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In recent years, one-dimensional (1D) semiconductor metal
oxide nanostructures, such as nanowires, nanorods, and nan-
otubes, have been the intensive research focus for their poten-
tial applications in optical, electrical, optoelectronic, photo-
catalytic, and hydrophilic/hydrophobic fields. To improve the
output efficiency of the nanodevices in various fields, assem-
bling nanostructured building blocks into two-dimensional
(2D) or three-dimensional (3D) hierarchical structures is
prerequisite.

As guest editors, we are pleased to organize a special issue
with a variety of topics within self-assembly of 1D semicon-
ductor nanostructures, aswell as the combination of synthesis
and application aspects. This is the first special issue on self-
assembly of 1D semiconductor nanostructures that brings
together papers concerning recent developments in synthesis
and self-assembly of nanocrystals. This special issue consists
of a collection of two review articles, seven articles that are
contributed from Japan, China, and Israel’s scientists.

The review article by H. Zeng’s group overviews the
fabrication methods of ZnO-based transparent conductive
thin films and emphasizes optimum processing parameter
conditions and growthmechanism of the as-obtained film on
flexible substrate. The review by C. Lai summarizes the syn-
thesis and properties of one-dimensional TiO

2
nanomaterials

(bare 1D TiO
2
nanomaterial and 1D hierarchical TiO

2
) and

their photovoltaic performance in dye-sensitized solar cells
(DSSCs).

The article by H. Zhang et al. studies the effect of alumina
dopant on transparency of tetragonal zirconia, and they
found that low transparency of the resultant yttria stabilized
tetragonal zirconia doped with alumina specimens does not
suggest a beneficial effect of alumina dopant evenwhennano-
metric grains and high density have been achieved. Finally,
they also proposed a possible formation mechanism. X. Wu
and coworkers synthesize hierarchical ZnO nanostructures
assembled from nanosheets through a facile hydrothermal
route. Their results show that sulfur powder plays a critical
role in the morphology of the products. Room tempera-
ture photoluminescence property of the hierarchical ZnO
nanostructures shows an ultraviolet emission peak at 385 nm.
Scientists from that the Hebrew University demonstrate two
alternatives for self-assembled patterning within the nano-
scale resolution of optically active semiconductor nanocrys-
tals. The first is substrate selective and uses high-resolution
surface patterning to achieve localized self-assembly. The
2nd method uses surface with poly(methyl methacrylate)-
(PMMA-) resistant patterning adsorption of the nanocrys-
tal with covalent bonds and lift-off. Wang’s group reports
synthesis of silica-coated TiO

2
nanotubes. They discuss the

effects of gas-supported process on tubular morphology,
crystallinity, and photocatalytic activity. It is found that
the sample prepared at hydrothermal treatment and calci-
nation shows perfect open-ended tubular morphology and
increased crystallinity. And the photoactivity of the as-
product is proved to be 5 times higher than that of TiO

2
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nanoparticles. X. Wu’s group showed large-scale synthesis of
ZnS nanobelts by simply thermal evaporation of ZnS powder
in the presence of Au catalysts at 1020∘C. Room-temperature
photoluminescence measurements showed that the as-
synthesized ZnS nanostructures had a strong green emission
bands at a wavelength of 427 nm; they attributed it to
deep-level emissions induced by defects or impurities. Gao et
al. synthesize mesostructured ZnO with excellent methanol
sensing properties by a structure replication procedure
through the incipient wetness technique. Their experimental
results show that mesostructured ZnO material shows the
higher sensitivity and stability in comparison with the non-
porous ZnO prepared through conventional coprecipitation
approach. Finally, X. Wu et al. report formation of flowerlike
Ag
2
O/ZnOheterostructure hybrids by a simple two-step pro-

cedure without any surfactants.The as-prepared heterostruc-
ture composite showedAg

2
Onanoparticles coated uniformly

on the surface of ZnOmicroflowers. They propose a possible
growth mechanism of the products based on the experi-
mental results. PL measurements of the as-obtained product
reveal a strong UV band-edge emission peak at 383 nm.
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Titanium dioxide (TiO
2
) is star materials due to its remarkable optical and electronic properties, resulting in various applications,

especially in the fields of dye-sensitized solar cells (DSSCs). Photoanode is the most important part of the DSSCs, which help to
adsorb dye molecules and transport the injected electrons. The size, structure, and morphology of TiO

2
photoanode have been

found to show significant influence on the photovoltaic performance of DSSCs. In this paper, we briefly summarize the synthesis
and properties of one-dimensional (1D) TiO

2
nanomaterials (bare 1D TiO

2
nanomaterial and 1D hierarchical TiO

2
) and their

photovoltaic performance in DSSCs.

1. Introduction

Titanium dioxide (TiO
2
) is one of the most extensively

studied oxides because of its remarkable optical and elec-
tronic properties. Due to its unique physical and chemical
properties, TiO

2
has been extensively used for various appli-

cations, such as dye-sensitized solar cells (DSSCs), lithium
ion batteries (LIBs), photocatalysis, water treatment, and gas
sensors [1–21].

A typical DSSC consists of a dye-sensitized semicon-
ductor electrode, redox electrolyte, and counter electrode
[23, 24]. Once dye molecules absorb light, the excited dye
injects electrons to the semiconductor. At the same time,
the oxidized dye cation is reduced by the redox electrolyte,
which competes with the recombination of injected electrons.
Electrons are collected at the semiconductor electrode, pass
through the external circuit, and then reenter the cell at
the counter electrode to reduce the oxidized electrolyte
[25]. A closed circuit is thereby established to continuously
convert the solar light to electricity. Nanostructure-based
DSSCs show advantages of low cost, high efficiency, and
simple in preparation, which is promising as a renewable
energy resource for sustainable development of the future
[2, 23, 26, 27]. A breakthrough in DSSCs was achieved in

1991, O’Regan and Grätzel firstly introduced wide bandgap
semiconductor nanocrystal (TiO

2
nanoparticle) into DSSCs

as the transporting medium of photo-induced electrons, and
conversion efficiency was reached to 7% [2]. Recently the
efficiency of DSSCs has been increased to 12.3% [28].

Dye-sensitized semiconductor electrode is usually the
efficiency determining component of DSSCs due to the
competition between electron separation and recombination
accompanying with many electron transfer processes [5,
29, 30]. In brief, semiconductor oxides receive the injected
electrons from the excited state of sensitizer dye, and the
electrons could be competitively trapped by oxidized dye
cation, I

3

− anion in electrolyte, and surface state in TiO
2

(e.g., oxygen vacancy) that is known as recombination, before
they are transported to an external circuit. The described
electron transfer processes in the semiconductor electrode
affect essentially conversion efficiency of DSSCs, which
depends on the nature and morphology of nanocrystalline
semiconductor oxides [31–34].

Wide bandgap semiconductor nanoparticles were the
first material used as an efficient photoanode. Due to the
small size of the nanoparticles, it can provide a large surface
area and a relatively high porosity [2], possible to adsorb
enough dye for efficient light harvesting and a relative high
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Figure 1: (a) SEM images of mesoporous electrodes sintered at 500∘Cmade of TNTs paste B. (b) Photocurrent-voltage curves obtained from
the cells with TNTs electrodes at various Li+ concentrations [22].

conversion efficiency. However, TiO
2
nanoparticles used in

DSSCs are usually as a random network of crystallograph-
ically misaligned crystallites, and lattice mismatches at the
grain boundaries could influence electron scattering and
act as electron trap [31, 34, 35]. This could limit electron
transport and reduce electron lifetime. Further improvement
of DSSC-based nanoparticle is hindered by the previous
drawbacks. One-dimensional TiO

2
nanostructures [36–48]

have a relatively small amount of grain boundaries and
can act as single crystal, which is able to reduce the grain
boundary effect and provide fast electron transport. It shows
great potential in achieving high performance DSSCs. The
recombination rate in TiO

2
nanotubes has been found to be

10 times slower than that in nanoparticles [37]. However, it is
more difficult for the liquid electrolyte to penetrate into one-
dimensional titania than into nanoparticles network, because
the one-dimensional titania has usually relatively low surface
area, large size, and inefficient intact surface compared
with nanoparticles. This usually leads to a large interface
charge-transfer resistance for one-dimensional nanostruc-
tured materials-based photoanode.

To resolve the drawbacks of the nanoparticles and 1D
nanostructures, 1D hierarchically structured materials were
designed by combining nanoparticles and nanorods or
nanowires. They have been used to take advantage of both
the large surface area of nanoparticles and efficient charge
transport of 1D nanostructures [50]. The interpenetration of
electrolyte in the 1Dhierarchical structure could be improved,
and the interfacial area could be increased which might leads
to more electron separation and fast transport [31, 34, 35, 51–
57]. Comparedwith the nanoparticles and 1Dnanostructures,
the photovoltaic properties of 1D hierarchical structure are
superior. This indicate a potential approach to overcome
the limitations of nanoparticles and one-dimensional nanos-
tructures as photoanode materials, though the increase of

the grain boundary effect is inevitable in a hybrid structure
matrix due to the formation of grain boundaries between
nanoparticles and nanorods or nanowires.

In this paper, we review the recent developments in
using of one-dimensional (1D) nanostructures as photoan-
odes for efficient DSSCs. Various randomly oriented and
vertically aligned 1D nanostructures, and their composites
with nanoparticles used in DSSCs are discussed, for which
the order is randomly oriented 1D nanotubes and nanorods,
vertically aligned 1D nanotubes and nanorods, randomly
oriented 1D hierarchical TiO

2
and vertically aligned 1D

hierarchical TiO
2
.

2. Applications in DSSC Photoanode

Thephotoanode shows significant effects on the photocurrent
and photovoltage of aDSSC.As a keymaterial in photoanode,
fast electron transfer kinetics of TiO

2
are necessary to

avoid photoelectron recombination, which usually depends
strongly on themicromorphology and crystallographic struc-
ture of TiO

2
. Therefore, it is very important to synthesize

controllably titania nanomaterials with specific structures
and big surface areawith optimized electron transfer kinetics.

2.1. Randomly Oriented 1D TiO
2

2.1.1. Randomly Oriented 1D TiO
2
Nanotube. To overcome

the electron transport limit of nanoparticles, TiO
2
nanotubes

were the first reported 1D nanomaterial for use as a bifunc-
tional photoanode material, which exhibiting both efficient
generation of photon-generated electrons and good light-
scattering property. Uchida et al. [58] have developed a facile
one-step hydrothermal method to synthesize TiO

2
nanotube

[59]. The nanotube is 100 nm long with an outer diameter of
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Figure 2: (a) TEMmicrographs of titanate nanotubes calcined at 400∘C. (b) Specific surface area of samples calcined at different temperatures.
(c) I-V curves for titanate nanotubes calcined at different temperatures. Illumination intensity of 100mWcm−2 with global AM 1.5 and an
active area of 0.25 cm2 were applied [16].

(a)
(b)

Figure 3: (a) TEM image of nanorods prepared with F127. (b) HRTEM image of (a) [49].

8 nm. The specific surface area can reach to 270m2/g. DSSC
with such nanotube showed a 2.9% conversion efficiency,
which was not better than that of nanoparticles. The main
reason for the previous result may due to the aggregate of the
TiO
2
nanotube, which could reduce electricity contact and

increase impedance between TiO
2
nanotube and conductive

glass. And the nanotube wall here could also block the
diffusion of the I−/I

3

−.
To synthesize TiO

2
nanotube with high dispersion

and crystallization could improve the photoelectrochemical
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Figure 4: (a) Lateral view FESEM images of titanium nanotubes grown from a 500 nm thick Ti thin film (sputtered onto SnO
2
:F coated glass

at 500∘C) anodized using a 0.5%HF electrolyte concentration at a potential of 12 V. (b) Integration of transparent nanotube array architecture
into dye solar cell structure [38].

Table 1: Detailed IMPS/IMVS parameters of the DSSCwith titanate
nanotubes calcined at different temperatures [16].

Calcination
temperature 𝜏𝑑 (ms)a 𝜏

𝑛
(ms)a 𝐷

𝑛
(cm2/s)a 𝐿

𝑛
(𝜇m)a

400∘C 1.83 14.2 3.5 × 10
−4 22.3

500∘C 1.18 53 5.4 × 10
−4 53.6

600∘C 0.94 106 6.8 × 10
−4 85

700∘C 1.47 17.7 4.4 × 10
−4 27.8

properties. Adachi et al. [60] and Ohsaki et al. [22] have
reported such TiO

2
nanotubes (TNTs) with large aspect

ratio and large specific surface area. The conversion effi-
ciency could reach to 6.4% (Figure 1). After treating with
the TiCl

4
, the conversion efficiency could increase to 7.1%.

Single crystal of TiO
2
facilitates the fast transport of electron.

And large aspect ratio of TiO
2
nanotubes could help to

reduce the grain boundary effect. The research also indicated
that the increased electron density and electron lifetime
in the photoanode could be beneficial for the improved
photoelectrochemical properties.

Our group [16] also reported the protonated TiO
2
nan-

otube prepared from one-step hydrothermal method with
anatase TiO

2
and 10M NaOH solution as the starting mate-

rials [15, 61]. After being calcined at 400∘C, single crystal of
TiO
2
(B) nanotube was obtained (Figure 2). Although nan-

otubes have the advantage in morphology and surface area
for enhancing photoelectrochemical performance, TiO

2
(B)

nanotubes in this work showed relatively poor photovoltaic
properties with the 𝜂 value of only 1.05%. The poor perfor-
mance here was mainly related to the serious recombination
in numerous surface defects and a relatively open tunnel
structure of TiO

2
(B) [15]. Higher temperature calcination

would reduce the surface defects, but the tube morphology
could not exist.

2.1.2. Randomly Oriented 1D TiO
2
Nanorod. One-dimen-

sional TiO
2
nanorods have a relatively small amount of

grain boundaries and can act as single crystal, which is
able to reduce the grain boundary effect and provide fast
electron transport [51–53]. And the rod could keep the
rod morphology with higher temperature calcination. Many
researches were focused on TiO

2
nanorods.

Jiu et al. [49, 62] have reported single crystalline anatase
TiO
2
nanorods synthesized by surfactant-assisted hydrother-

mal method. Short rods with the diameter 20–30 nm and
length 100–150 nm have been obtained (Figure 3). The clear
lattice strips indicated that the nanorods with high crys-
tallinity and fewer defects have been obtained, which is
beneficial for the transfer of electrons in the rods. A high
light-to-electricity conversion yield of 7.06%was achieved by
applying the TiO

2
nanorods as thin film of dye-sensitized

solar cells. The nanorod shows the same advantages as
nanotubes: the fast electron transport, the reduced recombi-
nation, and the long lifetime.

We also fabricated such small size nanorods with a
special method different from the tradition. The nanorods
were obtained by calcination of protonated TiO

2
nanotube

at 600∘C for 2 h [16]. It is much thicker and shorter with
a diameter of 15–30 nm and a length of about 100 nm. The
interference fringe spacing of the nanorods is about 0.35 nm,
corresponding to the interplanar distance of the (101) plane
in the anatase phase. And the conversion efficiency could
reach to 7.71%. IMPS and IMVS were used to investigate
further the electron transport and recombination processes,
as shown in Table 1. Compared with nanotube calcined at
400∘C, nanorods calcined at 600∘C show a longer lifetime,
which is over 10-fold longer than that for TiO

2
(B) nanotube

and a shorter electron transport time only half of the TiO
2
(B)

nanotube. This indicates that anatase nanorods with a good
crystallinity are beneficial to a faster electron transport and
a longer electron lifetime. In fact, it is considered that the
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(a) (b)

Figure 5: Illustrative FESEM cross-sectional (a) and top images (b) of a nanotube-array sample grown at 60V in an ethylene glycol electrolyte
containing 0.25wt%NH

4
F [63].

(a)

1𝜇m

(b)

1𝜇m

(c)

1𝜇m

(d)

1𝜇m

Figure 6: FESEM images of oriented rutile TiO
2
nanorod films grown from a two-step hydrothermal reaction; (a, b) and (c, d) with and

without addition of saturated aqueous NaCl solution [44].

good crystallinity and the cylindrical geometry could allow
the nanorods to support radial electric fields, which could
keep the electrons away from the nanorods surface, thereby
reducing surface electron densities and recombination.

