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Abstract

Zn precursor synthesized from Zn(ClO4)2 solution was used as nucleation seeds for the growth of Zn polygon

prismatic nanocrystals on silicon via a thermal vapor transport at low temperatures of 150–400�C (substrate) in Ar

atmosphere. Depending on different reaction temperature and atmosphere, Zn–ZnO core-shell polygon prismatic

nanocrystals with a dimension from nanometer to micrometer can be developed as evidenced from high-resolution

transmission electron microscopy and auger nanoprobe electron spectroscopy analysis. The Zn–ZnO polygon prismatic

structure shows weak UV emission and strong deep-level emission. However, photoluminescence properties and

crystallization of Zn–ZnO prismatic nanocrystals could be improved by suitable post-treatment.

r 2004 Elsevier B.V. All rights reserved.

PACS: 81.10.Aj; 64.70.Fx; 64.72.�y
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1. Introduction

In the nanoscience, self-assembly is one of the
most important ‘‘bottom-up’’ approaches to
achieve operable nanostructure. Exploration of
techniques for building self-assembled nanostruc-
tures at all length scales and understanding the
growth mechanisms are essential for achieving
superior functionality. Structures formed by self-
onding author. Tel.: +886-3-5731818; fax: +886-3-
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assembly have been investigated for a wide range
of metallic [1–3], semiconductor [4], and oxide [5]
nanocrystals. In the pass few years, much effort
has been invested in controlling the sizes and
shapes of inorganic nanocrystals, because these
parameters represent key elements that determine
their physical properties [6,7]. Lee et al. [8] pointed
out that the crystalline phase of the seeds at the
nucleation stage is critical for directing the
intrinsic shapes of nanocrystals due to its char-
acteristic unit cell structure. Further delicate shape
control is also possible through the nanocrystals
during kinetically controlled growth process [9].
d.
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To date, extensive research work has been
focused on ZnO, which is one of the most useful
oxides for nanodevices such as photo-detector, [10]
solar cells, [11,12] nanolasers, [13] and micro-
cavities [14] because ZnO possesses unique optical
and electrical properties such as a direct bandgap
of 3.37 eV and large exciton binding energy of
60meV. Owing to their promising use in optical
and electronic devices, many different morpholo-
gical ZnO nanostructures, including nanowires,
[15] nanorod, [16] nanocables, [17] nanoribbons
[18] and nanoblets [19] have been synthesized by
various techniques.
Recently, Gao et al. reported a new structure

with mesoporous polyhedral cages and shells
formed by textured self-assembly of ZnO nano-
crystals by a solid-vapor deposition process at a
high temperature of 1150�C [20]. The formation
process of the polyhedral ZnO shell and cage
structures was proposed to be a process comprised
of solidification of liquid droplets, surface oxida-
tion, and sublimation. The growth mechanism
may be used for the development and control of
the crystal growth. However, no systematical
study was reported for the self-assembly process
of polyhedral Zn–ZnO crystals with a dimension
from nanometer to micrometer at low tempera-
tures. Therefore, we have combined the aforemen-
tioned vapor-gas with liquid-solution methods for
growing Zn/ZnO polygon prismatic nanocrystals.
The liquid-solution method supplies the uniform
nanoseeds to serve as nuclei and the subsequent
vapor-gas phase method provides the Zn source
for the growth of nanocrystal Zn/ZnO. Herein, by
varying different concentration of the heteroge-
neous nucleus sites and growth temperature range,
we successfully control the structure size and
morphology of self-assembled Zn and Zn–ZnO
core-shell nanocrystals. Besides, a surface oxida-
tion process was also applied to verify the stability
of the structure.
2. Experimental procedure

