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a b s t r a c t

Here we report catalyst-free combined synthesis of metal/semiconductor Zn/ZnO core/shell microspheres
with hollow interiors on Si substrate and metallic Zn polygonal microparticles on glass substrate in a
single experiment via thermal evaporation and condensation technique using nitrogen (N2) as carrier
agent at 800 ◦C for 120 min. The Zn/ZnO hollow microspheres were observed to have dimensions in the
range of 70–80 �m whereas metallic Zn microparticles with polygonal cross section and oblate spherical
shape were found to be of 8–10 �m. Some of the Zn/ZnO core/shell hollow spheres were also observed
to have single crystalline ZnO pointed rods in extremely low density grown on the outer shell. The
structural, compositional and morphological characterization of the products obtained on the substrates
were performed by X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM) and selected area electron diffraction

(SAED). A vapor–liquid–solid (VLS) process based growth mechanism was proposed for the formation of
Zn/ZnO core/shell microspheres with hollow interior. The optical properties of Zn/ZnO core/shell micro-
spheres were investigated by measuring the photoluminescence (PL) spectra at room temperature (RT).
Two very strong emission bands were observed at 373 and 469 nm in the ultraviolet and visible regions
respectively under excitation wavelength of 325 nm. Also the effect of the various excitation wavelengths
on the PL behaviour was studied at room temperature. PL studies of Zn/ZnO core/shell microspheres show

ial for
the promise of the mater

. Introduction

During the past few years, micro- and nanoscale composite
aterials with core/shell structure have stimulated tremendous

esearch interest owing to their fascinating properties like small
ize, large surface area, quantum dimension and their useful appli-
ations in photocatalysis, optoelectronics, magnetics, biology and
ithium-ion batteries [1–5]. Among numerous other useful com-
osite materials, Zn/ZnO core/shell structures are of special interest
ecause of the heterojunctions established at the interface of the
omposite material. A latest research has revealed the room tem-
erature ferromagnetism in Zn/ZnO core–shell structure attributed
o the point defects in the interface region of Zn/ZnO heterostruc-
ure. These results not only indicate the potential applications of
n/ZnO core–shell structures in spintronics but also may be helpful

or understanding the origin of ferromagnetism in undoped ZnO [6].
he heterojunctions resulting from ZnO (semiconductor) and Zn
metal), which have big contrast in many characteristics, offer great
romise for fabricating various devices with improved features like

∗ Corresponding author. Tel.: +86 10 6891 3792; fax: +86 10 6891 2001.
E-mail address: cbcao@bit.edu.cn (C. Cao).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.039
applications in UV and blue light optical devices.
© 2010 Elsevier B.V. All rights reserved.

enhanced optical emission [7], field emission [8], solar energy con-
version [9] and application in nanotransducers [10], optoelectronic
nanodevice [11] and micro- and nano-electromechanical devices
[12]. Many reports have been published in literature regarding
the formation of metal/semiconductor Zn/ZnO core/shell struc-
tures with various morphologies like chestnut-like Zn–ZnO hollow
nanostructures [13], urchin-like Zn/ZnO core–shell structures [9],
hierarchical Zn/ZnO structures [8], Zn/ZnO core–shell nanoparti-
cles [14], Zn/ZnO treelike nanostructures [7] and Zn/ZnO core–shell
nanorods [15], etc. Among these Zn/ZnO based core/shell struc-
tures, microspheres with hollow interior are of high technological
importance owing to their appealing features, for example low
density, high surface area, good permeation and distinct opti-
cal properties [16–18]. Different preparative methods have been
reported regarding the synthesis of Zn/ZnO core/shell microspheres
such as direct thermal oxidation process using Zn as a source
material [19], hydrothermal synthesis of Zn/ZnO core/shell micro-
spheres [20] and chemical vapor deposition (CVD) strategy to

obtain hollow-opened ZnO/Zn or solid Zn/ZnO microspheres on
Si substrate using high purity Zn and ZnO powder as sources
[21], etc.

