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Besides the traditional lithographical techniques to fabricate the ordered mciro/nanostructured arrays,
the route of the monolayer colloidal crystal template is a recently promising, alternative process for the
synthesis of the micro/nanostructures with different designed morphologies. By this strategy, two-
dimensional ordered arrays, e.g., nanoparticle arrays, pore arrays, nanoring arrays, nanobowl arrays, hollow
sphere arrays, etc., even one-dimensional nanostructures of ordered nanorod/nanopillar/nanowire arrays,
etc., could be prepared. Recent progress in this area is reviewed, including synthesis strategies and
morphology-dependent properties of the micro/nanostructured arrays such as optical properties, wettability,
surface-enhanced Raman scattering, and photonic bandgap.

Introduction

Two dimensional (2D) ordered micro/nanostructured ar-
rays have recently received considerable attention because
of their many applications in biosensors, magnetic materials,
phonon diffraction grating, photonic crystals, drug delivery,
surface-enhanced Raman scattering (SERS), etc.1 Their
properties are morphology- and arrangement-parameter-
dependent and hence the morphology-controlled fabrication
with a large area becomes more important. In the conven-
tional techniques, the most widely used method is photoli-
thography; unfortunately, it can not be widely applied to the
nanostructured synthesis because of its diffraction-limited
resolution, ca. λ/2 (λ is photowavelength).2 Besides this,
electron beam lithography, X-ray lithography, scanning
tunneling microscopy, and atomic force microscopy lithog-
raphy are alternative methods.3 Although they have abilities
to create the nanostructured arrays with high quality, they
can not be afforded by most laboratories because of their
high costs and low sample throughout. Additionally, soft
lithography4 including the techniques of replica molding
(REM),5 microcontact printing (µCP),6 micromolding in
capillaries (MIMIC),7 etc., has been developed to fabricate
the micro/nanostructured arrays. This route has advantages
of cheapness, high resolution, and high repetition; however,
a micro/nanopatterned elastomer used as the mask, stamp,
or mold must be preprepared in this process,4–7 which
restricts its applications to some extent.

Recently, many researchers have developed some other
parallel strategies mainly based on self-assembly processes.8

One of these routes, a monolayer colloidal crystal (MCC)
template approach, has attracted more interests to fabricate
the ordered arrays with well-defined micro/nanostructures
because of its flexibility and controllable morphologies.9

As we know, with the development of the colloidal
science, the highly monodispersed colloidal spheres with a
size deviation less than 5% of diverse materials such as silica,
polystyrene (PS), and PMMA have been easily synthesized
in liquid media by various methods.10 The successful
synthesis of the monodispersed colloidal spheres makes it
easy to fabricate the colloidal crystals by a self-assembly
with various methods such as drop-coating,11 spin-coating,12

dip-coating,13 and electrophoretic deposition14,15 and there-
fore further improves their applications. The typical MCC
is an ordered monolayer colloidal microsphere array with a
hexagonal close-packed (hcp) alignment on a certain sub-
strate. Moreover, the fabrication techniques of a non-close-
packed (ncp) MCC are also explored.16 Jiang et al. developed
the method to prepare ncp MCC by a combination of spin-
coating and monomer photopolymerization.16a Yang et al.
utilized the solvent-swelling and mechanical deformation
behaviors of PDMS to adjust the lattice structures of the 2D
arrays of microspheres and prepared the ncp MCCs with the
hexagonal or square arrangements.16b Ong et al. prepared
the ncp MCCs composed of nonspherical particles by reactive
ion etching of the MCCs.16d These MCCs could be directly
used as the optical grating, optical filter, and antireflective
coating. More importantly, they can be used as flexible
templates to prepare the various ordered structured arrays.
Since Deckman et al. prepared an ordered microcolumn
arrays by the PS MCC as a mask using so-called natural
lithography in 1982,17 the MCC template strategy has been
developed to synthesize a plentiful 2D ordered structures
including nanoparticle arrays, pore arrays, nanobowl arrays,
nanoring arrays, hollow sphere arrays, nanopillar arrays,
hierarchical micro/nanoparticle arrays, etc., by different
methods such as evaporation/sputtering deposition, electro-
chemical deposition, and solution/sol dipping deposition.
Interestingly, for its further extension, using nanoparticle
arrays obtained by MCC as mask or catalysts, one-
dimensional (1D) nanostructured arrays, e.g., ordered nano-
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pillar/nanorod/nanowire arrays and carbon nanotube arrays,
etc., could be grown on the solid substrates by reactive ion
etching or chemical vapor deposition. In the strategy of the
MCC templates, the periodicities of arrays can be tuned by
changing the diameter of the colloid sphere in the templates
and the morphologies could be well-controlled by the
experimental conditions. Until now, the MCC template
technique has proved to be a successful and promising one
to fabricate the ordered micro/nanostructured arrays.

