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a b s t r a c t

ZnS-core/In2O3-shell nanowires have been prepared by using a two-step process: thermal evaporation
of ZnS powders on Si(1 0 0) substrates coated with Au thin films and sputter-deposition of In2O3. The ZnS
nanowires were a few tens of nanometers in diameter and a few hundreds of micrometers in length. ZnS
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nanowires have an emission band centered at approximately 570 nm in the yellow region. The yellow
emission has been enhanced in intensity by capping the ZnS nanowires with In2O3 presumably due to
the increase in the concentrations of indium and oxygen interstitials in the very surface region of the ZnS
cores and further enhanced by annealing in a reduction atmosphere maybe because of the increase in the
concentration of AuZn

− in the ZnS cores. In contrast, the yellow emission intensity has been decreased by
annealing in an oxidation atmosphere due to the conversion of ZnS into ZnO as a result of the reaction of

gen.
hotoluminescence spectroscopy ZnS in the cores with oxy

. Introduction

Zinc Sulfide (ZnS) is an important II–VI semiconductor with a
ide direct energy band gap (3.7 eV) at room temperature hav-

ng received significant attention over the past few decades. ZnS
as potential applications in flat panel displays, infrared windows,
ltraviolet light-emitting diodes and injection lasers, phosphors in
athode-ray tubes, electroluminescent thin film devices, and sen-
ors owing to its intense luminescence, high refractive index, and
igh transmittance properties in the visible range [1,2]. ZnS is also
romising for room temperature exciton devices since it has large
xciton binding energy (38 meV) compared to the room tempera-
ure thermal energy (25 meV) [3]. Regarding ZnS one-dimensional
1D) nanostructures, a variety of techniques for the synthesis of ZnS
anowires have been reported. These techniques include thermal
vaporation of ZnS powders [4], solvothermal process [5], chemical
apor deposition [6], electrochemical deposition [7], and template-
ssisted routes [8], etc. On the other hand, In2O3 is an important
-type wide band gap (3.55–3.75 eV, depending on the synthesis
ethod) transparent conducting oxide material. Due to its high

lectrical conductivity, high transparency to the visible light, and
ntense interaction with some poisonous gases, In2O3 has been
idely used in transparent conductive electrodes, optoelectronic
evices such as solar cells, flat panel displays and gas sensors. 1D

n2O3 nanostructures are also known to be sensitive to NO2 and
H3 gases as well as to biomolecules [9].
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In recent years, 1D nanostructures such as nanowires, nanorods,
nanobelts, nanoribbons, nanoneedles, nanotubes have attracted
significant attention owing to their unique optical and electronic
properties. A common technique to control and enhance the prop-
erties of the 1D nanostructures is to create core–shell coaxial
heterostructures [10–13]. For example, the photoluminescence
(PL) emission intensity of the light emitted from core–shell nanos-
tructures can be increased significantly or the wavelength of the
emission can be controlled by selecting a proper coating material
and a proper coating layer thickness [14,15]. Capping ZnS 1D nanos-
tructures with a metal oxide such as In2O3 is expected to result
in prevention of the nanostructure from contamination as well
as enhancement of the luminescence property of the nanostruc-
tures. The PL properties of ZnS and In2O3 1D nanostructures have
been reported by many researchers in recent years. However, there
have been no reports on the synthesis and PL properties of ZnS-
core/In2O3-shell 1D nanostructures yet. In this paper, we report on
the effects of capping and annealing, in particular, the annealing
atmosphere on the PL properties of ZnS nanowires.

2. Experimental

We prepared ZnS-core/In2O3-shell nanowires on Si(1 0 0) substrates. Firstly, an
Au thin film 3 nm thick was deposited onto the Si substrate by using an RF mag-
netron sputterer to prepare the Au-coated Si (1 0 0) substrate. The experimental
apparatus used for synthesizing 1D ZnS nanostructures is a two-heating zone hor-

izontal tube-furnace the schematic diagram of which is shown elsewhere [14]. ZnS
powders in an alumina boat and the Si-substrate were placed separately in the
two-heating zone-tube furnace, where the ZnS powders were in the first heat-
ing zone (Zone A) and the Si substrate in the second heating zone (Zone B). The
substrate temperatures of zone A and zone B were set to 1000 and 850 ◦C, respec-
tively, with the ambient nitrogen gas pressure and flow rate kept at 0.5 torr and

ghts reserved.
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Fig. 2. Low-magnification TEM image of a typical ZnS/In2O3 coaxial nanowire.
ig. 1. (a) SEM image and (b) EDS spectrum of ZnS/In2O3 coaxial nanowires syn-
hesized by a two-step process: the thermal evaporation of ZnS powders and the
putter-deposition of In2O3.