2.2. Vertically Aligned 1D TiO
2
. Randomly oriented 1D TiO

2

nanomaterial undoubtedly plays as the “electron speedways;”
however, these nanotubes and nanorods are disordered and
random. It has not realized the direct electron transport. So,
it is significant to design and study the vertically aligned 1D
TiO
2
nanomaterials would be much more significative.

2.2.1. Vertically Aligned 1D TiO
2
Nanotube. Vertically aligned

TiO
2
nanotubes provide a vertical pathway for electron trans-

port along the tube and thus minimize electron loss during
diffusion process, and the vertically ordered tubular structure
will facilitate the filling of new sensitizer or electrolyte for
a further increase in efficiency. As such, self-aligned TiO

2

nanotube arrays have been widely studied for applications as
photoanodes in DSSCs [65–74].

Mor et al. [38] have reported a highly ordered 360 nm
long TiO

2
nanotube arrays, made by anodization of thick-

film titanium foil (Figure 4). Afer treating with TiCl
4
and
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Figure 8: (a) SEM images of one-cycle infiltration: inside view of the split NTs. (b) NT and NP mixed structure after two-cycle infiltration
[64].

calcining at 450∘C, a highly ordered photoanode was
obtained. The DSSC exhibited a 𝐽sc of 7.87mA/cm2, a 𝑉oc
of 0.75V, and an overall conversion efficiency of 2.9%. This
result was no better than nanoparticles. A low surface area
with a length of only 360 nm could be responsible for the
result of insufficient dye-loading and low light-harvesting
efficiency. However, highly ordered arrays showed a long
lifetime and excellent electron transport path compared to
nanoparticles. To resolve the problem of the low surface area,
many efforts were done. Nanotubes with lengths up to 100 𝜇m
have been produced to increase the surface area for dye-
loading [63, 75]. Shankar et al. [63] even obtained ultralong
TiO
2
nanotubes with length over 200𝜇m (Figure 5), which

delivered significantly improved DSSC efficiency of 6.89%.
However, synthesis of these ultralong nanotubes costs much
time (more than 10 h) and electricity for anodization process,
and the reported efficiencies of TiO

2
-nanotube-array-based

DSSCs are still lower than DSSCs based on mesoporous
TiO
2
films due to the relative low internal surface area for

dyeloading of nanotube arrays [44, 76, 77].

2.2.2. Vertically Aligned 1D TiO
2
Nanorod. Different from 1D

nanotube array, DSSCs based on 1D TiO
2
nanorods array

remain a challenge [43, 78–86], which is mainly owing to
the low dye-loading ability resulting from the insufficient
specific surface area. Liu and Aydil [44] reported a facile,
hydrothermal method for the first time to grow oriented,
single-crystalline rutile TiO

2
nanorod films on transpar-

ent conductive fluorine-doped tin oxide (FTO) substrates
(Figure 6). The growth parameters, such as growth time,
growth temperature, initial reactant concentration, acidity,
and types additives, could effectively influence the diameter,
length, and density of the nanorods. A small lattice mismatch
between the FTO substrate and rutile TiO

2
is key in driving

the nucleation and growth of the rutile TiO
2
nanorods on

FTO. 4 𝜇m long TiO
2
nanorod films were obtained through

the previous method. Afer treating with TiCl
4
, a light-to-

electricity conversion efficiency of 3% was achieved.
Many efforts have done tomodify the oriented rutile TiO

2

nanorod to improve the photoelectrochemistry properties.
Lv et al. [87] have reported a densely aligned TiO

2
nanorod

arrays (NRAs) with high surface area.Theses densely aligned

TiO
2
NRAs with tunable thickness were grown directly

on transparent conductive fluorine-doped tin oxide (FTO)
substrates by hydrothermalmethod. Dilute hydrochloric acid
was used as chemical etching liquid to further increase the
specific surface area of the TiO

2
NRAs. TiO

2
nanorods were

splited into secondary nanorods with a reduced diameter
during the etching treatment. And the inner surface area of
the TiO

2
NRAs was markedly enlarged. Finally, a conversion

efficiency of 5.94% was achieved by using such NRAs. It is so
far the best reported results for the 1D rutile TiO

2
NRA films.

2.3. 1D Hierarchical TiO
2
Nanomaterial. TiO

2
nanoparticles

used in DSSCs have its limitations, such as influencing
the electron scattering and acting as an electron trap. 1D
nanostructured TiO

2
could reduce the grain boundary effect

and provide fast electron transport. However, it is more
difficult for the liquid electrolyte to penetrate into one-
dimensional titania than into nanoparticles network. And
the small surface area would block the improving of the
photoelectrochemistry properties. In general, fast reaction
kinetics (fast electron transport, long electron lifetime, and
less recombination) together with large specific surface area
are the essential properties of the superior photoanode
materials with excellent photoelectrochemical properties.

2.3.1. Randomly Oriented 1D Hierarchical TiO
2
. To achieve

highly efficient DSSCs, one-dimensional hierarchical com-
posites were designed as show in Figure 7 [50], which
combine the high electron transport from 1D nanostructures
and large surface area to attach enough dyes from nanopar-
ticles. A proposed electron transfer model is shown in the
following; the injected electrons in the nanoparticles standing
on nanorods are subject to transfer into the nanorods and
then are rapidly transported to FTO substrate due to the
single-crystal feature of the nanorods. The results indicate
that one-dimensional hierarchical titania cannot only provide
a matrix similar to the hybrid structure matrix but also
avoid forming a large amount of grain boundaries with opti-
mized fast reaction kinetics: low charge-transfer resistance,
fast electron transport, and long electron lifetime. And the
existed nanoparticles greatly improve the surface area of
the nanorods. The conversion efficiency of one-dimensional
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hierarchical titania can reach to 4.46%, which is about 5 times
higher than that of their corresponding nanorods.

2.3.2. Vertically Aligned 1D hierarchical TiO
2
. Pan et al.

[64] have reported vertically aligned 1D hierarchical TiO
2
.

10 nm size of TiO
2
NPs were uniformly coated on the side

walls of NTs through infiltration with TiCl
4
solution and

hydrothermal synthesis (Figure 8). Compared with the bare
NT structure, dye-loading ofmixedNT andNP structure was
two times doubled. The larger surface area resulted in more
recombination which slightly reduced the electron lifetime.
However, the diffusion length was still longer than the tube
length used. This means most electrons are collected.

3. Summary

In this paper, we have summarized the using of 1D TiO
2

nanostructures as electrode materials for DSSC photoanode.
Randomly oriented 1D TiO

2
(nanotubes and nanorods)

with cylindrical geometry could support radial electric fields
that could keep the electrons away from the nanorods
surface, thereby reducing surface electron densities and
recombination. And large aspect ratio of TiO

2
would help

to reduce the grain boundary effect. The electron lifetime
would also increase. All these advantages could be beneficial
for the improved photoelectrochemical properties. However,
randomly oriented 1D TiO

2
nanomaterial are disordered and

random. It has not realized the direct electron transport.
Vertically aligned TiO

2
nanotubes provide a vertical pathway

for electron transport along the tube and thus minimize
electron loss during diffusion process, and the vertically
ordered tubular structure will facilitate the filling of new
sensitizer and electrolyte for a further increase in efficiency.
However, the small surface area made the photoelectrochem-
istry properties worse than the randomly oriented 1D TiO

2

nanomaterial. In general, fast reaction kinetics (fast electron
transport, long electron lifetime, and less recombination)
togetherwith large specific surface area are the essential prop-
erties of the superior photoanode materials with excellent
photoelectrochemical properties. To achieve highly efficient
DSSCs, 1D hierarchical TiO

2
were designed. Both randomly

oriented and vertically aligned 1D nanostructures have been
used as the photoanodematerials. Detailed study showed that
this 1D hierarchical TiO

2
could combine the high electron

transport from 1D nanostructures and large surface area to
attach enough dyes from nanoparticles. Furthermore, the
bigger pores inside the hierarchically structured films are also
beneficial for the permeation and diffusion of electrolyte in
the photoanode, forming good ohmic contact. The results
provide a potential approach to obtain highly effective solar
conversion materials.

Acknowledgments

This work has been supported by the Chinese National
Science Funds (no. 51202094); the Priority Academic Pro-
gramDevelopment of Jiangsu Higher Education Institutions;

the Natural Science Foundation (no. 12KJB150010 and no.
12KJB430001) of Jiangsu Education Committee of China.

References

[1] A. Fujishima and K. Honda, “Electrochemical photolysis of
water at a semiconductor electrode,” Nature, vol. 238, no. 5358,
pp. 37–38, 1972.

[2] B. O’Regan and M. Grätzel, “A low-cost, high-efficiency solar
cell based on dye-sensitized colloidal TiO

2
films,” Nature, vol.

353, pp. 737–740, 1991.
[3] M. R. Hoffmann, S. T. Martin, W. Choi, and D. W. Bahnemann,

“Environmental applications of semiconductor photocatalysis,”
Chemical Reviews, vol. 95, no. 1, pp. 69–96, 1995.

[4] R. Wang, K. Hashimoto, A. Fujishima et al., “Light-induced
amphiphilic surfaces,” Nature, vol. 388, no. 6641, pp. 431–432,
1997.

[5] M. Grätzel, “Photoelectrochemical cells,” Nature, vol. 414, no.
6861, pp. 338–344, 2001.

[6] S. U. M. Khan, M. Al-Shahry, and W. B. Ingler, “Efficient
photochemical water splitting by a chemically modified n-
TiO
2
,” Science, vol. 297, no. 5590, pp. 2243–2245, 2002.

[7] P. V. Kamat, “Meeting the clean energy demand: nanostructure
architectures for solar energy conversion,” Journal of Physical
Chemistry C, vol. 111, no. 7, pp. 2834–2860, 2007.

[8] E. Maciak and Z. Opilski, “Transition metal oxides covered Pd
film for optical H

2
gas detection,”Thin Solid Films, vol. 515, no.

23, pp. 8351–8355, 2007.
[9] M. G. Manera, J. Spadavecchia, D. Buso et al., “Optical gas

sensing of TiO
2
and TiO

2
/Au nanocomposite thin films,”

Sensors and Actuators B, vol. 132, no. 1, pp. 107–115, 2008.
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Thewell-aligned Ag
2
O/ZnOmicroflowers heterostructure was synthesized by a straightforward two-step procedure.The diameters

of the as-synthesized products were as much as 1.5 𝜇m.The as-grown Ag
2
O/ZnO heterostructure was investigated by X-ray powder

diffraction (XRD), scanning electron microscope (SEM), transmission electron microscope (TEM), and photoluminescence (PL)
spectroscopy analysis. A possible growth mechanism for flowerlike Ag

2
O/ZnO heterostructure was proposed based on the experi-

mental results. Compared with pure ZnOmicroflowers, PL spectrum of the composite with only one strong peak at 383 nm showed
good intrinsic emission.

1. Introduction

In recent years, nanostructured materials have been a wide
research focus due to their versatile morphologies and excel-
lent physical and chemical properties superior to the corre-
sponding bulk counterparts [1–5].Therefore, nanostructured
materials have been used widely in gas sensors [6–8], photo-
catalysts [9–13], solar cells [13–15], and luminescent materials
[16, 17]. However, in view of applications, it is restricted
because single materials seldom meet actual demands. Thus,
the challenge is to find some nanocomposites consisting of
two or more semiconductors, which is considered a great
choice to improve outstanding performance [18–21]. Zhou
et al. reported Ag

2
O/TiO

2
nanobelts heterostructure with

better ultraviolet and visible photocatalytic activity than
single TiO

2
materials [22]. Khanchandani and his coworkers

demonstrated that type II ZnO/CdS core/shell nanorod
arrays show enhanced simulated solar light absorption and
high transfer efficiency of photogenerated electrons [23]. Li’s
group synthesized Ag-doped ZnO nanowires with excellent
electical and optical properties [24].

ZnO, as a very important wide bandgap semiconductor
material with large exciton binding energy of 60meV at room
temperature, has been a research focus in recent years for
its three prominent characteristics: semiconductor, piezo-
electricity, and biocompatibility. Therefore, it has been used

in various fields such as optics, gas sensors, piezoelectron-
ics, and self-clean energy [25, 26]. As mentioned above,
since nanocomposites represent better properties, herein,
we report the synthesis Ag

2
O/ZnO nanohybrid with a fea-

sible two-step method. A possible growth mechanism of
the as-prepared Ag

2
O/ZnO nanohybrid is proposed. The

as-synthesized flowerlike Ag
2
O-ZnO nanohybrid possesses

an average diameter of 1.5 𝜇m with uniformly distributed
Ag
2
O nanoparticles on ZnO microflowers. Room tempera-

ture photoluminescence properties of the as-prepared ZnO
microflowers and Ag

2
O/ZnO nanohybrid products were

investigated.The spectrum presents only an ultraviolet emis-
sion peak at 383 nm for Ag

2
O/ZnO nanohybrid, revealing an

excellent optical quality.

2. Experiment Details

All the reagents in this experiment are analytically pure
and used without further purification. A typical experiment
procedure is described as follows.

2.1. Synthesis of ZnO Microflowers. In a typical procedure,
3mmol Zn(NO

3
)
2
was dissolved into 10mL deionized water,

and 12mmol NaOH was dissolved into 20mL deionized
water in a 50mL glass beaker with constantly stirring until
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(a)
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Figure 1: SEM images of ZnO microflowers: (a) low magnification SEM image, (b) high magnification SEM image. The inset is TEM image.
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Figure 2: (a) XRD patterns of the as-synthesized ZnO microflowers. (b) Room-temperature photoluminescence spectrum of the as-
synthesised ZnO microflowers.

the solution becomes transparent, respectively. Then, NaOH
solution was added dropwise into the above solution under
ceaselessly magnetic stirring for 1 h. The mixed solution
was then put into a sealed Teflon-lined autoclave, followed
by hydrothermal reaction at 90∘C for 1.5 h. After that, the
autoclave was naturally cooled to room temperature.The pre-
cursor precipitation was taken out and washed several times
with deionized water and ethanol and dried at 60∘C for 12 h
in air.

2.2. Synthesis of Ag
2
O/ZnO Heterostructures. In a typical

experiment, 0.2 g Ag(NO)
3
and 0.48 g NaOH were dissolved

into 20mL deionized water in 100mL glass beaker with
constantly stirring until the solution becomes transparent,
respectively. Then NaOH solution was added dropwise into
the Ag(NO)

3
solution under ceaselessly magnetic stirring

for 30min. 0.20 g of ZnO was added to the suspension.
The obtained mixture solution was illuminated with 250W
metal-halide lamp for 1 h under magnetic agitation. After

illumination, the products were thoroughly washed with
water and ethanol and then dried at 60∘C for 12 h in air.

The obtained product was characterized by scanning
electronmicroscope (SEM,Hitachi-4800), transmission elec-
tron microscope (TEM, JEOL-2010), and X-ray powder
diffraction (XRD, Rigaku Dmax-2600/PC, CuK𝛼 radiation,
𝜆 = 0.1542 nm, 40KV, 100mA). Optical property of the as-
synthesised ZnOnanoflowerswas investigated by photolumi-
nescence spectroscopy (PL SPEX FL-2T2).

3. Results and Discussion

The morphology and microstructural details of the as-
prepared ZnO microflowers were investigated by SEM and
TEM observation. Figure 1(a) shows a low magnification
SEM image of the as-obtained product. It may clearly be
found that the as-obtained product possessesmany flowerlike
structures. Further, high magnification SEM image reveals
that individual microflower is assembled from numerous
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Figure 3: SEM images of Ag
2
O/ZnO heterostructure: (a) lowmagnification SEM image, (b) highmagnification SEM image.The inset is TEM

image.
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Figure 4: XRD patterns of the as-synthesized Ag
2
O/ZnO het-

erostructure.

nanosheets, and the diameter of the product is about 1.5 𝜇m
as shown in Figure 1(b). The inset is TEM images, which
further conform that the as-prepared products are flower-
like structures by some nanosheets assembled. The typical
XRD pattern of the prepared ZnO sample is presented in
Figure 2(a). All the diffraction peaks can be perfectly indexed
to hexagonal wurtzite-type ZnO (JCPDS no. 36-1451). No
peaks of other impurities are detected in this case.The strong
and sharp peaks indicate that the as-prepared product is
highly crystalline.

