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GaN Nanowires Fabricated by
Magnetron Sputtering Deposition

Feng Shi
College of Physics & Electronics, Shandong Normal University,
P.R.China

1. Introduction

GaN, as an attractive third-generation semiconductor material (III-V), has shown great
prospect in applications of short wavelength blue and ultraviolet (UV) light-emitting
devices (LEDs), microwave devices and high-power semiconductor devices, due to its
unique physical properties such as wide band-gap (3.39 eV direct gap at room temperature),
high thermal conductivity, high electron saturated mobility, high thermal stability, and so
on (Fasol, 1996; Nakamura, 1998; Morkoc & Mohammad, 1995; Han et al., 1997).

As we all know, GaN have three kinds of strucrure: hexagonal wurtzite (a-phase), cubic
blende (B-phase) salt mine (NaCl-type compound square structure), which are shown as
Figure 1.
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Fig. 1. The crystal strcutures of GaN. (a) Wurtzite Structure; (b) Blende Strcuture; (c) Salt
Mine Structure.

In the past decades, a lot of man-powers, materials and financial resources have been put to
study GaN by many countries, especially GaN nanostructures (nanowires, nanorods and
nanobelts). One-dimensional GaN nanostructure has potential applications in the fields of
full-color panel displays and nanometer electronic devices with high electron migration rate
(Lauhon, 2002; Ham et al., 2006). However, the growth of GaN nanostructures with high
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226 Nanowires - Fundamental Research

crystalline quality is the pre-condition for the fabrication of GaN-based components.
Recently, several techniques have been developed to fabricate one- dimensional GaN
structures such as carbon nanotube-confined reaction (Han,1997), template- based growth
method (Xu et al., 2006), direction reaction of metal Ga with NH; (He, 2000), ammoniating
GayOs/ AlLOs films (Xue et al., 2004) and sublimation method(Li et al., 2000).
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Fig. 2. Stacking Way of GaN: (a,b) Wurtzite Structure; (c,d) Blende Strcuture.

Of these methods, the metal catalyst-assisted growth is the most successful approach used
popularly. According to our previous experimental results (Shi, 2010a, 2010b) the
intermediate layer between Si substrates and Ga;Os; had great influence on the modality and
characteristics of the GaN nanostructures. Therefore, we attempted a novel route via Tb as
the intermediate layer and synthesized unexpectedly large-scale GaN nanowires by
ammonation radio frequency (RF) magnetron sputtering method, i.e., the transition metals
of Ti, V, Cr, Co, Nb, Mo, Ta, and Tb (short for M) are employed as catalyst materials
forming the intermediate layer between Si substrate and GaxOs film to grow unexpectedly
large-scale GaN nanowires by ammonation radio frequency (RF) magnetron sputtering
method. That is, Ti, V, Cr, Co, Nb, Mo, Ta, and Tb (M), the elements of transition metals, are
employed as catalyst materials forming the intermediate layer between Si substrate and
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Gay0s films to growth one-dimentional GaN nanowires. In this chapter, high-quality GaN
nanostructures,especially, nanowires, catalyzed by Ti, V, Cr, Co, Nb, Mo, Ta, and Tb have
been fabricated on Si (111) substrate by ammoniating Ga,Os thin films. The fabrication
condition, microstructure, morphology and photoluminescence (PL) optical properties were
analized and the growth mechanism of GaN nanowires is further disccussed. One-
dimentional GaN nanowires are also fabricated by using MgO, TiO,, Al;Os, SiC, BN, and
ZnO (short for Cp) as intermediate layers. Through ammoniating Ga>O; films doped with
Mg, high-quality P-typed GaN nanowires have been synthesized on Si(111) substrates. The
growth mechanism of GaN nanowires are analyzed in detail.

The high-quality single GaN nanowires have also been fabricated by NiCl, Catalyzed
Chemical vapor deposition and the growth mechanism of GaN nanowires are also analyzed
inparticular.

2. GaN nanowires fabricated by RF magnetron sputtering method

2.1 Catalyzed by transition metals of M.

2.1.1 Experimental procedures

The growth method catalyzed by metallic M. is simple in fabrication progress and easy to
control the size of the GaN nanostructures. Therefore, in our experiment, metalic M. and
GayO3 were deposited on the polished n-type Si(111) substrates in turn to form GaxOs/Me.
films by sputtering the M. targets of 99.95 % purity and the sintered Ga,O; target of 99.99 %
purity in a JCK-500A magnetron sputtering system.The sputtering time of M. and GayO3
was 2 s ~ 5 s and 90 min with the thickness of 5 ~ 20 nm and 500 nm, respectively. The
working conditions were, 150-Wand RF sputtering power of 13.56 MHz ; 20-Wand DC
sputtering power; background pressure of 1.0x10-3 Pa; and pure Ar (= 99.99%) as the
working at a working pressure of 1~3 Pa. The distance between the target and the substrate
was 8 cm. The sputtering progress was maintained at room temperature by the cooling
system. After sputtering, the samples were ammoniated in a conventional tube furnace at
atomosphere of pure NHj gas with purity of 99.999%under the temperatures of 800 °C ~
1000 °C for 10~20 min. After being ammoniated, the samples were taken out for
characterization.

The microstructure, composition, morphology and optical properties of the samples were
studied using X-ray diffraction (XRD, Rigaku D/max-rB,Cu, K,, A=1.54178 A), FT-IR
spectrophotometer with Mg X-ray source (FTIR, Bruker TENSOR27), X-ray photoelectron
spectroscope (XPS, Microlab MKII), scanning electron microscope (SEM, Hitachi S-570),
high-resolution transmission electron microscope (HRTEM, Philips TECNAI-20), and
photoluminescence spectroscopy (PL, LS50-fluorescence spectrophotometer).

2.1.2 Results and discussion

Figure 3 show the X-ray diffraction pattern of the samples grown at different temperatures
with different transition metals.

As shown in Figure 3, the samples after ammoniation are hexagonal wurtzite GaN with
lattice constant of a = 0.3186 nm and ¢ = 0.5178 nm, and the diffraction peaks located at
about 20=32.3°, 34.5°, and 36.7° correspond to (100), (002) and (101) planes, which are
consistent with the reported values for bulk GaN (Perlin,1992). No peak of Ga>Os, M. or
MO is observed, indicating that neither Ga,O3, M. metal nor MO coats the sample surface,
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which indicates that these transitional elements take great catalytic action for the growth of
GaN nanostructures.

Figure 3 tells us that at special conditions, the GaN naostructures can grow along preferred
(002) plane catalyzed by transitional elements of Ti, V, Cr, and rare-earth of Tb. While the
GaN naostructures cann’t grow along preferred plane by transitional elements of Nb,
Mo,Co, and Ta. That is, the GaN nanostructures can grow along preffered (002) plane
catalyzed by the first elements of the II, III, IV subgroups on the Periodic Table of chemical
elements, except the other elements. This is a noticed phenomenone deserved further study.

