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Abstract

A facile process is demonstrated to synthesize porous S-doped ZnO architectures. The products were characterized by X-ray diffraction (XRD),
Raman spectrum, scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and photoluminescence (PL) spectra, respec-
tively. The results indicate that the porous structured products are composed of many pores and wormlike nanoparticles with sizes ranging from 100
to 300 nm, exhibiting a strong green emission and a relatively weak ultraviolet emission. The correlation between structure and photoluminescence

is also discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, one of the significant goals of materials
scientists has been tailoring the structure to obtain special mor-
phologies for the design and development of new materials for
more and more advanced applications [1-5]. It is well-known
that the shape and size of inorganic functional materials have
an important influence on their electrical and optical properties
[6,7]. Control of structure with different ways is therefore the
key in achieving viable applications in various fields. However,
until now, it still remains a great challenge to develop simple
and facile methods for fabricating those particular structures.

As an n-type semiconductive material, zinc oxide (ZnO) has
received a considerable amount of attention over the past few
years resulting from its many potential practical applications,
such as piezoelectric transducers, optical waveguides, surface
acoustic wave devices, varistors, phosphors, transparent conduc-
tive oxides, chemical and gas sensors, spin functional devices,
and UV-light emitters [8,9]. ZnO is a promising material for pho-
tonic applications in UV or blue spectral range due to its wide
bandgap (3.37 eV at room temperature), while the large exciton-
binding energy (60 mV) makes efficient excitonic emission
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even at room temperature. In addition, ZnO is biocompatible
material and can be directly used for biomedical applications
[10].

Currently, modification of ZnO properties by chemical dop-
ing has become a hot topic, as the incorporated elements offers
an effective method to adjust its electrical, optical, and mag-
netic properties, which is important for its practical application
[11,12]. More and more attention has been paid to chalco-
gen elements doping in ZnO, as S-doping in ZnO is expected
to modify the electrical and optical properties between S and
0. S-doped ZnO films and one-dimensional (1D) nanostruc-
tures such as nanowires and nanonails have been synthesized
successfully by various methods [13—17]. However, the prepa-
ration methods mentioned above involve complex procedures,
sophisticated equipment and rigorous experimental conditions.
Furthermore, to the best of our knowledge, studies on S-doped
ZnO microstructures are rarely reported. In the present paper, we
demonstrate a simple, direct and reproducible synthetic method
for preparing porous S-doped ZnO architectures by a direct air
oxidation process. The as-obtained products present good pho-
toluminescent properties. The correlation between the structure
and photoluminescence is also discussed.

2. Experimental

In a typical synthesis, 1.0 g of ZnS powders (99.99%, Shanghai Chemical)
were placed in a crucible and transferred into the furnace preheated to 700 °C.
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Fig. 1. XRD pattern of porous S-doped ZnO architectures.

The porous S-doped ZnO architectures were obtained by annealing the above
ZnS powders in air for 60 min.

X-ray diffraction (XRD) patterns were carried out on a Rigaku D/MAX
2000 diffractometer equipped with Cu/Ka radiation (A =0.15405nm) (40kV,
40mA). The Raman spectra were recorded on a confocal laser micro-Raman
spectrometer (JY Super Ram II). The morphologies of as-obtained products
were examined by scanning electron microscopy (SEM, JEOL, JSM-6460).
The composition of the porous structured products was detected by energy-
dispersive X-ray spectroscopy (EDX, EDAX, Genesis). The photoluminescence
(PL) spectra were taken on a Cary-Eclipse 500 spectrofluorometer (VARIAN)
with a 60 W Xenon lamp as excitation source.

3. Results and discussion

The porous structured S-doped ZnO products were struc-
turally characterized by X-ray diffraction (XRD). A typical XRD
pattern is shown in Fig. 1. It can be seen that all of these peaks
are in good agreement with wurtzite ZnO (JCPDS Card, No.
36-1451). The strong and clear peaks indicate the high purity
and crystallinity of the as-obtained products. No characteristic
peaks were observed for other impurities such as ZnS. Fig. 2
shows the Raman spectrum of as-obtained products. An intense
peak at 441 cm~! is observed which match the corresponding
nonpolar optical phonon E; mode [18]. No peaks from ZnS or
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Fig. 2. Raman spectrum of porous S-doped ZnO architectures.

other impurities were detected. The results of XRD and Raman
spectrum indicate that the existent S may have occupied the O
sites.

The morphology of porous structured S-doped ZnO prod-
ucts was investigated by scanning electron microscopy (SEM),
as shown in Fig. 3a. It shows that the as-obtained products are
composed of near spherical particles with the average size in the
range of 3—4 wm. Careful observation indicates that the surface
of these particles is much rougher than that of initial ZnS par-
ticles (see Fig. S1 in Supporting Information). Simultaneously,
many pores and wormlike nanoparticles with sizes ranging from
100 to 300 nm can be seen clearly on the surface. It seems that the
big particles are constructed by lots of these small nanoparticles.