In previous studies, the ncp MCC templates mainly
focused on the fabrication of the ordered pore array films16

and the MCC templates with hcp arrangements were more
widely developed to fabricate the ordered micro/nanostruc-
tured arrays with various morphologies. In this brief review,
the recent developments of the template technique of the
MCC with a hcp alignment are presented, mainly including
(1) 2D ordered micro/nanostructured arrays such as nano-
particle arrays, pore arrays, nanowall arrays, and hollow
sphere arrays, by the various methods; (2) 1D nanostructured
ordered arrays by the MCC; (3) morphology-dependent
properties of the micro/nanostructured arrays.

1. 2D Ordered Micro/Nanostructured Arrays

1.1. Strategy of the Direct MCC Templates or
Masks. The hcp MCCs were directly used as masks or
templates to fabricate the 2D ordered nanostructured arrays
by the different methods, e.g., evaporation deposition,
solution/sol dipping deposition, electrodeposition, etc. After
the templates or masks were removed, the 2D ordered arrays
with diverse morphologies could be created.

EVaporation/Sputtering Deposition or ReactiVe Ion
Etching. The ordered nanoparticle arrays can be formed on
substrates after the evaporation/sputtering deposition of
elements on the MCCs and subsequent removal of the
masks,18 as shown in Scheme 1. Figure 1 presents a gold
nanoparticle array with the hexagonal arrangement with a

P6mm symmetry and triangular cross-section. In addition,
using this method, we could fabricate bimetal nanoparticle
arrays by changing the evaporating source in the second-
half process of deposition.18a

In this approach, the nanoparticle distribution density can
be increased using smaller periodicity of the MCC masks,
and the volume of a single nanoparticle in the array could
be tuned by controlling the metal evaporation quantity.

Inversely, by reactive ion etching, an ordered triangular
nanopore or nanowell array can be created on the substrate
using the MCC as a mask,19 as displayed in Figure 2.

Solution/Sol Dipping Deposition.20 If a droplet of the
precursor solution/sol is dropped onto a MCC, the MCC
template will float on the solution/sol surface because of the
surface tension of the solution/sol. After the template is dried
and then removed (for organic colloidal spheres, the template
could be removed by calcinations and/or dissolution), the
ordered structures can thus be obtained. The fabrication
process is illustrated in Scheme 2. The morphologies of the
ordered structured arrays can be controlled by the solution/
sol concentration and the sphere deformation during the
drying process.20a By this method, the ordered micro/
nanostructured arrays (films) with different materials such
as metal, semiconductor, even polymer, etc., can be pro-
duced. With a decrease in the precursor concentration from
a high level to a very low one, pore arrays, through pore
arrays, and ring arrays could, in turn, be obtained. Figure 3
shows the typical ordered pore array and nanoring array by
the solution/sol dipping deposition.20a,b By this method, the
ordered pore arrays of Fe2O3, TiO2, silica, Al2O3, In2O3, ZnO,
Co2O3, CuO, CeO2, Eu2O3, and Dy2O3, and even polymers
such as PDMS, could be fabricated.

Additionally, besides the flat substrates, the ordered pore
array films can be synthesized on the curved surfaces to
further develop this technique.21 The fabrication process was
displayed in Scheme 3. A MCC on a glass substrate was
peeled off in the precursor solutions and floated on the

Scheme 1. Fabrication of Ordered Nanoparticle Arrays Based on the Evaporation/Sputtering Deposition on the MCC: (a) MCC,
(b) Element Deposition, (C) Nanoparticle Arrays after Removing the MCC Mask

Figure 1. Gold nanoparticle array fabricated by the PS MCC with the PS
size of 1µm. Reprinted with permission from ref 18a. Copyright 2005
Springer.

Figure 2. Nanowell array by reactive ion etching (RIE). (A) RIE scheme.
(B) AFM image of the nanowell array. Reprinted with permission from ref
19. Copyright 2001 Materials Research Society.
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precursor solution. The interstitial space between the close-
packed spheres was filled by the solution because of the
capillary effects. The floating MCC was then picked up by
any desired substrate with a flat or curved surface (here, a
ceramic tube is used) and the MCC covered the tube surface
by filling the precursor solution in the interstitial space among
the colloidal spheres and the space between the MCC
template and curved surface. Subsequently, the sample was
dried at a temperature slightly above the glass transition of
PS spheres and finally calcined to remove the colloidal
template.

