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bstract

he crystal structure of gallium oxynitride nanowire was investigated by using scanning transmission electron microscopy. Gallium oxynitride
anowire was directly observed to have a biphasic wurtzite and zinc-blende structure. There was a stacking disorder of several atomic layers
etween the two phases. The new biphasic nanowire formed due to the presence of Ni in starting material because its nitride has a zinc-blende
tructure whereas gallium oxynitride has the wurtzite structure. Crystal growth of gallium oxynitride nanowires was studied using seed crystals.
eed crystals and amorphous gallium oxide precursors were annealed under different ammonia flow rates to grow gallium oxynitride nanowires.

he nanowires grew to length of 150 �m but they did not grow laterally when the ammonia flow rate was 50 mL/min.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Gallium nitride (GaN) and the related materials have been
idely studied for various applications including UV-blue

ight emitting diodes, laser diodes and UV detectors.1–3 Their
anowires have been attracting interest for a wide range of
ptical and electronic applications, such as UV lasers, field
ffect transistors and logic gates.4–6 Nanowires can be grown by
arious methods, including chemical vapor deposition (CVD),
etalorganic CVD and vapor phase epitaxy using Au, Ni, Co

r Si as catalysts for vapor–liquid–solid (VLS) growth.7–10

anotubes and nanobelts of GaN have been also prepared by
itridation of �-Ga2O3 by NH3.11,12

Theoretical calculations predicted that spinel type gallium

xynitride �-Ga3O3N will form from monoclinic �-Ga2O3 and
urtzite GaN under high pressure and that the oxynitride will
e stabilized by introducing gallium vacancies.13,14 Gallium
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xynitride (GaON) with a wurtzite-like structure was first pre-
ared by ammonolysis of NiGa2O4.15 Its crystal structure has
een expected to be 6H polytypoid, because its Raman spectrum
howed characteristics for both wurtzite (2H) and zinc-blende
3C).16 Wurtzite-type GaON with a chemical composition of
Ga0.89�0.11)(N0.66O0.34) was also prepared by ammonolysis of
morphous gallium oxide obtained through the citrate route,17

here the symbol �  indicates a gallium site vacancy. It is
xpected to have a non-stoichiometric nitrogen/oxygen ratio and
o contain gallium site vacancies. It is not clear whether it has a
xed chemical composition or the GaN analogue partially sub-
tituted with oxide ions. Some kinds of 3d transition metals
ere doped into the GaON to study the magnetic properties
y using similar preparation methods.18–21 Ammonolysis of an
morphous gallium oxide precursor containing a few percent
f Ni or Co additives produced GaON nanowires mixed with
gglomerated GaON grains.22 The nanowires grew to length
f several micrometers and widths of several tens of nanome-

ers at an ammonolysis temperature of 750 ◦C. Their electron
iffraction pattern indicates that they grew parallel to the hexag-
nal c-plane. Ni or Co additives were found in the agglomerated

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.038
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Fig. 1. Schematic diagram of the nanowire growth. GaON seed crystals on silica
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Fig. 2. TEM image and (inset) electron diffraction pattern of GaON nanowire
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ubstrate were placed in a quartz glass tube furnace with an amorphous gallium
xide precursor.

rains, but not in the GaON nanowires. The GaON nanowires
ere assumed to be grown by the catalytic behavior of Ni or Co,
hich precipitated during ammonolysis due to the instability
f their nitrides.23 One-dimensional growth occurred because
etal precipitates obstruct isotropic two-dimensional growth of
aON in the hexagonal c-plane. The nanowires did not grow by
LS growth. They should be single crystals with a fixed chemi-

al composition. They are expected to have a highly disordered
urtzite (2H) crystal structure with some zinc-blende (3C) type

tacking disorders based on X-ray diffraction (XRD) patterns of
he mixture of nanowires and agglomerated GaON grains. Such
tructural characteristics can be observed directly in single crys-
alline products. However, there have been no direct microscopic
bservations of the stacking disorder in GaON.

