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Colloidal lithography is a recently emerging field; the evolution of this simple
technique is still in progress. Recent advances in this area have developed a
variety of practical routes of colloidal lithography, which have great potential
to replace, at least partially, complex and high-cost advanced lithographic
techniques. This Review presents the state of the art of colloidal lithography
and consists of three main parts, beginning with synthetic routes to
monodisperse colloids and their self-assembly with low defect concentrations,
which are used as lithographic masks. Then, we will introduce the
modification of the colloidal masks using reactive ion etching (RIE), which
produces a variety of nanoscopic features and multifaceted particles. Finally,
a few prospective applications of colloidal lithography will be discussed.

1. Introduction

Nanolithography is a process for fabricating functional
nanostructures from bulk materials. Generally, materials on
a nanometer-scale possess unique properties due to their
small length scales, low dimensionality, and interactions be-
tween neighboring particles. These unexpected properties
have provided the motivation for the miniaturization of fea-
ture size in many fields such as nanoelectromechanical sys-
tems, high-performance catalysis, nanochemicals and biosen-
sors, nanooptical sensors, displays, and nanofluidic devices.!
In particular, the development of photolithography has
been stimulated by the microelectronics industries, and has
led to today’s microfabrication technologies. The advantages
of this technique, such as high resolution and high through-
put, allow the preparation of patterns with features of sever-
al-hundred nanometers in size. However, conventional pho-
tolithography is not suitable on the sub-100 nm scale due to
optical resolution limits such as the diffraction of light,
backscattering from the substrate, and difficulty in develop-
ing the patterns as the scale and critical device dimensions
decrease.

Recently, the growing demand for more accurate pat-
terning and higher integration density has stimulated the de-
velopment of advanced lithographic techniques including
immersion lithography, which uses a higher-refractive-index
liquid between an imaging lens and a photoresist, and other
techniques employing e-beam, scanning probe, and focused
ion beams. Details on these advanced lithographic techni-
ques can be found in the literature.’* Although the alterna-
tive lithography techniques provide the resolution and inte-
gration density required for the industrial demands, the
level of throughput rate is far below the industrial require-
ment. In addition, these advanced developments require
very costly instrumentation, and the systems become in-
creasingly delicate due to the addition of compensative
processes. Nanoimprint lithography (NTL)®! and soft lithog-
raphy’® have been considered as promising high-throughput
patterning techniques, and there has been significant re-
search that has achieved sub-100 nm feature sizes using
these techniques. However, both the mold fabrication and
the stripping problems remain unsolved, originating mainly

small 2006, 2, No. 4, 458 — 475

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim {

from a dramatic increase of surface area on the nanometer
scale.

A number of studies have been conducted to develop an
alternative lithographic route using building blocks that or-
ganize themselves into a well-defined structure. Typical
building blocks that have been used widely are block co-
polymers with the feature sizes ranging from several to a
few tens of nanometers. The self-organized structures of
these building blocks depend strongly on the interactions
between the constitutent blocks.” 'l These structures are
used as masks for the so-called block-copolymer lithogra-
phy. One of the novel features in these processes is that the
building blocks assemble themselves spontaneously in a reg-
ular architecture and facile control of an ordered structure
can be achieved over a large area without the need for com-
plex equipment.

Colloidal dispersions are heterogeneous systems com-
posed of colloidal particles dispersed in a liquid medium.
Recent advances in colloidal science have enabled the syn-
thesis highly monodisperse colloidal particles with good
phase stability. Such colloidal particles can be arranged into
an array (an ordered structure) through self-organization
and have been used as templates for advanced functional
materials."!! In particular, colloidal lithography (CL) uses
two-dimensional (2D) arrays of colloid particles as masks
for etching or sputtering processes. CL has a few advantages
over the aforementioned lithographic techniques: First, CL
is a cost-effective process to fabricate nanoscale functional
patterns; CL uses a small amount of colloidal dispersion to
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generate a regular colloid array, and the colloidal disper-
sions are commercially available at a relatively low cost.
Complex equipment is not required to create patterns with
features on a scale of several tens of nanometers. Second,
CL is a simple process; template formation via self-assembly
can be achieved readily by spin-casting or dip-coating.
Third, the feature scales in CL are controlled simply by
changing the size of the colloidal particles and can be re-
duced to several tens of nanometers. In particular, some
special modifications such as annealing of the particle array
or tilted deposition can also modify the feature size. Fourth,
three-dimensional (3D) complicated structures can also be
fabricated by CL. Materials with designed functional nano-
pores, hemispherical metal caps and sculptured colloids
have been fabricated by colloidal templating for various ap-
plications. Fifth and finally, CL is suitable for patterning bio-
materials, which are relevant for the fabrication of biosen-
sors or biochips. Generally, the surface of the colloidal parti-
cles can be modified readily with biolinkers such as carbox-
ylic acid or amine groups.

CL is a recently emerging field, and the evolution of this
simple technique is still ongoing. A variety of experimental
tools will yield efficient CL which can replace, at least
partly, complex and high-cost advanced lithographic techni-
ques. This Review presents an overview of the recent advan-
ces in CL including the methodologies of pattern formation
using colloidal particles and its applications. The Review
consists of three main sections: First, synthetic routes to
monodisperse colloidal particles are discussed, along with
the methods used to assemble colloidal templates for pre-
paring lithographic masks. Second, the modification of col-
loidal masks using reactive ion etching (RIE) is studied.
And third, there is an investigation into a few of the pro-
spective applications of the CL-assisted nanopatterns.

2. Colloidal Particles and their Regular Arrays
2.1. Synthetic Methods to Produce Colloidal Particles

Recent efforts to produce monodisperse colloidal parti-
cles have led to the development of a number of synthetic
routes. Polymer particles such as polystyrene (PS) or poly-
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(methyl methacrylate) (PMMA) beads with a narrow size
distribution can be synthesized by suspension, emulsion, dis-
persion, and precipitation polymerizations.'”’ Among them,
emulsion and dispersion polymerizations are most common-
ly used. In particular, emulsifier-free emulsion polymeriza-
tion has been widely used because the surface properties of
the polymeric latexes are controlled by an initiator or co-
monomers in the absence of an emulsifier."”®! The absence
of emulsifiers helps to simplify the synthesis procedure,
which requires no removal of the surface-active agents.
Many studies have been conducted to control the functional
groups of the polymeric beads by using emulsifier-free
emulsion copolymerization." In addition to surface func-
tionalization, Zou et al. successfully used emulsion copoly-
merization to prepare monodisperse crosslinked PS!*! and
PMMA™"! beads of various sizes with a controllable degree
of crosslinking. The synthesized crosslinked polymeric parti-
cles were dispersible even in organic solvents. Meanwhile,
particle size has been controlled by adjusting the reaction
conditions. The reaction temperature and the monomer con-
centration are the most important factors that control the
size of the polymer beads. Because the solubility of the
monomer in the aqueous phase depends on temperature
and the depletion time of the monomer varies with the
monomer concentration, the particle size decreases with an
increase in temperature and with a decrease in the mono-
mer concentration. Using these parameters, the size of the
polymer beads can be controlled in the range of 100-700 nm
using emulsifier-free emulsion polymerization.

For monodisperse polymeric microspheres larger than
1 um in diameter, the seed polymerization method can be
used.""! After the synthesis of small seed particles, addition-
al repeated polymerizations onto the seed polymer latexes
produce larger polymer beads. However, the size distribu-
tion of the polymer beads broadens due to the repeated ad-
dition of the raw materials. As an alternative for enhanced
size uniformity, a single-step dispersion polymerization is
generally used for producing larger particles (>1 um).'"! In
dispersion polymerization, the reaction site is a monomer
droplet stabilized by a smaller amount of surfactants and an
initiator, which is soluble in oil and diffuses to the monomer
droplets. Therefore, each monomer droplet acts as a minia-
ture of a bulk polymerization reactor. PS and PMMA mi-
crospheres can be synthesized in polar or nonpolar solvents,
and surface characteristics and crosslinking density are con-
trolled by copolymerization.'!

