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Flower-shape clustering GaN nanorods are successfully synthesized on Si(111) substrates through ammoniating

Ga203/Zn0 films at 950°C. The as-grown products are characterized by x-ray diffraction (XRD), scanning electron

microscope (SEM), field-emission transmission electron microscope (FETEM), Fourier transform infrared spectrum

(FTIR) and fluorescence spectrophotometer. The SEM images demonstrate that the products consist of flower-shape

clustering GaN nanorods. The XRD indicates that the reflections of the samples can be indexed to the hexagonal

GaN phase and HRTEM shows that the nanorods are of pure hexagonal GaN single crystal. The photoluminescence

(PL) spectrum indicates that the GaN nanorods have a good emission property. The growth mechanism is also briefly

discussed.
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1. Introduction

In the fields of electronics and optoelectronics, the
intensive research on GalN semiconductors has grown
rapidly in the last decade due to their unique prop-
erties, showing that they have strong points in vari-
ous aspects.[!=6 On the other hand, with the ever-
increasing demand of size shrinkage of modern de-
vices, nanotechnologies are developing at an unprece-
dented pace. Previous reports on GaN nano-scale
structures included columnar structures!”—9 or pyra-
midal hillocks.!'®) Many studies have utilized catalytic
or nanostructure-assisted growth through vapour—
liquid-solid (VLS) growth mechanism,*'~'3carbon
nanotube,™ or anodic alumina membrane,[*! for ex-
ample.

In this paper, we report on an effective method
of synthesizing the flower-shape clustering GalN
nanorods on Si(111) substrates. This growth method
is applicable to continuous synthesis and able to
produce a large number of single-crystalline GalN
nanorods with a relatively high purity and at a low
cost. Therefore, it may be significant for commercial-
scale production.

2. Experiments

In our experiment, the flower-shape clustering
GaN nanorods were prepared by self-assembly of
GayOsfilms in their reaction with NH3. The process
could be fallen into two steps. The first step was to
sputter ZnO target by a JCK-500A radio frequency
magnetron sputtering system to form the ZnO layer
on the Si substrates. The sputtering condition was
as follows: a background pressure was 6.6x10~* Pa;
the output voltage of steady current device was 200
V and the output current was 220 mA; the working
pressure of Ar gas (99.999%) was 2 Pa and the sput-
tering time was 90 min for a film with a thickness of
about 400 nm.

The second step was to deposit GasOg3 films and
synthesize GaN nanorods. The GasOg thin films were
deposited on the ZnO/Si substrates by sputtering the
Gay03 target in the same system. The sputtering
chamber was evacuated by a turbomolecular pump to
a base pressure of 3.0x107*Pa, and then Ar gas was
introduced into the chamber at a pressure of 3 Pa.
When the pressure of the chamber was stabilized, the
radio frequency generator was set to 150 W. The tar-
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get was used as a cathode and the substrates as an
anode. Then GayOj3 films were deposited at room
temperature after cleaning the target with Ar plasma
for 5 min, and the sputtering time was 90 min. The
thickness of GasOs3 film was about 500 nm.

Subsequently, the quartz boat loaded with the
samples was placed into a constant temperature re-
gion for ammoniating. Above all, the flowing N2 was
introduced into the tube to flush out the residual air
for 5 min, and then ammonia was introduced into the
tube with a flow rate of 500 mL/min for 15 min at
950°C while the Ny flow was switched off. After being
ammoniated, the samples were taken out for charac-
terization.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of the samples are measured
by a Rigaku D/max-rB X-ray diffractometer with Cu
Figure 1 shows the XRD pattern of the
GaN nanorods ammoniated at 950°C. Four peaks of
(100), (002), (101) and (102) of GaN are located at
32.36°, 34.54°, 36.78°, and 48.02°, demonstrating that
the reflections can be indexed to the hexagonal GaN
0.318 nm
and ¢ = 0.518 nm, which are consistent with the re-
ported values for bulk GaN.['6] The only other peak at
26 = 28.5° corresponds to the refection of the Si sub-

Ka-line.

phase with the lattice constants of a =

strate. There appear no peaks of ZnO,[7] anN[;S}
and Gas03,['9 indicating that the ZnO buffer layer
has decomposed completely at the temperature of
NHj3 ambient, there is no indication of the formation
of ZnzgNs and the GasOgsfilms have completely reacted
with NHs.
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Fig.1. XRD pattern of the GaN nanorods ammoniated
at 950°C.