The optical and electronic transport properties of the
anowires can be controlled by controlling their crystal struc-
ure and chemical composition. Crystal growth along the
bove-mentioned biphasic wurtzite and zinc-blende structure is
equired to their characterizations and applications in optical,
ransport properties and so on. Crystal growth by using seed
rystals has not yet been investigated. The presence of stacking
isorder as well as growth conditions may affect the nanowire
orphology.
In this study, the atomic scale observation of the GaON

anowire was carried out by using scanning transmission elec-
ron microscopy (STEM) technique to clarify their crystal
tructure. Crystal growth of GaON nanowires was also studied
y using seed crystals separated from the agglomerated product
btained by ammonolysis of an amorphous gallium oxide pre-
ursor containing 3 at.% Ni additives. The effect of varying the
mmonia flow rate on their morphology was investigated.

. Experimental

A mixture of GaON seed crystals and agglomerated GaON
rains was prepared by ammonolysis of an amorphous gallium
xide precursor containing 3 at.% Ni. The starting materials
ere gallium nitrate hydrate Ga(NO3)3·9H2O and nickel nitrate
ydrate Ni(NO3)2·6H2O purchased from Wako Pure Chemicals
ith 3N purity. These reagents were dissolved in distilled
ater containing citric acid (Wako Pure Chemicals with 3N
urity). The solution condensed to form a gel on a hot plate
nder stirring. The gel was calcined in air at 350 ◦C for 1 h to
btain an amorphous oxide precursor. It was then nitrided at

50 ◦C for 10 h in an ammonia flow of 50 mL/min. The nitrided
roduct contained GaON nanowires and agglomerated grains.
o separate the nanowires so that they could be used as seed

r
t
c

repared by ammonolysis of amorphous gallium oxide precursor with 3 at.% Ni
t 750 ◦C under NH3 flow rate of 50 mL/min.

rystals for subsequent crystal growth, the nitrided product was
ltrasonically separated in acetone and the supernatant solution
as dropped onto a silica substrate. The silica substrate was

hen placed in a tube furnace for the crystal growth with the
allium oxide precursor which had been prepared through
bove-mentioned process without Ni additives. Fig. 1 shows a
chematic diagram of the crystal growth setup. The seed crystal
nd the precursor were annealed at 750 ◦C for 10 h under NH3
ow rates of 20–100 mL/min.

XRD patterns were collected using a diffractometer with
u K�  radiation (Ultima IV, Rigaku). The microstructure of

he products on carbon tapes was observed by scanning elec-
ron microscopy (SEM) (JSM-6390LV, JEOL). Transmission
lectron microscopy (TEM) samples were prepared by sus-
ending the nanowires, which was obtained by ammonolysis
f amorphous gallium oxide at 750 ◦C under NH3 flow rate
f 50 mL/min with 3 at.% of Ni additives, in ethanol and
hen supporting them on a micro-grid coated copper mesh.
EM and STEM observations were performed using JEM-
010HC (JEOL) and JEM-2100F (JEOL) equipped with a
s-corrector (CEOS GmbH). Elemental analysis was performed
y STEM energy-dispersive X-ray spectroscopy (EDX) (HD-
000, Hitachi).

. Results  and  discussion

.1.  Direct  observation  of  stacking  disorder  in  GaON
anowires

Fig. 2 shows a TEM image of a GaON nanowire prepared
y ammonolysis of amorphous gallium oxide at 750 ◦C under
H3 flow rate of 50 mL/min with 3 at.% of Ni additives. It is

everal micrometers long and about 100 nm wide. Its electron
iffraction pattern was indexed with a hexagonal lattice and
ts growth direction was parallel to the hexagonal c-plane, as

