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One-dimensional GaN nanowires doped with Mg element have been successfully prepared on Si (111)
substrates by magnetron sputtering through ammoniating Ga;03/Mg thin films, and the effect of the
ammoniating temperatures on the microstructure and optical properties of the GaN nanowires was
investigated in detail. X-ray diffraction (XRD), X-ray photoelectron spectroscope (XPS), FT-IR spectropho-
tometer, Scanning electron microscope (SEM), high-resolution transmission electron microscope (TEM),
and photoluminescence (PL) spectrum were carried out to characterize the microstructure, morphol-
ogy, and optical properties of GaN nanowires. The results demonstrate that ammoniating temperature
has a significant effect on microstructure, morphology and optical properties of GaN nanowires. GaN
nanowires after ammoniation at 900 °C for 15 min are straight, smooth and of uniform thickness along
spindle direction with the highest crystalline quality. The growth direction of these nanowires is parallel
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to [100] orientation.
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1. Introduction

One-dimensional GaN nanostructures are promising in the field
of full-color panel displays and nanometer electronic devices with
high electron migration rate [1-3]. Compared with other meth-
ods [4-7], p-type doping and p-n junctions are of very interest
for the fabrication of nanostructures [1,2]. The formation of p-
typed GaN films is the key technology in developing these devices.
According to our previous experimental results, the intermediate
layer between Si substrates and Ga;03 had great influence on the
modality and characteristics of the GaN nanowires. p doping of GaN
nanowires with Mg as dopant is more effective in practice than with
other dopants, because the ionic radii of Mg (0.65 A) 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 article,
high-quality Mg-doped GaN nanowires have been fabricated on Si
(11 1)substrates through ammoniating Ga, O3 films doped with Mg
element at different temperatures for 15 min. The effect of ammo-
niating temperatures on microstructure, morphology and optical
properties are studied in detail as a progress report of the results
published previously in the other papers [8-10].

2. Experimental procedures

Mg-doped GaN nanowires have been fabricated through ammoniating Ga,03
films doped with Mg under flowing ammonia atmosphere. First, the Mg-doped
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Gay03 films were deposited on Si (11 1) substrates by sputtering the Mg target
of 99.99% purity and the sintered Ga,0s target of 99.999% purity in a JCK-500A
radio frequency magnetron sputtering system. Both the Mg target and Ga, O3 target
were subjected to direct-current (DC) and radio-frequency (RF) magnetron sput-
tering, respectively. Next, 25-30 cycles of this process were performed for a total
deposition time of about 100 min, after which the total thickness of the Mg-doped
Ga, 03 films was about 600-900 nm. In a single sputtering cycle, first an undoped
Gay 05 layer of suitable thickness was deposited, followed by an approximately 5 nm
Mg buffer layer deposited. Second, the Ga, O3 thin films as-deposited were ammoni-
ated in a conventional tube furnace at different temperature for 15 min.The working
conditions were as follows: 150 W of the RF sputtering power; 13.56 MHz of the fre-
quency; 20 W of the DC sputtering power; 0.9 x 10~3 Pa of the background pressure;
The working gas was pure Ar (>99.99%) and the working pressure was 2 Pa.

The microstructure, composition, morphology and optical properties of the
samples were studied using X-ray diffraction (XRD, Rigaku D/max-rB, Cu Ka,
A=1.54178A), 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 spectrum (PL,
LS50-fluorescence spectrophotometer).

3. Results and discussion
3.1. Microstructure and components analysis

Fig. 1 shows the X-ray diffraction patterns of the samples grown
at different temperatures for 15 min.