Ammoniating times and temperatures have great influence on the crystalline quality of the
samples. The sample catalyzed by Cr can form preferred (002) plane ammoniated for 5 min,
and the sample catalyzed by Tb can form preferred (002) plane ammoniated at 850 °C,

which can be shown as Figure 4.
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Fig. 3. X-ray diffraction pattern of the samples grown at different temperatures with

different transition metals.

As shown from Figure 4, a large amount of one-dimensional nanowires distribute on the
sample surfaces with high crystalline quality after catalyzed by V, Cr, Co, Nb, Mo, Ta, and
Tb except catalyzed by Ti. Most of them are straight and smooth of uniform thickness along
the spindle direction, and interlace with each other disorderly, having the size of about 50
~100 nm in diameter and several tens of microns in length.

The diameters increase with the number of the protons, for example, the samples can form
GaN nanowires when catalyzed by Ti, V, and Cr, however, with the increase in the protons,
nanorods can be formed, such as the sample catalyzed by Co, as shown in Figure 4d. For Cr,
and Co, the comparision is the most obvious.

As for V, Nb, and Ta, which are of the same sub-group, nanowires can be formed catalyzed
by V, however, nanorods can be formed when catalyed by Nb and Ta. Cr and Mo are of the
same subgroup, the sample catalyzed by Cr can form nanowires, while after catalyzing by

Mo, nanorods can be formed.
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In short, the catalytic action increases with the increase in the number of the protons at the
same line of the Periodic Table of chemical elements, and the morphology become obvious.
And the same law exsits in the same row.
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Fig. 4. SEM images of the samples catalyzed by different transition metals.

Ammoniating temperatures have great influence on the morphology of the sample
catalyzed by Cr, which are shown in Figure 4c and Figure 5. In Figure 4c, nanowires are
formed in the sample ammoniated at 950 °C, however, nanorods are formed ammoniated at
1000 °C, as shown in Figure 5.
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Fig. 5. SEM image of the sample grown at 1000 °C catalyzed by Cr.

Figure 6 show the TEM, selected area electron diffraction (SAED) and HRTEM images of an
individual GaN nanowire. (a) TEM and SAED images,(b) HRTEM image.
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Fig. 6. TEM, selected area electron diffraction (SAED) and HRTEM images of an individual
GaN nanowire. (a) TEM and SAED images,(b) HRTEM image.

As seen in Figure 6a, the nanowire is straight and smooth with uniform thickness in
diameter and the diameter of nanowire is about 30 nm. Meanwhile, it shows the GaN
nanowire is solid structure while not hollow tubular structure. Diffraction spots from
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SAED are regular which shows GaN nanowire is monocrystal with hexagonal wurtzite
structure. Seen from Figyre 6b, HRTEM lattice image of straight GaN nanowire, the well-
spaced lattice fringes in the image indicate a single crystal structure of GaN nanowires
with high crystalline quality. The crystal plane spacing of nanowire is about 0.276 nm,
which corresponds to (100) crystal plane spacing (0.276 nm) of hexagonal GaN single
crystal.
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Fig. 7. TEM, selected area electron diffraction (SAED) and HRTEM images of an individual
GaN nanorod. (a) TEM and SAED images,(b) HRTEM image.

Figure 7a shows that the nanorod is straight and smooth, of 150 nm in diameter, As seen
from Figure 7b, HRTEM lattice image of the straight GaN nanorod, the well-spaced lattice
fringe in the image indicates that the GaN nanorods have high crystalline quality with less
dislocations and defects. The crystal plane spacing of the nanorod is about 0.2762 nm, which
is less than that of (100) crystal plane spacing (0.276 nm) of hexagonal GaN single crystal
(Monemar,1974). The growth direction of this nanorod is parallel to [100] orientation.
Diffraction spots from SAED (the inset in Figure 7a ) are regular and corresponding to the

diffraction direction of 1213, which shows the GaN nanorod is monocrystal with hexagonal
wurtzite structure.

We used different M. elements to catalyze GaN samples and they were ammoniated at
different temperatures and different times, nanowires and nanorods can be observed with
clear surface, and we take the Mo as an example. Figure 8. FTIR patterns of the sample
catalyzed by Mo after ammoniation at 950 °C for different times.

As seen in Figure 8, there are three well-defined prominent absorption bands, located at
564.07 cm-1, 608.94 cm?, and 1102.31 cm-l. The band located at 564.07 cm-! corresponds to
Ga-N stretching vibration (E1(TO) mode) in hexagonal type GaN crystal (Yang,2002), and
the other two bands are related to the Si substrate. The band located at 608.94 cm! is
associated with the local vibration of substituted carbon in the Si crystal lattice (Ai et al,
2007), whereas the band located at 1102.31 cm! is attributed to the Si-O-Si asymmetric
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stretching vibration because of the oxygenation of Si substrate (Sun,1998). There is no Ga-O
bond and other absorption band in the spectrum (Demichelis, 1994), therefore, Ga,Os films
react with NH3 completely at 950 °C for 15 min and form hexagonal type GaN crystal, which
is the same as the results of the XRD. The Ga-N bond intensity of the sample whose
ammoniating time is 20 min is stronger than those of the other two samples, which proves
the sample has the highest crystalline quality, and is also the same as the results of the XRD.
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Fig. 8. FTIR patterns of the sample catalyzed by Mo after ammoniation at 950 °C for
different times. (a) 15 min; (b) 20 min; (c) 25 min.

We have tested other samples which were ammoniated by other M. elements, the
composition can be observed clearly by FTIR, and only GaN exsits. In short, catalyzed by
Me, the ammoniation reaction was complete and Ga;O3 has turned to GaN completely.
Figure 9 shows the XPS images of N1s, Ga2p, Ga3d, and Ols for GaN synthesized at the
ammoniating temperature of 950 °C, respectively.

Figure 9a shows the general scan in the binding energy ranging from 0 eV to 600 eV and the
main components are Ga, C, N, and O with XPS peaks at the location of Ga2ps/> (1177.16
eV), Ga2p1/2(1144.10 eV), Ga3d (20.2 eV), N1s (396.1 eV) and O1ls (530.3 eV).

The core level of Ga has a positive shift from elemental Ga, as shown in Figure 9b. This shift
in the binding energies of Ga and N confirms the bonding between Ga and N and the
absence of elemental gallium. As seen in Figure 9¢, The binding energies of Ga2ps,, and
Ga2pi/2 are 1117.8 eV and 1144.5 eV, respectively, which are consistent with the results of
Wei (Wei et al., 2005) whereas the banding energies of Ga element are 1116.6 eV (Elkashef et
al., 1998) ~ 1118.5 eV (Kingsley et al., 1995) and 1119.2 eV (Sasaki et al.,1998). No bond
formation is observed between Ga and O as the Ga3d spectrum does not show any satellite
peak corresponding to B-Ga (Ishikawa et al., 1997) shows the Ga atom existing only as
combined GaN, not Ga;Os. Quantification of the peaks shows that the atomic ratio of Ga to
N is approximately 1:1.

