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Abstract—Zinc oxide (ZnO) has been known as the next most important material for the fabrication of efficient nano-
devices and nanosystems because of its versatile properties such as semiconducting, piezoelectric, and pyroelectric
multiple properties. In this review, the state-of-the-art technologies related to the synthesis and characterization, the
selective growth of ZnO nanostructures, and their applications for nanodevices are discussed. A special concern is fo-
cused on the controlled selective growth of ZnO nanostructures on wanted areas of substrates, which is crucial factor
for devices applications. The device applications of ZnO nanostructures include field effect transistors (FETs), field-
emission devices, piezoelectric nanogenerators, biosensors, p-n heterjunction diodes such as light-emitting diodes and

photovoltaic cells, and so on.
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INTRODUCTION

Zinc oxide (ZnO) is a fascinating material with versatile proper-
ties which are suitable for high-technology such as light emitting
diodes, photodetectors, photodiodes, optical modulator waveguides,
chemical and bio sensors, varistors, energy harvesting devices in-
cluding solar cells and nanogenerators, electromagnetic coupled
sensors, actuators, and so on owing to its wide band gap, chemical
and thermal stability, electronic, optoelectronic and piezoelectric
propetties [1-10]. ZnO also has a great diversity in structural mor-
phology, probably the richest family of nanostructures among all
materials both in structural and properties viewpoints [11-14]. There-
fore, it has received broad attention from scientists, which has led
to the publication of thousands of research papers and hundreds of
patents.

Zn0 is also an attractive material for short-wavelength optoelec-
tronic applications owing to its wide band gap of 3.37 eV, large bond
strength, and large exciton binding energy (60 meV). Therefore, it
is suitable for efficient excitonic emission at room-temperature and
solid-state blue to UV optoelectronics, including laser developments.
The optical transparency to visible light of ZnO also provides it an
opportunity to replace conventional transparent conductive indium-
tin oxide (ITO) and to develop transparent electronics, transparent
energy harvesting devices, and integrated sensors.

In addition, ZnO has a wide morphological diversity in nano-
structures such as nanowires [15,16], nanorods [17], nanotubes [18],
nanobelts [19], but also other complex morphologies [20]. Such
nanostructures are rather easily grown at relatively low temperatures
and various growth methods have been reported for the synthesis
of ZnO nanostructures, including chemical and physical methods
such as thermal evaporation [21], chemical vapor deposition (CVD)
and cyclic feeding CVD [22], sol-gel deposition [23], electrochem-

"To whom correspondence should be addressed.
E-mail: ybhahn@chonbuk.ac.kr

1797

ical deposition [24], hydrothermal and solvothermal growth [25],
surfactant and capping agents-assisted growth [26]. Thanks to the
aforementioned fields and applications and growth techniques, ZnO
could be one of most important materials for future research and
applications.

In this review, the state-of-the-art technologies related to the syn-
thesis, characterization, and devices applications of ZnO nanostruc-
tures will be discussed. Especially, applications to optoelectronics,
energy harvesting, and chemical and bio sensors are to be focused.

CRYSTALLINE STRUCTURE AND PHYSICAL
PROPERTIES OF ZnO

The crystalline ZnO has a wurtzite structure that has a hexago-
nal unit cell with two lattice parameters of a and ¢, and belongs to
the space group of C;, or P6;mc. The lattice parameters of the hexago-
nal unit cells mostly range from 3.2475 to 3.2501 A for a and from
5.2042 to 5.2075 A for ¢ [1,2,27]. The density of the ZnO is 5.606
g/em’. As shown in Fig. 1, one zinc atom is tetrahedrally coordi-
nated with four oxygen atoms. Such tetrahedral coordination of ZnO
gives rise to the noncentrosymmetric structure which is attributed
to the piezoelectric nature that is an important property for the fabrica-
tion of microelectromechanical systems (MEMS) coupled with sen-
sors, actuators and transducers [28]. Due to the noncentrosymmetric
behavior, it also exhibits two polar surfaces on opposite sides and
each terminates with the one type of ions only.

When the bonds along the c-direction are from cation (Zn) to
anion (O) the polarity is referred to be as Zn polarity, while when
the bonds along the c-direction are from anion (O) to the cation (Zn)
the polarity is referred to be as oxygen polarity. This polarity is also
responsible for a number of properties of ZnO, such as spontane-
ous polarization and piezoelectricity, and also an important factor in
crystal growth, defect generation, plasticity, etching, etc. In addi-
tion to polar surfaces, it also has non-polar surfaces. The four most
common faces of wurtzite ZnO are the polar Zn-terminated (0001)
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Fig. 1. The hexagonal wurtzite structure model of ZnO. The tetra-
hedral coordination of Zn-O is shown. O atoms are shown
as larger white spheres while the Zn atoms are smaller
brown spheres.

and O-terminated (0001) faces (c-axis oriented), and the non-polar
(2110) (a-axis) and (0110) faces which contain an equal number of
Zn and O atoms. It has been observed that the origination of various
shapes of the ZnO crystals is due to the relative growth rates of dif-
ferent crystal facets and differences in the growth rates of different
crystal planes [29,30]. From an electrostatic point of view, the polar
surfaces should not be stable unless charge arrangements and, hence,

the opposite ionic charges on the surface result in a spontaneous
polarization and normal dipole moment. Furthermore, the polar sur-
faces and the (0110) surfaces are found to be stable; however, the
(2110) face is less stable and generally has a higher level of sur-
face roughness than its counterparts. In addition, the ZnO has some
advantages over GaN which allow for the realization of ZnO-based
photonic and optoelectronic devices [31]. Table 1 summarizes the
propetties comparison between ZnO and GaN [1,2]. Especially, com-
pared to GaN, ZnO has two main advantages over the GaN and
GaN-based materials: a larger exciton-binding energy which allows
stable emission at room-temperature with high efficiency and lower
power threshold for lasing by optical pumping and a feasibility to
grow high-quality single crystalline with relatively low cost of GaN.