For inorganic metal oxide particles, Stober et al.l'’! de-
veloped a technique where, for example, silica particles
were prepared using sol-gel chemistry, in which the hydroly-
sis and condensation of tetraethylorthosilicate (TEOS) pro-
ceed in a mixture of alcohol, water, and ammonia. Synthesis
of inorganic particles proceeds via two distinguishable steps:
nucleation and subsequent growth. For monodisperse parti-
cles, these two processes should be separated so that the
nuclei can be generated homogeneously without simultane-
ous growth. After the development of the Stober method,
the sol-gel reaction has been modified by various research-
ers.” Bogush et al.”?™! reported that particle growth occurs
primarily through an aggregation mechanism, and small par-
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ticles grow faster than larger particles; this phenomenon is
known as “self-sharpening”. Therefore, the particle size dis-
tribution becomes narrower as the reaction proceeds. In
general, the size and polydispersity of particles are related
to many factors such as pH value, the concentration of cata-
lyst, the composition of reagents, the types of solvents, and
the reaction temperature, which all affect the rates of hy-
drolysis and condensation. Some quantitative reports are
available on the effects of these factors controlling the size
and polydispersity.?®¢ The size of monodisperse silica par-
ticles can be controlled in the range of 200-600 nm simply
by changing the factors described above.

Although silica particles with a narrow size distribution
can be synthesized by a single-step growth technique, there
are some limitations in increasing the size of particles. In
order to synthesize larger silica particles and increase the
particle loading, a seeded-growth technique similar to the
seeded growth of a polymer has been developed.” Silica
particles can be dispersed in organic solvents by changing
the surface properties with anchored silane coupling agents
such as octadecyltrimethoxysilane (OTMOS).”"! The hydro-
philic silanol groups (—Si—OH) on the silica surface can
then be modified to render the particles hydrophobic.

2.2. Self-Assembly Strategies for Colloid Arrays

Colloidal particles dispersed in various solvents are in-
fluenced by interactions including van der Waals forces,
steric repulsions, and Coulombic repulsions. Because the
dispersion stability and the crystallization of the colloidal
dispersion are governed by these interactions, intensive
studies on colloidal interactions have been conducted both
experimentally and theoretically.”? Derjaguin-Landau-
Vervey—Overbeek (DLVO) theory describes successfully the
interactions between colloidal particles and has been used
to predict the stabilization of dispersions.’®! However,
during the fabrication of colloidal templates or masks for
CL, the evaporation of the dispersant solvent induces the
self-assembly of the colloidal particles. Under this circum-
stance, attractive capillary forces play an important role in
the ordered arrangement of the colloidal particles. Figure 1
illustrates the typical strategies for fabricating a 2D colloid
array including dip-coating, floating on an interface, electro-
phoretic deposition, physical and chemical template-guided
self-assembly, and spin-casting.

Nagayama and co-workers accomplished pioneering
work on capillary-force-induced self-ordering of colloidal
particles by direct observation of the dynamics of colloids
from a random distribution to a 2D hexagonally ordered
regular structure via dip-coating.”!! Because attractive capil-
lary forces arise from the formation of a meniscus around
the particles, the ordering process starts at the moment
when the thickness of the liquid layer of the suspension be-
comes smaller than the diameter of the particles due to the
evaporation of the liquid. Continuous evaporation through
the once-formed nuclei results in convective flow of the sur-
rounding suspension, and successive inflow of the colloidal
particles to the nuclei is sustained until all of the liquid has

small 2006, 2, No. 4, 458 — 475

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim

Smu|| R

a) o d)
.
g - s ®
O - ee
(o) +++ +++
O
O
b) e)
o0
00
00000
~— 0
D (8] °
00

T - (P
S i3

Figure 1. Diverse self-assembly strategies to create ordered colloid
arrays: a) dip-coating in which capillary forces and evaporation
induce colloidal self-organization, b) lifting up a colloid array from an
interface using the substrate, c) electrophoretic deposition of col-
loids, d) chemical or electrochemical deposition of colloids with a
patterned array, €) physical template-guided self-organization of col-
loids, f) spin-coating in which shear and capillary forces drive the
colloidal self-organization.

evaporated. Figure 1a shows the dip-coating method, in
which capillary forces and controlled evaporation induce
colloidal self-organization. The quality of the ordered arrays
is determined by the evaporation rate, and in general the as-
sembled structure usually has domains throughout the
entire area. Control of the evaporation rate has been ach-
ieved by a step motor, which helps to lift up the wettable
substrate from the colloidal suspension at a very slow
rate.””! Evaporation of the liquid and deposition of the col-
loids by lateral capillary forces are allowed only at the triple
point of the suspension/substrate/air interface. A large-scale
polycrystalline monolayer of a colloidal array with a diame-
ter ranging from a few tens of nanometers to a few micro-
meters can be obtained with this method.

After the development of the dip-coating method, most
studies in the self-assembly of colloid arrays have focused
on the enhancement of quality, productivity, and controlla-
bility of the self-assembled structures. Various methods
were proposed to reduce defects such as grain boundaries,
dislocations, vacancies, and variations of the thickness of the
colloid layers with a simple and rapid process. Self-assembly
at the air/liquid or oil/liquid interface, deposition of particles
using electrophoresis, and template-assisted self-assembly
were applied to fabricate 2D colloid arrays with lower
defect densities. In addition, spin-casting was proposed to
increase the productivity of the colloid array, which can be
formed homogeneously on a wafer scale.
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Figure 1b shows the lift-up process of a colloidal array
floated on an interface. During the formation of the 2D col-
loid array at the interface, the quality and packing sequence
of the array can be controlled by changing the concentration
of the particles or electrolytes, the particle size, the surface
charge, and the hydrophobicity of the particles.?**! Colloi-
dal particles can be trapped at the liquid interface as a
result of electrostatic and capillary forces. For example, a
2D array of silica colloids coated with alkoxyl chains was
self-assembled on an air/benzene interface,”® and a highly
ordered monolayer of PS latex particles was formed by
long-range repulsive forces between the PS latexes at an
octane/water interface, which was induced from the residual
surface charges at the particle/octane interface.” Further-
more, silica colloids were modified by silanizing the surface
to enhance the hydrophobicity and then self-assembled at
an octane/water surface. Compared to evaporation-induced
self-assembly, the particles at the interface are able to form
a monolayer without variation in the layer thickness. As
such, a uniform monolayer, as large as several square centi-
meters, can be obtained by applying the Langmuir-Blodgett
film technique.® An ordered particle array can be transfer-
red to various substrates by lifting up the colloidal film or
by controlled evaporation of the solvent.?!

Electrophoretic deposition of colloidal particles utilizes
the movement of the particles that is driven by applied elec-
trical fields, as shown in Figure 1c. Electrophoretic move-
ment in a dc field® or ac field® has been studied and ap-
plied for rapid and precisely controlled deposition of parti-
cles. Particle assembly generally takes place inside a thin
layer of a colloidal suspension sandwiched by conducting
substrates such as indium tin oxide (ITO) coated glass
slides. An electric field is then applied across the electrodes.
The driving force assembling the particles into 2D crystals
are the electrohydrodynamic interactions between the mi-
crospheres.?*3 Electrophoretic deposition of the particles
can be combined with another self-assembly method such as
electrophoresis-assisted gravitational sedimentation® or
template-directed self-assembly.®™ Electrophoretic move-
ment not only accelerates the sedimentation speed of small
colloids but also guides the growth of a colloidal crystal
over a large area in a controlled manner. Selective deposi-
tion of the particles by employing a predesigned pattern
was also achieved by Winkleman et al.” The patterned
electrode was composed of particle-accepting PS domains
and particle-repellant gold domains, which differ in their
electrostatic interactions with the microspheres.