Following the process proposed by Koch et al.
Zn precursor was prepared in methanol with 50ml
of 10�2M Zn(ClO4)2 solution with an addition of
442ml methanol plus 8ml 5M NaOH and left for
24 h overnight [21]. Extremely small colloidal
particles (o7 nm) are obtained in this solution.
Subsequently, the Si substrate was coated with
various concentrations of the colloid and then
located downstream of the carrier gas flow in the
alumina tube, where the tube was sealed and
evacuated by a mechanical rotary pump to a
pressure of 80mTorr. In this study, ZnO and
graphite powders were ball-mixed in ethanol for
15 h and then used as for the growth source of Zn
nanocrystals. The source material was placed on
an alumina boat and positioned at the center of
the alumina tube. High-purity Ar was used as
carrier gas with a flow rate of 10 s.c.c.m. to provide
Zn source for the formation of Zn polygon
prismatic nanocrystals at a substrate temperature
of 150–400�C for 0.5–4 h. After that, the obtianed
polyhedral structures were thermally annealed at
500�C in pure oxygen atmosphere (5N) for 0.5–5 h
to study the changes of morphology and crystal-
lization.
The deposited polyhedral structures were ob-

served by scanning electron microscopy (FE-SEM,
S-4100), and the crystal structure was analyzed
using XRD (Siemens D5000). The depth profile of
ZnO–Zn polyhedral structure was measured using
an AES (Auger Nanoprobe Electron Spectro-
scopy, Auger 670 PHI Xi). Transmission electron
microscopy (TEM Philips TECNAI 20) attached
with energy-dispersive X-ray spectroscopy (EDS)
operated at 200KeV was also used for nanos-
tructural analysis. Photoluminescence (PL) mea-
surement was performed by excitation from
325 nm He–Cd laser at room temperature.
3. Results and discussion

As the substrate coated with the precursor of
Zn-colloid was placed in the alumina tube at
250�C for 30min, as shown in Fig. 1(a), it was
observed that the nanoparticles were not uni-
formly dispersed on the Si substrate that can be
attributed to too small colloidal particles (much
less than 10 nm in diameter) and high electrostatic
force. With an increase of reaction time up to 1 h,
the aggregated nanoparticles tend to form a
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(0 0 0 1) hexagon-based shape composed of many
small colloids as shown in Fig. 1(b) because of
their highest surface energy. The spreading region
composed of Zn nanocrystals has a diameter
around B250 nm. As the reaction time exceeds
2 h, it was found that the composing-crystals are
grown into a polyhedral structure that is enclosed
by (0 0 0 1), 1 0 %1 0

� �
; 1 0 %1 1
� �

; and high-index
planes [10] Fig. 1(c). It suggests that the spatial
distribution region of Zn nanocrystals would
become a base for the development of larger-size
polygon prismatic crystals. Based on the above
argument, the relative colloidal concentration
determines the agglomerate degree of nanoparti-
cles. Hence, it is expectable that a higher colloidal
concentration obtains a larger amount of agglom-
erate region and the size of the structure by self-
assembly Zn nanocrystals is also bigger. The
average size of these agglomerate polyhedral
nanocrystals is estimated about 150–250 nm as
shown in Fig. 2.
It is well known that metallic material becomes

unstable when the temperature closes to its melting
point and the apparent melting point (for Zn:
410�C) will be reduced for metallic crystals with
significantly reduced size. The observation sug-
gests the existing of critical condition depending
on the competition between thermodynamics and
kinetics. Above the critical period, a prolonged
heat-treatment or higher-temperature causes the
Zn nanocrystals to become structurally unstable in
Ar atmosphere. However, it was detected that a
thin oxide layer has been developed on the surface
of the Zn polyhedron. Therefore, an oxidation
treatment is applied to modify the surface status of
Zn polygon prismatic crystals and to keep the
stability of growing crystals because both Zn and
ZnO have the same hexagonal (hcp) structure.
From the viewpoint of growth kinetics, rearrange-
Fig. 1. Growth of Zn nanocrystals as a function of growth time

at 250�C: (a) at 30min, TEM image of the nuclei (o10 nm) for

Zn polygon prismatic nanocrystals, (b) at 1 h, TEM image

showing a special distribution pattern composed of Zn polygon

prismatic nanocrystals formed by thermal vapor process, and

(c) at 2 h, SEM image of Zn polygon prismatic crystals

(B250 nm) developed from the clusters of the ultra-fine Zn

nanocrystals.
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Fig. 2. SEM images of agglomerated polyhedral Zn nanocrys-

tals synthesized by liquid solution and vapor transport method

with average particle size of 150–250nm in diameter.