For instance, using a 0.1 M SnCl4 precursor solution and
the MCC with a diameter of 1000 nm, the ordered pore films
of SnO2 were fabricated on the curved surface, as shown in
Figure 4 on the outer (Figure 4A) and inner (Figure 4B)
surfaces of a glass tube, for example, on a spherical surface
(Figure 4C), as well as a flat surface (Figure 4D), respec-
tively. Apparently, the microstructures of all the ordered
porous films on the curved surfaces are similar. The pore
openings at the film surfaces are nearly circular. For these
films, after being heated at 500 °C for 1 h, they adhere so
strongly to the curved surfaces that they cannot be removed
or destroyed, even by ultrasonic washing.

Electrodeposition.22 Scheme 4 illustrates a typical elec-
trodeposition route based on the MCC template. A MCC is
first self-assembled on a cleaned glass substrate, transferred
from the glass substrate to a conductive one, such as ITO
glass, and then heated for a given time at a certain
temperature, leading to it being fixed firmly on the new
substrate. Finally, this conductive substrate is used as the
working electrode in a three-electrode electrolytic cell, with
a graphite plate or metal foil as the auxiliary electrode, a
saturated calomel electrode (SCE) as the reference electrode,
and the aqueous electrodeposition solution as the electrolyte.
After electrodeposition at a constant electric potential or a
constant electric current for a certain time and then removal
of the MCC template, the 2D ordered arrays can be generated
on the conductive substrates.

We fabricated gold through-pore arrays by the elec-
trodeposition after removing the PS MCC using a solution
composed of AuCl4 (12 g L-1), EDTA (5 g L-1), Na2SO3

(160 g L-1), and K2HPO4 (30 g L-1) as the electrolyte, as

shown in Figure 5A. With an increase in the heating time of
the MCC template, the opening pores evolve from an
irregular shape to circles and the pore size also increases
because of a heating-induced rise in contact area between
the PSs and the substrate. The film thickness and openings
at the film surface can be controlled by the electrodeposition
time. Additionally, a zinc oxide nanowall array was synthe-
sized using the corresponding electrolyte by this route (Figure
5B). If one chooses a solution composed of 0.01 M NiCl2

and 0.03 M (NH4)2SO4 as the electrolyte and keeps the pH
value to 8.5 with ammonia, then the Ni hollow sphere array
could be produced (Figure 5C) at a low cathodic current
density (J). Additionally, a 1 M Ni(NO3)2 aqueous solution
acts as the electrolyte and its pH value is adjusted to 1.7
with nitric acid. The cathodic current density is controlled
to 1.2 mA/cm2. After the electrodeposition and removal of
the MCC, an ordered Ni(OH)2 hollow sphere array with
hierarchical micro/nanostructure could be created (Figure
5D).

In addition to the above materials, other metal and metal
oxide pore array films (Ag, Eu2O3, CdS, Fe2O3, etc.) could
be synthesized by the electrodeposition based on the MCC
template using the corresponding electrolyte.22

In addition, other approaches have been developed for the
synthesis of the ordered micro/nanostructured arrays based
on the MCC.23 For example, using the MCC as a microlens
array, researchers could fabricate the ordered arrays such as
pore arrays and nanobump arrays on the substrates by laser
irradiation;23a–e polymer ordered structured arrays can be
created by in situ polymerization using the MCC
template;23f,g sphere arrays with the nanohole on each sphere
top could be produced by selective etching;23h–j binary
nanoparticle arrays and decoration of nanoparticles on sphere
arrays were prepared by the combination of etching and
deposition.23k,l

1.2. Two-Step Replication Strategy Based on the
MCC Templates.24 In this approach, a MCC is used as the
first template to fabricate 2D ordered micro/nanostructures,
such as pore arrays and nanobowl arrays, and then these
ordered structures are applied for the synthesis of other
orderly structured arrays as the second templates or masks.
By this method, nanoparticle arrays, nanoring array, and
hollow sphere arrays could be fabricated on the substrates.