00 standard cm3/min, respectively, throughout the synthesis process. The thermal
vaporation process was conducted for 1 h and then the furnace was cooled down
o room temperature.

Secondly, the ZnS nanowires were capped with In2O3 by sputtering. The sputter-
eposition was done at room temperature using a 99.999% In2O3 target in a
adio-frequency (rf) magnetron sputtering system. After the vacuum chamber was
vacuated to 1 × 10−6 torr using a turbomolecular pump backed by a rotary pump.
r gas was provided at a flow rate of 30 sccm. Deposition was carried out at
oom temperature for 15 min. The system pressure and rf sputtering power were
.8 × 10−2 torr and 100 W, respectively. Subsequently the as-prepared core–shell
anowire samples were optionally annealed in an O2 or N2/3-mol% H2 atmosphere
t 600 ◦C for 1 h to see the influence of annealing on the PL properties of the wires.

Next, the prepared nanowire samples were characterized by using field emis-
ion scanning electron microscopy (FESEM, Hitachi S-4200 equipped with an energy
ispersive X-ray spectrometer (EDXS)) and transmission electron microscopy (TEM,
hillips CM-200). The high resolution TEM (HRTEM) images and the selected area
lectron diffraction (SAED) patterns were also taken on the same systems. X-ray
iffraction (XRD) analyses were performed at room temperature on the ZnS-
ore/In2O3-shell nanowire samples using an X-ray diffractometer (Philips X’pert
RD) with Cu-K� radiation. The PL of the samples was measured at room temper-

ture using a 325 nm He–Cd laser (Kimon, IK, Japan) as the excitation source.

. Results and discussion

The SEM image of the as-synthesized ZnS-core/In2O3-shell
anowires is shown in Fig. 1(a). The core–shell nanowires were a

ew tens of nanometers in diameter and a few hundreds of microm-
ters in length. The enlarged SEM image of a typical core–shell
anowire (inset in Fig. 1(a)) clearly shows that a globular droplet
r particle does exist at the tip of the nanowire. The EDX spec-
rum (Fig. 1(b)) taken from the particle in the enlarged SEM image
inset in Fig. 1(a)) shows that the particle comprises not only

n, S, In and O but also Au elements. These two facts suggest
hat the ZnS nanowires have grown through a catalyst-assisted
apor–liquid–solid (VLS).

Fig. 3 shows the XRD patterns of the as-synthesized and
nnealed ZnS/In2O3 core–shell nanowires. The reflection peaks for
Fig. 3. XRD pattern of the ZnS/In2O3 coaxial nanowires after annealing.

ZnS nanowires are indexed as the lattice planes of zinc blende
(JCPDS 77-2100) and wurtzite ZnS structures (JCPDS 89-2158),
indicating that the cores of both the as-synthesized and annealed
core–shell nanowires comprise both zinc blende and wurtzite-
structured ZnS phases. Of these two phases, it appears that the
former and the latter are a majority and a minority, respectively,
because the reflection intensities of the former are much higher
than those of the latter. On the other hand, no reflection peaks for
In2O3 are observed in the XRD patterns for both the as-synthesized
and annealed nanowires, suggesting that the In2O3 shells are amor-
phous even after annealing even if a very small In2O3 (4 4 4)
reflection peak were observed for the annealed nanowires.

The low-magnification TEM image of a typical ZnS-core/In2O3-
shell nanowire in Fig. 2 clearly shows a rod-like core (a dark area
inside) and two shell layers (the less dark areas on both edge
sides of the dark area) with a high thickness uniformity along the
length of the nanowire. The thicknesses of the ZnS core and In2O3
shell layer are approximately 53 and 7–11 nm, respectively. The
high-resolution TEM (HRTEM) image of the interfacial area of the
core and shell of a typical ZnS-core/In2O3-shell nanowire and cor-

responding selected area electron diffraction (SAED) pattern are
shown in Fig. 4(a) and (b), respectively. Two different sets of fringe
pattern are observed in the ZnS core (Fig. 4(a)). The resolved spac-
ings between the parallel fringes are about 0.31 and 0.19 nm, which
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ig. 4. (a) Local HRTEM image of a typical ZnS/In2O3 coaxial nanowire at the
ore–shell interface region. (b) SAED pattern of the [11̄0] zone axis of the nano-
aterial at the same region as in (a).