Fig. 3. SEM images of Zn polygon prismatic nanocrystals

grown at 250�C in pure argon and then rapidly annealed at

500�C for 3 h (a) without and (b) with oxidation treatment.
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ment of the sublattices of zinc from hcp (Zn) to
hcp (ZnO) would occur on the surface of Zn
nanocrystals following the Zn template. As shown
in Fig. 3(a), after thermal treatment at 500�C for
3 h without oxygen supplied, the surface morphol-
ogy of polyhedral structures becomes disinte-
grated. However, thermal-treatment at the same
temperature in oxygen atmosphere could retain
the complete polyhedral structures Fig. 3(b). It is
attributed to the formation of ZnO layer on the
surface of Zn polyhedral structures by oxygen
treatment that probably prevents the crystals from
disintegration. As evidenced from the X-ray
diffraction (XRD) patterns in Fig. 4, the sample
grown in pure argon at 250�C for 2 h shows only
the crystalline phase of Zn element Fig. 4(a).
However, for the Zn polyhedral structure sub-
jected to oxidation treatment at 500�C, ZnO
crystalline phase can be developed from Zn surface
as identified from the XRD in Fig. 4(b). Chemical
composition microanalysis by energy-dispersive
spectrometry (EDS) reveals that the relative atom-
ic ratio of Zn to O is about 15:1 for Zn polyhedral
structures with oxidation treatment. This is in
good agreement with the XRD analysis.
The growth mechanism of the novel polyhedral

structure is illustrated in Fig. 5 that is different
from the mechanism reported by Gao et al. [20]
After the Zn(ClO4)2 solution containing Zn colloid
was deposited on the Si substrate, the solvent
begins to evaporate and droplets act as nucleation
seeds. Then, these nuclei would cap these Zn
molecules to develop the nanocrystals when Zn
sources were transported by thermal evaporation
process. Moreover, during thermal evaporation
process, these nuclei become unstable. Zn nano-
crystals would be assembled by attractive force to
form a base of polygon prismatic crystals and
organized in a compact hexagonal network. The
‘‘island growth’’ model can be introduced to
explain our controlling mechanism. After the Zn
colloids were deposited on the Si substrate, the
introduced Zn vapor would be preferentially
deposited at the heterogeneous sites that were
provided by previous coated nanoparticles. Sub-
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Fig. 4. XRD patterns of Zn polygon prismatic nanocrystals (a)

grown at 250�C in pure argon and (b) then rapidly annealed at

500�C for 3 h in oxidation atmosphere.
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sequently, these deposited atoms have a tendency
to close together and form islands if atoms are
more strongly bound to each other than to
substrate. In a lower growth temperature and
more concentration situation, stronger binding
force between atoms and slower diffusion rate
result in the Zn island formation. As the oxidation
treatment is applied, the surface status of Zn
polygon prismatic crystal is modified and rearran-
gement of the sublattices of zinc from hcp (Zn) to
hcp (ZnO) would occur on the surface of Zn
nanocrystals following the Zn template. Therefore,
Zn–ZnO core-shell structure as well as crystalline
ZnO nanomaterials would be formed. As shown in
Fig. 6, the high resolution TEM of a Zn–ZnO
core-shell crystal demonstrates that there exists a
good epitazial relationship between Zn core and
ZnO shell. The singular fringe spacing of the core
material (Zn) was measured to be 0.24 nm, which
agrees well with the (1 0 0) spacing of wurtzite-Zn,
while the value of the shell material (ZnO) is about
0.28 nm, which agrees well with the (1 0 0) spacing
of wurtzite-ZnO. In addition, a regular array of
misfit dislocations (marked with arrows) is re-
vealed at Zn/ZnO interface. These generated
dislocations possibly serve to accommodate the
relatively large lattice mismatch between Zn and
ZnO (17%).
In order to further confirm the effect of