Wang et al. fabricated the liftable TiO2 nanobowl array
sheet by the atomic layer deposition, subsequent ion milling,
and finally etching using the MCC as the first template. Each
nanobowl has a hole at its bottom in the array (see the inset
in Figure 6A) and the whole nanobowl array sheet can be
lifted from its supporting substrate by introducing a thin
organic layer between the nanobowls and the substrate. The
hole size at the bottom of the nanobowl can be controlled
by the experimental conditions. Using this sheet as a mask,
researchers were able to create ordered nanodot patterns with
the designed sizes by element deposition (Figure 6A).24a

Goedel et al. applied the silica MCC as the first template to
fabricate the polymer closely packed ordered pore array
membranes (inset in Figure 6B), and they used the porous
membranes as the second template for the synthesis of

Scheme 2. Schematic Illustrations of the Solution/Sol
Deposition: (i) MCC on a Substrate, (ii) MCC Floating on
the Surface of the Precursor Solution/Sol, (iii) Integrity of

the Solute/Gel and the MCC, (iv) Ordered Micro/
Nanostructured Array Film
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mesoscopic gold rings (Figure 6B) by filling the pores with
a solution of gold precursor (0.25 wt % HAuCl4 in ethanol)
and calcinations at 450 °C.24b

Recently, we created an Al2O3 pore array on ITO glass
using the MCC template by the solution-dipping method,
and then used it as the secondary template to synthesize the
Ni hollow sphere array (Figure 6C) and pore array (Figure
6D) using electrodeposition.24c By the same method, Au a
hierarchical micro/nanoparticle array was also fabricated by
the electrodeposition using various electrolyte after removal
of the second template (Figure 6E).24d The FeO(OH) pore
arrays, which were obtained by the MCC solution dipping
route, were also used as the second template, filling the
polymer solution in the pores and then drying them. The
polymer hollow sphere arrays could be fabricated after the
removal of the secondary membranes, as shown in Figure
6F.24e Interestingly, with a decrease in the polymer precursor
solution, a hole will gradually appear on the top of each
hollow sphere and the corresponding hole size will increase,
which could be useful in microreactor devices that can endure

acidic and alkaline conditions, selective permeability, and
nutrient and drug delivery.

2. Ordered One-Dimensional (1D) Nanostructured
Arrays

1D ordered nanostructured arrays could also be produced
that were based on the MCC template technique. Using the
2D nanostructured arrays (e.g., nanoparticle arrays) obtained
by the MCC template method as previously described as the
mask or catalysts, one can synthesize 1D ordered structured
arrays (e.g., nanotube arrays,25 nanowire arrays,26 nanorod
or nanopillar arrays,27 hollow pillar arrays,28 etc.) by reactive
ion etching or chemical vapor deposition. These 1D nano-
structured arrays have a great variety of applications,
especially in photonic crystals, field emitters, and piezoelec-
tric nanogenerators.

For example, Ren et al. first prepared the Ni nanoparticle
arrays using the MCCs as masks and then synthesized the
large-area periodic arrays of well-aligned carbon nanotubes
by the hot filament PECVD method using the Ni nanoparticle
arrays as catalysts, as shown in Figure 7A.25 Chen et al.
fabricated the large-area well-ordered periodic nanopillar
arrays based on the combination of the MCC template
method and etching technique.27a They created Al nanopar-
ticle arrays by the MCC masks and then, taking these Al
nanoparticle arrays as the second masks, prepared the silicon
nanopillar arrays on a silicon wafer by the reactive ion
etching process using a mixture of CHF3 and O2 (Figure 7B).
Goedel et al. fabricated the polymer pore arrays on the silicon
wafer using the MCCs as masks and then deposited gold on
the pore arrays on the supporting substrate. After the removal
of the polymer pore arrays, the gold nanodot patterns
remained on the substrate and the silicon pillar arrays with
a large area were obtained by a deep reactive ion etching
process using them as the masks, as shown in Figure 7C.27c

Moreover, utilizing the orderliness of the monolayer
colloidal crystal, nanopillar arrays can be fabricated on the
top of the MCC by the glancing angle deposition (GLAD).29

Gall et al. deposited the Si onto a MCC from an angle R of
72° with respect to the surface normal; the substrate was
rotated about the polar axis at a speed of 60 rpm, and the Si
nanopillar arrays were fabricated on the MCCs, as displayed
in Figure 7D.29a

Besides the above methods, the nanopillar arrays have been
synthesized making use of the triangle channels of the heat-
deformed MCCs.30 In this method, at first, the MCCs are
synthesized on the substrates and then heated at a temperature

Figure 3. (A) Fe2O3 ordered pore array by the precursor (Fe(NO3)3 solution concentration of 0.06 M. Reprinted with permission from ref 20a. Copyright
2004 Wiley-VCH. (B) TiO2 nanoring array by the TiO2 sol concentration of 0.05 M. Reprinted with permission from ref 20b. Copyright 2006 American
Chemical Society.

