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a b s t r a c t

Large-scale chestnut-like ZnO and Zn–ZnO hollow nanostructures on Si substrates were prepared with-
out catalyst by a one-step chemical vapor deposition technique. The morphology, composition, and
phase structure of as-prepared products were characterized by scanning electron microscopy, energy-
dispersive X-ray spectrometry, and X-ray diffraction, respectively. The ZnO consists of chestnut-like
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nanostructures with hollow interior and a lot of nanoneedles aligning on the surface of the hollow struc-
ture in a radial way, whereas the Zn–ZnO shows that long nanowires grew on the chestnut-like hollow
structure with a hexagonal flower-like structure on the top layer. A vapor–solid (VS) growth mechanism
for the chestnut-like ZnO and Zn–ZnO hollow nanostructures was proposed. The photoluminescence
(PL) of ZnO and Zn–ZnO shows a large number of oxygen vacancy defects appeared in the novel hollow
rowth mechanism
hotoluminescence

nanostructures.

. Introduction

Zinc oxide (ZnO) is a wide direct band gap (3.37 eV) semi-
onductor with large exciton binding energy (60 meV) at room
emperature, which has a great potential application in optoelec-
ronic filed [1], such as photocatalyst [2], sensors [3], light-emitting
iodes [4–6], solar cells [7,8], and so on. It is well-known that many
hysical properties of nanostructures are strongly dependent on
orphologies [9]. Thus, various kinds of ZnO nanostructures were

eveloped to improve their physical properties, such as nanowires
10], nanorings [11], nanorods [12], nanobelts [13], nanosheets
14] and nanodiscs [15]. Especially, ZnO hollow nanostructures
epresent useful applications in many fields due to their low den-
ity, large specific surface area, and interesting optical properties
16,17]. Many strategies have been developed for preparing hol-
ow structures, such as templates [18,19], vapor–solid (VS) [20], and
iquid–solid (LS) growth mechanism [21]. Deng et al. [22] fabricated
nO hollow spheres by a facile solution method using sulfonated
olystyrene core–shell spheres as the template, and the core could
e easily removed without additional dissolution or calcination
rocess. Sulieman et al. [23] reported the growth and structural

roperties of hollow-opened ZnO/Zn and solid Zn/ZnO single crys-
al microspheres on a silicon (1 1 1) substrate by chemical vapor
eposition. Later, Liu et al. [24] prepared porous ZnO hollow struc-
ures with tunable diameters and shell thicknesses by thermal
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evaporation. Although much progress has been made in the syn-
thesis of hollow structures, it still remains a challenge to develop a
facile, catalyst-free, one-step route for fabricating large-scale inor-
ganic hollow nanostructures.

The vapor–liquid–solid (VLS) mechanism has been widely
applied to the growth of ZnO nanostructures [25,26]. However, it
needs high growth temperatures (about 1000–1200 ◦C) and cat-
alysts [10,27], which have limited its application greatly. In this
work, diverse morphologies, such as chestnut-like, flower-like and
hexagonal polyhedron ZnO and Zn–ZnO hollow nanostructures on
Si substrates were prepared without using any catalyst by a simple
chemical vapor deposition (CVD) at a lower temperature. The possi-
ble growth mechanisms for chestnut-like ZnO and Zn–ZnO hollow
nanostructures were proposed.

2. Experimental

N-type Si (0 0 1) substrates (1.5 cm × 1.5 cm) were ultrasonically cleaned in
hydrochloric acid solution, acetone and deionized water for 30 min, respectively.
Commercial Zn powder (1.0 g) with a purity of 99.999% was used as the source
material and put in an alumina boat (Boat A), whereas several pieces of Si substrates
were placed in another alumina boat (Boat B). These two boats were loaded into
a furnace with a horizontal alumina tube (as shown in Fig. 1a). Two ends of the
tube were sealed using mechanically clamped steel plates with the rubber gaskets.
The tube was evacuated by a mechanical rotary pump, purged with 500 sccm of
argon. Then the furnace temperature was raised to 1000 ◦C at a rate of ∼20 ◦C/min

with introducing oxygen gas into the chamber. After reaction for 1 h, the furnace
was cooled down to room temperature naturally. Detailed reaction parameters for
other products were shown in Table 1. The substrate temperature was measured by
thermocouple in different position in the tube (Fig. 1b).

The crystallographic information of the prepared samples was analyzed by
powder X-ray diffraction (XRD) using a Bruker AXS D8 DISCOVER X-ray diffrac-
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Table 1
Samples obtained at different conditions.