Template-assisted self-assembly of colloid particles is
usually employed for suppressing defect formation in colloi-
dal crystals.®”! A typical example is the selective deposition
of colloids on a substrate patterned with chemicals or charg-
es (Figure 1d),”** or a physically patterned substrate (Fig-
ure 1¢).*) In particular, the topography of the substrate
(e.g., wells and microchannels) can confine the self-assem-
bly of the particles, and the ordering quality and stacking se-
quence can be controlled by changing the ratio of the parti-
cle size to the feature size of the patterned geometry.”*"]
Xia and co-workers have developed a template-assisted
growth of colloidal crystals with controllable orientations
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and features.*”! They fabricated colloidal crystals with facing
(100) planes using patterned V-shaped grooves as well as
colloidal clusters and helical chain structures by controlled
evaporation in a lithographically patterned cylindrical hole
array. Similarly, chemical or charge contrast on substrates
patterned with self-assembled monolayers (SAMs)™! or pol-
yelectrolytes®™ can induce the arrangement of colloidal par-
ticles into a regularly patterned array. Due to the contrast
of the hydrophilicity associated with the chemical contrast
of the surface pattern, the particles are deposited selectively
on specific regions of the pattern. In the absence of the pre-
designed patterns, a colloidal monolayer (which was formed
due to electrostatic attraction between the colloids and the
electrolyte layer) showed a short-range ordering but with a
long-range-disordered structure. This random sequential ad-
sorption was predicted by Adamczyk etal. via a Monte
Carlo simulation.’™ Electrostatic attraction of the electro-
lyte was also employed to fabricate diatomic colloidal clus-
ters for an antireflection coating using layer-by-layer deposi-
tion of bidisperse colloidal particles.*! Such a coating of bi-
disperse particles has been investigated intensively due to
its potential to form unique packing structures such as non-
close-packed or bimodal particle arrays.*!! The degree of
coverage and the packing sequence (i.e., LS, LS,, and LS;
for stacking sequences of large (L) and small (S) particles)
vary dramatically according to the volume fractions and the
size ratio of the bidisperse particles.*'* Controlled drying of
a suspension from a certain direction is generally used to
reduce defects in the colloidal crystal.

Spin-coating of the particle suspension is also available
for preparing the colloidal layer.*¥ During centrifugal
spreading of a suspension on a wettable substrate (as shown
in Figure 1f), the colloid particles organize themselves into
a hexagonal array more rapidly compared to evaporation
methods such as dip-coating, drop-dripping, and electrolyte
adsorption. In many cases, the wettable substrate exhibits
an electrostatic repulsion against the particles. Van Duyne
et al. employed spin-coating of a PS latex suspension using
a surfactant that enhanced the wettability of the colloidal
dispersion to the substrate.*” The thickness of the particle
layer was controlled by adjusting the particle loading and
the spin speed. Spin-coating methods have an advantage for
both scaling-up and mass production because the spin-coat-
ing process is rapid and compatible with wafer-scale proc-
esses, which are well established in the area of photolithog-
raphy. As an example of wafer-scale production, Jiang et al.
fabricated well-ordered non-close-packed 2D crystals by the
spin-casting of silica particles dispersed in a photocurable
polymer matrix.*’! Self-assembly of the particles was ach-
ieved within a minute, and the thickness was controlled uni-
formly on a 4-inch wafer scale. After curing of the polymer
through UV exposure with a mask, subsequent removal of
the silica particles left behind a patterned array of a poly-
meric inverse opal.
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3. Colloidal Lithography for Nanopatterned
Structures

For decades, research trends in nanoscopic patterning
have focused on the development of reliable and cost-effec-
tive lithographic routes. High efficiency in CL for nanofabri-
cation is due to the fact that large-area spontaneous assem-
bly of a colloid can be produced by the relatively easy meth-
ods outlined in Section 2. Self-assembly of a well-ordered
structure reduces not only the cost but also the time for
nanolithography. CL has attracted a plethora of studies and
a variety of lithographic methods have been developed due
to their efficiency.

Figure 2 illustrates the representative CL techniques. In
the earlier stage of CL, nanometer-scale dot arrays were
fabricated using a colloid array as a mask, as shown in

Nanodot array
=+ Nanowire growth
QD array
Nanodiode array
Patterned media

|

E
LDO0O0. b o inns

-.B - Q-. ooooo
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Figure 2. Typical nanofabrication routes of CL. Route A illustrates the
simplest nanodot formation by depositing metal through an as-pre-
pared colloidal mask. Routes B and C show the modification of a
mask via RIE and annealing of the colloids in combination with a
tilted-angle deposition. Route D is a scheme for hierarchical patterns
using a photocurable colloid. Routes E and F are examples of a col-
loid used as a template for nanopattern formation: Route E shows a
templating of organic and inorganic materials with a hexagonally
packed structure, while route F shows the creation of nanorings
using metal sputtering and ion milling. Route G shows the nanoma-
chining process to fabricate regular holes on colloids for functionali-
zation.
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Route A of Figure 2. A number of functional materials have
been patterned with colloidal masks, which will be discussed
in Section 3.1.1. Following numerous studies using simple
colloidal masks, shape-tuning of the deposited materials has
been conducted to fabricate diverse features in the resultant
patterns. As shown in Route B in Figure 2, the structure
modifications of the colloidal arrays change the shape of the
particles, which in turn control the size and shape of the re-
sulting functional dot arrays. Also, a tilted deposition rela-
tive to the substrate or annealing of a colloid mask (as illus-
trated in Route C of Figure 2) modifies the shape of the de-
posited materials dramatically. Section 3.1.2 details how the
colloidal masks are modified effectively. Recently, photocur-
able colloids (or photoresist particles) have been utilized to
construct hierarchical patterning via CL, as shown in
Route D of Figure 2.

Meanwhile, self-assembled colloid arrays have been em-
ployed not only as masks but also as scaffolds for templating
2D or 3D functional patterns. For example, a honeycomb-
structured functional material has been fabricated either by
depositing a colloid containing the functional material or by
post-deposition through the preformed colloidal mask, as
shown in Route E of Figure 2. In most cases of CL, colloid
arrays are used as masks or scaffolds for the deposition or
etching of some specific materials. For example, a simple
method is available for fabricating metallic nanoring arrays
by ion milling a deposited metal on the colloid surface, as
shown in Route F of Figure 2, or the colloidal particle itself
can be functionalized by employing suitable lithographic
techniques (Route G of Figure 2). The patterned particles
can be functionalized further via nanomachining or by selec-
tive deposition of a functional material into the patterned
holes of the particles. In the subsequent sections, we will
review the current CL techniques that use colloidal crystal
layers as masks or as functional composite materials, focus-
ing on the various methods for fabricating nanoscopic pat-
terns.

3.1. Nanopatterning with Colloidal Masks

3.1.1. Direct Deposition or Etching using Colloidal Masks

The use of a self-assembled colloid layer as a lithograph-
ic mask simplifies the mask fabrication process, which is one
of the critical and time-consuming steps in conventional
photolithography, requiring the exposure and development
of a photoresist. Colloidal particles with a hexagonally
packed array can be used as a mask so that deposition or
etching proceeds through the interstices between the colloi-
dal particles; a nanoscopic array of triangular metal dots
can be obtained by direct deposition of the metal using a
sputtering instrument such as a magnetron sputter, e-beam,
or a thermal evaporator. The sputtered materials can be
chosen without any limitations and the size, height, and
number density of the metal dots can be controlled by
simply adjusting the particle size and the sputtering condi-
tions. In general, the use of interstices for deposition or
etching can facilitate the formation of small-feature-size dot
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arrays compared to the size of the colloidal particles. There-
fore, most approaches have utilized the interstices between
the particles to fabricate nanoscopic patterns in the early
stages of fabrication.

