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Polystyrene (PS) spheres can self-assemble into colloidal crystal monolayers that are currently

employed for template-assisted synthesis of one-dimensional (nanopillars, nanorods, nanowires and

nanotubes) nanostructure arrays. Compared to other classes of templates, PS-sphere monolayers can
be easily formed and adjusted on substrates, and further manipulated using subsequent growth
methods. Recently, several synthetic techniques have been developed and resulted in increased number
of publications. Many applications including field-emitters, antireflection, light-emitting diodes

(LEDs), photonic crystals, surface wetting, and photocatalysis have been reported utilizing these

PS-sphere mediated nanoarrays. In this feature article, these synthetic strategies are highlighted along
with a review of the applications emerging from current PS-sphere assisted nanoarrays and future

challenges are analyzed.
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Introduction

Research on one-dimensional (1D) semiconductor nano-
structures has become such an active field, since Wagner et al.
reported the equation R, = [(2V)/(RTIns)]e (R is the minimum
whisker radius, V' is the molar volume of the metal droplet, o is
the liquid-vapor surface energy, and s is the degree of
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supersaturation of the vapor) designed for nanowhisker growth.*
1D nanostructures including wires, rods, belts, tubes, and
fibers,?® can be defined as those in which, the free mean path of
charge carriers is larger than the available lengths in two spatial
dimensions, therefore the carriers are confined only in one
dimension. This confinement offers unique opportunities to
control the density of state of semiconductors, and thus their
electronic and optical properties. 1D nanostructures are
considered as building blocks for the next generation of elec-
tronics, photonics, sensors, electrochemical, and energy
applications.

In the past few years, the synthesis of various 1D nano-
structures such as metals, oxides, sulfides, nitrides, carbides, efc.,
has been addressed using numerous synthetic techniques,
including vapor phase transport (vapor—solid (VS) and vapor—
liquid-solid (VLS) processes), chemical vapor deposition (CVD),
solution (solvothermal and hydrothermal) processes, pulsed laser
deposition (PLD), template-assisted process, and so on.”*?
Unique applications in sensors, transistors, light-emitting diodes
(LEDs), nanogenerators, batteries, and solar cells have been
demonstrated.*® There exists a lot of published papers and
reviews on the synthesis, properties, and applications of 1D
nanostructures,'®?? therefore, this feature article will not treat
these issues in detail.

The full potential of nanotechnology can be unleashed only
when one is able to not only synthesize a wide range of nanoscale
building blocks but also assemble them into various ordered
patterns and in a controlled way. In particular, the application of
1D nanomaterials often requires their assembly in the forms
of parallel or vertical arrays, on various conductive types of
substrates for facile addressing, transport, contacts, and detec-
tion. For energy storage, ordered 1D arrays enhanced the
capacity and rate capability in lithium-ion batteries, and light
coupling and electron lifetime in dye-sensitized solar cells.?* For
photonics, ordered nanowire arrays may constitute vertical high-
refractive-index columns in air, making them natural candidates
for two-dimensional (2D) photonic crystals.?* Introducing an
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array to LEDs has proved to be the most fruitful combination in
integrated optics.>® For bio- and life-sciences, the pitch between
pillars could influence cell adhesion.?® Although many unique
applications utilizing such 1D arrays have fully been demon-
strated, one of the contemporary challenges is still to assemble
these ordered nanoarray structures so that they entirely realize
their potential functionalities.

To accurately tailor 1D ordered arrays, nano-patterning
techniques are required to have a capability to control their size,
spacing, shape and orientation, and to allow high throughput,
large area, and low costs. Up to now, many patterning methods
have been developed for producing nanostructure arrays on
substrates, including optical- or electron beam- lithographic
methods, nanoimprinting, self-assembly, and template-assisted
processes.?’ ! Vertical nanowire arrays can also be fabricated by
VLS and oxide-assisted processes.?** It is also worthy to note
that Yang et al. reported the in situ fabrication and assembly of
nanowire arrays on metal substrates.** Among the patterning
methods, template-based synthesis is the most commonly and
widely used. The most commercially available templates are
anodized alumina membranes (AAMs) and radiation track-
etched polycarbonate membranes.** Other membranes have also
been used, such as radiation track-etched mica, silicon after
electrochemical etching, mesoporous materials, zeolites, and
existing nanostructures.3¢*°

Among the above methods, electron beam lithography (EBL)
offers precise control over the size, spacing, and shape of
nanostructures, but the process is complex involving the need to
use resist materials, patterned areas are limited, throughput is
low due to a long exposure time, and equipment costs are high.
As one of various “hard” templates, AAMs have a good ability
to produce complex 1D nanostructures and facile control in the
composition, size and dimension. They can be combined easily
with various synthetic techniques such as sol-gel synthesis,
CVD, thermal decomposition, electrodeposition, atomic layer
deposition (ALD), and so on. The diblock-copolymer process
uses the interactions of two chemically distinct polymer chains
to achieve ordered arrays with a size scale limited to chain
lengths of the polymers. After the removal of one component
polymer, an ordered porous nanostructure can be employed as
a template. This template suffers from a poor control of spatial
and size distribution, and it is only applicable to limited classes
of materials. Existing nanostructures are also useful as
templates to generate many 1D nanostructures that cannot be
directly synthesized from raw materials, but it is difficult to
achieve a tight control over the composition and reaction
process. A common problem faced by hard templates is how to
selectively remove templates after synthesis and keep uniform
morphology after removal. In addition, nanostructures
produced by template-directed methods are often poly-
crystalline, and the quantity of products in each run of synthesis
is relatively limited.

Compared with “hard” templates, the so-called “soft
templates” usually consist of organic surfactants, polymers, and
even biological viruses, which are relatively flexible in shape.
Similar to “hard” templates, the nanostructures obtained in these
cases tend to be polycrystalline and may aggregate into bundles.

