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Multipod flower-like zinc oxide (ZnO) nanowires have been successfully synthesized on Si(111) substrates
using a pulsed laser deposition prepared Zn film as “self-catalyst” by the simple thermal evaporation oxidation
of the metallic zinc powder at 850 ◦C without any other catalysts or additives. The pre-deposited Zn films
by pulsed laser deposition on the substrates can promote the formation of the ZnO nuclei effectively. Also
it can further advance the growth of the flower-like ZnO nanowires accordingly. X-ray diffraction, scanning
electron microscope, high-resolution transmission electron microscopy, Fourier transform infrared spectrum, and
photoluminescence were used to analyze the structure, morphology, composition and optical properties of the
as-synthesized products. The results demonstrate that the nanowires were single crystalline with hexagonal
wurzite structure, grown along the [0001] in the c-axis direction. Room temperature photoluminescence spectrum
of the ZnO nanowires shows a nearband-edge ultraviolet emission (peak at ≈ 384 nm) and a deep-level green emis-
sion (peak at ≈ 513 nm). In addition, the growth mechanism of the flower-like ZnO nanowires is discussed in detail.

PACS numbers: 81.07.Bc, 81.05.Dz, 81.10.Aj

1. Introduction

In recent years, controlled synthesis of compound semi-
conductor nanostructures has attracted considerable in-
terest in material fields, owing to that the properties of
these materials depend mainly on their specific shapes,
sizes and structures [1]. The interest in ZnO nano-
structures is fueled and fanned by its prospects in op-
toelectronics applications because of its typical wide di-
rect band gap (3.37 eV) with a large exciton binding en-
ergy (60 eV) at room temperature [2]. To date, the ZnO
nanostructured materials, such as nanorods [3], nano-
tubes [4], nanowires [5], nanobelt [6] and nanobridge [7],
have been successfully synthesized and have received
much attention due to their novel physical properties
and potential applications in nanodevices and nanosen-
sors [8]. Such nanostructures would play an important
role in understanding the role of dimensionality and size
in optical [9], electrical [10], mechanical [11] and magnetic
properties [12, 13]. Among them, the ZnO nanowires
with a high surface-to-volume ratio have received particu-
lar attention and are expected to display significant prop-
erties. The ZnO nanowires have some obvious advantages
over the ZnO bulk crystals and thin films due to the size
confinement effects for the carriers and excitons [14]. Par-
ticularly, the stronger and more stable exciton effects at
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room temperature are very important in the light emis-
sion diodes (LED) and laser diodes (LD) [15, 16]. More-
over, the growth technologies of the ZnO nanowires are
much simpler than that of the ZnO thin film. There-
fore, various methods have been developed to fabricate
the ZnO nanowires, for instance, chemical vapor deposi-
tion (CVD) [17], metal-organic chemical vapor deposition
(MOCVD) [18], hydrothermal process [19], metal cat-
alyzed vapor–liquid–solid process [20], aqueous solution
method [21], pulsed laser deposition (PLD) [22], electro-
chemical deposition [23], microwave-assisted route [24],
and ultrasonic spray pyrolysis [25]. However, catalysts
usually have to be used in those methods during the syn-
thesis of the ZnO nanowires The drawback is that the
remains of the foreign catalyst in the products may in-
fluence some applications of the ZnO nanowires.

In this paper, we reported a simple synthesis method
for the ZnO nanowires, which overcomes the drawbacks of
previous methods. The flower-like ZnO nanowires were
synthesized by simple thermal evaporating of high pu-
rity Zn powders onto a quartz tube at the temperature
of 850 ◦C without introducing any external catalysts ap-
proach. Especially, in our experiment, a layer of Zn
film is firstly pre-deposited on the Si(111) substrates by
PLD before the thermal evaporating process. The PLD
Zn film can promote the growth of the ZnO nanowires.
The as-synthesized products are single-crystalline ZnO
nanowires. This growth method allows a continuous syn-
thesis and can produce ZnO nanowires with relatively
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high purity and low cost. Accordingly, it is probably
useful for commercial-scale production. In addition, the
possible growth mechanism and the optical property of
the ZnO nanowires are also discussed in brief.

