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a b s t r a c t

A novel Co-doped Y-shape ZnO nanostructure was fabricated using vapor–solid process. In contrast to
conventional ZnO nanowires that usually grow along c-axis, the branches of the single-crystalline Y-
shaped nanostructure grew along directions that deviated significantly from the c-axis for 22◦, 96◦, and
13◦, respectively. Transport measurement showed that the Y-shape nanostructure can function as a
switch. Due to possible ordered substitution of Zn by Co, ferromagnetismwas observed at 300 K and even
400 K, suggesting its potential application as an excellent dilute magnetic semiconductor nanomaterial.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc oxide, an excellent n-type semiconductorwith awide band
gap of 3.37 eV and a large exciton binding energy of 60 meV at
room temperature, has a variety of applications in optoelectron-
ics [1], laser diodes (LDs) [2], and sensors [3]. Recent theoretical cal-
culations [4] have predicted transition metal (TM) doped ZnO is a
most promising candidate for room-temperature ferromagnetism.
Moreover, owing to its outstanding optical transparency, doped
ZnO has the possibility of studying magneto–optical properties,
which could lead to the development of magneto–optoelectronic
devices [5,6]. Although diluted magnetic semiconductors (DMSs)
have been extensively studied in recent years, experimental obser-
vations of ferromagnetism DMSs still remain controversial [7–12].
Co doped ZnO nanowires and nanobelts are expected to be

promising candidates for studying DMS, because they are likely
to offer high quality single crystalline nanostructures that have
potential for fabricating DMS nanodevices. In this paper, a novel
Co-doped Y-shape ZnO nanostructure was fabricated for the first
time using a vapor–solid process. In contrast to conventional ZnO
nanowires that usually grow along c-axis, the branches of the
single-crystalline Y-shaped nanostructure grew along directions
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that deviated significantly from the c-axis for 22◦, 96◦, and 13◦,
respectively. Transport measurement showed that the Y-shape
nanostructure can function as a switch. Due to possibly ordered
substitution of Zn by Co, ferromagnetism was observed at 300 K
and even 400 K, suggesting its potential application as an excellent
diluted magnetic semiconductor nanomaterial.

2. Experimental procedure

The Co doped Y-shape ZnO nanostructures were synthesized
by a vapor–solid thermal evaporation process in a tube furnace.
Pure zinc powders (99.99% purity), CoCl2 · 6H2O powders (99.9%
purity) were used as source materials. An alumina boat as a loader
for the source was set in the center of the tube. Ar + 2%O2 gas
mixture was introduced as the carrier gas during the fabrication
process. The tube furnace was heated to 780 ◦C and maintained
at the temperature for 160 min. The synthesized product grew on
the top of the boat, located downstream ∼1.5 cm away from the
source material (located in the middle of the furnace).

3. Results and discussion

Co-doped ZnO nanostructures were synthesized using a va-
por–solid process. Fig. 1a shows the XRD pattern of the as-received
sample. The obtained XRD is a typical ZnOwurtzite structure, with
sharp diffraction peaks due to high quality crystalline structure.
Scanning electron microscopy (SEM) examination of the sample
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Fig. 1. (a) XRD pattern of Co doped ZnO Y-shape nanostructures, showing a
typical wurtzite structure with sharp peaks. Inset is an SEM image of the Y-shaped
structures with uniform size in length and width. (b) EDS line scan chemical profile
reveals a homogeneous distribution of Co across the wire.

showed many branched Y shape structures, with uniform length
and width. Most of them randomly tangled with each other. The
concentration and homogeneity of the Co dopants were investi-
gated by chemical mapping using energy dispersive X-ray spec-
troscopy (EDS) in SEM, as shown in Fig. 1b. Zinc, oxygen, and cobalt
elements were uniformly distributed across the wire. From the
profile of the Co signal, the Co atoms were doped into the volume
without significant surface segregation. The content of the Co in
ZnO was estimated to be ∼3.6 at.%. In order to check the homo-
geneity of cobalt distributionwithin thewhole Y-shapedwire, EDX
spectra was also recorded at different points along the wire, and
the result showed that cobalt concentration had measurable vari-
ation less than 0.2%.
Selected area electron diffraction (SAED) and high resolution

transmission electron microcopy (HRTEM) were used to investi-
gate the structure and growth orientation of the Y-shaped nanos-
tructues. Fig. 2a and b show TEM bright- and dark-field images
of a typical Co doped ZnO Y-shape nanostructure. There are three
branches (A, B, C marked in Fig. 2a) joining together to form a Y-
shape. Uniform contrast in dark-field image (Fig. 2b) indicates that
the Y-shaped nanostructure is a single crystal with dislocation free
volume. Electron diffraction patterns (Fig. 2c, d, e) recorded from

Fig. 2. (a) TEM image of a typical Co doped Y-shape ZnO nanostructure, in
which the corresponding SAED of branches A, B and C were shown in (c), (d)
and (e), respectively. It was confirmed that the Y-shape is a single crystal by
SAED patterns, but the growth directions of the branches are not any of the main
crystallographic axes for ZnO. (b) Dark field image of the Y-shape nanostructure,
showing a dislocation-free volume. (f) and (g) HRTEM images taken from areas E
and F, respectively, clearly indicating the direction of the local c-axis. Lattice images
show no obvious defects or secondary phase in the structure.