To investigate the formation mechanism of the porous struc-
tured S-doped ZnO products, same ZnS powders were annealed
at the identical condition for 30 and 120 min, and the mor-
phologies of as-obtained particles are shown in Fig. 3 b and c,
respectively. It can be seen that the surface of particles annealed
for 30 min has become a bit accidented. The profile of the
wormlike nanoparticles is already discernable, while only a few
pores can be observed (Fig. 3b). However, when particles were
annealed for 120 min, the surface becomes much smoother than
that annealed for 60 min, whereas those wormlike nanoparticles
have been agglomerated into bigger ones and nearly no pores
can be found on the surface (Fig. 3c). In the annealing process,
the surface of ZnS particles was etched by oxygen contained
in air, and then wormlike nanoparticles were formed gradually
on the particles surface. At the same time, gases like SO», etc.
were produced as ZnS was oxidized into ZnO. Consequently,
pores were easily formed due to the release of these gases. As
annealing time increased, the amount of ZnS decreased con-
tinuously and fewer gases were produced. Those pores formed
before would be eliminated gradually owing to the improvement
of the structure at the high annealing temperature. The surface

area of the porous S-doped ZnO architectures is 20.81 m? g~ !,

while the value of the initial ZnS powders is only 8.51 m? g~
The composition of the porous structured products is identi-
fied by energy-dispersive X-ray spectroscopy (EDX). The EDX
pattern is displayed in Fig. 3d. It indicates that the as-obtained
products are composed of Zn, O, and a small quantity of S. The
S content is 2.8 at.% measured by EDX.

PL spectra are powerful tools which are used widely to inves-
tigate the effect on luminescent properties of ZnO from S doping,
as described in many previous reports [ 14—17]. Fig. 4a shows the
PL spectrum of the porous S-doped ZnO architectures annealed
for 60 min. Two luminescence bands are observed in the visible
region under 340 nm UV excitation. One is a relative weak and
narrow UV emission peaking at about 393 nm corresponds to
the near band edge (NBE) emission, which is responsible for
the recombination of the free excitons of ZnO [19]. Another
is a strong and broad green emission band centered at 496 nm,
which may originate from the commonly assumed the recom-
bination of the photoexcited holes with the electrons occupying
the singly ionized oxygen vacancies [20,21]. The PL spectra
of as-obtained products annealed for 30 and 120 min are also
presented in Fig. 4b and c, respectively. It can be seen that
the products annealed for 30 min as well as the special struc-
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Fig. 3. (a) SEM images of the porous S-doped ZnO architectures. (b and c) SEM images of as-obtained particles annealed for 30 and 120 min, respectively. (d) EDX

spectrum of the porous S-doped ZnO architectures.

tures possess a much stronger green emission band than the
NBE band, while the products annealed for 120 min show the
contrary behavior. In addition, no noticeable shift in the NBE
emission band is observed, except some broadening in the band
for the products annealed for 120 min. It is believed that the
green emission is related to the oxygen defects closely, since S
has a larger Bohr radius than O, the incorporation of S into the
ZnO crystal lattice introduces lattice distortion inevitably. This

Aex= 340nm
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Fig. 4. PL spectra of porous S-doped ZnO architectures (a), and as-obtained
products annealed for 30 min (b) and 120 min (c).

influences the energy structure of ZnO and gives rise to some
new defects, especially oxygen vacancies, which leads to the
remarkable enhancement of the green emission band. From the
PL spectra, it can be seen that the intensity of the green emis-
sion for porous S-doped ZnO architectures is much stronger
than the other two products. The influences from the incorpo-
rated S are necessary. However, here, the effect of the structure
on the PL intensity of the green emission should be regarded.
Djurisic et al. [22] proposed that the green emission might orig-
inate from surface defects. According to the SEM analysis, the
porous structured products show a much rougher surface com-
pared with the other two products. It is reasonable to believe that
the density of the defects located on the particles surface is much
higher for the porous S-doped ZnO architectures, which induces
the increase in the PL intensity of green light emission. More-
over, it has also been proposed that the green emission of ZnO
nanowires increases with the surface to volume ratio increases
[23]. Thus the as-prepared architectures will also exhibit much
intense green emission due to the larger surface area.

4. Conclusions

In summary, a facile approach has been explored to synthesize
porous S-doped ZnO architectures. The as-obtained products
are composed of many pores and wormlike nanoparticles with
sizes ranging from 100 to 300 nm. The PL spectra of as-obtained
porous structures consist of a relatively weak ultraviolet emis-
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sion band peaking around 393 nm and a broad and strong green
emission band centered at 496 nm. A possible mechanism has
also been proposed, which presents the possibility of synthesiz-
ing other porous structured composites.
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