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Nanowires (NWs) and nanobelts (NBs) are diverse classes of one-dimensional nanoscale materials
with controllable size, composition, structure and corresponding physical and chemical properties.
This article reviews the novel growth phenomena, unique properties and exciting applications of
oxide NWs and NBs. First, the article gives a generat introduction aboul the vapor-liquid-solid (VLS)
growth method. Second, the growth of oxide NBs using a vapor-solid (VS) process has been demon-
strated. Third, using ZnO ‘as an example, polar-surface dominated growth phenomena, such as
the formation of single-crystal nanoring, nanospring and nanohelix, are comprehensively described.
Then, novel technigques developed for characterizing the mechanical, electrical, thermal and optical
properties of NWs and NBs are illustrated. Finally, some exciting applications in areas such as
sensors, photon detectors and nanogenerators are presented. In-concluding, the challenges and

prospects for the future are discussed.

Keywords: Nanowire, Nanobelt, ZnO, Field Effect Transistor, Sensor, Nanogenerator, Vapor-

Liquid-Solid, Vapor-Solid.
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1. INTRODUCTION

One-dimensional {ID) nanostructures have been the focus
of extensive studies worldwide in the last decade due to
their unique physical properties and potential to revolu-
tionize broad areas of nanotechnology.! There are three
main types of 1D nanomaterials: carbon nanotubes,* !
semiconductor nanowires,'>?° and semiconducting oxide
nanobelts.?'-# _

Semiconducting nanowires (NWs)'*>'* represent an
important and broad class of nanometer scale wire struc-
ture, which can be rationally and predictably synthesized
in single crystal form with all key parameters controlled
during growth: chemical composition, diameter, length,
and doping.”™ 7 Semiconductor NWs thus represent one
of _best-defined and controlled classes of nanoscale build-
ing blocks, which correspondingly have enabled a wide-
range of devices and integration strategies to be pursued
in a rational manner. For example, semiconductor NWs
have been assembled into nanometer scale field effect
transistors (FETs),”-'$ %2 p_n diodes,'® !° light emitting
diodes (LEDs)," bipolar junction transistors,'” comple-
mentary inverters,’ complex logic gates and even com-
putational circuits that have been used to carry out basic
digital calculations.®® In contrast to NTs, NW devices can
be assembled in a rational and predictable manner because
the size, interfacial properties, and electronic properties
of the NWs can be precisely controlled during synthesis,
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and moreover, reliable methods exist for their parallel
assembly.?® In addition, it should be recognized that it is
possible to combine distinct NW building blocks in ways
not possible in conventional electronics and to leverage
the knowledge base that exists for the chemical meodifi-
cation of inorganic surfaces®™*® to produce semiconductor
NW devices that achieve new function and correspond-
ingly could lead to unexpected device concepts.

Semiconducting oxide nanobelts (NBs) are another
unique group of quasi-one-dimensional nanomaterials,
which have been systematically studied for a wide range
of materials with distinct chemical composition and crys-
tallographic structures. Belt-like, quasi-one-dimensional
nanostructures (so called nanobelts or nanoribbons) have
been synthesized for semiconducting oxides of zinc, tin,
indium, cadmium and gallium, by simply evaporating
the desired commercial metal oxide powders at high
temperatures.”’ The as-synthesized oxide nanobelts are
pure, structurally uniform, single crystalline and most
of them free from dislocations; they have a rectangular-
like cress-section with constable dimension. The belt-
like morphology appears to be a unique and common
siructural characteristic for the family of semiconducting
oxides with cations of different valence states and mate-
rials of distinct crystallographic structures. Field effect
transistors® and ultra-sensitive nano-size gas sensors,*
nanoresonators’’ and nanocantilevers® -have also been
fabricated based on individual nanobelts. Thermal trans-
port along the nanobelt has also been measured.> Very
recently, nanobelts, nanosprings”™* and nanorings® that
exhibit piezoelectric properties have been synthesized,
which could be a candidate for nano-scale traducers, actu-
ators and sensors.

With consideration the diversity of the field®® this review
will mainly focus on the synthesis, structure analysis,
novel properties and selected applications of oxide NWs
and NBs. First, we will discuss rational design of synthetic
strategies and the synthesis of NWs via a vapor-liquid-
solid (VLS) growth mechanism. Secondly, the vapor-solid
process for synthesis of oxide based nanostructures will
be described in details. We will illustrate the polar surface
dominated growth phenomena, such as the formation of

nanosprings. nanorings and nanohelices of single-crystal
zing oxide. Third, we will describe the unigque and novel
electrical, optoelectronie, field emission, mechanical and
thermal properties of individual NWs and NBs. Finally.
we will illustrate some novel devices and applications
made using NWs as ultra-sensitive chemical and biological
NAn0sensors, cross-wire junction based devices, nanogen-
grators, and hano-piezotronics.

2. SYNTHESIS OF OXIDE NANOWIRES
AND NANCBELTS

2.1. VLS Approach to Nanowires Usmg
Catalyst Particles

A general strategy that has received increasing focus over
that past several years involves exploiting a ‘catalyst’ to
confine growth in 1D. Depending on the phases involved
in the reaction, this approach is typically defined as vapor-
liquid-solid (VLS),>"-** solution-liquid-solid (SLS),**® o
vapor-solid {VS)"-* growth,

VLS5 is one_of the most popular and powerful growith
of NWs (Fig. 1), in which the catalyst particle is used to
direct 1D growth of single crystal materials.'*'* Here the
catalyst is envisioned as a nanocluster or nanodroplet that
defines in most of cases the diameter of and serves as the
site that directs preferentially the addition of reactant to the
end of a growing NW much like a living polymerization
catalyst directs the -addition of monomers to a growing
polymer chain. In principle, the vapor-solid technique is
a simple process in which condensed or powder source
material(s) is vaporized at elevating temperature and then
the resultant vapor phase(s) condenses at certain condi-
tions (temperature, pressure, atmosphere, substrate, etc.} to
form the desired product(s}. The processes are usually con-
ducted in a tube furnace, as shown in Figure 2. It consists
of a horizontal tube furnace, a rotary pump system and
gas supply and control system. A view window is set up
at the left end of the alumina tube, which is used to mon-
itor the growth process. The right end of the alumina tube
is connected to the rotary pump, Both ends are sealed by
rubber O-rings. The ultimate vacuum for this configuration
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Fig. 1. Schematic diagram showing the growth of aligned nanowire
arrays via the vapor-liquid-selid process.

is ~2 x 107% Torr. The carrying gas comes in from the left
end of the alumina tube and is pumped out at the right end.
The source material(s) is loaded on an aluming boat and
positioned at the center of the alumina ube. Several alu-
mina. strip plates (60 x 10 mm) were placed downstream
one-by-one inside the alumina tube, which acted as sub-
strates for collecting growth preducts.

There are several processing parameters such as tem-
perature, pressure, carrier gas {(including gas species and
its flow rate), substrate and evaporation time period,
which can be controlled and need to be selected properly
before and/or during the thermal evaporation. The source

(a) Monoclayer self-assembly of PS spheres

Furnace
= 3 Thermal couple
L ® L] - > ® \\
Alumina wbe < <; \
4
Ar (
Oxide powders Alumina substrate
| S |
] [ ® L] LJ e ® l
Ar To pump

Fig. 2. Schematic diagram of experimental apparatus [or growth of
oxides nanostructures.

temperature selection mainly depends on volatility of the
source material(s). The pressure is determined according
tor evaporation rate or vapor pressure of source material(s).
The substrate temperature usually drops as the distance of
its location away from the position of source material(s).
The far the distance is, the lower the substrate temperature
is. Of course, the temperature field in the furnace tube can
be changed and controlled by introducing cold finger/plate
or by using a multiple-zone furnace. Selecting a proper
evaporation time is also important because it influences
on not only the amount but also the size and the mor-
phology of the product(s). It is also noted that the thermal
evaporation process is very sensitive to the concentration

(b) Thermal coating of gold

(c) Etching off PS spheres

Fig. 3. Schematic experimental procedure for growth of aligned nanowires. (a) Self-assembled monolayer of polystyrene sphercs forming a mask.
{b} Deposition of gold catalyst by thermal evaporation. (¢) Removal of polystyrene spheres forming a hexagonal patterned catalyst. (d) Aligned ZnO
nanowire grown on a single erystal alumina substrate with honeycomb pattern defined by the catalyst mask. :

J. Nanosci. Nanotechnol. 8, 27—55, 2008
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of oxygen in the growth system.* Oxygen influences on
not only the volatility of the source material(s), the stoi-
chiometry of the vapor phase, but also formation of prod-
uct(s). In the present study. after evacuating the alumina
tube to ~2 x 10~ Torr, thermal evaporation was conducted
at a certain temperature for 2 hours under the conditions
of a pressure of 200-600 Torr and an Ar carrier gas of
50 scem (standard cubic centimeters per minute).

Growth of 1D nanostructure usually follows the vapor-
liquid-solid (VLS) approach, in which a liquid alloy
droplet composed of a metal catalyst component (such as
" Au, Fe} and a nanowire component {such as Si, III-V
compound, 11-V compound, oxide) is first formed under
the reaction conditions. The metal catalyst can be ratio-
nally chosen from the phase diagram by identifying metals
in which the nanowire component elements are soluble
in the liquid phase but do not form solid compounds
more stable than the desired nanowire phase. For the [D
ZnO nanowires grown via a VLS process, the commoniy
used catalyst for ZnO is A0.¥ As a result, a nanowire
obtained from the VLS process typically has a solid cata-
lyst nanoparticle at its tip with a diameter comparable to
that of the connected nanowires,

Growth of patterned and aligned 1D nanostructures is
important for applications in sensing,*>* optoelectronics?
and field emission.™* Aligned growth of ZnQO nanorods
has been successfully achieved on a solid substrate via a
vapor-liquid-solid (VLS) process with the use of gold®®
and tin™ as catalysts, in which the catalyst initiates
and guides the growth, and the epitaxial orientation
relationship between the nanorods and the substrate leads
to the aligned growth. Other technigues that do not use
any catalyst, such as metalorganic vapor-phase epitax-
ial growth,™ template-assisted growth and electrical field
alignment® have also been employed for the growth of ver-
tical atigned ZnO nanorods. Using nanowire as template,
epitaxial growth on its surface can fabrication nanotubes of
complex oxides™ * Kempa et al. have demonstrated a tech-
nique of growing periodically arranged carbon nanotubes
using a catalyst pattern produced from a mask with the use
of self-assembled sub-micron spheres.’”>® Here we have
combined the self-assembly based mask technique with the
surface epitaxial approach to grow large-area hexagonal
arrays of aligned ZnQ nanorods.”

The synthesis process involves three main steps. The
hexagonally patterned Zn0O nanorod arrays are grown on
a single erystal Al,O; substrate, on which patterned Au
catalyst particles are dispersed. First, a two-dimensicnal,
large-area, self-assembled and ordered monolayer of sub-
micron spheres was formed on a single crystat Al,O, sub-
strate (Fig. 3(a)). Second, a thin layer of gold particles was
deposited onto the self-assembled monolayer (Fig. 3(b));
and then the spheres were etched away, leaving a patterned
gold catalyst array (Fig. 3(c)). Finally, NWs were grown
on the substrate using the VLS process (Fig. 3(d)). The

30

spatiat distribution of the catalyst particles determines the
pattern of the nanowires to be grown. This step can be
achieved using a variety of mast technology for producing
complex configurations. By choosing the optimum match
between the substrate lattice and the NW to be grown,
the epitaxial orientation relationship between the nano-
wire and the substrate results in the aligned growth of
nanowires normal to the substrate. The [D001] nanowires
of ZnO presented in Figure 3(d) were grown on the (2110}
surface of single-crystal sapphire substrate. The distribu-
tion of the catalyst particles defines the location of the
NWs, and the epitaxial growth on the substrate resulls in
the vertical alignment.

Metal particle catalyzed growth of NWs can form vari-
ous configurations depending on the location and density of
the catalyst. Figure 4(a) shows a low-magnification image
of the as-synthesized Zn0O nanowire structure using Sn as
catalyst.” The morphology of the string appears like a
“liana,” and the axial nanowire is the “rattan,” which has a
uniform cross-section with dimension’in the range of a few
tens of nanometer. The “tadpole-like” branches have spher-
ical balls at the tips. An interesting phenomenon observed
in Figure 4(b) is that the distribution of the nanoribbons
around the axial nanowire has an angle interval of ~60°,
A typical front view of the nanowire indicates a six-
fold symmetrical ordered assembly. The ZnO nanowire

111007
—"

.