As observed, the energy peak for N1s shown in Figure 9d is centered at 396.1eV, instead
of 399 eV (binding energy of N element existing as atomic style), similar to the results of
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Li (3974 eV) (Li et al., 1997) and Veal (397.6 eV) (Veal et al., 2004), i.e., N atom exists as a
nitride. The width and slight asymmetry of the N1s peak are attributed to N-H2 and N-H3
formation due to the interaction between N2 and NH3 at the GaN film surface
(King,1999).
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Fig. 9. XPS spectra of the sample after ammoniation at 950 °C for 15 min (Cr). (a) general
scan spectrum;(b) Ga3d band; (c) Ga2pi,2 and Ga2ps,» bands; (d) N1s band.

The elements of C and O arise from the surface pollution of the sample (Monemar,1974) .
The Ols peak centered at 530.7 eV. According to Amanullah et al (Amanullah et al., 1998),
generally, the Ols peak had been observed in the binding energy region of 529-535 eV, and
the peak around 529-530 eV is ascribed to lattice oxygen.For chemisorbed O; on the surface
the binding energy ranged from 530.0 eV to 530.9 eV. Therefore, the Ols peak in the present
work is part of chemisorbed oxygen.
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In short, XPS analysis shows that Ga;O3 reacts with NH3 completely and forms GaN after
ammoniation at 950 °C for 15 min, similar to the results of the XRD and FITR analysis.
Figure 10 is the photoluminescence spectrum of the samples grown at different
temperatures for 15 min (Tb).

PL Intensity/ a.u.

350 ' 400 ' 450 ' 500

Fig. 10. Photoluminescence spectrum of the samples grown at different temperatures for 15
min (Tb). (a) 850 °C, (b) 1000 °C, (c) 900 °C, (d) 950 °C.

Figure 10 shows there is a strong UV emission peak centered at 369 nm corresponding to
near band-edge emission of hexagonal GaN (Xiao et al., 2005). Because the diameter of the
nanorod is much larger than the Bohr exciton radius (11 nm), beyond the work scope of
quantum confinement effects, no blue-hift is discerned when compared with bulk GaN,
but a small red-shift has occurred when compared with 365 nm reported by reference
(Monemar, 1974). The reason of red-shift is probably related with band gap change caused
by the tensile stress of one-dimensional GaN nanomaterials along the axial direction (Bae
et al., 2003). The corresponding binding energy (Ev) is 3.36 eV and thus it is smaller than
binding energy of bulk GaN with 3.39 eV. Meanwhile, a weak light emission band
centered at 387 nm can be observed, too, which is due to the excitons bound to surface or
other structure defects (Schlager, 2006). The luminescence properties have been affected
by more probabilities of defects and surface states due to larger surface area, comparing
with the GaN epitaxial layer. The locations of the two emission peaks do not change but
the intensity of the emission peaks changes obviously with the variation of the
ammoniating temperature, which indicates the optical properties are closely related with
the ammoniating temperature. The luminous intensity of GaN nanostructures is at its
highest at 950 °C.

Figure 11 shows the photoluminsescence spectra of the samples (Cr) nitridized at 950 °C for
different nitridation times.

Figure 11 shows there is only one strong ultraviolet emission peak centered at 362 nm,
which is close to the result of 365 nm reported by reference (Monemar, 1974). A blue-shift
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occurrs, which is attribute to quantum confinement effect (Chen et al., 2001; Liu et al., 2001).
The site of the strong emission peak does not change but the intensities of the emission peak
changes obviously with the viriation of nitridation time. The intensity of the emission peak
reaches its best after nitridation for 15 mins, which shows that the optical properties of GaN
nanowire structures significantly depend on ammoniating times.

162nm
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340 360 ' 380 400 420 440
Wavelength{nm)

Fig. 11. The photoluminsescence spectra of the samples (Cr) nitridized at 950 °C for different
nitridation times of (a) 20 mins; (b) 5 mins; (c) 10 mins; (d) 15 mins.

Different metalics have great influence on the optical properties of GaN nanowires. We
sumarized the data after testing all the samples catalyzed by Ti, V, Cr, Co, Nb, Mo, and Ta,
which are listed in Table 1.

Ti A% Cr Co
364nm 368.2nm 362nm 370nm
Nb Mo
367.5nm 370.5nm
Ta
364nm

Table 1. Wavelenghths of strong UV emission peaks for the samples catalyzed by different M.

Table 1 shows that with the increase in the number of protons, the wavelength of the
samples catalyzed by different elements can change their sites, i.e., blue-shift, red-shift, and
then blue-shift, red-shift. In short, wavelength shifts to long wave, i.e., red-shift, with the
increase in the number of the protons at the same line of the Periodic Table of chemical
elements. While as for the same subgroup elements, from V to Nb to Ta, wavelength
decreases, i.e, bule-shift.

Note: Cr is an exception, and the reason is unknown.

2.1.3 Growth mechanism

There are several growth mechanisms for one-dimension nanowires, One is vapor-liquid-
soild (VLS) process(Sun et al., 2002), in which nanoparticles as catalysts are formed on the
tip of nanowires. The other is VS mechanism (Wang et al., 2004), in which nanowires are
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fabricated from the vapor of precursor directly, without a liquid state. For the GaN
nanowires synthesized in our cases,VLS mechanism is dominant but not enough to explain
the growth of the GaN nanowires.

The growth of one-dimentional nanowires are closely related to the defect energies because
there are more broken bonds at defect sites with lower chemical potential and nanowires
can grow from these defects. Less nanowires can form when GaN films were deposited on
the single crystal Si substrate by MBE or MOCVD because there are less defects on the Si
substrate surface and the surface energies are too low to provide enough energy for the
growth of one-dimentional nanowires. One-dimentional nanowires can form after the
intermediate layer is deposited on the Si substrate.The defects originating from the
intermediate layer can change the enengy distribution on the substrate surface and provide
more energies for the growth of nanowires.

Figure 12 show the typical images of GaN nanostructures.

Fig. 12. (a) Cluster growth of one-dimensional GaN nanostructure; (b) Magnification of local
area in image (a); (c) SEM image of single nanowire with nanoparticle on the tip.

During our experiments, we found that these nanowires grew as clusters-like structure, as
shown in Figure 12a and Figure 12b, and distributed on the substrate surface scarcely. In
Figure 12, there exist cluster-like nanowires and nanowires grow radially outward from the
central nuclei. As indentified in Figure 12c and Figure 4g, and 4h, there are nanoparticles on
the tips of nanowires, which is the most noteworthy feature of the vapor-liquid-solid (VLS)
mechanism. Therefore, we infer that metallics M. forms the central nuclei during
ammonation on the substrate surface and GaN nanowires occur from these
nanoparticles.That is, Me intermadiate layers provide nucleation points for the formation of
GaN crystalline nuclei and play an important role for the formation of GaN nanowires.

