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We developed a metalorganic chemical vapor deposition to synthesize ZnS nanowires with high purity
on Au-coated sapphire substrates at low temperatures. The ZnS nanowires have zinc blende structure,
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and most of them have raw-like surface on one edge, while is smooth on the other. High-resolution
transmission electron microscopic investigations show that the nanowires are well crystalline single
crystal grown along [1 1 1] and are free of bulk defects. The growth mechanism is confirmed as a typical
vapor–liquid–solid process. The photoluminescence spectrum reveals two prominent blue emissions
centered at 452.2 and 468.6 nm, respectively. It is found that sulfur vacancies and surface states should

o blue
anostructured materials
ptical property

be responsible for the tw

. Introduction

As is well known, one dimensional (1D) semiconductor
anowires have attracted considerable attention due to their
otential applications in the nanooptics, nanoelectronics and nano-
agnetics [1–15]. As an important semiconductor material with
ide band gap of 3.72 eV for the zinc blende phase and 3.77 eV

or wurtzite phase at room temperature, zinc sulfide (ZnS) has
ttracted considerable research interest [16–19]. ZnS has been
idely used in infrared windows, sensors, lasers, covering elec-

roluminescent devices, and flat panel displays [20–23]. Various
ethods including conventionally catalytic-assisted thermal evap-

ration of ZnS powder [24–26], solvothermal process [27,28],
nd template-assisted electrochemical deposition [29] have been
eveloped to fabricate ZnS nanowires. As is well known, zinc blende
rystal structure is more stable than wurtzite up to 1020 ◦C, and
sually exists in bulk form rather than 1D nanostructures [30]. Most
f the as-synthesized ZnS nanowires are of metastable wurtzite
hase because they are more easily synthesized and formed

n metastable 1D nanostructures [31]. Up to now, zinc blende
anowires have been rarely investigated [32–34]. Meng et al. [33]

eported a hydrogen-assisted thermal evaporation at elevated tem-
erature as high as 1100 ◦C. Hu et al. [34] successfully synthesized
urtzite and zinc blende ZnS nanowires. Nevertheless, the as-

ynthesized nanowires did not have pure phase structure. In this
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work, we employed a conventional film technique metalorganic
chemical vapor deposition (MOCVD) to fabricate well crystalline
zinc blende ZnS nanowires grown on sapphire substrates at 530 ◦C.
The microstructure and photoluminescence properties of the zinc
blende nanowires were investigated.

2. Experimental

ZnS nanowires were grown on Au-coated sapphire substrates by MOCVD. In the
experiment, Au thin films with thickness of 10 nm were sputtered on the sapphire
substrates. Diethylzinc and diethylsulphide were used as precursors to supply Zn
and S species at flow rates of 0.18 and 7.73 �mol min−1, respectively. High pure
hydrogen gas carried the precursors to the substrates at a flow rate of 975 ml/min.
Then the reaction chamber was heated quickly to 530 ◦C and maintained at the
peak temperature for 30 min. Finally, the furnace was cooled to room temperature
and the products deposited on the sapphire substrates were taken out for further
characterization.

The morphology and crystal structure of the products were characterized by
field emission scanning electron microscope (FE-SEM, FEI XL30 S-FEG) equipped
with energy-dispersive X-ray spectroscopy (EDS) and rotating anode Rigaku (Tokyo,
Japan) D/max-2400 X-ray diffractometer with Cu K� radiation, respectively. The
microstructure of the product was investigated by transmission electron microscopy
(TEM, Tecnai 20 at 100 kV) and high-resolution TEM (HRTEM, Tecnai 20 at 200 kV).
The photoluminescence (PL) spectrum was collected by using the 325 nm line of a
He–Cd laser as the excitation source at room temperature.

3. Results and discussion
The morphology and chemical composition of the products
deposited on the sapphire substrates were first characterized by
SEM. It can be seen from Fig. 1a that highly dense nanowires and
a small amount of nanoribbons are distributed over the whole
substrates. The magnified SEM image (Fig. 1b) indicates that the
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Fig. 1. (a and b) Typical SEM image and magnified SEM image of the d

ength of the nanowires varies from a few micrometers to tens of
icrometers, and the diameter is in the range of 80–150 nm. The

orresponding EDS spectrum (Fig. 1c) reveals that the nanowires
ainly consist of Zn and S elements, and the atom ratio of Zn and
is 1:0.921, close to the stoichiometric ratio of ZnS. The XRD pat-

erns of the nanowires (Fig. 2) can be indexed well on the basis of
inc blende ZnS cell. A small peak in the left side of (1 1 1) peak is
lso observed. We deduce that it maybe originates from the some
mpurties. However, the exact impurties cannot be determined and
eeds to be further investigated. Based on the XRD and EDS mea-
urements, the products are determined as zinc blende ZnS.