eported in a previous study.22 A streak in the electron diffrac-
ion pattern suggests the presence of stacking disorder along the
-axis. Fig. 3(a) shows a bright-field (BF) STEM image of a
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ig. 3. (a) BF-STEM image of GaON nanowire. Incident electron beam along[11-

attice. (b) HAADF-STEM image of GaON nanowire. A, B and C indicate the s

aON nanowire. The BF-STEM image and its corresponding
ourier transforms indicate that the GaON nanowire consists
f wurtzite and zinc-blende lattices. The close-packed planes
i.e., the c-plane in wurtzite and the (1 1 1) plane in zinc-blende)
re parallel to the nanowire growth direction. Fig. 3(b) shows

 high-angle annular dark field (HAADF) STEM image taken
rom the same area shown in Fig. 3(a). In HAADF-STEM
mages, signal intensity is known to be roughly proportional
o the square of the atomic number Z.24 The bright spots in
he image correspond to gallium ions. ABAB and ABCABC
tacking sequences of gallium ions correspond to wurtzite and

inc-blende lattices, respectively. They are clearly observed in
he upper and lower regions of the image. A stacking disor-
er of about six atomic layers is sandwiched between them.

c
i
G

Fig. 4. SEM images of GaON nanowires grown at 750 ◦C under N
 [1 1 0] zone axes in hexagonal wurtzite and its corresponding cubic zinc-blende
ng sequences.

aON nanowires were assumed to grow by catalytic behav-
or of Ni which obstructs isotropic two-dimensional crystal
rowth, resulting in one-dimensional growth in the hexago-
al c-plane.22 The mononitride of nickel has been reported to
rystallize in the zinc-blende structure.23 The presence of Ni
uring ammonolysis of amorphous gallium oxide may induce
he observed biphasic stacking of GaON nanowires because
ickel nitride crystallizes in the zinc-blende structure, whereas
aON prepared by ammonolysis of amorphous gallium oxide
recursor has the wurtzite structure.17 The present STEM–EDX
bservations showed that GaON nanowires prepared at 750 ◦C

ontained about 30 at.% of oxide ions substituted for nitride
ons. This amount is similar to that reported for wurtzite-type
aON powder.17 In order to keep its charge neutrality, some

H3 flow rates of: (a) 20, (b) 30, (c) 50, and (d) 100 mL/min.
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Fig. 5. (a) Width and (b) length histograms of GaON nanowires grown at dif-
ferent NH3 flow rates.

Fig. 6. XRD patterns of gallium oxynitride nanowires grown at 750 ◦C under
NH3 flow rates of (b) 20, (c) 30, and (d) 50 mL/min measured on a silica
substrate. (a) Reference XRD pattern of gallium oxynitride powder pre-
pared by ammonolysis of Ga–Ni oxide precursor, containing nanowires and
agglomerated grains. Simulated XRD patterns for a chemical composition
(Ga0.89�0.11)(N0.66O0.34) with the hexagonal wurtzite structure (a = 0.3189 nm
and c = 0.5181 nm17) and with the cubic zinc-blende structure (a = 0.4486 nm)
are also shown at the bottom. Open triangles indicate diffraction peaks for the
992 Y. Masubuchi et al. / Journal of the Euro

allium site must be vacant.17 Gallium vacancies and incorpo-
ated oxide ions may introduce stacking disorder into the GaON
attice. �-Ga2O3 crystallizes in the corundum structure in which
ne third of the octahedral sites are vacant in hcp.25 GaN has
he wurtzite structure in hcp and �-Ga2O3 crystallizes in the
cp with partially occupied tetrahedral and octahedral sites.26,27

he different stacking in simple gallium compounds may sug-
est understanding of the complicated stacking in relation to
he gallium vacancy. Polytypoid structure, which corresponds to
urtzite-type AlN with a different stacking sequence, has been
bserved in aluminum oxynitrides and SiAlON with a cation-
eficient composition (i.e., M/X  < 1).28,29 Incorporated oxide
ons and gallium vacancies may stabilize the biphasic wurtzite
nd zinc-blende structure with stacking disorders.