In large number of reports on ZnO nano- and microstructures
such as nanowires, nanorods, nanotubes, spheres, polyhedrons and

dx.doi.org/10.1016/j.jallcom.2010.07.039
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:cbcao@bit.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.07.039
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images (b–d). The interior portion of the microspheres is highly
fine and smooth whereas exterior one is quite rough due to ZnO
nanoislands formed on the outer surface. On some of the hollow
microspheres, these nanoislands have grown into long single crys-
Fig. 1. Schematic diagram for the experimental setup of Zn/ZnO core

ages, catalyst-assisted vapor–liquid–solid (VLS) growth process
as been employed [22,23]. In this approach, catalyst particle plays
rucial role for establishing favourable site to help the landing
f condensing species and growing the structures. Although VLS
rowth has been widely used and is very powerful technique for the
reparation of well-oriented nanostructures but it requires quite
ard conditions like high temperature, use of some catalyst or addi-
ive and complicated atmosphere [24]. Some other drawbacks of
his route are the incorporation of catalyst particles as contam-
nation in the final product which creates deep-level traps and
efects affecting the device performance [25]. In contrast, catalyst-
ree growth technique does not demand any tough conditions and
s considered very simple, attractive, inexpensive as well as free of
efects [26].

In this research, Zn/ZnO core/shell microspheres with hollow
nterior and metallic Zn solid microparticles were simultane-
usly synthesized respectively on Si and glass substrates under
2 flow by thermal evaporation and condensation route. SEM

mages showed the average diameter of the Zn/ZnO microspheres
s 70–80 �m and that of Zn solid microparticles as 8–10 �m. Some
f Zn/ZnO hollow spheres were also observed with ZnO pointed
ods in quite low density on outer shell. A four step VLS growth
echanism was proposed for the formation of Zn/ZnO core/shell
icrospheres with hollow interiors and small open holes on the

hell. Room temperature PL spectrum exhibited a strong ultraviolet
UV) emission at 373 nm and an intensive and broad blue emission
t 469 nm. This shows that Zn/ZnO core/shell hollow micro-
pheres have potential applications in UV and blue light emitting
evices.

. Experimental

One glass and one Si substrate ultrasonically cleaned in ethanol and rinsed with
e-ionized water were placed in the downstream zone at different distances from
he source inside alumina tube mounted in the horizontal tube (HT) furnace. The
i substrate was placed at about 10 cm from the central position of the furnace
hereas the glass substrate was positioned just close to the downstream end of

he furnace as shown in schematic diagram of Fig. 1. About 1 g zinc powder (99.9%
TREM Chemicals, USA) was loaded in a semicircular long alumina boat and shifted
o the center of alumina tube (with 100 cm length and 2.5 cm diameter) fitted in
he horizontal tube (HT) furnace. After sealing HT furnace tightly from both ends,
t was pumped out using a mechanical rotatory pump for removing the residual
ir contents from the furnace tube and then also flushed heavily with high purity
itrogen (N2) gas for about 5 min. Later on N2 gas flow was adjusted at 150 sccm
standard cubic centimeter per minute) and the furnace was switched on to reach
he target temperature of 800 ◦C at ramp rate of 10 ◦C/min. 800 ◦C was maintained for
reaction time of 120 min and then furnace was cooled down naturally. A dark gray
olor product was obtained on Si substrate whereas gray color easily removable
owder was obtained on glass substrate and preserved in airtight plastic bag for
urther investigations.
The structure and the phase purity of the products on Si and glass substrates
ere determined by X-ray powder diffraction (XRD, Philips X’Pert Pro MPD) with
u K� radiation (� = 0.15406 nm) whereas the morphologies of the products were
xamined by scanning electron microscopy (SEM, Hitachi S-3500). The chemical
omposition of the product was tested by EDS. PL characteristics were studied at
oom temperature by using Hitachi FL-4500 spectrofluorometer.
hollow microspheres and Zn microparticles at 800 ◦C under N2 flow.

3. Results and discussion

3.1. Structural characterization

Fig. 2 shows the X-ray diffraction (XRD) spectrum of the dark-
gray color product obtained on Si substrate after heating zinc
powder at 800 ◦C under N2 flow for 120 min. All diffraction peaks
in the spectrum can be indexed to hexagonal Zn and wurtzite
ZnO. The lattice parameters calculated for Zn are a = 0.2668 nm and
c = 0.4952 nm which are very close to the standard values of JCPDS
Cards No. 004-0831 for Zn. Similarly for ZnO, a = 0.3252 nm and
c = 0.5206 nm are in agreement with JCPDS Cards No. 013-1451. The
strongest peak in the spectrum positioned at 2� = 69.10◦ belongs
to Si owing to Si substrate. The high crystallinity of the as-grown
sample is indicated by the sharpness of the diffraction peaks. All
diffraction peaks are accounted for Zn and ZnO and no impurity
phase like Zn3N2 is present in the product.