Recently, self-assembled colloidal crystal monolayers,
composed of polystyrene (PS) spheres or silica, or PMMA, have
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attracted wide interest to fabricate the ordered arrays with well-
defined micro/nanostructures because of their flexibility and
controllable structure parameters.*’® These templates are
arranged with a hexagonal close-packed (hcp) or non-close
packed (hncp) pattern on substrates, which could be directly
used for wetting surfaces, Surface Enhanced Raman Scattering
(SERS), and antireflective coating, photonic crystals, and so
on.®%¢ More importantly, they can also be used as flexible
templates to fabricate 1D ordered nanostructure arrays. Since
Deckman et al. prepared an ordered microcolumnar array using
the PS sphere monolayer as a mask by the so-called natural
lithography in 1982.,%7 this strategy has been well developed to
synthesize 1D nanostructure arrays by different methods
including reactive ion etching (RIE), electrochemical deposition,
and CVD, using PS spheres as masks or catalysts, ezc.*7" The
structures of 1D nano-arrays can be tuned by changing the
diameter of PS spheres and experimental conditions. For
example, Kuo et al. demonstrated the fabrication of Si nano-
pillar arrays with diameters as small as 40 nm and high aspect
ratios up to ~7. The size and shape of the nanopillars can be
controlled by the size and shape of the sputtered aluminium
mask, which are determined by the feature size of the PS sphere
mask and the number of the colloid layers. Nanopillars with
different shapes can also be fabricated by adjusting the RIE
conditions such as gas species, bias voltage, and exposure period
for an aluminium mask with a given shape.”” These 1D nano-
structure arrays have a great variety of applications, especially
in field emitters, photonic crystals, antireflection, wetting
surface, and so on.”>””

This feature article is not intended to provide comprehensive
information on 1D nanostructure arrays, rather, and it focuses
on describing the status of research on 1D nanostructure arrays
solely grown on PS sphere templates. After a brief introduc-
tion, the first section simply introduces the patterning tech-
nologies currently employed to synthesize PS sphere templates.
In the second section, we address the recent progress in
synthesizing 1D nanostructure (nanowires/nanorods/nanopillars/
nanotubes) arrays based on PS sphere templates, utilizing
various physical and chemical techniques such as RIE, CVD,
electrochemical deposition, oblique angle deposition, etc. In
the following section, the unique applications of these nano-
structures in the fields of field-emitters, antireflection, LEDs,
photonic crystals, wetting surface, photocatalysis, and so on,
are described. Finally, the conclusions and outlook are
presented.

Fig. 1 SEM image of a PS sphere monolayer on a Si substrate.

Self-assembly of PS sphere templates

Many publications reported self-assembly strategies to form PS
sphere templates on different substrates, which are not an
emphasis in the present review. Here we mainly introduce the
process describing previous modifications.”#¢ Substrates (Si and
glass) are pretreated in three steps: (1) ultrasonic washing in
acetone, ethanol, and distilled water. (2) Subsequently immersing
them in a mixed solution of H,SO4: 30% H,0, (3 : 1) at 80 °C for
1 h, and then keeping in the solution of H,O: NH4.OH: 30%
H,0, (5:1:1) to render the surface hydrophilic. (3) Washing
with distilled water several times.

PS sphere monolayers were self-assembled on substrates by
a spin coating process. Briefly, a droplet of PS suspension
(2.5 wt.% in water, surfactant free) was dropped on the substrates
fixed on a spin coater. The rotating speed was held at ~1500
revolutions per minute (rpm) for 5 min and a PS monolayer with
an area of about 2 cm? was uniformly formed on the substrate by
a self-assembly process. A typical scanning electron microscopy
(SEM) image of a PS sphere monolayer is shown in Fig. 1.

Synthesis techniques

Self-assembled PS sphere colloidal crystals have been widely used
as effective intermedium for the fabrication of 1D nanostructure
arrays because they have several outstanding advantages Firstly,
they can be facilely formed in a large area and with low cost. PS
spheres can be readily self-assembled to single layers and multi-
layers with the Acp array (Fig. 1) under capillary forces arising
from solvent evaporation.’”®® Several colloidal crystallization
strategies have been well documented, including vertical depo-
sition,* dip-coating,”® spin-coating,”* nano-robotic manipula-
tion,” etc. Although the process is very simple, the area of layers
can readily reach cm? and the hexagonal ordered degree is high.
Secondly, this unique medium provides multi-scale and flexible
tuning parameters. Besides the selection of a sphere size, PS
spheres can be further tailored through many ways, such as
annealing-induced deformation (Fig. 2)¥** and plasma etching-
driven non-closed packing (Fig. 3).” Moreover, the final prod-
ucts of 1D nanostructure arrays can be further adjusted through

Fig. 2 A 540 nm PS sphere latex mask annealed in 25 mL of water/

EtOH/acetone mixture by (A) 1, (B) 2, (C) 4, (D) 6, (E) 7, and (F) 10
microwave pulses.**
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Fig. 3 PS beads etched by O, plasma with P = 150 W and V' = 100 V.
The etching times were: (a) 0s, (b) 15, (¢) 50's, (d) 100 s, (e) 150 s and (f)
200 s.%°

the combination of colloidal crystal and subsequent growth
methods, such as metal-catalytic CVD growth,”'#596-105 wet or
dry etching,®10-113 golution growth,¥”:11%12 on-sphere deposi-
tion,”#"71217123 and oblique angle deposition.'?+-128

Metal dot-catalyzed CVD

Generally, the pre-formed catalyst arrays on substrates can
induce the CVD growth of semiconductor nanowires and carbon
nanotubes. Good uniformity and high order of PS sphere colloidal
crystals make them useful as templates to fabricate large-area
ordered metal catalyst arrays. Combining PS template-directed
metal arrays and CVD growth is a very effective method for the
formation of 1D nanoarrays. Considering the self-assembled PS
array and underlying substrate, there are two kinds of distinct
surfaces. The first one is the interstices with an air-substrate
interface, and another is the PS-substrate interface. Metal
catalysts can be deposited on these surfaces, but the subsequent
CVD-grown 1D nanoarrays have interesting differences.

The fabrication process of 1D nanoarrays using the catalysts
formed in the interstices is presented in Fig. 4a.°® Typically, after
the self-assembly of PS nanospheres on a substrate, an Au film is
deposited on the nanospheres. This usually forms a coating of Au
on the upper part of the hemispheres, and a Au dot array on the
substrates by penetrating a species beam through the interstices
between the PS spheres. A pre-coating of PS nanospheres can
narrow the holes between the spheres, and subsequently decrease
the Au dot size. This is highly desirable for subsequent growth of
single nanowires on individual Au dots. Fig. 4b presents the

SEM image of well separated Au dot arrays grown in a large
scale using this process. Fig. 4c shows the obtained ZnO nano-
wire arrays grown from these Au dots on a GaN substrate. It is
clear that the nanowires possess a honeycomb lattice, the same as
the initial Au nanodots. These nanowires exhibit high degree of
ordering and are well separated (one wire from one dot). More
commonly, the metal deposition on the pristine (without nar-
rowing the holes) PS sphere monolayer prefers to form the inter-
connected dot arrays, as shown in Fig. 4d.”* Moreover, the size of
the metal dots is larger. As a result, the subsequent CVD growth
produces the connected ZnO nanowire arrays, as shown in
Fig. 4e.”” A honeycomb-like pattern is formed by these dense and
well aligned ZnO nanowire arrays on the substrate, which can be
used to fabricate photonic crystals, as presented below.