To investigate optical properties of the nanostructures,
photoluminescence (PL) spectra weremeasuredwith an exci-
tation wavelength of 325 nm at room temperature, as pre-
sented in Figure 2(b). The PL spectra of the flowerlike ZnO
nanostructures preparedwere dominated by a sharp emission
band with a 𝜆max at 380 nm along with a broad, strong band
in the higher wavelength region of 500–660 nm. The UV
peak could be generally attributed to the near-band-edge
emission (NBE), and the visible band (known as deep level
emission, DLE) is usually caused by impurities and struc-
tural defects [27]. The strong, broad emission band in the

higher wavelength region is termed a deep-level or trap-
state emission band, which might be the superposition of
green emission around 520 nm and a near-yellow emission
around 640 nm as reported elsewhere [28, 29].This trap-state
emission is usually associated with various types of defects
resulting from various oxygen vacancies in the valence band
of ZnO nanostructures [30, 31]. Figure 3 shows SEM image of
the as-obtained Ag

2
O/ZnO nanohybrid product. In contrast,

ZnO microflowers with coated Ag
2
O exhibited a rough

surface where a number of Ag
2
O particles were absorbed

on the surface of ZnO microflowers. The inset shows the
corresponding TEM image, which demonstrates clearly some
Ag
2
Onanoparticles coated on the surface of ZnOmicroflow-

ers. XRDpatterns of Ag
2
O/ZnOheterostructure are shown in

Figure 4.The hexagonal ZnO and Ag
2
O phases coexist in the

Ag
2
O/ZnO heterostructure crystals, and the XRD patterns

match their JCPDS files nos. 36-1451 and 41-1104, respectively.
No peaks of other phases were detected, indicating high
purity of the as-synthesized product.

On the basis of the above observations, a possible growth
mechanism of the Ag

2
O/ZnO heterostructure is proposed in

Figure 5. First, OH− reacts with Zn2+ to form Zn(OH)
2
, then

Zn(OH)
4

2− ions. Synthesis of ZnO micro/nanostructures
from aqueous solution containing Zn(OH)

4

2− ions has been
reported. As reaction time proceeds, Zn(OH)

4

2− ions dehy-
drate and form ZnO nuclei under hydrothermal conditions.
These particles have a tendency to aggregate due to large
surface energy. Surface energy is substantially reduced when
the neighboring nanosheets are grown. With the crystal
growth continuing, each nanoparticle in the aggregates or
nanosheet has its own orientation and acts as a nucleus for
further growth. These growth processes are not only related
to the anisotropic ZnO crystal structure, but also the involved
reaction conditions [32]. The growth habit can control the
ZnO crystals to grow into nanosheets. At the same time,
conventional nucleation on the nanosheet occurs for the high
concentration of Zn(OH)

4

2− transforming to ZnO. Then,
flowerlike ZnO hierarchical structures are formed by two-
step nucleation and growth process [33, 34]. Some Ag

2
O

particle seeds are then partially deposited on the surface of
ZnO microflowers to form nucleation sites for subsequent
growth of Ag

2
O particles. During early stages of the reaction,
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Figure 5: Schematic illustration of the possible formation mechanism of the as-synthesized Ag
2
O/ZnO heterostructure.
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Figure 6: Room-temperature photoluminescence spectrum of the
as-synthesised Ag

2
O/ZnO heterostructure.

Ag
2
O crystal nuclei are formed on the ZnO lateral surface

by the reduction reaction of Ag(NO)
3.

With increasing
reaction time, initial particle seeds continuously aggregate
and crystallize, leading to increasing diameters of the Ag

2
O

nanoparticles. At last, a dense and complex Ag
2
O/ZnO

microflowerlike heterostructure is formed.
Finally, room-temperature photoluminescence property

of the as-synthesised Ag
2
O/ZnO heterostructure was also

investigated. Figure 6 shows a PL spectrum of the obtained
Ag
2
O/ZnO heterostructure. Only a single wide emission

peak centered at 383 nm was observed, which may be
attributed to the recombination of free excitons through an
exciton-exciton collision process [27]. No other peaks were
found, illustrating that the as-synthesized Ag

2
O/ZnO het-

erostructure have a better crystal quality and stoichiometry
compared with single ZnO microflowers materials.

4. Conclusions

In summary, flowerlike Ag
2
O/ZnO heterostructure hybrids

have been successfully synthesized by a simple two-step pro-
cedure without any surfactants.The as-prepared heterostruc-
ture composite showedAg

2
Onanoparticles coated uniformly

on the surface of ZnO microflowers. The possible growth
mechanism of the products is proposed based on these exper-
imental results. PL measurements reveal a strong UV band-
edge emission peak at 383 nm. Comparing with pure ZnO

microflowers, the composite exhibited greatly optical prop-
erties.
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ZnO-based transparent conductive thin films have attracted much attention as a promising substitute material to the currently
used indium-tin-oxide thin films in transparent electrode applications. However, the detailed function of the dopants, acting
on the electrical and optical properties of ZnO-based transparent conductive thin films, is not clear yet, which has limited the
development and practical applications of ZnO transparent conductive thin films. Growth conditions such as substrate type, growth
temperature, and ambient atmosphere all play important roles in structural, electrical, and optical properties of films. This paper
takes a panoramic view on properties of ZnO thin films and reviews the very recent works on new, efficient, low-temperature, and
high-speed deposition technologies. In addition, we highlighted themethods of producing ZnO-based transparent conductive film
on flexible substrate, one of themost promising and rapidly emerging research areas. As optimum-processing-parameter conditions
are being obtained and their influencing mechanism is becoming clear, we can see that there will be a promising future for ZnO-
based transparent conductive films.

1. Introduction

Transparent conductive oxides (TCOs), capable of transport-
ing electrical charge and transmitting visible photon, are nec-
essary for use as transparent electrodes in flat panel displays
such as liquid crystal displays (LCDs), plasma display panels,
electronic paper displays, light-emitting-diodes (LEDs) [1],
and touch panels [2, 3]. A carrier concentration on the order
of 1020 cm−3 or higher and a band-gap energy above 3 eV are
usually required for high conductivity and transmittance [4].
Various TCO thin films consisting of impurity-doped SnO

2

(SnO
2
:Sb and SnO

2
:F), In

2
O
3
(In
2
O
3
:Sn, or ITO), and ZnO

(ZnO:Al and ZnO:Ga) films have been researched so far in
this field [5, 6]. Among them, tin-doped indium-oxide (ITO)
is the one in practical use [7, 8]. However, with the market
of ITO expanding, a stable supply may be difficult to ensure
because of the high cost and scarcity of indium [9, 10].

Fortunately, ZnO thin films are a promising alternative
to the commonly used ITO, which are low cost, nontoxic,
highly durable against hydrogen plasma compared to ITO
[11]. Besides, it has a more proper work function for the
transparent contact cathode electrodes of transparent OLEDs

[12]. Nevertheless, many problems associated with substi-
tuting ZnO-based TCO films for ITO still exist. Figure 1
visually describes structural, optical, electrical properties of
zinc oxide. In LCD applications, stability in various envi-
ronments has to be improved when films become thinner.
[13]. In OLEDs applications, preparation technology of low-
temperature and plasma damage-free films on flexible sub-
strate have to be optimized.

For the design and realization of ZnO-based devices, one
of the most significant issues is doping, which necessarily
involves the heavy doping with trivalent elements from the
group III (Al, Ga, In). Minami summed up the resistivity
of impurity-doped binary compound TCO films reported
among thirty years and found that the obtained minimum
resistivity of impurity-doped ZnO films is still decreasing,
while SnO

2
and In

2
O
3
films have essentially remained

unchanged [4]. Such trend indicates the possible significant
promotion of ZnO-based TCO films.

ZnO films have been prepared through various kinds of
methods [14, 15] and each of them has its own advantages
and drawbacks. In this paper, sputtering, chemical vapor
deposition (CVD), and pulsed laser deposition (PLD) are
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Table 1: Properties of ZnO films with different dopants prepared by PLD.

Dopants Optimum content in target (%) Thickness (nm) Resistivity (Ω⋅cm) Transmittance (%) Reference
Al 2 500 4.5 × 10−4 88% [35]
Ga 5 200 8.12 × 10−4 >90% [22]
In 40 >1000 4.02 × 10−4 >85% [36]
F 2 200 4.83 × 10−4 >90% [25]
Si 2 ∼150 6.2 × 10−4 ∼80% [37]

Transmittance

Electrons Conductivity

Photons

Figure 1: A picture visually describing structural, optical, electrical
properties of zinc oxide. Revised from [38]. Copyright 2012, Amer-
ican Chemistry Society.

described in details, since ZnO-based TCO films based on
these methods can get the highest quality. The first two
methods allowing large area deposition make them the most
advanced and efficient deposition techniques for ZnO film.
Even if the films are prepared by the samemethod, thickness,
substrate, growth temperature, dopant, and their content
will play a crucial role in structural, electrical, and optical
properties of films. Therefore, whether we can optimize the
fabrication of high-quality doped zinc oxide thin films at low
cost determines the future of ZnO-based TCO films. The
structural, optical, electrical properties of doped ZnO are
summarized with particular emphasis on influence of doping
on the properties of ZnO thin films, which are responsible for
the properties of films. In addition, recent progress on film
preparation is introduced.

2. Different Dopant Elements

Several elements are doped in ZnO films, such as B [16, 17],
Al, Ga, In (from group III elements) [18], F (from group VII
element) [19], and so forth. Among them themost studied are
Al-doped ZnO and Ga-doped ZnO. In Section 2, we focus on
recent research onAl, Ga doping, and codoping.The position
of the dopant atoms and solubility limit can be related to the
film preparationmethods. For example, in the spray pyrolysis
technique, In and Ga is more efficient than Al since the Al
atoms are preferably at interstitial sites of the ZnO lattice and
decrease the mobility [20].

Some reported electrical and optical properties of ZnO
filmswith different dopants prepared byPLDare summarized
in Table 1. Each dopant was at its appropriate content

and all films were fabricated under optimum-processing-
parameter conditions to achieve lower resistivity and higher
transmittance.

2.1. Group III Elements Doping. The ionic radius of Al3+ is
0.54 Å, which is smaller than that of Zn2+ (0.74 Å). So the
Al3+ can occupy the place of Zn2+ in lattice easily, leading
to a reduction of the lattice parameter. In comparison with
Al3+, Ga3+ has similar ionic radius to Zn2+ ions, which
minimizes the ZnO lattice deformations even at higher
doping concentrations [18, 21]. This may explain the reason
why the best electrical properties of ZnO-based films are
observed in Ga-doped ZnO thin films [22].

The conductive property of ZnO thin films is primarily
dominated by electrons generated by oxygen vacancies and
charge donation. Geng and his coworkers [23] investigated
the effect of Al concentration on the electrical properties
of ZnO:Al thin films grown on Si(100) substrate by atomic
layer deposition. The crystallinity of the film degenerated
while resistivity was found to decrease with increasing Al
doping concentration (9.36 × 10−4Ω⋅cm at maximal doping
concentration 2.7 at.%).

Al is incorporated beyond the thermodynamic solubility
limit, even within the limit, the relationship between Al
content and resistivity is not monotonous [24].The resistivity
of the AZO film decreased with an increase of the Al content
up to 7 at.% and then increased at a high Al content of
8 at.% (Figure 2). At high Al concentration, Al exists in
the form of Al

2
O
3
, resulting in deleterious effects to the

electrical properties of the films. According to many other
reports, the relationship between conduction characteristics
and concentration of other elements doping is similar to that
of Al doping.

Fluorine is another dopant to improve the conductivity
of the films [19]. Unlike aluminum and other elements in
group III, effect of fluorine in ZnO is less discussed. Fluorine
incorporates into the lattice by substituting oxygen atoms due
to the comparability of ionic radius (F-: 1.17 Å, O2−: 1.22 Å).
Actually, ZnO:F films have good combination properties.
Cao et al. [25] prepared FZOfilms via pulsed laser deposition,
getting a resistivity of 4.8 × 10−4Ω⋅cm, carrier concentration
of 5.43 × 1020 cm−3, and Hall mobility of 23.8 cm2V−1s−1,
respectively. The average optical transmittance in the entire
visible wavelength region was higher than 90%.

2.2. Codoping. Difference of radii between doping ions and
Zn2+ ions or O2− ions will result in variation of lattice
constant and degeneration of crystallinity in zinc oxide.
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Figure 2: Resistivity as a function of Al contents from 0 to 8.4 at.%
achieved byHall measurement at room temperature [24]. Copyright
2011, The Electrochemical Society.

This issue could be partially resolved by codoping, which
has led to an upsurge study in recent years [26–28]. High
quality of films deposited by Shin et al. has confirmed the
advantages of codoping [29]. As Ga concentration increased
from 0.5 to 2 at%, the peak intensity of the (0002) plane and
carrier concentration forMg and Ga codoped ZnO thin films
(MGZO) increase compared with that of pure ZnO and Mg-
doped ZnO thin films, as shown in Figure 3 [29], implying the
substitution ofGa3+ ionswith Zn2+ ions (ionic radius ofGa3+,
Mg2+, and Zn2+ is 0.062 nm, 0.057 nm, and 0.060 nm, resp.).
What is more, the MGZO structure was stabilized greatly in
this method. The low electrical resistivity and wide band gap
energy of MGZO thin films can be ascribed to the dopant of
Ga and Mg, respectively.

3. Doping Concentration

3.1. Concentration-Dependent Conductivity. Zinc oxide, as a
transparent oxide with band-gap energy of 3.37 eV [30], can
satisfy the optical properties requirement of TCO without
doping. However, the carrier concentration of intrinsic ZnO
is roughly 106 cm−3 at room temperature [31], which is much
lower than that of TCO films for practical application. In
general, an introduction of dopants affords an increase in
carrier concentration, that is,

𝑛
0
⋅ 𝑝
0
= 𝑛
2

𝑖
, (1)

where 𝑛
0
is the concentration of conductive electrons, 𝑝

0

is the concentration of hole, and 𝑛
𝑖
is s intrinsic carrier

concentration in ZnO. Doping directly affects carrier con-
centration and influences conductivity in turn. Although
introduced impurities are necessary, but not more is better.
Its concentration must have a limitation; otherwise, very
high doping levels will result in high free carrier absorption,
high plasma resonance reflectivity, and lowvisiblewavelength
transparency (Figure 2). Even though it seems difficult to
improve electrical conduction while maintaining the optical

transmission, there is the potential to achieve both through
improving the microstructure of the films and increasing the
carrier mobility. Obviously, it is important to deconstruct the
influence of intentionally introduced impurities on electrical
properties of ZnO to realize any type of device applications.

3.2. Concentration-Dependent Optical Gap Shift. The optical-
gap shift is contributed by two competing effects, Burstein-
Moss (B-M) band-filling effect and band-gap narrowing
(BGN) effect (Figure 4). The well-known optical band-gap
(𝐸
𝑔 op) blue shift [32, 33] in heavily doped semiconductors

occurs because the lower states in the conduction band
are blocked. Conversely, band-gap narrowing is caused by
exchange interactions in the free-electron gas and elec-
trostatic interactions between free electrons and ionized
impurities. The fact that BGN effect is largely compensated
by B-M effect and temperature or doping are two influence
factors in the𝐸

𝑔 op behaviormakes it difficult to separate these
two effects by means of current experiments.

Lu and coworkers [34] found that 𝐸
𝑔 op, evaluated from

optical absorption spectra, was mainly related to the carrier
concentrations and so intrinsic to Al content. The optical
gap increased with the electron concentration when 𝑛

𝑒
≤

4.2 × 10
19 cm−3, which could be fully interpreted by a

modified Burstein-Moss effect; A sudden decrease in energy
gap occurred at 5.4−8.4 × 1019 cm−3, consistent with theMott
criterion for a SMT. Above the critical values, the band gap
increased again (see Figure 5). Further exploration in this
issue is needed to promote energy band engineering in ZnO-
based TCO films.