oxidation on morphology and chemistry of ZnO–
Zn polyhedral structures, the depth profile of Zn
polyhedral structures with oxidation treatment
was measured by auger nanoprobe electron
spectroscopy (AES) where the Zn polyhedral
crystal with 300–400 nm in length and B250 nm
in diameter was used for the AES analysis. For the
sample Fig. 7(a) treated at 500�C in pure oxygen
atmosphere for 2 h, the depth profile of Zn
polyhedral structures in Fig. 7(b) illustrates that
the signal of oxygen element is detected from
surface to a depth of 100 nm from the surface
region. It implies that Zn–ZnO core-shell nanos-
tructure can be developed from Zn polyhedral
structures with oxygen treatment.
The PL measurements of the synthesized Zn

polyhedral structures were performed at room
temperature, using a He–Cd laser line of 325 nm as
the excitation source. As shown in Fig. 8, UV and
green emission with peaks at 378 and 530 nm are
observed for the Zn polyhedral structures with
oxidation treatment that is different from that of
Zn polyhedral structures without oxidation treat-
ment, where no emission peak was found because
of only pure metal Zn in this case. On the contrary,
as the Zn polyhedral structures were subjected to
oxidation treatment, the surface would form an
oxide layer. According to XRD analysis, the oxide
layer is basically zinc oxide. ZnO usually displays
two major PL peaks, UV (near-band-edge) emis-
sion peak and green (or red) emission peak (deep-
level). The deep-level emissions are generally
associated with defects in ZnO lattice such as
oxygen vacancies (Vo) and Zn interstitials (Zni).
Although the developed Zn polygon prismatic
nanocrystals are well crystalline, a large lattice
mismatch (17%) can be induced in the interface of
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Fig. 5. Schematic illustration for the growth mechanism of Zn/ZnO polygon prismatic nanocrystals.

Fig. 6. High-resolution TEM image of the heterostructure of

the Zn/ZnO core-shell nanocrystals.

Fig. 7. (a) Oxygen-annealed Zn polygon prismatic nanocrystals

and (b) depth profiles of Zn polygon prismatic nanocrystals,

demonstrating the formation of Zn–ZnO core-shell structure.
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Zn and ZnO that becomes the defect generator
and causes the strong deep-level emissions, in
contrast to that of pure ZnO. In addition to lattice
mismatch, an incomplete oxidation of zinc pro-
duces some defects inside surface layer and gives
deep-level emission, too. However, with an in-
crease of the thickness of oxide layer, the peak
intensity of deep-level emission is reduced but the
UV emission is enhanced. It indicates that the UV
emission can be improved by controlling the
oxidation in Zn polyhedral structures.
4. Conclusions

Zn polygon prismatic nanocrystals are synthe-
sized by liquid-solution seed nucleation and vapor-
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Fig. 8. Room-temperature photoluminescence spectra recorded

from Zn polygon prismatic nanocrystals without and with

(500�C for 2 and 4 h) oxidation treatment.
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gas growth method. The dimension of Zn crystals
can be controlled depending on treatment tem-
perature and Zn(ClO4)2 concentration in the liquid
solution. After oxidation treatment, the ZnO
surface layer can be developed on the Zn
nanocrystals to form Zn–ZnO core-shell structure
and remain stable at higher temperatures. More-
over, the thickness of oxide layer in Zn–ZnO
polygon prismatic nanocrystals can be effectively
controlled and the PL properties of Zn–ZnO
nanocrystals can be improved by oxidizing the
Zn nanocrystals to form ZnO. These formed Zn–
ZnO nanocrystals can be further used as building
blocks to assemble two- or three-dimensional
photonic crystals.
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