A DIVERSITY OF ZnO NANOSTRUCTURES
AND THEIR STRUCTURAL PROPERTIES

The variety of ZnO nanostructures is dependent on growth mech-
anism, growth method, synthetic condition, kind of substrate and
so on. The nanostructures include nanorods, nanowires, nanocol-
umns, nanotubes, nanobelts, nanorings, nanoribbons, nanosheet net-
works, hollow micro- and nano-spheres, nanoflowers, and nano-
combs. In this section, typical examples of nanostructures will be
reviewed in terms of growth mechanism and structural properties.
The structural characterization of as-grown ZnO nanowires was
performed by using field emission scanning electron microscopy
(FESEM), transmission electron microscope (TEM) and high-reso-
lution TEM equipped ith selected area electron diffraction (SAED)
patterns and X-ray diffraction (XRD) pattern which was measured
with Cu-K « radiation. The optical properties were characterized at
room-temperature by using Raman-scattering and photolumines-
cence (PL) spectroscopy, which were measured with the Ar* (513.4
nm) and He-Cd (325 nm) laser line as the exciton sources, respec-

Table 1. Comparison between the properties of wurtzite ZnO and GaN

Linear expansion coefficient (/°C)

Static dielectric constant

Refractive index

Band gap (RT)

Band gap (4K)

Exciton binding energy (meV)

Electron effective mass

Electron hall mobility at 300 K (cm*/Vs)
Hole effective mass

Hole Hall mobility at 300 K (cm?Vs)

a,: 6.5 cm’x107°
Co: 3.0 cm®x10°°
8.656

Properties Zn0O GaN

Lattice parameters at 300 K
- ay(nm) 0.32495 0.31878
- ¢y (nm) 0.52069 0.51850
- ¢cyfay 1.602 1.627
Density (g/cm’) 5.606 6.15
Stable phase at 300 K Waurtzite Waurtzite
Melting point (°C) 1975 2500
Thermal conductivity (Wem™ °C™) 0.6,1-1.2 1.3

2,: 5.59 cm®x10°°
Cp: 3.17 cm’x107°
8.9

2.008 2.29
3370eV 3.390eV
3.437eV 3.503 eV
60 25

0.24 0.2

200 <1000
0.59 0.8

5-50 <200
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tively.
1. ZnO Nanowires and Nanorods

Nanowires and nanorods are one-dimensional (1D) nanostruc-
tures and have received great interest because they have versatile
applications such as nanoelectronics devices, photovoltaic systems,
chemical and bio sensors. In addition, the 1D nanostructures, owing
to their many valuable properties, including a direct band-gap and
large exciton binding energy make them a promising candidate for
the fabrication of efficient optoelectronic nanodevices. A large num-
ber of papers on the synthesis, characteristics, and growth mecha-
nisms of ZnO nanowires and nanorods have been published.

Regarding the growth of the ZnO nanorods/nanowires by gas-
phase process, there are two major growth mechanisms reported:
vapor-liquid-solid (VLS) [32,33] and vapor-solid (VS) [15-17]. The
VLS mechanism is a catalyst-assisted process in which the metal
nanoclusters or metal nanoparticles have been used as nucleation
sites for the growth of 1D nanostructures. In this process, the gas-
eous reactants dissolve with the catalytic particles and form alloy-
liquid droplets which play an important role in the growth of 1D
nanostructures. Precipitation occurs when the liquid droplet becomes
supersaturated with the source material and under appropriate gas
flow with increasing the time the precipitation increases, which leads
to the formation of corresponding 1D structures. There are several
metal catalyst components which are used as a catalyst during the
growth of 1D nanostructure, such as Au, Sn, Cu, and Co. By con-
trast, the VS mechanism is a catalyst-free process. It is generally
accepted that the control of supersaturation is a key factor to obtain
1D nanostructures because the degree of supersaturation determines
the prevailing growth morphology and thus low supersaturation is
required for whiskers growth, a medium supersaturation for bulk
growth, and high supersaturation for powder growth. In a typical
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VS process, the source materials are vaporized at a high tempera-
ture and then directly condensed onto the substrate placed in the
low-temperature region. After the initial condensation, the condensed
molecules form the seed crystals which serve as nucleation sites
for the further growth of nanostructures. This VS process has been
widely used for the growth of various ZnO nanostructures.

Fig. 2(a) shows ZnO nanorods in a high density grown by the
catalyst-free VS mechanism. The nanorods are synthesized onto
the nickel-coated Si(100) substrate via the thermal evaporation using
metallic zinc powder and oxygen at 500-550 °C [36]. The perfectly
hexagonal-shaped ZnO nanorods, illustrated in inset of (a), have
the Zn-terminated (0001) facets bounded with the {0110} surfaces.
Fig. 2(b) and (c) show low-magnification TEM and high-resolu-
tion TEM (HRTEM) images of the as-grown single ZnO nanorod.
The typical diameter of the observed nanorod is ~300 nm with a
uniform diameter throughout the length. The HRTEM image exhib-
its a detailed structural characterization of the as-grown ZnO nano-
rods, indicating that the as-grown structure is single crystalline with
lattice spacing of 0.52 nm, which corresponds to the d-spacing of
the [0001] crystal planes of the wurtzite ZnO and also confirms the
preferential growth direction in the c-axis. The corresponding SAED
pattern in the inset of (c) obtained from the ZnO nanorod projected
along the [2110] zone axis also confirms that the nanorods are single
crystalline with the wurtzite hexagonal phase, preferentially grown
along the [0001] plane. The crystallinity and crystal phase of the de-
posited ZnO nanorods were observed by the x-ray diffraction (XRD)
pattern in Fig. 2(d). The strong peak of (0002) with a week peak of
(0004) indicates that the obtained hexagonal-shaped ZnO nanorods
are single crystal with preferential growth along the c-axis direction.
Fig. 2(e) shows Raman-scattering spectrum of the as-grown ZnO
nanorods, exhibiting sharp, intense and dominated optical-phonon
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Fig. 2. (a) Low and (inset a) high magnification FESEM images and (b) low and (c) high resolution TEM images and their corresponding
SAED pattern (inset of c) of hexagonal-shaped ZnO nanorods grown on nickel-coated Si(100) substrate [36 (a)]. (d) Typical XRD
spectrum, (¢) Raman scattering, and (f) photoluminescence spectrum measured at room temperature from hexagonal-shaped ZnO

nanorods [36 (b)].
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E, mode and a very small and suppressed E,; mode which indi-
cates that as-grown nanorods are in good crystal quality with the
wurtzite hexagonal phase. Fig. 2(f) presents the room-temperature
photoluminescence (PL) spectrum measured using a He-Cd laser
line of 325 nm as the excitation source. A sharp and strong near-
band-edge emission at 388 nm with less significant green emission
at 529 nm was observed, which confirms that the as-grown ZnO
nanorods have good optical properties with much fewer structural
defects.

