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ZnO nanowires doped with Mg have been successfully prepared on Au-coated Si (111) substrates using
chemical vapor deposition method with a mixture of ZnO, Mg, and activated carbon powders as reactants
at 850°C. The structural, compositional, morphological and optical properties of the samples were charac-
terized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, high-resolution
transmission electron microscopy, and photoluminescence spectroscopy. The nanowires are single crystalline
in nature and preferentially grow up along [0001] direction with the average diameter and length of about
60 nm and several hundred micrometers, respectively, thinner and longer than the results of literature using

the similar method.

Room temperature photoluminescence spectroscopy shows a blueshift from the bulk

band gap emission, which can be attributed to Mg doping that were detected by energy dispersive X-ray analy-
sis EDX in the nanowires. Finally, the possible growth mechanism of crystalline ZnO nanowires is discussed briefly.

PACS: 61.46.Km, 61.72.uj, 81.15.Gh, 78.67.—n

1. Introduction

Semiconductor nanostructures have been considered as
promising components for future electronics, photonics,
biosensing and nanodevices [1]. At room temperature,
with a wide band gap of 3.37 eV and large exciton bind-
ing energy of 60 meV, ZnO has been recognized as one
of the most important semiconductor materials in sci-
entific research and technological applications [2]. To
date, various ZnO nanostructures have been successfully
synthesized, including nanorods, nanotubes, nanowires,
nanobelt, and nanobridge [3]. A key requirement for
many applications involving ZnO is its doping with spe-
cial elements in order to improve its electrical and op-
tical properties [4], and the doping effect has attracted
extraordinary attention.

Recently, various doped ZnO nanostructures with dif-
ferent elements (e.g., Al, Ga, In, Sn, Co and Sb) have
been achieved [5-11]. Alloying ZnO with Mg was shown
to realize the control of the band gap for the realization of
light-emitting devices operating in a wider wavelength re-
gion [12] without affecting lattice constant, because ionic
radius of Mg (0.57 A) and Zn (0.60 A) are almost simi-
lar [13], the Zn positions can be easily substituted by Mg
under certain conditions.

By far, Mg-doped ZnO nanostructures have been
successfully fabricated by a lot of methods, such as
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nanowires, nanowire arrays and ZnO/MgZnO quan-
tum wells by pulsed laser deposition (PLD) [14-16],
nanopillars and nanorods by metal-organic chemical va-
por deposition (MOCVD) [17, 18], nanorods, nanowires,
ternary nanowires, nanoterapods, nanopagodas and den-
dritic Zn;_,Mg,O nanostructures by thermal evapora-
tion [14, 19-23|, nanowires by thermal diffusion [24].
Nevertheless, there are only a few reports on Mg-doped
ZnO nanowires using a mixture of ZnO and activated car-
bon powders as source materials reported yet except for
Wei et al. [25]. Carbothermal reduction, as a simple and
effective method, has been utilized widely. The major ad-
vantage of this method should lie in its ability to decrease
the temperature from 1975 K (which is essential for ZnO
powder to melt) to lower than 1000 K: more specifically,
its advantage is in its potential for industrial production.
This method can possibly be extended to preparation of
many other semiconductor nanowires, such as In, O3 [26],
SiC [27], SiO4 [28], SizNy [29], etc.

In this paper, we reported that high-quality Mg-doped
ZnO nanowires were synthesized on Si (111) substrate
by CVD method with a mixture of ZnO, Mg, and acti-
vated carbon powders as reactants on Au-coated Si (111)
substrates at the temperature of 850°C under Ar atmo-
sphere. This growth method allows a continuous syn-
thesis and the process is simple and inexpensive, suit-
able for commercial scale production. The morphol-
ogy, crystallinity and optical properties of Mg doped
7Zn0O nanowires were carefully investigated. The aver-
age length of the nanowires in our experiment is up to
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several hundreds of micrometers, which is much longer
than result given by Ref. [25], and the average diame-
ter is smaller. Finally, the growth mechanism is briefly
discussed.

2. Experimental details

In our experiment, the preparation process of Mg-
-doped ZnO nanowires could be fallen into two steps in
the whole process.

The first step was that a thin layer of Au films was
deposited on Si substrates by sputtering Au target in
JCK-500A RF magnetron sputtering system. Si (111)
substrates were cleaned by sonicating in toluene, acetone,
ethanol, and deionized water for 30 min in sequence. The
conditions of sputtering process were as follows: the dis-
tance between the substrates and the target was 80 mm;
the background pressure was 7 x 107* Pa; the working
gas was pure Ar (> 99.99%) and the working pressure
was 2 Pa; the output voltage and output current of the
radio frequency generator were 320 V and 50 mA, respec-
tively; the Au sputtering time was 2 s and the thickness
of resulting Au thin film was equal to about 12 nm.