The growth procedure of nanowires is infered and claryfied as follows. Cr nanoparticles
form and distribute on the substrate surface at ammonation temperature (Ohno et al., 2005)
and thus many defects occur on the single crystal Si substrate surface, which has less defects
originally. These defects energies have changed the energy distribution on the substrate
surface. The broken bonds on the defect sites absorb dissociative gaseous state Ga and N
atoms and form Cr-Ga-N structures continuously (as shown in Figure 13). We name this
explanation as "defect energies confinement theory" (Shi et al., 2010c).
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Fig. 13. Cr-Ga-N structures during the formation of GaN nanowires.

On the other hand, NH; decomposes to NHy, NH, H, and N gradually when temperature
reaches 850 °C (Tang et al., 2000; Xue et al., 2005) Ga,O3 particles are deoxidized to gaseous
Ga2O by H; and next GaN molecules are synthesized through the reaction of Ga,O and
ammonia. GaN molecules occur by the reaction of gasous Ga;O and NHj gases diffuse and
move to the substrates, forming GaN crystalline nuclei. When GaN moleculars carried by
gas flow meet GalN cyrstallite nuclei, they can combine together immediately, therefore,
GaN cyrstallite nuclei grow up gradually and single-crystal nanowires come into being.
During the whole process, there are broken bonds on the nanowires surface and thus defect
energies accumulate and absorb Ga- and N atoms from the surrounding saturated gas.
When the concentration of gas reduces or when the defect energies of the nanowires fall to
an insufficient level and cann't absorb GaN nanowires, the growth of nanowires ends. From
a macro perspective, the GaN nanowires formation on the substrate surface includes
absorption, migration, nucleus formation, converging to islands, growth and desorption
before they are formed into GaN nanowires.

The reaction formula are as follows:

2NH;s (g) — N2 (g) + 3H2 (g) 1
Gaz0; (s) + 2 Ha () — GaxO (g) + 2H:0 (g) (2)
GaxO (g) + 2NH;s (g) — 2GaN (s) + 2H, (g) + H20 (g) ()

We deposited GaxOs on the silicon substrate without Cr intermadiate layer under the same
conditions but no nanowires were generated. Therefore, Cr is thought to be a nucleation
point of the GaN nanowires and plays an important role as catalyst. The process of growth
follows the vapor-liquid-solid (VLS) mechanism.

In short, both VLS and defects energy theory can explain the formation of the GaN
nanowires.

2.1.4 Summary
Lage-scale GaN nanowires can be formed and the predominant phase of samples fabricated
by magnetron sputtering method catalyzed by metallics of M. is the hexagonal wurtzite
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GaN crystal identified by XRD analysis; the existence of the Ga-N bond is established by the
FTIR spectrum and N atom existes as nitride by XPS.

The GaN nanowires are single crystal with straight, smooth surface and uniform thickness
along spindle direction, have the size of 30-80 nm in diameter and several tens of microns in
length with high-quality crystalline.

At special conditions, the GaN naostructures can grow along preferred (002) plane catalyzed
by transitional elements of Ti, V, Cr, and rare-earth of Tb. While the GaN naostructures
cann’t grow along preferred plane by transitional elements of Nb, Mo,Co, and Ta. That is,
the GaN nanostructures can grow along preffered (002) plane catalyzed by the first elements
of the II, IlI, IV subgroups on the Periodic Table of chemical elements, except the other
elements. This is a noticed phenomenone deserved further study.

Ammoniating times and temperatures have great influence on the crystalline quality of the
samples. The sample catalyzed by Cr can form preferred (002) plane ammoniated for 5 min,
and the sample catalyzed by Tb can form preferred (002) plane ammoniated at 850 °C.

The diameters increase with the number of the protons, for example, the samples can form
GaN nanowires when catalyzed by Ti, V, and Cr, however, with the increase in the protons,
nanorods can be formed, such as the sample catalyzed by Co. As for V, Nb, and Ta, which
are of the same sub-group, nanowires can be formed catalyzed by V, however, nanorods can
be formed when catalyed by Nb and Ta. Cr and Mo are of the same subgroup, the sample
catalyzed by Cr can form nanowires, while after catalyzing by Mo, nanorods can be formed.
That is, the catalytic action increases with the increase in the number of the protons at the
same line of the Periodic Table of chemical elements, with the morphology becoming
obvious. And the same law exsits in the same row.

Ammoniating temperatures have great influence on the morphology of the sample
catalyzed by Cr, nanowires are formed in the sample ammoniated at 950 °C, however,
nanorods are formed ammoniated at 1000 °C.

GaN nanowires have good optical properties, which can be tested by PL spectra. The optical
properties of GaN nanowires greatly depend on the ammonating temperatures and times.
With the increase in the number of protons, the wavelength of the samples catalyzed by
different elements can change their sites, i.e., blue-shift, red-shift, and then blue-shift, red-
shift. In short, wavelength shifts to long wave, i.e., red-shift, with the increase in the number
of the protons at the same line of the Periodic Table of chemical elements. While as for the
same subgroup elements, from V to Nb to Ta, wavelength decreases, i.e, bule-shift.
However, Cr is an exception, and the reason is unknown.

The growth procudure follows the VLS mechanism, and M. acts as the nucleation point for
GaN crystalline nuclei and plays an important role as catalyst during ammonation process.
Defect energies confinement theory can also be applied to explain the formation of GaN
nanostructures.

2.2 GaN Nanowires catalyzed by intermediate layer of Cp,

2.2.1 Experimental procedures

The experimental procedure is the same as the second section, i.e, GaN Nanowires
Catalyzed by Transaction Metallic of M, and the only difference between them lies in that
the C, and GayOs films were sputtered on Si (111) substrates by RF magnetron sputtering
method, with the C,, (MgO, TiO,, A,O3, SiC, BN, and ZnO) target of 99.99% purity and the
sintered GayOs target of 99.999% purity. The thicknesses of the intermediate layers sre of 10
nm ~ 200 nm.
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The other conditions are the same as that stated in the second section of “GaN Nanowires
Catalyzed by Transaction Metallic of M¢”.

2.2.2 Results and disccussion
Figure 14 show the X-ray diffraction patterns of the samples grown at different

temperatures with different intermediate layer of Cp,
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Fig. 14. X-ray diffraction pattern of the samples grown at different temperatures with
different intermediate layer of Cp,
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Figure 14 shows that GaN can grow along preferred (002) planes catalyzed by ALOs; (10
nm), ZnO (20 nm), and TiO; (30 nm), which were fabricated at the optimal conditions.
However, other samples cann’t grow along preferred (002) planes.

Figure 15 show the SEM images of the samples catalyzed by different intermediate layers of
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Fig. 16. SEM image of the sample catalyzed by 200 nm ZnO thin film as intermediate layer.
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Figure 15 show that pure and clear GaN nanostructures can be formed with ZnO, MgO, and
BN as intermediate layers. While as for the samples using SiC, AlLOs;, and TiO, as
intermediate layers, GaN nanostructures are vague. GaN nanowires are formed with ZnO,
and BN as intermediate layers, and nanobelts are formed with MgO, as intermediate layers.
When the thickness of ZnO increases form 20 nm to 200 nm, the sample can turn from GaN
nanowires to nanorods, which is shown as Figure 16.