2. Experimental process

Firstly, Si(111) substrates were washed with absolute
ethyl alcohol, and then ultrasonically cleaned in acetone,
absolute ethyl alcohol, and deionized water for 30 min in
sequence.

Secondly, a thin layer of Zn films was deposited on
Si(111) substrates by PLD. The PLD apparatus and the
experimental methods have been described in detail else-
where [26]. High purity metal zinc (99.99%) with a diam-
eter of 6 mm served as a target. The deposition chamber
was evacuated by turbomolecular pump yielding typical
base pressures of 3× 10−4 Pa. The Q-switched Nd:YAG
laser (λ = 1064 nm) was used to ablate the zinc tar-
get. The laser energy, the repetition rate, and the argon
background pressure were set to be 100 mJ, 10 Hz, and
1.33 Pa, respectively. The substrates are Si(111) and the
distance between the target and the substrates is 40 mm.
For the Zn target ablated and thin film fabricated evenly,
Zn target rotated clockwise and substrate rotated anti-
clockwise with a frequency of 7 rpm. The deposition time
is 30 min and the growth temperature is 100 ◦C. The film
thickness was measured to be approximately 100 nm.

Finally, both the as-deposited Zn films by PLD and
the high purity metallic Zn powder (99.99%) were in-
serted into the conventional horizontal quartz tube fur-
nace (L4513II-2/QWZ) together. The Zn powder as the
source material was placed in a high-temperature region
of a quartz boat covered by another two-end open quartz
cap. The Zn-coated Si(111) substrates prepared at the
second step were placed in the low temperature region
of the same boat. The distance between the Zn powder
source and the Si substrate was about 10 mm. After heat-
ing the tube furnace to 850 ◦C at a rate of 50–100 ◦C/min,
the nitrogen gas with purity of 99.999% was introduced
into the system with a flow of 200 sccm (standard cubic
centimeters per minute) for 5 min to remove the resid-
ual air. Then the quartz boat loaded with the substrates
and the source material were pushed into the center con-
stant temperature region of the furnace. After the quartz
boat was loaded into the furnace, a flow of mixture gas
[O2:Ar = 1:15 (by volume, 99.999% pure)] with the flow
rate of 200 sccm was introduced to the system until the
end of the reaction. The temperature of the Si substrate
is about 700 ◦C in the system during the growth process.
The reaction time was 20 min. After that, the reaction
system was drawn out immediately and some white fluffy-
-like products were observed on the whole surface of the
substrate. The products were collected for characteriza-
tions.

The morphology and structure properties of products
were characterized and analyzed by X-ray diffraction
(Rigaku D/max-rB Cu Kα, XRD), scanning electron mi-

croscopy (Hitachi S-570, SEM), high resolution trans-
mission electron microscopy (JEOL JEM2100, HRTEM)
and Fourier transform infrared spectrum (TENSOR27,
FTIR). The room-temperature photoluminescence (PL)
spectrum of the products was measured using Edinburgh
Instruments FLS920 steady-state fluorescence spectro-
meter (U.K.) with Xe lamp as the excitation light source
(with a wavelength of 325 nm).

3. Results and discussions

3.1. XRD analysis

The crystal structure of the as-synthesized products
was characterized by XRD. Figure 1 shows a typical XRD
pattern of the as-synthesized products. The results show
that all the diffraction peaks in the pattern can be eas-
ily indexed as the pure hexagonal phase ZnO (wurtzite-
-type, space group: P63mc) with calculated lattice pa-
rameters of a = 3.244 Å, c = 5.198 Å, which is in good
agreement with the reported standard values (JCPDS
No. 36-1451). Compared with the standard diffraction
patterns, no diffraction peaks of Zn or other impurities
were observed in the spectrum, which indicates excellent
crystal quality of the products. Furthermore, the clear
and sharp peaks also revealed that the ZnO nanowires
possess a high crystalline quality.

Fig. 1. X-ray diffraction pattern of the multipod
flower-like ZnO nanowires synthesized at 850 ◦C.