Scheme 3. Route to Fabricate a Porous Structured Array on
the Curved Surface: (i) Flat Glass Substrate Covered with a

PS Sphere MCC was Dipped into the Solution; (ii) MCC
Floated onto the Precursor Solution Surface; (iii) Monolayer

Is Picked up Using a Ceramic Tube; (iv) Tube with the
Monolayer and Solution Was Heated in a Furnace; (v)

Ordered Pore Array Film Was Formed on the Tube Surface
after Heat Treatment and Removal of the MCC Template
(Reprinted with permission from ref 21. Copyright 2005,

Wiley-VCH)
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(e.g., 120 °C for PS) above the glass transition, Tg (Tg of PS
) 100 °C) for a certain time, after which the MCCs will be
deformed so much that the triangular prism channels can be
formed at the interstices among them. Using these MCCs
with the channels as the templates, periodic nanopillar arrays
can then be directly fabricated by the solution/sol-dipping
deposition.

3. Properties of Ordered Micro/Nanostructured
Arrays

Some properties, such as the surface wettability, optical
properties, surface-enhanced Raman scattering, and photonic

bandgaps, have also been investigated on the basis of these
ordered structured arrays. These properties are closely
morphology- and arrangement-parameter-dependent. Their
investigations supply useful theoretic foundations for their
further applications on micro/nanodevices based on the
ordered structured arrays.

3.1. Wettability. The wettability of solid surfaces is an
important property depending on both chemical compositions
and the surface structure. Generally, the wettability is
associated with the surface roughness for a certain material.
Especially, superhydrophobic surfaces (contact angle (CA)
larger than 150°) have attracted much attention for the

Figure 4. FESEM images of SnO2 ordered pore array films on the curved surfaces: (A) on the outer surface of a glass tube (diameter 1.2 mm); (B) on the
inner surface of a glass tube (diameter 1.0 mm); (C) on the surface of a steel sphere (diameter 2.5 mm); and (D) on a flat surface. The insets show the
corresponding low-magnification images. Diameters of the PS spheres are 1000 nm. Reprinted with permission from ref 21. Copyright 2005 Wiley-VCH.

Scheme 4. Schematic Illustration of the Electrodeposition Based on the MCC: (A) MCC on the Substrate; (B) MCC
Transferred on a Conductive Substrate; (C) MCC Fixed on the Conductive Substrate by Heating; (D) Design of the Cathode;
(E) Electrodeposition in a Cell; (F) Ordered Array after the Removal of the MCC Template (Reprinted with permission from

ref 22a. Copyright 2004 Wiley-VCH.)
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fundamental interest and practical applications, such as the
prevention of the adhesion of snow and raindrops to antennas
and windows and the creation of self-cleaning, antioxidation,
and microfluidic devices. For the fabrication of the super-
hydrophobic surfaces, it is necessary to create the rough
structures on a hydrophobic surface (CA > 90°) and lower
the surface energy by chemical modification, such as coating
with fluoroalkylsilanes or thiol. As we know, a great number
of orderly structured array films based on the MCC (e.g.,

pore array films,31 ordered pillar array films,30 periodic
nanoparticle arrays,32 etc.) are rough on the micro/nanoscales
and could induce superhydrophobicity. Recently, we found
that the wettability of the silica pore array films can be
controlled by the roughness caused by the heating deforma-
tion of the MCC.31a The roughness of the pore arrays
increased with the increase in deformation of the PS MCC
template in a certain range, and the corresponding superhy-
drophobicity would be enhanced after modification with low
surface free energy materials, as displayed in Figure 8A. For
ZnO pore array films, the roughness of the porous film
increased with an increase in the precursor concentration,
and strong superhydrophobicity with a water contact angle
of 165° was obtained when the precursor concentration was
1.0 M. Meanwhile, a photoinduced reversal transition of the
wettability between hydrophobicity and hydrophilicity was
also observed on the zinc oxide pore array films.31b More-
over, Mulvaney et al. investigated the wettability of nano-
particle arrays by the MCC template technique. They found
that the nanoparticle array film led to large increases in the
water CA and generated superhydrophobicity with a CA
larger than 150° after modification.32

The surface of a MCC cannot induce superhydrophobicity
because of its low roughness factor. However, the nanopar-

Figure 5. Ordered nanostructured arrays by the electrodeposition based on
the MCCs. (A) Au through-pore array. Reprinted with permission from ref
22a. Copyright 2004 Wiley-VCH. (B) ZnO nanowall array. Reprinted with
permission from ref 22b. Copyright 2004 Royal Society of Chemistry. (C)
Ni hollow sphere array. Reprinted with permission from ref 22d. Copyright
2006 American Chemical Society. (D) hierarchical Ni(OH)2 hollow sphere
array. Reprinted with permission from ref 22d. Copyright 2007 Wiley-VCH.