4. Effect of Growth Conditions

4.1. Preparation Methods. Among various preparation meth-
ods, pulsed laser deposition (PLD) is more appropriate for
precise controlling of morphology and composition of the
grownmaterials. Park et al. and Agura et al. [22, 39] prepared
AZO and GZO thin films on glass substrates with a low
resistivity on the order of 10−5Ω⋅cm by PLD, respectively.
Resistivity on the order of 10−5Ω⋅cm is the best result for
ZnO films ever reported and there is a general agreement
on the better performances in terms of conductivity for
ZnO films grown by PLD than those obtained via other
techniques. However, the problems of stability and cost most
probably constrained the future development of this method
in manufacture on a large scale.

Magnetron sputtering is one of the deposition methods
in practical use. It was found that the lowest resistivity
prepared by this method is still on the order of 10−4Ω⋅cm,
higher than the resistivities obtain by PLD several years
ago. Chemical-vapor-deposition is another industrially most
advanced deposition techniques. How to increase growth
rate and applied to continuous, in-line manufacturing is a
vital issue. Illiberi et al. deposited ZnO:Al films on glass
by an industrially scalable metal organic chemical-vapor-
deposition (MOCVD) technique at atmospheric pressure
[40, 41]. In view of an industrial up-scale, the vaporized
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Figure 3: XRD patterns (a) and variation of the carrier concentration (b) of the pure ZnO,MZO, andMGZO thin films deposited at different
Ga concentration [29]. Copyright 2011, American Chemistry Society.
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precursors, that is, diethylzinc (DEZ), Tertiary-butanol (t-
BUT), and trimethylaluminum (TMA), can be injected in
different deposition zones, where each layer is deposited.
Then, each zone installed along the same production line
continuous, realizing in-line manufacturing. Schematic of an
industrial atmospheric-pressureMOCVD system is shown in
Figure 6. A maximum growth rate was found at a deposition
temperature of 480∘C, for which ZnO

𝑥
:Al films show good

crystalline quality, high conductivity (𝑅 < 10Ω/◻ for film
thicknesses above 1050 nm), and good transmittance (>85%
in the visible range).

Sol-gel method is an attractive liquid-phase routes for
obtaining thin films due to its advantages of easy control
of the film composition and fabrication of a large area thin
film with low cost. Luo et al. [45] developed a versatile
film-deposition process combining microwave-assisted non-
aqueous sol-gel process with dip-coating. The resistivity of
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Figure 5: Band-gap energy as a function of electron concentration
in AZO [34]. Copyright 2007, American Institute of Physics.

obtained films was a little high (minimum resistivity is 2.35 ×
10−2Ω⋅cm) but their results are still promising on the way
to the development of liquid-phase routes. To produce TCO
films of good quality, every step of sol-gel method, including
synthesis of nanoparticles, preparation of dispersions, thin-
film processing, and postannealing, has to be optimized.

4.2. Substrate Type. Up to now, transparent conductive
films have been prepared on plenty of different substrates,
such as glass, sapphire, and polymer. Polymeric substrates,
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Figure 6: Schematic of an industrial atmospheric-pressure
MOCVD system. Films have been deposited by using one injector.
The system can be upscaled for industrial production by installing
multiples injectors [40]. Copyright 2011, Elsevier.

polyethylene-terephthalate (PET) [46], polycarbonate (PC)
[47], aspolyphthalamide (PPA) are drawing increasing atten-
tion due to their merits of light weight, low cost, ability to
flex, curve, roll, fold small volume and promising application
in organic light-emitting diodes (OLEDs) [48, 49].

Substrates nature alone may still affect microstructures
(crystallization, morphology) and electrical properties of
films. Esmaili-Sardari et al. have a research on conductivity
type dependent on different substrates [50]. All films grown
on boron doped p-Si have n-type conductivity at low Hall
Effect temperatures and p-type conductivity at high Hall
Effect temperatures but films grown n-type substrate show n-
type behavior for the entire Hall temperatures range from 80
to 350K, suggesting that the differences in nearly substrates
surfaces could affect intrinsic defects and concentrations as
well as the ZnO (0001) surface termination.

Shin et al. prepared thin films of Ga-doped ZnO (GZO)
on glass and Al

2
O
3
(0001) substrates by using RF mag-

netron sputtering under the same processing conditions
and found that individual grains with columnar shape are
clearly observed in the GZO film on the glass substrate, as
shown in Figure 7(a). However, it is difficult to distinguish
individual grains in the GZO film on the Al

2
O
3
substrate

(Figure 7(b)). The superior crystal quality of the epitaxially
grown GZO films on Al

2
O
3
substrates compared to the

polycrystalline GZO films on glass substrates afforded better
electrical characteristics.

Clatot et al. measured the film crystallinity and stoi-
chiometry, resistivity, and transmittance curves of Si-doped
ZnO thin films deposited both on glass and PET substrates.
Their results confirmed the strong dependence of the elec-
trical and optical properties on substrate nature [46]. As
the theoretical and experimental studies of the impact of
hydroxylation, vacancies, interstitials, and extrinsic doping
on the electronic properties of the polar ZnO (0002) surface
done by Li et al. [38], we can have a study on the influence
of substrate type on growth, defects, and the electronic
properties of the ZnO thin films.

4.3. Growth Temperature. At high temperature, films exhib-
ited higher doping efficiency, higher carrier concentration,
lower resistivity, and higher Hall mobility. Lee et al. [43]

investigated the temperature dependence of electrical resis-
tivity and optical band gap of GZO thin films. The resistivity
of films decreases from 9.61 × 10−3 to 4.50 × 10−4Ω⋅cm with
the increases of deposition temperature from 100 to 500∘C
(Figure 8), and this can be attributed to substitutional doping
increase and the grain boundary density decrease as the
growth temperature rose.

Low growth temperature is required for the flexible
substrates in OLEDs. However, the films always show poor
properties at low growth temperature. This relationship does
not mean all hope for low-temperature growth lost. In recent
years, the growth of high quality films at low temperature on
flexible substrates has attracted extensive attention owing to
the rather low cost with many unique applications [51, 52].
Clatot et al. successfully deposited Si-doped zinc oxide (SZO,
Si 3%) thin films at a relatively low temperature (≤150∘C) by
pulsed laser deposition (PLD). The SZO films deposited on
PET substrates at 100∘C exhibit a very promising resistivity of
9.0 × 10−4Ω⋅cm [46]. Reference [44, 53] introduced a process
combining room-temperature PLD and direct pulsed laser
recrystallization (DPLR). During DPLR, the AZO thin film
undergoes recrystallization and growth while the underlying
flexible substrate is retained at low temperature. Schematic of
DPLR technique and temperature evolution of AZO film on
different substrates carried out bymultiphysics EM-HT simu-
lation is shown in Figures 9(a) and 9(b), respectively. Recrys-
tallization and growth of films reduce internal imperfections,
resulting in higher conductivity, Hall mobility (increases
from 6.56 to 10.12 cm2/Vs), and higher transmittance. It is
also worthy to note that the merit of no damaging on the
underlying substrates makes this technology promising in
various low temperature applications.

4.4. Ambient Atmosphere. In deposit technique, ablated
species will loss kinetic energy due to collisions with the
background gas molecules, resulting in different film density
and morphology. Gas pressure, especially oxygen partial
pressure, has received a lot of attention [24, 25]. Gondoni et al.
[35] found that when the background gas (O

2
) pressure

changed from 0.01 Pa to 10 Pa, resistivity remains the same
and increases to a magnitude of 10−1Ω⋅cm upon reaching
10 Pa abruptly (black squares in Figure 10). The increasing
resistivity at higher pressures derived from a lower concen-
tration of oxygen vacancy, which reduces the number of free
electrons in turn. In addition, the annealing treatment in
air was observed to cause resistivity to increase (red dots in
Figure 10), diminishing residual dependence on deposition
conditions because oxygen vacancies are saturated. This
variation relation has been also observed in other preparation
methods [5, 54].

In CVD processing, the precursor pressure in CVD
processing also showed strong influence on resistivity. Kim
et al. [24] prepared AZO layers on glass substrates by LP-
CVD and found Al precursor, (Trimethylaluminum) showed
strong influence on Al contents and resistivity of AZO.

4.5. Film Thickness. Film thickness is another factor for the
electrical and optical properties in ZnO-based TCO films,
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(a) (b)

(c) (d)

Figure 7: Cross-sectional FE-SEM images of (a) 200 nm thick GZO thin films on glass; (b) 200 nm-thick GZO thin films on Al
2
O
3
(0001)

substrates; (c) 1000 nm thick GZO thin films on glass; (d) 1000 nm thick GZO thin films on Al
2
O
3
(0001) substrates [42]. Copyright 2009
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Figure 8: Resistivity, carrier concentration, and Hall mobility of
GZO thin films as a function of deposition temperature in the range
of RT to 500∘C [43]. Copyright 2011, Elsevier.

which change from ∼50 nm to ∼2000 nm. In magnetron
sputtering and other deposition technique, ZnO films with
various thicknesses are obtained by varying the deposition

time, temperature, and power [42, 55]. In sol-gel spin coating,
films with various thicknesses are obtained with different
repeating times of coating procedure [26, 45, 56].

Aswe all know that electrical conductivity becomes better
while transmittancemay become poorer as the film thickness
increases [55]. Shin et al. [42] investigated the effect of film
thickness on the structural and electrical properties of Ga-
doped ZnO thin films. It was also found that the electrical
resistivity difference between the films on the two substrates
decreased from 9.48 × 10−4Ω⋅cm to 1.45 × 10−4Ω⋅cm with
increasing the film thickness from 100 nm to 1000 nm. In
Figure 7, the conductivity increases because of both the
increase of grain size and the decrease of grain boundary
scattering. On the other hand, more photons are adsorbed
when the thickness increases according to the following:

𝐼 = 𝐼
0
e−𝛼𝑥. (2)

Here 𝐼 is the intensity of transmitted light, 𝐼
0
is the

intensity of incident light, 𝛼 is absorption coefficient, and 𝑥
can be treated as the film thickness. Due to these two opposite
trends, it is difficult to balance the need for high conductivity
with the need for high transparency. How to get thinner films
with both excellent electrical and optical property is one of
the main research tasks.
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Copyright 2012, Elsevier.

5. Summary

In this paper, how dopants and growth conditions, such as
substrate type, growth temperature, influence electrical and
optical properties of ZnO-based TCO films were discussed
in a panoramic view. we reviewed recently published work
on new, cheap, low-temperature, and high-speed deposition
technology, highlighting methods of producing film on
flexible substrate, the most promising and rapidly emerg-
ing research areas. However, more experimental works are
needed to clarify the relationship between doping, process-
ing, and property of ZnO thin films.
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The specific structure and morphology often play a critical role in governing the excellent intrinsic properties of the compound
semiconductor. Herein, mesostructured ZnO with excellent methanol-sensing properties was prepared by a structure replication
procedure through the incipient wetness technique. The investigation on the crystal structure and morphology of the resultant
material shows that the product consists of hexagonally arranged mesopores and crystalline walls, and its structure is an ideal
replication of CMK-3 template. Consequently, mesostructured ZnO was fabricated as a gas sensor for methanol. The excellent
methanol-sensing performance was achieved at a relatively low operating temperature of 120∘C. In comparison with the nonporous
ZnO prepared through conventional coprecipitation approach, mesostructured ZnO material shows the higher sensitivity and
stability. Furthermore, it shows the discrimination between methanol and ethanol sensitivity, which makes it a good candidate in
fabricating selective methanol sensor in practice.

1. Introduction

Zinc oxide has been widely investigated because of the
hopes it raises for a wide range of technological applications
such as catalysts [1, 2], transparent conductors [3], field-
emission devices [4], optoelectronic devices [5–7], and also
for its fundamental scientific significance. However, besides
its excellent intrinsic properties, the structure-activity rela-
tionship plays quite an important role inmost of its numerous
applications [8, 9].

As one important application, semiconducting zinc oxide
is a promising material for sensing various gases [10–15].
Since semiconductor gas sensors are based on surface-
chemical interaction between the gas molecules and the
crystalline materials [14, 16]. With large surface-to-volume
ratios and well-defined pore structures, mesostructured
metal oxides are particularly desired for improving sensing
performance [17–19]. As we known, it is difficult to pre-
pare mesostructured metal oxides by directing soft-template
method. The hard template method makes it possible to

synthesize mesostructured metal oxides with excellent gas-
sensing properties [20–22]. At present, many mesostruc-
tured metal oxides have been obtained by the utilization
of nanoporous silica as matrices, including In

2
O
3
[18, 23],

Fe
2
O
3
[24], Co

3
O
4
[25, 26], and Cr

2
O
3
[26]. However, it

is impossible to get ZnO mesostructures by nanocasting of
mesoporous silica, because ZnO is an amphoteric oxide,
and its structure will be destroyed in both acidic and
alkali solution during the removal of the hard template.
Although mesoporous carbon instead of silica could be used
as structure matrix, the hydrophobic character of the carbon
template is incompatiblewith the aqueous precursor solution.
For the difficulty in obtaining ZnO with highly ordered
mesostructures, the synthesis of ordered mesoporous ZnO
through nanocasting was not reported until 2007 [27]. For
this reason, to the best of our knowledge, few investigations
on the sensing properties of ordered mesoporous ZnO have
been reported [28].

In this research, the methanol-sensing properties of
ordered mesoporous ZnO were investigated. As we known,
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Figure 1: The nanocasting procedure for mesostructured ZnO synthesis.

methanol is a kind ofwidely used organic solventwith a broad
application in power sources and the manufacturing of dyes,
drugs, perfumes, and so forth. However, it is highly toxic and
is often fatal to humans [29].Thus, it is imperative to develop
highly selective sensor for the detection of methanol. Herein,
we present the synthesis of ZnO with ordered mesostruc-
ture for methanol sensor. The methanol-sensing test reveals
that the sensor fabricated from mesostructured zinc oxide
exhibits high sensitivity and selectivity towards methanol at a
relatively low working temperature of 120∘C, which is much
better than that of the corresponding nonporous materials
synthesized by conventional approach.

Furthermore, in contrast to the reported ZnO materials
which are applied as ethanol sensors [10, 13, 30, 31], this
mesostructured ZnO material with uniform mesoporous
structure shows higher response to methanol than ethanol
without doping any additive and promoter. The discrimi-
nation between methanol and ethanol sensitivity makes it
a good candidate in fabricating highly selective sensors in
practice.

2. Experiment Process

2.1. Synthesis of Mesostructured ZnOMaterials. The synthesis
strategy is illustrated in Figure 1. SBA-15 was synthesized
following the literature procedure reported byZhao et al. [32].
A solution with 1.2 g of Pluronic P123 triblock copolymer,
30 g distilled H

2
O, and 6mL of concentrated HCl (35%) was

prepared and stirred for 2 h, and 5.4mL of tetraethyl orthosil-
icate (TEOS) was added to the solution and stirred vigorously
for 8min. Then the mixture was heated at 40∘C for 24 h
and 100∘C for 48 h as a hydrothermal treatment. The solid
product was filtered, washed, dried at room temperature, and
calcined at 550∘C for 6 h. CMK-3 was prepared according

to a literature procedure [33]; the silica matrix was removed
by stirring in a 5% HF solution. Mesostructured ZnO was
prepared by incipient wetness impregnation of mesoporous
CMK-3 carbon with zinc nitrate. To obtain a good infusion
and filling of the zinc precursor into CMK-3 mesopores,
a saturated ethanol solution of zinc nitrate was chosen as
the precursor instead of aqueous solution. Using ethanol as
a solvent can not only improve the wettability of CMK-3
but also facilitate the uniform loading of zinc nitrate into
pores. The amount of the solution used in incipient wetness
impregnation equals to the pore volume of the support. In
order to convert zinc nitrate to zinc oxide, the sample was
heated under an atmosphere of air to 300∘C at a temperature
ramp rate of 2∘C min−1. The procedure was repeated twice,
and the final product was obtained after heating in air at
700∘C for 2 hrs.

For comparison, non-porous ZnO was synthesized as
follows: Zn(NO

3
)
2
⋅6H
2
O was dissolved in water to obtain

a 0.1M solution, and then 0.2M urea aqueous solution was
added to it. The mixture was gradually heated to 90∘C with
stirring until the emergence of a large amount of white
precipitation. After washing and filtering, the precipitate was
dried at 60∘C, followed by calcination at 500∘C.