3.2. SEM analysis

Figure 2 reveals the representative SEM images of
the as-synthesized products at different magnifications.
Figure 2a, the panoramic morphology of the products,
showed that the high yield accumulated ZnO nanowires
were formed and distributed randomly on the substrate.
It can be seen that most of the ZnO nanowires exhibited
a radial multipod morphology having several legs and
only a few tetrapod-like ZnO nanowires. From Fig. 2b
and c it is clearly shown that the nanowires have a
straight, smooth, pencil-like shape. The legs were con-
nected to a junction which can be regarded as a cen-
tral nucleus, forming a radial flower-like structure. The
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Fig. 2. Typical SEM images of the multipod flower-like
ZnO nanowires at different magnifications: (a) 2000×,
(b) 4000×, (c) 7000×.

central nucleus of the radial multipod flower-like ZnO
nanowires is obviously bigger than those of the tetrapod
nanowires. Most of the nanowires have a rod-like root
and exhibit a sharp needle-like tip. The root diameters
of the nanowires are in the range of 200–400 nm, while the
tips have an average diameter about 40 nm. The length
of the ZnO nanowires is about several micrometers. Fur-
thermore, a small quantity of the ZnO lamellar crystal
were also observed at some roots of the nanowires. Com-
paring the differences in the nucleus sizes, the essence of
the legs of the tetrapod nanowires and those of the mul-
tipod nanowires are the same, which implies that they
have the same growth mechanism [27]. The results indi-
cate that the morphological differences between the tetra-
pod nanowires and the multipod nanowires might be a
consequence of the difference in the size of the nucleus.

3.3. HRTEM analysis

To further understand the structural characteristics of
the flower-like ZnO nanowires, HRTEM micrograph and
selected area electron diffraction (SAED) pattern of the
products were surveyed. Figure 3 shows the HRTEM
images of the single ZnO nanowire, the visible lattice

images illustrate that the nanowire is single-crystal in
nature. The interplanar distance accurately measured
is 0.26 nm, which corresponds to the distance between
the two adjacent (0002) crystal planes of hexagonal ZnO.
The (0002) planes are perpendicular to the growth direc-
tion of the ZnO nanowires, which confirms that the ZnO
nanowires only grow along the c-axis direction. The in-
set in the upper-left-hand corner is the SAED pattern
of single nanowire, which can be indexed to the diffrac-
tion of wurtzite ZnO crystal along the [0001] direction.
Meanwhile, it also confirms that the as-synthesized ZnO
nanowires are of single crystal structure.

Fig. 3. HRTEM lattice image of the single ZnO
nanowire. The upper-left-hand is the corresponding
SAED image.

3.4. FTIR analysis

The products were mixed with potassium bromide
(KBr) in the ratio of 1:100. The background spectrum
recorded using KBr was subtracted from the products
spectrum. Figure 4 exhibits FTIR spectrum of the ZnO
nanowires. The absorption region from 400 to 2000 cm−1

generally represents the fingerprint region of the materi-
als, which are unique in characteristics. The spectrum
contains four prominent absorption bands. The band at
440.13 cm−1 corresponds to the asymmetric stretching
mode of the as-synthesized wurtzite ZnO nanowires [28].
The absorption band around 548.46 cm−1 is the typ-
ical reference spectra of the pure ZnO powders often
shown in [29]. The two bands at 1384.67 cm−1 and
1633.63 cm−1 are associated with Zn–O stretching vibra-
tion in wurtzite hexagonal-type ZnO crystal [30], which
revealed that the products were hexagonal ZnO crystals.
No other peaks observed in the spectrum confirms that
the synthesized products are ZnO alone, which also cor-
respond to the XRD.

3.5. Discussion of growth mechanism

According to the above analysis, we can infer the possi-
ble growth mechanism for the formation of the multipod
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Fig. 4. FTIR spectrum of the multipod flower-like
ZnO nanowires.

Fig. 5. Schematic illustration of the growth mecha-
nism of the ZnO nanowires.

flower-like ZnO nanowires. The nanowires growth does
not follow the conventional metal-catalytic VLS mech-
anism [31], but can be conceived as “self-catalyst” VLS
growth mode [32]. The whole process is illustrated in
Fig. 5. When the furnace temperature mounted into
850 ◦C, much higher than the melting point of metallic
zinc powder (the melting point of Zn = 419.5 ◦C), the zinc
vapors were produced from the source material. Because
the amount of oxygen is deficient in our experiment, some
suboxides (ZnOx, x < 1) were also easily formed corre-
spondingly. Due to the fact that Zn and Zn-suboxides
(ZnOx, x < 1) have a low melting temperature (approx-
imately 419 ◦C) [33], Zn and ZnOx should be in vapor
phases at the beginning of our experiment.