[0110]
'_

[1010].

Fig. 4. (a) Muli-branched ZnO nanostructures grown by VLS using Sn
as catalyst, {b) The [ront view of the nanostructure, showing quasi six-
[old of symmetry. () Schematic diagram presenting an explanation about
the formation of the nanostructure. Reprinmed with permission from [60],
P. X. Gao and Z. L. Wang. J. Phivs. Chem, B, 106, 12653 (2002). © 2002,
American Chemical Society.
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s likely to have a hexagonal cross-section bounded by
:t(][)f(]). +(0110) and £{1100), which are six crystallo-
graphic equivalent planes. The Sno liguid droplets deposited
onto the ZnO nanowire lead to the simultaneous growth
of the ZnQ) nanoribbons along the six growth directions:
+[1010], =[0110] and +[T100] (Fig. 4(c)). The angles
between the two adjacent growth directions is 60°, resulting
in the six-fold symmetric distribution of the nanoribbons
around the nanowire.

2.2, Nanowires Grown from Large Gallium Surface

Growth of aligned nanowires is critical to practicat appli-
cations. A general approach uses the nanoparticle guided
growth through the VLS process, in which one parti-
cle nucleates one nanowire and the size of the particle

10um EHT = 5.00 kY
13mm Photo Ne. = 458

Sighal A = InLens  Date 25 Jun2
Time 1631:2 +

determines the diameter of the nanowire. But we have
shown that a large size (5 to 30 pm in diameter), low
melting point gallium droplet can be used as an effec-
tive catalyst for the large-scale growth of highly aligned,
closely packed silica nanowire bunches (Figs. 5(a, b))."!
The growth was carried out using GaN powders, which
were placed at the center of an alumina twbe. A Tong
silicon wafer stripe was placed in the middle part of a

wide alumina plate. After evacuating the alumina tube to

~2 x 107* Torr, the reaction is conducted at 1150 °C for
5 hours under a pressure of 400 Torr and Ar gas flow
rate of 30 sccm (standard cubic centimeters per minutes).
At the reaction temperature of 1150 °C, the GaN powders

‘are decomposed into a dense, hot vapor of Ga and N,.

The hot Ga vapor rapidly condenses into small Ga clusters

ety

2pum EHT = 5.00 k¥
wD= 13mm

Date 21
Time : 1t

Signal A =InLens
Photo No. = 452

Fig. 5. {a, b} Aligned silica nunowircs synthesized by cvaporating GaN with the presence of a silicon substrale. The Ga droplet serves as the

Cilalysi that leads 1o the nucleation and grawth of unilorm silica nanowires of diameters ~ 100 nm. (¢) The sifica nanowires have the characteristic of

self-splitting. resulting in thicker hundies as the growth proceeds. (d) Interpretation about the self-splitting precess of the silica glass structure.
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as the Ga species cool through collision with the butfer
gas. The formed Ga clusters are transferred to the down-
stream end of the alumina tube by the carrier gas, and then
deposited onto the surface of the silicon wafer and the
naked part of the alumina plate in the regions with temper-
atures < 170 °C. Our results show that Ga droplets with
diameters <1 pm can be evenly distributed on the surfaces

of the silicon wafer and alumina plate at the early reaction -

stage; however, the diameters of the Ga droplets increase
with the reaction time through continuously accepting the
upcoming Ga clusters, and are typically in the range of 5
to 50 pem after 5 hours reaction. The Ga droplets deposited
on the silicon waler etch silicon to form Ga-5i alloy and
thus create a dense vapor of Si species around the silicon
wafer and alumina plate, which acts as Si source for the
growth of Si(3;, nanowires. '

The silica nanowires tend to grow batch by batch. For
each batch, numerous nanowires simultaneously nucleate,
grow at nearly the same rate and direction, and simulta-
neously stop growing. Tubes whose wall is composed of
highly aligned silica nanowires with diameters of 15 to
30 nanometers and length of 10 to 40 micrometers were
obtained (Fig. 5(b)). One of the mast amazing phenomenon
observed is the self-splitting of the silica nanowire, as
shown in Figure 5(c), which has not been ohserved in
crystalline nanowires. To offer a simple interpretation about
the formation of wire splitting, we first examine the five
Zachariasens’ rules for oxide glass formation:%*

(1) Oxide glass networks are composed of oxygen
polyhedra;

{2} The coordination number of each oxygen atom is 2;
(3) The coordination number of each metal atom is 3 or 4;
(4) Oxygen polyhedra share corners, not edges or faces;
and

{5) Each polyhedron must share at least three corners.
The pelyhedron for silica is (8iQy)*", which is a tetra-
hedron. The glass is formed by sharing corners of the
tetrahedral, but without translation or orientation symmetry
(Fig. 5(d)). We take tetrahedron B as an example, which
has four corners to share. If this tetrahedron is on the
surface ot the nanowire, another tetrahedron C' can be
linked to B via corner sharing, a continuous growth along
C' and ¥ leads to the formation of another nanowire.5
The splitting of the nanowire may offers a new approach at
nano-scale for splitting or converging optical signals using
the silica nanowires. This is likely to be the reason that the
density of the silica nanowires can be adjusted according

to the geometry and available space to create a wide range

of nanostructures, such as the diatoms found in nature,
2.3. Vapor-Solid Process Synthesis of Nanobelts

Vapor-solid growth process is a simple and effective
method for the growth of oxide nanostructures without
using catalyst. There are two approaches for vaporizing the
source material, thermal vaporization and laser ablation.

32

The thermal vaporization technique is a simple process.
in which powder source material(s) is vaporized at ele-
vating temperature and then the resultant vapor phase(s)
condenses under certain conditions (temperature, pressure.
atmosphere, substrate, etc.) to form the desired product(s).
The morphology and phase structure of the synthesized
product(s) depend on the source materials, growth temper-
ature, temperature gradient, substrate, gas flow rate and
pressure, Through our experiments, we found that the
most sensitive and important parameters for controlling
the purity of the growth product are growth temperature.
kinetics and source materials.

Controlling experimental conditions are the key for
controlling the synthesized product. The selection of the
source temperature mainly depends on volatility of the
source material(s). It is usually set to be ~300 °C lower
than the bulk melting point of the source material. The
pressure 18 determined according to evaporation rate or
vapor pressure of source material(s). The substrate tem-
perature usually drops as the distance of its location away
from the position of source material(s). The far the dis-
tance is, the lower the substrate temperature is. Of course.
the temperature field in the furnace tube can be changed
and controlled by introducing cold finger/plate or by using
a multiple-zone furnace. Selecting a proper evaporation
time is also important because’ it influences not only the
amount but also the size and the morphology of the prod-
uct(s). It is also noted that the thermal evaporation pro-
cess is very sensitive to the concentration of oxygen in the
growth system. Oxygen influences not only the volatilin
of the source material(s), the stoichiometry of the vapor
phase, but also type of product(s) to be synthesized.

In the family of nanobelts nanoribbons (see Table 1),
Zn0O is probably the most extensively studied structures.
Thermal evaporation of ZnO powders (purity: 99.99%:
melting point: 1975 °C) at 1400 °C resulted in uwltra-
long Zn0O nanobelts (Fig. 6(a)). The as-synthesized oxide
nanobelts are pure, structurally uniform, single crystalline
and most of them free from dislocations. A ripple-like
contrast appeared in the TEM image is due to strain

Table I.  Some commen oxide nanobelis and their growth directions and
surface planes.

Crystal Growlh
Nanobelts structure direction/plane  Top surlaces  Side surfaces
Zn0 Wurtzite [0001] +(2110) +(0110)
Zn0 Wurtzite [0110] +(2110) +(0001}
Zn0 Wurtzite (0001 +(2110) +{0110}
Ga, 0, Manoclinic {010) (100} £{101)
Ga,0, Manoclinic (001) +=(100) +(G14)
SnQ, Rutile [1on +(101) +(010)
In,0, C-Rare earth oot +(100) +(010)
Cdo NaCl [001] H100) +(010)
PbO, Rutile [010] (20103 +(101)
ZnS Wurlzite [0170] +(2110) +(0001)
CdSc Wurlzite [0170] +{2110) +(0001}

J. Nanosei. Nanotechnol., 8, 27-55, 2008
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Fig. 6. TEM image of the as-synthesized ZnO nanobelts and a high-
reselution TEM image recorded with the incident electron perpendicular
to the top surface of the nanobelt.

resulted from the bending of the belt. Occasionally, some
planar defects, such as twins and stacking faults are
found, but there is no line defect.® Point defects, such
as oxygen vacancies, should be present, which greatly
affect the transport properties of the NBs. The NBs have
a reclangular-like cross-section with typical widths of
30-300 nm. width-to-thickness ratios of 5-10 and lengths
of up to a few millimeters. EDS and XRD measurements
show that the sample is Wurtzite (hexagonal) structured
ZnQ with lattice constant of & = 3.249 A and ¢ = 5.206 A,
consistent with the standard values for bulk ZnQ. No par-

ticle was observed at the ends of the nanobelts. High-

tesolution TEM (HRTEM) and electron diffraction studies
show that the ZnO nanobelts are structurally uniform and
single crystalline (Fig. 6(b)).

The beli-like morphology appears to be a unigue
and common structural characteristic for the family of
Semiconducting oxides with cations of different valence
States and materials of distinct crystallographic structures.
Nanobelts were successtully synthesized for a series of

J. Nanosci. Nanotechnol. 8, 27-55, 2008

oxides with different valence states and different crys-
tal structures, including ZnQ,”' Sn0,,*' In,0,,”' CdO,”
Ga,0,.%° and Pb0,.% The nanobelts were synthesized by
vaporizing the corresponding oxide powder without using
catalyst, The surface morphologies of these nanostructures
can be apparently identified from the SEM images.

2.4. Growth Kinetics

It is known that growth kinetics plays a key role in
determining the morphology of nanostructures, but a lim-
ited knowledge is available for understanding the complex
kinetics in VS growth. Controlling local temperature is
probably the most important parameter for controlling
the grown nanostructure. Figure 7(a) shows an optical
image of the nanostructures deposited on a substrate by
vaporizing ZnO powders.%” The most interesting pheno-
menon is that the as-grown products are distributed at
two distinct temperature regions, with the metallic luster
in black color being the Zn nanobelts and the white
color being the ZnO nanobelts. The two products were
formed in the same growth chamber but they are clearly
separated. Scanning electron microscopy (SEM) images
show curly Zn nanobelts (Fig. 7(b))} and straight ZnO
nanobelts (Fig. 7(c)). The Zn nanobelts were formed in a
temperature range of 200-300 °C, and they are distributed
across a region of >4 cm in length. The ZnO nanobelts
were formed in a temperature range of 300400 °C. The
transition distance between the two ditferent products is
~(.5 cm1. This apparently shows the structural control by
growth temperature and Kinetics,

As for the result presented in Figure 7, our synthe-
sis experiment used ZnO powder as the raw material,
while the produced products were Zn nanowires and Zn0O
nanowires distributed in distinct temperature regions. It is
well known that the decomposition of ZnO occurs when
it is subject to high enough temperature in vacuum. The
thermodynamics of these processes can be presented as the
follows. The solid-vapor process and the decomposition
process are expressed to be:

Zn0O(s) « ZnO(g) )
Z00(g) = Zn(2) + 101 (e) @)

The equilibrium constant function K, for processes (1) and
(2) as a function of temperature is given by™

~RInK,(T) = AHy /T +AG(T) (3)

where AH is the change in free energy and AG{T) the
Gibbs energy, and K, = (Pyq (g - P(',/ 2) /P32 where P, and
P, are the partial pressures of Zn and O,, respectively.
and P, is the pressure in the growth chamber. Substituting

&

the thermodynamic data into (3), one receives
IN(Pyy - Pol /PP) = —4.855-2474/T  (4)
33
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Fig. 7. (a)} An optical micrograph of the as-synthesized sample on a silicon substrale. showing two distinct products on the surface. The three circles
indicate three TEM copper grids placed on the subsirate for collecting samples. (b, ¢) SEM tmages recorded from the metallic luster and white color
regions, presenting the formation of pure Zn nanobelts and ZnO nanobelts. Reprinted with permission trom [67]. X. Y. Kong et al., L Pivs. Chem. B,

108, 570 (2004). © 2004, American Chemical Society.