.2. Crystal  growth  of  GaON  nanowires  on  seed  crystal

Seed crystals separated on the silica substrate were annealed
ith amorphous gallium oxide at 750 ◦C under flowing NH3 to

chieve homogeneous crystal growth and to obtain larger GaON
anowires. Fig. 4 shows SEM images of GaON nanowires grown
nder four different NH3 flow rates. Nanowires did not grow
nder similar conditions when silica substrates without seed
rystals were used. Many short (i.e., <10 �m), twisty GaON
anowires were obtained under a NH3 flow rate of 20 mL/min
Fig. 4(a)). GaON nanowires that were more than 100 �m long
nd short, twisty nanowires were observed for annealing under

 NH3 flow rate of 30 mL/min (Fig. 4(b)). The number of
hort, twisty nanowires decreased when the NH3 flow rate was
ncreased to 50 mL/min (Fig. 4(c)). In the product, very long
anowires that were over 100 �m long were formed with sev-
ral branches in every several tens of micrometers. However,
he nanowires did not undergo crystal growth at a NH3 flow
ate of 100 mL/min as indicated by the fact that the small grains
nd very short nanowires in Fig. 4(d) have similar distributions
o those observed before annealing. During crystal growth of
aN, gallium vapor phase such as Ga2O are supplied from the
-Ga2O3 precursor under flowing NH3.30 The NH3 flow rate of
00 mL/min was too fast to supply gallium vapor phase for crys-
al growth. On the other hand, a low NH3 flow rate may allow
he vapor phase to stay near the seed crystal in a longer duration,
esulting in an excess supply of gallium vapor phase on the seed.
his excess supply may favor GaON nucleation on the substrate
urface rather than crystal growth of the seed crystals.

Fig. 5 shows histograms for the nanowire width and length
bserved on the products obtained at the three NH3 flow rates.
here is little difference between the width distributions of the
roducts. The GaON nanowire width after crystal growth did
ot change significantly on changing the NH3 flow rate. The
aON nanowires were significantly elongated at a NH3 flow

ate of 50 mL/min and reached a maximum length of 150 �m.

hile a low flow rate of 20 mL/min was not effective for grow-

ng the nanowires, it increased the number of GaON nanowires
ecause of increased nucleation. The stacking disorders parallel
o the hexagonal c-plane in GaON may obstruct crystal growth

wurtzite lattice. Peaks with asterisks are also assigned to a zinc-blend lattice.
Filled diamonds indicate diffraction peaks of GaNi3C0.5.
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erpendicular to the hexagonal c-plane and enhance it parallel
o the c-plane.

XRD patterns of the as-grown nanowires are shown in
ig. 6(b–d) and Fig. 6(a) shows the XRD pattern for a mix-

ure of GaON nanowires and agglomerated grains prepared by
mmonolysis of the gallium oxide precursor at 750 ◦C with

 at.% of Ni additives. GaON prepared with Ni additives crystal-
izes with the biphasic wurtzite and zinc-blende structure with
tacking disorders (Fig. 3). Fig. 6(b–d) shows remarkable pre-
erred orientation. Their hexagonal c-plane was parallel to the
ilica substrate because the nanowires grown in the c-plane
eadily lie on the silica substrate. Their optical and electrical
roperties are currently being investigated.

. Conclusion

The atomic-scale microstructure of gallium oxynitride
anowires prepared by ammonolysis of a Ga–Ni oxide precursor
as observed by STEM. The gallium oxynitride nanowires con-

isted of wurtzite and zinc-blende lattices with stacking disorder
f several atomic layers in between. The nanowires grew paral-
el to the hexagonal c-plane and the cubic (1 1 1) plane. Gallium
xynitride nanowires were grown to a length of 150 �m using
hort seed crystals at 750 ◦C under 50 mL/min ammonia flow.
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