More than twenty years ago, pioneering works in CL
were conducted by Fischer et al. and Deckman et al. using
colloidal particle arrays as masks for metal sputtering or
etching of a substrate.*! Since then, CL has attracted great
attention, and recently the group of van Duyne has im-
proved CL greatly.”! As a mask for metal deposition, van
Duyne and co-workers spin-cast single- or double-layered
colloidal PS latex bead arrays on various substrates, as illus-
trated in Route A of Figure 2. The resulting pattern of the
metals varied with the stacking structure of the colloidal
array. Specifically, a hexagonally ordered triangular array of
metal dots was formed from the single-layered colloidal
mask, and a spherical dot array with different unit lattices
was fabricated from the double-layered mask. The resulting
patterns of the nanodot arrays are shown in Figure 3a and

Figure 3. Metal-dot arrays formed by nanosphere lithography and the
use of the nanodots as a seed material for the growth of nanotubes
and nanorods: a,b) Nanodot arrays formed from single- and double-
layered colloids, respectively. Metal dots were sputtered through the
interstices among the self-assembled colloids. Reprinted with per-
mission.”! ¢) Vertically aligned carbon nanotube array. Reprinted
with permission.”® d) ZnO nanorods grown from seed materials

deposited by nanosphere lithography. Reprinted with permission.!8l

Due to its flexibility and simplicity, the CL process has
been applied for the nanofabrication of various organic and
inorganic materials. In some cases, the deposited materials
can be used as seeds for the growth of other functional ma-
terials; for example, carbon nanotubes were grown on
nickel nanodots that were pre-deposited through a colloidal
mask, as shown in Figure 3¢.*! In this work, a hot-filament
plasma-enhanced chemical vapor deposition (PECVD) tech-
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nique was employed to grow vertically aligned nanotube
arrays.*’) CL-assisted nanorod growth was demonstrated
also by Wang et al. using a Au array as a seed for a zinc
oxide nanorod array, as shown in Figure 3d.*¥ Pacifico et al.
also proposed a method for fabricating a hexagonally ar-
ranged quantum dot array by modifying a deposited triangu-
lar array of silver.*! Similarly, a discrete organic light-emit-
ting nanodiode (OLED) array has been fabricated by CL-
assisted patterning.”” Generally, the patterning of OLEDs
with a conventional masking process may not be feasible be-
cause an etching process can damage the organic hetero-
structures of the OLED layers. However, multilayer deposi-
tion of OLEDs through the interstices of the particle array
was realized without causing etching damage, and the sub-
100 nm pixellated OLEDs showed electroluminescence
comparable with macroscale OLED:s.

Likewise, sputtered metal arrays can be used as etching
masks to create surface topography. Kuo et al. demonstrated
the fabrication of silicon nanopillar arrays with diameters as
small as 40 nm and aspect ratios as high as seven.”) The
size and shape of the nanopillars can be controlled by the
size and shape of the sputtered aluminum mask, which are
again determined by the feature size of the colloidal mask
and the number of the colloid layers. Nanopillars with dif-
ferent shapes can also be fabricated by adjusting the RIE
conditions such as the gas species, bias voltage, and expo-
sure duration for an aluminum mask with a given shape.
As-prepared nanopillar arrays were utilized for imprinting a
layer of PMMA above its glass transition temperature.”
Utilizing a similar approach, Weekes et al. proposed the fab-
rication of a cobalt nanodot array for patterned magnetic
media.’

CL is also suitable for modifying surface properties,
which is useful for emerging applications in biotechnology.
Patterns of chemical contrast often provide an efficient tool
to investigate the interfacial interactions or adsorption be-
havior of biomolecules and nanoparticles.! Chemical dis-
similarity is usually accomplished by the selective chemi-
sorption of SAM substances terminated with biocompatible
moieties of carboxylic acids or amine groups. Chemically
and structurally designed interactive sites for the attachment
of target proteins in a modified surface with SAMs were
demonstrated by Michel et al.’! Chemical contrast was ach-
ieved by the adsorption of protein-friendly dodecyl phos-
phate (DDP) ions onto titanium oxide and protein-repellent
polycationic poly-L-lysine grafted poly(ethylene glycol) onto
silicon oxide. Further binding of streptavidin on DDP and
immobilization of biotinylated liposomes to the streptavidin
was accomplished successfully. Also, a bimetallic pattern,
composed of gold and titanium oxide as a valley and mesa
(or vice versa) was created by sputtering on a particle lay-
ered surface.>

Although polymer particles cannot sustain their struc-
tures under exposure to oxygen plasma, their ordered arrays
can be used as masks for fabricating a dome structure. The
reactive plasma can be dispersed by the particle in a point-
contact with a substrate, which induces the so-called under-
etching of the colloidal mask and eventually produces a
dome structure of the substrate. Underetching can be avoid-
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ed by modifying the shape, size, and coverage of the colloi-
dal mask, which will be discussed later. Tan et al. demon-
strated the characteristic features of a reactive-ion-etched
silicon substrate using a PS mask and produced a double
dome structure by simultaneous etching of the mask and the
regions beneath the particles.”” Constituting another ad-
vantage of CL, the colloidal mask can be removed only by
sonication, without causing any damage to the polymeric
substrate, which is a favorable feature compared to the de-
velopment or lift-off process in photolithography using or-
ganic developers. For example, polyacrylic acid (PAA) was
patterned by oxygen plasma onto a self-assembled PS mask
with almost no damage to the top of the polymeric dome
structure, and a protein was then inked to the PAA sur-
face.”® Recently, Co/Pd magnetic multilayers were sput-
tered onto polymeric latex-sphere surfaces.” ! In this case,
it is not necessary to lift off the particle template and etch
away the substrate because magnetic domains can be isolat-
ed by the surface topography of colloidal arrays with no
need for additional patterning.

Over the last decade, 3D colloidal crystals have been de-
veloped for macroporous structures of various substances
including conducting and semiconducting polymers and
magnetic materials.®!! Several techniques such as e-beam
lithography, electrochemical etching, and microcontact
printing!® have been used for fabricating porous films.
However, both the fabrication of very thin porous films
with one-pore thickness and morphology control pose signif-
icant challenges to the aforementioned techniques. In the
following summary, the patterning routes using colloidal
monolayers for useful periodic structures including macro-
porous membranes and hemispherical shells are discussed.

Spherical colloidal particles can be utilized for fabricat-
ing arrays of macropores or shells by electrodeposition
(ED) or atomic layer deposition (ALD) of a gold film.[%**"]
In comparison to other deposition methods, these deposition
processes proceed homogenously and yield a smooth surface
with uniform thickness. In contrast to isotropic deposition
methods such as ED and ALD, the sputtering of metals in a
vacuum chamber facilitates the formation of metal shells on
the exposed areas of the colloids due to the anisotropic fea-
tures of directed sputtering. A metal dome and dot array
can be formed by deposition of a metal onto colloidal parti-
cle surfaces."*®! The anisotropy of the sputtering method
generally provides selective deposition on the particle sur-
face. However, it is sometimes necessary to coat the entire
surface of the colloids, except for the contact point at the
substrate, via tilted and rotational deposition. Simple depo-
sition onto the colloidal particle array and subsequent re-
moval of the core particles produced crescent moons each
with a sharp edge, which cannot be obtained with other
methods. This unique structure was used for biomolecular
detection by surface-enhanced Raman scattering (SERS).[™
Notably, the local electric field was amplified in the sharp
edge of the crescent moon structure.

Complete deposition of a metal on the colloid particle
array can also be utilized for fabricating high-density gold
and cobalt ring arrays for optical and magnetic applica-
tions.”"? As an alternative method for producing ring
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structures, so-called edge-spreading lithography (ESL) using
a close-packed colloid array has been proposed by McLellan
etall™ ESL utilizes the surface diffusion of a substance
forming a SAM. For ring formation, a monolayer of silica
particles was self-organized on gold and silver surfaces and
SAMs of an alkanethiol were formed on the substrate
around the contact points of the silica spheres at the sub-
strate. The SAMs of the alkanethiol around the contact
points were used as masks protecting the underlying sub-
strate during wet etching and eventually producing gold and
silver ring arrays. The ESL method was also employed by
Geissler et al. to fabricate multiple ring structures with al-
kanethiolates using a silica colloid, as shown in Figure 4.
This approach successively transferred three different SAMs
onto a gold surface guided by the silica colloids, and a
double concentric ring structure was obtained after wet
etching.