Figure 6. Ordered micro/nanostructured arrays by the two-step replication
based on the MCC. (A) Au nanodot array; inset, the second template of
the TiO2 nanobowl array. Reprinted with permission from ref 24a. Copyright
2005 American Chemical Society. (B) Au nanoring array; inset, polymer
porous membrane. Reprinted with permission from ref 24b. Copyright 2004
American Chemical Society. (C) Ni hollow sphere array. Copyright 2006
American Chemical Society. (D) Ni pore array. Reprinted with permission
from ref 24c. Copyright 2006 American Chemical Society. (E) Au
hierarchical micro/nanoparticle array. Reprinted with permission from ref
24d. Copyright 2006 American Institute of Physics. (F) PVA hollow
microsphere array. Reprinted with permission from ref 24e. Copyright 2005
Materials Research Society.

Figure 7. (A) Ordered carbon nanotube array grown by PECVD. Reprinted
with permission from ref 22. Copyright 2003 American Institute of Physics.
(B) silicon nanopillar array by reactive ion etching. Reprinted with
permission from ref 27a. Copyright 2003 American Chemical Society. (C)
Si nanopillar array by reactive ion etching using gold dot pattern as mask.
Reprinted with permission from ref 27c. Copyright 2007 American Institute
of Physics. (D) Si nanopillar on the MCC by GLAD. Reprinted with
permission from ref 29. Copyright 2006 Elsevier.

Figure 8. (A) Silica pore film with nanopillar array. Reprinted with
permission from ref 31. Copyright 2006 Institute of Physics. (B) Bionic
hierarchical microsphere/SWCNT composite array film. Reprinted with
permission from ref 35a. Copyright 2007 American Chemical Society. The
insets are corresponding water droplet shape after chemical modification
with the low-free-energy materials.
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ticles or nanotubes are decorated on spherical surfaces of
the MCC by different methods (e.g., photochemical
method,33 sputtering deposition,34 wet chemical self-as-
sembly,35 and heating decomposition36 etc.), the hierarchical
micro/nanostructured arrays would be prepared, which is
similar to the surface structure of a lotus leaf, and the
corresponding roughness was increased largely compared to
the MCC. After modification, these surfaces could display a
strong superhydrophobicity with a lotus effect. For instance,
Cho et al. fabricated single-walled carbon nanotubes on the
PS sphere surfaces of MCC by a wet chemical self-assembly
technique and subsequently chemically modified the surface
with a low-surface-energy material; the morphology of the
synthesized bionic surface bore much resemblance to natural
lotus leaves and hence the wettability exhibited a remarkable
superhydrophobicity, as displayed in Figure 8B.

3.2. Surface Plasmon Resonance Absorption. Noble
metal nanoparticles have pronounced surface plasmon reso-
nance (SPR) absorption, which has potential applications in
many fields, such as optical waveguides and optical switches.
In general, SPR absorption is highly dependent on the
nanoparticle size, shape, interparticle spacing, and dielectric
constants of the materials. Using the MCC as a mask, the
noble metal nanoparticle array such as silver, gold bimetal
of silver, and gold could be easily fabricated by the
evaporation deposition. In this method, the particle size and
interparticle spacing can be tuned by changing the periodicity
of the MCC, and the nanoparticle shape could be controlled
by thermal annealing or laser irradiation.

Van Duyne et al. synthesized the silver nanoparticle arrays
and systematically investigated the effects of silver particle
size, shape, interparticle spacing, nanoparticle–substrate
interaction, solvent, dielectric overlayers, and molecular
adsorbates on localized surface plasmon resonance
absorption.9a,18d–18f,37 Our group prepared gold nanoparticle
arrays and the morphologies of the particle arrays could be
manipulated by laser irradiation.18a With an increase in the
number of laser pulses, the particle shape changed from a
triangle to a polyhedron and finally to a nearly spherical
shape. The corresponding optical absorption spectra are
shown in Figure 9, with the particle shape changing by the
laser irradiation. The gold nanoparticle arrays show a very
broad absorbance peak centered around 680 nm together with
a shoulder extending well into the near-infrared region, which