Some reports have demonstrated that the PS—substrate inter-
faces are also effective for the fabrication of catalyst arrays and
can result in different 1D nanoarrays. According to Sie’s strategy
shown in Fig. 5a,°%° a Au thin film is firstly ion-sputtered onto
a clean sapphire substrate, and then the PS spheres are self-
assembled on this substrate. The next important step is that the
PS beads and the Au surface unoccupied by them are cleaned
with oxygen plasma (Fig. 5b), and then the substrates are placed
into the etching solution and developed. Fig. 5c presents the
obtained Au particle hexagonal pattern. After the growth, highly
ordered and uniform ZnO nanorod arrays are obtained, as
shown in Fig. 5d and 5e. Obviously, this lithographic patterning
method provides the site control for each nanorod. The arrays

Interstices between PS spheres

CVD growth

Fig. 4 (a) Schematic of a PS sphere interstices-metal dot-CVD process
for making 1D nanoarrays. (b) Well separated Au dot arrays deposited in
the PS sphere interstices and (c) subsequently CVD grown ZnO nanowire
arrays.” (d) Inter-connected Au dot arrays deposited in the PS sphere
interstices and (e) subsequently CVD grown ZnO nanowire arrays.”"?”
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preserve the periodicity of the original PS sphere monolayer and
have perfect ordering, uniformity, and surface facets.*
Furthermore, besides utilizing different parts of PS monolayer
films, double layer PS self-assembled films and the relative
alignment between these two layers can also be effective to adjust
the metal dots and subsequent 1D nanoarrays.®® Usually, the
metal nanoparticles deposited through PS monolayer have
a quasi-triangular shape and hexagonal packing, which is
determined by the aperture between the spheres in the mask. To
overcome the restriction of triangular shape and the honeycomb
lattice order, a double-layer masking is used. As shown in
Fig. 6a, the first monolayer is self-assembled on the substrate by
the conventional route, and the mask orientation is determined
using a green laser pointer with the wavelength of 537 nm.
Because all the used substrates are transparent, the diffraction
patterns are clearly visible on the bottom of the preparation dish.

B

Interface under PS spheres
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CVD growth
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Fig.5 (a) Schematic of a PS sphere interface-metal dot-CVD process for
producing 1D nanoarrays.”® (b) A PS sphere self-assembled monolayer
after a short time of O, plasma etching. (c) The obtained pattern with Au
particles formed on the PS-substrate interface. (d) and (¢) ZnO nanowire
arrays CVD-grown from this catalyst pattern.®
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Then, a second monolayer of PS is prepared in water. While the
substrate with the first monolayer is fixed underwater, the second
floating monolayer is moved right above the first masking layer
and is rotated using tweezers. After e-beam evaporation,
a honeycomb lattice of quasi-triangular metal particles can be
obtained when a single mask is used, while a double-layer mask
results in a triangular array of nearly spherical particles (Fig. 6b).
Periodic nanoparticle arrangement in the arrays depends on the
relative alignment angle between the two layers of PS. ZnO
nanorods presented in Fig. 6¢c exhibit a very good correlation
with arrays of catalytic Ni nanoparticles. Therefore, each ZnO
nanorod corresponds to a single Ni nanoparticle in the array.

Besides the good controllability, the PS-metal dot-CVD
method has another significant advantage. ie. the flexible
adaptability. Many kinds of 1D material arrays can be produced.
Typically, in addition to the above-mentioned compound semi-
conductors, it can be applied to carbon nanotube'® and
nanofiber!®® arrays.

Selective etching

Besides the above bottom-up route, PS sphere monolayers can
also play a significant role in the top-down fabrication of 1D
nanostructure arrays. In such a route, the PS sphere monolayer
usually acts as the mask for selective etching of thin films or bulk
materials. According to the etching types, the PS sphere mono-
layer can be combined with wet etching through a solution
chemical reaction’®'? or dry etching® '3 ysing RIE. In the
former, the porous metal thin films are obtained through evap-
oration on the substrates covered with a PS monolayer, and then
they play the catalytic function in the subsequent chemical
etching process.'®''° In the latter, the PS monolayer or the
PS-formed metal dot array acts as the shadowing mask for the
direct ion etching formation of 1D nanoarrays.®®!'"-113

For the chemical etching route assisted by the PS-formed
metal films, the typical fabrication process is schematically
illustrated in Fig. 7a.'°® First, a monolayer of PS spheres is self-
assembled on a Si substrate. Subsequently, the diameter of the PS
spheres is slightly reduced by a RIE, which leads to the formation
of colloidal particle arrays that are no longer close-packed. In the
next step, a silver film is thermally evaporated onto the Si
substrate as a catalyst. Owing to the PS monolayer mask, the Ag
film is porous and has a hexagonal array of holes. Subsequently,
an etching step is conducted in the mixture of deionized water,
HF, and H,O,. The Ag film catalyzes the etching of Si beneath

Fig. 6 (a) Arrangement of the immersed first monolayer and the floating second monolayer with the schematic diffraction spots from the relative angles
of 0° and 30°. (b) AFM image of particles resulted from a double-layer PS mask with a relative alignment angle of 10°. (c) SEM image of ZnO nanorods

grown on Ni particles using a relative alignment angle of 7°.%°
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it. During the etching process, the “walls” of the honeycomb are
gradually etched away and the remnant Si forms a nanowire
array. Finally, the PS spheres are removed by dissolution in
CHCl;, and the Ag film is dissolved in boiling aqua regia.

SEM images of the obtained Si nanowire arrays through
chemical etching with the assistance of PS spheres are shown in
Fig. 7b (plane-view) and Fig. 7c (titled-view). It is clear that the
arrays are homogeneously distributed on the substrate over
a large area. The mean diameter of the nanowires is 252 nm,
matching well the corresponding value for the diameter-reduced
spheres. A diameter of the Si nanowires can be controlled by
selecting PS spheres with the desired diameter. Another param-
eter of the nanowire, the length, is related to the duration of
etching process. Fig. 7d—g show cross-sectional SEM images of Si
nanowires fabricated with etching times of 4, §, 12, and 16 min,
yielding nanowires with lengths of ca. 1.3, 2.7, 4.5, and 5.3 pm,
respectively. The length of the nanowires varies linearly with the
duration of the etching process, which provides good control
over the length of the nanowire arrays. Interestingly, Si/Ge het-
erostructured nanowires can also be formed by the same proce-
dure while using graded Si/Ge films as starting materials.'%®

Above wet etching is an isotropic etching technique; the profile
can not be significantly changed after etching. Comparably, PS
sphere-formed metal dot arrays can be used as masks for the
controlled dry etching fabrication of Si 1D structure arrays
through RIE.''? As shown in Fig. 8a, the triangular Ni dot arrays
with a hexagonal order can be firstly fabricated through evapo-
ration onto a PS monolayer-covered substrate. Varying the
percentage of O, in mixed etching gases, the size and morphology
of Si nanopillars can be tuned (Fig. 8b). Fig. 8c and 8d show
SEM images of Si nanopillar arrays fabricated with 25% and

2.Reactive lon Etching

12.5% O, in the mixed etching gases of CF4 and O,. The corre-
sponding nanopillars have heights and base widths of (270 nm,
220 nm) and (200 nm, 80 nm), respectively. The broader base
widths of the nanopillars than the size of the mask is attributed to
the shadowing effect of the mask during RIE and the change in
oxygen fraction, hence the etching rate. The base width increases
with the percentage of O,. The height/base width ratio shows
a trend of decreasing with O, content as its percentage reaches
about 20%. The ability to control the size and shape of nano-
pillars with one size mask is attributed to the interplay of etching
of Si and erosion of the Ni mask. Sharp tips and a flared base,
which are advantageous for a high field emission current and
mechanical/thermal stability, respectively, can be tailor-made
depending on the applications.