2.2. Fabrication of Mesostructured ZnO Gas Sensor. For the
preparation of the sensors, the as-synthesized product was
mixed with deionized water to form a paste. Then the
paste was coated on a ceramic tube on which a pair of
Au electrodes was previously assembled. Pt wires attaching
to these electrodes were used as electrodes. A Ni-Cr alloy
wire was placed through the tube as a heater to provide
the operating temperature. Figures 2(a) and 2(b) show a
schematic image of the sensor element and a photograph of
the as-fabricated sensor on a socket, respectively.
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Figure 2: (a) Schematic image of the sensor element and (b) photograph of the as-fabricated sensor on a socket.

2.3. Characterization of Structure and Gas-Sensing Property.
The structure of the product was investigated using an X-ray
diffractometer (XRD) (Siemens D5005 diffractometer) with
Cu-𝐾

𝛼
radiation at 40 kV and 30mA. The TEM image was

taken on a HITACHI H-600 transmission electron micro-
scopic operating at an accelerating voltage of 100 kV.Nitrogen
adsorption/desorption was measured with a Micromeritics
ASAP 2010M sorptometer.

Gas sensing properties were studied in a static test system.
After injecting the saturated target vapour into a test chamber
(about 1 L in volume), the sensor was arranged into the
chamber. The resistance of the sensor was monitored by
a measuring system, RQ-2 intelligent test meter (Qingdao,
China). The gas sensitivity was defined as 𝑅

𝑎
/𝑅
𝑔
, where 𝑅

𝑎

is the resistance of the sensor in air, and 𝑅
𝑔
is that in the

detecting gas.

3. Results and Discussion

3.1. Characteristic of Sensing Material. In order to get the
ordered mesostructured zinc oxide materials, CMK-3 and an
organic solution of zinc nitrate were used as host matrix and
precursor, respectively. The mesostructure of ZnO is formed
by replicating the structure of CMK-3 template through the
incipient wetness impregnation. As the interaction between
the active precursor in solution and the CMK-3 carbon is
weak, relatively high loading of precursor could be achieved
by the method of incipient wetness impregnation which is
more convenient, economical, and time saving than the tra-
ditional impregnation method [34]. Figure 3(a) presents the
low-angle X-ray diffraction (XRD) patterns of themesostruc-
tured ZnO sample, together with that of CMK-3 which was
used as the template. The low-angle pattern of the resultant
ZnO material clearly shows the characteristic diffraction,
indicating that themesoporous structure is formed.TheXRD
pattern of CMK-3 exhibits three characteristic peaks which
are assigned to (100), (110), and (200) diffractions of the two-
dimensional hexagonal p6mm symmetry of the ordered pore
system. The diffraction peak of mesostructured ZnO located
at the same position as the carbon template further confirms
that the hexagonal symmetry is preserved in the replication
process, although a certain degree of broadening and a poorer

resolution of the diffraction imply some loss in structural
ordered degree.

The wide-angle powder XRD pattern of mesostructured
ZnO is shown in Figure 3(b). The resultant mesostructured
ZnO sample exhibits well-resolved characteristic diffraction
peaks which are in accordance with the hexagonal wurtzite-
type crystalline phase (JCPDS card number 79-0205). The
well crystalline nature confirms the presence of crystalline
framework walls in mesostructured zinc oxide.

Moreover, the structure of the resultant material is also
verified by transmission electron microscopy (Figure 4). The
TEM image viewed perpendicular to the direction of the
hexagonal pore arrangement indicates that the structure
of ZnO is an inverse replica of the carbon template. This
replica is composed of a hexagonally packed nanoparticle
array. Because of the confined growth in the channels of the
mesoporous carbon template, the nanoparticles are rather
uniform in diameter and oriented in the mesostructured
framework.Upon removing the template, these nanoparticles
interacted and constructed the mesoporous structure. Nitro-
gen physisorption reveals a mean pore diameter of 5.7 nm,
a specific surface area of 47m2 g−1, and total pore volume
of 0.21 cm3 g−1, while the specific surface area of nonporous
ZnO used for contrast is only 13m2 g−1.

3.2. Gas-Sensing Properties

3.2.1. Optimum Operating Temperature Property. Gas-
sensing experiments were performed at different
temperatures to find out the optimum operating condition
for methanol detection.The optimum operating temperature
is not only related to the intrinsic property of sensing
material itself, but also related to the sensing process of the
gas towards the surface of materials. The sensor fabricated
from mesostructured zinc oxide was exposed to 50 ppm
methanol at different working temperatures to get the
optimum condition. The relationship between the sensitivity
and the working temperature is shown in Figure 5. It is seen
that the value of the sensitivity increased quickly with the
elevated working temperature until reached the maximum
at 120∘C, and subsequently, it decreased rapidly with further
elevated working temperature. Accordingly, a relatively low
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Figure 3: (a) Low-angle XRD patterns of mesostructured ZnO and CMK-3 which was used as the structure matrix and (b) wide-angle XRD
pattern of mesostructured ZnO.

Figure 4: TEM image of the mesostructured ZnO prepared by a
structure replication procedure.

operating temperature of 120∘C is identified as the optimal
working temperature and applied to all the gas-sensing
measurements hereinafter.

3.2.2. Gas Response Property. As shown in Figure 6(a), the
sensitivity of mesostructured ZnO versus methanol of differ-
ent concentrations (5–1000 ppm) was measured. The sensor
exhibits not only a high sensitivity to methanol, but also
a good dependence on the concentration of methanol. In
the low concentration range of 5–300 ppm in Figure 6(b),
the sensitivity is linear and proportional to the methanol
concentration. The liner equation is 𝑆 = 0.755𝐶 − 2.184, in
which 𝑆 represents the gas sensitivity, and 𝐶 represents the
methanol concentration. It is indicated that mesostructured
zinc oxide is suitable for the detection of methanol at low
concentrations. When gas response of the as-prepared gas
sensor presents a linear or quasilinear relationship with the
concentration of the measured gas, it means that the sensor
can be used in the online monitoring of target gas. Moreover,
for comparison, the sensitivity of non-porous ZnO versus
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Figure 5: The operating temperature dependence of the sensitivity
of mesostructured ZnO sensor to 50 ppm methanol.

methanol gas of different concentrations is also recorded and
shown in Figure 6. The sensitivity of non-porous ZnO to
methanol is significantly lower than that of mesostructured
ZnO under the same conditions. We assume that the higher
methanol-sensing property of mesostructured ZnO is related
to the ordered porous structure and the rigid structure
matrix.

3.2.3. The Selectivity Property. The selectivity of mesostruc-
tured ZnO is investigated by exposure to 50 ppm different
gases (C

2
H
5
OH, CH

3
OH, CO, C

6
H
6
, HCHO, NH

3
, and

H
2
O) (Figure 7). Obviously, mesostructured ZnO exhibits

good sensitivity and high selectivity to methanol vapour
compared with other gases. Remarkably, the sensitivity of
mesostructured ZnO towards methanol is approximately
3.5 times higher than towards ethanol. It is presumed that
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Figure 6: (a) The sensitivity of mesostructured ZnO sensor versus methanol concentration (5–1000 ppm) and (b) the calibration curve in
the range of 5–300 ppm.
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the methanol molecule is more suitable for diffusion in the
mesopores, as the size of methanol molecule is smaller than
that of ethanol molecule. It is well known that most of the
applications of zinc oxide, including many of its excellent
intrinsic properties, in general, rely critically on its specific
structure and morphology. So, we believed that the high
selectivity of mesostructured zinc oxide without doping any
additive is due to the uniform mesoporous structure.
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Figure 8: The long-term sensitivity values of mesostructured ZnO
to 50 ppm methanol at 120∘C.

3.2.4. Stability and Repeatability. The long-term stability of
this sensor was investigated by repeating the test after aging.
As shown in Figure 8, the sensor shows a nearly constant
sensitivity to 50 ppm methanol during the tests, indicating
that the mesostructured ZnO sensor is extremely stable for
detecting methanol. The superior sensitivity and selectivity
combinedwith the high stability render themesoporous ZnO
promising material for practical application.

3.2.5. Gas-Sensing Mechanism. For most semiconductor
metal oxides, gas sensing is based on surface-chemical inter-
action between gas molecules and the sensing material and
reflected in the variation of resistance, which is primarily
caused by the adsorption and desorption of the gasmolecules
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on the surface of the sensor. In ambient air, the oxygen
molecules are chemisorbed on the surface of ZnO to generate
active oxygen species (Figure 1), such as O

2

− and O−, which
results in the formation of the surface depletion region as
follows:

O
2
(gas) ←→ O

2
(ads) (1)

O
2
(ads) + e− ←→ O

2

−
(ads) (2)

O
2

−
(ads) + e− ←→ 2O− (ads) (3)

When the mesostructured ZnO is exposed to methanol
vapour, the reaction between methanol and ionic oxygen
species can take place in two possible ways [35] as follows:

CH
3
OH +O− ←→ HCHO +H

2
O + e− (4)

CH
3
OH +O

2

−
←→ HCOOH +H

2
O + e− (5)

Methanol molecules are oxidized to formaldehyde or
formic acid step by step, and electrons are liberated accom-
panying the reactions, resulting in an increase of the carrier
concentration and electronic conductivity of mesostructured
zinc oxide. In comparison with non-porous ZnO, mesostruc-
tured ZnO sensor exhibits superior methanol-sensing prop-
erties. The large surface-to-volume ratio and uncompacted
structure are considered to facilitate the high sensitivity and
favorable selectivity of the mesostructured ZnO. Owing to
their well-defined structure and effective electron transport,
mesostructured ZnO materials are particularly suitable for
the detection of methanol.

4. Conclusions

In conclusion, uniformed mesostructured ZnO with excel-
lent sensing performance has been synthesized through an
improved structure replication technique. It is revealed that
the zinc oxides exhibit uniformly crystalline pore walls which
are ideal replication of the template CMK-3 carbon, while the
sensing process is considered to undergo a surface-chemical
interactionmechanism between the methanol molecules and
ZnO surface. The ordered pore system remarkably facilitates
the improvement of sensitivity and selectivity for methanol
sensing in contrast to the non-porous sensing materials. And
also it is worth noting that the difference of the sensitivity
between methanol and ethanol makes it a good candidate in
potential practice. All in all, themesostructuredZnO is a kind
of promising materials for fabricating high performance in
methanol sensors.
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We showed large-scale synthesis of ZnS nanobelts by simply thermal evaporation of ZnS powder in the presence of Au catalysts
at 1020∘C. Scanning electron microscope (SEM), transmission electron microscope (TEM), and X-ray diffraction (XRD) analyses
demonstrated that the as-obtained ZnS nanobelts possess hexagonal wurtzite structures. e nanobelts have lengths ranging from
tens to hundreds of micrometers, thicknesses of tens of nanometers, and widths ranging from hundreds of nanometers to the order
of micrometers.e growth process was proposed on the basis of known vapor-liquid-solid (VLS) mechanism. Room temperature
photoluminescence measurements showed that the as-synthesized ZnS nanostructures had a strong green emission bands at a
wavelength of 427 nm, which can be attributed to deep-level emissions induced by defects or impurities.

1. Introduction

Semiconductor materials have been extensively researched
due to their potential applications in optical, photocatalytic,
and optoelectronic �elds [1–7]. Among them, wide band gap
II–VI semiconductors are efficient emitters from blue to UV
spectra range and are likely candidates to replace materials
like GaN in light emitting laser diodes [8]. In particular,
Zinc sul�de, a direct wide band gap semiconductor (3.7 eV)
with exciton binding energy of 40meV [9], has a high
refractive index [10] and a high transmittance in the visible
range [11]. ZnS exhibits not only photoluminescence [12–
14], but also acoustic luminescence [15], triboluminescence
[16], electroluminescence [17, 18], and thermoluminescence
[19]. One-dimensional ZnS nanostructures possess some
novel properties different from their block counterpart. So
far, a various of ZnS nanostructures including belts [20, 21],
saws [22], combs and windmills [23], and �shbones [24],
have been synthesized. In this paper, we reported large-scale
synthesis of ZnS nanobelts. Au catalyst’s effect on the as-
obtained ZnS nanostructures morphologies was discussed.

Photoluminescence properties of the as-product are also
investigated.

2. Experimental Details

ZnS nanobelts were synthesized through a thermal evapora-
tion process in a horizontal tube furnace. 1 g commercial-
grade ZnS powder (Alfa Aesar, 99.99% purity) was placed
in the center of a single-zone tube furnace and evacuated
for 3 hours to purge oxygen from the chamber, then the
furnace was heated 1020∘C at a rate of 20∘C/min and keep
at this temperature for 1 h. A carrier gas of high-purity Ar
premixed with 5%H2 was kept �owing at a rate 50 sccm.e
pressure inside the tube was maintained at 300 Torr during
the whole experiment. Aer the furnace was cooled to room
temperature, a white-yellow wool-like product was deposited
on Si substrate. e collected products were characterized
by a scanning electron microscope (SEM, Hitachi S-4800)
equipped with an energy-dispersive X-ray detector (EDX,
INCA300) and a transmission electron microscope (JEOL
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F 1: Morphology of the as-grown ZnS nanobelts (a) low magni�cation SEM image (b) high magni�cation SEM image (c) low
magni�cation �EM image, the inset is the corresponding SAED pattern.
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F 2: (a) XRD pattern of the as-synthesized ZnS nanobelts (b) EDS spectrum of the as-synthesized ZnS nanobelts.

JEM-2010). Photoluminescence (PL) spectra were recorded
at room temperature using a He-Cd laser with a wavelength
of 325 nm as the excitation light source.

3. Results and Discussion

e general morphologies of the as-made products were
examined using SEM, which were showed in Figure 1. Figure
1(a) is low magni�cation SEM images of ZnS nanobelts, one
can �nd large �uantities of wire-like structures covered on Si
substrate. Figure 1(b) is the high magni�cation SEM images.
Further observation found that the wirelike product present
belt-like cross sections with an width of about 100 nm to
300 nm and a length of several tens of micrometers. Figure
1(c) and the insert show a typical of low magni�ed �EM
image of the as-grown single ZnS nanobelt and the corre-
sponding SAED pattern, revealing that the as-synthesized
ZnS nanobelt possesses single crystalline structure through
the entire length. ZnS nanobelt grows along [0001] direction.

Figure 2(a) shows XRD pattern of the as-grown products.
All peaks of spectrum can be indexed to hexagonal wurtzite
structure of ZnS, with the lattice constants 𝑎𝑎 𝑎 𝑎𝑎𝑎𝑎𝑎 nm
and 𝑐𝑐 𝑎 𝑎𝑎𝑐𝑎𝑐 nm, which match well to the PDF card (no.
36-1450), without any impurities detected. Figure 2(b) is an
EDS spectrum of the product, only Zn and S element are
detected and Zn/S is about 1 : 1 within experimental errors.
is showed again the as-grown product of ZnS possess high
purity.

Because Au catalyst was introduced during reaction, it is
obvious that the growth mechanism of the as-grown product
of ZnS was controlled by well-known VLS mechanism. At
�rst, ZnS powder evaporated to ZnS vapor at high tempera-
ture, then ZnS vapor react with H𝑎 to produce Zn and H𝑎S
vapor, aer that Zn vapor and H𝑎S vapor were carried to
low temperature zone by Ar gas carrier and deposited on Si
substrate. Zn and Au formed ZnAu solid solution as nuclei to
absorb Zn vapors and H𝑎S vapor, where Zn reacts with H𝑎S
and form ZnS, during the whole growth process, Zn and H𝑎S
continuously separated from ZnAu solid solution and from
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F 3: Room temperature photoluminescence spectrum of the
as-synthesized ZnS nanobelts.

the ZnS nanobelts. However, No gold nanoparticles were
found on the surface of the as-synthesized ZnS nanobelts, it is
possible that Au particle catalysts have been evaporated when
the growth of ZnS nanobelts �nishes, which is consistent
with the explanation to the growth of ZnO and ZnGa2O4
nanohelices [25, 26].

Figure 3 showed room temperature photoluminescence
spectrum of the ZnS nanobelts. One can see only a stable and
strong blue emission peak at 427 nm. As known, near band
edge (NBE) emission of ZnS should position at 337 nm due
to combination of free excitons. us, the emission bands
centered at 427 nm should be assigned to the stoichiometric
vacancies or interstitial impurities in the ZnS nanoribbons,
which has been reported by some literature [27, 28].