The second step was that the Mg-doped ZnO
nanowires were synthesized by a chemical vapor depo-
sition (CVD) process, which was done in a conventional
horizontal tube furnace (L451311-2/QWZ). A mixture of
ZnO (purity 99.9%), Mg (purity 99.99%) and graphite
powders with the mass ratio of 7:2:0.1 was used as the
source materials. Both the source materials and the Au-
-coated Si substrates were placed at a quartz boat with
a distance of 2 cm between them. After heating the fur-
nace to 850°C at a rate of 50-100°C/min, the flowing
Ar (99.999%) gas was introduced into the tube to flush
out the residual air at a flow rate of 500 sccm for 5 min.
Then the quartz boat loaded with the Si substrates and
source materials was quickly inserted into it. The source
materials were positioned at the centre of the furnace,
and the Si substrates were located downstream of the gas
flow to collect products. The temperature was held for
10 min under a constant Ar flow of 150 sccm. Finally, the
boat was pulled out and cooled to room temperature un-
der atmosphere, and white cotton-like products appeared
on the substrates. In addition, under the same condition
except the lack of Mg in the source materials, we have
prepared pure ZnO nanowires and have used them for
the comparison when taking PL spectra.

The morphology and surface microstructure of the
samples were characterized by a Hitachi S-570 scanning
electron microscopy (SEM), a Hitachi H-800 transmission
electron microscopy (TEM) and a Philips Tecnai-20 high
resolution transmission electron microscope (HRTEM).
The microstructure and chemical composition of the sam-
ples were investigated by a Rigaku D/max-rB X-ray
diffraction (XRD) meter with a Cu K, line and an energy
dispersive X-ray energy spectroscopy (EDX) system. The
room temperature photoluminescence (PL) spectrum of
the products was measured by a FLS920 fluorescence

spectrophotometer with a He—Cd laser as the excitation
light source at 325 nm.

3. Results and disscussion

8.1. Microstructure analysis

Figure 1 shows the typical XRD pattern of the samples.
As seen from Fig. 1, all the diffraction peaks in the pat-
tern can be easily assigned to hexagonal wurtzite ZnO,
which are in agreement with the reported standard val-
ues (JCPDS No. 36-1451). The (002) diffraction peak at
20 = 34.58° has a slight shift from the standard for bulk
ZnO (34.40°) [30], indicating that Mg?* has incorporated
into the ZnO host lattice and substitutes for Zn?*, as the
ionic radius of Mg?™ (0.057 nm) is smaller than Zn?*
(with an ionic radius 0.060 nm). No diffraction peaks
from metallic Zn and Mg or other phase have been found,
revealing that Mg doping has not changed the wurtzite
structure of ZnO because of its small content, which is
also compatible with results from the substitution of Mg
for Zn site and previous reports [22]. In addition, the
sharp diffraction peaks reveal that the ZnO nanowires
possess good crystalline quality. Au diffraction peaks are
not detected by XRD, due to the small size of Au parti-
cles (about 3 nm).
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Fig. 1. XRD pattern of Mg-doped ZnO nanowires with

a hexagonal wurtzite structure.

8.2. Surface morphology

Surface morphology of the samples and nanowires di-
mensions were determined by SEM. Figure 2 shows the
typical SEM images of the as-synthesized samples at dif-
ferent magnifications. Figure 2a depicts that the mor-
phology of the nanostructures consists of high-density
ZnO nanowires. These nanowires interwine with each
other and distribute on the whole substrate surface ran-
domly. A magnified SEM image (Fig. 2b) shows that the
typical diameter and length are about 60 nm and several
hundred micrometers, respectively. In addition, no metal
particle is observed at the tops of the nanowires.
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Fig. 2.

Typical SEM images of the Mg-doped ZnO
nanowires at different magnifications.

For better understanding of the morphology proper-
ties, TEM, HRTEM and selected area electron diffrac-
tion (SAED) pattern were employed to further investi-
gate the as-synthesized ZnO nanostructures, as shown in
Fig. 3a,b.

As shown in Fig. 3a, TEM image of a single ZnO
nanowire reveals that the ZnO nanowire has a diam-
eter of about 60 nm, and its surface is coarse, which
may be attributed to the defects from Mg doping during
growth. The inset of Fig. 3a shows the selected area elec-
tron diffraction (SAED) pattern of the Mg-doped ZnO
nanowires, which demonstrates that the nanowires have a
high crystal quality due to the regular electron diffraction
pattern. The SAED pattern is consistent with the hexa-
gonal wurtzite structure of ZnO with no second phase
detected. Therefore, we can conclude that the Mg dop-
ing did not perturb significantly the lattice structure of
the ZnO matrix.

Figure 3b shows the HRTEM lattice image of the sin-
gle Mg-doped ZnO nanowire, the visible lattice fringes
disclose that the nanowire is high quality hexagonal
wurtzite single crystalline grown along [0001] direction.
The lattice spacing between the two (0002) fringes is
0.258 nm, which is slightly smaller than the plane dis-
tance (0.260 nm) of undoped ZnO (0002). This finding
can be explained as the result of a random distribution

Fig. 3. (a) TEM image of single Mg-doped ZnO
nanowire and the correspoding SAED pattern, (b)
HRTEM image of the nanowire.

of Mg ions replacing Zn in the ZnO crystal lattice. This
confirms that introduction of divalent Mg?* in the ZnO
lattice did not affect the growth direction.