Besides the PS monolayer-formed metal dots, the PS mono-
layer can also be directly used as a mask for dry etching. Fig. 9
shows three major steps: spin coating of PS on Si, RIE with
oxygen to tailor the size of the PS spheres, and deep RIE of Si to
etch the pillar structure.®® In the second step, the diameters of the
PS spheres are tailored by a parallel plate RIE etcher. In the third
step, nanopillars are fabricated with diameter-reduced PS
spheres on Si by applying the “Bosch” time-multiplexed RIE
process. 116 Since the bombardment of the reactive ions is
directional and perpendicular to the surface of the substrate in
the deep RIE etcher, the bottoms of the etched wells are pref-
erentially etched during the etch phase of the etch cycle. The side
walls are etched only minimally due to the parallel directionality
of the reactive ions to the side walls and the protection of
deposited polymers. Consequently, with appropriate etching
masks and parameters, this etching process can produce Si
structures with a high aspect ratio of up to ~40 or more. The

3.Deposition of Silver Film
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Fig.7 (a) Schematic depiction of Si nanowire arrays through PS-metal-wet etching process. (b) and (c) Plane-view and titled-view SEM images of the
formed Si nanowire arrays. (d)—(g) Cross-sectional images of Si nanowire arrays after wet etching for 4 min, 8 min, 12 min and 16 min.'*
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Fig. 8 (a) SEM image of a Ni nanodot pattern after lift-off of PS
nanospheres. (b) Schematic plots showing the variation of the slopes and
base areas with the percentages of O, in the mixed gas of O, and CF,. (c)
and (d) Triangular Si nanopillars fabricated by RIE with 25% and 12.5%
0O, in the mixed gas of O, and CF,.'*?

Step 1

(a)

Polystyrene O, RIE
~ /nanobeads
C000¢

Substrate

Step 2

chosen etching process for the fabrication of small-size features is
crucial over the ordinary RIE process. Such structures can be
used for investigating the proof of principle in device architecture
such as the vertical surround-gate FETs. Unlike other gas phase
nanowire syntheses, this process does not require the patterning
of a metal catalyst and thus minimizes the potential for unin-
tentional wire doping.

Solution growth

Recently, the combination of a PS sphere template with solution
growth has received wide attention.?””''’-2° Due to the low
temperature during most of solution growths, the PS monolayer
is facile in the process of electrochemical deposition,®”'®
hydrothermal growth,'” and chemical deposition.'*#!2°
Electrodeposition is a very useful method for the nanowire
growth within a large area. Furthermore, the deformation of
a PS monolayer can be introduced to control the patterned
nanorod arrays, as shown in Fig. 10a.®” Typically, a PS mono-
layer is self-assembled on a substrate through spin-coating, and
then different degrees of template deformation are introduced
under heating near the glass transition temperature. Finally, the
electrochemical deposition is implemented on these deformed-PS
monolayer covered substrates. Since the pattern of an array is
confined by the shape and pattern vacancies within a template,

Step 3
Deep-RIE

(b)

Row A
After O, etch

Row B
Top view
After Si etch

Row C
Side view
After Si etch

Fig. 9

(a) Schematic diagram of Si nanopillar fabrication through PS-sphere dry etching. (b) SEM images of PS spheres-on-Si samples after the second

and third step of the fabrication scheme, as shown in (a). Row A: top views of the PS spheres on Si substrates etched by oxygen plasma during 0-90 s.
Row B and row C: top and side views of samples in row A etched by deep RIE. All scale bars are 750 nm.*®
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the nanowire/nanorod density and uniformity of the formed
arrays can be correspondingly adjusted. This benefits the
improvement or their field emission performances.

The effects of template deformation are visible through the
comparison of short time grown products by using PS monolayer
templates without and with a heat treatment, as shown in
Fig. 10b and 10d. When a standard template (without defor-
mation) is used, only network-like pores or wall-like arrays can
be obtained (Fig. 10b) after short time growth. By contrast,
while utilizing a slightly deformed template, the growth of well-
separated short nanorods (Fig. 10d) takes place due to the
deformation-driven separation of voids within the template. If
the deformation is excessive, some voids in the template fully
vanish due to PS fusion, resulting in the absence of nanorods on
these sites. For the arrays grown from the pristine template in
Fig. 10c, the vertical nanorods stand in circles and are close to
each other. When template heating time is increased to 1 min, the
nanorod separation becomes obvious. The separation of nano-
rods is further developed with 1.5 min template heating in
Fig. 10e. Such control coincides with the PS template evolution
with heating. Such adjustment of local spacing is significant for
the arrays’ field emission performance when one considers the
screening effect during electron emission. The method proposed
here utilizes deformation-tailored colloidal monolayers and
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Fig. 10 (a) Schematic of the fabrication based on the deformed colloidal
monolayer templates and electrodeposition growth. (b) and (c) Contin-
uous network and nanorod arrays obtained by short- and long-time
growth from a pristine PS template. (d) and (e) Short and long nanorod
arrays obtained by short- and long-time growth from the deformed PS
template.®”

electrochemical deposition at temperatures as low as 70 °C
without the needs of catalysts or preformed seed layers. The
method is cheap and can be used to produce large-scale arrays.

Fig. 11 presents a recent example of fabricating nanotube-
nanorod hybrid arrays using a PS monolayer."”” Fig. 1la
schematically describes the synthetic approach for making ZnO
nanotube-nanorod hybrid arrays. First, a substrate such as glass
or Siis coated with ZnO seed layers, followed by deposition of PS
colloids. Then, a hydrothermal process is used to grow 1D ZnO
nanostructures on the substrates patterned with PS colloid
monolayers. This process results in the growth of ZnO tubular
structures just below the PS colloids and solid nanorods at the
apertures between three adjacent spheres.