Colloidal arrays have been used in imprinting processes
for caved spherical morphologies. When hydraulic pressure
was applied onto a particle array over an aluminum sub-
strate, the protruding morphology of colloidal spheres
leaves behind an ordered array of spherical indents on the
substrate, which acts as seeds for nanopores on the alumi-
num surface during the anode etching process. The prepat-
terning of an aluminum film with ordered spherical indents
improved the ordering of nanoholes in aluminum oxide."™®
Similarly, the morphology of a colloidal array was replicated
into a polymer surface.”””®!

3.1.2. Modification of Colloidal Masks

Although the preparation of a colloidal mask is facile
and cost effective, the resulting pattern with a colloidal
array is limited to triangular or spherical structures. In many
applications, the material properties are highly dependent
on the shape of the patterned species as well as the feature
size, and patterning techniques to generate a variety of fea-
ture shapes are required. A few examples are localized-sur-
face plasmon resonance (LSPR),™ SERS™ and spin dy-
namics of magnetic metal dots.* In this regard, however,
the limited controllability of the patterned shape of the ma-
terials is a distinct disadvantage of CL compared to other
lithographic techniques. To overcome this disadvantage, two
strategies have been suggested; namely, adjustment of the
deposition method and modification of the colloidal masks.

Modification of the deposition scheme is generally ach-
ieved by a simple tilted or rotated deposition through as-
prepared colloidal masks. The tilt angle is defined by the
angle between the etchant (or deposition) flow and the
normal to the substrate. By using this method, the sputtered
shapes can be modified to elongated triangles or double tri-
angles via a single deposition at a given tilted angle or a
multiple deposition at different angles.® However, tilted
deposition or etching has also limited tunability in the re-
sulting patterns due to the intrinsic restrictions of the mask
shape.

A more effective approach is to modify the colloidal
particle from spherical to another shape by employing a
suitable post-treatment of a self-assembled spherical colloi-
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Figure 4. Fabrication scheme for concentric gold rings using ESL:

a) Multiple deposition of self-assembled monolayers (SAMs) on a
gold substrate by spreading SAMs on the silica colloids. Three differ-
ent SAMs were spread consecutively by printing on the colloid layer.
After the removal of colloidal spheres, both the unprotected Au layer
and the area covered by the alkylamine SAMs were etched away.
b,c) SEM and AFM images of the concentric gold rings. The gap
between the two rings is 250 nm. The widths of the inner and outer
rings are 260 and 340 nm, respectively. Reproduced from Ref. [74].

dal array. In particular, RIE, ion milling, or annealing pro-
vides a versatile means for fabricating nanoscopic patterns
of novel features, which cannot otherwise be obtained by
conventional lithographic techniques.

In general, polymers are composed mainly of carbon
chains, and show a glass transition above a certain tempera-
ture (T,) due to the free-volume change between the poly-
mer chains.®¥ Polymeric particles such as PS and PMMA la-
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texes also exhibit a glass transition at elevated temperatures.
Therefore, the deformation of spherical polymeric beads
above T, has been utilized to modify the colloidal mask for
fabricating a gold disk array via CL.*! In doing this, the size
of the disc was controlled by adjusting the degree of anneal-
ing, because the polymeric particles spread over a wider dis-
tance with the annealing time. Similarly, annealing the poly-
mer particles can also be achieved by microwave heating of
the substrate.®™ By adjusting the intensity of the microwave
radiation, the degree of annealing can be controlled more
precisely than with thermal heating in an oven. Figure Sa il-
lustrates the progressive deformation of polymer particles

J Pa1=20.16nm 80
Pa 1 Da 1 =154.7pm
Db 1 = 18793 Aty
1055 hrd

8737 M2,

Figure 5. Modification of a colloidal mask by deforming the colloid
array: a) Precise control of the degree of annealing is achieved via
adjustment of the number of microwave exposures; the size of the
interstices was controlled by the degree of annealing. b) Nanoring
structure fabricated by rotational tilted deposition through the
annealed colloidal mask shown in (a). Reproduced from Ref. [85].
©) Silica colloid deformed by ion bombardment. Reprinted with per-
mission.®¢l
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with increasing microwave pulses. Rotated deposition at a
tilted angle with an annealed mask provides a number of
unique patterns such as ring arrays, as shown in Figure 5b.
In addition, the modification of inorganic masks can also be
achieved by plastic deformation using ion irradiation (Fig-
ure 5¢).1%! Silica particles were deformed by ion bombard-
ment and expanded in the plane perpendicular to the ion
beam.

Meanwhile, RIE provides a versatile tool for the modifi-
cation of a colloidal mask by changing the size and shape of
the constituent colloidal particles.® RIE has been usually
employed to control surface morphology and roughness and
to enhance surface hydrophilicity in biological applica-
tions.® Recently, we fabricated well-organized layers of
nonspherical colloidal particles through the use of aniso-
tropic RIE onto multilayered spherical PS latexes, in which
the top layer acted as a shadow mask.® The resulting pat-
terns and particle shapes were dependent on the crystal ori-
entation relative to the substrate, the number of colloidal

Figure 6. Modification of a mask using RIE for the fabrication of
binary and ternary particle arrays with nonspherical building blocks.
a,b) Triangle arrays using binary and ternary colloidal spheres with
an hcp arrangement. ¢, d) Polygonal structures produced from colloi-
dal layers with the (111) plane and the (100) plane of the fcc struc-

ture, respectively. Reprinted with permission.®!

layers, and the RIE conditions (Figure 6). The shadowing
effect from the upper-layer particles to the layers beneath
results in nonspherically etched polymeric structures. The
shape of the resulting colloidal pattern varied dramatically
according to the stacking sequence of the colloidal crystals.
In addition, crystal orientation relative to the etchant flow
affects the structure of the resulting colloidal pattern. Col-
loidal spheres can produce fcc and hcp crystal structures,
which differ in the stacking of the hexagonally close-packed
(111) layers. Usually, the (111) planes are parallel to the
substrate surface when the colloidal layers grow free from a
geometrical confinement. However, colloidal layers can be
grown with the (100) plane facing the etchant flow by intro-
ducing microchannels, V-shaped grooves, and pyramid pits,
which act as confined geometries.™ An approach by Choi
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et al. constitutes a new way for creating colloidal masks
with polygonal structures that cannot otherwise be produced
by CL alone.” With a polygonal mask, arrays of circular
dots and holes as well as triangular dots of multilayered
magnetic metals were prepared. Further optimization of the
experimental conditions and combination with other litho-
graphic tools are expected to yield other novel patterns at
the nanometer scale.

CL can be used with a 2D array of particles as a shadow
mask or with the interstices between particles as open win-
dows for reactive ions to create patterned bumps or pores
on a substrate. Indeed, CL allows considerable freedom to
control both the feature dimensions and shape of nanopores
by changing the particle size and the stacking sequence of
multilayered particle arrays or by using angle-resolved etch-
ing. Although recent advances in CL readily allow the for-
mation of bulk patterns with nanoscopic features, the struc-
tural hierarchies are an essential step toward the practical
applications of these substrates.

