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Abstract: Colloidal lithography relies on using colloidal
crystals as masks for etching and deposition, and allows
fabrication of various nanostructures on planar and non-
planar substrates with low-cost, high-throughput-process-
ing, large fabrication area, and a broad choice of materi-
als. The feature size can easily shrink by decreasing the
microsphere diameter in the colloidal mask. The feature

tion of the mask registry. This nanochemical patterning
strategy paves a complementary way to conventional top-
down lithography. This focus review provides an overview
of the principle of colloidal lithography, and surveys the
recent developments as well as outlining the future chal-
lenges.

shape can be diversified by varying the crystal structure of Keywords: colloids lithography nanostructures
the colloidal mask, etching the mask, altering the inci- patterning - self-assembly
dence angle of the vapor beam, and stepwise manipula-
/

1. Introduction

Lithography—stone-writing in Latin—is one of several
terms shared by both scientists and artists. Since it was in-
vented by Alois Senefelder in 1798, it was rapidly developed
to be an efficacious tool for the printing of pictures and
exotic characters, for example, and, at the same time, be a
popular artistic medium for printmaking. Since the 1950s,
when gum arabic was replaced by a resist, limestones re-
placed by silicon wafers, and the design and replication of a
pattern onto a substrate done by using high energy beams
such as light, lithography has provided an ingenious and
powerful way to fabricate micro- or nano-structures for
making integrated circuits and microelectromechanical sys-
tems. In semiconductor manufacturing, lithography goes far
beyond a planographic process in an atelier. Artists prefer
to call lithography a “chemical process” because for them,
the chemical interaction between gum arabic, nitric acid,
grease, water, and limestone is rather complicated when
compared to the drawing of patterns. Although a more com-
plicated chemical process is embodied during design, prepa-
ration, and transfer of a pattern, the success of lithography
as a microfabrication tool is determined by the capability of
creating a pattern with high resolution and high precision on
a micrometer or nanometer scale.
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For the past few decades, a number of new lithographic
techniques have been successfully developed, including pho-
tolithography, tow-photon-lithography, holographic lithogra-
phy, molding and imprinting, scanning probe nano-machin-
ing, electron beam lithography, ion beam lithography, and
dip-pen writing and the variants thereof.'' All these tech-
niques can be classified into two categories, mask-assisted
lithography and maskless lithography. Using a high-energy
beam or a rigid stylus to etch or cut a substrate is a straight-
forward process of writing two dimensional (2D) and even
three dimensional (3D) patterns.”"”) Maskless lithographic
techniques are a pixel-by-pixel and voxel-by-voxel fabrica-
tion process and require sophisticated, expensive, and, in
most cases, cumbersome apparatuses, for instance, for the
genesis of energetic particles. As such, they are expensive,
slow, have low-throughput, and only suitable for patterning
on very small areas. Mask-assisted lithography is, in nature,
the same as lithographic printmaking. The process starts
with the design of a pattern in the form of a mask, which is
subsequently used for template etching of a substrate with a
reasonably high throughput.**! To date, mask-assisted litho-
graphic techniques, especially photolithography and its var-
iants, remain the major workhorse for patterning. As com-
pared with maskless techniques, most mask-assisted litho-
graphic techniques are limited to 2D patterning. Its flexibili-
ty is limited to a large extent by the cost, difficulty, and
delay associated with the design and preparation of a pat-
tern for use as a mask having a high resolution on a micro-
meter or nanometer scale.

The advent of nanoscience and nanotechnology has led to
tremendous enthusiasm from researchers from different sci-
entific disciplines, such as physics, chemistry, and biology, to
engage with nanostructures with the intent of pursuing the
innovative properties derived in the nanometer dimen-
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sion."" In this context, the fabrication of nanostructures
becomes the escalating demand. Obviously, the low-through-
put and expensive maskless lithography is a less attractive
choice for chemists, physicists, material scientists, and biolo-
gists. The success of extending mask-assisted lithography
beyond microelectronics workshops is also largely limited
by mask design and preparation. Furthermore, conventional
lithographic techniques work well for semiconductor materi-
als and photoresists, yet show difficulty for introducing spe-
cific chemical functionality. To pattern non-planar surfaces
is also difficult. Recently, a tremendous effort has been de-
voted to develop non-conventional lithographic techniques
especially integrated with a bottom-up nanochemical proce-
dure." One of the most attractive non-conventional litho-
graphic techniques is soft lithography, which uses an elasto-
mer stamp or mold to pattern various substrates with the
aid of self-assembly of organic molecules in an ambient lab
environment.'" It allows easy patterning of large area,
planar and curved surfaces exhibiting a high resolution on a
nanometer scale. However, soft lithography still requires an
assistance of conventional mask-assisted lithographic tech-
niques, such as photolithography, to design and make a pat-
terned elastomer master. To develop ingenious, cheap, and
non-lithographic ways to make masks or masters with high
resolution (below 100 nm), a great deal of self-assembly
nanostructures have been recruited for masking, including
laterally structured Langmuir-Blodgett monolayers, liquid
crystalline structures of amphiphilic surfactants, microphase
separation structures of block copolymers, and self-assembly
of proteins and nanoparticles.'’-2!