A formation mechanism of hybrid nanostructures is illustrated
in Fig. 11b. Compared with the ZnO nanorod surfaces, PS
colloid surfaces may provide more favorable sites for the
decomposition of reactants into adatoms, and facilitate adatom
diffusion. On the other hand, due to the capillary force, infil-
tration of precursors along the PS colloid surfaces can be stim-
ulated. As a result, the growth rate of ZnO nanorods
surrounding the PS colloids increases. The formation of nano-
tubes instead of nanorods just below the PS colloids revealed
a marked change in the adatom transport due to the presence of
the PS colloids. On the bare ZnO seed layers or around the PS
colloids, solid ZnO nanorods form because the reactants or
adatoms can get to the tips of the ZnO from above as well as
from the side due to surface diffusion. However, PS colloids
block the introduction of adatoms or reactants to the tips of ZnO
crystals, therefore only the migration of adatoms along the
surface of the PS colloids and ZnO sidewalls is allowed. As
a result, a restricted supply of adatoms to the center of ZnO
crystal tips causes the formation of tubular structures instead of
solid nanorod structures.

On-sphere gas phase deposition

As mentioned above, utilizing the periodical spaces of the interstices
among PS spheres or the periodical contact interfaces between PS
spheres and substrates is typical for the growth or etching formation
of 1D nanoarrays. Recently, an interesting strategy has been
developed to apply the top parts of a PS monolayer to fabricate 1D
nanoarrays with a Ancp arrangement.”77121-123

The fabrication process of hncp hierarchical TiO, periodic
nanorod arrays is illustrated in Fig. 12a.'2 PS monolayer
colloidal crystals are firstly fabricated on cleaned Si substrates by
spin coating. The substrate with a colloidal monolayer is then
placed into the chamber for PLD in an off-axis configuration to
the target. After PLD, the sample is put into an oven for heating
in air. Fig. 12b and 12c present the SEM images of a sample
produced by PLD at room temperature without further anneal-
ing. The sample demonstrates an ordered and well-structured
array with a hcp arrangement. The cross-sectional image reveals
that a TiO, nanorod vertically protrudes from the corresponding
PS sphere surface. The formation of a TiO, nanorod array on
a colloidal monolayer is attributed to multi-angle glancing angle
deposition. When the structures were heated, the PS spheres were
entirely burned out. At the same time, the TiO, nanorods on the
top of the PS spheres were changed to anatase polycrystals and
moved vertically down to the original positions of the PS spheres.
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{ii —PS sphere

O seed layer

@

anotube

Nanorod

Fig. 11 (a) A schematic illustrating the synthesis process for producing ZnO nanotube-nanorod hybrid structures with the use of PS colloid mono-
layers. (i) Deposition of a ZnO seed layer on the substrate by MOCVD. (ii) Fabrication of hexagonally close-packed PS colloid monolayer. (iii)
Hydrothermal growth of ZnO nanostructures. (iv) Removal of PS colloids. (b) Schematic diagram of the proposed mechanism for the formation of
single crystal ZnO nanotubes just below the PS colloids and increasing the length of solid nanorods enclosing the PS colloids.'"”

The volume of the TiO, nanorod decreased during this process,
and a hncp hierarchical nanorod array formed from the pre-
existing hcp amorphous TiO, array, as shown in Fig. 12d and
12e. The resultant film adhered tightly to the substrate after
annealing. It could not be detached from a substrate even after
ultrasonication in water. This guarantees its reliable application
as a field emitter.

This method is very productive and can be applied to the
formation of many other material 1D nanoarrays, such as hematite
and Co30, hierarchical nanorod arrays.”®*' Furthermore, the
morphology can be adjusted by the background pressure. Fig. 13
depicts SEM images of ordered hematite hierarchical columnar
arrays deposited by PLD under different oxygen pressures at room
temperature.’** These images illustrate that the target materials
have been deposited on the top surfaces of each PS sphere and
grown continuously along the vertical direction to form ordered
columnar arrays, and the columnar arrays replicate the hcp
arrangement of PS spheres. All the columns bear hierarchical
structures that are composed of nanoplates at 6 Pa and nano-
particles at 60 Pa. After annealing, the columnar arrays have three

(a)PS colloidal monolayer by self-assembling (b)

Pulsed laser deposition of TiO,

Annealing at 650°C for 2 h

5.0kV 8.4mm »

characteristics that distinguish them from the as-deposited
samples: (a) the arrangement of columnar arrays changes from the
hep to hnep form; (b) each column preserves its hierarchical
structure, although the sizes of nanoplates and nanoparticles
change slightly; (c) PS spheres disappear, and the columns are
attached directly to the substrate.

Shadowed oblique angle deposition

The oblique angle deposition (OAD) method is based on
a conventional physical vapor deposition principle and can be
used to fabricate aligned 1D nanostructure arrays.'*'* Typi-
cally, the surface normal of a substrate in the deposition chamber
is positioned at a very large angle with respect to the incoming
vapor direction, as shown in Fig. 14a.®® This deposition
configuration results in a so-called geometric shadowing effect
that leads to a preferential growth of nanorods on the substrate
in the direction of deposition. The nanorods grow aligned but are
tilted on large substrate areas.

Fig. 12 (a) Schematic of the nanorod arrays fabrication on PS monolayer. (b) and (c) SEM image of an amorphous TiO, hep nanorod arrays on the
colloidal monolayer before annealing. (d) and (e) SEM image of nanorod arrays on the colloidal monolayer after annealing in air.'*
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Fig. 13 (a) and (b) SEM images of the hematite hierarchical columnar
arrays PLD-synthesized on PS monolayer at an oxygen pressure of 6 Pa.
(c) and (d) SEM images of arrays PLD-synthesized on PS monolayer at
an oxygen pressure of 60 Pa.'*!

OAD on flat substrates involves a stochastic nucleation
process yielding layers consisting of randomly distributed
columns. In contrast, periodic arrays are achieved by substrate
patterning prior to deposition, such as covering with a PS
monolayer.'* In this case, the patterned surface mounds are the
nucleation sites for the OAD columns, since atomic shadowing
of the deposition flux suppresses growth on the surrounding
substrate.

Fig. 14b-14d show SEM micrographs of regular arrays of
nanopillar structures grown on substrates patterned using
500 nm-diameter PS spheres.’® Fig. 14b and 14c¢ are cross-
sectional and plan-view micrographs of a Si nanopillar array
grown from a constant angle of 72° with respect to the surface
normal without polar substrate rotation. The pillars are tilted

Fig. 14 (a) Schematic of oblique angle deposition.'?® (b) Side-view and
(c) top-view of Si nanopillars by PS sphere-shadowed OAD. (d) Cr nano-
half-moons."*

towards the direction of the incoming deposition flux, which
impinges on the substrate from the left back. The front of the
image shows an area of the substrate with no microspheres,
corresponding to an extended patterning defect. This area
exhibits no layer growth since the substrate is shadowed during
deposition, first by the array of microspheres and then by the
growing Si nanopillars. The Si nanopillars perfectly replicate the
close-packed arrangement of the underlying microspheres.
Fig. 14d shows an array of Cr nano-half-moons on 500 nm PS
microspheres grown from an angle of 86° with respect to the
surface normal. The half-moons are 300 nm wide and represent
well-separated nanostructures. Therefore, the PS sphere-assisted
process improves the OAD technique from the random growth
to the ordered patterns.