Fig. 3a shows TEM image of an individual nanowire, revealing

hat one edge of the nanowire exhibit saw-like morphology while
he other is smooth. The representative saw-like nanowires are ca.
0% in the whole nanowires. HRTEM image recorded along [1–10]
xis zone (Fig. 3b) shows that the interplanar spacing is 0.32 nm,

Fig. 2. XRD patterns of the deposited nanowires.
ed products, respectively. (c) EDS spectrum of the deposited products.

which corresponds to the (1 1 1) planes of zinc blende ZnS, further
confirming zinc-blende structure of the nanowire. The correspond-
ing FFT pattern (Fig. 3c) is indexed and reveals well crystalline
single-crystal nature of the nanowire. Based on the HRTEM image
and FFT pattern, the grow direction is determined as [1 1 1]. Fig. 3d
shows TEM image of another nanowire with smooth surfaces. A
nanoparticle confirmed as Au catalyst is observed to attach on the
tip of the nanowire, suggesting that the growth process follows
the well known Au-catalytic vapor–liquid–solid (VLS) mechanism.
Epitaxial thin films instead of nanowires are deposited on the sub-
strates without Au catalyst, indicating that Au catalyst plays an
important role in the growth of the 1D nanowires. Zhang et al.
[35] deduced that Au particles probably acted as the nucleating
sites instead of catalyst for ZnSe nuclei because the synthesis tem-
perature of 550 ◦C is lower than the melting of Au and no catalyst
particles are found at the tip of the nanowires. However, we observe
that the melting point of Au can be lower below 550 ◦C at high
vacuum or hydrogen atmosphere. In this work, it is found that Au
particles can melt below the synthesis temperature of 530 ◦C and
the Au particles on the tip of the straight nanowires (Fig. 3d) are
also observed, which indicates that Au acts as catalysts instead of
nucleating sites for the nucleation and growth of 1D ZnS nanowires.
Au particles can separate from the nanowires after nucleation pro-
cess, which is rather common in synthesis of other semiconductor
nanowires.

Fig. 4 displays the PL spectrum of the ZnS nanowires. Two
prominent blue emission bands centered at 452.2 and 468.6 nm,
respectively, are detected. PL properties of ZnS nanowires are rather
complicated. Various emission bands such as ultraviolet, blue,
green, orange and red emission bands, and numerous emission cen-

ters had been reported in the previous literatures [28,34,36–40]. It
is known from these literatures that emission around 450 nm often
are encountered in 1D ZnS nanostructures including nanowires
and nanoribbon, and maybe originates from defects e.g., sulfur
vacancies and/or bulk defects. Bulk defects such as stacking faults,
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ig. 3. (a) TEM image of a single ZnS nanowire. (b) HRTEM image of the nanowire
ttached on the tip.

islocations and twinnings are not detected in the HRTEM image of
he nanowires (Fig. 2b). So, we deduce that sulfur vacancy-related
oint defects are the main reason for the blue emission. Accord-

ng to the donor–acceptor pair recombination mechanism, sulfur
2+
acancies act as the shallow donor species while Zn vacancies

s the acceptor species. In the case, all carriers excited to the con-
uction band almost instantaneously decay to shallow donor levels
nd recombine with acceptor states emitting photons which finally
esults in the blue emission centered at 452.2 nm here. The blue

Fig. 4. PL spectrum of the ZnS nanowires.
FT patterns of the nanowire. (d) TEM image of a single nanowire with Au catalyst

emission at 468.6 nm is rarely reported. Several literatures [41–43]
had reported that various emission bands including white, yellow-
orange, orange and blue emissions were detected in metal doped
cubic ZnS nanoparticles. The emission bands are different from that
observed in this work. The new energy levels and/or particle size,
crystallinity, doped situation and surface states may be the main
reasons for those emission bands in cubic nanoparticles. Xiong et al.
[25] detected the emission band and ascribed it to stoichiomet-
ric vacancies or interstitial impurities. But they did not offer exact
proof to confirm the explanation. We deduce surface states may
be the main reason for the unusual emission because most of the
nanowires have raw-like surface on the one edge. However, the
exact mechanism is unclear and needs to be further investigated.

4. Conclusions

Highly dense ZnS nanowires were fabricated on Au-coated sap-
phire substrates via a MOVCD method at 530 ◦C. It is found that
the ZnS nanowires have zinc blende structure, which has not been
reported before. Most of them have raw-like surface on the one
edge, while is smooth on the other. HRTEM measurement indi-
cates that the nanowires are well crystalline single crystal grown

along [1 1 1], and bulk defects e.g. stacking faults, dislocations and
twinning defects are not detected. The PL spectrum reveals two
prominent blue emission bands centered at 452.2 and 468.6 nm,
respectively. It is found that donor–acceptor pair recombination
between shallow donor associated with sulfur vacancies and Zn2+
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acancies-related acceptor is the main reason for the blue emission
entered at 452.2 nm, while surface states should be responsible for
he unusual blue emission at 468.6 nm.
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