indicates that the peak is composed of at least two peaks.
The peak at 680 nm decreases and disappears as the laser
irradiation is increased up to 100 pulses. In addition, after
irradiation by about 60 pulses, another peak emerges around
550 nm. After about 100 pulses, the peak shifts to 530 nm.
Generally, spherical particles have only a single SPR peak
at ca. 530 nm. In these results, the broad absorption band
around 680 nm for the sample before irradiation can be
attributed to the superposition of the two bands of the
triangular-shaped particles. The laser irradiation makes the
particles spheroidize, leading to a decrease and eventual
disappearance of the shape dependent band around 680 nm,
leaving only the single SPR band at 530 nm corresponding
to a spherical particle. The variations in spectra can reflect
the morphological changes of the particle arrays and, further,
the related information of the laser, which shows the potential
application of such a method in the fabrication of data storage
devices.

3.3. Surface-Enhanced Raman Scattering. The surface-
enhanced Raman scattering (SERS) is a powerful technique
for sensitive and selective detection of low concentration
analytes and hence has many applications in the identification
of organic pigments and dyes, single molecule detection and
the fields of sensors, biotechnology, and nanodevices.
Generally, the SERS is related to the SERS-active substrate,
a kind of rough surface, such as the particle film. Recently,
ordered arrays have proved to be good candidates for the
SERS-active substrates due to the periodic characteristic and
the nanosized structure. For example, the metal nanoparticle
arrays and metallic ordered coating arrays have been
synthesized and have shown the importance in the application
of the SERS.38 The success of these applications strongly
relies on the material and the size of the array, and also on
the fine structure of the building blocks in the array.
Additionally, the hierarchically structured ordered particle
array, with the microsized building blocks and the nanosized
fine structure or the surface roughness, should present
important applications in the SERS.

Figure 9. Evolution of the optical spectra of the gold particle arrays on
quartz versus the laser irradiation with the indicated number of laser pulses.
Inset: the corresponding morphology of individual dots at each pulse number.
Reprinted with permission from ref 18a, copyright 2005 Springer.

Figure 10. SERS spectra of R6G on diverse substrates. (a) smooth Au film;
(b) rough Au film; (c and c′): Au particle array before and after laser
irradiation. Inset: the FESEM image of a single Au particle in the array
after 532 nm laser irradiation (15 mJ/cm2 per pulse) for 800 shots. Reprinted
with permission from ref 24d. Copyright 2006 American Institute of Physics.
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For instance, the hierarchically micro/nanostructured rough
Au particle array fabricated by the electrodeposition using
an alumina pore array as the second template (shown in
Figure 6E) exhibits a strong SERS effect using Rhodamine
6G (R6G) as probe molecules, as demonstrated in Figure
10.24d For comparison, the results for a smooth Au film,
prepared by the vacuum physical vapor deposition on the
ITO substrate, and a rough Au film, prepared by the
electrodeposition on the ITO substrate without the MCC
template using the same deposition parameters, were also
measured. The smooth Au film gives only a very weak signal
(curve a). With respect to the rough Au film, the signal
remains relatively weak but stronger than that of the smooth
Au film because of its nanoscaled surface roughness (curve
b). The hierarchical micro/nanoroughness gold film, however,
exhibits a very strong SERS signal (curve c), which is much
stronger than that of the rough Au film. The morphology of
the Au particle shows spherical shape with the smooth
surface after proper laser irradiation, as shown in the inset
of Figure 10. The corresponding SERS intensity was
decreased dramatically (curve c′ in Figure 10), suggesting
that the nanosized surface roughness of the microparticles
is also a favorable factor for the SERS. Further experiments
have demonstrated that when the R6G concentration is down
to 1 × 10-8 M, the hierarchical rough Au particle array still
shows the obvious Raman signals, whereas no any signal
can be detected for the rough Au film or the sample of the
hierarchical rough particle array after the laser irradiation.
The strong SERS for the hierarchical rough particle array
can be attributed to both the periodic structure and the
hierarchical surface roughness.