As seeninFig. 1, compared with JCPDS cards and other reference
[11], the main phase is hexagonal wurtzite GaN with lattice con-
stant a=0.3186 nm and c=0.5178 nm, with the diffraction peaks
located at 260 =32.1°,34.2° and 36.4° corresponding to (100),(002)
and (101) planes. No peak of Ga;03, Mg or MgO is observed, indi-
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Fig. 1. X-ray diffraction patterns of samples at different temperatures for 15 min.
(a) 850°C; (b) 900°C; (c) 950°C.

cating that neither Ga,03;, Mg metal nor MgO coats the sample
surface. Meanwhile, there is a small blue-shift comparing those
samples without magnesium-doping. The intensity of GaN at 900 °C
is stronger than that of samples synthesized at 850°C and 950°C,
so crystallinity of GaN is at its highest. The diffraction peak inten-
sities decrease When ammoniating temperature is lower or higher
than 900 °C, which is probably caused by incomplete reaction at
lower temperature and decomposition or sublimation at higher
temperature [12].

To further analyze components of the GaN samples, FT-IR test
was carried out for the sample after ammoniation at different tem-
peratures for 15 min, as shown in Fig. 2.

As seeninFig. 2, there are three well-defined prominent absorp-
tion bands, located at 561 cm~! of the sample (b) (563 cm~! of the
sample (a), 566 cm~! of the sample (c)), 609 cm~!, and 1101 cm~!.
The band at 561 cm~1,563 cm~! or 566 cm~! corresponds to Ga-N
stretching vibration in hexagonal type GaN crystal [13,14], 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 [15], whereas the band at 1101 cm™! is attributed to
the Si-O-Si asymmetric stretching vibration because of the oxy-
genation of the Si substrate [16]. There is no Ga-0 bond or other
absorption band in the spectrum [17], therefore, Ga, O3 films react
with NH3 completely and form hexagonal type GaN crystal, which
is the same as the results of the XRD. With the variation of tem-
perature, the intensities and locations of absorption bands located
at 609cm~! and 1101 cm~! do not change accordingly. However,
there are obvious changes for the absorption bands correspond-
ing to Ga-N bond with the increase of ammoniating temperature,
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which is closely related with the amount of grains in the GaN films
at different temperatures. The presence of Ga-N stretching vibra-
tion absorption bands prove that the samples are GaN compounds.

The sample ammoniating at 900 °C for 15 min was also charac-
terized by XPS [10] as shown in Fig. 3

The binding energy of N1s is 397.6 eV, observed from Fig. 3. The
percentage of elements is calculated according to the formula [18]
as follows.

X% = 7/:,"/ >x
> i Mi/Si

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

Fig. 3(a) shows the XPS images of N1s, Ga2p, Ga3d, and O1ls
for GaN synthesized at the ammoniating temperature of 900°C,
respectively. Fig. 3(a) 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
(109.1eV), Ga3s (167.3eV), C1s(288.3eV), N1s (397.6eV) and O1s
(534.3 eV). The strong peak at the site of 189.6eV is LMM Auger
peak of Ga element. C and O arise from the surface pollution of the
sample [19]. As observed, the energy peak for N1s shown in Fig. 3(b)
is centered at 397.6 eV, instead of 399 eV (binding energy of N ele-
ment existing as atomic style), similar to the results of Li (397.4eV)
[20] and Veal (397.6eV) [21], i.e., the N atom exists as a nitride. The
width and slight asymmetry of the N1s peak are attributed to N-H,
and N-Hs3 formation due to the interaction between N, and NH3 at
the GaN film surface [22]. As seen in Fig. 3(c), the core level of Ga has
a positive shift from elemental Ga. This shift in the binding ener-
gies of Ga and N confirms the bonding between Ga and N and the
absence of elemental gallium. The binding energies of Ga2ps/, and
Ga2p,), are 1145.0eV and 1118.1 eV respectively, which are con-
sistent with the results reported by different reference of Ga2p,,
(1117.4eV) [23], Ga2ps; (1144.8 eV) [24], and Ga2ps), (1144.3 eV)
[25]. No bond formation is observed between Ga and O as the Ga3d
spectrum does not show any satellite peak corresponding to [3-
Ga [25], shows the Ga atom existing only as combined GaN, not
Ga,03. As shown in Fig. 3(d), the O1s peak is centered at 530.9eV.
According to Amanullah et al. [26], generally, the O1s peak had
been observed in the binding energy region of 529-535eV, and
the peak around 529-530eV is ascribed to lattice oxygen [27]. For
chemisorbed O, on the surface, the binding energy ranged from
530.0eV to 530.9eV. Therefore, the O1s peak in the present work is
part of chemisorbed oxygen. Fig. 3(e) indicates the peak of Mg2P3,