From Eq. (4), the saturation vapor pressure for Zn at
1350 °C is estimated 1o be ~107° torr, close o the pre-
evacuated pressurc in the growth chamber, hence, it is
possible that part of the ZnO vapor decomposcs inlo Zn
vapor and (,. Then, the ZnO vapor together with the Zn
vapor are transported by Ar carrier gas to a lower temper-
ature region of 200400 *C, which is cold enough to con-
dense the vapor phase onto the substrate. The ZnQ vapor
condenses in the region of 300-400 °C due to its higher
sublimation temperalure, resulting in the growth of ZnO
nanobelts (the white region in Fig. 7(a)); the Zn vapor con-
denses in the 200-300 °C region owing to lower sublima-
tion temperature, resulting in the growth of Zn nancbelts.

3. POLAR SURFACE INDUCED NOVEL
GROWTH PHENOMENA

Although the entire unit cell of a crysial is neutrial, the
distribution of the cations and anions could take specific
configuration as determincd by crystallography. For some
oxides, such as MgO, NiO and ZnQ. the cations and
anions in oxides can produce surfaces that have net posi-
tive/negative charges. The pelar charge dominated surfaces
can give some unique growth phenomena. We now use ZnO
to illustrate the unique characteristics of polar surtaces.
Zinc oxide has a hexagonal structure (space group Conic)
with lattice parameters ¢ = 0.3296. and ¢ = 0.52065 nm.
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The structure of ZnO can be simply described as a num-
ber of atternating planes composed of tetrahedrally coor-
dinated O°~ and Zn®" ions, stacked alternatively along
the c-axis (Fig. 8(a)). The tetrashedral coordination in ZnO
results in non-ceniral symmetric structure and piezoelec-
tricity. Another important characteristic of ZnQO is the polar
surfaces. The most common polar surface is the basal
planc. The oppositely charged ions preduce bositive]}
charged Zn-(0001 ) and negatively charged O-{0001) polar
surfaces, resuliing in a normal dipole moment and sponta-
neous polarization along the ¢-axis as well as a divergence
in surface energy. To maintain a stable structure. the polar
surfaces generally have facets or exhibit massive surface
reconstructions, but ZnQ +{0001) are exception, which
are, atornically flat, stable and without reconstruction -7
Understanding the superior stability of the ZnO £(0001)
polar surfaces is a forefront research in today’s surface
physics.”!7*

Another polar surface is the {0111}, By projecting
the structure along {1210]. as shown in Figure 16(b).
beside the most typical £(0001) polar surfaces that are
terminated with Zn and oxygen, respectively, (1011}
and £(1011) are also polar surfaces, The {1011} type
surfaces are not common for Zn0O, but they have been
observed in a nanohelical structure found recently.”™ The
charges on the polar surfaces are ionic charges, which are
non-trans(erable and non-flowable. Because the interaction

J. Nanosci. Nanotechnol. 8, 27—55, 2008
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Wang
"(;)_ ) S evenly distributed pitches. Each is made of a uniformly
O/,; g deformed single-crystal ZnO nanobelt,

{0001 =

Fig. 8. (0 Wurtzite structure model of ZnQ, which has non-central
symmetry and piezoeleceric effecl. (b) The three types of facets of ZnO
punostructures: =(000L), (2110} and {01710} .

energy among the charges depends on the distribution of
the charges, the structure is arranged in such a config-
uration to minimize the electrostatic energy. This is the
main driving force for growing the polar surface domi-
nated nanostructures.

3.1. Nanospiral and Nanosprings

Due to differences in surface energies among (0001),
{0110} and {2110}, freestanding nanobelts and nanowires
of ZnO are usually dominated by the lower energy, non-
polar surfaces such as {0110} and {2110}. Recently, by
introducing doping, such as In and/or Li, ZnO nanobelts
dominated by the (0001) polar surfaces have been grown.
The nanobelt grows along [2110] (the q-axis), with its
top/bottom large surface £{0001) and the side surfaces
+(0110). Due to the small thickness of 5-20 nm and large
aspect ratio of ~1:4, the flexibility and toughness of the
nanobelts are extremely high. A poelar surface dominated
nanobelt can be approximated to be a capacitor with two
parallel charged plates (Fig. 9{a)). The polar nanobelt tends
to roll over into an enclosed ring to reduce the electro-
static energy (Fig. 9(b)). A spiral shape is also possible for
reducing the electrostatic energy (Fig. 9(¢)).”® The forma-
tion of the nanorings and nanohelixes can be understood
from the nature of the polar surfaces. If the surface charges
are uncompensated during the growth, the spontanecus
polatization induces electrostatic energy due to the dipole
moment, but rolling up to form a circular ring would min-
imize or neutralize the overall dipole moment, reducing
the electrostatic energy. On the other hand, bending of the
nanobelt preduces elastic energy. The stable shape of the
nanobelt is determined by the minimization of the total
energy contributed by spontaneous polarization and elas-
ticity. If the nanobelt is rolled loop-by-loop, the repul-
sive force between the charged surfaces stretches the
Nanospring, while the elastic deformation force pulls
the loops together; the balance between the two forms the
Nanospring that has elasticity (Fig. 9(d)). The nanospring
has a uniform shape with radius of ~3500-800 nm and

J. Nanosci. Nanotechnol. 8, 27-55, 2008

3.2. Seamless Nanorings

By adjusting the raw materials with the introduction
of impurities. such as indium, we have synthesized a
nanoring structwre by the VS process (Fig. 10(a)). The

-as-synthesized sample is composed of many freestanding

nanorings, with typical diameters ~1—4 pm, thin and wide
shells of thicknesses ~10-30 nm. SEM images recorded
at high-magnification clearly present the perfect circu-
lar shape of the complete rings, with uniform shape and
flat surfaces. TEM image (Fig. 10(b)) indicates that the
nanoring is a single-crystal entity- with circular shape,
although there is diffraction contrast due fo non-uniform
deformation along the circumference. The single-crysial
structure referred here means a complete nanoring that
is made of a single crystalline ribbon bent evenly ai
the curvature of the nanoring. Electron diffraction par-
tern recorded from the center of the nanoring shows that
the radial direction of the nanoring is [1210], tangen-
tial direction [1010] and nanoring axis [0001]. The nano-
ring is made of co-axial, uni-radius, epitaxial-coiling of a
nanobelt. The trace of the coiling nanobelt is seen through
the side of the nanoring. The interface between the loops
is coherent, epitaxial and chemically bonded. The entire
nanoring is a single crystal, although the quality of the crys-
tallinity varies slightly across the width of the nanoring.

The growth of the nanoring structures can be under-
stood from the polar surfaces of the ZnO nanobelt. The
polar-nanobelt, which is the building block of the nano-
ring. grows along [1010], with side surfaces +(1210) and
top/bottom surfaces +{0001), and have a typical width of
~15 nm and thickness ~10 nm. The nanobelt has polar
charges on its top and bottom surfaces (Fig. 10{c)). If
the surface charges are uncompensated during growth, the
nanobelt may tend to fold itself as its length getting longer
to minimize the area of the polar surface. One possible
way is to interface the positively charged (0001)-Zn plane
(top surface) with the negatively charged (0001)-O plane
(bottom surface), resulting in neutralization of the local
polar charges and the reduced surface area, thus, forming
a_loop with an overtapped end (Fig. 10(c)). The radius of
the loop may be determined by the initial folding of the
nanobelt ar the initial growth, but the size of the loop can-
not be too small to reduce the elastic deformation enargy.
The total energy involved in the process comes from polar
charges, surfuce area and elastic deformation. The long-
range electrostatic interaction is likely to be the initial driv-
ing force for folding the nanobelt to form the first loop for
the subsequent growth.

The presence of planar defect within the nanobelt is
the key for leading to the fast growth of the nanobelt
along [1010]. because it lowers the energy in the wurtzite-
structured lattice.” As the growth continues, the nanobelt
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(a) _ — _ -

R \

(d

200 nm

Fig. 9. Nanosprings of piezoelectric nanobelts. (a} A model of the polar surface dominated ZnQO nanobelts. (b) Inward bending of the nanobelt result-
in the formation of a nanoring. {¢) The formation of 4 nano-spiral. (d) The formation of a nanospring.

may be naturally attracted onto the rim of the nanoring
due to electrostatic interaction and extends parallel to the
rim of the nanoring to neutralize the local polar charge

and reduce the surface area, resuiting in the formation of

a self-coiled, co-axial, uni-radius, multi-looped nancring
structure (Fig. 10(d)). The self-assembly is spontaneous,
which means that the self-coiling along the rim proceeds as
the nanobelt grows. The reduced surface area and the for-
mation of chemical bonds (short-range force) between the
loops stabilize the coiled structure. The width of the nanor-
ing increases as more loops winding along the nanoring
axis, and all of them remain in the same crystal orientation,
Since the growth was carried out in a temperature region
of 200-400 °C, “epitaxial sintering” of the adjacent loops

forms a single-crystal cylindrical nanoring structure, and .

the loops of the nanobelt are joined by chemical bonds
s a single entity (Fig. 10(e)). A uni-radius and perfectly
aligned coiling is energetically favorable because of the
complete neutralization of the local polar charges inside
the nanoring and the reduced surface area. Theoretical cal-
culation shows consistent result.
Ring structure is of great interest to physical science
and technological applications. The Aharonov-Bohm effect
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about interference phenomena of electrons has been inves-
tigated for gold rings™ and superconducting Nb rings.™
Persistent current in a metal ring threaded by a magnetic
flux was investigated.®” Carbon nanatube rings,*-¥* NbSe.
rings® and Mabius strips™ have been reported. The polar-
charge induced nanorings presented here are unique and
distinet, and have potential applications in investigating
fundamental physical phenomena, such as the Aharonov-
Bohmn oscillations in the exciton tuminescence.® The
unique piezoelectric and semiconducting properties of
Zn0 predict that the nanorings could be nano-scale sen-
sors, transducers and resonators.

3.3. Effect from Growth Kinetics

It is a common fact that the {001} polar surfaces arc
the dominant facets of single-crystal nanosprings and
nanoloops of ZnO. Since the pdldr surfaces {0001} have
higher surface energy than either {2110} or {1010}, finding
experimental conditions that make it possible for forming
the higher energy {001} surface is the key. To find a clue.
Table II summarizes the experimental conditions, growth
morphology and dominant surfaces of ZnO nanostructures.

J. Nanosci. Nanotechnol. 8, 27-55, 2008
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Fig. 10, (a) SEM image of single-crystal seamless nanoring of ZnO.
(b) Low magnification TEM image of the Zn0Q rings and Zn0 nanobelis.
The nanobelts have waiform shape and their widths are ~15 nm, which
is about the same as the thickness of the ring shel!, as measured from
the tilted image inseried in the figure. The thickness of the nanobelt
composing the ring is measured to be 10 nm. (c—e) Proposed growth
madel showing the initiation and formation of the single-crystal nanoring
via self-coiling of a polar nunobelt. The nanoring is initiated by folding a
nanobelt into a loop with overlapped ends duc to long-range electrostatic
intersction among the polar charges: the short-range chemical bonding
slabilizes the coiled riag structure: and the spontanecus self-coiling of
the nanohelt is driven by minimiziag the energy coatributed by polar
charges, surface arca and elastic deformation.