re, respectively, in good agreement with the interplanar spacings
f the (1 1 1) and (2 2 0) lattice planes of zinc blende ZnS with a lat-
ice parameter of a = 0.5414 nm (JCPDS 77-2100). Both the HRTEM
mage (Fig. 4(a)) and corresponding SAED pattern taken along the
11̄0] zone axis (the inset of Fig. 4(a)) clearly indicate that the
nS core is crystalline. On the other hand, a fringe pattern is not
bservable in the shell area of the annealed core–shell nanowire in
he HRTEM image, which suggests that the In2O3 shells have not
een crystallized completely by annealing maybe because anneal-

ng at 600 ◦C for 1 h was not sufficient for the In2O3 shells in the
s-synthesized core–shell nanowires to be crystallized. This result
s consistent with the XRD analysis result shown in Fig. 3.

Regarding the PL emissions of ZnS nanostructures, there have
een many reports before [16–25]. These emissions are largely clas-
ified into five different groups in terms of the wavelength range
r the origin of the emission: near-band edge (NBE) emission in a

ange of 320–370 nm, violet emission in a range of 390–400 nm,
lue emission in a range of 430–470 nm, green emission in a range
10–550 nm, and an orange emission in a range of 600–620 nm. The
BE emission was reported for the wurtzite ZnS nanowires synthe-

ized via vapor phase deposition [16] and solution routes [17]. The
Fig. 5. Room temperature-PL spectra of the ZnS/In2O3 coaxial nanowires annealed
at 600 ◦C for 1 h in different atmospheres along with the as-prepared ZnS/In2O3

coaxial nanowires.

NBE emission is known to originate from band-to-band transition
since the band gap of ZnS (3.66 eV) corresponds to 330 nm [18].
The emission could be due to the excitonic transition [18] or the
quantum size effect [19]. The violet emission is known to originate
from deep levels like Zn2+ vacancies, interstitials, and dislocations
[18,19]. The blue emission is reported to be associated with the
trapped luminescence arising from the surface states, Zn2+ vacan-
cies, and S2− vacancies [17,20–25]. The green emission may be
attributed to dopants or impurity atoms i.e., transitions from the
conduction band of ZnS to the different levels of excited impurity
atoms in the ZnS band gap [26,27]. It has also been suggested that
a possible source for the green emission is Au+ ions substituting
Zn2+ (AuZn

−) [28–30] formed as a result of Au diffusion from the
Au thin film, used to catalyze the nanowire growth, into the ZnS
nanowires [31–34]. The orange emission is due to deep levels [21].
On the other hand, it is well known that bulk In2O3 cannot emit light
at room temperature [35]. However, Zhou et al. observed PL peaks
at 480 and 520 nm from the In2O3 nanoparticles [36]. Lee et al.
noticed a peak at 637 nm for In2O3 films [37]. Liang and coworkers
observed a peak at 470 nm from In2O3 nanofibers [38] and recently
Wu et al. reported two distinct peaks at 416 and 435 nm for In2O3
nanowires [39]. These emissions are commonly referred as the deep
level emissions due to oxygen deficiencies.

The PL spectra of the ZnS-core/In2O3-shell nanowires annealed
in different atmospheres are shown in Fig. 5 along with that
of the as-synthesized (unannealed) ZnS and ZnS-core/In2O3-shell
nanowires. The PL spectra of the nanowires are dominated by a
deep level-related emission and the NBE emission is negligible.
The deep level-related emission band is centered at approximately
570 nm in the yellow region on all the PL spectra of the four dif-
ferent kinds of nanowires. A yellow emission from ZnS nanowires
has not been reported before, but the yellow emission from the
ZnS nanowires synthesized in this work may also be attributed to
impurity atoms like the green emission reported previously, more
specifically speaking, Au+ ions substituting Zn2+ (AuZn

−) in the ZnS
core.