80 85 20 91 100

75

Transmittance [%o]
Transmittance [%)]

70

65

609

95 100

80 85 90

Transmittance [%o]

70 75

G0 65

100 10

600

1200 1000 300
wavenumber cm-1

1400

1000

wavenumber em-1

400 |1io|] 1000 80 Gﬁu
wavenumber cm-1

1400 400

Fig. 2. FTIR patterns of the samples ammoniated at different temperatures for 15 min. (a) 850°C; (b) 900°C; (c) 950°C.
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Fig. 3. XPS spectrum of the sample ammoniated at 900 °C for 15 min, (a) general scan spectrum; (b) N1s band; (c) Ga2pj; and Ga2psj; band; (d) O1s band; (e) Mg2ps, band.

is at the site of 49.3 eV, being consistent with the bonding energy
of Mg [28]. The XPS results show that the sample is Mg-doped GaN,
the same as that of the XRD and FITR.

3.2. Surface morphology

Fig. 4 shows the typical SEM images of the sample grown at
850°C.

Fig. 4 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 thinner in diam-
eter but rough on the surface. The size of these nanowires is about
35nm in diameter and 10-20 wm in length.

Fig. 5 shows the typical SEM images of the sample grown at
900°C.

Fig. 5 shows the sample consists of a large number of
one-dimensional nanowires distributed evenly on the substrate.
Compared with the nanostructures in Fig. 4, these samples have
cleaner surfaces and of greater quantity. Most of which are straight
and smooth, of uniform thickness along the spindle direction, and
interwine with each other having a thicker diameter of 50 nm and
longer length of several tens of microns.

Fig. 6 shows the typical SEM images of the sample grown at
950°C.

It can be clearly observed from Fig. 6 that there are many gossyp-
ine structures distributed on the substrate surface.

With the increase in ammoniating temperature, the diameter
and length increase gradually, whereas the number of them first
increases and then decreases. The quality and quantity of the sam-
ple synthesized at 900°C is the highest and most than those of
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Fig. 6. SEM images of the sample grown at 950°C, (a) 3K; (b) 10K.
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Fig. 7. TEM,SAED and HRTEM images of an individual nanowire grown at 850 °C for 15 min.

the other samples fabricated at 850°C and 950 °C with the purest
surface. This shows that the ammoniating temperature has great
influence on the morphology of the GaN nanostructures.

Fig. 7 shows the TEM, SAED and HRTEM images of an individual
nanowire grown at 850°C.

Fig. 7(a) shows that the nanowire is about 35 nm in diameter
with straight and smooth surface. Meanwhile, it shows the GaN
nanowire is solid structure while not hollow tubular structure.
Diffraction spots from SAED (the inset in Fig. 7(a)) are regular and
correspond to the diffraction direction of [1 2 1 3], which shows GaN
nanowire is monocrystal with hexagonal wurtzite structure. The
HRTEM lattice image of the straight GaN nanowire, and the well-
spaced lattice fringe in the image indicate a single crystal structure
of GaN nanowires with high crystalline quality. The crystal plane
spacing of the nanowire is about 0.2821 nm, which is larger than
that of the (100) crystal plane spacing (0.2757 nm) of hexagonal
GaN single crystal [19], because of the Mg-doping slightly changing
the lattice constants of the GaN, as shown in Fig. 7(b). The growth
direction of this nanowire is parallel to [1 00] orientation.

Fig. 8 shows the TEM and HRTEM images of an individual
nanowire grown at 900°C.