Applications of PS-sphere assisted 1D nanoarrays

PS-sphere assisted 1D nanostructure arrays have been used in
a large number of applications. Controlled size, height, period-
icity, morphology, and shape have made them good candidate
materials for use in field emitters, wetting surface, antireflection,
photonic crystals, light-emitting diodes, and photocatalysis, and
so on. In the following section we briefly review these applica-
tions utilizing PS-sphere assisted 1D nanostructure arrays.

Field emitters

Field-emission is a form of quantum tunneling in which electrons
overcome the work function that binds them on the surface of an
emitting material to the anode in the presence of a high electric
field. The field emitters can find wide applications including flat
panel displays and high-powered vacuum electronic devices.'*
The performance of field emitters is highly dependent on the
intrinsic property (work function) and the shape of cathode
material. The emission current density (J) produced by a given
electric field (E) is described by the Fowler—-Nordheim (FN)

equation:130-133

J = (AB*E*I$)exp(-B*"IBE) (1

Here A = 1.54 x100°AeVV2 B=683 x 10°eV>?V um;
¢ is the work function of the emitting material, it has a fixed
value for a particular material; 3 is the field-enhancement factor,
which is related to the geometry, crystal structure, and spatial
distribution of emitting centers. § can be expressed as 8 = A/r,
where /1 is the height and r is the radius of curvature of an
emitting center. Thus, materials with higher aspect ratios and
sharper edges produce higher field-emission currents. Since the
discovery of carbon nanotubes, much attention has been paid to
exploring the prospects of 1D semiconductor nanostructures as
field-emitters due to their low work functions, high aspect ratios,
and high mechanical stability, erc.'3+138

Among 1D nanostructures, the periodic and sharp (tapered)
nanorod arrays are very useful for producing a low turn-on
voltage and a fairly stable emission current due to the elimination
of the shield effect on densely packed nanostructure arrays.
Recently, our group reported that the density and tapering of
ZnO nanorod arrays had effectively been controlled and their
field-emission properties optimized by tuning the size and
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heating-induced deformation degree of PS templates.?” As the
heating time was fixed, the turn-on fields (a field required to
produce an emission current density of 0.1 mA/cm?) first
decreased sharply from 12 V/um to 2.4 V/um with a diameter of
PS spheres decreasing from 1000 nm to 500 nm, and then slightly
increased under further diameter decrease, as shown in Fig. 15a.
Large-diameter PS spheres produced a low nanorod density,
which led to an insufficient number of the emitting sites and
depressed the emitting efficiency, and small-diameter PS spheres
largely increased the density and thus the screening effect
appeared, which increased turn-on field again. With increasing
the heating time of templates, the turn-on field firstly decreases
and then dramatically increases (Fig. 15b). The nanorod sepa-
ration can be improved by a slight deformation of the template
applying a short heating time, which decreases the screening
effects and increases the emitting efficiency. However, the
excessive heating induced the absence and bundling of nanorods
in some places. The former reduced the overall density of the
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Fig. 15 J-E curves of ZnO nanorod array anodes grown from PS
templates with (a) different PS diameters and (b) different heating times.*”
(c) The height of Si nanopillars and width of the base as a function of the
percentage of O, in the etching gas and corresponding J—F relationships
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array, and the latter increased the local screening effect, both
reducing the emitting efficiency. Such controlled high perfor-
mance has also been implemented in TiO, nanorod arrays
fabricated by a PLD process, in which the TiO, nanorod arrays
with the smallest periodicity and the largest distance between
adjacent nanorods exhibited the best field-emission properties.

The advantages of sharp structures for improving field-emis-
sion properties were demonstrated by Chen et al''* Fig. 15¢
shows that the slope and aspect ratio of triangular Si nanopillars
are controlled by variation of the mixing ratio of CF4 and O, in
the PS sphere template-assisted etching process. High field-
enhancement factor (4184) and low turn-on field (1.6 V/um at
a current density 0.1 pA/cm?), as shown in Fig. 15d, were
attributed to the high density, sharp tips, and well-controlled
spacing between nanopillars, so that the shielding effect was
minimized. Compared to nanorods with uniform diameters,
nanorods with shaper tips must show more promising applica-
tions in the field-emission field.

Wetting surface

The wetting (hydrophobic or hydrophilic) conditions of a solid
surface, depending on its inherent chemical nature and surface
geometry microstructure, can find important applications in
various fields, such as self-cleaning, antifogging coatings,
microfluidics, and manipulation of biomolecules.’**3 Super-
hydrophobic surfaces with the contact angles (CAs) larger than
150° can be obtained by enhancing the roughness of hydrophobic
surfaces (CAs larger than 90°) or by modifying rough surfaces
with low free energy materials, usually composed of fluorine or
silicon. Superhydrophilic surfaces (CAs less than 10°) can be
realized through a two- or three-dimensional capillary effect on
hydrophilic surfaces (CAs less than 90°), while applying UV
irradiation. To these aims, a variety of fabrication and surface-
modification strategies including CVD, lithographic patterning,
plasma etching, and wet-chemical grafting, have been exploited
to obtain artificial wetting surfaces.'?*14+'51 A challenging
direction in this research field deals with the fabrication of
superhydrophilic surfaces of semiconductor metal oxides
without UV irradiation.

PLD has proven to be an effective method to obtain super-
hydrophilic surfaces of metal oxides (TiO,, Co304, and Fe,03)

Fig. 16 (a) Contact angles of water on the surface of Co;04 nanorod arrays deposited using different gas pressures and deposition times. Optical
photographs of the water droplet shape on the surface of Co;04 nanorod array made via PLD in oxygen at 93.1 Pa (b) and after the fluorosilane surface

modification (c).”®
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without UV irradiation.”'*'?3 i and co-workers reported the
controllable superhydrophilicity without UV irradiation in
ordered and aligned Co304 hierarchical nanorod arrays obtained
by PLD on PS sphere monolayers.” The contact angles can be
adjusted by controlling the background oxygen pressures during
PLD and the post-annealing temperatures in air (Fig. 16a). Upon
chemical modification with low-surface-energy fluorosilane, the
superhydrophilic surfaces (Fig. 16b) were transformed into
superhydrophobic ones (Fig. 16c). The authors attributed these
phenomena to the improved roughness of the hierarchical
structures and the abundant OH~ groups induced by the PLD
and subsequent annealing processes. Further work in this area
will focus on fabricating other metal oxide nanostructures such
those made of ZnO,, SnO,, and WOs;, and exploring the gener-
ality of superhydrophilicity utilizing such a PLD process.