Recently, our group demonstrated a photolithographic
process to produce hierarchical arrays of nanopores or
nanobowls with colloidal photoresist particles.”” Emulsion
copolymerization of styrene or methylmethacrylate (MMA)
with glycidyl methacrylate (GMA) was used to synthesize
submicrometer-sized photoresist particles of poly(styrene-
co-glycidyl methacrylate) (PSGMA) or poly(MMA-co-
GMA). Then, these copolymer particles could be cross-
linked with themselves under UV-exposure with no need
for crosslinking monomers in the colloidal medium. Fig-
ure 7 A-C shows the overall CL process for the hierarchical
patterning of nanopore arrays on a silicon substrate with
crosslinked PSGMA particles.’” First, PSGMA photoresist
particles with a photoinitiator were deposited onto a silicon
substrate and self-organized into a 2D array on a silicon
substrate. Then, by using a photolithographic process (UV
exposure and post-exposure baking) with designed masks,
localized domains of the photoresist particle array were
crosslinked selectively with micrometer-scale periodicity
(Figure 7 A). The large difference in T, between crosslinked
(UV-exposed) and non-crosslinked (UV-screened) particles
was the most favorable factor to produce a high contrast in
interstitial pore sizes during baking. Therefore, when baked
at a temperature above T, of non-crosslinked PSGMA but
below T, of crosslinked PSGMA, the unexposed particles
were deformed but the exposed part of the particle array re-
tained its structure (Figure 7B). Finally, the patterned col-
loidal particle arrays were used as masks for RIE. Etching
proceeded only in the previously UV-exposed region and
produced a patterned array of nanopores on the substrate
(Figure 7C). SEM images of the products from the process-
es described above are given in Figure 7a-d. These 2D
porous substrates have attracted great attention for a wide
range of applications including chemical microcontainers,
surface-plasmon resonance biosensors, catalytic supports,
and photonic crystals.

Our group have also reported the same photolithogra-
phy-assisted CL with photoresist particles of poly(MMA-co-
GMA) to produce multiscale patterns of nanobowl ar-
rays.”® The overall strategy is depicted in Figure 8 A-D.
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Figure 7. A-C) Schematic of the photolithographic patterning of 2D
colloidal crystals and hierarchical colloidal lithographic patterning of
a substrate. a—d) SEM and optical microscope images of the pat-
terned structures. a) SEM image of a patterned two-dimensional col-
loidal crystal (inset: optical microscope image of the patterned col-
loidal crystal). b, c) Magnified SEM images after post-exposure
baking for 5 min and 7 min, respectively (inset in (b): cross-sectional
SEM image around the boundary between the exposed and unex-
posed parts of the colloidal array). d) SEM image of a silicon sub-
strate that was nanobored by colloidal lithography using a prepat-
terned colloidal crystal (inset: magnified image of the pore arrange-
ment). Reproduced with permission.?!

First, the photoresist particles were deposited onto a silicon
substrate and exposed to UV radiation through a mask.
Then, subsequent annealing of the photoresist particles
modulated the size of the interstitial pores between the par-
ticles (Figure 8 A). These procedures created a colloidal
mask with domains of ordered interstitial nanopores pat-
terned on a micrometer feature scale. Finally, chemical
vapor deposition through the colloidal mask and subsequent
etching produced a hierarchically organized inverted nano-
bowl array on the silicon substrate. (Figure 8B-D). The re-
sulting optical microscope and SEM images of a large area
of patterned silica nanobowl arrays are shown in Figure 8 a—
d. As noted, the nanobowls were arranged into well-ordered
hexagonal symmetry.

3.2. Nanolithography for Functional Multifaceted Particle
Arrays

Recently, a new nanolithography strategy for the fabri-
cation of arrayed colloidal particles, each with nanopores in
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Figure 8. A-D) Schematic diagram of colloidal lithography using pho-
toresist particles. a—d) SEM and optical microscope images of the
patterned structures: a) Optical microscope image of a gold-coated
patterned nanohole array fabricated by colloidal lithography and
subsequent silica deposition. b) SEM image of patterned nanohole
arrays. ¢) SEM image of a single domain of a nanohole array. d) Mag-
nified SEM image of a single domain of a nanohole array (inset:
cross-sectional view of the nanohole array). Reproduced from

Ref. [92b].

threefold or fourfold symmetry, was developed.” This was
the first report on the fabrication of monodisperse particles
with regularly patterned nanoholes by CL. A scheme of the
nanolithography used is shown in Figure 9. First, a self-or-
ganized double layer of PS microspheres was dip-cast and
the interstices between the PS microspheres were filled with
silica nanoparticles above the bottom layer but below the
top layer. Partial RIE was then used to remove the top-
layer PS microspheres leaving behind an ordered monolayer
of macropores in silica matrix each with windows connected
to the bottom layer of PS microspheres (Figure 9c). This
silica matrix with regularly patterned windows was then
used as a colloidal mask for further RIE processing. As a
result, the PS microspheres of the bottom layer were sculp-
tured and possessed nanoholes, as shown in Figure 9d."
The resulting SEM images of the PS microsphere arrays are
shown in Figure 10a and b. The nanopores are arranged in
threefold or fourfold symmetry depending on the stacking
sequences of the PS microspheres. The threefold symmetry
was created when the (111) plane of the PS microsphere
packing was exposed to the RIE etchant flow whereas the
fourfold symmetry originated from the situation where the
(100) plane was facing the etchant flow.

small 2006, 2, No. 4, 458 - 475


www.small-journal.com

Colloidal Lithography for Preparing Nanoscale Patterns

a  Silica matrix

Removal Porous silica mask with windows

of upper c \
layer

N 2000
Arrays of

Nanomachining
/ ‘wrough windows nangggirggg
11111

e

Figure 9. Nanomachining for the fabrication of an array of colloidal
particles with patterned pores by using colloidal masks: a,b) Sche-
matic of a colloidal double layer of polymer beads embedded in
silica matrix and the corresponding SEM image, respectively, in the
nanomachining procedures. c) Porous silica mask with windows,
which is formed after removal of the top layer of polymer beads.

d, e) Using a silica mask for the subsequent RIE process in which the
polymer beads of the bottom layer can be sculptured according to
the shape of silica window (scale bar is 2 um). Reprinted with per-
mission.?
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Figure 10. a) Planar SEM image of PS particles with patterned pores
of threefold symmetry where the (111) plane was directed toward
the etchant flow in RIE. b) Planar SEM image of PS particles with pat-
terned pores of fourfold symmetry where the (100) plane was paral-
lel to the substrate and directed toward the etchant flow in RIE.

¢) Schematic of the fabrication of composite PS particles with regular
pores. d) Cross-sectional SEM image of Pt incorporated into compo-
site particles where the (111) plane of the fcc structure of the colloi-
dal layer was facing the sputtering flow (scale bars are 1 pm).
Reprinted with permission.””

These patterned particles with regular holes produced
by nanolithography using colloidal self-assembly and RIE
can be applied to the fabrication of functional composite
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particles. A variety of organic and inorganic materials such
as metals for metal-polymer composites, DNA and proteins
for biological applications, semiconducting and ceramic ma-
terials, and other polymers and small chemicals for drug de-
livery can be incorporated via chemical and physical attach-
ments, as illustrated in Figure 9e and Figure 10c. To demon-
strate the process, Pt-incorporated PS-Pt composite parti-
cles were fabricated using ion sputtering, as shown in Fig-
ure 10d.?

Recently, our group extended previous work to demon-
strate the fabrication of microparticles with controlled
shapes by colloidal lithographic sculpturing of microsphere
arrays.””l Three different systems were used to achieve this;
namely, multilayered PS microspheres, composite films of
PS microspheres and silica nanoparticles, and binary colloi-
dal layers of PS and silica microspheres with comparable
size ratios. In CL with reactive ion etching, the upper layer
acts as a mask for the lower layers by a relative shadowing
effect. Consequently, the resulting morphologies of the
sculptured PS microspheres were largely dependent on the
crystal orientation relative to the etchant flow, the number
of colloidal layers, the size ratio of silica to PS microspheres,
the etching angle in the RIE process, and the stacking se-
quence of the binary colloidal layers. Figure 11a and c
shows schematics of anisotropic RIE of double-layered PS
microspheres with different tilt angles, and the resulting
SEM images of the sculptured PS microspheres are repro-
duced in Figure 11b and d, respectively. Indeed, the result-
ing shapes of the sculptured PS microspheres in the bottom
layer changed dramatically with the tilt angles (0) of the
substrate and the orientation angle of the crystal plane, both
relative to the etchant flow in the RIE process. Specifically,
PS microparticles with one large lump and two small lumps
were obtained (as shown in Figure 11d) because of a rela-
tive shadowing effect. If the layered colloidal crystal was ro-
tated by 60° (or 180°) around the axis normal to the sub-
strate and subsequently exposed to the RIE process, a dif-
ferent structure having two large lumps and one very small
lump could be also obtained as a result of the altered shad-
owing effect. This method can be extended to a triple-lay-
ered colloidal crystal.