Sample Substrate
temperature (◦C)

O2 (sccm) (before cooling
process/in cooling process)

S1 601 70/70

F

ig. 1. (a) Schematic diagram of the horizontal furnace and (b) substrate tempera-

ures in different positions.

ometer with Cu K� radiation (� = 1.5406 Å). The morphology and composition
f the as-deposited products were characterized by field emission scanning elec-
ron microscope (FESEM, S-4700) and energy-dispersive X-ray spectrometry (EDX),

ig. 2. FESEM images of samples obtained at different temperatures: (a) 601 ◦C, (b and c)
S2 524 70/70
S3 471 50/50
S4 408 50/50
S5 524 70/0

respectively. Photoluminescence properties of chestnut-like ZnO and Zn–ZnO hol-
low nanostructures were measured on a FLSP920 fluorescence spectrometer using
a Xe lamp with the excitation wavelength of 320 nm at room temperature.

3. Results and discussion

Fig. 2 shows FESEM images of the products prepared under dif-
ferent conditions. As shown in Fig. 2a, a deformed chestnut-like
hollow microstructure was obtained at 601 ◦C (S1), which consists
of a hollow cavity interior and some short nanoneedles on the out-
side surface. Fig. 2b and c shows FESEM images of the product (S2)
obtained at 524 ◦C. The chestnut-like structures with nanoneedles

on their surface were shown in Fig. 2b. Fig. 2c shows the high
magnification FESEM image of a perfect individual chestnut-like
structure, which was composed of a sphere-like hollow structure
(5–6 �m in diameter), and a lot of nanoneedles (20–40 nm in tip,
80–150 nm in root and 1–5 �m in length) aligning on the surface

524 ◦C, (d) 471 ◦C, (e) 408 ◦C, and (f) 524 ◦C, no oxygen in the cooling process.
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ig. 3. XRD patterns of the as-prepared samples (a–f) for S1–S5, respectively.

f the hollow structure in a radial way. Fig. 2d and e displays the
roducts obtained at lower temperature regions, about 471 ◦C and
08 ◦C, respectively. As shown in Fig. 2d, the product (S3) consists
f a series of hexagonal layers with a hexagonal cavity interior
nd some short nanoneedles on the outside surface. The product
S4) obtained at 408 ◦C shows that long nanowires grew on the
hestnut-like hollow structure with a hexagonal flower-like struc-
ure on the top layer (Fig. 2e). Fig. 2f shows the FESEM image of
he product (S5) obtained at 524 ◦C without oxygen in the cooling
rocess. The morphology of the product was a hexagonal polyhe-
ron with a sphere-like hollow structure interior and without any
anoneedles on the surface.

XRD and EDX analysis were utilized to analyze the crystal
tructure and elemental composition of the resulting samples,
espectively. Fig. 3 shows the XRD patterns of the products under
ifferent synthetic conditions. Fig. 3a and b shows the XRD pat-
erns of S1 (601 ◦C) and S2 (524 ◦C), respectively. All the diffraction
eaks can be indexed to wurtzite hexagonal ZnO (JCPDS Card file
o. 70-2551). Fig. 3c–e shows the XRD pattern of S3 (471 ◦C), S4
408 ◦C) and S5 (524 ◦C, without oxygen in the cooling process),
espectively. Hexagonal Zn (JCPDS Card file no. 65-3358), and ZnO
JCPDS Card file no. 70-2551) peaks were detected. The EDX spec-
rum of S2 was represented in Fig. 4, in which the chestnut-like
ollow nanostructures are composed only of Zn and O, and this
esult is in good accordance with the XRD analysis. The appearance
f Si peak in the spectrum is due to the substrate.

Base on the experimental results (SEM, XRD and EDX) men-

ioned above, the possible growth mechanisms of the chestnut-like
nO and Zn–ZnO hollow nanostructures were proposed (as shown
n Fig. 5). It may consist of three stages: (1) formation of the Zn
olyhedrons; (2) surface oxidation; and (3) formation of the hol-

Fig. 5. Growth mechanism diagram
Fig. 4. EDX spectrum of S2 obtained at 524 ◦C.

low structure and growth of the ZnO nanostructures (nanoneedles
and nanowires) on ZnO layers.

Two types of Zn polyhedrons were obtained on Si (1 1 1) sub-
strates in the experiments (Fig. 2d and f), which were similar
to Chen’s work [28]. The formation of Zn polyhedron includes
nucleation and growth of Zn on Si substrate. First, the vapor-
ized Zn powder transported downstream and deposited on the
Si substrates. Then, these Zn atoms were aggregated to form
the Zn droplets and nucleated on the surface of Si substrate.
Thus, the Zn nuclei grew in the direction of arrow (as shown in
Fig. 5). The minimum free energy, consisting of surface, interfacial,
and strain energy is a crucial role on the growth of Zn polyhe-
drons with different types [29,30]. Therefore, the lower total free
energy maybe the higher probability of forming a certain type Zn
polyhedrons.

In addition, according to the growth kinetics, rearrangement of
the sublattices of zinc from hexagonal Zn to hexagonal ZnO will
occur on the surface of Zn nanocrystals following the Zn template
[31]. When the oxygen was introduced, the ZnO layers were quickly
formed on the surface of Zn polyhedrons by surface oxidation and
steadily grew in the direction of arrow (Fig. 5).