Light-emitting diodes

Nitride-based LEDs have been widely used for various applica-
tions, such as traffic signals, full color displays, and illumination
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lighting by white LEDs."** LEDs with high external efficiency are
highly demanding for the applications. The total light external
efficiency of LEDs is a product of the light internal efficiency and
the light extraction efficiency.'*>'** However, the internal
quantum efficiency is usually reduced by the high threading
dislocation densities, owing to the large lattice mismatch and
thermal expansion between the epitaxial GaN film and sapphire
substrate. Moreover, the light extraction efficiency of a LED is
limited by the critical angle loss, which is due to the large
difference in refractive indexes of the epitaxial film (2.5) and the
surrounding air (1.0). To diminish these negative factors, PS
sphere template-assisted technology was applied to incorporate
the nanoscale features into the LED structures and to enhance
the light external efficiency. Three typical processes are shown in
the following paragraph.

(1) Patterned sapphire substrates (Fig. 17a and 17b).'s*
Nitride-based LEDs were grown with different pattern sizes on
patterned sapphire substrates by using conventional photoli-
thography and PS sphere templates. The structural and leakage
current measurements indicated the crystalline quality of
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Fig. 17 Schematic diagrams of LED structures (a) grown on a nanosphere-patterned sapphire substrate (NPSS),'** (c) with a pillar patterned ITO

contact layer,'s

respectively.

and (e) with nanorod-textured sidewalls.'s” Corresponding (b) external quantum efficiencies, and (d) and (f) light output power,
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epitaxial GaN film could be effectively improved by using the PS
sphere template technique and the threading dislocation densities
were decreased, which improved the internal quantum efficiency.
The pattern size was related to the capability of light extraction,
namely, the smaller pattern size could increase the number of
patterns for the same area of the sapphire substrate, and thus
increased the possibility of light scattering, which induced the
high light extraction efficiency and the high output power. (2)
Nanopillar top contact layers (Fig. 17¢ and 17d).'>® A nanopillar
patterned indium-tin-oxide (ITO) top contact layer was intro-
duced into a LED structure by using size-tunable PS spheres as
templates. It was found that the light output power (at 20 mA) of
the LEDs was enhanced by 10%, compared with the conven-
tional LEDs due to an increase of the extraction probability of
the internally reflected photons through the patterns. (3) Nano-
scale textured sidewalls (Fig. 17e and 17f).'*” Apart from the
above two strategies of multiple scattering from a rough surface,
Huang et al. investigated the nitride-based LEDs with nanoscale
textured chip walls fabricated using PS sphere templates and dry
etching techniques. The LEDs with textured sidewalls increased
the output power of the InGaN-GaN multiple quantum well
LEDs by a factor of 1.3, indicating that the LEDs with nanoscale
textured sidewalls had the larger light extraction efficiency. The
output/input power efficiency was 30% higher than for the
conventional LEDs due to the enhanced light output power.

Antireflection

A broadband antireflection property has been of prime interest
for various applications. It may enhance the efficiency and
sensitivity of optoelectronic devices such as solar cells, light
emitting diodes, and photodetectors.'*®'*® For example, the high
reflective index of Si results in up to 40% of the incident light
being reflected, which severely limits the performance of Si-based
optical and optoelectronic devices. Film coatings with interme-
diate or gradient refractive indices are usually utilized to suppress
undesired reflection. Unfortunately, these techniques meet some
troubles with respect to the production cost, duration, and reli-
ability. Since the antireflection was discovered on the corneas of
nocturnal moth eyes,'® nanostructure arrays with the dimen-
sions smaller than the wavelength of incident light have been
studied as an alternative.'®*~'* This way is more stable and
durable than surface coatings since only one material is involved.
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Several groups have developed a facile PS sphere template-
assisted process to create antireflective Si nanopillar/nanorod
arrays. The Si nanoarrays exhibited broadband antireflections,
and the spectral positions with low reflection strongly depended
on the periods of these arrays. For instance, the low reflection
(8%) range of a 300 nm Si array is 500—1100 nm, but it becomes
900-2400 nm on the 1.1 pm Si array.'®* Thus, the wavelength
range of low reflection can be tuned by varying the periodicity of
an Si array, which can be controlled by the sizes of PS spheres.
Studies on other antireflective nanostructures such as carbon
nanotube arrays have also begun in regard of the hopes to
theoretically understand the mechanism of ultralow reflection.¢®

Photonic crystals

Photonic crystals are ordered nanostructures in which two media
with different dielectric constants or refractive indices are
arranged in a periodic form.'*® The periodic structures can be
used to control light propagation in a way analogous to semi-
conductor lattices with electrons. 2D photonic crystals have
attracted much interest due to the relative ease of achieving a full
photonic band gap.'¢”-'*® Generally, 2D photonic crystals have
been fabricated by a top-down process, ie. electron-beam
lithography, which is expensive and has a low throughput.'®®
Recently, by using PS spheres to define a catalyst pattern, 2D
periodic arrays, such as ZnO nanorods and their networks, and
carbon nanotubes, have been fabricated and utilized as 2D
photonic crystals. This approach is relatively simple, cost-effec-
tive, and has a high throughput.

Wang et al. fabricated 2D photonic crystal slabs starting with
PS sphere patterned ZnO nanorod arrays that were conformally
coated with TiO, by atomic layer deposition.”” This periodic
structure showed a reflection peak (2670 nm) close to the theo-
retically predicted bandgap region between 2440 to 2243 nm, as
shown in Fig. 18a. The bandgap can be controlled by varying the
period of a PS sphere template, which is feasible down to ~100
nm; thus, a 2D photonic crystal with a bandgap in the visible
light region can be expected. To achieve a visible bandgap,
Chen’s group firstly designed 2D nanorod network photonic
crystals with a bandgap in the green light emission region, which
were fabricated by an aqueous chemical method with PS spheres
as templates.’” A peak at 437 nm in the reflection spectrum was
in an excellent agreement with the calculated photonic crystal
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Fig. 18 (a) Left: Reflection spectrum of a TiO,/ZnO quasi-2D photonic crystal slab after the reference is removed. Right: Calculated photonic band
structure.”” (b) Calculated photonic band structure of the 2D ZnO nanorod networks and corresponding reflection spectrum (c) measured at the 85°

incident angle.'™
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band gap region from 458 to 434 nm (Fig. 18b and 18c). These
interesting results undoubtedly push forward potential applica-
tions of PS spheres, but it is still a challenge for this technique to
fabricate structure-adjusted photonic crystals with various
bandgaps, particularly in the visible range.