Fig. 3 shows the hexagonal coaxial-shaped ZnO nanocolumns
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Fig. 3. (a) Low magnified TEM image of the coaxial-shaped ZnO
nanocolumns grown on steel alloy, exhibiting a layer-by-
layer growth of the nanocolumns. (b) High resolution TEM
image observed from the circled portion in (a), showing the
single crystallinity, grown along the [0002] direction (inset
SAED pattern). (c) Schematic illustration of the three-step
growth mechanism for the formation of coaxial-shaped ZnO
nanorods [37].

vertically grown in a high density onto steel alloy substrates via non-
catalytic thermal evaporation process using the metallic zinc pow-
der at 490 °C [37]. It is most interesting to observe that the obtained
nanocolumns exhibit a coaxial-shaped structure and clearly display
a layer-by-layer three-step growth at their top (a). The HRTEM and
SAED analysis confirmed that the as-grown nanocolumns were
single-crystalline, grown along the [0001] direction (b). To explain
the growth process, a three-step growth mechanism has been pro-
posed (c) in which the first step involves the growth of hexagonal
rod along the [0001] direction bounded with the six crystallographic
equivalent [0110] surfaces. As the surface diffusion is the most im-
portant rate-limiting process in the ZnO crystal growth, hence the
(0001) plane easily disappears and instead it is capped with the lower
surface energy facet but higher miller indices of [0111] surfaces
(step I). After the growth of [0111] facet, the (0001) plane was the
most likely remaining facet which provides the Zn-terminated (0001)
plane which was self-catalytically active and favorable site for the
second step growth in the [0001] direction. The nanocolumns were
perfectly hexagonal, because of the hexagonal crystallographic fea-
ture of the ZnO [107]. Details of the three-step growth mechanism
are available elsewhere [37].
2. ZnO Nanotubes

Fig. 4 shows typical SEM images of ZnO nanotubes (left a-d)
grown in solution at low temperature of 65 °C by using zinc nitrate
and hexamethylenetetramine [38] and ZnO microtubes (right a-d)
synthesized by simple metal-vapor deposition method on NiO parti-
cles-coated sapphire substrates using Zn andZnO powders at 950 °C
[39]. The FESEM images of the solution-processed ZnO nanotubes
having average lengths 1.2+0.2 um reveal that the nanotubes are
grown in a high density, deposited in a partially aligned manner over
the whole substrate surface. The nanotubes are exhibiting straight
and smooth surfaces throughout their lengths consisting of hollow
interiors, indicated by white arrows in (d). The typical diameters
and wall thicknesses of the nanotubes are 70+20 nm and 1545 nm,
respectively. By contrast, the metal-vapor deposited ZnO micro-
tubes had hollow-cavity with the perfect hexagonal facets. It was
reported that the ZnO microtubes were formed by assembling the
several neighboring individual nanowires together in a hexagonal
manner and thus forming the microtubes with hexagonal cross sec-

250 nm 100 nm
i e

Fig. 4. (Left, a-d) SEM images of ZnO nanotubes (a-d) grown in solution at 65 °C [38]. (Right, a-d) SEM images of ZnO microtubes syn-
thesized by metal-deposition method on NiO-coated sapphire at 950 °C [39].
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Fig. 5. (Top) Typical TEM images of the ZnO nanobelts by ther-
mal evaporation of ZnO powders at 1,400 °C [42]. (Bottom)
(a) Low-magnification TEM image of the as-synthesized
ZnO nanorings; and (b) High magnification TEM image
of a freestanding single-crystal ZnO nanoring, is showing
uniform and perfect geometrical shape [43].

tions [39].

In addition, several research groups reported the growth of ZnO
nanotubes by the pyrolysis of zinc acetylacetonate in a two-tem-
perature zone furnace on silicon substrate at 500 °C [40], thermal
evaporation using the mixed powders of zinc and zinc oxide onto
the silicon substrate at 1,300 °C [41], metal organic chemical vapor
deposition process using the diethyl zinc and oxygen as source materi-
als for zinc and oxygen at 350-450 °C [42], etc.

3. ZnO Nanobelts and Nanorings

Fig. 5 shows the nanobelts (top) grown by thermal evaporation
using high purity ZnO powders as source material at 1,400 °C for
2 h [42] and the free-standing ZnO nanorings (bottom) by an epi-
taxial self-coiling of polar nanobelts using the mixture of ZnO, in-
dium oxide and lithium carbonate powders in the weight ratio of
20:1:1 at 1,400°C and 107 Torr in a horizontal quartz tube fur-
nace for 30 min [43]. All the nanobelts (top of Fig. 5) have uni-
form width passim to their length with the length of several tens to
several hundreds of micrometers, showing clean and atomically
sharp surfaces of the nanobelts without any sheathed amorphous
phase. A vapor-solid growth process was proposed for the forma-
tion of the as-grown ZnO nanobelts. These structures were grown
along the [0001] direction, enclosed by + (2110) and % (0110), show-
ing no defects or dislocations [42]. Large-scale synthesis of ZnO
nanobelts in an aligned fashion has been performed via the thermal
evaporation process using metallic zinc plates at 450410 °C under
ambient pressure for 3-5 h under constant flow of argon. The struc-

tural characterizations by XRD and HRTEM revealed that the as-
grown products are single-crystalline with wurtzite structure and
mostly grow along the [0001] direction. Wen et al. also presented
the fabrication of ZnO nanobelts arrays directly from and on zinc
substrates in a horizontal quartz tube furnace using the metallic zinc
powder-coated zinc foil substrates at 600 °C for 6 h [44]. They pro-
posed a gas-solid tip growth mechanism, different from the typical
VLS mechanism, for the as-grown nanobelts in which the atomic
diffusion in the solid was a rate-determining step.