Fig. 3 shows typical SEM images of Zn/ZnO core–shell hollow
microspheres obtained on Si substrate. From low magnification
SEM image (a), it can be seen that a large number of hollow micro-
spheres are distributed on the surface of Si substrate. The open
holes with various size and different shapes on the surface of the
microspheres reveal their hollow nature. The average diameter of
the hollow spheres is in the range of 70–80 �m whereas thickness
of the shell ranges from 200 to 250 nm as depicted in the magnified
Fig. 2. XRD spectrum of Zn/ZnO core/shell hollow microspheres synthesized on Si
substrate.
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ig. 3. (a) Low magnification SEM micrographs of Zn/ZnO core/shell microspheres
ollow interiors and with low density of ZnO rods grown on shell.(e) and (f) SEM im

alline ZnO pointed rods but the density of the rod-like structures is
xtremely low as compared with rods on Zn/ZnO core/shell micro-
actuses obtained under ammonia at 600 ◦C reported elsewhere
27]. Some contrast between inner and outer portion of the micro-
phere is also evident from image (f). Inner surface seems to be dark
s compared to outer surface which is possibly due to the presence
f zinc in the inner side which had not oxidized in the process. The
ight color of outer shell is due to ZnO layer.

Fig. 4a shows a TEM image measured from single ZnO rod grown
n microspheres. The rod does not have uniform cross sectional
rea along its length but it seems like a solid cone. The diame-

er of the rod gradually decreases from stem (thick end) towards
harply pointed tip part which is consistent with the SEM results.
he SAED pattern in the inset of Fig. 4a confirms the single crystal
ature of the as grown ZnO rod. EDS spectrum of the as-synthesized
n/ZnO core/shell microspheres is displayed in Fig. 4b. It shows that
substrate. (b)–(d) Magnified SEM images of Zn/ZnO core–shell microspheres with
showing smooth interior surface and highly rough outer surface.

core/shell microspheres are composed of Zn (core) and ZnO (shell).
The Si peak in the EDS spectrum is due to the Si substrate and no
phase impurity is observed in the product.

3.2. Growth mechanism

Based on the evidences obtained from experimental results and
characterization analyses, we propose a growth mechanism for the
formation of Zn/ZnO core/shell hollow microspheres elaborated in
four steps and illustrated in Fig. 5. These four steps include vapor-
ization and condensation of zinc on Si substrate; nucleation of Zn

droplets into zinc microspheres; formation of ZnO layer and some
rod-like structures through oxidation of zinc on the outer sur-
face and finally sublimation of zinc from interior of microspheres
causing hollow interior. The detailed description of the growth
mechanism can be given as below.



W.S. Khan et al. / Journal of Alloys and Compounds 506 (2010) 666–672 669

its SAE

h
a
e

Z

Z
l
s
a
i
t
e
g
m

2

b
r

F
N
z

Fig. 4. (a) TEM image of ZnO pointed rod whereas inset exhibits

Firstly, when zinc powder is heated in N2 gas environment inside
orizontal tube furnace, it melts at 419 ◦C (melting point of Zn)
nd further heating converts it into vapors due to vapor–liquid
quilibrium.

n(s) → Zn(v) (1)

Due to nitrogen gas flow and concentration diffusion [10], these
n vapors are transported downstream towards the comparatively
ow-temperature region and condense on the surface of Si sub-
trate. Secondly, the condensing Zn vapors convert into droplets
nd nucleate into the micro-sized zinc spheres. Thirdly, under
ncreased temperature conditions at the center of the furnace,
he temperature at the deposition region also increases. In such
nhanced temperature environment, the residual and/or leaky oxy-
en plays its role to react with the zinc on the outer surface of Zn
icrospheres to form ZnO nuclei
Zn + O2 → 2ZnO (2)

Other possible source of oxygen inclusion in the system may
e the impurities of nitrogen used; oxygen atoms in quartz (SiO2)
eaction tube [28] or alumina (Al2O3) reaction boat or tube [29]. At

ig. 5. Growth mechanism for the formation of Zn/ZnO core/shell hollow microspheres
ucleation of Zn droplets into zinc microparticles. (c) Formation of ZnO layer and some ro
inc from interior of microspheres causing hollowness.
D pattern. (b) EDS spectrum of Zn/ZnO core/shell microspheres.

