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Bicrystalline zinc oxide nanowires
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Abstract

Bicrystalline ZnO nanowires synthesized are composed of two crystals that form a twin structure parallel to the

(0 1 1 4) plane with a growth direction closely parallel to [0 1 1 1] and the (2 1 1 0) side facet. The twin structure is

suggested to be a key factor in leading the axial growth of the nanowire. The photoluminescence spectra of the

nanowires show a weak UV emission at 385 nm and a strong green emission at 495 nm. The green emission intensity of

the nanowires depends on the different level of oxygen vacancies in the ZnO nanowires.

� 2003 Elsevier Science B.V. All rights reserved.
1. Introduction

One-dimensional (1D) nanostructures, such as

nanotubes, nanowires and nanoribbon, have at-

tracted extraordinary attention for their potential
applications in device and interconnect integra-

tion in nanoelectronics and molecular electronics

[1–5]. The semiconducting metal oxide ZnO is a

wide band-gap (3.37 eV) compound semiconduc-

tor that is suitable for blue optoelectronic appli-

cations, with ultraviolet lasing action being

reported in disordered particles and thin films

[6–9]. One-dimensional single-crystalline ZnO
nanostructures have been synthesized successfully

in several groups [10–14]. ZnO nanobelts were
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synthesized at 1350 �C by thermal evaporation of
ZnO powders [3,13,14]. The aligned ZnO nano-

wires grown on an Au-coated sapphire substrate

were synthesized with a vapor transport and

condensation process [10]. The ZnO nanowires
reported in the existing literature are single crys-

talline except a case in which a single stacking

fault along the growth direction was found [3].

Although microtwins boundaries have been ob-

served in both silicon and germanium nanowires

[15], the consistent production of bicrystals with a

single twin along the growth axis was few. Until

very recently, bicrystalline silicon nanowires con-
taining a single twin boundary along the entire

length of the growth axis were obtained [16]. In

this Letter, we report the synthesis of the bicrys-

talline ZnO nanowires that have a single twin

boundary parallel to the growth axis. The struc-

tures, growth mechanism and the optical proper-

ties of ZnO nanowires are investigated.
ights reserved.
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Fig. 1. (a) XRD pattern from the ZnO nanowires. (b) A typical

SEM image of the ZnO nanowires.
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2. Experimental

2.1. Sample preparation

The ZnO nanowires discussed here were syn-
thesized by thermal evaporation of 99.9% pure

zinc powders under controlled conditions without

the presence of catalyst. The zinc powders were

placed in an alumina tube that was inserted in a

horizontal tube furnace, where the temperature,

pressure and evaporation time were controlled.

The temperature of the furnace was ramped to

850–950 �C at a rate of 50–100 �C/min and kept at
that temperature for 10–30 min. The partial pres-

sure of oxygen in the furnace was controlled at low

level. During evaporating, the products were de-

posited onto a silicon substrate placed at the

downstream end of the alumina tube.

2.2. Characterization and PL measurement

Structural characterization of the ZnO nano-

wires was investigated by X-ray diffraction (XRD,

D/MAX-RB) with Cu Ka radiation, scanning

electron microscopy (SEM,S250-II), transmission

electron microscopy (TEM, HP-800) and high-

resolution TEM (HRTEM, JEM-2010F). The

photoluminescence (PL) measurements were car-

ried out on a HITACHI 4500-type visible–ultra-
violet spectrophotometer with a Xe lamp as the

excitation light source at room temperature. The

excited wavelength was at 310 nm and a 430 nm

filter was used.
3. Results and discussion

A typical XRD pattern of ZnO nanowires is

shown in Fig. 1a. The diffraction peaks can be

indexed to a wurtzite structure of ZnO with cell

constants of a ¼ 0:324 nm and c ¼ 0:519 nm. No
diffraction peaks from Zn or other impurities are

found in any of our samples within the detection

limit. In contrast to the XRD spectra of the ZnO

nanowires grown by catalytic synthesis [10,11],
wherein the diffraction peaks of the catalyst or the

zinc metal appeared with the ZnO peaks, the pure

ZnO phase is synthesized on the substrates in our
case. The morphology of the as-synthesized

products on the substrate is shown in Fig. 1b. The

products are straight and uniform ZnO nanowires
with a diameter of about 60–250 nm and several

hundred micrometers in length. Further structural

characterization of the ZnO nanowires is per-

formed by TEM. A low magnification image

containing nanowires is shown in Fig. 2a. It is

worthy to note that most ZnO nanowires in the

sample appear in the form of bicrystallines (as

marked by the arrow heads). Fig. 2b presents an
enlarged view of a portion of the nanowires, in

which the crystal has been slightly tilted to provide

contrast between the twin variants. The twin

boundary in the bicrystalline is proved by both

HRTEM image and electron diffraction pattern, as

shown in Fig. 2c. The corresponding electron dif-

fraction pattern along [2 1 1 0] is shown in Fig. 2d.

The pattern is of the wurtzite structure but with a
twin in the (0 1 1 4) plane, and consists of the



Fig. 2. (a) Low magnification TEM image of ZnO nanowires. The nanowires marked with arrowheads are bicrystalline with a single

twin boundary parallel to the long growth axis. (b) A portion of a nanowire at higher magnification. (c) A HRTEM image recorded

from the center of the bicrystalline nanowire. (d) Corresponding electron diffraction diffraction pattern from the bicrystalline (singly

twinned) nanowire. The incident beam direction is [2 1 1 0], the twin plane is (0 1 1 4).
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patterns corresponding to the crystals on both
sides of the twin (as indexed). The growth axis of

the nanowires is closely parallel to [0 1 1 1]. This is

a bicrystalline structured ZnO nanowire.