For the synthesis of free-standing ZnO nanorings (bottom of Fig.
5), the decomposition of ZnO into Zn** and O* was the key step
for controlling the anisotropic growth of nanobelts. SEM image re-
vealed that the as-formed nanorings had a perfect circular shape of
the complete rings with uniform shapes and flat surfaces, having 1-
4 um of diameter and 10-30 nm thickness of thin and wide shells.
Detailed structural examination by HRTEM and SAED exhibited
that the nanobelts had a growth direction of [1010], while the side
surfaces were = (1-210), and top/bottom surfaces + (0001). Details
of formation of such nanorings are available elsewhere [43].

4. Hollow ZnO Nano- and Micro-spheres

Fig. 6 shows the growth of ZnO nanospheres and micro-sized
hollow spheres/cages (top) [45] and polyhedral cages of ZnO (bot-
tom) [130]. The ZnO nanospheres and micro-sized hollow spheres/
cages were synthesized on Si(100) and steel alloy substrates in a
high density via the thermal evaporation using different zinc pre-
cursors, i.e., ZnCl, and metallic zinc powder in the presence of oxy-
gen. It is worthwhile to note that the ZnO microcages/spheres grown
onto the Si(100) substrate surface present smooth and clean outer
surfaces, while the growth of small ZnO nanowires containing the
small metal particles at their tips was also observed from outer and
inner surfaces of the structures grown onto the steel alloy sub-
strates (inset in b). It was also observed that uniformly deposited

Fig. 6. (Top) SEM images of ZnO microcages/spheres grown onto
the Si(100) (a) and steel alloy substrates (b), respectively syn-
thesized by thermal evaporation of metallic zinc powders
[45]. (Bottom) SEM images of single-crystalline polyhedral
cages and shells of ZnO [46].

Korean J. Chem. Eng.(Vol. 28, No. 9)
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Zn0O nanospheres had been synthesized onto the Si(100) substrates
at 500-700 °C using zinc chloride (ZnCl,) and oxygen. Although
not illustrated, Raman scattering analysis showed a characteristic
7n0O wurtzite hexagonal peak at 436.9 cm™ in case of Si(100) sub-
strate, while at 437 cm™' in case of steel alloy substrate. The room-
temperature PL spectra in both the cases showed a broad band in
the visible region with suppressed and short UV emission, indicat-
ing that these structures had some structural defects such as zinc
interstitials and oxygen vacancies [45]. Polyhedral cages and shells
were formed on alumina substrates via the solid-vapor deposition
process using the commercial ZnO, SnO, and graphite powders at
1,100 °C [46]. The walls of the cages/shells were composed of meso-
porous and textured ZnO nanocrystals. A possible growth mecha-
nism for the formation of the ZnO cages/spheres was proposed which
involved the solidification of zinc liquid droplets in the form of single-
crystalline spherical and hexagonal-based rod zinc particles, sur-
face oxidation which produce the textured ZnO nanocrystals on the
zinc surfaces and finally the vaporization or sublimation of the zinc
cores, which results the formation of ZnO cage/shell structures [46].
The detailed characterizations combined with the growth mecha-
nism of zinc oxide microcages were reported by Fan et al. [47], who
synthesized these structures using the zinc powder and oxygen at
800 °C on the silicon substrates. They proposed a growth process
that includes the deposition of the zinc polyhedral particles, break-
ing of top {0001} surfaces of the zinc polyhedral particles because
of oxidation by the residual oxygen or water vapors. Finally, sub-
limation of zinc through the broken holes of the top {0001} faces
leads to the formation of cage-like structures. In this synthesis, ini-
tially grown single-crystal zinc polyhedral crystals served as tem-
plates for the growth of the ZnO cages.
5. Star- and Flower-shaped ZnO Nanostructures

Fig. 7 shows the star-shaped ZnO onto the Au-coated Si(100)
substrate at 450 °C (top) [48] and the flower-shaped on Si(100) and
Si(111) substrates 400-500 °C [49], both by the cyclic feeding chem-

ical vapor deposition (CFCVD) using the diethyl zinc (DEZn) and
0O, as zinc and oxygen sources, respectively. The star-shaped ZnO
nanostructures consist of triangular-shaped blades: sharpened tips
with wider bases. The wider bases of each blade are joined to each
other at one center and form the multipod star-shaped morphology.
Interestingly, it was observed that the upper portion of these struc-
tures exhibited perfectly hexagonal cones (top a, b). The room-tem-
perature PL spectra from the as-grown samples exhibited a narrow
ultraviolet emission with a broad and strong green emission. How-
ever, by annealing the as-grown samples in an oxygen atmosphere
at 500 °C for 30 min, reversibly a sharp and strong UV emission
with a suppressed green emission was observed, which confirmed
that fewer oxygen vacancies exist after annealing. The flower-shaped
Zn0O nanostructures grown on Si(100) and Si(111) substrates with-
out the use of metal catalyst or additives exhibited triangular shaped
leaves, rooted in one center. The typical length of one leaf in a flower-
shaped structure on Si(100) is about 300-400 nm, while the diame-
ters at the bases and tips are in the ranges 100-130 nm and 40-60
nm, respectively (bottom a). These structures are formed by the de-
position of many layers, and each layer contains several leaves which
are joined to each other through their wider bases. The flower-shaped
structures grown onto the Si(111) substrate contain uniform leaves
with the hexagonal faceted (bottom b). It is interesting to note that
the obtained leaves are similar to small ZnO nanorods with uni-
form diameter passim to their length, originating from one center.
The appearance of different morphologies on the different orienta-
tions of the silicon substrates is probably due to the dissimilar inter-
actions at ZnO-substrate interface [49]. The flower-shaped struc-
tures show a sharp and strong UV emission band at 378 nm and a
suppressed and broad green emission band at 520 nm in the visible
region.
6. Other Morphologies of ZnO