the three branches is identical. It is important to point out that the
c-axis is not parallel to any of the branches. The angles between the
orientations of the branches with the c-axis are 22◦, 96◦ and 13◦,
respectively. This is distinctly different from the ZnO nanostruc-
tures that usually grown along [0001], [101̄0] or [21̄1̄0] [13–16].
Corresponding HRTEM images taken from areas E and F showed
consistent results, as shown in Fig. 2f and g, respectively. The devi-
ation of the growth direction from the three main zone axes may
be the result of Co doping.
The experimental setup for the electrical characterization of

the Y-shape nanostructure was carried out using a four-probe
system (Zyvex S100 nanomanipulator stage) inside an SEM, and
the schematic diagram is shown in Fig. 3 inset. Three independent
manipulator probes were placed in contact with three individual
branches of a Y-shape nanostructure. A DC gating voltage was
applied on one of the three branches of the Y-shape (gate),
and a sweeping voltage was applied between the other two
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Fig. 3. Current (I)–Voltage (V ) characteristics of a Y-shape nanostructure between
the source and drain, a fixed voltage was applied at the gate. The gate voltage was
varied from−5 to 5 V at an interval of 1 V.

branches (source and drain). Although ideal contacts between
Y-shape nanostructure and W probes are difficult to achieve,
reproducible I–V characteristics from a large number of samples
would imply that the observed behavior is intrinsic to the Y-
shape nanostructure. I–V curves of the Y-shaped Co doped ZnO are
displayed in Fig. 3, and they shownearly linear behaviorwithin our
measured voltage ranges. When the gating voltage Vg is fixed, the
drain current Id increases linear as Vds increases. The drain current
Id decreases when gating voltage Vg increases. The gating voltage
Vg on the arm branch can offset the current in source and drain, so
that the device can function as a current switch.
The Y shape structure is a three-terminal interconnect, where

the gate is not a perfect insulating gatewith fixed voltage. A leakage
current is diverted from one path to another when a gating voltage
is applied, which results in a shift in current. A similar three-way
electrical gating effect has also been observed in Y-shaped carbon
nanotubes [17,18]. From the I–V curve, the conductivity of the
doped nanowire is estimated to be ∼0.04/� cm including the
contact resistance.
The magnetization behavior of the Co doped Y-shaped wires

was also investigated using SQUID. Fig. 4 shows the field-
dependent magnetization curves at 300 K and 400 K for demon-
strating ferromagnetism ordering. An obvious hysteresis loop
is observed with a coercive field (Hc) ∼65.8 Oe at 300 K. The
saturation magnetization (Ms) of the sample is estimated to be
∼0.2 emu/g. The hysteresis loop measured at 400 K gives a coer-
cive field of 88.3 Oe and saturation magnetization∼0.04 emu/g.
A general model for describing ZnO-base DMS ferromagnetism

is the strong electronic coupling between the magnetic ions and
charge carriers at the Fermi level [19]. Co2+ + e−donor ↔ Co+ is
energetically favorable in Co doped ZnO. Co doping may change
the perfect ZnO structure to make it possible for forming defects
or holes, which could be regarded as additional charge carriers.
The photoluminescence (PL) properties of the Co-doped sample

have been studied at room-temperature (Fig. 5). The excitation
wavelength of photoluminescence (PL) was 325 nm using a He–Cd
laser. An ultraviolet emission at ∼383 nm with shoulder peak at
389 nm and an intensive green emission were observed. The UV
emissionpeakwith shoulder peak at 389nm is explained by anear-
band edge emission, which exhibits red shift comparedwith the PL
emission usually received from the undoped ZnO nanowires [20]
and ZnO films [21]. The energy gap narrowing down in Co-doped
ZnO may account for the small red shift of the near-band-edge
emission. It has been reported that UV emission is closely related to

Fig. 4. Magnetization loops of the Co doped Y-shape ZnO nanostructures at
300 K and 400 K, respectively. Ferromagnetism ordering was observed at both
temperatures.

Fig. 5. Room-temperature photoluminescence spectrum taken from the Co doped
ZnO nanowire sample.

the radiative annihilation of excitons [22], and the green emission
to the defects. The stronger green band emission for the Co-doped
product could be explained in terms of the increased amount
of doping created defects in the sample. This is more evidence
showing that the Co was doped into the volume of the nanowires.
In summary, a new Co-doped Y-shape ZnO nanostructure was

fabricated for the first time using a vapor–solid process. In contrast
to conventional ZnO nanowires that usually grow along c-axis,
the branches of the single-crystalline Y-shaped nanostructure
grew along directions that deviated significantly from the c-
axis for 22◦, 96◦, and 13◦, respectively. This unconventional
growth behavior could be a unique result of Co doping. Transport
measurement showed that the Y-shape nanostructure can function
as a switch. Due to the nature of the three-way interconnection
in the Y-shape structure, the gate voltage can linearly modulate
the currents from the source to drain. Due to the possible order
substitution of Zn by Co, ferromagnetism was observed at 300 K
and even 400 K, suggesting its potential application as a diluted
magnetic semiconductor nanomaterial.
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