4. Conclusion

In summary, we have successfully synthesized wurtzite ZnS
nanobelts in the presence of Au catalysts by thermal evapo-
ration of ZnS powder at 1020∘C. e single crystalline ZnS
nanobelts ranged from tens to hundreds of micrometers in
length and hundreds of nanometers in width. Growth process
may be explained by conventional VLS mechanism. Strong
green emission of ZnS nanobelts may be attributed Au purity
and high density of defects. e as-grown ZnS nanobelts
here may be used as building blocks to fabricate various
functionalized nanodevices.
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By changing hydrothermal condition and post-heat-treatment temperature, silica-coated TiO2 nanotubes are obtained
successfully. The effects of gas-supported process on tubular morphology, crystallinity, and photocatalytic activity are discussed. It
is found that the sample prepared at hydrothermal treatment (180◦C/9 h) and calcination (650◦C/2 h) shows perfect open-ended
tubular morphology and increased crystallinity. The photoactivity of the sample is proved to be 5 times higher than that of TiO2

nanoparticles.

1. Introduction

TiO2-based nanomaterials have been intensely investigated
due to its applications in air purification, water disinfection,
hazardous water remediation, and other fields since Honda
and Fujishima discovered the photocatalytic splitting of
water on the TiO2 electrodes in 1972 [1–5]. In particular,
TiO2 nanotubes (TiO2-NTs) with high surface area, porosity,
low cost, and chemical stability are attracting considerable
attention, as compared with other nanostructures, and
would be good candidates for potential applications in pho-
tocatalysis, gas sensing, pigments, photovoltaic applications,
solar cells, and water detoxification applications [6–10].

On the other hand, as we know, photocatalytic activity
is a comprehensive parameter, which is affected by many
factors such as morphology, crystallinity, surface area, dop-
ing elements, and so on. However, it is very difficult to
adjust each factor alone during the preparation process of
nanomaterials. For instance, high-quality hydrogen titanate
nanotubes (Titanate-NTs) can be obtained by a simple
hydrothermal treatment of crystalline TiO2 particles with
NaOH aqueous solutions. But the as-prepared products
are predominately in amorphous phase, shows low pho-
tocatalytic activity. Therefore, since their photocatalytic
performance is closely related to crystallinity, additional

crystallization is always required for those products. Unfor-
tunately, such materials are also prone to collapse during the
calcination process. As a result, the tubular morphology is
destroyed, with a significant decrease in specific surface area
(SBET), pore volume, and photocatalytic activity [11–13].

How to adjust both morphology and crystallinity to
improve photocatalytic activity of TiO2-NTs is a challeng-
ing subject for us. In our previous work, we presented
a simple chemical morphology-freezing method, at post-
heat-treatment process by combustion of filled carbon in
titanate nanotubes to obtain gas-phase support of CO2, and
after calcination at 500◦C we obtained high photoactivity
TiO2/SiO2 nanotubes (TiO2-NTS@@SiO2) with perfect one-
dimensional tubular morphology and fine crystal form for
photocatalysis, which is 4 times higher than TiO2 nano-
particles (P-25) [14].

In this work, we find, during the gas-supported process,
that phase transfer temperature of TiO2 from anatase to
rutile is delayed by combustion of carbon to CO2. By using
this phenomenon, we improve the preparation method and
obtain TiO2 nanotubes with perfect open-ended tubular
morphology and increased crystallinity at much higher
temperature. The photoactivity of sample is proved 5 times
higher than TiO2 nanoparticles.
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Scheme 1: Formation process of TiO2-NTs@@SiO2 (500◦C, 2 h) and TiO2-NRs@@SiO2 (Over 600◦C, 2 h).

2. Experimental Details

2.1. Synthesis of TiO2-NTs@SiO2 Tubular Nanocomposites.
TiO2-NTS@@SiO2 nanocomposites were prepared by using
chemical morphology freezing method that was described in
our previous work [14]. First, hydrogen titanate nanotubes
(Titanate-NTs) were prepared, and a carbon layer was coated
on Titanate-NTs by hydrothermal treatment to prepare
carbon-coated Titanate-NTs (Titanate-NTs@C). Then a sec-
ond silica layer was followed to coat onto Titanate-NTs@C
via a conventional alkoxide sol-gel method (Titanate-
NTs@C@SiO2). Finally the sample was calcined and the
carbon layer was combusted to yield TiO2-NTs@@SiO2

tubular nanocomposites.

2.2. Characterization. Transmission electron microscopy
(TEM) samples were prepared by suspending the nanopar-
ticles in ethanol and then casting on a holey, carbon-coated
Cu grid. High-resolution TEM images were obtained with
a JEM-2010(HR) instrument operating at 200 kV. Energy
dispersive X-ray analysis (EDS, Inca Energy-200) was used
to investigate the sample compositions. X Ray diffraction
(XRD) patterns were obtained on a D/MAX-RB X-ray
diffractometer (D/Max-2550pc), using Cu-Kα radiation at a
scan rate (2θ) of 0.05◦ s−1, and were used to determine the
phase structure of the obtained samples. The accelerating
voltage and the applied current were 15 kV and 20 mA,
respectively. Specific surface area (SBET) was determined
using a Micromeritics Tristar 3000.

2.3. Measurement of Photocatalytic Activity. The photocat-
alytic activity of TiO2-NTs@@SiO2 was defined as the
amount of CO2 that resulted from the photocatalytic
decomposition of methanol/water solution (5%, volume
ratio). 40 mg sample was suspended in a solution of
methanol (4 mL). The methanol vapor was allowed to reach
adsorption-desorption equilibrium with catalysts in the reac-
tor prior to UV light irradiation. Then the suspension was
irradiated with UV light (500 W) at 25◦C. After irradiation,

the generated CO2 gas was collected with a syringe and
analyzed by gas chromatography (6890N, Agilent) [13, 14].

3. Result and Discussion

3.1. CO2 Gas-Supported TiO2-NTs@SiO2. Open-ended Tita-
nate-NTs, which with diameters of 4 to 7 nm and lengths of
several hundred nanometers, were obtained by a hydrother-
mal reaction using Degussa P25 and 10 M NaOH aqueous
solution at 150◦C for 48 h (Scheme 1, Figure 1(a)). In order
to obtain high photoactivity TiO2 nanotubes, with perfect
open-ended tubular morphology and fine anatase phase,
Titanate-NTs were filled with LaMer-model carbon and then
coated with a silica layer. This filling and coating process
“isolates” microthermal deformation from the system and
consequently prevents the destruction of the tubular mor-
phology during the calcination process. After calcination at
500◦C for 2 hours, TiO2-NTs@@SiO2 were obtained by CO2

gas supporting and showed the higher photoactivity of all
the samples, which is 4 times higher than TiO2 nanoparticles
(Figure 1(b)) [14].

On the other hand, it is generally accepted that crystal-
lization is always an aggregation process from amorphous
state, and crystals grow by attachment of ions to inorganic
surfaces or organic templates [15]. Numerous researches
describe the similar crystallization process of TiO2 crystal-
lites. With increasing calcination temperature from 400◦C
to 600◦C, the crystallization of anatase phase improves,
indicating that at high temperature amorphous Ti atoms
move into anatase crystal location. Usually, the anatase phase
starts to transform to rutile phase when the calcination
temperature exceeds 600◦C. Since anatase phase of TiO2

is beneficial to photoactivity, it is believed that the phase
transform temperature is the most optimal temperature to
achieve prefect anatase phase of TiO2 and best photoactivity
as well.

However, in the CO2 gas-supported process, it is
observed that TiO2-NTs@@SiO2 nanocomposites keep as
pure anatase phase even at 700◦C, which indicates that phase
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Figure 1: TEM images of (a) titanate nanotubes, (b) TiO2-NTs@@SiO2 with “open-ended” structure (500◦C, 2 h). (c) XRD pattern of TiO2-
NTs@@SiO2 calcined at various temperatures. (d) TiO2-NRs@@SiO2 with “close-ended” structure (over 600◦C, 2 h) and EDS spectra of the
sample (inset).
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Figure 2: TEM images of Titanate-NTs@C under different carbon-treated hydrothermal reaction condition.

transfer temperature is delayed (Figure 1(c)). It is well known
that the delay of phase transfer temperature is common in
calcination process of nanoparticles doped with different
elements, because doping with different types of elements
will undoubtedly prevent migration of atom of host materials
to the crystal location. However, it should be noted that EDS
spectra of TiO2-NTs@@SiO2 show that after the calcination,

evidence of Ti, Si, and O is found in sample and no carbon
peak is observed, indicating the complete combustion of
carbon in calcination process (Figure 1(d)). Moreover, XRD
pattern of TiO2-NTs@@SiO2 exhibits that no characteristic
peaks of C are observed, indicating that C element has not
been doped in crystal lattice of TiO2 (Figure 1(c)). Therefore,
the experiment results suggest that in gas-supported process,
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Figure 3: TG curves of (a) Titanate-NTs@C under different hyd-
rothermal reaction time and (b) Titanate-NTs@C and Titanate-
NTs@C@SiO2 at 9 h hydrothermal reaction time.

the microcosmic migration of Ti atoms to the crystal location
is prevented by CO2 evolution, leading to the macroscopical
delay of phase transfer temperature finally.

From our previous work, even after calcination at 500◦C
for 2 hours, some hydrogen titanate nanotubes may still
have not been crystallized completely. If the remaining
amorphous phase hydrogen titanate can be transformed into
anatase phase completely, this will undoubtedly enhance the
photoactivity of TiO2-NTs. However, when the calcination
temperature is increased to 600◦C, the tubular morphology
is significantly destroyed. As shown in Figure 1(d), only
“close-ended” structure is observed, indicating that TiO2-
NTs has been collapsed and fused to TiO2 nanorods (TiO2-
NRs@@SiO2). As mentioned above, photoactivity is a com-
prehensive factor that is related to temperature, crystallinity,
specific surface area, and so on, so it is a challenge to obtain
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Figure 4: Specific surface area (SBET) of Titanate-NTs@C@SiO2

under different hydrothermal reaction condition and calcination
temperature.

TiO2-NTs with perfect tubular morphology at much higher
temperature.

3.2. Improved Carbon-Treated Titanate Nanotubes. In order
to keep the tubular morphology and large surface areas
simultaneously at much higher calcination temperature, our
strategy is to extend combustion time of carbon to support
nanotubular morphology in gas-supported process. There
are two options to select: one is to increase thickness of
the silica coated layer to cut off air and retard combustion.
However, experiment results showed such treatment always
bring aggregation problem of silica itself and disadvantages
in photocatalytic activity due to the excessively thick coating,
which impeded mass transfer channel.

Therefore, it is a reasonable strategy to extend the com-
bustion time by increasing the amount of carbon. The effects
of the amount of carbon on the morphology and crystal
structure of the nanotubes are studied at 180◦C by changing
the reaction time of carbon-treated hydrothermal reaction.
As shown in Figure 2, after being carbon-treated for 7 h,
titanate nanotubes with a diameter of 4 to 7 nm are covered
with a carbon layer uniformly, and the thickness of carbon
layer is about 3 nm. Extending the time of hydrothermal
reaction, the thickness of carbon layer is increased effectively.
The thickness of carbon layer is increased to about 20 nm for
9 h and over 120 nm for 11 h, respectively.

3.3. Thermogravimetric Analysis. The TG curves of the sam-
ples obtained at different hydrothermal reaction time (7 h,
9 h, 11 h) are shown in Figure 3(a). The curves are similar
apparently except that each curve has a large weight loss
at high temperature stage, which is considered as the
combustion of carbon. It is observed that with increasing
hydrothermal reaction time, weight loss of sample gradually
increases, suggesting that the thickness and density of carbon
layer increases linearly with the increase of hydrothermal
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Figure 5: TEM images of (a), (b), and (c) TiO2-NTs@@SiO2 with “open-ended” structure (650◦C, 2 h). (d) TiO2-NRs@@SiO2 with “close-
ended” structure (700◦C, 2 h).

reaction time, which is in good agreement with the SEM
results.

As described in our previous work, we noted that a
second silica layer, which is coated on carbon-treated sample,
can significantly delay the combustion rate of carbon in the
following calcination process. This delay is also confirmed by
the TG analysis. For example, as shown in Figure 3(b), in case
of sample of 9 h, it is found that after 600◦C the weight loss
of sample is almost constant. However, after SiO2 treatment
the weight loss of the sample increases continuously and
finally comes to a constant until 700◦C. The result strongly
suggests that the carbon combustion rate of the silica-coated
sample has been effectively decreased, which indicates that
the tubular morphology is gas-supported by CO2 evolution
until 700◦C.

3.4. SBET of TiO2-NTs@@SiO2. Based on TG data, it can be
calculated that the final stage of combustion occurred at
about 550–700◦C, so the silica-coated samples are calcined at
this temperature range and SBET of the samples is measured.
As shown in Figure 4, it is clear that at different hydrothermal
treatment time, the obtained SBET is different even under
the same calcination condition, which indicates that the
different amount of carbon in a gas-supported process has
obvious effects on the SBET of the nanocomposites. Moreover,
even under the same hydrothermal reaction condition, the
obtained SBET of samples is different at different calcination

temperature, which strongly suggests that the carbon com-
bustion rate affects the SBET of the nanocomposites too. After
all, the results of SBET indicate that the sample prepared at 9 h
hydrothermal treatment and 650◦C calcination (9 h/650◦C)
exhibits the highest SBET.

Figures 5(a)–5(c) are TEM images of the TiO2-
NTs@@SiO2 (9 h/650◦C), which show fine one-dimensional
structure and open-ended tubular morphology. However,
700◦C calcination temperature will cause TiO2-NTs lose their
tubular morphology and become the “close-ended” structure
(Figure 5(d)).

3.5. Photocatalysis of TiO2-NTs@@SiO2. The photocatalytic
activity of the TiO2-NTs@@SiO2 nanocomposites, which are
prepared at various hydrothermal temperature and calcina-
tion temperature, are evaluated by photodecomposition of
methanol. As shown in Figure 6, all of the TiO2-NTs@@SiO2

nanocomposites samples show higher photocatalytic activity
than P25. The sample especially (9 h/650◦C) shows the
highest photoactivity of all the samples, which is about 5
times higher than that of P-25.

4. Conclusion

In summary, by changing carbon-treated hydrothermal
reaction condition and post-heat-treatment temperature, the
effects of gas-supported process on tubular morphology,
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crystallinity and photocatalytic activity of TiO2-NTs@@SiO2

nanocomposites are investigated. It is found that the sample
prepared using hydrothermal treatment (180◦C/9 h) and
calcination (650◦C/2 h) has high-crystallinity and prefect
tubular morphology. The sample shows the highest photoac-
tivity of all the samples, which is about 5 times higher than
that of P-25.
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Aiming to characterize the effect of alumina dopant on transparency, powders of yttria stabilized tetragonal zirconia doped with
alumina (TZ-3Y-E) are used as starting material to fabricate transparent tetragonal ZrO2 by high-pressure spark plasma sintering
(HP-SPS). However, low transparency of the resultant TZ-3Y-E specimens does not suggest a beneficial effect of alumina dopant
although nanometric grains and high density have been achieved. The mechanism is analyzed by comparing with the results of
as-sintered yttria stabilized tetragonal zirconia without alumina dopant.

1. Introduction

Yttria stabilized tetragonal zirconia polycrystal (Y-TZP)
possesses many salient properties, such as high strength,
toughness, wear resistance, chemical resistance, and biocom-
patibility, which make it as a promising candidate for various
structural and biomedical applications [1]. As a hard-to-
sinter ceramic, polycrystalline Y-TZP usually is opaque even
after high-temperature sintering mainly because of the exis-
tence of residual pores. Such pores can significantly scatter
incident light and deteriorate optical properties. In addi-
tion, nanometric microstructure is crucial to achieve good
transparency for Y-TZP since this material has serious
birefringent scattering (one order of magnitude higher than
that of alumina) [2].