Different other morphologies of ZnO nanostructure are also re-
ported in literature. He et al. reported the growth of ZnO nanotetra-
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Fig. 7. (Top) Typical star-shaped ZnO nanostructures: (a) low and (b) high magnification FESEM images and (c) PL spectra measured
from multipod star-shaped ZnO nanostructures grown at 450 °C by the cyclic feeding chemical vapor deposition on Au coated Si
(100) substrate [48]. (Bottom) Typical flower-shaped ZnO nanostructures grown at 400-500 °C by the cyclic feeding chemical vapor
deposition on (a) Si (100) and (b) Si(111) substrates and PL spectra, respectively [49].
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pods with hexagonal crowns by the non-catalytic vapor-transport
method using the high purity zinc powder in oxygen on silicon at
630 °C [50]. They exhibited the synthesis of uniform tetrapod-like
ZnO nanostructures in bulk quantity by the thermal evaporation
using metallic zinc powder at 850-925 °C [51]. The as-synthesized
nanostructures were single crystalline with the wurtzite hexagonal
phase having the lattice constants of a=0.324 nm and ¢=0.519 nm.
Wang et al. reported comb-like ZnO nanostructures and their growth
for the first time [52]. It was observed that the Zn-terminated ZnO
(0001) polar surface was chemically active while the oxygen ter-
minated (0001) polar surface was inert during the growth of nano-
cantilever arrays. They observed that relatively longer and wider
“comb like” nanocantilever arrays were grown from the Zn-termi-
nated (0001) surfaces by a self-catalyzing growth process due to the
enrichment of Zn at the growth front. Unlikely, the oxygen-termi-
nated (0001) surfaces which are chemically inactive, cannot initiate
any growth. Yan et al. synthesized high-yield of microscale comb-
like structures made of periodic arrays of single-crystalline ZnO
nanowires by chemical vapor transport and condensation method
using metallic zinc powder at 800-900 °C on silicon substrate [53].
They observed that the comb-like structures were grown onto the
substrate more than 90%. Gao et al. reported the synthesis of the
polar-surface-dominated ZnO nanopropeller arrays via a two-step
high-temperature VS mechanism using the mixtures of ZnO, SnO,
and graphite powders, first at 1,200 °C for 60 min and then 1,300 °C
for 30 min on polycrystalline Al,O; substrate [54].

DEVICES APPLICATIONS OF ZnO
NANOSTRUCTURES

1. ZnO Nanowire-based Field Effect Transistors

A one-dimensional ZnO nanostructure is a good building block
for the fabrication of high-performance electronic and photonic de-
vices. ZnO is intrinsically an n-type semiconductor, mainly due to

the presence of oxygen vacancies and zinc interstitials. Field-effect
transistors (FETs) which are good for understanding the electronic
properties of the single ZnO nanowire or nanorod are fabricated by
a number of groups [55]. A conventional approach to fabricate the
FETs is the random dispersion of nanowires from nanowires-con-
taining solution, followed by metallization at the known nanostruc-
ture location on substrates using conventional electron beam lithog-
raphy (EBL). To fabricate such type of FETS, typically, first the nano-
wires are separated from the substrate by scratching and sonicating
in ethanol and/or isopropyl alcohol and then transferred onto a sub-
strate. The patterns for the electrical contacts are fabricated by the
EBL onto a selected individual ZnO nanowire and metal layers are
deposited sequentially onto the contact area by electron beam evap-
oration. The electrical measurements of the fabricated ZnO nanow-
ires-based FETs are generally performed using 4-probe station (HP
4156C semiconductor parameter analyzer) in the range from 20 fA
to 100 mA at room temperature.

Fig. 8 shows the schematic of a typical single ZnO nanowire-
based bottom-gate and top-gate FETs and the drain current vs. drain-
source voltage (Is—V ) for electrical characteristics of the fabricated
back-gate (a) and top-gate FETs which were annealed at 450 °C
under a flow of O, for 2 min [56]. As seen from m the I,,,—V y char-
acteristics of the fabricated back- and top-gate FETs measured at
different gate voltages (Vg), with increasing the V , the I, is also
increasing significantly, which is typical for n-type FETs. The cur-
rents at the gate bias of 12V for the single ZnO nanowire based
FETs fabricated by applying back- and top-gate approaches were
observed ~006 pA and 1.24 pA, respectively which indicates that the
top-gate FET show higher current performance as compared to the
single nanowire FET fabricated by back-gate approach. However,
the conventional fabrication methods described above have some
limitations: the limited current drive per single nanowire and low
throughput and processing complexity because of integrating nanow-
ires within the device channel by a physical arrangement method.
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Fig. 8. (Left) Schematic illustration of bottom- and top-gate FETs, (right) drain current - drain-source voltage curves for the bottom-gate

FET (a) and top-gate FET (b), respectively [56].
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Furthermore, with such method it is not easy to control the number
of nanowires and to properly align them between electrodes, and thus
not ideal for economical integration. Hence, for practical device appli-
cations of ZnO nanostructures, it is crucial to grow them selectively on
wanted areas of substrate either in vertical or horizontal direction.

The vertical growth of ZnO nanowires (or nanorods) on sub-
strates has been achieved by various methods such as vapor-liquid-
solid growth with metal catalysis [57], nanosphere-masking lithog-
raphy [58], photolithography [59] electron-beam lithography [60].
However, compared to the vertical growth the lateral growth of ZnO
nanowires is rather difficult. Methods for the lateral growth are re-
ported for the metal-catalyst-prepattern assisted selective growth
[61], the seed-layer assisted selective growth by the use of ZnO films
or nanoparticles [62], the lateral overgrowth of nanowires arrays
onto [2-1-10] surface of single crystal ZnO substrate by combining
the electron-beam lithography and the hydrothermal decomposition
method [63,64], and the catalyst-free direct growth of nanobridges
on prefabricated trenched electrodes by thermal evaporation [65].
However, as shown in Fig. 9 such methods resulted in the vertical
growth components, complex structural networks, the intersection
of nanowires in the middle between electrodes, the sparse growth
of nanowires with poor lateral alignment, and the use of expensive
single-crystalline ZnO substrates which all should be removed for
device performance. Another issue for the nanowire-based transis-
tors is how to obtain relatively high on-current and how to adjust
the drive current capability of the device [66].

