fabricated Ga doped silicon

nitride nanowires, SiGaN/SiOxNy nanocables and

SiOxNy-based nanostructures on silicon and silica sub-

strates by controlling reaction chamber pressure and

flow rate of the ammonia gas. SEM and TEM were used
to characterize as-prepared nanowires. The formation

mechanism of as-prepared samples is also discussed.
2. Experimental procedure

Starting materials and substrates: GaN powders

(99.99%, Sigma Aldrich) were used as a source for

Ga, Ar 95% + H2, and NH3 were used as carrier gas

and reacting gas. Substrates of silicon and silica wafers

were ultrasonically cleaned in acetone for 30 min prior

to use.
A quartz boat containing reagent grade GaN pow-

der (Aldrich, 99.99%) was kept in the center of a

quartz tube placed horizontally in a tubular furnace.

The cleaned silicon and silica substrates were placed

downstream from the boat, respectively. The distances

between the boat and substrates were 150 mm. The

base vacuum was kept at 95 mTorr. The powder

was heated up to 900 �C at the rate of 15 �C/min with
a flow of Ar 95% + H2 5% at 60 sccm. Ar + H2 gas

was then turned off, and a pure ammonia gas

(99.999%) was introduced at 50 sccm. The system

was then heated up to 1050 �C at the rate of 10 �C/
min and maintained for 300 min. The temperature of

the substrates was around 950 �C; the reaction cham-

ber pressure was kept at 300 mTorr. After the system

was cooled down to ambient temperature with NH3,
the nanowires were obtained from the substrates.

Characterization: The morphology and size distribu-

tion of the nanowires were characterized using a scan-

ning electronic microscope (SEM, HitachiH-8010)

equipped with energy-dispersive X-ray (EDX) spectros-

copy and transmission electronic microscope (TEM,

Hitachi H-800). High-resolution TEM (HRTEM),

EDX and selected area electron diffraction (SAED)
analysis were performed with JEOL-2010.
3. Results and discussion

Fig. 1 shows the SEM morphologies of all as-pre-

pared samples grown on silicon and silica substrates,

respectively. The samples grown on the silicon substrate
(Fig. 1a) are mainly composed of nanowires with spear-

like droplets on their tips, and their cross-sections are

circular. EDX results (the left lower inset) demonstrate

that the nanowires consist of Si, N and Ga, and the con-

tent of Ga contents in the nanowires is about 3 at.%.

The spear-like tips comprise Ga, Si and N, the atomic
ratio of Ga, Si to N being 31:7:62. Fig. 1b–f reveal the

SEM image of as-fabricated sample on silica substrate.

The products formed on the silica substrate have

completely different morphology, size distribution and

orientation. The morphologies include knotting-like

nanowires, nanobundles, nanoflowers, and Chinese cab-
bage-like structures, EDX analyses indicate that the

nanostructures comprise Si, O and N with the atomic ra-

tio 39:41:20. As shown in Fig. 1b, the diameters of the

knotting-like nanowires range from 50 to 120 nm, and

the lengths reach up to a few microns. The node (as indi-

cated by the arrow) comprises a minor proportion of Ga

aside from Si, O and N. Fig. 1c demonstrates the SEM

image of the nanobundles. It is interesting that one
nanowire splits into two nanowires and subsequently

newly grown nanowires proceed to split into another

two nanowires (as indicated by the arrow); moreover,

the diameter and growth direction are similar to that

of original nanowires. The Ga tip on the top can simul-

taneously catalyze growth of many SiOxNy nanowires,

differently from the conventional VLS in which one cat-

alyst nanoparticle only catalyzed growth of one nano-
wire. On the other hand, the above-mentioned split

growth made one nanowire extend to a larger volume

of nanowires within short growth. These phenomena

were also observed during the fabrication of SiO2 nano-

wires via using Ga and Co as a catalyst [19,25]. Fig. 1d

displays an array of the nanowires. The nanowires are

well aligned, the diameter is approximately 50 nm and

the length up to 15 lm. Fig. 1e shows the SEM image
of a typical nanoflower. EDX analysis illustrates that

it consists of Si, N and O. Fig. 1f demonstrates Chinese

cabbage-like nanostructures, which grow separately

from the surface of silica wafer. EDX analyses reveal

that they are composed of Si, O and N, the tips are mol-

ten Ga covered with a thin oxide layer (for some cab-

bages, the molten balls are removed off and left a

cavity on its top).
Fig. 2a, b show general and line scan analyses and a

HRTEM image of a nanocable, respectively. Fig. 2a

demonstrates a TEM image of a typical nanocable.