It is shown that, despite the source peak temperature in
the range of 13001400 °C and a variation in vaporization
time, unanimously both polar surfaces dominated and non-
polar surface dominated nanobelts could be produced. In
the column of source materials used, it is clearly seen that

Fig. 11. Controlled growth of nanorings and manobows at the tips of
Zn0 nanorods/manowires by a sudden change in growth pressure towards
the end ol the experiment, su that the grow direction switched from
[00101] to [D1T0] or [2110]. The polar surface dominated nanobelts bent
to form nanorings and nanchows. Reprinted with permission from [86],
W, L. Hughes and Z. L. Wang, Appl. Phys. Ler. 86, (43106 (2005).
© 2005, American Institute of Physics.

polar surface dominated nanobelts were synthesized with
or without doping in ZnQO. The pressure of the gas flow
appears also not critical to the formation of polar surfaces
unless the pressure becomes very low.®® A common and
striking fact is that a pre-evacuation of the growth chamber
to ~10~* torr appears to be necessary for growing {0001}
dominated nanobelts. It is suggested a pre-pumping would
reduce the content of oxygen and other gas species in the
growth chamber. thus, greatly reduces the possibility of
molecular adsorption on the {0001} polar surfaces. This
step appears to be the key for high-vield growth of polar
surfuce dominated nanostructures. In the current work,
the synthesis was conducted at 1390 °C for 2~6 hours
under a confined pressure range of 250~300 mbar after the
temperature of reaction chamber was ramped to 800 °C,
where argon carrier gas was kept with a flow rate of
30 scem throughout the high-temperature synthesis and
cooling processes. Before inletting argon carrier gas, the
pre-growth pressure of 2 x 107 torr was maintained for
3 to § hours.

Table [I. A summary of the ZnQ bell-like nanostructures synthesized by a vapor-solid process.

Nanaobelt growth Peak Temperature(*C): Flow rate Pre-growth pressure:;
direction/dominant lime at peak temperature; of Ar pas pressure during
fiat surfuces Yield (%) source materials (scem) growth (mbar}

Nanghelts 0001 [/{L0D-10}; 100 1400 *C: 120 min: ZnO .30 40, 400

or [10-10]/{2-1-10} ,
NunOh‘prings and nanorings [2-1- 10140001} ~3 1350 °C: 30 min: ZnOLi, 0 a5 ~107% 330
Nanarings {10-10]4 0001} o320 1400 °C: 30 min; Zn(O:in,05:Li,COy 30 ~107%; 660
Nanobows [10-10]/0001} 5 £350 °C: 120 min; ~10 hrs; ZnO ki) ~107%; 300
Nanosprings (current work) [2-1-10]£{0001) 50-100 §390 °C: 120-360 min; ZnQ 50 ~107%; 230-300
Nanorings and nanospirals [10-L0J{0001} 20 1390 °C: 120-360 min; ZnO 50 ~107%; 230-300

(current work)

The pressure in the growth chamber was quickly dropped 1o ~0.1 mbar towards the end of the growth.

J. Nanosci. Nanotechnol. 8, 27-55, 2008
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Fig, 12, Sell-calalyzed growth of cation terminated polar surfaces.
{a) SEM image of “comb-like™ cantilever arrays of ZnQ, which is the
result of surface polarization induced growth due to the chemically active
(G001)-Zn. (b) High-resolution TEM recorded from the tip of the comb-
teeth, showing possible evidence of Zn segregation at the prowth front,
which is likely to be effective for driving self-catalyzed growth. (¢) Strue-
ture mode] of ZnO projecied along [0110], showing the termination effect
ol the crystal. (d. e) Experimentally observed and theoretically simulaied
convergent beam electron diffraction pallerns {or determining the polarity
of the nanocombs, respectively.

In a separated experiment, we have found that a sud-
den drop in chamber pressure can also lead to formation
of polar surface dominated nanobows.* At a growth cham-
ber pressure of 300 mbar, [0)]] ZnO nanowires were
grown (Fig. 11}. A sudden decrease of the chamber pres-
sure to (0.1 mbar results in the formation of nanorings
and nanobows at the growth front, which were formed by
rolling the c-plane dominated nanobelts. A drop in pressure
may be favorable of formation of polar surfaces due 1o the

reduced probability of foreign molecule adsorption on the

surface to neutralize the polar charges, The polar nanobelts,
responsible for the formation of nanorings and nanobows,
grow along either the [2110] or [0110] direction. A Fing is
formed by folding a polar nanobelt so that its ¢-axis points
to the center of the ring. A change in growth direction tfrom
[0110]/[2110] to [1010]/[1210] could result in the forma-
tion of two crossed rings at 60° angle.
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3.4, SeH-Catalyzed Growth Structures

Asymmetric crystal structure of a material may introduce
anisotropic growth structure. As we have shown for ZnQ,
the (0001) surface is terminated with Zn, and the (0001)
surface is terminated with O. The former is catalytically
active, while the latter is relatively inert, possibly resulting
in anisotropic growth phenomena. Tn this section, we use
the formations of nanocoimbs and tetrapoles as example,
to illustrate the self-catalysis effect.

“Comb-like”™ structures have been observed for wurtzile
structured materials, such as Zn0.5 ZnS,* and CdSe.™
The comb structures (Figs. 12(a, b}) are ZnO and have the
comb-teeth growing along [0001], the top/bottom surfaces
being +(0110), and side surfaces £(2110). Using con-
vergent beam electron diffraction (CBED),” which relies
on dynamic scattering effect and is an effective technique
for determining the polarity of wurtzite structure, we have
found that the comb structure is an asymmetric growti
along Zn-f0001] (Fig. 12(b)).°" This conclusion is received
by comparison the experimentally observed CBED pattern
and the theoretically calculated pattern by matching the
fine detailed structure features in the (0002) and (0002
diffraction disks (Figs. 12{d and e)). The positively charged
Zn-(0001) surface is chemically active and the negativelv
charged O-(D0O1) surface is relatively inert, resulting in «
growth of long fingers along [0001]. Using HRTEM, we
found that the Zn-terminated ((001) surface has tiny Zn
clusters, which could lead to self-catalyzed growth withouw
the presence of foreign catalyst.”! The chemically inactive
(0001) surface typically does not grow nanobelt structure.

4. COMPOSITE-HYDROXIDE-MEDIATED
APPROACH FOR THE SYNTHESIS OF
NANOSTRUCTURES OF COMPLEX
FUNCTIONAL-OXIDES

Complex oxides with structures such as perovskite, spinel.
and . garnet have many important properties and applica-
tions in science and engineering, such as ferroelectricity.
ferromagnetisim, colossal magnetoresislance, semiconduc-
tor, luminance, and optoelectronics.”>™"" Synthesizing
nanostructures of complex oxides is rather challenging
because of difficulties in controlling the composition, stoi-
chiometry and/or crystal structure. The existing technigues
rely on high pressure, salt-solvent mediated high temper-
ature, surface capping agent, or organometallic precursor
mediated growth process™ """ and the types ol oxides that
can be synthesized are limited. We have reported a gen-
eral and widely applicable approach for synthesis of com-
plex oxide nanostructures of scientific and technologicul
importance.’® The method is based on a reaction berween
a metallic salt and a metallic oxide in a solution of molten

“mixed potassium hydroxide and sodium hydroxide eutec-

tic at ~200 °C and normal atmosphere without using
organic dispersant or capping agent. This methodolog:

J. Nanosci. Nanotechnol. 8, 2755, 2008
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provides a one-step, convenient, low cost, nontoxic and
mass-production route for synthesis of nanostructures of
junctional oxide materials of various structure types.

we now use the synthesis of two families of complex
oxides. perovskite (ABO;: A A BO;; AB B|_ 0;) and
spinel (AB,0)), to illustrate the principle and applications
of the approach. The sources for A and A’ cations are
from metallic salts, such as nitrates, chlorates, or acetates,
and the sources for £ and B’ cations are from oxides with
valence states that match to those present in the desired
product to be synthesized. The mixed-hydroxides is used
to not only mediate the reactions between the raw materi-
als containing A (A'} and B {£') cations, but also low the
reaction temperature to ~200 °C or even less. A total of 8
examples are selected here for illustraling this generalized
approach. '

Qur first example is BaTiO,, an important ferroelectric
material. The synthesis follows the following steps.'”
(i An amount of 20 g of mixed hydroxides
(NaOH:KOH = 51.5:48.5) (MHDs) was placed in a 25 ml
Teflon vessel with a cover for preventing dust.
(i) A mixture of anhydrous BaCl, and TiO, at 0.5 mmol
each was used as the raw material for reaction.
(iii) The raw maierial was placed on the top of the hydrox-
ide in the vessel. The vessel was put in a furnace, which
was preheated to 200 °C.
(iv} After the hydroxides being totally molien, the hydrox-
ide solution was stirred by a platinum bar or by shaking
the covered vessel to ensure the uniformly of the mixed
reactants.
(v) After reacting for 48 hours, the vessel was taken out
and cooled down o room temperature.

Deionized water was added to the solid product. The prod-
uct was filtered and washed by first deionized water and
then hot water to remove hydroxide on the surface of
the particles. The synthesized product was received. For
the next seven types of materials to be presented, all of the
synthesis procedures are the same as stated above except
replacing the raw materials in Step (ii).

X-ray diffraction (XRD) measurcment proved that
the as-synthesized product is tetragonal BaTiO; (Pdmm,
JCPD 81-2203} (Fig. 13(a)). Scanning electron microscopy
(SEM) image of the powder shows that the particles
are nanocubes or nanocuboids with 30-30 nm in sizes
(Fig. 13(b)), and energy dispersive X-ray analysis (EDS)
shows the presence of oxygen, barium, and titanium.
Electron diffraction (ED) and high-resolution transmis-
sion electron microscope (HRTEM) images show that the
nanocubes are single crystal and the three crystal faces are
{100} planes (Fig. 13(c} and insert).

From the above experimental results, a possible reaction
mechanism for the synthesis of BaTiO, in hydroxide solu-
tion is suggested as following. Although the molting points
of both pure sodium hydroxide and potassium hydroxide
are over 300 °C, 7,, =323 °C for NaOH, and T, = 360 *C

m
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for KOH, the eutectic point at NaOH/KOH = 51.5:48.5
is only about 165 °C (Fiz. [4). This is likely the key
for synthesizing the complex oxide at ~200 °C or Jower.
During the reaction process, hydroxides play a rele not
only as a solvent, but also as a reactant for lowing
the reaction temperature. In the molten hydroxide, TiO,
reacts with NaOH/KOH and forms a hydroxide-soluble
Na,TiO/K,TiO,. To simplify the expression for chemi-
cal reactions here and after, we only include NaOH in the
formula for simplicity:

2NaOH + Ti0; — Na,TiO, 4+ H,0 (5)

At the same time, BaCl, reacts with hydroxide to form

‘Ba(OH),, which is dissclved in the hydroxide solution:

BaCl, + 2NaOH -> Ba(OH), + 2NaCl (6)

The Na,TiO; from process (5) reacts with Ba(OH}, pro-
duced in process (6) and forms an indissoluble solid
BaTiO,:

Na, TiO, + Ba{OH), — BaTiQ, + 2NaOH (7

The Gibbs free energy fotlowing the above three steps for
the formation of BaTiQ; at 200 °C is calculated to be
—24.16 Kcal/mol.''? Because the viscosity of hydroxide is
large, the formation of BaTiO; nanostructure is slow and
it is not easy for the nanostructures to agglomerate. This
is likely the key for receiving dispersive single crystalline
nanostructures during the reaction without using organic
surface capping material. The hydroxides mediate the reac-
tion, but they are not part of the final nanostructures.

The second example, Ba, sSr, sTi0; was synthesized to
explore the applicubility of this method for synthesis of
complex perovskites. Following the same procedures as
used for receiving BaTiO, except replacing the raw cation
supplying materials by a mixture of BaCl,, SrCl, and TiQ,
at (1.5, 0.5 and 1.0 mmol, respectively. XRD pattern shows
that the received product is a pure perovskite Ba, ;Sr, s TiO;
phase (Fig. 13(d)). TEM measurement demonstrated that
the powder product is nanocubes with about 3040 nm
in sizes (Fig. 13(e)). EDS measurement shows that the
ratio of the elements in the product is Ba:SriTi = 1:1:2,
demonstrating the controllability in chemical composition.
HRTEM observation proved that Ba, ;Sr;, s T10, nanocubes
are single crystals (Fig. 13(f) and insert}. However, there
are some defects and atomic disorders in the crystal
because strontium and barium share the same sites in
the crystal, which possibly results in substitutional point
defects. For both of BaTiO, and Baj;Sry ;TiO;, the crys-
tal face is clean and sharp, and no amorphous layer is
present, because no organic reagent or capping mate-
rial was introduced during the synthesis. The perovskite
nanocubes with clean surfaces are desirable for investi-
gating ferroelectricity at nano-scale and for building func-
tional components. Figures 13{g-h) are the results of
Ba{Ti. Mn)O;.
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Fig. 13.  Perovskite {a—) BaTiO; and {d-f} Ba,Sr,_, TiO; nanocubes and (g-j) Ba{Ti,Mn, )O, synthesized by the composite-hydroxide mediated
approack. (a) XRD pattern of BaTiO, nanopowder. (b} SEM image of BaTiO, nanocubes; insert is EDS ol the nanocubes showing the presence of Be.
Ti and O. (¢) TEM image of BaTiO; nanocubes. inserts are electron diffraction pawern and HRTEM image of a nanocube, showing its single-crysta)

HRTEM image as well as its electron diffraction patem {insert). Reprinted
© 2006, American Chemical Sociery.