To solve such problems, Hahn et al. demonstrated a hybrid method
for the lateral growth of multiple ZnO nanorods between electrodes
in solution without the use of metal catalyst [67]. This method en-
ables one to directly align a number of nanowires between elec-
trodes with or without intersection in the middle and to completely

Y.-B. Hahn

ey
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Fig. 9. (Top) Schematic diagram and SEM image of ZnO nanow-
ire FET structure on polymer substrate [64 (a)]. (Bottom)
ZnO nanowires bridged between electrodes [64 (b)].

eliminate the vertical growth components and complex structural
networks. They named the FETS fabricated with the overlapped and
the overlap-free ZnO nanorods as ‘Type | FET and ‘Tjpe 2 FET,
respectively. Fig. 10 shows high magnification FESEM images of
TBpe I and Tpe 2 FETs (left), logarithmic and linear (inset) scale
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Fig. 10. (Left) SEM top views of ‘Type I’ and ‘Type 2’ FETS fabricated with overlapped and overlap-free ZnO nanorods between electrodes.
(Middle) Drain current-voltage characteristic curves measured from ‘Type I’ and ‘Type 2’ FETS with logarithmic and linear
(inset) scale drain-current vs. gate-voltage curve at V,=1.1 V. (Right) Energy band diagrams across electrodes for ‘Type 1 FET
with overlapped ZnO nanorods (a) and ‘Type 2 FET with overlap-free ZnO nanorods (b) [67].
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drain current versus gate-voltage curves at V,i=1.1 V (middle), and
energy band diagrams across electrodes for Tjpe 1 and Tipe 2 FETs
(right), respectively. The overlap-free ZnO nanorods Tipe 2 FETs
showed better performance with mobility of ~8.5 cm*V™'s™ and on/
off ratio of ~4x10° than the overlapped ZnO nanorods Bpe I FETs
having mobility of ~5.3 cm’V's”" and on/off ratio of ~3x10". All
the FETs fabricated in this work showed much better performance
than the previously reported solution-based ZnO FETs. As in the
laterally-grown ZnO nanorods FETs, the nanorod networks pro-
vide multiple conducting paths for electrons but also substantially
influence the electron transport at the nanorods junctions and nano-
rod-metal junctions; the electron transport behavior in Type I FET
is substantially influenced by the nanorods junctions in the middle.
Hence, as shown in Fig. 10 (right), the barrier height of the over-
lapped nanorods is greater than that of overlap-free nanorods. Hahn
et al. reported the effective barrier heights of 0.45 eV and 0.36 eV
for Tipe I and Tipe 2 FETS, respectively [67].
2. Four-probe Electrode System Based on ZnO Nanorod
Arrays Directly Grown in Solution

The conventional approach to fabricating nanowire FETS, described
in the previous section 1, is not ideal for the economical integration
of nanodevices. Thus, instead of randomly placing nanowires or
nanorods on a substrate, a more desirable method would be appre-
ciated to selectively grow and pattern nanostructures directly onto
electrodes or other wanted areas of the substrate. Details of solution-
based growth methods are available elsewhere [60,72]. As shown
in Fig, 11, Hahn et al. proposed a method for growing aligned ZnO
nanorod arrays directly on a four-point probe structure in solution
at low temperatures (<100 °C) and measuring the electrical charac-
teristics of the four-point electrode system [60 (b)]. This method
enabled them to perform electrical measurements directly on the
as-grown ZnO nanorod arrays without any additional processing. In

S00um

addition, they investigated the hydrogen sensing properties using
the ZnO aligned nanorod arrays four-point probe, exhibiting an in-
crease in the sensitivity with increasing the concentration of H, and
the operating temperature.
3. Pattern-controlled Growth of Vertically-aligned ZnO Nan-
orods Arrays and their Application for Field-emission Devices

A selective area growth of well-aligned ZnO nanostructures is
crucial for devices applications of 1D nanostructures and thus vari-
ous techniques like nanosphere lithography [68], polystyrene micro-
sphere based self-assembly monolayers [69], silane-based self-as-
sembled monolayers [70], and conventional photolithography [71]
have been reported. However, such methods, except conventional
photolithography, require relatively high temperature, expensive mask,
complex multi-step processes, and metal catalysts in some cases.
To solve such a drawback of the photolithography and grow ZnO
nanostructures selectively on pre-patterned substrates, we proposed
the hybrid approach of combining electron-beam lithography (top-
down) and solution growth method (bottom-up) [72]. Fig. 12 (left)
shows the low and high magnification FESEM images of ZnO nano-
rod arrays grown selectively on pre-patterned Si substrates with diam-
eters of 2 um (a, b), 500 nm (c), and 50~100 nm (d), respectively.
Fig. 12 (right) presents field emission current density vs. electric
field plot for selectively grown spherical-shaped ZnO nanorod arrays
with showing a uniform florescent field emission (inset, a) and cor-
responding Fowler-Nordheim plot (b). The hybrid approach used
in this work produced an excellent control of periodicity, location,
and density of ZnO nanorod arrays on the substrates. The field emis-
sion measurements from the as-grown ZnO nanorod arrays showed
low turn-on field of ~2.85V/um and high field-enhancement factor
(B of ~1.68x10°. Details are available elsewhere [72].
4. 7ZnO Nanorods Based Heterojunction Devices

Zn0 is a promising material to replace GaN for solid light-emit-
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Fig. 11. (Left, a-d) FESEM images of ZnO nanorod arrays directly and selectively grown on a fourpoint probe structure. (Right) (a) Dynamic
responses of the patterned ZnO nanorod arrays to H, pulses at 250 °C and (b) sensitivity at various operating temperatures [60 (b)].
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Fig. 12. (Left, a-d) Typical FESEM images of ZnO nanorod arrays grown selectively on pre-patterned Si substrates. (Right, a-b) Field
emission current density versus electric field plot for selectively grown spherically shaped ZnO nanorod arrays: inset in (a) shows
a uniform fluorescent field emission, and (b) corresponding F-N (Fowler and Nordheim) plot [72].