Figure 17. SEM images of the sample catalyzed by 20 nm MgO thin film as intermediate
layer and ammoniated at different temperatures.
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Fig. 17. SEM images of the sample catalyzed by 20 nm MgO thin film as intermediate layer
and ammoniated at different temperatures. a, 950 °C; b, 1000 °C; ¢, 1050°C; d, enlargened
picture at the limbic part of c.
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As shown as Figure 17, nanoparticles exist on the tips of the GaN nanowires, which shows
that the growth mechanism complies with vapor-liquid-soild (VLS) process. Grown at 950
°C, nanowires occur, grown at 1000 °C, nanorods exsit, and when the ammoniating
temperature increase to 1050 °C, nanobelts appear. That is, the ammoniating temperatures
can affect the morphology of the GaN samples deeply.

Figure 18 show HRTEM and SAED images of an individual nanowire with MgO as
intermediate layer.
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Fig. 18. (a) HRTEM, (b) SAED images of an individual nanowire with MgO as intermediate
layer. The inset picture in HRTEM is a two-dimensional crystals space picture from rapid
Fouier inverse transformation of image a.

Figure 18 indicate that GaN nanowire can form when MgO was used as intermediate layer
with high crystalline quality. The crystal plane spacing of nanowire is about 0.276 nm,
which corresponds to (100) crystal plane spacing (0.276 nm) of hexagonal GaN single
crystal. No defects are observed.

Different compounds (Cr) have great influence on the optical properties of GaN nanowires.
We sumarized the data after testing all the samples catalyzed by AlO;, ZnO, SiC, and BN,
which are listed in Table 2.

AlLOs | ZnO SiC BN
347 nm | 344 nm | 371 nm | 373 nm

Table 2. Wavelenghths of strong UV emission peaks for the samples catalyzed by different Cp.

As shown in Table 2, the wavelengths could be shorten when oxidizing materials were used
as intermediate layers, i.e., blue-shift, while when carbide and nitride were used as
intermediate layers, the wavelengths could increase, i.e., red-shift.

2.2.3 Summary

GaN can grow along preferred (002) planes catalyzed by Al;Os (10 nm), ZnO (20 nm), and
TiO; (30 nm), which were fabricated at the optimal conditions. However, other samples
cann’t grow along preferred (002) planes.

Pure and clear GaN nanostructures can be formed with ZnO, MgO, and BN as intermediate
layers. GaN nanowires are formed with ZnO, and BN as intermediate layers, and nanobelts
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are formed with MgO, as intermediate layers. When the thickness of ZnO increases form 20
nm to 200 nm, the sample can turn from GaN nanowires to nanorods. The ammoniating
temperatures can affect the morphology of the GaN samples deeply. Nanowires occur at 950
°C, nanorods exsit at 1000 °C, nanobelts appear at 1050 °C.

The wavelengths (PL spectra data) could be shorten when oxidizing materials were used as
intermediate layers, i.e., blue-shift, while when carbide and nitride were used as
intermediate layers, the wavelengths could increase, i.e., red-shift.

2.3 Mg-Doped GaN nanowires

To improve the progress in GaN-based nano-photoelectric device and to enhance
photoelectric performance of nano-devices, proper doping is very necessary. P-type doping
and p-n junctions are great significance in fabricating nanowires (Fasol,1996;
Nakamura,1998) and the formation of p-typed GaN films is the key technology in
developing these devices and p-doping of GaN nanostructures with Mg as dopant is more
effective in practice than with other dopants, because the ionic radius of Mg (0. 65A) is only
slightly greater than that of Ga (0.62A), and the gallium positions can be easily substituted
by Mg under certain conditions. In this work, Mg-doped GaN nanowires were synthesized
by a technique resembling the delta-doping method, and the concentration of Mg in GaN
nanowires was varied to study its influence on the surface morphology, crystallinity, and
optical properties of Mg-doped GaN nanowires (Shi et al., 2010a; Zhang et al., 2009).

2.3.1 Experimental procedures

Mg-doped GaN nanowires have been fabricateded using ammoniating Ga>O; films doped
with Mg under flowing ammonia atmosphere. First, the Mg doped GaOs films were grown
on Si (111) substrates by sputtering the Mg target of 99.99% purity and the sintered Ga>Os
target of 99.999% purity in a JCK-500A radio frequency magnetron sputtering system. Both
the Mg target and GayOs target were subjected to direct-current (DC) and radio-frequency
(RF) magnetron sputtering, respectively. Next 30 cycles of this process were performed for a
total deposition time of about 100 min, after which the total thickness of the Mg-doped
Gay03 films was about 630 ~ 850 nm. In a single sputtering cycle, first an undoped Ga,O3
layer of 6 ~ 30 nm in thickness was deposited, followed by an approximately 5 nm Mg
buffer layer. Figure 19 shows the growth sketch of the Ga,Os3 films.

> Mg:GaOs3 (30 cycles)

b b A b

T Single Mg (5nm)

Silicon

single Ga;O3 (6~30 nm)

Fig. 19. The growth sketch of the Mg doped GazOs films.
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Second, the GaxO; thin films as deposited were ammoniated at NH; atmosphere in a
conventional tube furnace at 850 °C, 900 °C, and 950 °C for 5 min, 10 min, 15 min, and 20
min, respectively. The working conditions were, 150-Wand RF sputtering power of 13.56
MHz ; 20-Wand DC sputtering power; background pressure of 0.9x10-3 Pa; and pure Ar
(299.99%) as the working at a working pressure of 2 Pa.

2.3.2 Results and disccussion
Figure 20, and 21 show the X-ray diffraction patterns of the samples grown at 850 °C, 900 °C,

and 950 °C for 15 min.
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Fig. 20. X-ray diffraction patterns of samples at different temperature for 15 min,(a) 850 °C;
(b) 900 °C; (c) 950 °C.

As shown in Figure 20, the samples following ammoniation are hexagonal wurtzite GaN
(JCPDS card No.65-3410, International Center for Diffraction Data, 2002) with lattice
constant of a = 0.3186 nm and ¢ = 0.5178 nm, with the diffraction peaks located at 20=32.1",
34.2° and 36.4° corresponding to (100), (002) and (101) planes, which are consistent with the
reported values for bulk GaN. No peak of Ga;O3;, Mg or MgO is observed, indicating that
neither Ga,O3;, Mg metal nor MgO coats the nanowire surface.

The intensity of the sample shown in Figure 20b is stronger than that of the samples
ammoniated at 850 °C and 950 °C, which shows the highest crystalline quality of this
sample. The diffraction peak intensities decrease when the ammoniation temperature is
lower or higher than 900 °C, which is probably caused by incomplete growth of GaN grains
at lower temperature and decomposition or sublimation of GaN grains at higher
temperature (Yang et al., 2002).

Figure 21 show the X-ray diffraction patterns of the samples grown at 900 °Cfor 5 min, 10
min, 15 min, and 20 min, respectively.