3.83. Chemical composition analysis

Corresponding chemical composition of the synthe-
sized ZnO nanowires were determined by EDX spec-
troscopy. Figure 4 shows a typical EDX spectrum of
the edge of the nanowires. It is clear that only the Zn,
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Fig. 4. EDX spectrum of the single nanowire.
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Mg, C, Cu and O peaks are observed (the Cu peak comes
from the TEM sample grid and the C peak comes mainly
from atmospheric contamination due to the exposure of
the sample to air [31]), confirming that the compositions
of the products are Mg-doped ZnO without impurity.
Similar results were obtained from different areas of the
nanowires for several times.

3.4. Optical properties

Figure 5 shows the room temperature PL spectrum
with He-Cd laser excitation at 325 nm. Both the Mg-
-doped and undoped samples show two emission bands:
a narrow UV emission and a broad green emission.
The UV emission is commonly originated from the free-
-exitonic recombination through an exciton—exciton col-
lision process corresponding to the near band-edge emis-
sion of band gap ZnO [3]. Compared with the undoped
one, the UV peak of the doped sample shifts to 378 nm
from 383 nm. The peak at 378 nm and 383 nm cor-
responding to E, = 3.28 €V and 3.24 €V, respectively,
indicating that the band-gap energy has increased by the
doping of Mg in the nanowire, because MgO (7.7 €V) has
a wider band-gap than ZnO (3.37 €V) [32], in agreement
with the XRD and EDX results. It is worthy to note that
this blueshift is not associated by quantum confinement
effects, because the average diameter of the nanowires
is about 60 nm, far larger than the exciton Bohr radius
(= 1.8-2.0 nm) [33] of ZnO. The green emission is gener-
ally considered to be related to various intrinsic defects
produced during ZnO preparation, but the exact mech-
anism is still unclear [34]. The presence of oxygen va-
cancies (Vo), zinc vacancies (Vz,), interstitial zinc (Zn;)
and antisite defects (Oz,) have been attributed to cor-
respond to the green emission of ZnO by different re-
searchers [35-37]. In our experiment, an interesting phe-
nomenon is that the green band in the Mg-doped ZnO
is much stronger than that of undoped ZnO. This may
be attributed to surface-recombination effect on the thin-
-nanowires system [38]. Of course, the detailed explana-
tion of PL will be given elsewhere.
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Fig. 5. Room temperature PL spetcrum of undoped

and Mg-doped ZnO samples.

3.5. Growth mechanism

Vapor-liquid—solid (VLS) and vapor-solid (VS) mech-
anisms have been proposed to explain the formation of
ZnO nanostructures. The VLS process begins from the
absorption of the source materials from the gas phase
into the metal liquid droplets and forms the liquid al-
loy. When this liquid alloy becomes saturated, a solid
precipitate is formed which serves as a preferred site for
further deposition. The dominant characteristic of the
VLS mechanism is that a metal particle is located at the
growth front of the nanowires and acts as the catalytic
active sites. But in our work, even a thin layer of gold
(12 nm) was coated on Si (111) substrate, but after the
deposition no metal catalyst or any type of impurity was
detected from the tips of the grown ZnO nanowires, as
confirmed by the SEM and TEM observations. There-
fore, we suggest that the growth mechanism of the prod-
uct can be understood on the basis of the VS growth
mechanism and small Au particles do not serve as cata-
lysts in our case, but they simply offer favorable nucle-
ation sites for nanowires growth. The Au thin film on Si
substrates was expected to form nanosized Au-Si alloy
droplets as the eutectic point of Au—Si binary system is
about 363°C [39] on the basis of their phase diagram.
After the temperature rised above 800 °C, active carbon
and ZnO in the source materials begin to react with each
other and produce Zn and/or ZnQO, vapor and then the
Zn and/or ZnO, and Mg vapors were transferred to the
low temperature area and absorbed onto the Au—Si alloy
droplets. Then solid ZnO will precipitate from droplet in
the form of nanowires when ZnO reach the supersaturat-
ing state. Meanwhile, Mg was doped into the ZnO par-
ticles through the process of Mg substituting of Zn atom
in ZnO. Continuous feeding of the reactants sustains the
thickness of ZnO over the gold particles and gold lies
beneath at the base of the formed ZnO nanowires [40].
Therefore, no sign of Au particles was observed from the
tips of as-grown nanowires.

4. Conclusion

In summary, high-quality ZnO nanowires doped with
Mg have been synthesized on Au-coated Si (111) sub-
strates using CVD method at 850°C. According to the
results of EDX analysis, the compositions of the products
are Mg-doped ZnO without impurity, and Mg doping has
not change the wurtzite structure of ZnO because of its
small content. Most of the nanowires have diameters
ranging from 50 to 80 nm and lengths up to hundreds of
micrometres. Detailed structural characterizations indi-
cate that the synthesized nanowires are single-crystalline
and grow along the [0001] direction in preference, indi-
cating that introduction of divalent Mg ion in the ZnO
lattice did not affect the growth direction. The growth
mechanism of ZnO nanowires can be explained by a VS
growth model, and the as-deposited Au particles act as
nucleation sites.
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