ting diodes (LEDs). However, a few papers reported on the growth
of high quality #-type ZnO films on p-GaN or vice versa. [73] No
work has been reported on the growth of well-aligned ZnO nano-
rods using a simple and economic solution method on p-GaN layers
and the temperature-dependent device performance of #-ZnO nan-
orods. We reported the synthesis and characterization of well-aligned
Zn0O nanorods grown on p-type GaN/ALQ; substrate in the area of
0.3-1.5 cm’ in solution as described elsewhere [74] and the perfor-
mance of p-n junction diode (#-ZnO nanorods/p-GaN) studied at

/ p-GaN

- -~
n-Zn0 nanorods
In| P-GaN

ALO,

ZnQ nanorods

Fig. 13. Schematic diagrams of the #-ZnO nanorods/p-GaN diode
structure and the SEM image of ZnO nanorods on p-GaN
substrate in solution [75].
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different temperatures. Fig. 13 shows the schematic of the #-ZnO
nanorods/p-GaN diode structure and the SEM image of ZnO nano-
rods on p-GaN substrate in solution [75], which shows the nano-
rods uniformly grown along the vertical orientation, i.e., [0001] c-
axis direction. Fig. 14 (left) shows the I-V plots of In/ZnO nano-
rods measured at different temperatures (20-150 °C) (a) and the sur-
face structures of ZnO nanorods (b). The I-V plots present good
ohmic behavior of In contacts with ZnO nanorods at all tempera-
tures [76]. At room temperature, the as-grown ZnO nanorods on
GaN exhibited an electrical resistance of ~10 ) while increasing
temperature the resistance of In/ZnO nanorod structures increased
exponentially from ~10 to 12 Q Fig. 14 (right) shows the tempera-
ture-dependent heterojunction behavior of #-ZnO nanorods/p-GaN
diode with I-V measurements at different temperatures (20-150 °C)
under dark condition (a). At all temperatures, the device exhibited
an excellent rectifying behavior, with the rectification factor (I/1;)
of 2880 at a bias voltage of ~2 V at room temperature. The In(J)
vs. In(V) plots of p-n diode for two different temperatures of 20 and
150 °C exhibit three distinct regions in the voltage range of <1.5V
(region-I), between 1.5 and 2.5 V (region-II), and >2.5 V (region-
III). These three regions are attributed to a field emission or tunnel-
ing mechanism to recombination-tunneling mechanism, recombina-
tion-tunneling mechanism, and space-charge-limited current con-
duction of monocarriers, respectively.
5. ZnO Nanowires Based Solar Cells

Due to wide bandgap (3.37 eV) and high electron affinitiy (4.25
eV), the ZnO is an attractive material for solar energy harvesting
devices. The electron mobilities are much higher in ZnO than TiO,,
while the conduction band edge of both materials is located at ap-
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proximately the same level. Therefore, nanostructured ZnO could
be a good candidate as electron acceptor and transport material in
hybrid solar cells including dye-sensitized solar cells (DSSCs). Keis
et al. reported the fabrication of DSSCs using nanostructured ZnO
particles and obtained 5% efficiency [77]. Kakiuchi et al. presented
the fabrication of DSSCs by applying nanostructured ZnO films
and obtained an efficiency of ~4.1% under AM-1.5 illumination at
100 mW/cm?® [78]. Aydil et al. fabricated a DSSC using branched
ZnO nanowires grown by MOCVD using the zinc acetylacetonate
hydrate and oxygen as source materials for zinc and oxygen, respec-
tively, on conductive glass substrate (F : SnO,) at 550 °C [79]. The
as-obtained dendrite-like branched nanowires enhanced the surface
areas and provided a direct conduction path for electrons between
the point of photogeneration and the conducting substrate, and thus
improved electron transport compared to films of sintered nano-
particles. The DSSC based on the nanowires-branched ZnO exhib-
ited energy conversion efficiencies of 0.5% with internal quantum
efficiencies of 70%. Yang et al. also fabricated ZnO nanowires-based
DSSCs [80], as shown in Fig. 15 (top) which shows the schematic
of the ZnO nanowire arrays into ruthenium based dye-sensitized
solar cells (a), the ZnO nanowire arrays grown onto the fluorinated
tin oxide (FTO) substrates using the aqueous solutions of zinc nitrate
hydrate, hexamethylenetetramine and polyethylenimine at 92 °C
for 50 h (b). Fig. 15 (middle, c) shows the plots of current density
vs. bias voltage for two cells with different active areas of 0.2 cm’

(small cell) and 0.8 cm? (large cell). The small cell shows a higher
short circuit current J,. and open circuit voltage V,, than the large
cell. Fig. 15 (middle, d) presents a performance comparison of nanow-
ire- and nanoparticle-based cells. They observed that the TiO, films
showed a higher current than either of the ZnO films and a larger
initial slope than the small ZnO particles, consistent with better trans-
port through TiO, particle networks. Ko et al. reported a high ef-
ficiency DSSC fabricated using ZnO nanoforest composed of high
density, long branched tree-like hierarchical ZnO nanostructures
[81]. Fig. 15 (bottom) shows the schematic structure and J-V curve of
DSSC with nanoforest ZnO NWs. They concluded that the overall
light-conversion efficiency was almost five times higher than that
of DSSCs based on vertically-grown ZnO nanowires.
6. Nanogenerators Based on Piezoelectric ZnO Nanowires
Recently, Wang et al. presented a very novel and innovative ap-
proach to convert nanoscale mechanical energy into electrical energy
by utilizing piezoelectric ZnO nanowires [82-84]. Fig. 16 (top) shows
the piezoelectric power generation using p-ZnO nanowire arrays
grown on (001) Si via thermal vapor deposition method [83]. They
recorded three-dimensional plots of the output voltage at an exter-
nal load. The measurements were performed by the AFM using Si
tips coated with Pt film, with a cone angle of 70°. The operation
mechanism of the power nanogenerator relies on the coupling of
piezoelectric and semiconducting properties of ZnO as well as the
formation of Schottky barrier between the metal and ZnO contacts.