A novel composite structure patterned with sculptured
PS particles embedded in a silica matrix could be obtained
by using a mixed suspension of PS microspheres and silica
nanoparticles, as shown schematically in Figure 11e and g.
As noted from the SEM images in Figure 11f and h, the
shape of the sculptured PS particles is dependent on the
thickness of the silica matrix as well as the tilt angle. In ad-
dition, the depth of the pores inside the PS particles can be
controlled by the length of the RIE process. PS particles
with anisotropic holes of different depths were obtained by
a tilted RIE process using a silica mask with windows of
threefold or fourfold symmetry. For example, tilted RIE
produced the PS microparticles with two large holes and a
shallow one on the surface of the microsphere, as shown in
Figure 11h. The number of windows open to an underlying
PS microsphere is dependent on the orientation of the col-
loidal stacking.™! Using these silica masks with different
window configurations, arrays of nanobored particles with
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Figure 11. a,b) Schematic of the planar RIE process and a cross-sec-
tional SEM image of sculptured PS particles using double-layered
colloidal PS beads of 1.01 ym in diameter, respectively. c,d) Sche-
matic of a tilted RIE process and the resulting SEM image of sculp-
tured PS particles using double-layered PS beads, respectively. The
tilt angle, 6, was 30°. e, f) Schematic of the sculpturing process and
the resulting SEM image of sculptured PS particles using double-lay-
ered PS beads of 1.01 pm diameter formed in a silica matrix. The
silica nanoparticles were 50 nm in diameter. g,h) Schematic of the
fabrication of PS beads with anisotropic holes of different depths
and the resulting SEM image of a hexagonal PS bead array with
three anisotropic holes of different depths after removal of the mask
with adhesive tape. Scale bars represent 1 um. Reproduced from
Ref. [94].

three or four anisotropic holes can be produced in a control-
lable manner.

Likewise, this strategy of nanosculpturing colloidal parti-
cles can be extended to binary colloids self-organized by
layer-by-layer growth.” As an illustrative purpose, two dif-
ferent spheres of silica and PS of comparable size were
used. Silica spheres with various sizes were self-assembled
onto a preformed monolayer of PS microspheres. Inorganic
silica spheres played the role of a mask against the oxygen
RIE in a direct nanosculpturing of the underlying hexago-
nally packed PS microspheres. This procedure sculptured a
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number of interesting patterns on the PS particles, which
cannot be easily produced by conventional lithographic
techniques. The oxygen plasma penetrated through the in-
terstices of the silica spheres and etched the surfaces of the
PS microspheres. Depending upon the RIE conditions, the
stacking structure and the size ratio of silica to PS micro-
spheres, the surface morphology of polystyrene varied dra-
matically after removal of the silica microspheres using HF.
The resulting SEM images are reproduced in Figure 12.

4. Applications of CL-Assisted Nanopatterns

Thus far, CL-assisted nanofabrication has created new
types of nanopatterns. As has been previously shown, CL
can readily create nanoscopic polygonal metal dots with
sharp edges, which are not available through conventional
lithography. These patterned materials display structure-de-
pendent optical or magnetic responses. Although e-beam
lithography has sub-30 nm resolution, it is not facile to fabri-
cate sharp edges at this resolution due to the beam spot
size. Also, conventional lithography is not able to fabricate
hollow cylinders with sub-100 nm diameter and wall thick-
ness. Therefore, research on CL has focused on the fabrica-
tion of nanostructures that have not been available with
conventional lithography. In this section, we review the ap-
plications of CL-assisted nanopatterns, emphasizing optical,
biological, and magnetic media applications, which utilize
the shape-dependent properties.

Metal nanopatterns have attracted considerable interest
because of their potential applications in bioanalytical
chemistry, bioseparation, bioimaging, magnetism, ultrahigh
density recording media, and others.”™ In particular, gold-
nanoparticle-induced LSPR can be applied in biological, op-
tical, and photonic devices.”® LSPR utilizes the collective
oscillation of conduction-band electrons that arises in a
metal nanopattern under excitation by a specific wavelength
of electromagnetic radiation. Generally, the resonance indu-
ces strong absorption or scattering of the incident light and
a local electric-field enhancement. The position of maxi-
mum extinction (4,,,,) and the peak shape are related to the
shape, size, and composition of the nanopatterned domains,
the feature distance, as well as the external dielectric envi-
ronment. The extinction spectra of the nanopattern exhibits
measurable wavelength shifts that correspond to small
changes in the refractive index within the electromagnetic
fields surrounding the nanopattern. In order to investigate
the electromagnetic interactions, van Duyne and co-workers
have studied shape dependence and domain—domain inter-
actions of the metal nanopatterns by measuring the LSPR
of hexagonal,””! square, or linear arrays™ of Au and Ag cyl-
inders, which were prepared by e-beam lithography. The ex-
perimentally observed changes in the peak shape and posi-
tion of LSPR were compared with theoretical calculations
by Kelly et al.”™! Despite the high accuracy of e-beam lith-
ography, this approach is not attractive due to its high cost.
Consequently, a more simple lithographic tool based on
self-assembly has been required and CL is one of the poten-
tial candidates.
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Figure 12. Schematic of binary colloidal stacking sequences and the resulting SEM images
of sculptured PS beads produced by oxygen RIE. SiO, spheres were coated onto the pre-
formed monolayer of spherical PS beads. The SEM images of the PS spheres after RIE and
removal of the SiO, layers with HF are reproduced on the right-hand side of the Figure.
a—d) Schematics of binary colloidal stacking sequences for a fixed size ratio at 0.574. The
diameter of the PS spheres and scale bars are 1.01 um and 1 pm, respectively. Reproduced
from Ref. [94].

For shape-dependent optical properties, gold rings!”!
and disks® were prepared using CL. In these experiments,
CL was able to vary the feature sizes and shapes of the
rings and disks in a controllable manner. In particular, tuna-
ble LSPR was achieved by varying either the diameter of
the disks at a constant disk height or the ring thickness, as
shown in Figure 13. It can be seen from the extinction spec-
tra that as the wall thickness of the nanorings decreased the
extinction peak was red-shifted. The shape-dependent red
shift originates from the electromagnetic coupling between
the inner and outer ring surfaces, which leads to energy
shifts and splitting of degenerate modes.""! In addition, CL
was used for the fabrication of nanocaps and nanocups,
which exhibited the optical extinction.® The nanocaps and
nanocups were fabricated through the deposition of metal
on the particle surface and subsequent removal of the col-
loidal particles.

One of the most promising applications of metal nano-
patterns is in the preparation of biosensors or chemosensors
for the detection of biological species and the diagnosis of
disease. Recently, Haes et al. reported a detection method
involving a biomarker for Alzheimer’s disease using the
LSPR of a nanopattern array fabricated by CL.'" Their re-
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sults demonstrate that a CL-derived
pattern can be designed for the optimal
analysis of complex biological species
detecting the variation of extinction
peaks in response to the attachment of
guest molecules. In this work, the inter-
action between antigens and amyloid-f3-
derived diffusible ligand (ADDL) anti-
bodies was studied using a sandwich
assay. In addition, the proportionality
between the concentration and the
degree of peak shift of LSPR deter-
mined the ADDL concentration. When
antibody-functionalized nanodots were
exposed to the cerebrospinal fluid
(CSF) of an aging patient or an Alz-
heimer’s disease patient, a significant
LSPR shift was detected.