Photocatalysis

As global population growth and economic development
continue to ramp up, sustainable energy production and envi-
ronment are emerging top issues and challenges for humanity.
Photocatalysis is an important chemical process that underpins
the development of critical renewable energy and environmental
technologies such as photocatalytic water/air purification,
hydrogen production from splitting water, and high-efficiency/
low-cost solar cells.””*'® In 1972, Fujishima er al. achieved an
UV light induced water dissosiation using a TiO, photoanode in
combination with a platinum counter electrode soaked in an
electrolyte aqueous solution.'™ Since then, semiconductor pho-
tocatalysis has attracted considerable attention.'”'7® A general
mechanism based on the electron paramagnetic resonance (ESR)
and laser flash photolysis measurements, taking anatase TiO,
(band gap of 3.2 eV) as a typical example, has been proposed by
Hoffmann and co-workers,'” as shown in Fig. 19a. This mech-
anism includes four primary processes, namely, charge-carrier
generation, trapping, recombination, and an interfacial transfer.
When a photon with an energy of v matches or exceeds the band
gap energy (E,) of the semiconductor, an electron in the valence
band (VB) is excited into the conduction band (CB), leaving
a positive hole (h*) in the VB. The photogenerated electrons and
holes can initiate redox reactions with chemical species adsorbed
on the surface or interface of the photocatalysts. The detailed
mechanism of the TiO, photochemical reaction has been well-
documented.'#%18!

Photocatalytic processes are influenced strongly by the phase,
shape, size, doping, crystallinity, and surface area of photo-
catalysts.’8>718 Recently, Li et al. fabricated a hexagonal-close-
packed, hierarchical amorphous TiO, nanocolumn array by
PLD using a PS monolayer as a template.”” Compared with the
amorphous film and the anatase nanocolumn arrays, the amor-
phous nanocolumn arrays demonstrated the best degradation
performance for stearic acid (Fig. 19b). Anatase is usually
deemed to be more photocatalytically active than the rutile and
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amorphous TiO,. However, these results fully imply that in
addition to the crystal phase, other factors, including the specific
surface area, crystal composition, and material microstructures,
also significantly affect the photocatalytic performance. In their
report, the amorphous nanocolumn array had porous structures
and possessed a much higher specific surface area than that of an
anatase nanocolumn array, which contributed to better photo-
catalytic properties. This suggests that the surface area of TiO,
prevails over its crystal structure with respect to enhancing
a photocatalytic activity. In addition, the enhanced photo-
catalytic activity of amorphous TiO, nanocolumn arrays
compared with amorphous films was ascribed to special hierar-
chical structures composed of radiation-shaped nanobranches
emanating from a center point on the PS sphere. Such advan-
tages of hierarchical nanostructures were also confirmed in
a Fe,O3 photocatalytic system.’! The role of surface states,
particularly the oxygen vacancies/defects, in improving photo-
catalytic efficiency needs further investigation, because the
authors also found the effect of these oxygen vacancies/defects
on surface wetting behaviors.

Others

One objective of bio-interfaces is to control the conformation
and activity of the immobilized biomolecules in order to perform
parallel biochemical analysis or to culture cells by maintaining
their phenotypes. Micro-patterning operations are often per-
formed to control the size, location, and geometry of patches
where biomolecules or cells are immobilized. Valsesia ez al
reported that the combination of PS spheres and plasma
deposited functional polymeric layers can fabricate chemically
nano-patterned surfaces with biologically relevant end groups
such as carboxylic groups or antifouling PEO-like functional-
ities.*> The specific bio-activity measurements showed the ability
of the surfaces to immobilize biomolecules on the carboxylic
functionalized nano-areas. Another interesting application was
investigated in the energy field. Recently, Huang et al. presented
a combined process of a two-staged photo-assisted electro-
chemical etching with PS spheres templates to produce the Si
nanopillar arrays for production of fuel cell electrodes.' Its
reaction current of 10.2 mA is 72.9 times higher than that
obtained by a planar electrode.
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Fig. 19 (a) Photoexcitation of a semiconductor (e.g., TiO,) and the subsequent generation of an electron and a hole, which are trapped by an oxidant
(Ox) and a reductant (Red), respectively. For TiO, photocatalysis, the “Ox” is a surface-adsorbed oxygen molecule, and the “Red” is a surface-bound
hydroxyl group.'” (b) Photocatalytic activity evaluation of different substrates based on the absorbance ratio A/A4, as a function of UV irradiation time.
A and A, are the absorbance after the UV irradiation and that from the initial surface, respectively.””
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Conclusions and outlook

In this feature article, we have reviewed the current progress in
the synthesis and applications of 1D nanostructure arrays based
on PS sphere templates. On the basis of PS sphere monolayers
a series of 1D ordered nanostructure (nanopillar, nanowire,
nanorod, and nanotube) arrays have been synthesized,
combining with other techniques such as the RIE, CVD, PLD,
and electrochemical deposition. The morphology and shape of
these nanostructures can be well-controlled by adjusting the
experimental conditions, ie., the size of PS spheres, the gas
pressure of RIE and PLD, the concentration and type of
precursors in a solution, the post-heating temperature, and so on.
Such 1D nanostructure arrays have found many interesting
applications in field emitters, LEDs, photonic crystals, photo-
catalysis, self-cleaning surfaces, and fuel cells.

Even with an increasing interest in PS sphere templates many
synthetic and application challenges still remain. (1) In order to
obtain large-area and highly ordered 1D arrays for real appli-
cations, synthesizing defect-free PS sphere templates is prereq-
uisite. During the self-assembly of collide spheres, the random
orientation of crystalline domains inevitably takes place.
Creating a single-domain with a decent size and even at a wafer
scale is still a challenging subject of colloid crystallization. (2)
Limited by the difficulties in fabrication of ordered monolayered
PS spheres with a diameter smaller than 100 nm, previously
reported 1D arrays have had the typical feature sizes larger than
100 nm. (3) The feature size and periodicity of 1D nanostructures
cannot be manipulated independently because they both are
correlated with the sphere size. (4) Present syntheses mainly focus
on some simple compounds and nanostructures. In order to
achieve fully functional performances, it is necessary to design
more complex and/or hierarchical 1D nanostructures such as
core—shell structures and heterojunctions. (5) Compared with the
synthetic studies, and despite some reported applications, there
have still been very few investigations on the properties and
nanodevices. Incorporating PS template-assisted 1D nanstruc-
tured arrays in energy devices, such as lithium-ion batteries and
solar cells, is expected to be developed. After solving the above-
mentioned issues, we envisage a very bright future for PS sphere-
assisted 1D nanostructures.
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