Korean J. Chem. Eng.(Vol. 28, No. 9)
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Fig. 16 (top, right) illustrates the model for understanding the elec-
tricity output characteristics of the p-ZnO nanowire. The model ex-
plains that where the piezoelectric charges are partially screened by
free carriers having a relatively low-doping level, the presence of a
Schottky barrier between the AFM tip and NW is required to rectify
the flow of charge carriers. As a result, the current can only flow in
the direction along which the Schottky barrier is at forward bias.
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For a metal-p-type semiconductor contact, the Schottky barrier at
the interface is at forward bias if the semiconductor has a higher
potential, otherwise it is reversely biased. Details are available else-
where [83]. They also fabricated a flexible high-output nanogener-
ator (HONG) based on laterally-grown ZnO nanowire arrays [84];
its schematic structure and demonstration of the output scaling-up
are shown in Fig. 16 (bottom, a and b) with the open circuit voltage
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Fig. 16. (Top) (a) Output voltage from the piezoelectric power generator using p-type vertically-grown ZnO nanowires and schematic for
understanding the electricity output characteristics of the p-ZnO nanowire [83]. (Bottom) Schematic diagram of HONG’s struc-
ture without mechanical deformation in which gold is used for Schottky contacts with ZnO nanowires and (b) Demonstration of
output scaling-up when mechanical deformation is induced. (c) Open-circuit voltage and (d) Short-circuit current measurements

of HONG [84].

(c) and short circuit current (d) of the HONG which were meas-
ured at a strain of 0.1% and strain rate of 5% per second with the
deformation frequency of 0.33 Hz. Using a single layer of HONG
structure, they obtained an open-circuit voltage of up to 2.03 V and
a peak output power density of ~11 mW/cr’.
7.ZnO Nanostructures Based Glucose and Chorlesterol Bio-
sensors

As the 1D ZnO nanostructures have high electron affinity and
high-surface to volume ratio of one-dimension nanostructures, they
can be used for the fabrication of electrical sensors, electrochemi-
cal biosensors. Umar et al. also reported a glucose biosensor fabri-
cated with well-crystallized ZnO nanonails grown by thermal evap-
oration process at ~650 °C [85]. They used the ZnO nanonails as

supporting matrixes for glucose oxidase (GOx) immobilization to
construct an efficient glucose biosensor (Nafion/GOx/ZnO/Au). The
GOx immobilized on the surfaces of ZnO nanonails had more spatial
freedom in its orientation, which facilitated the direct electron trans-
fer between the active sites and electrode surface. Fig. 17 shows a
schematic diagram of chorlesterol (or glucose) biosensor (top) and
a typical steady-state amperometric response of the ZnO nanonails-
modified glucose biosensor on successive addition of glucose in
the 0.01 M PBS solution (pH 7.4) at an applied potential of 0.8 V
(a) and the Lineweaver-Burk plot of 1/i vs 1/C (c). The biosensor
exhibited a rapid and sensitive response to the change of glucose
concentration. With subsequent addition of glucose to the stirring,
the phosphate buffer showed a decrease in the reduction current.

Korean J. Chem. Eng.(Vol. 28, No. 9)
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Fig. 17. (Top) Schematic diagram for understanding the ZnO nan-
orods-based glucose biosensor. (Middle) Amperometric re-
sponse of Nafion/ZnO nanorods/Au electrode with succes-
sive addition of glucose to the 0.01 M PBS buffer solution
(pH=7.4). The applied potential was +0.8 V (vs Ag/AgCl
(sat’d KCl) reference). (Bottom) Lineweaver-Burk plot of
1/ vs 1/C [85].

The time required for the 95% steady-state response was less than
S's, indicating a good electrocatalytic and fast electron exchange
behavior of the GOx/ZnO nanonails electrode. Inset in (a) shows
the corresponding calibration curve of the fabricated glucose sen-
sor, exhibiting an increase in response current with the glucose con-
centration with reaching a saturated value at a high concentration.
The linear calibration range from 0.1 to 7.1 mM with a correlation
coefficient of R=0.9937 showed that the fabricated glucose bio-
sensor had a high sensitivity of 24.613 pA/cm’mM. The detection
limit of the glucose was 5 uM, much less than the previously re-
ported ZnO-based glucose sensors. Although not illustrated, we exam-
ined nanoparticles and flower-shaped nanostructures of ZnO for
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chorlesterol detection: the former showed a sensitivity of 23.7 pA/
cm’uM, detection limit of 3.7x10™* mM [86], and the latter exhib-
ited showed a sensitivity of 61.7 pA/cm’uM and detection limit of
0.012 uM [87], respectively. The higher sensitivity with the flower-
shaped ZnO is attributed to greater surface areas than those of nano-
particles.

CONCLUSIONS

The synthesis of ZnO nanostructures and their applications are
reviewed in terms of growth method, characteristics, and devices.
The zinc oxide has a great diversity in structural morphology, proba-
bly the richest family of nanostructures among all materials, which
thus lead the publication of thousands of research papers and hun-
dreds of patents. The device applications of ZnO nanostructures
include field effect transistors, field-emission devices, piezoelectric
nanogenerators, biosensors, p-n heterjunction diodes such as light-
emitting diodes and photovoltaic cells, and so on. A low-cost and
easy technique needs to be developed by which a specially-wanted
shape of nanostructure can be synthesized. Especially, the pattern-
ing and selective growth of ZnO nanostructures on desired sites are
very important for the nanodevices fabrications and integrations.
The growth of p-type ZnO nanostructures and fabrication of p-n
Jjunction into a single nanostructure for the fabrication of electrically
driven nanodevices is needed to be researched. In addition, as the
Zn0 is a biocompatible and biosafe, the functionalization of ZnO
nanomaterials for bio applications is also promising these days. At last
but not least, the future directions for study on ZnO nanostructures
are seemingly boundless, but will obviously are driven by demand
for the successful achievements of devices.
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