Meanwhile, SERS is also a useful
detection tool for bio- or chemical sens-
ing devices.®™™! The SERS measurement
is a spectroscopic technique that com-
bines laser spectroscopy with the excit-
ing optical properties of metal nano-
structures; a strong increase of Raman
signals occurs when molecules are at-
tached to a noble-metal nanopattern.
Since SERS takes place in the local
fields of a metal nanopattern, the later-
al resolution is determined by the con-
finement of the local fields, which can
be two orders of magnitude higher than
the diffraction limit. SERS is character-
ized by an ensemble-averaged intensity
enhancement factor for analysis of the
binding to noble-metal surfaces with
sub-100 nm feature sizes.'® In addition, SERS offers a high
structural selectivity and sensitivity for extremely small vol-
umes and enables single-molecule detection in DNA se-
quencing.'® Recently, a few studies have been conducted
on SERS behavior using CL-derived nanostructures. For ex-
ample, Lu et al. generated strong Raman enhancement from
a gold crescent moon structure with a sub-10 nm sharp
edge." As shown in Figure 14a, the emitted field on the
circular sharp edge of the nanocrescent moon (named the
“hot spot”) can be enhanced by a factor of over one thou-
sand under illumination at 785 nm from a near-IR diode
laser. Interestingly, 1 um of rhodamine 6G molecules adsor-
bed on the single gold nanocrescent moon could be detected
with recognizable difference in the SERS spectrum, as illus-
trated in Figure 14b. This high sensitivity is due to the sharp
edge of the nanostructure created from the colloidal tem-
plate.

Recently, CL has been used to pattern proteins or cells
for biosensors, bioreactors, and tissue engineering.'*! Gen-
erally, protein adsorption has been controlled by chemical
contrast using selective binding or repelling of proteins.
Denis et al. fabricated a patterned surface composed of gold
and titanium oxide using CL, and demonstrated the poten-
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Figure 13. a) Side-view SEM image of gold nanorings. The thickness
of the ring walls was estimated to about 14 nm. b) Experimental and
theoretical extinction spectra of gold disks and rings. The maximum
peaks are red-shifted by reducing the ring thickness. Reproduced
with permission.”"!

tial use of a heterogeneous pattern as a template for the se-
lective adsorption of biomolecules by modification of the
surfaces with suitable SAMs.”"! Similarly, Michel et al. fabri-
cated a patterned array of biotinylated liposomes using se-
lective binding of dodecyl phosphate to titanium oxide.™ In
these patterning procedures, however, nonspecific binding
can occur during the multistep binding of biomolecules. In
order to reduce the nonspecific binding of the protein array,
Wang and Zhang developed the micropatterning of colloids,
which were covered by proteins on the surface.'” Because
colloids covered with proteins were repelled from a prepat-
terned poly(ethylene glycol) surface, a well-defined colloidal
array that included the proteins was created.

Recent studies on magnetism and magnetic materials
have focused on magnetic nanostructures and their unique
magnetic properties. In general, novel magnetic properties
have been revealed by reducing the feature dimensions to
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Figure 14. Nanoscale crescent moon structure for biomolecular detec-
tion fabricated from a colloid template: a) Simulated local-electric-
field amplitude distribution of a nanocrescent moon at one of its
scattering peak wavelengths (785 nm). b) SERS spectra of rhodamine
6G (RG6) molecules adsorbed on a “hot spot” of a single crescent.
R6G molecules on the crescent moon could be detected at concen-
trations as low as 1 um. Reprinted with permission.”®

certain characteristic length scales.'””) For example, nano-
scale magnetic materials often exhibit superparamagnetic
behavior. This disappearance of magnetization hinders the
size reduction of magnetic domains, which is essential for
the fabrication of high-density magnetic memory devices.!'*
Moreover, an ordered nanostructure of magnetic materials
is required for investigation of the mesoscopic effects in-
duced by the confinement of magnetic materials in nano-
scale domains."™ Li etal. used CL to demonstrate that a
sputtered cobalt thin film on a hexagonally packed colloid
array can be potentially used in magnetic recording devi-
ces.'% The sputtered magnetic materials were isolated due
to the geometry of the arranged colloids, showing large hys-
teresis loop remanence. Similarly, Albrecht et al. also depos-
ited a Co/Pd multilayer on a colloid surface, which exhibited
magnetic anisotropy.”” In this experiment, the coercivity
was inversely proportional to the diameter of the colloid.
Since magnetic properties are strongly dependent on the
domain size and the distance between domains, simple and
direct CL is not suitable for controlling the feature scales of
the nanopatterns. To resolve this, Weekes et al. proposed a
modified CL technique for an isolated magnetic-dot array
using RIE and electrodeposition. Also, our group has re-
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ported a fabrication method for size- and shape-controllable
magnetic metal arrays.”! In these experiments, the coercivi-
ty and switching width of the isolated nanodot array were
enhanced relative to those of a continuous magnetic film. In
general, the vortex core on the center of disk-shaped mag-
netic materials tends to destabilize the vortex state, and also
retards the switching speed during the reversal process.'!
Therefore, a magnetic nanoring structure shows a stable
vortex state due to the absence of a destabilizing vortex
core, and the fabrication of a well-organized nanoring array
over a large area has been pursued by many researchers in
recognition of its potential use for vertical magnetic random
access memories.''” For example, high-density nanoring
arrays were created using CL, which controlled readily the
geometric features of nanorings.”>*

5. Summary and Outlook

In this Review, we have discussed the general features
and the state of the art of colloidal lithography. In principle,
a colloid is a functional building block in itself ranging from
several tens of nanometers to micrometer scales for 2D and
3D ordered architectures. CL is a new lithographic approach
for creating 2D and 3D structures using the self-assembly of
colloids. Spontaneous formation of well-ordered colloidal
arrays provides lithographic masks or scaffolds for creating
useful patterns. More importantly, modification of the self-
assembled mask improves the versatility of CL in fabricat-
ing novel nanopatterns such as nanocups, hollow shells, and
multifaceted materials.

In CL, however, it is necessary to solve the problems of
defect formation during self-assembly and compatibility
with photolithographic techniques for working devices. To
this end, many studies have been undertaken, and notable
results on defect-free colloidal arrays over a large area have
been demonstrated using template-guided or interfacial self-
assembly of colloids.F”**%! Also, the compatibility of CL
with photolithography was improved by the spin-casting of
colloids dispersed in a photocurable prepolymer solution.*!
The process of removing the defects in a colloidal array has
been improved simultaneously with the development of col-
loidal patterning methods, and it is expected that defect-free
colloid arrays or colloidal arrays with tolerable defect densi-
ties over large areas will be demonstrated in the near
future.

Recently, studies on CL have created a new arena for
multifunctional particles. Multifaceted and patterned parti-
cles with functional materials are of potential significance in
emerging research fields including drug delivery, biodetec-
tion, and molecular electronics. Sculptured PS particles with
controllable nanohole structures have been demonstrated.
Further functionalization of the nanoholes with a variety of
materials can facilitate the use of these multifaceted parti-
cles in patterned media and nanophotonics. Also, Yu et al.
demonstrated a method for the direct patterning of lipid bi-
layer membranes of the surface of colloidal silica particles
using photochemical lithography to generate asymmetric af-
finity for biomolecules.'*”) This asymmetric affinity can be
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applied for further modification of the particle surface or
for the display of biological signaling. Moreover, colloidal
particles coated with magnetic materials have been utilized
as molecular junctions for the measurement of charge trans-
port."™ The spherical shape of the colloid and the magnetic
susceptibility of a coated magnet facilitated the magnetically
directed assembly of the colloids between the electrodes.
The applications noted above constitute only some of the
potential of functionalized particles. Recent progress in col-
loidal science for tailoring the functional properties of col-
loidal particles by changing the composition, shape, and size
of the particles is expected to allow for unprecedented ver-
satility of colloidal arrays in a broad range of applications.
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