The morphology of the oxide nancbelis can be tuned
‘ by varying the length of reaction time. Figure 15 shows
! the four configuration of BaTiO; nanobelts received by
controlling the reaction time. This experiment demonstrate
the high tunability of the synthesis process.

Ferromagnetic spinel structured complex oxide was
chose as the third example to demonstrate the extensive
applicability of the synthesis method. To synthesize spinel
Fe,0, (Fe**Fe}*0,) nanostructure, a mixture of anfy-
drous FeCl, and Fe,O; at 0.5 mmol each was used as
the raw material for providing Fe®* and Fe’* cations
at the desired atomic ratio. Synthesis temperature and
time were 200 °C and 72 hours, respectively. XRD and
EDS show that the product is cubic Fe,O, (ICPDS 89%-
3854) (Fig. 16(a) and insert in Fig. 16(b)). In the product,
most particles are nanccubes aboul 250 nm in sizes. and
nanocuboids about 250 nm in short sides and 300—400 nm

40

structore, {d} XRD pattern of Ba,Sr,_ TiO; nanopowder. (¢) TEM image of Ba,Sr, |\ TiO; nanopowder: insert is EDS of the nanocubes showing the
presence of Ba, Sr, Ti and O. The Cu signal came from the TEM grid. (f) A single-crysial Ba,Sr,_, TiO, nanocube and its corresponding HRTEM
image (inserl). (g) XRD pauiern of BaTi Ma,_ O, nancpowder. (h) TEM image of the nanostructure. (i) A single-crystal nanostructure and () i

with permission from [109]. H. Liu el al.. Naro Ler. 6. 15333 (2000

in long sides. From ED patterns of single particles, we can
see that the nanocubes and nanocuboids are single crystals.
The faces of the nanocubes are the {100} crystallographic l
planes (Figs. 16(c and d)). The growth direction of the |
nanocuboids is [121] (Figs. 16(e and 1)). |
CoFe, 0, nanocrystals were synthesized as the fourth
example, A mixture of Co(NO;), - 6H.( and Fe,0,
.5 mmol each was used as the raw material, XRD pattern
demonstrated that the product ts cubic CoFe,Q, (JCPDS
22-1086) (Fiz. 16(g)). as supported by EDS microanaly-
sis (insert in Fig. 16(h)). The morphology of CoFe,Q, is
nanobelts with about 20-40 nm in thickness, 150-230 in
width, and more than 20 pm in length {Fig. 16(h)). ED
shows that there are two kinds of belts growing aleng dif-
ferent directions, [121] and [100] (Figs. 16(i. j. k and 1)).
The suggested formation mechanism of ferromagnetic p
MFe,O, (M = Co, Fe, Ni, Co) spinel nanostructures is as

J. Nanosci. Nanotechnol. 8, 2755, 2008
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Fig. 14. Phase diagram of NaGH-KOH. Molting points of potassium
hydroxide is 323 °C. Molting point ol sodivm hydroxide is 360 °C. The
eutectic point at NaOH/KOH = 51.5:48.5 is only ahout 163 °C.

500 nm

Fig. 15. TEM images of BuMnO, grown by the composite-hydroxide

following: mediated approach at disferent time and emperawre. () at 200 °C for 24
. hours. (b} at 200 *C for 120 hours. (¢) at 170 °C for 72 hours and {d) at

MCI, +2NaOH — M(OH)2 + 2NaCl; 200 *C for 120 hours. adding 1 ml water, Reprinted with permission

: from [109], H. Liu et al.. Nano Letr. 6, 1335 (2006). © 2006, American

or M(NO;),+2NaOH — M(OH}, +2NaNO;  (8) Cherical Society.

Fe,0,+ NaOH — Na,Fe, 0. +H,0 C)]
M(OH), + Na,Fe,0, — MFe,0, +2NaOH (10) size and. ?lcclron.lc p-ropergies Opens up many exciting
B -7 ) opportunities ranging from fundamental studies of the rele
of dimensionality on physical properties to potential appli-

5. FUNDAMENTAL PROPERTIES OF cations in nanoscale optoelectronics, sensors, actuators and
) NANOWIRES AND NANOBELTS . other areas. In the section., we will introduce some mea-

surement techniques for quantifying the mechanical, field
The availability of a wide range of oxide NW and NB emission, thermal. electrical and optical properties of indi-
materials with controlled chemical composition, physical vidual NW stroctures.

Iriterizety

Intensity

Fig. 16. Spinel {a—f} Fe,0, nancparticles and {g-1) CoFe, 0, nanobelts synihesized by the composite-hydroxide mediated approach. (a) XRD pattern
of Fe,(3,; (b} SEM image of Fe,Q, nanoparticles, and EDS pallern (inseri). (c) A cube-like nunoparticle and {(d) its electron diffraction pattern.
&) A Fe,0, cuboids and () its diffraction pavern. (g} XRD pattern of CoFe,0, nanobelts. (h) Marphology of the nanobelts and the corresponding
EDS speetrum (insert) showing the presence ol Co. Fe and O. The Si signal came from the TEM grid and holder. (i) A single-crystal nunobelt growing
abong | 121] and (j) its electren diffraction pattern. (k) A nanobelt growing along | 100] and (1) its electron diffraction patiern. Reprinted with permission
from [109]. H. Liu et al.. Nano Lett. 6. 1535 (2006}, © 2006, American Chemical Society.
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5.1. Mechanical Properties of Nanobelts
and Nanowires

3.1.1. In-Sifu Resonance of a Nanobelf

Atomic force microscopy {AFM) is powerful in character-
izing the mechanical properties of nanostructures. Using
the tip of an AFM to deflect a carbon nanotube, the dis-
placement of the nanotube is directly related 1o the force
acting on the tip, from which the Young’s modulus of a
carbon nanotube was measured.!'’ Bused on the electric-
field-induced resenant excitation, an alternative technique
has been developed for measuring the mechanical prop-
erties of individual nanowire-like structures by in situ
transmission electron microscopy (TEM)."'*''* Using this
method, Mechanical properties of carbon nanotubes, 1% 1#
silicon nanowires,'' and silicon carbide-silica composite
nanowires''> have been quantified.

To carry out the mechanical property measurements of
a nanobelt, a specimen holder for a Hitachi HF-2000 TEM
(200 kV) was built for applying a voltage across a nanobelt
and its counter electrode. Mechanical resonance can be
induced if the applied frequency matches the natural res-
onance frequency of the nanobelt. Due to the mirror sym-
meiry of the nanobelt (Fig. 17(a)), there are two distinct
fundamental resonance frequencies corresponding to the
vibration in the thickness and widih directions, which are

where 3, = 1.875 for the first harmonic rescnance; £
and E_ are the bending modulus if the vibration is along
x-axis (thickness direction) and v direction (width direc-
tion), respeciively; p is the density, L is the length, W is
the width and 7 is the thickness of the nanobelt. The two
modes are decoupled and they can be observed separatelv
in experiments.

Changing the frequency of the applied voltage. we found
two fundamental frequencies in two orthogonal directions
transverse Lo the nanobelt.''” Figures 17(b and ¢) show the
harmonic resonance with the vibration planes nearly per-
pendicular and parallel to the viewing direction, respec-
tively. For calculating the bending modulus, it is critical to
accuralcly measure the fundamental resonance frequencs
{v,) and the dimensional sizes (L and T or W) of the inves-
tigated ZnO nanobelts. To determine »,, we have checked
the stability of resonance frequency o ensure one end ol
nanobelt is tightly fixed. and the resonant excitation have
been carefully checked arcund the half value of the reso-
nance frequency. The specimen holder can be rotated about
its axis so that the nanobell can be aligned perpendicu-
lar to the electron beam, so the real length (L) of the
nanobelt can be measured. The projection direction along
the beam is determined by electron diffraction pattern.
so that the true thickness and width can be determined
because the normal direction of the nanobelt is [2110].
Based on the experimental data, the bending moduli of the
ZnQ nanobelts can be calculated using Egs. (11) or (12).""
The bending modulus of the ZnO nanobelts was ~52 GPa.
Our experiments clearly shows that the nanobelt can be
effective nanoresonators exhibiting two orthogonal reso-
nance modes, which can be used as probes for SPM oper-
ated in tapping and scanning modes,

given from the classical elasticity theory as''

g7 [E

v, = - 11

= i 3 (11)
w [E

v, = A, e (12)

T 4wl 3p

)] (b} (c)

(d)

Fig. 17. Meusuring the bending modulus of a nanohelt. (a) Geometrical shape of a nanobelt. (b} A-ZnQ nanobell at stationary. {¢. d) Mechanic]
resonance of the nancbelt along two orthogonal directions, respectively, closely perpendicular to the viewing direction (#, =22 KHz). and nearls
parallel to the viewing direction (#, = 691 KHz). Reprinted with permission from [117], X. D. Bai et al., Appl. Phyvs. Lerr. 82, 4806 {2003). © 2003

American Institute of Physics.
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5.1.2. Mechanical Behavior of Aligned
Nanowire Array

For the aligned ZnO NWs, we have recently demon-
strated an AFM based technique for measuring the elas-
tic propertics of individual ZnO NW without destructing
the specimen.“g By simultaneously recording the topogra-
hy and lateral force image in AFM contact mode when
the AFM tip scans across the aligned nanowire arrays,
the elastic modulus of individwal NWs is determined. This

——

A

|_ateral force

()

[

III

technique allows a measurement of the mechanical prop-
erties of individual NWs of different lengths in an aligned
array without destructing or manipulating the sample.
The principle for the AFM measurement is illustrated
in Figure 18(a). In AFM contact mode, a constant normal
force is kept between the tip and sample surface. The tip
scans over the top of the ZnO NW and the tip’s heiglt
is adjusted according to the surface merphology and local
contacting force. Before the tip meets a NW, a small lateral

(b)

Zz range: 1.099 um

\Vf V‘UT
0 2 ] ?um) 6 8

= 900 (e)
£
2 600
o
2 )
2 300
o
0 A AP
0 4 6 8
X {um)

Fig. 18, {a) Prucedures for measuring the elastic modulus of aligned nanowire arrays in the AFM contacling mode. {b} Tepography image and (¢) lateral
foree image of the aligned ZnO NWs received in AFM contacting mode. {d, ¢) Line scanning profile aiong the dashed lines in b and ¢, respectively.
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force is observed (Fig. 18(a)-I). When the tip comes in
contact with a NW, the lateral force increases almost lin-
early as the NW is elastically bent from its equilibrium
position (Fig. 18(a)-1I and IL[). At the largest bending
position, as illustrated in Figure 18(d). the tip crosses
the top of the NW, then the NW is released; the lat-
eral force drops suddenly and reaches the ordinary level
(Fig. 18(a)-V).

The elastic modulus is derived based on the follow-
ing calculation. When a vertical NW experiences a lateral
force f parallel to the scanning direction, the force f can
be expressed as: : .
f=3EI5 (13)
where £ and / are the elastic modulus and momentum of
inertia of the NW, x is the lateral displacement perpen-
dicular to the NW, and L is the length of the NW. From
Hook’s law, the spring constant is K = f/x. For a ZnO
NW with a hexagonal cross-section, its momentum of iner-
tin is £ = (5(3*)/16)a*, where a is the radius of the NW.
Therefore, the elastic modulus is given by:

Ef

|95)

_lel’K

g 15 3a* (14)
The displacement and the lateral force were determined
from the topography image and the corresponding lateral
force image, as shown in Figures [8(b and c), respec-
tively. To ensure that the center of the conical tip touches
the center of the NW as assumed in theoretical calcula-
tion, both curves were read from the center of the NW
as indicated in the images by dashed lines. Taking a line
scan across the middle point of a spot in the topography
image, a curve for the scanper retracting distance as a
function of the NW lateral displacement was obtained, as
shown in Figure 18(d). Likewise, the maximum maximal
lateral force for bending the NW was measured by taking
a scanning profile at the corresponding line in the lateral
force image (as indicared in Fig, 18(e)}). Combining the
measured x,, and f,, from the two line profiles, the spring
constant K = f,,/x,, was obtained. For the ZnO nanowires
grown on sapphire surfaces with an average diameter of
435 nm, the elastic modulus was determined to be 29+ §
GPa. This technique provided a direct observation on the
mechanical properties of aligned NWs. which is of great
importance for their applications in electronics, optoelec-

tronics, sensors, and actuators.