Very recently, Krell and coworkers propose a model
based on Mie theory to quantitatively describe the scattering
behavior in Y-TZP [2]. This model points out that the in-line
transmittance of 50% at the visible wavelength range is
expected as the grain size <40 nm for a pore-free Y-TZP
with 1 mm thickness [2]. This can account for the previous
experimental results of the low transparency of Y-TZP [2–5],
since such fine grains are not attained. On the other
hand, this model reveals the weak birefringent scattering
in the infrared (IR) range as grain sizes less than 200 nm.

This prediction is verified by the experimental results
[2, 6]. Nanometric (115 nm) and dense tetragonal ZrO2

was fabricated by Klimke et al. [2] using hot isotropic
pressing (HIP). The 0.5 mm thickness specimen exhibited
the maximum theoretical value of in-line transmittance
(77%) in the IR region of 4-5 μm. The present authors [6]
prepared nanograined (80 nm) and dense tetragonal zirconia
using high-pressure spark plasma sintering (HP-SPS). In-
line transmittance of a 1.5 mm thick sample approached
81–87% of the theoretical value in the wavelength of 3–
5 μm. Meanwhile, tetragonal ZrO2 showed the longest cutoff
wavelength for high-strength transparent ceramics. These
results highlight the great potential of this ceramic applied
for durable infrared windows [2, 6].

It has been well established the beneficial effect of
alumina dopant for sintering Y-TZP. The densification
behavior and microstructural evolution during sintering
of Y-TZP doped with alumina have been investigated by
several researchers [7–13]. For example, Matsui et al. [7]
found that the increase of alumina concentration could
enhance the densification rate of Y-TZP, which was due
to the improvement of apparent frequency-factor term in
rate constant. Consequently, Y-TZP doped with alumina is
highly expected as a superior raw material for fabricating
transparent tetragonal zirconia.
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This speculation was tested in the present study. Nano-
powders of Y-TZP doped with alumina were used to
prepare transparent tetragonal zirconia by high-pressure
spark plasma sintering (HP-SPS). The effect of alumina
dopant on transparency was analyzed with the comparison
of that in pure Y-TZP nanopowders.

2. Experimental Procedure

2.1. Sample Preparation. The starting materials were com-
mercial 3 mol% Y2O3 stabilized ZrO2 powders with
0.3 mol% Al2O3 dopant (TZ-3Y-E, Tosoh Corporation,
Tokyo, Japan) and 3 mol% Y2O3 doped ZrO2 powders (TZ-
3Y, Tosoh Corporation, Tokyo, Japan). These two commer-
cial powders were consolidated directly using a spark plasma
sintering machine (SPS-1050, SPS Syntex Inc., Kawasaki,
Japan) in vacuum (10−3 Torr) to obtain dense bulk speci-
mens. The applied pressure was 400 MPa [6] and the heating
rate was 10◦C/min. Sintering resulted in disk samples of
10 mm diameter and 1.3 mm thickness. The as-sintered
samples were annealed at 900◦C for 4 hours in air.

2.2. Optical Characterization. For measuring optical prop-
erties, both surfaces of the as-prepared disks were mirror-
polished using diamond slurry. The total forward trans-
mittance, in-line transmittance, and reflection were mea-
sured with a double-beam spectrophotometer (SolidSpec-
3700DUV, Shimazu Co. Ltd., Kyoto, Japan) equipped with an
integrating sphere. The distance between the sample and the
detector was about 55 cm. For in-line transmittance measur-
ements, a 3 mm pinhole was placed in front of the detector
selecting only the in-line transmitted portion of the incident
light (5 mm diameter). This setup allowed us to measure the
“real in-line transmittance” [14].

The measured total forward transmittance (T) and in-
line transmittance (I) could be expressed as the following
formulas [15, 16]:

T = (1− R) exp(−αt), (1)

I = (1− R) exp
[−(α + β

)
t
] = T exp

(−βt), (2)

where R is the measured reflection, α is the absorption
coefficient, t is the sample thickness, and β is the scattering
coefficient. The absorption coefficient and scattering coeffi-
cient could be calculated from (1) and (2), respectively.

2.3. Microstructure Observation. For transmission electron
microscope (TEM) observations, a 500 μm thick slab was
cut by a low-speed diamond cutter, mechanically polished
down to 100 μm, and further thinned with an Ar ion-milling
machine. The TEM observations were performed using
a JEOL-2010F microscope (JEOL Ltd., Akishima, Tokyo,
Japan) operated at 200 kV. The grain size was measured by
evaluating the average cross-sectional area per grain under
the assumption of spherical grains. Because the samples
had small pores and low porosity, grain boundary grooving
caused by etching would distort the SEM images. Therefore,
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Figure 1: Typical total forward transmittance and in-line transmit-
tance spectra of the yttria stabilized tetragonal zirconia without (3Y)
and with alumina dopant (3YE). These two specimens were sintered
for 10 min at 1050◦C under the pressure of 400 MPa by means of
SPS. The post-SPS annealing was conducted at 900◦C for 4 hours
in air. The samples analyzed in Figures 2 to 5 were fabricated at the
same conditions. The thickness of these two samples was 1 mm.

the porosity was measured by TEM, as an average value over
five images.

3. Results and Discussion

It is possible to fabricate low translucent tetragonal zirconias
using the TZ-3Y-E powders by means of high-pressure spark
plasma sintering (HP-SPS) under the pressure of 400 MPa.
The study of high pressure SPS of transparent TZ-3Y can
be found elsewhere [6]. The optimum sintering temperature
presents at 1050◦C for TZ-3Y-E specimens fabricated at 1000
to 1200◦C, thus we restrict our measurements and discussion
to this sample in the following. The appearance of this
sample is dark (not shown here). The dark appearance is
usually attributed to color centers (oxygen vacancies with
trapped electrons) [4–6, 16, 17], which are easily produced
in zirconia under thermal reduction or electroreduction
conditions [4–6, 16, 17]. The SPS process actually provides
both conditions because high-temperatures vacuum and
graphite dies yield thermal reduction, and electric current
may result in electroreduction. We have observed the similar
phenomenon in the study of transparent TZ-3Y [6]. After
SPS processing, annealing is conducted at 900◦C for 4 hours
in air to reduce color centers of the TZ-3Y-E and TZ-3Y
samples.

Figure 1 shows typical in-line transmittance and total
forward transmittance spectra of TZ-3Y-E and TZ-3Y speci-
mens. It can be observed that, in contrast to the expectation,
the addition of alumina dopant actually results in worse
optical properties of total forward transmittance and in-
line transmittance. In addition, since the total forward
transmittance contains the in-line transmittance and the
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Figure 2: Dependence of the measured reflection of the yttria
stabilized tetragonal zirconia without (3Y) and with alumina
dopant (3YE). The thickness of these two samples was 1 mm.

forward scattering light, the increase of the total forward
transmittance implies the existence of light scattering in the
present samples. This scattering effect originates from resid-
ual pores and birefringence due to a tetragonal structure.

The dependence of light reflection on wavelength is
represented in Figure 2. The reflection becomes more
pronounced by the addition of alumina dopant. Here, the
measured value consists of the intrinsic reflection losses at
the front and back surfaces of the sample and back scat-
tering from residual pores and birefringence. The intrinsic
reflection should be independent of adding extremely low
concentration of alumina dopant; therefore, only the increase
of back scattering enhances the reflection of the TZ-3Y-E
sample. It should be noted that grain boundary reflection,
that is contribution from birefringence to back scattering,
cannot be neglected in tetragonal zirconia because of its high
birefringence. The maximum reflectivity Rmax by m grain
boundaries is given by [18]

Rmax ≈ 1− (1− R⊥)m, (3)

where R⊥ is the reflectivity for perpendicular incidence. R⊥
can be calculated using

R⊥ = Δn2

(n1 + n2)2 , (4)

where n1 and n2 are the refractive indexes of two neighboring
grains, and Δn is the refractive index difference [18]. For a
1 mm thick zirconia sample with grain size of 80 nm (see
Figure 3), a light beam passes 1250 grain boundaries assum-
ing that 10% grain boundaries are perpendicular to this
beam. From (3), the reflectivity can be approximately esti-
mated as 6% using Δn = 0.03, n1 = 2.16, and n2 = 2.19 [19].
Therefore, the contribution from the reflection at grain
boundaries to back scattering of incident light cannot be
omitted in tetragonal zirconia.

Figure 3 represents typical bright field TEM images
for the microstructure of annealed TZ-3Y-E and TZ-3Y

(a)

(b)

Figure 3: Bright-field TEM images of the yttria stabilized tetragonal
zirconia without (a) and with alumina dopant (b).
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Figure 4: Absorption coefficients of the yttria stabilized tetragonal
zirconia without (3Y) and with alumina dopant (3YE).

specimens. Fine intergranular pores are very rarely observed
in TEM, indicating the extremely high density of the
resultant specimens. It is hard to distinguish the difference
of porosity between these two samples, and the porosity is
estimated to be less than 0.05%. Meanwhile, similar mean
grain size of about 80 nm is achieved for both specimens.
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Figure 5: Scattering coefficients of the yttria stabilized tetragonal
zirconia without (3Y) and with alumina dopant (3YE).

Figure 4 is the variation of the absorption coefficient on
wavelength. It can be seen that the absorption coefficient of
the TZ-3Y-E sample is slightly stronger than that of the TZ-
3Y sample. This result indicates that more color centers are
produced in the TZ-3Y-E sample. In fact, the dissolution of
alumina dopant in zirconia promotes the production of color
centers, and the defect reaction is written as the following [7]:

Al2O3 + 2ZrX
Zr + OX

O
ZrO2−→ 2Al′Zr + V••O + 2ZrO2. (5)

Meanwhile, alumina dopant just promotes the limited
formation of color centers because of its low dissolution
in zirconia [7]. Nevertheless, color centers cannot account
for the low transmittance of the TZ-3Y-E sample because
difference of absorption coefficients only occurs in short
wavelength.

Figure 5 shows the dependence of the scattering coef-
ficient on wavelength. Much higher scattering coefficient
presented in the TZ-3Y-E sample obviously deteriorates the
transparency. In the present zirconia samples, light scattering
is induced by residual pores and birefringence. The similar
porosity (Figure 3) implies that the difference in scattering
coefficient only results from the different birefringence of
these two samples. On the other hand, the similar grain size
(Figure 3) cannot cause different birefringence of these two
samples.

In fact, it is well known that most of alumina dopants
distribute along grain boundaries of zirconia because of the
very limited solubility, which has been clearly observed by
Matsui et al. using STEM combined with nanoprobe electron
dispersive X-ray spectroscopy [20]. This distribution results
in the tremendous difference (0.43) of refractive index
between alumina (1.76) and zirconia (2.19). Based on the
theoretical calculation [2], only the difference of 0.09 in
refractive index will lead to significant light scattering and
seriously deteriorate the transparency of tetragonal zirconia.
Therefore, we conclude that the strong birefringent scattering
induced by the distribution of alumina dopant along grain

boundaries causes the low transparency of the TZ-3Y-E
sample.

4. Conclusions

The effect of alumina dopant on the transparency of
tetragonal zirconia has been investigated in this work. Pow-
ders of 3% mol yttria stabilized tetragonal zirconia doped
with alumina (TZ-3Y-E) are used as starting material to
prepare transparent tetragonal ZrO2 by high-pressure spark
plasma sintering (HP-SPS). The result shows that the
addition of alumina dopant deteriorates the transparency
although nanometric grains and high density have been
achieved in TZ-3Y-E samples. By comparing with the results
of tetragonal zirconia without alumina dopant, the low
transparency of the TZ-3Y-E samples is induced by the strong
birefringent scattering, which is attributed to the distribution
of alumina dopant along the grain boundaries of zirconia.
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Hierarchical ZnO nanostructures assembled from nanosheets are obtained through a facile hydrothermal route. The structure
and morphology of the resultant products were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM),
and transmission electron microscope (TEM). The experimental results indicated that the as-synthesized ZnO nanosheets have
an average thickness of approximately 50 nm. The possible mechanism for hierarchical ZnO nanostructures has been discussed
in detail, and it was found that sulfur powder plays a critical role in the morphology of the products. Room temperature
photoluminescence property of the hierarchical ZnO nanostructures shows an ultraviolet emission peak at 385 nm.

1. Introduction

In the past decades, enormous attention has been paid to
synthesize semiconductor metal oxides due to their wide
application potentials in gas sensors [1–4], photocatalysts
[5–8], luminescent materials [9–12], and solar cells [13].
As one of the important semiconducting metal oxides, ZnO
with a wide bandgap energy of 3.37 eV has been extensively
studied and applied. In these applications, it is well-known
that the performance is greatly influenced by the structure
and morphology of ZnO materials.

Therefore, various morphologies of ZnO materials have
been synthesized, including porous nanobelts [14], flower-
like nanostructure [15, 16], nanotubes [17], nanowindmills
[18], and hierarchical nanostructures [19–21]. However,
hierarchical nanostructures have gained a great of research
interest because they possess potential predominant per-
formance. There are many reports about hierarchical ZnO
nanostructures in the literature. Wang et al. prepared
hollow ZnO hierarchical superstructures through a simple
approach and investigated the optical properties of the ZnO
superstructures [22]. Zhou’s group synthesized hierarchically
porous ZnO nanosheets from a hydrothermal approach [23].

Wang and his coworkers synthesized ZnO hierarchically
porous structures with the assistance of glycine, Na2SO4, and
polyvinyl pyrrolidone (PVP) [24]. But the above-mentioned
methods need either complicated operation or the assistance
of organic reagents.

In this work, we utilize a facile one-step hydrothermal
route to synthesize hierarchical ZnO nanostructures without
using any surfactants or templates. A possible growth
mechanism of the as-prepared hierarchical ZnO products is
proposed. Room temperature photoluminescence properties
of the as-prepared ZnO products were investigated. The
spectrum presents an ultraviolet emission peak at 385 nm,
revealing an excellent optical quality.

2. Experimental Details

The chemical reagents used in our experiment are of analyti-
cal grade without any further purification. The experiment
procedures are as follows: 5 mmol NaOH and 2.5 mmol
ZnSO4 were dissolved in 5 mL deionized water. A little sulfur
powder was dispersed into the above mixture under stirring
for 15 min at room temperature. Then the mixed solution
was transferred into autoclave and kept at 120◦C for 10 h.
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Figure 1: SEM images of the as-synthesized products: (a) low magnification SEM image, (b) high magnification SEM image.
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Figure 2: XRD pattern of the as-synthesized samples.

After the desired time, the autoclave was cooled naturally.
The as-products were washed by deionized water several
times and dried at 60◦C for 5 h.

The phase of the as-obtained products was characterized
using X-ray powder diffraction (XRD, Rigaku Dmax-rB,
CuKα radiation, λ = 0.1542 nm, 40 KV, 100 mA). The mor-
phology and microstructure of the samples were charac-
terized by scanning electron microscope (SEM, Hitachi-
4800), transmission electron microscope (TEM, JEOL-
2010). Optical property of the as-synthesized hierarchical
ZnO nanostructures was investigated by photoluminescence
spectroscopy (PL SPEX FL-2T2).

3. Results and Discussion

Low-magnification SEM image (Figure 1(a)) presents the
overall morphology of the as-synthesized samples, clearly
observing that as-prepared samples consisted of many
nanosheets. Further observation indicates that the thickness
of nanosheets is approximately 50 nm as showed in Fig-
ure 1(b), indicating that numerous nanosheets assemble into
the hierarchical nanostructures.

The phase and purity of the products were investigated
by X-ray diffraction pattern. A representative XRD pattern
of the product is shown in Figure 2. All diffraction peaks
can be well indexed to the pure wurtzite (hexagonal)
structured ZnO (space group P63mc) with lattice constants
a = 0.3250 nm and c = 0.5206 nm, consistent with the
standard values reported previously for bulk ZnO (JCPDS
Card file no. 36-1451). No other impurity peaks are
detected in the as-synthesized samples, revealing the high
purity of the prepared ZnO nanostructures. The strong and
sharp diffraction peaks imply that the samples have good
crystallinity.