As seen in Figure 21, the main phase of samples following ammoniation are hexagonal
wurtzite GaN with lattice constant a= 0.3186 nm and c= 0.5178 nm, with the diffraction
peaks located at 26=32.1°, 34.2°, and 36.4" corresponding to (100), (002) and (101) planes,
which are consistent with the reported values for bulk GaN. No peak of Ga>Os;, Mg or MgO
is observed, indicating that neither Ga,O3;, Mg metal nor MgO coats the nanowire surface.
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Crystalline increases gradually with the increase of ammoniating time from 5 min to 15 min,
and reaches the strongest intensity for the diffraction peak at 15 min, then decreases at 20
min, which is probably caused by incomplete reaction at less time and decomposition or
sublimation at more time.
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Fig. 21. X-ray diffraction patterns of samples at 900 °C for different time,(a) 5 min; (b) 10
min; (c) 15 min; (d) 20 min.

To further analyze the components of the GaN sample, FT-IR test was carried out for the
sample after ammoniated at 900 °C for 15 min, as shown in Figure 22.
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Fig. 22. FTIR pattern of the sample ammoniated at 900 °C for 15 min.

As seen in Figure 22, there are three well-defined prominent absorption bands, located at
561 cm?, 609 cm?, and 1101 cm. The band at 561 cm corresponds to Ga-N stretching
vibration in hexagonal type GaN crystal, and the other bands correlate to the Si substrate.
The peak at 609 cm! is associated with the local vibration of substituted carbon in the Si
crystal lattice (Sun et al., 1998) whereas the band at 1101 cm! is attributed to the Si-O-Si
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asymmetric stretching vibration because of the oxygenation of the Si substrate. There is no
Ga-O bond or other absorption band in the spectruml; therefore, Ga>Os films react with NH3
completely at 900 °C and form the hexagonal-type GaN crystal, which is the same as the
results of the XRD.

The sample was also characterized by XPS as shown in Figure 23.
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Fig. 23. XPS spectrum of the sample ammoniated at 900 °C for 15 min, (a) general scan
spectrum; (b) N1s band; (c) Ga2p1/2 and Ga2ps/; band; (d)O1s band; (e) Mg2ps,2 band.

Figure 23a shows the XPS images of N1s, Ga2p, Ga3d, and Ols for GaN synthesized at the
ammoniating temperature of 900 °C, respectively. Figure 23a shows the general scan in the
binding energy, ranging from 0 eV to 1100 eV with the main components being Ga, C, N,
and O, with XPS peaks at the location of Ga3d (20.1 eV), Ga3p (109.1 eV), Ga3s (167.3 eV),
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Cls (288.3 V), N1s (397.6 eV) and Ols (534.3 eV). The strong peak at the site of 189.6 eV is
LMM Auger peak of Ga element. C and O arise from the surface pollution of the sample. As
observed, the energy peak for N1s shown in Figure 23b is centered at 397.6 eV, instead of
399 eV (binding energy of N element existing as atomic style), similar to the results of Li
(397.4 eV) and Veal (397.6 eV), that is, the N atom exists as a nitride. The width and slight
asymmetry of the Nls peak are attributed to N-H> and N-H3 formation due to the
interaction between N> and NHj at the GaN filml[18] surface.

As seen in Figure 23c, the core level of Ga has a positive shift from elemental Ga. This shift
in the binding energies of Ga and N confirms the bonding between Ga and N and the
absence of elemental gallium. The binding energies of Ga2p1/2 and Ga2ps,; are 1145.0 eV
and 1118.1 eV, respectively, which are consistent with the results reported by different
references of Ga2ps/z (1117.4 eV) (Elkashef et al., 1998), Ga2p1/> (1144.8 eV) (Kingsley et al.,
1995), and Ga2p1/2 (1144.3 eV) (Sasaki et al., 1998) . No bond formation is observed between
Ga and O as the Ga3d spectrum does not show any satellite peak corresponding to p-Gal21],
but shows the Ga atom existing only as combined GaN, not Ga;Os.

The percentage of elements is calculated according to the formula (Choi et al., 1998) as
follows.

Ax N Ai
X%=| 2% At
(ij / ZiSi

A (Aj) indicates the peak area of element, x (i); S (S;) is the atomic sensitivity factor of x (i)
element; N is the number of the total elements. The values of the atomic sensitivity factors of
Ga and N atoms are 6.9 and 0.38, respectively. Therefore, quantification of the peaks shows
that the atomic ratio of Ga to N is approximately 1:1.09.

As shown in Figure 23d, the Ols peak is centered at 530.9 eV. According to Amanullah et al.,
generally, the Ols peak had been observed in the binding energy region of 529-535 eV, and
the peak around 529 - 530 eV is ascribed to lattice oxygen. For chemisorbed O, on the
surface, the binding energy ranged from 530.0 eV to 530.9 eV. Therefore, the Ols peak in the
present work is part of chemisorbed oxygen.

Figure 23e indicates the Mg2P3/> peak is at the site of 49.3 ev, with the bonding energy of Mg
(Zhang et al., 2009). The XPS results show that the sample is Mg-doped GaN, similar to that
of the XRD (Zhang et al., 2009).

Figure 24 shows the typical SEM images of the samples grown at different temperatures.

Fig. 24. SEM images of the samples grown at different temperatures,(a) 850 °C (b) 900 °C (c)
950 °C.
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Figure 24a shows many cluster-like nanowires distributed on the sample surface, each of
which grows radially outward, from the same point on the substrate. These nanowires are thin
in diameter but rough on the surface, which are of 35 nm in diameter and 10-20 pm in length.
Figure 24b shows the sample comprises several one-dimensional nanowires distributed evenly
on the substrate. As compared with the nanowires shown in Figure 24a, these one-dimensional
nanowires have cleaner surfaces and are of greater quantity. Most of which are straight and
smooth, uniformly thick along the spindle direction, and they intertwine with each other,
possessing a thicker diameter of 50 nm and a longer length of several tens of microns. In
Figure 24c, a large number of gossypine nanostructures are clearly observed, because of
decomposition or sublimation of GaN grains at higher temperature, however, the amount of
the GaN nanowires decrease, comparing with the sample shown in Figure 22b.

Ammoniating temperature has great influence on the morphology of the GaN nanowires
and with the increase in ammoniating temperature from 850 °C to 900 °C (Shi et al., 2011),
the diameter, the length, and the quantity increase but their quantity and crystallinity
decrease when the ammoniating temperature rises to 950 °C. The GaN grains cann’t
crystallize completely at lower temperature of 850 °C, however, the samples can
decomposition or sublimation at higher temperature of 950 °C. In short, the crystalline is at
its best after ammoniation at 900 °C, from the observation shown in Figure 24.

Figure 25 shows the typical SEM images of the samples at 900 °C for different times.