5.1.3. Mechanical Properties of Bridged Nanobelt

Atomic force microscopy (AFM) is a common tech-
nique for characterizing the mechanical behavior of
nanostructures.''” 1 One of the most important strategies
is deforming a NW that is supported at the two ends
using an AFM tip, which pushes the NW at its mid-
dle point. Quantifying the middle-point force-displacement

44

curve gives the elastic modulus. The accuracy of thix
measurement is, however, limited by the size of the tp
and the accuracy of positioning the AFM dp right a
the middle of the 1D panostructure due to the unavoid-
able hysteresis of the piezoceramic actuator of the AFM
cantilever. We have demonstrated a new approach for
guantifying the elastic deformation behavior of a NW
by fitting the image profile measured wsing atomic force
microscopy (AFM}) in contact mode along the entire length
of a bridged/suspended NB/NW/ nanotube under differ-
ent load forces (Fig. 1%(a)).'*! The profile images of
the NB recorded the deformation of all of the poims
along its length under different applied forces (Fig. 19(b):.
One profile could contain up to 630 points, and each

‘point on the suspended portion of NB in the images can

500 nm
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Fig, 19. {a) SEM imagc of one NB bridged over a wench. (b} The
normalized AFM image profile after removing the surface roughness by
subtracting the curve acquired at |06 nN: the force is also normalized in
reference to the “zere setting point” of 106 nN. (¢) Curve fitting using

- the CCBM and FFBM for the image profiles of NB 1 acquired under

normalized force of 183 nN. Reprinted with permission from [121]. W. J.
Mai and Z. L. Wang, Appl. Phys. Lerr. 89, 073112 (2006). © 2006.
American Institute of Physics.
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pe regarded as a mechanical measurement. Consistently
fitting the measured deformation profiles can uniguely
determine if the measured data are best fit by either the
clamped-clamped beam model (CCBM) or the free-free
beam madel (FFBM) without pre-assumption (Fig. 19{(c)).
and it eliminates the uncertainty in defining the central
point of the suspended beam, thus, greatly increased the
precision and reliability of the meuasurement for elastic

modulus.

5.2. Field Emission Properties-
5.2.1. Emission Charaéteristics of Aligned Nanowires

The sharp geometrical shape of nanotubes and nanowires
indicales that they might be ideal object for superior field
emission. The growth of aligned nanotubes and nanowires
has stimulated a great interest in exploring the applica-
tions of 1D nanostructure for field emission. The unique
geomelrical shape of nanobelts is ideal for field emission.
Nanowires of refractory materials'* '** are potential can-
didates for field emission applications.

1n this section, we use aligned Mo, MoO, and MoO,
nanowires as examples o illustrate the field emission char-
acteristics of NWs.!? The NW arrays were grown by a
solid vaporization of metal powders (see the SEM image
shown in Fig, 20). The field emission measurements were
carried out in a vacuum chamber of ~2.0 x 1077 Torr at
room temperature. The nanowire arrays were first adhered
using silver paint to the surface of an oxygen-free high
conductivity copper. A transparent anode consists of a
quartz plate of 4 cm in diameter coated with conducting
tin oxide film was placed in front of and parallel to the
surtace of the sample cathode. Figure 20 shows the plots
of field emission current versus applied electric field of
the metallic Mo, MoQ, and MoQ; nanowire arrays. We

0, 9 — & —MohWs
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Fig. 20, Field emission current versus clectric field (/—E) plots of the
Mo, MoO, and MoQ, nanowire arrays and their corresponding F-N plots
{inset). The SEM image on right-hand side is aligned Mo nanowires
(CUur[esy of Dr. Jun Zhou and Prof. N. 5. Xue, Zhongshan University).
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determined from the plots their field emission turn-on field
(E,) and threshold field (Ey,), which are defined 1o be the
macroscopic fields required to produce a current density
of 10 wA/em?® and 10 mA/cm?, respectively. The £, of
Mo, MoQ, and Mo(); nanowire arrays are 6.24 MV/m,
5.60 MV/m and 7.65 MV/m, respectively. Nanowires of
Mo oxides have better ficld emission performance than the
metallic Mo nanowires, Therefore, it is not necessary G

" concern about the oxidation of the nanowires.

The emission characteristics were analyzed using
the Fowler-Nordheim (F-N) theory: J o (E’B*/®) x
exp(—B®'/EB), where J is the emission current den-
sity, £ is the applied field (E = V/d), P is the work
function, B is the enhanced factor, and 8 = 6.83 x 10°

T (VeV™¥2ym~').'¥ By plotting In(J/E?) versus 1/E, a
y

straight line can be obtained (insertion in Fig. 20). The
linearity of these curves implies that the field emission
from these nanowire arrays following the F-N theory. By
using the work function of bulk Mo (4.24 eV), the 5 of
our Mo nanowire arrays was calculated to be about 4400,
which is high enough for various applications of field
emission.

5.2.2. Work Function at the Tip of
a Nanowire/Nanobelt

The workfunctions published in the literature are for
bulk surfaces that do not have a curvature. For nanowire
based materials, such as Zn0.'*® it is the workfunc-
tion at the tip of the nanowire that matters to the field
emission. In this section, we demonstrate a technique
for measuring the workfunction at the tip of a single
nanotube/nanowire.!*””® The measurement was done by
in-situ TEM. Figure 21{a} shows is a low magnification
TEM image showing the experimental technigue for the
measurement of the workfunction at the tip of a Zn0
nanobelt. One end of a nanobelt was electrically attached
to a gold wire, and the other end faces directly against a
gold ball. Because of the difference in the surface work
function between the ZnQ nanobelt and the counter Au
ball, a static charge (J, exists at the tip of the nanobclt
to balance this potential difference. The magnitude of @,
is proportional to the difference between work function
of the nancbelt tip (NBT) and the Au electrode, @, =
oy, — dygr), where a is related to the geometry and
distance between the nanobelt and the electrode.

The measurement is based on the mechanical resonance
of the nanobelt induced by an externally alternative elec-
tric field. ZnO nancbelt can be regarded as a vibration
cantilever clamped at one end. Experimentally, a con-
stant voltage V), and an oscillating voltage V, cos27fr
are applied onto the nanobelt (Fig. 21(a)), where f is the
frequency and V,, is the amplitude. Thus, the total induced
charge on the nanobelt is

Q = 0y + ae(Vy + V,.cos 2af1) (15)
45
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Fig. 21. (a) Experimental set up for measuring the work function at the
tip of a ZnO nanobelt (scc text). (b) A plot of vibration amplitede of a
Zn0 nunobelt as a functien of the applied direct current voltage, from
which, the effset voltage V,, =0.12 V.

The force acting on the nanobelt is proportional to the
square of the total charge on the nanobelt

F= B[QU + 05(3( Vdc + Vac cos ZTTfI)]z
= &’ Bll(da, — Oapr +eVy ) + V2 /2]
+ 26V, (s, — Pupr +eVy ) cos2aft

+e*V2 /2 cosdarfr) (16)
where £ is a proportional constant. In Eq. (15), the first
term is constant and it causes a static deflection of the
ZnO nanobelt. The second term is a linear term, and the
resonance occurs if the applied frequency f is tuned to
the intrinsic mechanical resonance frequency f, of the
ZnO nancbelt. According to vibration theory and with con-
sideration the rectangular cross-section of the nanobelt,
mechanical resonance could be along the thickness or
width direction. The last term in Eq. (16) is the second har-
monics. The most important result of Eq. (16) is that, for
the linear term, the resonance amplitude A of the nanobelt
is proportional to V, (¢, — Punr + V).
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The principle of the measurement is as follows. We first
set V. = 0 and tune the frequency f to get the mechanical
resonance induced by the applied oscillating field. Second.
under the rescnance condition of keeping f = f; and V,,
constant, slowly change the magnitude of V. from zero to
a value Vg, that satisfies ¢, — @dupr +eVyep = 0. At this
moment, the resonance amplitude A becomes zero although
the external AC voltage is still in effect. Therefore, the
work function at the tip of ZnO nanobelt is ¢y = ¢ay +
eV, while ¢, = 5.1 eV.*! Figure 21(b) is a plot of the
vibration amplitude A of the nanobelt as a function of the
applied direct current voltage V., from which the value
for v, is determined. The dual-mode resonance of the
nanobelts have been observed experimentally.® It is impor-
tant to point out that it does not matter which resonance
direction/frequency one chooses, either along the thickness
or width direction, the measured Vo Temains the same,

To investigate the dependence of the work function
of ZnO nanobelts on the size of their cross-section, i.e..
the width W and thickness 7 of the nanobelis, we mea-
sured the geometrical size of the nanobelts from which
the work function was measured. Using the projected
dimeénsion measured from the TEM image and the ori-
entated angle determined from the corresponding elec-
tron diffraction pattern, the geometrical parameters of the
nanobelis are obtained.?? The work function at the tip of
the ZnO nanobelt is around 3.2 eV, and shows no sig-
nificant dependence on the cross-section size of the ZnO
nanobelts. The technigue demonstrated here can be applied
to any type of nanowires/nanotubes.

5.3. Heat Transfer Through a Nanobelt

Heat transfer at nanoscale is a very interesting and tech-
nologically important area. With the decrease of ohject
size, phonon modes and phonon density of states change
drastically, resulting in unusual thermal transport phenom-
ena in mesoscopic systems. Theoretical investigation ol
thermal conductance in a one dimensional nanowire pre-
dicted guantum effect at very low temperature: G, =
72k T /3k.'* Experimental measurement has proved the

‘prediction.'™ Thermal (ransport along a single SnO,

nanobelt has also been carried out (Fig, 22(a)).'"" Thermal
contact micro-pads have been fabricated using lithography
technique. The thermal conductance across the nanchelt
was measured as a function of the local temperature is
given in Figure 22(b). The thermal conductivity of the
nanobelts is significantly suppressed in comparison to bulk

- due to increased phonon-boundary scattering and modified

phonon dispersion.'* This size effect can lead to localized
heating in nanoelectronics,'™ but may find potential use
for improving thermoelectric performance.,

5.4. Gas Sensors

Conductometric metal oxide semiconductor thin films are
the mosl promising devices among solid state chemical

J. Nanosci. Nanotechnol. 8, 27—55, 2008
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Fig. 22. (2) A microfabricated device for meusuring the thermal con-
ductivity ol nanotubes, nunowires, and nancbeits. {b) Thermal conductiv-
ity of a 53 nm thick SnO, nanobelt as a function of lemperalure. Circles:
measurement results: Lines: calculation results using the full dispersions
transmission function approach with FL = 10,5 am, 14.8 nm, 21 nm,
297 nm. and 42 nm, respectively for the five curves in the order of
increasing thermal conductivity. where L is the characteristic length of
the syslem. F is a parameter representing specularity of phonon reflection
at the boundaries. Reprinied with permission from [131], L. Shi et al.,
Appl. Phys. Lent. 84, 2638 (2003). © 2003, American Institute of Physics.

sensors, due to their small dimension, low cost, low power
consumption, on-line operation and high compatibility
with microelectronic processing. The fundamental sensing
mechanism of metal oxide based gas sensors relies on a
change in electrical conductivity due to the interaclion pro-

cess between the surface complexes such as O™, O;, HY .

and OH™ reactive chemical species and the gas molecules
to be detected. '

Although a large number of different oxides have been
investigated for their gas sensing properties, commercially
available gas sensors are mainly made of SnQ, in the form
of thick films, porous pellets or thin films. The effects of
the microstructure, namely, ratio of surface area to volume,
grain size and pore size of the metal oxide particles, as
well as film thickness of the sensor are well recognized.
Lack of long term stability has until today prevented a
wide range application of this type of sensors. Nunobelts
Qf semiconducting oxide, with a rectangular cross section
n a ribbon-like morphology, are very promising for sen-
sors due to the fact that the surface to volume ratio is
very high, the oxide is single crystalline, the faces exposed

Jd. Nanosci. Nanotechnol. 8, 27-55, 2008

to the gaseous environment are always the same and the
size is likely to produce a complete depletion of carriers
inside the belt.’** Beside the deposition technique is very
simple and cheap, the size and shape can be easily con-
trolled. In the polycrystalline and thick film devices, onty
a small fraction of the adsorbed species adsorbed near the
grain boundaries is active in modifying the device electri-
cal transport properties. In the new sensors based on single

‘crystalline nanobelts, almost all of the adsorbed species

are active in producing a surface depletion layer. Free car-
riers should cross the belts bulk along the axis in a FET
channel-like way. Beside, since the size of the depletion
layer for tin oxide, due to oxygen desorption, penetrates
50 nm or more through the bulk, the belts are probably

“almost depleted of carriers as a pinched-off FET because

of belt thickness is typically less than 50 nm. The presence
of poisoning species should switch the structures from
pinched-off to conductive channel, strongly modifying the
electrical properties. A further reduction of belt size could
envisage the development of quantum confined siructures
and nanodevices.