The inset is line scan analysis as indicated by the line,

which shows that Si and Ga have broad peaks and oxy-

gen has a minimum at the central position. The nitrogen

is distributed inside both sheath and core. Oxygen at the

center position is the lowest. Ga is nearly uniform distri-
bution across the nanowire. These results confirm that

the nanocable has a good axial symmetry in composi-

tion and that the core is Ga doped silicon nitride, the

sheath consists of Si, O and N rather than only Si and

O. Fig. 2b shows a HRTEM image of another nanoca-

ble with an outer diameter of about 30 nm and inner

diameter (core) of 15 nm. EDX (the right lower inset)

indicates that the nanowires are composed of Si, N, O
and Ga. The atomic ratio of Si, N, O to Ga is

52:37:10.5:0.5. The HRTEM clearly proves that the



Fig. 1. (a) SEM image of the samples grown on the silicon substrate, the inset is EDX. (b) Knotting-like nanowires grown on silica substrate, (c) the

nanobundles grown on silica substrate, and the arrows indicate the split growth of the nanowires, (d) the array of nanowires grown on silica

substrate, (e) the nanoflowers grown on silica substrate and (f) Chinese cabbage-like nanostructures grown on silica substrate.
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sheath is amorphous and the core of Ga doped silicon
nitride is single crystal. The clear fringes demonstrate

that the atomic layers of the nanowire are two-dimen-

sional with a spacing of 0.66 nm corresponding to

(1 0 �1 0) and (0 1 �1 0) plane of hexagonal a-Si3N4,

respectively. The SAED (the left upper inset) further

confirms that the core of the nanowire is single crystal

with hexagonal structure a-Si3N4 and grows along

[1 1 �2 0] direction. These results imply that the Ga doped
Si3N4 nanowire form at first and then its outer layer is

oxidized.

Fig. 3a shows TEM image of a nanowire grown on

SiO2 wafer. The nanowire has a diameter of about
80 nm and the length of a few microns as well as
smooth and clean surface. EDX analyses (the left

upper inset) indicate that the nanowire is composed

of Si, O and N with the atomic ratio of Si, O to N

about 50:38:12. EDX analysis (the right lower inset)

on the node (as indicated by the arrow) indicates there

exists Ga besides Si, O and N. Fig. 3b shows

HRTEM image of a SiOxNy nanowire. It is amor-

phous and homogenous without crystalline Si or
Si3N4 cores inside. SAED (the inset) further clarifies

that the nanowire is amorphous.

In order to advance this approach, it is necessary to

investigate the effect of the growth parameters (such as



Fig. 2. (a) TEM of a typical nanocable grown on silicon substrate, and

the inset is line scan analysis and (b) a high-resolution TEM image of

another nanocable grown on silicon substrate, the left upper inset is

SAED and right lower inset is EDX.

Fig. 3. (a) TEM image of SiOxNy nanowires grown on silica substrate,

the left upper inset is EDX of a nanowire and right lower inset is EDX

of a node and (b) a HRTEM of a SiOxNy nanowire and the inset is

SAED.
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flow rate of carrier gas and reaction chamber pressure)

on the growth of nanostructures. Under the invariance

of flow rate of the ammonia, Ga concentration in silicon

nitride increases as the reaction chamber pressure in-

creases, in the same way, under the constant of reaction

chamber pressure, when the flow rate of the ammonia is
less than 15 sccm, we only observed SiO2 nanostructures

rather than Si3N4 nanowires or SiOxNy nanostructures.
Accordingly, we suggest that reaction chamber pressure

and the flow rate of ammonia play an important role on
the doping of Ga into Si or Si compound and nitridation