On the other hand, there is a small quantity of

single-crystalline ZnO nanowires in the sample.

The direction of growth axis for the nanowire is

along [0 0 0 1] (Fig. 3a). Fig. 3b shows a HRTEM

image of the nanowire. It reveals that the ZnO
nanowire is structurally uniform single crystalline

without dislocation. The surfaces of the nanowires

are clean, atomically sharp, and without any
sheathed amorphous phase. The spacing of
0.26� 0.005 nm between adjacent lattice planes

corresponds to the distance between two (0 0 0 2)

crystal plans, which further proves [0 0 0 1] is the

preferred growth direction for ZnO single-crys-

talline nanowires. This result is the same as that in

previous reports for ZnO nanobelts [3,17].

There are a total of four different kinds of

nanowire-like structures having been reported for
ZnO so far. ZnO nanobelts grow along either

[0 0 0 1] or [0 1 1 0], while a single stacking is ob-

served for the latter case [3]. Nanowires or nanorods



Fig. 4. (a) Low magnification TEM image of a tip of a bi-

crystalline ZnO nanowire. (b) High-resolution TEM image re-

corded from the region indicated by a white box in (a).

Fig. 3. (a) Low magnification TEM image of a single-crystal-

line ZnO nanowire. (b) A HRTEM image of a single-crystalline

ZnO nanowire. The incident beam direction is [2 1 1 0].
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growing along [0 0 0 1] is most often seen [10]. In this
Letter, we have demonstrated the synthesis of bi-

crystallineZnOnanowires (Fig. 2). Thebicrystalline

ZnO nanowires contain a single (0 1 1 4) twin

boundary along the entire length of the [0 1 1 1]

growth axis. A common characteristic of these

nanostructures is that the (2 1 1 0) plane is a favor-

able facet.

The formation of nanowires includes two
stages: nucleation and growth. ZnO nanowires

synthesize in an environment of lower partial

pressure of oxygen, different from the tetraleg-

ZnO nanorods synthesized in higher partial pres-

sure of oxygen we reported previously [18]. At the

initial nucleation stage, Zn vapor might condense
onto the substrate in liquid droplet and oxidize to

ZnO nuclei afterward. The nucleation is on the

silicon substrate, so it is a heterogeneous nucle-

ation process. A typical TEM and HRTEM im-

ages recorded from a tip of a bicrystalline ZnO

nanowire are shown in Fig. 4. The tip is generally
round and consists of a polycrystalline ZnO with

twins and defects. The presence of the twin at the

tip areas might result in a fast growth of the ZnO

nanowire parallel to the twin plane. The irregular

shape of the growth front in comparison the
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uniform geometry of the nanowire suggests that

the growth front is in liquid state during the

growth, which is energetically favorable, and

serves as the stable sites for the rapid stacking of

incoming atoms. The growth front experienced a

rapid oxidation after the temperature dropped and
the nanowire exposed to an oxygen rich atmo-

sphere. This means that the VLS process is pos-

sible in the growth of the ZnO nanowires. In the

present growth of the ZnO nanowires, no addi-

tional transition metals are added as catalysts. The

formation of the ZnO nanowires might undergo a

self-catalyzed VLS growth process [19].

PL spectra of ZnO nanowires at room tem-
perature are shown in Fig. 5. The typical two

emission peaks of a narrow peak at 385 nm and a

broad peak at 495 nm are observed, which are

assigned to the UV emission and green emission,

respectively. Whilst the UV emission corresponds

to the near band-edge emission, the green emission

peak is commonly referred to as a deep-level or

trapped-state emission. The green emission is
predominant relative to the UV emission at room

temperature. Vanheusden et al. [20] attributed the

green transition to the singly ionized oxygen va-

cancy in ZnO and suggested the emission coming

from the radiative recombination of a photon

generated hole with an electron occupying the

oxygen vacancy. This model is fully supported by

our results as follows: the ZnO nanowires are
Fig. 5. Photoluminescence spectra of ZnO nanowires at room

temperature: (a) before heat treatment and (b) after heat

treatment at 950 �C air for 1 h.
synthesized in an environment of lower partial

pressure of oxygen, i.e., the nanowires are formed

in an oxygen lacking environments. Oxygen va-

cancies are formed in growth of ZnO nanowires,

resulting in the formation of non-stoichiometric

phase structures. Therefore, strong green light
emission from the nanowires is observed (in Fig.

5a). When the nanowires are treated at 950 �C for
1 h in air after the growth, the concentration of

oxygen vacancies decreases. The green emission

intensity of the nanowires is decreased dramati-

cally, as shown in Fig. 5b. The more singly ionized

oxygen vacancies there are, the stronger the in-

tensity of the green luminescence is. The weaker
green light emission from the treated nanowires is

related to the reduced oxygen vacancy concen-

tration. It is obvious that optical property of the

ZnO nanowires is tunable by controlling the ox-

ygen vacancy concentration [21]. The electronic

property of ZnO nanobelt can be tuned from

semiconductor to metallic by introducing oxygen

vacancies [22]. The relation between the intensity
of green light emission and the concentration of

the oxygen vacancy in ZnO nanowires is also be-

ing investigated by positive electron annihilation

technique (PAT) in our group.
4. Conclusions

We have synthesized bicrystalline ZnO nano-

wires by oxidation of Zn powders. TEM and

HRTEM investigations show that the nanowires

are composed of two crystals that form a twin

structure parallel to the (0 1 1 4) plane with a

growth direction closely parallel to [0 1 1 1] and the

(2 1 1 0) side facet. The nanowires are generally free

from dislocations. The optical property of the ZnO
nanowires varies with the different level of oxygen

vacancies in them. These unusual structures offer a

model system for studying of charge and mass

transport across/along a single planar defect.
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