While the annealing temperature is higher than 500 ◦C, the ZnO
layers of core–shell Zn–ZnO polyhedrons can be deformed and col-
lapsed because the melting point of Zn is about 410 ◦C [28,32]. Based
on the results in the experiments, schematic diagrams for the for-
mation of different hollow structures were presented (Fig. 6). When
the substrate temperature increased from 408 ◦C to 471 ◦C, the ZnO
layer of core–shell Zn–ZnO polyhedrons was expanded slightly,
which caused slight deformation of the Zn–ZnO micron structures,
and the deformation may be ascribed to the strain induced by
phase transformation in oxidation process [33]. In the cooling pro-
cess, there is a crack at the interface of Si and Zn–ZnO polyhedron,

due to the different thermal expansion coefficient [28], which pro-
vides convenience for the re-evaporation of Zn. As a result, the top
of ZnO layers was broken and the partial hollow structures were
formed (Fig. 2d and e). When the substrate temperature was further

of the as-prepared products.
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ig. 6. The schematic diagrams for the formation of different hollow structures.

ncreased to 524 ◦C, the phase transformation-induced strain (i.e.,
olume expansion) [33] caused the top of Zn–ZnO micron struc-
ures to break in cooling process. Subsequently, the Zn core was
e-evaporated through the cracks in the top faces (Fig. 2c). With the
ncreasing of substrate temperature, more Zn was re-evaporated,
nd the crack became larger (Fig. 2a), as well as the cracks at the
nterface of Si and Zn–ZnO polyhedron, which promoted the re-
vaporation of Zn core [28]. Thus, the hollow polyhedrons were
ormed by the re-evaporation of Zn core.

During the cooling process, the ZnO nanostructures such as
anoneedles or nanowires grew on the ZnO surface with the sus-
ained oxygen gas according to following reactive equations:

n(s) → Zn(g) (1)

Zn(g) + O2 → 2ZnO(s) (2)

s shown in the two reactive equations, the oxygen gas is a cru-
ial factor on the formation of ZnO nanostructures. Only the hollow
olyhedron without any nanoneedle or nanowire could be obtained
Fig. 2f), when no oxygen was introduced. The substrate tempera-
ure is another important factor on the growth of ZnO nanoneedles
nd nanowires. Under the same oxygen carrier gas flow, the lower
ubstrate temperature (about 524 ◦C and 408 ◦C, respectively) pro-
oted the growth of ZnO nanoneedles and nanowires in length

compared with Fig. 2a and c–e). This is possibly due to the high
eposition ratio of oxygen atoms in lower temperature region. Con-
idering that no catalyst was used, the possible growth mechanism
f ZnO nanoneedles and nanowires is a vapor–solid mechanism
34]. When the oxygen was introduced, the ZnO nuclei were ini-
ially formed on the surface of Zn droplets and these ZnO nuclei
rew in the direction of the ZnO layers in form of ZnO nanoneedles
nd nanowires subsequently.

Fig. 7 shows the room temperature PL spectra recorded from
amples S2 and S4. As shown in pattern A, the sharp peak at
78.5 nm corresponds to the near-band-edge emission of ZnO,
hich is attributed to the recombination of free excitations [35].
hereas, the peak at 496.5 nm corresponding to the deep-level

mission is associated with defects in ZnO lattice, such as oxy-
en vacancy and Zn interstitials [31,35]. Therefore, the deep-level
mission (pattern A, S2, ZnO) may indicate the existence of oxy-
en vacancies in the hollow structure and the nanostructures. To
ompare with the pure ZnO, the relatively large lattice mismatch

etween Zn and ZnO (17%) could be induced, which became the
efect generator and caused the strong deep-level emissions in the

nterface [31]. Thus, the stronger deep-level emission at 496.5 nm
bserved in pattern B (S4, Zn–ZnO) may be ascribed to the oxygen
acancy and Zn interstitials together. This significant defect-related
Fig. 7. Photoluminescence spectra of the synthesized products (A) chestnut-like
ZnO hollow nanostructures (S2) and (B) flower-like Zn–ZnO hollow nanostructures
(S4).

emission property of ZnO nanostructures may be beneficial to their
photocatalytic activity.

4. Conclusions

Large-scale chestnut-like hollow ZnO and Zn–ZnO nanostruc-
tures on Si substrates were prepared without catalyst by a one-step
CVD technique. Various morphologies were obtained by adjusting
the concentration of oxygen gas and the substrate temperature.
The possible growth mechanism was proposed and it may consist
of three stages: (1) formation of the Zn polyhedrons, (2) surface oxi-
dation, and (3) formation of the hollow structure and growth of ZnO
nanostructures on ZnO layers. The photoluminescence spectrums
indicate a large number of oxygen vacancy and/or Zn interstitials
defects in the chestnut-like ZnO and Zn–ZnO hollow nanostruc-
tures.
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