Fig. 25. Typical SEM images of the samples at 900 °C for 5 min, 10 min, 15 min, 20 min.
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As shown in Figure 25a, most Ga;O3 thin film has been ammoniated after ammonated at 5
min. There are many irregular nanoparticles covered on the substrate surface with a small
amount of nanowires.These nanowires interwine with each other and distribute on the surface
randomly having the size of 35 nm in diameter and less than ten microns in length. Clear
variation occurs on the surface of the samples, observed from Figure 25b, Figure 25c and
Figure 25d. When ammoniated at 10 min, substrate surface is covered by nanowires
completely but they are uneven thickness with 10-20 microns. Figure 25c shows nanowires
become smooth and clean with even diameter of about 50 nm and 20 microns in length, while
in Figure 25d, the nanowires become shorter and thicker with coarse surface, which is because
of recrystallization of GaN. The results are consistent with XRD analysis. Ammoniating time
has great influence on the morphology of the GaN nanowires and the nanowires become more
in number, longer in length, and thicker in diameter with the increase of ammoniating time.
The GaN grains cann’t crystallize completely at shorter time of 5 min and 10 min, however, the
samples can recrystallize at longer time of 20 min. In short, the crystalline is at its best after
ammoniation for 15 min from the observation of Figure 25.

Figure 26 shows the TEM, SAED, HRTEM and EDX images of an individual nanowire
grown at 900 °C for 15 min.
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Fig. 26. TEM,SAED, HRTEM and EDX images of individual nanowire.
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Figure 26a shows that the nanowire is 35 nm in diameter with a coarse surface. The reason
for the coarse surface is attributed to the decreased mass transportation of Ga affected by the
rich N atmosphere and Mg doping during growth(2¢]. Diffraction spots from SAED (the inset
in Figure 26a) are regular and correspond to the diffraction zone axis of [1213], which
reveals the GaN nanowire is monocrystal with a hexagonal wurtzite structure.

Seen from Figure 26b, the HRTEM lattice image of the straight GaN nanowire and the well-
spaced lattice fringe in the image indicate the single crystal structure of GaN nanowires with
high crystalline quality but with less dislocations and defects. The crystal plane spacing of
nanowires is about 0.2821 nm, which is larger than that of (100) crystal plane spacing (0.2757
nm) of the hexagonal GaN single crystal. Mg doping slightly changes the lattice constant of
GaN. The growth direction of this nanowire is parallel to [100] the orientation. Figure 26¢c
shows the EDX image of this nanowire and reveals its composition as follows, 47% Ga,
48.5% N and 3% Mg (mole fraction), which is similar to that of the XPS (Shi et al., 2010a).
Figure 27 is the photoluminescence spectrum of samples ammoniated at 900°C for different
time, detected with He-Cd laser used as the excitation source (with a wave length of 325 nm)
at room temperature.
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Fig. 27. Photoluminescence spectrum of samples ammoniated at 900°C for different times;
(@) 10 min; (b) 15 min; (c) 20 min.

According to Figure 27, the nanowires show four emission peaks, their corresponding Ev
are 3.45 eV, 3.26 eV, 2.95 eV, and 2.80 eV, respectively. A clear blueshift of the band-gap
emission has occurred, from 3.39 eV for bulk GaNI! to 3.45 eV for Mg-doped GaN. When
GaN is doped with Mg, the excess carriers generated enter to the conduction band of GaN
and effectively hinder the transition of electrons at the bottom of GaN conduction band,
thereby increase the energy from the conduction band to the valence band when electrons
excited. This leads to a blueshift in the optical band-to-band transitions. This is consistent
with the Burstein-Moss effect (Zhou et al., 2004). As for the emission peak at 3.26 eV, it is
caused by the transition of electrons from the bottom of GaN conduction band to shallow
acceptor level of Mg (acceptor level of Mg is at the site of 200 meV above valance band). The
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emission bands at the site of 2.95 eV and 2.80 eV are caused by deep acceptor level of Mg
doping. This observation consists with the results of Zolper et al (Zolper et al., 1996). The
sites of the four emission peaks do not change but the strength of the emission peaks
changes obviously with the increase of ammoniating time. Ammoniating time has great
influence on the optical properties and the best condition is 15 min.

Figure 28 is the photoluminescence spectrum of samples ammoniated at different
temperatures for 15 min, detected with He-Cd laser used as the excitation source (with a
wave length of 325 nm) at room temperature.
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Fig. 28. Photoluminescence spectrum of samples ammoniated at different temperatures for
15 min. (a) 850 °C; (b) 900 °C; (c) 950 °C.

The nanowires show four emission peaks, at 359 nm, 380 nm, 420 nm, and 442 nm. Bulk
GaN shows photoluminescence at 365 nm at room temperature. According to the equation
Ev/eV=1240/\, the peak at 359 nm corresponds to Ev=3.45 eV. Thus, a clear blueshift of the
band-gap emission has occurred,too. The reason is just like what has stated above. The other
three peaks located at 380 nm, 420 nm, and 442 nm correspond to 3.26 eV, 2.95 eV, and 2.80
eV, respectively, and can be explained the same as that in Figure 10. The sites of the four
emission peaks do not change but the strength of the emission peaks changes obviously
with the variation of ammoniating temperature, which indicates the optical properties are
closely related to ammoniating temperature. The luminous intensity of GaN nanostrutures
is at its best at 900°C.

2.3.3 Growth mechanism
During the nanowire growth process, higher surface energy exist on the nanowire’s tip, but

lower surface energy exist on their sides. The sides of the nanowires play a significant role
during the growth process as a path to provide materials.The main aim of GaN molecules,
Ga atoms, and N atoms is to find a position with higher surface energy and to grow there so
as to decrease the surface energy.
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Mg metal and Si element can react and form silico-magnesium alloys, which exist as a
dissociative phase. The silico-magnesium alloys can not only promote the growth of the
GaN nanowires and the chemical reaction, but also inevitably lead to the uneven
distribution of the energy on the substrate surface, i.e., some positions have high surface
energy and the energy can aggregate around the defects, thus providing nucleation points
for the GaN nanowires (Shi et al., 2010c).

Cluster-like GaN nanowires are seen on the Si substrate surface, as identified in Figure 29.

gr

Fig. 29. SEM images of the cluster-like nanowires distributed on Si substrate surface, an
ordinary area of substrate and (b) the amplified image of sample (a).

More defects exist on the Si substrate surface, i.e., aggregation of the defect energy, which
have more broken bonds and lower chemical power. Therefore, the GaN nanowires will
grow at the sites of the defects, the aggregation sites of the defect energy become the
nucleation points for the GaN nanowires, as shown in Figure 30.

Fig. 30. SEM image of a defect on the Si substrate surface and the nanostructure growth
from this position with more energy aggregated.

In the sputtering process, a multilayer structure of Mg- doping GaxO; films is obtained.
Thus, Mg has greater opportunity to substitute Ga, and then leads to more defects. In the
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annealing process, NH3 decomposes into NH,, NH, H,, and N, when the ammoniating
temperature reaches 850 °C. The Ga atoms can combine with the N atoms, and Ga;O can
react with NH; to form GaN molecules, and finally form GaN microcrystallites. These
microcrystallites become the seed crystals for the GaN nanowires growth.