In the meantime, because the substrate temperature
is higher than the melting point of Zn, the Zn films pre-
-deposited on the substrates are melted and aggregated
to form the micro-sized Zn droplets on the substrate sur-
face. Then, the oxygen react with the Zn droplets and
form the ZnO nuclei on the substrate surface. Due to
the flowing gas circulation, the Zn (g) or ZnOx (g) vapor
was transported by argon and condensed on the Si sub-
strates located at a low temperature region. After that,
the deposited Zn or ZnOx also turned into liquid phase
(l) Zn or ZnOx (l, x < 1) droplets. These formed Zn or
ZnOx droplets migrated and merged with the original Zn
droplets on the substrate surface, and then the incorpo-

rated droplets continued to absorb oxygen vapor around
and formed more larger ZnO nuclei. So “self-catalyst”
VLS growth has already begun to take effect during this
initial growth period. The main reaction taking place in
our experiment can be expressed as follows (g, l, s stand
for gaseous, liquid, solid, respectively):

Zn(s) → Zn(g), (1)

Zn(g) + O2(g) → ZnOx(g), (2)

Zn(g) → Zn(l), ZnOx(g) → ZnOx(l), (3)

Zn(l) + O2(g) → ZnO(s),
ZnOx(l) + O2(g) → ZnO(s). (4)
In addition, the nucleation plays a key role in the

growth of the flower-like ZnO nanowires in our ex-
periment. According to the octa-twin nucleus model,
ZnO nuclei formed in the atmosphere containing oxy-
gen are octahedral nuclei [34]. The octahedral nuclei
were considered to lead to the formation of the tetrapod
nanowires [35]. Due to that the sizes of these aggregated
ZnO nuclei were larger than the previously formed nu-
clei, the insufficiency of oxygen and the high temperature
will make the accumulation of these aggregated nuclei to
a multiple facets possible. It finally led to the forma-
tion of the polyhedral ZnO nuclei rather than octahedral
nuclei. However, during this process, some small nuclei
did not merge with other nuclei, which still kept the oc-
tahedron morphology and formed finally some tetrapod
nanowires. It manifests that the formation of the mul-
tipod ZnO nanowires nuclei on the Zn-coated substrates
is owing to the merging and growth of the polyhedral
ZnO nuclei. Hence, the pre-deposited Zn films on the
substrates can effectively promote the formation of the
polyhedral ZnO nuclei. Those ZnO nuclei provide the
energetically favored sites for the further growth of the
multipod flower-like ZnO nanowires.

Furthermore, in the early stages of the reaction, it is
probable that some ZnO nuclei or initially formed tiny
single crystals are also easy to aggregate together un-
der the driving forces of high surface energy, electrostatic
force, and so forth [36]. Then each ZnO nucleus in the
aggregate grows anisotropically along the c-axis. The
aggregates finally become the flower-like nanowires as-
semblies. So, the obtained multipod ZnO nanowires are
made up of several single crystals nanowires stretching
radially from the center nuclei along c-axis directions.
On the other hand, it is known that ZnO crystal has the
wurtzite polar crystal structure which has a hexagonal
unit cell with space group P6mc. The oxygen anions
and Zn cations form a tetrahedral unit. The structure
of the ZnO can be simply described as a number of al-
ternating planes composed of tetrahedrally coordinated
O2− and Zn2+, stacked alternatively along the c-axis.

Wurtzite structure model of the ZnO is shown in Fig. 6.
As can be seen in Fig. 6, each Zn atom on the {101̄0}
prismatic faces parallel to the c-axis is two-coordinated
Zn, whereas the Zn atom on the (0001) facet is one- or
three-coordinated Zn. The inherent asymmetry along the
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Fig. 6. Wurtzite structure model of the ZnO.