Further morphology and structure information about
the hierarchical ZnO nanostructures was obtained from
TEM images. Figure 3(a) shows a TEM image of the
hierarchical ZnO nanostructures obtained by ultrasonic
dispersion of the as-prepared ZnO sample in ethanol. It
is apparent that the hierarchical ZnO nanostructures were
shattered into ZnO nanosheets and the nanosheets were
very thin. The selected area electron diffraction (SAED)
pattern (Figure 3(b)) demonstrates that the hierarchical
ZnO nanostructures are polycrystalline in nature and the
diffraction rings are indexed to (100), (002), (101) planes of
ZnO, respectively.
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Figure 3: (a) TEM images and (b) SAED pattern of the as-synthesized products.
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Figure 4: Growth control of the product morphology. SEM images of the products at different experiment parameters. (a-b) without the
addition of sulfur powder, (c-d) the addition of ammonia water instead of sulfur powders.

To investigate effect of growth parameters on the mor-
phology of hierarchical ZnO nanostructures, we conducted
a series of comparison experiments. First, we performed
the controlled experiment in the absence of sulfur powder,
whereas the other experimental parameters were kept.
Results showed that only the distribution of irregular
thick ZnO nanosheets was obtained (see Figures 4(a)
and 4(b)). Subsequently, we also investigated the effect
of ammonia water on the morphology of the products.
When 5 mL ammonia water instead of sulfur powder was
added, hierarchical ZnO nanostructures did not be found
(see Figures 4(c) and 4(d)), only plentiful of microspheres
with a diameter of 1 μm were produced. The experimental
results indicate that sulfur powder plays an important

role in the final morphologies of the as-synthesized
product.

Based on the above experimental results, a possible
growth mechanism can be proposed as follows. At first,
Zn2+ reacts with OH− to form Zn(OH)2, then Zn(OH)2

can transform into ZnO nanosheets [25]. At the same time,
sulfur powder induces ZnO nanosheets into self-assembly
of hierarchical ZnO nanostructures. The overall reaction for
the formation of hierarchical ZnO nanostructures may be
simplified as follows:

Zn2+ + 2OH− −→ Zn(OH)2

Zn(OH)2 −→ ZnO + H2O
(1)
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Figure 6: Room temperature photoluminescence spectrum of the as-synthesized hierarchical ZnO nanostructures.

Figure 5 shows the possible growth mechanism of the as-
synthesized hierarchical ZnO nanostructures.

Finally, room-temperature photoluminescence property
of the as-synthesized hierarchical ZnO nanostructures was
investigated. The experiments were conducted by 325 nm
He-Cd laser source. Figure 6 presents a PL spectrum of
the as-synthesized hierarchical ZnO nanostructures. The
spectrum reveals an emission band located at 385 nm, which
can be commonly assigned as the near band gap exciton
emission in ZnO [26, 27]. However, broad band with humps
may be attributed to crystal disorder and the intrinsic defects
such as oxygen vacancies, Zn interstitials, or impurities
[28].

4. Conclusion

In summary, a simple hydrothermal route is developed
for the fabrication of hierarchical ZnO nanostructures
with the help of sulfur powder. The as-obtained hier-
archical ZnO nanostructures are built up by nanosheets
with the thickness of approximately 50 nm. The TEM
result indicated that the as-synthesized products possess
good crystallinity. Room temperature photoluminescence
spectrum demonstrates that hierarchical ZnO nanostruc-
tures show a broaden UV band edge emission peak at
385 nm.
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Self-assembly methods play a major role in many modern fabrication techniques for various nanotechnology applications. In
this paper we demonstrate two alternatives for self-assembled patterning within the nanoscale resolution of optically active
semiconductor nanocrystals. The first is substrate selective and uses any high resolution surface patterning to achieve localized
self-assembly. The second method uses a surface with poly(methyl methacrylate) (PMMA) resist patterning adsorption of the
nanocrystal with covalent bonds and liftoff.

1. Introduction

In recent years a major progress was achieved in fabrication
and characterization techniques, down to nanometer scale
resolution. This approach brings many opportunities and
may open a way for developing new quantum engineered
features as well as other important aspects. For example,
in transport base devices, dense nanometric packaging of
electrical devices increases the speed of operation, enhances
the capacitance of a single chip, and reduces heating.

One promising approach is the use of self-assembled
organic molecules as the major building blocks of these
devices [1–3]. These devices usually relay on an assembly
of 2D organic monolayers [4, 5]. The combination of self-
assembled organic molecules and semiconducting nanocrys-
tals (NCs) is frequently employed as building blocks of such
nanoscale electronics devices [6]. Optoelectronic properties
of NCs can be controlled by their size, shape, composition,
and doping which makes them attractive components in
nanoelectronics devices [7]. In all these devices the distance
between subsequent layers is nanometric, and the layers are
self-ordered perpendicular to the substrate. However, the
arrangement of the self-assembled layers in a controlled
way is not fully developed yet and new methods that

will help selective nanometric patterning are needed. Large
efforts have been directed to achieve selective processes and
several techniques were developed to answer the demand. In
general the leading techniques can be divided into several
classes: self-organization, nanoprinting, nanostamping, and
photolithography patterning.

An example of nano printing is using surface patterning
by microcontact chemistry, [8, 9] when a reactive “ink”
molecule from a microstructured, elastomeric stamp is
transferred onto surfaces modified with complementary
reactive groups, leading to a chemical reaction in the
area of contact. This process usually leads to micron-size
resolution. By using solvent free microcontact printing with
molded poly(dimethylsiloxane) (PDMS) as a nanostructure
stamp template, Lee et al. showed deposition of patterned
and unpatterned colloidal quantum dot thin films as the
electroluminescent layers within hybrid organic-QD light-
emitting devices. The result was a nanometric pattern of
nanocrystal on a substrate. Self-organized systems can be
based on templates of block copolymer films and include
the fabrication of two-dimensionally organized nanoparticle
assemblies on the patterning films as a simple and straight
forward assembly mechanism [10]. The resolution in this
case is nanometric but hard to control.
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Figure 1: (a) Illustration of the selective adsorption process using
resist and e-beam lithography to open a hole for molecules adsorp-
tion on a patterned metallic structure. (b) Illustration of selectively
adsorbed nanoparticles by chemical specific recognition to gold
surface.

New developed methods to the nano scale fabrication
are based on the recently well-established lithography tech-
niques. A significant work by Palma et al. demonstrated
a selective self-assembly of biomolecules on nanopatterned
surfaces together with minimizing nonspecific adsorption
[11]. Another example is a study describing oleate-capped
PbSe nanocrystals that were found to adhere preferentially
to H-terminated Si surfaces over oxide and alkyl-terminated
Si surfaces [12]. Scanning probe lithography was used to
oxidize locally a dodecyl monolayer on the Si surface.
Aqueous HF was then used to remove the oxide and expose
H-terminated Si areas. After exposure to a nanocrystals
solution, local patterns of PbSe nanocrystals are created on
the Si surface. The last patterning technique gives the highest
resolution of selective adsorption; however, it requires the
use of slow and expensive scanning probe microscopy writing
and therefore is hard to adjust for industrial day to day
use. Our approach uses two different methods to selectively
adsorb nanocrystals with organic molecules. In both cases
the patterned monolayers of the nanocrystals are realized
using simple self-assembly methods. The high resolution
surface patterning can be achieved on different substrate
types due to molecules self-assembly. In our case we are
utilizing e-beam lithography or evaporation method to
prenanopattern the desired adsorbed area; however, any
prepatterning options can be used to achieve selectivity based
on the presented methods.

2. Materials and Methods

In the first method we cover a surface with poly(methyl
methacrylate) (PMMA) 950 A2 resist. Using e-beam lithog-
raphy we achieve nanometric resolution patterning as illus-
trated in Figure 1(a) for a patterned center of a round metal-
lic lens surface. Next, self-assembly of organic molecules
followed by nanoparticles adsorption is performed over the
whole surface. With the removing of the resist the remaining
nanocrystals are located only within the desired pattern
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Figure 2: InAs/CdSe/ZnSe nanoparticles on top of a GaAs sub-
strate. The sharp boarder is determined by the resolution of the
e-beam lithography. The nanocrystals are chemically adsorbed to
the surface using covalent bonds and therefore stay on the substrate
after washing the sample in acetone and toluene. The inset shows
the edge line at higher resolution.

(see illustration in Figure 1(a)). The covalent bonds holding
the nanocrystals are strong enough to be compatible with
repeatable process and therefore can be used to pattern
layers.

In the second method we present a selective chemical
recognition of different surfaces type by specific organic
molecules groups. When evaporating gold nanopattern
(5 nm of Ti then 20 nm Au) onto oxidized surfaces the
formed surfaces are chemically distinct. The adsorption of
specific molecules like dithiol moieties takes place only onto
the gold surfaces; therefore readsorption of nanoparticles to
the tail end of the molecule results in specific regions with
nanoparticles (see the illustration in Figure 1(b)).

The PMMA is usually patterned on a GaAs substrate.
The substrate is washed with acetone and iso-propanol
before oxygen-plasma asher cleaning. Then a PMMA is spin
coated (5000 rpm for 45 sec) on the cleaned substrate to have
approximately 60 nm thick layer followed by prebaking at
180◦C for 2 min (reflectometer measurement shows thick-
ness of 78 nm). The desired pattern is achieved by opening
lines in the PMMA with e-beam lithography. The sample is
then developed in 5◦C methyl isobutyl ketone (MIBK): IPA
for 120 sec. The PMMA liftoff after NCs adsorption is
performed in a hot acetone for 2 min then sonicated in
heated acetone for 1 min and finally washed with isopropanol
(IPA) and dried with N2.

Both of the above procedures use self-assembly organi-
zation on the Au, GaAs, or Si substrates. All the substrates
are rinsed with acetone then ethanol and treated with 50%
plasma asher power (Diener PICO UHP 40 kHz/200 W) for
10 min, prior to molecule adsorption. When using GaAs the
substrate is also etched with 2% HF for 5 sec followed by 25%
NH3OH for 30 sec prior to the molecule self-assembly. It is
then incubated in ethanol solution for 20 minutes, followed
by incubation in 1 mM 1,9-nonanedithiol in anhydrous
ethanol solution overnight and finally the substrate is dipped
in InAs/CdSe/ZnSe nanocrystals suspended in Toluene for
4 hours. The sample is then washed in Toluene for several
times.
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Figure 3: Specific adsorption demonstrated on an array of gold squares on an aluminum surface. The sample is shown in (a). The smaller
square is the gold surface and at the background is the aluminum substrate. In (b and d) the gold and aluminum substrates, respectively, are
shown with molecules adsorption only. In (b) It is possible to observe the gold grains but the surface is clean from NCs. (c) shows the gold
area of the sample after dipping the sample in the NCs solution. The surface is covered with NCs at a density of about 7× 1010 NCs/cm2. By
comparing these results to the adsorption of NCs on the Al2O3 surface (d) with molecules only and (e) after dipping in NCs solution, we
can see the selectivity.

Figure 4: High resolution SEM images of aluminum and gold
lens structure. Nanometric resolution of specific adsorption is
demonstrated on the 300 nm diameter gold surface in the center
of the aluminum sample. The gold center part is brighter than the
aluminum part. NCs are seen only on the gold.

The InAs/CdSe/ZnSe nanocrystals (from Prof. Uri
Banin’s group) were synthesized in tri-octyl phosphine using
InCl3 and TMS3As as precursors according to the procedure
described elsewhere [13] and underwent subsequently a
size-selection process. For the purposes of the experiment we
have used InAs NCs 6.5 nm in diameter. For the shell growth
an ionic layer adsorption and reaction process has been used.
The shell consisted of 1 monolayer (ML) of CdSe, followed
by 4 MLs of ZnSe. As a result, the emission efficiency from
the NCs at 0.96 eV has increased by more than 2 orders of
magnitude.

3. Main Results

Specific adsorption using PMMA resist patterning on a GaAs
substrate is presented in Figure 2. In this figure a clear line
is seen between the area of dense InAs/CdSe/ZnSe NCs
adsorption (1012 NCs/cm2) on the right where the resist was
developed and the places where the liftoff occurred. This high
selectivity line is presented at larger scale at the inset.

In this method the adsorption is performed all over the
sample and after removing the resist, in our case a PMMA,
the desired nanocrystal pattern emerges. It is then possible to
have very high resolution patterns depending on the e-beam
lithography resolution limits. This procedure is not limited
to the surface type and also it is possible to repeat the process
several times on the same sample in order to get multilayers.

Another option we present to selectively pattern self-
assembled layers is demonstrated by molecular specific
chemical recognition. We show before a clear border between
nanoparticles adsorbed on one surface and a different surface
that shows no adsorption. In Figure 3(a) we show an array of
gold squares on an aluminum surface. The figure presents a
selective adsorption of InAs/CdSe/ZnSe nanocrystals to the
gold parts of the sample. The selectivity here occurs due to a
specific chemical recognition between thiol (SH) head group
to a gold surface but not to the oxide surfaces of the sample.
In Figures 3(b), 3(c), 3(d), and 3(e) the specific adsorption
is demonstrated. Here again a thiol group was adsorbed to
a gold surface but not to aluminum. In this process, in order
to prevent NCs to physically adsorb to the aluminum surface,
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Figure 5: On the left, the patterned gold on Si sample, on the right optical mapping of the emission from the NCs. The dashed line shows
the gold (top)/Si (bottom) border.

we adsorbed also octadecyl trichlorosilane (OTS) molecules
that attach to the aluminum surface. This monolayer does
not have a tail group to bind to the NCs. Figure 3(b)
represents gold substrate with 1,9-nonane dithiol molecules
adsorbed only. It is possible to observe the gold grains but the
surface is clean from NCs. On the contrary, in Figure 3(c) we
show the same sample after dipping it in the NCs solution
where we observe the surface which is covered with NCs.
The NCs density on the surface is about 7 × 1010 NCs/cm2.
Comparing these results to the adsorption of NCs on the
Al2O3 surface in Figures 3(d) and 3(e) it is possible to see
that the surface is almost clean from NCs also after dipping
(Figure 3(e)) in the NCs solution. XPS measurements on the
gold and aluminum surfaces confirmed the selectivity of the
adsorption: on the gold surface the signal from the NCs was
much higher. The presented chemical specific recognition
of molecules to a certain surface together with photoresist
patterning opens the opportunity of creating complicated
nanoresolution patterns.

To realize selective adsorption to structures with nano-
metric resolution, we prepared a 300 nm diameter gold
surface in the center of concentric aluminum ring. This is
important, for example, for applications where the emission
of photons from the NCs should be directional [14–16]. In
this case it is important to adsorb the NCs at the center of
the lens only. By fabricating a nanometric gold surface at
the center of the lens one can use selective adsorption to
guarantee that the NCs will be located at the center of the lens
only. Figure 4(a) is showing high resolution SEM images of
the concentric gold circle surrounded by such an aluminum
circle. The NCs are adsorbed only onto the gold area and not
on the surrounding aluminum part.

Finally in order to check that the NCs adsorb to gold
selectively, with organic linkers that are long enough to
decrease the nonradiative coupling to the metal substrate and
prevent significant optical quenching, we have performed
spatially resolved optical measurements with a high reso-
lution confocal detection setup. The InAs/CdSe/ZnSe NCs
were excited by a 780 nm laser and their emission was around
1200 nm. The dots were highly concentrated on the gold

part with density higher than 1011 dot/cm2. We have achieved
the same selectivity using both micrometric and nanometric
patterns. Down to the 100 nm size the selectivity is not
size dependent, and therefore the same procedure can be
used with any high resolution nanopatterning. Figure 5(b)
displays optical mapping of the NCs emission of the sample
that is presented in Figure 5(a). The dashed white line
presents the gold/Si border. The top part of the sample map
is the gold substrate where a clear emission from the NCs is
observed, while on bottom of the Si part almost no NCs are
recognized. The exact patterning border seems to be smaller
than 40 nm and is related to our fabrication quality.

4. Summary

In summary we demonstrate self-assembled patterning with
nanoscale resolution using two methods: e-beam lithography
and selective chemical recognition of surfaces. The pre-
nanopatterning employs e-beam lithography or evaporation
in our case; however, any prepatterning process could be used
in order to achieve the needed selectivity. The high resolution
patterning achieved utilizing both known methods as e-
beam lithography and evaporation, and self-assembly of
organic molecules. The processes are simple and compatible
with many substrates. Moreover, it is possible to repeat the
processes several times to achieve multilayers on the selected
surfaces.
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