3.2. FTIR analysis

Tensor 27 Fourier transform infrared (FTIR) sys-
tem is used to measure the chemical states of prod-
ucts. Figure 2 shows the FTIR spectrum of the GaN
nanorods. Four prominent absorption bands are ob-
served at 561.1 cm™!, 608.8 cm™!, 1105.9 cm~'and
1238.9 cm~!. The absorption band at 561.1 cm ™! cor-
responds to Ga—-N stretching vibration in hexagonal-
type GaN crystal.[?%) The absorption band at 608.8
em~! is associated with the local vibration of substi-
tutional carbon in the Si crystal lattice.?") Accord-
ing to Ref.[22] the bands at 1105.9 cm™! and 1238.9
em~! are related to the Si-O-Si asymmetric stretch-
ing vibration mode, which is ascribed to extremely
thin oxide layer on the Si surface. There appears no
Zn-0 absorption band in Fig.2,/2%! which reveals that
hexagonal ZnO does not exist and volatilizes totally,
and GagO3 absorption band does not exist either,?4
proving that the Ga3Oj3 film has reacted with NHs en-
tirely. The FTIR spectrum further confirms that the

GaN is definitely obtained under this condition.
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Fig.2. FTIR spectrum of the GaN nanorods ammoniated
at 950°C.

3.3.SEM and HRTEM analysis

The morphologies of the products are character-
ized by a Hitachi S-570 scanning electron microscopy
The SEM images
(Fig.3) show that the flower clusters are composed of

(SEM) at room temperature.

nanorods, which display an actinomorphic structure.
These nanorods are not parallel to the substrates and
all come out of the same site. Figure 3(a) is the SEM
image of a cluster of flower-like GaN nanorods. Al-
though several rods are straight, most of them are
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curved. Their diameters and the lengths are not uni-
form, varying from 300 to 900 nm, and from 1 to 8 pm,
respectively. Figure 3(b) clearly shows the magnified
SEM image of another area of the sample, which in-
dicates that each nanorod is not very smooth and has
a slightly rough surface. Besides the cluster, there are
a large number of crystal grains on the surface, which
have not formed into the rods but agglomerated into
micrograins.
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Fig.3. (a) SEM image of the flower-like GaN nanorods
obtained at 950°C; (b) Magnified SEM image of another
area of the sample.

Philips TECNAI F30 field-emission transmission
electron microscope (FETEM) is used at room tem-
perature to measure the microstructures of samples.
Figure 4(a) shows the HRTEM morphology of the
GaN nanorod, which is as long as several micrometres
with an average diameter of about 500 nm. Slightly
rough sidewalls are also found in the HRTEM obser-
vation, indicating that the nanorod probably has de-
fects. Figure 4(b) shows the HRTEM lattice image
and the corresponding selected area electron diffrac-
tion (SAED) pattern of the single nanorod. The clear

lattice fringes confirm that the synthesized nanorods
are of single-crystal GaN. The interplanar spacing is
about 0.242 nm, which is close to the value of the
{101} plane spacing of hexagonal GaN, indicating that
the growth direction of the nanorod tilts with respect
to the fringes of the (101) plane by about 27°. How-
ever, there are also many defects in the rods as illus-
trated by the HRTEM lattice image (indicated by an
arrow). The single-crystal GaN nanorod can also be
identified from the SAED pattern shown in the inset
of Fig.4(b), which can be ascribed to the reflection of
hexagonal wurtzite GaN single crystal.