c-axis leads to the anisotropic growth of the ZnO crystal-
lites [37]. The formation of the multipod flower-like ZnO
nanowires crystals is attributed to the difference in the
growth rate of the various crystal facets. According to
the lowest surface energy principle, the ZnO nuclei will
be exposed at the crystal surfaces with the lowest en-
ergy [38]. Then the ZnO nanowires sprouted from these
nuclei surfaces and grew along the [0001] direction be-
cause the surface energy of the (0002) facet is the lowest.
According to the ZnO crystal growth mode, the growth
rate along the [0001] direction is faster than along any
other directions [39]. So, the growth along the [0001] di-
rection is a dominating growth facet compared to other
growth facets. Therefore, the multipod flower-like ZnO
nanowires are finally formed. In our synthesized pro-
cess, the multipod flower-like ZnO nanowires exhibited
a preferential growth in the [0001] direction which also
corresponded to the HRTEM and SAED patterns. In ad-
dition, the ZnO lamellar crystal is also observed at some
roots of the nanowires due to the high temperature and
the high super-saturation of the lateral growth.

3.6. PL spectrum analysis

Figure 7 shows the measurement of PL spectrum at
room temperature of the products. The nanowires show
two emission peaks, a strong ultraviolet (UV) band lo-
cated at ≈ 384 nm, a green emission band centered at
≈ 513 nm. The UV emission originates from the exci-
tonic recombination corresponding to the near band-edge
emission of band gap ZnO. Moreover, the enhancement
in UV emission intensity of the room temperature PL
in our result was due to the improvement in the crystal
quality of the flower-like ZnO nanorods.

Bagnall et al. [40] revealed that the improvement of
crystal quality (decrease of impurities, and structure de-
fects such as oxygen vacancies and zinc interstitials) can
lead to a high near band-edge emission to deep-level emis-
sion ratio, resulting in the detectable UV emissions at
room temperature. HRTEM image in Fig. 3 proved that
the ZnO nanowires are single crystal structure with a low
density of structural defects, an important factor for the
observed UV emission at room temperature. Moreover,
we observed a green light emission peak at ≈ 513 nm,
commonly referred to a deep-level or trap-state emis-
sion. The green transition has been attributed to the

Fig. 7. Room temperature PL spectrum of the multi-
pod flower-like ZnO nanowires.

single oxygen vacancy in the ZnO nanowires and the
emission results from the radiative recombination of a
photo-generated hole with an electron occupying of oxy-
gen vacancy (VO) [41]. At higher temperature the num-
ber of molten Zn atoms increases, combined with oxy-
gen to form ZnO. To maintain the growth of nanostruc-
tures there should be a balance between the melting rate
of Zn and the growth rate of ZnO. Since higher tem-
perature requires more oxygen for the growth of nanos-
tructures, then the constant flow rate of oxygen even at
higher temperature will lead to oxygen deficiency. In our
experiment, because the ZnO nanowires are fabricated
at 850 ◦C, a quantity of oxygen vacancies can also eas-
ily be produced. Thus, the green emission at ≈ 513 nm
would be a result of the existence of the oxygen vacan-
cies in the ZnO nanowires. Therefore, it is appropriate
to conclude that there are a number of oxygen vacan-
cies in the ZnO nanowires, and some defects could exist
in the ZnO nuclei. Therefore, we expect that the ZnO
nanowires with strengthened green light emission would
be a promising material for applications in optoelectronic
nanodevices.

4. Conclusions

In summary, the multipod flower-like ZnO nanowires
were synthesized on Zn-coated Si(111) substrate through
catalyst-free thermal evaporation in a tube furnace at
850 ◦C. The pre-deposited Zn films by PLD on the sub-
strate can promote the growth of the multipod flower-like
ZnO nanowires effectively. The growth of the multipod
flower-like ZnO nanowires mainly depends on the size of
the formed ZnO nuclei. XRD, SEM and HRTEM show
that the nanowires exhibited a single-crystalline wurtzite
hexagonal structure and preferentially oriented in the
[0001] direction. The growth mechanism of the multi-
pod flower-like ZnO nanowires can be explained by a
self-catalytic VLS growth model. Room temperature PL
spectra of the ZnO nanowires show a strong UV emis-
sion band located at ≈ 384 nm and a green emission
band centered at ≈ 513 nm, which was ascribed to the
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near band-edge emission and the deep-level emission, re-
spectively. We believe that the green-light emission prop-
erty of the multipod flower-like ZnO nanowires may open
up new opportunities for fabricating the optoelectronic
nanodevices, such as LED and LD.
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