For the fabrication of sensors, a platinum interdigitative
electrode structure was made using lithography and metal
deposition technique on an alumina substrate. A platinum
heater was attached to the backside of the substrate in
order to control the working temperature of the sensor
Then, a bunch of nanobelts was placed onto the electrodes
for measuring their electric conductance, and a proper
measure was taken to ensure the contact of the nanobells
with the electrodes. The flow-through technique is used
to determine the gas-sensing properties of the thin filins.
A constant ftux of synthetic air equal to 0.3 1/min, mixed
with the desired amount of gaseous species, flows through
a stabilized sealed chamber at 20 °C, atmospheric pres-
sure and controlled humidity. Electrical characterization
was carried out by a volt-amperometric technique at con-
stant bias of 1 V, and a picoammeter measured the change
of electrical current.

Figure 23(b) reports the isothermal response of the cur-
rent flowing through the tin oxide nanobelt (Fig. 23(a))
when it was exposed to NO, gas of various concentrations.
Figure 23(c) is the sensor response to the exposure of ppb
level of dimethyl methyl phosphonate {DMMP), a nerve
agent stimulant, show superior sensitivity to the gas.'”

5.5. Stability of Nanobelt FET

The as-grown Zn0 nanostructure is naturally n-type semi-
conductor and its electronic property strongly relies on
the oxygen deficiency and distribution in the structures.
Therefore, investigation of oxygen diffusion was per-
formed on a ZnO nanobelt device® For this purpose,
a ZnO nanobelt was placed between two Au electrodes
and subsequently'coated by a 50-nm Si;N, layer to iso-
late ZnQ nanobelt from contacting the atmosphere. Half
of the deposited Si;N, was then milled off by focus ion
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Fig. 23. Field effect transistor based gas sensors made using single
nanobel:. and its application for detecting NO, DMMP. Reprinted with
permission from [135], C. Yu et al., Appl. Phys. Letr. 86, 063101 (2005).
© 2005. American Institute of Physics.

beam (FiB) for oxygen absorption, as shown schematically
in Figure 24{a). The current-voliage characteristic of the
Zn0 nanobelt device (inset of Fig. 24(b}) is then mea-
sured on a daily basis throughout one week, The measured
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Fig. 24. (a) Schematic of ZnO nanowire placed on pre-patterned Au
electrodes after Si;N, deposition. (b) Conductivity change of Zn()
nanowires over time. The inset shows the SEM image of the devico
(c) Mustration of curve fitting (o determine the oxygen diffusion coefti-
cient. The continuous lines represent the simulated results while the doi
represent the experimental results. The inset shows stmulated oxygen
distribution on the eighth day after ion milling process.

conductivity change on two such samples as a function ot
lime is shown in Figure 24(b). It was found that the con-
ductivity almost dropped linearly with the increasing of
days when the ZnQ nanobelt was exposed in air.

In order to explain the behavior of the observed con-
ductivity change, a simulation of the oxygen diffusion was
constructed by assuming:

(1) a uniform distribution of defects along the nanobelt’s

volume; .

(2) oxygen moelecules adhered to the surface of ZnO broke
down to single oxygen atoms, which remained the same
molecular concentration as the oxygen moalecule in atmo-
sphere; and .

(3) no oxygen diffuscd through the Si;N, insulating layer.
The inset of Figure 24(c} illustrates the oxygen concen-
tration distribution profile on the eighth day. Based on
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semiconductor theory, the conductivity in n-type ZnO can
be given by:

Ao(r) = =2e.u® AC,(1)

where Ac () is the conductivity change of ZnO as a func-
rjon of time, e is the charge of an electron, f, is the
electron mobility in ZnO and AC,(1) is the concentration
change of oxygen vacancies due to diffusion. AC,(¢) could
be obtained from simulation, and g, is known for ZnO
nanowire/nanobelt through a previeus measurement to be
around 17 cm*/V-s.% So it is possible to plot a curve of
conductivily versus time change as shown in Figure 24(c).
By comprising the experimentally measured conductivity
and that simulated using finite element analysis (FEA}, we
were able to derive the diffusion coefficient of oxygen in
7n(} nanowires/nanobelts.

5.6. Optical Property

Optical properties of NWs and NBs are important for
many of their technelogical applications. We have recently
grown ultrasmall nanobelts with the VLS growth using
a novel catalyst.'*® Instead of using dispersive nanoparti-
cles as the catalyst for seeded growth, a uniform thin film
{~10 nm} of tin was coated on the silicon substrate. The
Zn0 nanobelts produced by the tin film catalyst are rather
narrow, thin and uniformr (Fig. 25(a)). Electron diffrac-
tion pattern and high-resolutien TEM image show that the
nanobelts grow along [0001], its top surfaces are {2110)
and the side surfaces are (0110). The average diameter
of the nanobelts is 5.5 nm with a standard deviation of
+1.5 nm, indicating a very good size uniformity.

To examine the size induced quantum effect of the
ulira thin ZnO nanobelts, photoluminescence (PL) mea-
surernents were performed at room lemperature using a Xe
lamp with an excitation wavelength of 330 nm (Fig. 25(b)).
In comparison to the PL from nanobelts of an average
width of ~200 nm, the 6 nm nanobelts have a 14 nm
shift in the emission peak, which possibly indicate quan-
twm confinement due to the reduced size of the nanobelts.

37. Crossed Nanowire pn Junction

p-n photodiode is an alternative form of photoconductor
and can be constructed with crossed nanowires.!*” %% By
combining with wide bandgap materials, such as ZnO,
Sn0,, and ZnS, the whole range of light from ultraviolet to
the near infrared can be effectively absorbed by this kind
of photodiode. We report the performance of a protolype
lanoscale photodiode based on the crossed structure of a
Ptype Zn;P, NW with an n-type ZnO NW.'* In order
0 form the required nano heterojunction, we aligned a
03P, NW between two Au electrodes and fixed it with
Pt metal via a FIB, which can improve the contact. After
that, 4 ZnO NW was aligned perpendicular to Zn;P, NW

J. Nanosci, Nanotechnol. 8, 27-55, 2008
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Fig. 25. {a) Low magnification TEM image showing the size unifor-
mity of ZnO nanobcelts. (b) Photoluminescence specira acquired from
the W =200 nm-wide ZnQ nanobelts and the W =6 nm-wide ZnC
nanohelts. Reprinted with permission from [I136]. X. D. Wang et al..
J. Phys. Chem. B 108, 8773 {2004). © 2004, American Chemical Society.

by diaphoresis technique and connected to another pair
of Au electrodes via Pt deposition by FIB microscopy.
The final structure and schematic diagram are illustrated
in insets of Figure 26(a). The composition of the two NWs
is confirmed with EDS and an chmic contact is achieved
individually for both ZnQO and Zn;P,.

The photon response of the photodiode to different
lights is shown in Figure 26(b) in which we applied a
fixed reverse bias of 5 V and turned on and off green light
(523 nmy}, red light (680 nm), and the white light lamp seri-
ally. Green light produces the highest (~13) on/off ratio as
expected. Interestingly, the dim white light also produces
an on/off ratio (~3) which is significantly greater than one,
indicating the high sensitivity of the photodiode to visi-
ble Jights. Furthermore, the response time for all tested
lights is below one second. The very nice performance of
the diode may result from the following advantages. First
of all, the top Zn0O NW has a wide band gap and the
light from infrared to violet can penetrate easily with min-
imum energy loss. Second, the depletion region is mostly
located at Zn,P, NW side so that electron-hole pairs can
be generated by a wide light range from 380-800 nm, and
significant generation current enhancement results. Finally,
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Fig. 26. (a) J-V curve for ZoO/Zn,P, nanoscale heterojunction al
reverse and forward bias. Inset shows the prototype of the nanodevice,
in which a ZnO NW was placed on top of a Zn,P. NW. (b) The un/off
ratio as a function of the time under red {680 nm), green (523 nm), or
white light illumination, respectively. The inset is the schematic of the
device. Reprinted with permission from {139], R. S. Yang et al., Nano
Leit, 7, 269 (2007). © 2007, American Chemical Society.

the large minority diffusion length of Zn,F, enables more
photon generated minority carriers in the neutral region
to diffuse into the depletion region and results in a large
on/off ratio and high sensitivity as well. The high sensi-
tivity, quick response and nanoscale size can benefit the
Zn0/Zn;P, nanoscale heterojunction as a candidate for a
high efficient and spatial resolved photon.

5.8. Piezoelectric Properties

Piezoelectricity is due to the atomic scale polarization. To

illustrate the piezoelectricity, one considers an atom with a

positive charge that is surrounded tetrahedrally by anions
(Fig. 27(a)). The center of gravity of the negative charges
is at the center of the tetrahedron. By exerting a pressure on
the crystal along the cornering direction of the tetrahedron,
the tetrahedron will experience a distortion and the center
of gravity of the negative charges will no longer coincide
with the position of the positive central atom, an electric
dipole is generated. If all of the tetrahedra in the crystal
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Fig. 27. (a) Schemaiics showing piezoeleciric effect in tetrahedral:
coordinated cation-anion unit. {b) Experimentally measured piezoclectriz
cocfficient o, for ZnO and its comparison to that of the bulk (The expe:-
iments were carried out by Prof. Scott Mao and Minhua Zhao. Universit
of Pittshurgh). )

have the same orientation or some-other mutual orientation
that does not allow for a cancellation.among the dipoles, the
crystal will have a macroscopic dipole. The two opposite
faces of the crystal have opposite electric charges.

The piezoelectricity refers to a reverse process in which
a contracticn or elongation is created to the crystal once
it is positioned in an electric field. Crystals can only be
piezoelectric if they are non-central symmetric to ensurc
the non-compensation among the dipoles created by the
tetrahedra. Piezoelectric effect can convert a mechanical
vibration into an electric signal or vice versa. It is widel
used in resonators, controlling tip movement in scanning
probe microscopy, sensors for vibration waves in air and
under sea etc. '

Piezoelectricity is an intrinsic property of Zn0Q. and
the piezoelectricity is not induced by the polar surfaces.
The magnitude of the piezoelectric effect depends on the
growth direction of the nanobelt. The piezoelectric coeffi-
cient of ZnQ nanobelt has been measured by atomic force
microscopy using a conductive tip."*? After coating (100)
Si wafer with a 100 nm Pd, ZnQ nanobelts were dis-
persed on the conductive surface. Then the whole surface
was coated with another 5 nm Pd coating, which served
as an electrode on Zn0 nanobelt to get uniform electric
field and avoid electrostatic effect. Extra care was taken to
ensure that top and bottom surtace of the nanobelt was nuoi
short circuited after Pd deposition. The ZnQO nanobelt wax
located by a commercially available AFM under tapping
made. Piezoresponse force microscopy (PFM) is used o
measure the effective piezoelectric coefficient (d;) of indi-
vidual (0001) surface dominated zine oxide nanobelt lying
on conductive surface. Based on references of bulk (G001
ZnO and x-cut quartz, effective piezoelectric coefficient
dy; of ZnO nanobelt is found to be frequency dependent
and varies from 14.3 pm/V to 26.7 pm/V (Fig. 27(b).
which is much larger than that of the bulk (0001) ZnQ
of 9.93 pm/V. The results project the applications of Zn(
nancbelts as panosensors and nanoactuators.
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5.9, Nanogenerators and Nano-Piezotronics

7n0 is a unigue material that simultaneously exhibits
semiconducting and piezoclectric properties. The coupling
of these two properties can realize some unigue functions
that can never been achieved by other materials. In this
section, we will introduce nanogenerators based en aligned
7n0) NWs exploring those novel functions.