the same time, Zn vapors in equilibrium with liquid Zn, also react
with oxygen, and deposit on the shells due to the absorption by the
ZnO particles in the shell. As a result, ZnO layer gradually becomes
thick on the outer surface of the spheres. On the exterior part of
the spheres, ZnO nuclei nucleate to form nanoislands resulting in
the rough outer surface. These nanoislands become favourable sites
for upcoming ZnO species on some spheres and grow into rod-
like structures emerging out of the shell. When the temperature
at the center of the furnace tube reaches 800 ◦C and is maintained
for 120 min, then due to temperature gradient the temperature at
Si substrate location is about 750–760 ◦C. Finally, at such high T
conditions at Si substrate position, the liquid Zn at the core of the
microsphere evaporates and exerts vapor pressure on the inner side
of the shell. This causes the shell breakage and consequently zinc
vapors diffuse out of broken part [30]. Further oxidation of outer
shell of the ZnO structures prevents the Zn vapor diffusion main-

taining Zn layer inside. Therefore, the sphere’s shell consists of ZnO
layer and the metal Zn (core) on the inner-shell does not oxidize
completely, which is in agreement with XRD and SEM observations.

It is worth-mentioning that while heating the Zn powder, tem-
perature ramping stage (RT to 800 ◦C) is quite crucial for zinc

. (a) Zinc powder evaporates on heating and then condenses on Si substrate. (b)
d-like structures through oxidation of zinc on the outer surface. (d) Sublimation of



670 W.S. Khan et al. / Journal of Alloys and Compounds 506 (2010) 666–672

F l microparticles. (c) High magnification SEM image of Zn metal microparticles giving the
c d on glass substrate.

d
t
t
z
t
A
a
e
s
T
s

o
H
t
a
o
T
d
t
fl
h
d
w
s
l
p
o
d
T
m
Z

p

ig. 6. (a) Low and (b) medium magnification SEM micrographs exhibiting Zn meta
lose look of microparticles. (d) XRD spectrum of metallic Zn microparticles obtaine

eposition on Si substrate whereas steady temperature stage main-
ained for 120 min is important for zinc vapors to be deposited on
he furnace tube walls and also on glass substrate placed at low T
one near downstream end. No source material was found left in
he reaction boat after cooling the furnace to room temperature.
s there was small temperature gradient at Si position, so zinc was
lso oxidized at the outer layer. But the temperature of downstream
nd near glass substrate position was very low about 200–250 ◦C,
o the chances of the oxidation of zinc product were quite feeble.
hat is why pure metallic Zn microparticles were obtained on glass
ubstrate.

Fig. 6 shows the SEM micrographs of the zinc metal product
btained on the glass substrate placed at the downstream end of
T furnace. It can be clearly seen in low (a) and medium magnifica-

ion (b) SEM images that there are a large number of particles which
re seemingly sphere-like. The particles are not same either in size
r shape. Some are very large in size and other are much smaller.
he high magnification SEM image (c) reveals that powder product
eposited on glass substrate consists of large and small micropar-
icles. The large size particles are of oblate spherical shape with
at polygonal cross-sectional surface whereas small particles have
exagonal cylindrical shape. The morphology of these particles is
ifferent from that obtained under ammonia gas at 800 ◦C [31]
here microparticles with high uniformity had a layered oblate

pherical structure with hexagonal cross-section. The size of the
arge microparticles lies in the range of 8–10 �m whereas smaller
article have dimensions in the range of 2–3 �m. The XRD spectrum
f the product obtained on glass substrate is depicted in Fig. 6d. All
iffraction peaks in the spectrum can be indexed to hexagonal Zn.

he lattice parameters calculated for Zn were found to be in agree-
ent with JCPDS Cards No. 004-0831. No other phase like ZnO or

n3N2 is observed in the product.
EDS spectrum of the product obtained on glass substrate is dis-

layed in Fig. 7a. It shows that microparticles are composed of Zn.
Fig. 7. (a) EDS spectrum of Zn microparticles obtained on glass substrate. (b) TEM
image of polygonal Zn microparticles exhibiting solid interior.
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ig. 8. (a) Room temperature PL spectrum of Zn/ZnO core/shell hollow microspheres
t �ex = 325 nm. (b) PL spectra at four different excitation wavelengths.

eaks of copper (Cu) and carbon (C) appeared in the spectrum are
ue to copper grid and carbon coating. No other element is present

n the obtained product. Fig. 7b shows a TEM image of Zn micropar-
icles. It shows the polygonal cross-section of the zinc particles with
olid interior.