Fig.4. (a) HRTEM image of a single GaN nanorod; (b)
HRTEM lattice image of the GaN nanorod. Inset: the
corresponding selected area electron diffraction pattern.

3.4. PL analysis

For the optical property, the measurement of PL
spectrum is performed by using the LS50-B fluores-
cence spectrophotometer with a Xe lamp used as the
excitation source (with a wavelength of 298 nm) at
room temperature. Figure 5 shows the PL spectrum
of the as-grown GaN nanorods. Band-edge emission
is observed in these nanorod samples to be located at
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372.5 nm. Because the as-grown GaN nanorods are
too large for quantum confinement effects, and the di-
ameter of the thinnest nanorod is even much larger
than the Bohr exciton radius (11 nm) of GaN,[??! the
UV light emission has no blue shift from the band-gap
emission compared with that of bulk GaN.[26] Other
peaks at 436.4 nm and 474.9 nm may be ascribed to
the existence of defects or surface states.?”=21 The
GaN nanorods show a very good emission property,
which will be a great advantage in their applying to
laser device. However, further work is needed to in-
vestigate the PL mechanism of the GaN nanorods.
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Fig.5. PL spectrum of the as-grown GaN nanorods am-
moniated at 950°C.

3.5. Discussion about growth process

According to the above analyses, to the growth
mechanism of GaN nanorods, we can give a brief ex-
planation as follows: when the temperature is above
650°C, the ZnO films can volatilize in the ammoniat-
ing process. ZnO films react with NH3 to produce Zn,
NO; (or NO), and water vapour in the interface be-
tween ZnO layer and GasOg3 layer. Zn sublimes at the
high temperature and is brought downstream by NHgz
gas to the inner wall in the tube.[??) The volatilization
process may experience the following reaction:

ZnO + NH3 — Zn + NOg(or NO) + H»O.

The GasOg layer falls on the next ZnO layer so as to
decrease the interfacial energy (The result is similar
to that in the interface between Si and ZnO layers).
At the end, the GaN nanostructured film will fall on
the Si substrates directly. Despite the volatilization of
ZmO, self-organized nanometre-sized holes are formed,
which can subsequently be used as a mask to fabri-
cate the flower-like GaN nanorods or act as poten-
tial nucleation sites for the GaN nanostructures. It is
well known that when the ammoniating temperature
is above 850°C, NHs decomposes stepwise to NHj,
NH, H; and N.BY The GayO3 particles come out and
subsequently react with Hs to form GasO vapour. The
GaN molecules are finally generated through the re-
action of GasO with ammonia. All the reactions can
be expressed as

NH;(g) — Na(g) + Ha(g),
Gaz03(s) + 2Ha(g) — Ga20(g) + 2H20(g),
Gaz0(g) + 2NH;3(g) — 2GaN(s) + 2Ha(g) + H2O(g).

These GaN molecules continuously come out and ag-
glomerate into micrograins. When the growth direc-
tions of the micrograins are all orientated to the same
direction, the single-crystal GaN nanorods are formed.
It can be seen that the high temperature, ammonia,
ZnO layer and GagOg are crucial to the growth of GaN
nanorods. However, the specific function of the ZnO
buffer layer in growing the GaN nanorods should be
further studied.

4. Conclusion

In summary, flower-like GaN nanorods have been
successfully synthesized on Si (111) substrates through
the reaction between the GagOs films and ammonia
at 950°C in a quartz tube. The structure, morphol-
ogy and optical properties of the as-prepared GalN
nanorods are studied by XRD, SEM, HRTEM, FTIR
and PL. The results show that the nanorods have pure
hexagonal GaN single-crystal structures with lengths
of about several micrometres and diameters ranging
from 300 nm to 900 nm. The growth mechanism is
briefly discussed.
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