Using piezoelectric Zn() NW arrays, we have discov-
ered an innovative phenomenon on converting nano-scale
mechanical energy into electric energy.™"'** The measure-
ments were performed by AFM using a Si tip coated with
pi. In the AFM contact mode, a constant nermal force of
5 nN was maintained between the tip and sample surface.
The tip scanned over the lop of the ZnO NWs, which were
thus bent and then released. The output voltage across an
outsice load of resistance R = 500 M{) was continuously
monitored while the tip scanned over the nanowires, as
shown in Figure 28(a). Meanwhile, the correspending out-
put voltages across the load were recorded. In the output
voltage image shown in Figure 28(b), many sharp output
voltage peaks (like discharge peaks} have been observed,
which are typically about 4-50 times higher than the noise
level and Most of the voltage peaks were ~6-9 mV in
height. The density of NWs contacted by the tip was
counted to be ~20/um®, and the average density of NWs
whose voltage output events had been captured by the tip
is ~8/um?, thus ~40% of the NWs were congacted.

Fig. 28. (a) Experimental set up and procedures for generating electric=
ity by deforming a piezeclectric NW using a conductive AFM tip. The
100l of the NW is grounded. and an external ioad of R = 500 M(1 is
applied, which is much larger than the inner resistance Ry of the NW. The
AFM seans across the NW arrays in contact mode. (b) Quiput voltage
image of the NW arrays when the AFM tip scans across the NW arrays,
The discharging process is so quick that each discharge event is character-
ized by oniy a couple of data points. This gives a difficulty ol displaying
the data by rainbow color. Reprinted wilh permission from [14}, Z. L.
Wang and I. 1. Song. Science 312. 242 (2006). © 2006, AAAS,
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The physical principle for creating the piezoelectric dis-
charge energy is related to the uniquely coupled piezo-
electric and semiconducting dual properties of ZnO. For
a vertical straight ZnO NW (Fig, 2%a}), the deflection of
the NW by AFM tip creates a strain field, with the outer
surface (right-hand side) being stretched (positive sirain &)
and inner surface (right-hand side) compressed (negative
strain £) (Fig. 23(b)). Due to the clectric-mechanical cou-

“pling characteristic of ZnO, electric field E_ along the NW

(z direction) will be created inside its volume due to piezo-
electric effect, E. = &_/d, where dy; is the piezoelectric
coefficient along the nanowire direction that is normally
the positive c-axis with Zn atomic layer being the front
terminating layer.® The piezo-electric field direction is
closely parallel to the z-axis (NW direction) at the outer
surface and anti-parallel to the z-axis at the inner surface

(b} (d)

Fig. 2%, Physical principle of the observed power generation process of
a piezoelectric ZnO NW. showing a unique coupling of piczoelectric and
semiconducting properties in this metal-semiconducior Schottky barrier
governed transport process, (a) Schematic definition of a NW and the
coordination system, (b) Longitudinal strain £ distribution in the NW
afier being deflected by an AFM tip from the side. The data was simu-
iated by FEMLAB for a ZnO NW ol fength 1 um, aspect ration of 10.
{¢) The correspording longitudinal piezoelectric induced electric field £,
distribution in the NW. {d} Potential distribution in the NW as a result
ol piczeelectric elfect. The dashed box indicates the area to be examined
in details in (e, f). {c, f) Metal and semiconductor contacts between the
AFM tip and the semiconductor ZnO NW al two reversed local cantact
potentials (positive and negalive), showing reverse and. forward biased
Schottky rectifying behavior, respectively (see text). Jt is this oppositely
biased Schottky barrier across the NW makes it possible to preserve the
pieroelectric charges and later produce the discharge output. Inset is a
typical /-V characteristic of a metal-semiconductor {#-type) Schouky
barrier. The process in (e) is built up the potential; the process in (f) is
10 discharge the potential. Repriated with permission from [141], Z. L.
Wang and F. H. Song. Science 312, 242 (2106). © 2006, AAAS.
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(Fig. 29{c)). Under the first order approximation, across
the width of the NW at the top end, the electric potential
distribution from the left-hand side surface (compressed)
to the right-hand side surface (stretched) is approximately
between V.~ to V*. The elecirode at the root of the NW is
grounded. The potential is created by the relative displace-
ment of the Zn’t cations with respect to the O*~ anions
due to piezoelectric effect in the wurtzite crystal structure;
thus, these ionic charges cannot freely move and cannot
recombine without releasing the strain (Fig. 29(d)}. The
potential difference is maintained as long as the deforma-
tion is in place and no foreign free charges (such as from
the metal contacts) are injected.

In experimentat design, the contacts at the top and
the root of the NW were non-symmetric. The contact
at the bottom was between ZnQ and silver paste, which
was Ohmic. At the tip of the NW, however, the contact
between Pt and ZnO was Schottky, which dominates the
entire transport process. In the first step, the AFM con-
ductive tip that induces the- deformation is in contact with
the stretched surface of positive potential V7 (Figs. 29(d
and ¢)). Since the Pt metal tip has a potential of nearly
zero, V,, = 0, the metal tip-ZnQO interface is negatively
biased for AV =V, — V' < 0. With consideration the
n-type semiconductor characteristic of the as-synthesized
ZnQ NWs, the Pt metal-ZnO semiconductor (M-S) inter-
face in this case is a reversely biased Schottky diode
{(Fig. 29(e)), resulting in little current flowing across the
interface. In the second step, when the AFM tip is in con-
tact with the compressed side of the NW (Fig. 29(1)), the
metal-ZnO interface is positively biased for AV =V, =
V,— V. > 0. The M-S interface in this case is a positively
biased Schottky diode, resulting in a sudden increase in
the output electric current, e.g., a sharp increase in out-
put voltage V, (positive). The current is the result of AV
driven flow of electrons from the semiconductor ZnO NW
to the metal tip. The flow of the free electrons from the
loop through the NW to the tip will neutralize the ionic
charges distributed in the volume of the NW and thus
reduce the magnitude of the potential V" and V. There-
fore, the output voltage V, starts to drop and reaches zero
until all of the ionic charges in the NW are fully neutral-
ized. It is also important to note that the discharge oceurs
when the NW is bent nearly to the maximum deflection
according to the model, which is in agreement with the
observation. The principle demonstrated here is the fun-
damental mechanism of nano-piezotronics, a new field of

utilizing piezoelectric effect for fabricating unique and

novel electromechanically coupled electronic devices and
components.

6. BIOCOMPATIBILITY AND
BIODEGRADABILITY

In parallel of exploring the exciting physical and chermn-
ical properties of NWs and NBs, it is also required to
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study their bio-safety, biocompatible and bio-degradability
But very limited literatures are available. Recently, we
present the first study on bio-degradability and biocom-
patibility of ZnO wires/belts.* A systematic study abou
the etching and dissolving behavior ZnO wires in variou-
solutions with moderate pH values, including deionized
water, ammeoenia. NaOH solution, and horse blood serum.
The result shows that ZnO can be dissolved by deionized
water (pH ~ 4.5-3.0), ammonia (pH ~ 0.8-7.1, 87-9.0
and NaOH sclution {pH ~ 6.8-7.1, 8.7-9.0). The study of
interaction of ZnO wires with horse blood serum show-
that the ZnO wires can survive in the fluid for a few hours.
and then they will degrade in the horse bloed serum into
mineral ions.

Figure 30 shows SEM images of an ZnO wire that had
been dipped into diluted horse blood scrum (10% con-
centration, pH ~ 7.9-8.2) with NaOH for 0, 1, 3, 6. %

Fig. 30. SEM images of a ZnO wire that has interacted with horse bloo
serum solulion {10% concentration. pH ~ 7.9-8.2) for different lengths
of time, Reprinted with permission from | 143]. I. Zhou et al.. Adu Mater
18, 2432 2006). @ 2006, VCH-Wiley.
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and 11 hours, respectively. After | hour in the solution,
there is no visible etching on the wire surface except some
adsorbed species (Fig. 30). The etching became severe
after 3 hour of interaction. as indicated by the reduced
wire diameter. After etching for 11 hours, ~94% volume
of the ZnO wire was dissolved. We estimated that no more

than 12 hours, the ZnO wire would be tolally etched by

the horse blood serum.

The implication of this study is enormous. First, ZnO
has the potential to be used for biosensors, and it requires
a reasonable time 1o function in biological systems to per-
form device function. Secondly, if the ZnO wire is lost in
the body or in blood vessel, it can eventually dissolve into
ions in the solution, which can be adequately adsorbed by
the body and become part of the nutrition. The biodegrad-
ability and biocompatibility of ZnO wires make it suitable
for in-situ biosensing and biodetection.

7. OUTLOOK

In this review, we have illustrated and addressed the key
issues regarding the synthesis, structure characterization
and properties of oxide NWs and NBs. The NWs and NBs
as well as their hierarchical nanostructures have unique
and important applications in nano-size optical, sensor and
optoelectronic devices. As for the future nanotechnology
and applications in nanosystems and biotechnology, there
are a few key issues that we have to investigate related to
NW and NB growth:

(1) Fundamental understanding about the growth mech-
anisms. The VLS growth process has been successfully
developed and its growth process is reasonably well
understood. Fundamental understanding on the surface
physical chemical process and the process at catalyst-
nanostructure interface are essential for optimizing and
contrelling growth. Although we have shown some suc-
cess in NW and NB growth using the V§ process, but the
understanding of the growth mechanism is relatively poor.
(2) Fundamental understanding on growth kinetics. We

have elaborated the key role played by growth kinetics .

in the growth of 1D nanostructures. Growth of 1D nano-
structure is a thermodynamically non-equilibrium process
and it is controlled by kinetics, but growth kinetics is a
rather complex process. A solid understanding on growth
kinetics is essential for controlling the growth process,

(3} Structurally, morphologically and dimensionally con-

trolled synthesis. For large-scale integration we need NWs

and NBs that have umiform dimensionality and well-
defined morphology. Controlling the surface structure of
NWs and NBs would have equivalent importance as con-
trolling the helical angle of carbon nanotubes, which
determines the semiconductor or metallic hehavior of the
nanotube. Property control is possible only if structural
tontral is achieved. Techniques are required to grow the
designed structure with superior controliability in size, size

J. Nanosci. Nanotechnol. 8, 27-55, 2008

distribution, shape, crystal structure, defect distribution.
and even surface structure. Experimental methods are also
needed for separating NWs or NBs exhibiting different
structure characteristics.

(4) Large-scale patterned and designed/targeted growth
as well as self-organization. Future applications and
nanomanufacturing will strongly rely on designed growth
and self-assembly lechnology. We would like to control
the location of NW growth, the number, location and ori-
entation of NWs to be grown. This is an essential step in
integrating nanostructures with existing technologies.

(3) Growth of hierarchical and multifunctional NWs and
NBs. The growth of NWs can be controlled axially and
longitudinally. Growth of composite NWs and NBs with

‘multifunctionality will be important for novel devices.

(6} Self-assembly of functionalized nanowires and

nanobelts with distinct selectivity. For the fabrication of

an array of devices that have specific individual functions,
techniques are required to self-assemble the NWs/NBs

into a predesigned pattern for fhassive fabrication of

devices.
possible.
(7) Interfacing with biosystems. Biosystem is the most
complex systern that we can ever imagine of. We first need
to examine the stability, sensitivity and the effectiveness
of nanodevices in biofluid. Then the inlerfacing and inter-
action of NWs and NBs with biological species, such as
cells, remain studied. Finally, bio-safety must be examined
to aveoid serious side-effects.

The self-assembly should be as less steps as

The literalure in NW and NB related areas is huge and
every year now has-over 1000 papers being pubtished, and
the number of publications increase exponentially. There
are many progresses being made in the area. This review
only covers a fraction of the progress in the field.
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