Fig. 8(a) shows that the nanowire is 50 nm in diameter with
straight and smooth surface and uniform thickness along spindle
direction. As seen from Fig. 8(b), HRTEM lattice image of straight
GaN nanowire, the well-spaced lattice fringe in the image indicate

a single crystal structure of GaN nanowire with high-quality crys-
talline. The crystal plane spacing of nanowire is about 0.281 nm
without dislocations and defects, which is larger than that of (100)
crystal plane spacing (0.2757 nm) of hexagonal GaN single crys-
tal [19]. Mg-doping also slightly changes the lattice constant of
GaN.

Fig. 9 shows the TEM and HRTEM images of an individual
nanowire grown at 950°C.

Fig. 9(a) shows that the nanostructure is 75 nm in diameter with
coarse surface. The reason for the coarse surface is attributed to
decreased mass transportation of Ga affected by the rich-N atmo-
sphere and Mg doping during grain growth [29]. The crystal plane
spacing of nanowires is about 0.2789 nm, with many dislocations
and defects shown in Fig. 9(b).

Therefore, the crystal plane spacing of the nanowire is about
0.2821 nm at 850°C, 0.281 nm at 900°C, and 0.2789 nm at 950°C,
i.e., decreases with the increasing temperature. In short, the tem-
perature affects the crystal plane spacing of the nanowires, and the
amount of dislocations and defects increase at higher temperature
of 950°C.

3.3. Optical properties

Fig. 10 is the photoluminescence spectrum of the samples
ammoniated at different temperatures for 15 min, detected with

Fig. 8. TEM and HRTEM images of an individual nanowire grown at 900°C for 15 min.
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Fig. 9. TEM and HRTEM images of an individual nanowire grown at 950 °C for 15 min.
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Fig. 10. Photoluminescence spectra of the samples grown at different temperatures
for 15 min. (a) 850°C; (b) 900°C; (c) 950°C.

He-Cd laser used as the excitation source (with a wavelength of
325nm) at room temperature.

There are four emission peaks in Fig. 10, at 359 nm, 380 nm,
420nm, and 442 nm, respectively. Bulk GaN shows photolumi-
nescence at 370nm at room temperature [19]. According to
the equation E, =1240/)A eV, the peak at 359 nm corresponds to
Ey =3.45eV. Thus, a clear blue-shift of the band-gap emission has
occurred, and this is consistent with the Burstein-Moss effect [30].
The other three peaks located at 380 nm, 420 nm and 442 nm cor-
respond to 3.26eV, 2.95eV, and 2.80eV, respectively. As for the
emission peak at 380 nm, it is caused by the electrons transition
from the GaN conduction band minimum to shallow acceptor level
of Mg (acceptor level of Mg is at the site of 200 meV above valance
band). The emission bands at the site of 420 nm and 442 nm are
caused by transitions from a deep donor to the shallow Mg acceptor,
which consists with the results of Zolper et al. [31]. The locations
of the four emission peaks do not change but the strength of the
emission peaks varies obviously with the variation in ammoniat-
ing temperature, which indicates the optical properties are closely
related to ammoniating temperature. The luminous intensity of
GaN nanowires is at its highest at 900 °C.

4. Conclusion

The only phase of the samples fabricated by magnetron sputter-
ing method is the hexagonal wurtzite GaN crystal identified by XRD

analysis. Growing at 900 °C for 15 min is the best condition to fabri-
cate GaN nanowires, which has the highest crystalline quality. 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 peaks
shows that the atomic ratio of Ga to N is approximately 1:1.09.
Ammoniating temperature has great effect on the microstructure,
morphology and optical properties of GaN nanowires, which are
straight and smooth, of uniform thickness along spindle direction,
and have the size of 50 nm in diameter and several tens of microns
in length with high-quality crystalline synthesized at 900°C for
15 min. The growth direction of this nanowire is parallel to [100]
orientation. PL spectra show that GaN nanowires ammoniated at
900°C for 15min have excellent optical properties and have a
strong emission peak at 359 nm. The optical properties of the GaN
nanowires are closely related to the ammoniating temperatures
because the strength of emission peaks changes with the variation
of temperature while their locations do not change accordingly.
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