of Si or Si compound. The nitrogen in Ga doped Si3N4

nanowires and SiOxNy nanostructures are mainly from

NH3 instead of catalyst particles GaN. In addition, In

order to clarify the function of Ar 95% + H2 5%, we



268 C. Xu et al. / Chemical Physics Letters 398 (2004) 264–269
put only silica wafer with the absence of GaN inside

reaction chamber with a flow of Ar 95% + H2 5% at

60 sccm at 900 �C under the same condition of temper-

ature, pressure, and base vacuum. As a result, we ob-

served that some areas on the surface of silica were

corroded severely and subsequently produce nanoparti-
cles. EDX analyses indicated the oxygen in the corroded

area is seriously deficient by comparison with non-cor-

roded areas and nanoparticles are Si. Ar 95% + H2 5%

gas is favorable to yield Si and delete the oxygen trace

in reaction chamber.

When the temperature reaches up to 950 �C, GaN

powders are decomposed into a dense, hot vapor of

Ga and N2. Hot Ga vapor rapidly condenses into small
Ga cluster as Ga species cool through collision with the

buffer gas. The formed Ga clusters are carried away to

the downstream of quartz tube by the carrier gas and

deposited onto a wafer. In the case of Si wafer, the Ga

droplets etch silicon to form Ga–Si [22] alloy as an ini-

tial nucleation site and thus create a dense vapor of sil-

icon species around the Si substrate, which acts as Si

source for the growth of Si3N4 based nanowires. Mean-
while, Ga can easily doped into Si vacancies at a wide

range of temperature to form Si1�xGaxN, the Ga is

mainly incorporated on Si lattice sites rather than on

interstitial positions [23].

SiþNH3 !
Ga

Si3N4=GaþH2 ð1Þ
The molten metal Ga can serve as both an effective

catalyst and dopants for the growth of Ga doped

Si3N4 nanowires. Due to leakage of the system, the fol-

lowing reaction may occur:

Si3N4=GaþO2 ! SiOxNy=Ga ð2Þ
As shown in Fig. 2a, it is most likely that the crystal-

line Si3N4 nanowires form firstly and subsequently out-

layers are oxidized into amorphous silicon oxynitride to

finally form nanocables.

In the case of silica wafer, firstly, at an elevated

temperature,

2GaN ! 2GaþN2 ð3Þ
The freshly formed gallium, having a higher activity

and coalesces, was deposited on silica wafer by carrier

gas and easily forms Ga–Si alloy, newly formed alloy

Ga–Si as a nucleation site, and then:

SiO2 þ Si!Ga
2SiO=GaðgÞ ð4Þ

SiOðgÞ=GaþNH3 ! SiOxNyðsÞ=GaþH2O ð5Þ
It is understood that final products are not SiO2 but

amorphous silicon oxynitride, which has been proven

by previous numerous experiments with respect to the

fabrication of silicon oxynitride films [26–29].
Therefore, the growth of SiOxNy nanostructures can

be summarized into the following three steps:
� At elevated temperature, GaN is partially decom-

posed into Ga and N2. Si is dissolved in molten Ga

to form Ga–Si alloy [30].

� The most important SiO gas is generated via the sili-

con reduction of silica. Due to the non-solubility of

SiO in molten Ga, SiO segregates from molten Ga–
Si and then diffuses on the surface of molten Ga–Si.

� At the introduction of NH3 into reaction chamber,

SiO reacts with ammonia to form many interesting

SiOxNy based nanostructures.

The intermediate Ga plays a key role on the forma-

tion of interesting SiOxNy nanostructures, which are be-

lieved to be similar to that of SiO2 nanowires [19]. The
oxygen in silica wafer is mainly responsible for the for-

mation of SiOxNy nanowires.
4. Conclusion

The silica wafer is mainly responsible for the forma-

tion of SiOxNy-based nanowires and the intermediate
Ga plays an important role in the formation of amazing

growth phenomena. Ga has been successfully doped into

a-Si3N4 nanowires on silicon substrates and the nanoca-

ble of SiGaN/SiOxNy has also been attained via using

GaN as a resource of Ga for catalyst and dopant. The

growth mechanism of as-prepared samples is also

discussed.
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