.3. PL properties

Room temperature photoluminescence (PL) spectrum of Zn/ZnO
ore/shell hollow microspheres synthesized at 800 ◦C under nitro-
en gas flow is depicted in Fig. 8a. The spectrum has been obtained
y using xenon lamp at an excitation wavelength of 325 nm. Two
ery strong and dominating emission bands can be observed in the
L spectrum: an ultraviolet (UV) band centered at 373 nm (3.33 eV)
nd a blue band centered around 469 nm (2.64 eV).

The UV emission band slightly dominating the blue emission
BE) in the PL spectrum corresponds to near-band edge (NBE) emis-
ion of ZnO [32] and is generally attributed to direct recombination
f an electron in conduction band with a hole in valence band [33].
E bands have also been observed for Zn/ZnO core/shell structures
t 452 and 441 nm along with UV emissions at 370 and 374 nm,
espectively [7,26]. But these blue emissions are quite scarce com-
ared with green and yellow emission from Zn/ZnO structures
hich have been reported at large [10,19,21,34,35]. The deep-level

missions in the visible region exhibited by the hollow Zn/ZnO
tructures are generally ascribed to the defects in the ZnO lattice
uch as oxygen vacancy Vo, zinc vacancy VZn, interstitial zinc (Zni),
tc. that are due to both lattice mismatch (Zn/ZnO) and incom-
lete oxidation of Zn [34,36–38]. Sun [39] worked out the energy

evel values of the intrinsic defects in undoped ZnO films, such as

xygen vacancy (Vo), zinc vacancy (VZn), interstitial oxygen (Oi),
nterstitial zinc (Zni), and antisite oxygen (OZn) using full-potential
inear muffin-tin orbital method. The BE peak at 2.64 eV (469 nm)
s smaller than band gap of ZnO (3.37 eV) which indicates that blue
mission is related with local defects. The value of energy inter-

[
[
[

[
[
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val from shallow Zni level to the top of the valence band is about
2.90 eV [39] which is quite close to the blue emission of 2.64 eV
(469 nm) observed in the present case. The low formation energy of
Zni shallow donors also enhances their formation probability [40].
The energy interval between the bottom of the conduction band
and VZn level (3.06 eV) is also somewhat closer to the blue emis-
sion. But the probability of forming VZn is less than that of Zni owing
to larger enthalpy of defect (�H). The value of �H for VZn is 7.0 eV
whereas for Zni, �H is 4.0 eV [39]. The oxygen vacancy defects Vo

cannot be associated with the blue emission because the energy
interval between conduction band and Vo is 1.62 eV which is too
small. Therefore, we can attribute blue PL emission at 469 nm only
to zinc interstitial (Zni) like defects.

The effect of excitation wavelength on the PL characteristics
has also been investigated at room temperature. The product was
excited by xenon light source at excitation wavelength values
of 200, 250, 275 and 325 nm and corresponding effect has been
depicted in the Fig. 8b. No shift of emission bands was observed
upon the variation of wavelength but only PL emission intensity
was found to be enhanced with decreasing excitation wavelength
which is an obvious result.

4. Conclusions

In conclusion, Zn/ZnO core/shell microspheres with hollow
interior and Zn microparticles were simultaneously synthesized
respectively on Si and glass substrates under N2 flow by thermal
evaporation and deposition route. SEM images showed that the
average diameters of Zn/ZnO hollow microspheres and metallic Zn
microparticles are in the range of 70–80 �m and 8–10 �m, respec-
tively. Some of Zn/ZnO hollow spheres were also observed with
single crystalline ZnO pointed rods in quite low density on outer
shell. A four step VLS growth mechanism was proposed for the for-
mation of Zn/ZnO core/shell microspheres with hollow interiors
and small open holes on the shell. Room temperature PL spectrum
exhibited a strong ultraviolet (UV) emission band at 373 nm and
an intensive and broad blue emission at 469 nm. This shows that
Zn/ZnO core/shell hollow microspheres have potential applications
in UV and blue light emitting devices.
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