3.4. Tunable Optical Transmission Stop Band. The
hierarchically micro/nanostructured Ni(OH)2 monolayer hol-
low sphere arrays could be synthesized by the electrodepo-
sition, as shown in Figure 5D.22e The monolayer hollow
sphere arrays can demonstrate tunable optical properties in
a large region, as displayed in Figure 11. A size-dependent
optical transmission stop band exists in the hierarchically
structured hollow sphere arrays, which red-shifts in a large
range from 455 to 1595 nm with the size increase of the
hollow spheres in the array from 1000 to 4500 nm.
Interestingly, the position of the stop band can also be fine-

adjusted by the deposition time without the change of the
periodicity. The increase in the deposition time leads to a
red-shift of the band for the hollow sphere arrays, as shown
in curves b–e of Figure 11B, which could be due to the
denser shell of the hollow sphere. This indicates that the
optical transmission stop band could be flexibly controlled
in a large region, by the PS’s size for coarse-tuning and the
deposition time for fine adjustment. Importantly, further
experiments show that the position of the transmission stop
band is almost independent of the incident angle θ, as shown
in Figure 12. This incident-angle-independent position of the
stop band, which 3D photonic crystals do not possess, should
be of great significance for applications in optical devices,
photonic crystals, nanoscience, and nanotechnology.

As we know, an optical transmission stop band will be
found in a 3D colloidal crystal (or an inverse opal structure)
but cannot be produced in a 2D monolayer colloidal crystal.
The hierarchical monolayer hollow sphere array can equiva-
lently be considered as symmetrical double layers (a top layer
and a bottom layer) with the interspacing d, as shown in

Figure 11. Optical transmission spectra of Ni(OH)2 samples on an ITO glass with the incident light perpendicular to the substrate. Reprinted with permission
from ref 22e. Copyright 2007 Wiley-VCH.

Figure 12. Optical transmission spectra of Ni(OH)2 sample on the ITO
glass with different incident angles (the angle between the incident light
and the normal to the sample plane, θ). It has two clear transmission stop
bands due to first and second diffractions, which is beneficial to the
understanding of the shift of stop band. Reprinted with permission from
ref 22e. Copyright 2007 Wiley-VCH.

622 Chem. Mater., Vol. 20, No. 3, 2008 ReViews



Figure 13, indicating a photonic crystal with the double
layers. Under perpendicular incidence of a light beam (or θ
) 0, see Figure 13A), the diffraction equation can written
as mλmin ) 2nd, where n corresponds to the mean refractive
index of the layers (consisting of sphere shell and interstice).
Although the exact values of n (the mean refraction index)
and d (the periodical constant along the normal of the sample
plane) are unknown, the d value should increase with a rise
in the PS size, and n depends on material species and the
structure of the shell. Obviously, the denser the sphere shell
(or the longer the deposition time), the larger the n value.
Thus, for the first-order diffraction (m ) 1), the transmission
stop band should red-shift with an increase in the sphere
size or the deposition time.

As for the θ-independent stop band, it was attributed to
the special structure of the monolayer hollow sphere. Because
of the symmetry of the hollow spheres, for the incident light
with different θ, the d value should be similar (see Figure
13B) and thus the position of the stop band is almost
independent of θ.

Conclusions and Outlook

The MCC template technique has proved to be an
inexpensive, flexible, and portable strategy to fabricate the
ordered micro/nanostructured arrays. On the basis of the
MCC templates, a series of plentiful ordered structured arrays
with different morphologies (e.g., nanoparticle arrays, pore
arrays, hollow sphere arrays, nanoring arrays, hierarchical
sphere arrays, nanopillar arrays, nanotube arrays, nanowire
arrays, etc.) can be synthesized, combined with other
techniques such as the evaporation/sputtering deposition,
solution/sol deposition, electrodeposition, and active ion
etching. The morphologies of these micro/nanostructured
arrays can be well-controlled by changing the experimental
conditions, i.e., the diameter of the colloidal sphere in the
MCC, the concentration of precursor solution/sol, the heating
time of the MCC, the recipe of the electrolyte, the elec-
trodeposition time, etc. Moreover, some important properties,
which are morphology- or microstructure-dependent, such
as optical properties, wettability, and surface-enhanced
Raman scattering, have been investigated. These structures

could be useful in applications for energy storage or
conversion, data storage, next-generation integrated nano-
photonics devices, biomolecular labeling and identification,
microfluidic devices, catalysts, microreactor devices, min-
iaturized optical components, self-cleaning surface, etc.

Although the fabrication techniques for the micro/nano-
structured arrays based on the MCCs have been well-
developed, there still exists a big space to prepare new micro/
nanostructured arrays by combining colloidal templates with
other techniques such as etching, laser/electron beam ir-
radiation, pulsed laser deposition, etc. Compared to the
amount of research on the synthesis, there has not been much
investigation of the properties and nanodevices dependent
on ordered structured arrays. As the evolution of the MCC
template technique is still ongoing, novel ordered arrays and
excellent properties will also be expected. Especially, it is
hoped that the micro/nanodevices can be developed based
on these ordered structured arrays.
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