GaN molecules carried by air flow would combine with the GaN microcrystallites and
induce the GaN microcrystallites” growth. There are broken bonds on the GaN
nanostructure surfaces, and the defect energy can aggregate together so that the Ga atoms
and N atoms can be absorbed from the surrounding saturated gas by the broken bonds of
the defects to form a Ni-Ga-N structure. The absorbed Ga and N atoms could also generate
broken bonds, therefore, the absorption process could carry on continuously. However,
when the concentration of gas reduces or when the defect energy of the nanowires falls to a
level that is insufficient to absorb Ga- and N atoms, the growth of the GaN nanowires can
stop at last.

As seen from a macro-perspective, the formation of the GaN nanowires included
absorption, migration, nucleus formation, aggregation, growth and desorption before they
turn to GaN nanowires. Meanwhile, Mg is doped into the GaN cells to occupy the Ga
vacancies because the ion radius of Mg (0.065 nm) is similar to that of Ga (0.062 nm). Mg
doping can distort the GaN cell, which can introduce more defects, so the defect energy
increases, which promotes the growth of the GaN nanowires. This theory can be called
“defect energy confinement theory” (Shi et al., 2010c).

The reaction formula of Ga;Os becoming GaN are as follows:

2NHs (g) — Na(g) + 3H2(g) 4)
GaxO3(s) + 2 Hz (g) — Gax0O (g) + 2H20 (g) )
GaxO (g) + 2NH3 (g) — 2GaN (s) + 2H2(g) + H20 (g) (6)

Therefore, we think that the H atoms decomposed from NHj; can promote the
decomposition of Ga;Os3 to generate more Ga atoms and Ga,O molecules; then Ga atoms and
GaO molecules can react with N atoms to form GaN, which is decomposed from NHs. That
is, the growth mechanism complies with vapor-liquid-soild (VLS) process and the
aggregation of the defect energy accelerates this growth of the GaN nanowires.

2.3.4 Summary

The predominant phase of the samples fabricated by the magnetron sputtering method is
the hexagonal wurtzite GaN crystal identified by the XRD analysis. The best condition to
fabricate the GaN nanowires is at 900 °C for 15 min, the highest crystalline quality can be
obtained at this condition. The presence of the Ga-N bond is established by the FTIR
spectrum and the N atom exists as a nitride by XPS and quantification of the peaks reveals
that the atomic ratio of Ga to N is approximately 1:1.09.

Ammoniating temperatures and ammoniating times greatly influence the GaN nanowires
morphology. The GaN nanowires grown at 900 °C for 15 min are straight and smooth with
uniform thickness along the spindle direction, 50 nm in diameter and several tens of
microns in length, with high crystalline quality. The growth direction of this GaN nanowire
is parallel to [100] orientation.

PL spectra show that GaN nanowires after ammoniation at 900 °C for 15 min possess good
optical properties and have a strong emission peak at 359 nm. The optical properties ofn the
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GaN nanowires are closely related to the ammoniating temperature and ammoniating time,
because the strength of the emission peak changes with the variation in temperature and
time, whereas its site does not change accordingly.

The aggregation of the defect energy is used to explain the growth mechanism of the GaN
nanowires. Mg doping causes the distortion of the GaN cell and introduces more defects in
the cyrstal cell so that the defect energy are added, which promotes the growth of the GaN
nanowires. The growth mechanisim mainly follows the VLS process, and the aggregation of
the defect energy accelerates this growth of the GaN nanowires.

3. Conclusion

3.1 Catalyzed by M.

We have been fabricated large-scale single-crystalline GaN nanowires with high-quality by
RF magnetron sputtering method using Ti, V, Cr, Co, Nb, Mo, Ta, and Tb (M.) as catalysts.
The diameters increase with the number of the protons, for example, the samples can form
GaN nanowires when catalyzed by Ti, V, and Cr, however, with the increase in the protons,
nanorods can be formed, such as the sample catalyzed by Co. As for V, Nb, and Ta, which
are of the same sub-group, nanowires can be formed catalyzed by V, however, nanorods can
be formed when catalyed by Nb and Ta. Cr and Mo are of the same subgroup, the sample
catalyzed by Cr can form nanowires, while after catalyzing by Mo, nanorods can be formed.
That is, the catalytic action increases with the increase in the number of the protons at the
same line of the Periodic Table of chemical elements, with the morphology becoming
obvious. And the same law exsits in the same row.

GaN nanowires have good optical properties, which can be tested by PL spectra. The optical
properties of GaN nanowires greatly depend on the ammonating temperatures and times.
With the increase in the number of protons, the wavelength of the samples catalyzed by
different elements can change their sites, i.e., blue-shift, red-shift, and then blue-shift, red-
shift. In short, wavelength shifts to long wave, i.e., red-shift, with the increase in the number
of the protons at the same line of the Periodic Table of chemical elements. While as for the
same subgroup elements, from V to Nb to Ta, wavelength decreases, i.e, bule-shift.
However, Cr is an exception, and the reason is unknown.

The growth procudure follows the VLS mechanism, and M. acts as the nucleation point for
GaN crystalline nuclei and plays an important role as catalyst during ammonation process.
Defect energies confinement theory can also be applied to explain the formation of GaN
nanostructures.

3.2 Catalyzed by C,

We have been fabricated large-scale single-crystalline GaN nanowires with high-quality by
RF magnetron sputtering method using MgO, TiO,, Al,O3, SiC, BN, and ZnO (short for Cp,)
as intermediate layers. GaN can grow along preferred (002) planes catalyzed by ALO; (10
nm), ZnO (20 nm), and TiO, (30 nm), which were fabricated at the optimal conditions.
However, other samples cann’t grow along preferred (002) planes.

Pure and clear GaN nanostructures can be formed with ZnO, MgO, and BN as intermediate
layers. GaN nanowires are formed with ZnO, and BN as intermediate layers, and nanobelts
are formed with MgQO, as intermediate layers. When the thickness of ZnO increases form 20
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nm to 200 nm, the sample can turn from GaN nanowires to nanorods. The ammoniating
temperatures can affect the morphology of the GaN samples deeply. Nanowires occur at 950
“C, nanorods exsit at 1000 “C, nanobelts appear at 1050 “C.

The wavelengths (PL spectra data) could be shorten when oxidizing materials were used as
intermediate layers, i.e., blue-shift, while when carbide and nitride were used as
intermediate layers, the wavelengths could increase, i.e., red-shift.

3.3 Dopted with Mg

Mg-doped GaN nanowires have been successfully grown on Si (111) substrates by
magnetron sputtering through ammoniating Ga>Os;/Mg thin films.

The aggregation of the defect energy is used to explain the growth mechanism of the GaN
nanowires. Mg doping causes the distortion of the GaN cell and introduces more defects in
the cyrstal cell so that the defect energy are added, which promotes the growth of the GaN
nanowires. The growth mechanisim mainly follows the VLS process, and the aggregation of
the defect energy accelerates this growth of the GaN nanowires.
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