Fig. 5 shows that the yellow emission intensity has been
increased by coating them with In2O3. It is assumed that In and
O atoms are sputtered into the very surface region of the ZnS
nanowires during the sputter-deposition process of In2O3. These
impurity atoms may reside at the interstitial sites of the ZnS

nanowires. Further systematic investigation may be necessary,
but it is surmised at present that the enhancement of the yellow
emission by In2O3 coating is attributed to this increase in the con-
centrations of In and O interstitials in the very surface region of
the ZnS core. The yellow emission intensity has been increased
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Fig. 6. EDS elemental maps of Au in the typical ZnS/In2O3 coaxial nan

urther by annealing in a reduction atmosphere, but that it has been
ecreased by annealing in an oxidation atmosphere (Fig. 5). The
DXS elemental maps for the ZnS/In2O3 nanowire samples before
nd after annealing in an H2/N2 atmosphere are shown in Fig. 6(a)
nd (b), respectively. Close comparison of the Au elemental maps in
ig. 6(a) and (b) indicate that the annealed nanowire has a higher
ensity of Au than the as-synthesized one. The white spots dis-
ributed along the length of the nanowires are Au atoms. Most of
he Au atoms used as catalysts in the VLS growth exist at the tip of
he as-synthesized nanowire as was shown in Fig. 1(a) although
he tip area is not shown in Fig. 6(a). The Au atoms located at
he tip of the nanowire may be redistributed during the thermal
nnealing process. Diffusion of Au atoms along the length of the
anowire occurs during annealing, which results in a decrease in
he Au concentration at the tip but an increase in the Au concen-
ration in the other areas of the nanowire. This does not necessarily

ean that the AuZn
− concentration in the core is increased in the

ther areas of the nanowire by annealing but that the probabil-
ty of substitution of Au+ ions with Zn2+ is increased by annealing.
s written above, AuZn

− is also a possible source for the yellow
mission. At present, it is, however, not well understood why the
uZn

− concentration in the core is further increased by annealing
n a reduction atmosphere compared to annealing in an oxidation
tmosphere. Further study is necessary, but we surmise at present
hat the enhanced substitution of Zn atoms with Au atoms is associ-
ted with the higher concentration of S vacancies in the nanowires
nnealed in a reduction atmosphere. The unstable Zn atoms with
angling bonds due to neighboring S vacancies are more likely to
e substituted by Au atoms.

On the other hand, the yellow emission intensity is decreased
y annealing in the O2 atmosphere, which may be caused by the
onversion of ZnS into ZnO as a result of the following reaction
ccurring during the annealing process [40]:

ZnS (s) + O2 (g) = 2ZnO (s) + S2 (l) :

�Gf,873K = −156.452 KJ/mol (1)

he defect-related deep-level emission from ZnO nanostructures

re known to depend upon the preparation methods and growth
onditions strongly, but the green emission at approximately
10 nm and the red emission at approximately 650 nm from ZnO
anostructures have been observed previously [36]. It is evident
hat only a portion of the ZnS in the cores have been converted into
es (a) before and (b) after annealing in an N2/3 mol%-H2 atmosphere.

ZnO because no emissions characteristic of ZnO are observed for
the core–shell nanowire sample annealed in the O2 atmosphere.
It is not certain at present what portion of the ZnS in the cores
have been converted to ZnO during the annealing process, but it is
clear that the amount of ZnS in the cores have been reduced by this
reaction, which may be the cause of the degradation of the yellow
emission in intensity by annealing in an O2 atmosphere.

4. Conclusions

ZnS-core/In2O3-shell nanowires have been prepared by using a
two-step process: thermal evaporation of ZnS powders on Si(1 0 0)
substrates coated with Au thin films and sputter-deposition of
In2O3. The ZnS nanowires grown by thermal evaporation are a few
tens of nanometers in diameter and a few hundreds of microm-
eters in length. ZnS nanowires have an emission band centered
at around 570 nm in the yellow region. The yellow emission is
enhanced in intensity by coating the ZnS nanowires with In2O3 and
further enhanced by annealing in a reduction atmosphere, but it is
degraded by annealing in an oxidation atmosphere. The enhance-
ment of the yellow emission by In2O3 coating may be attributed to
this increase in the concentrations of In and O interstitials in the
very surface region of the ZnS cores. On the other hand, a possible
origin of the enhancement of the yellow emission in the ZnS/In2O3
nanowires by annealing in a reduction atmosphere is the redistri-
bution of the Au+ ions substituting Zn2+ (AuZn

−) in the ZnS core
during the annealing process. In contrast, the degradation of the
yellow emission in intensity by annealing in an O2 atmosphere is
caused by the conversion of ZnS into ZnO as a result of the reaction
of ZnS in the cores with oxygen.
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