Monodisperse microspheres with sizes ranging from tens
of micrometers to tens of nanometers, can easily be synthe-
sized by conventional emulsion polymerization or sol-gel
synthesis techniques. Owing to the size and shape monodis-
persity, they can self-assemble into a 2D and 3D extended
periodic array, coined as a colloidal crystal.”>?! During the
past few decades, the emergence of photonic crystals has ini-
tiated the explosion for studying the creation of 3D colloidal
crystals and using them to template the formation of macro-
porous structures in order to pursue a complete 3D photonic
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bandgap. Prior to the enthusiasm shown for growing 3D in-
verted macroporous structures, the interstitial array in a col-
loidal crystal was used as a mask for etching or deposition
to create 2D patterns on a substrate. This patterning process
is preferentially referred to as colloidal lithography (CL),
paving a simple and low-cost for patterning with a flexibility
of scaling down the feature size below 100 nm.

2. Colloidal Lithography
2.1. In retrospect

To the best of our knowledge, the periodical array of a
close-packed microsphere monolayer was first used as a
mask for the deposition of platinum in 1981 by Fischer and
Zingsheim.”! Soon after, Deckman and co-workers success-
fully extended this technique for large area surface pattern-
ing, and called it “natural lithography”.””*’! The word “nat-
ural” comes from the fact that the masks were obtained by
self-assembly of colloidal microspheres rather than by pho-
tolithography. They have also pioneered the work of etching
a colloidal crystal into a textured surface using a reactive
ion beam.”! Van Duyne and co-workers have undertaken
numerous efforts to develope patterning techniques that use
colloidal crystals as masks for metallic vapor deposition.**
In the context of nanoscience, they changed the name of CL
from natural lithography to nanosphere lithography. They
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explored how to use various experimental parameters, espe-
cially the incident angle to diversify the patterns obtained.
Furthermore, they also succeeded in extending the single
layer masking to double layer masking. Of most importance
is that they have intensively investigated the plasmon reso-
nance properties of metallic patterns obtained by CL and
drew a correlation with the feature morphology, with the
intent of developing highly-sensitive biosensors based on
surface enhanced Raman spectroscopy.’**! Following the
seminal work of Van Duyne and co-workers, colloidal crys-
tals are now recognized as low-cost, flexible, and easily
adoptable masks for growing new nanostructures with di-
verse structural complexity.

The present article centers on reviewing the new develop-
ments of CL to underline the impact of CL on surface pat-
terning using the most recent results, from our research
group and others, as a basis. We apologize to the authors of
excellent work since, owing to the diverse activity in this
field, their work has unintentionally been left out. We com-
mence with the creation of complicated patterns on planar
substrates. The following section outlines the new develop-
ment of using a modified CL process to create complicated
patterns on microspheres. Finally, a conclusive remark and
outlook will be given, discussing the advantages and disad-
vantages of CL and the future challenges entailed.

2.2. Patterning of Planar Substrates
2.2.1. Colloidal Crystal Masking.

Monodisperse microspheres, such as polystyrene (PS) or
silica, readily self-assemble to single layers and multilayers
with a hexagonal close-packing (hcp) array, which can be
driven simply by the capillary force arising from solvent
evaporation.’”»! Recently, a host of colloidal crystallization
strategies have been successfully established, including verti-
cal deposition,*! dip-coating,*” spin-coating,*** nano-ro-
botic  manipulation,”  template-assisted  epitaxial
growth,**1 and crystallization driven by depletion force,*
both at the water/air interface,***! and within physically
confined compartments*!. Between the solid spheres in a
colloidal crystal are interstices that are arranged into an or-
dered structure, inverted to the ordered structure of the
solid spheres. When a colloidal crystal is used as a mask for
deposition, the vapor beam can reach the substrate only
through the interstices between the spheres, and the shape
of the nanodots deposited on the substrate is determined by
the projection shape of the interstices on the substrate (Fig-
ure 1a). The interstices in an hcp single layer of micro-
spheres have quasi-triangular projections arranged with
P6mm symmetry on a substrate, so an array of Pémm ar-
ranged triangular metal dots is derived from the single
masking after deposition and removal of the mask (Fig-
ure 1b). The feature size is about a quarter of the sphere di-
ameter and the distance between nearest-neighbor dots is
around half of the sphere diameter. When an hcp double
layer is used as a mask, the overlapping of the interstices be-
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Figure 1. Schematic illustration (a) and representative atom force micro-
graph (AFM) (b) of nanodots derived from CL using an hcp single layer
as a mask for deposition. The microspheres are 542 nm in diameter. The
thickness of silver dots is 48 nm. Schematic illustration (c) and represen-
tative AFM (d) of nanodots derived from CL using an hcp double layer
as a mask for deposition. The microspheres are 400 nm in diameter. The
thickness of silver dots is 30 nm. Reprinted with permission.*”!

l€&— 5000nm —»

tween the upper and lower layers leads to a hexagonal array
of quasi-hexagonal projection on a substrate, thus yielding a
hexagonal array of quasi-hexagonal nanodots (Figures1c
and 1d).

In order to diversify the interstitial structure in a colloidal
crystal, a number of post treatment methods have been em-
ployed to deform the constituent spheres. Latex micro-
spheres can swell in an organic solvent, or deform when the
environmental temperature is above their glass transition
temperature. Recently swelling with the assistance of heat-
ing by, for instance, microwave has been used to shrink the
interstice size in colloidal crystals (Figure 2)."! Using reac-
tive ion beams to machine an organic or inorganic colloidal
crystal, leads to anisotropic etching of the constituent
spheres because the upper layers act as shadow masks for
the lower layers during etching.”***! Using this anisotropic
etching, Yang and co-workers have created very complicated
interstitial textures, and the feature geometry can be con-
trolled by the etching time and the layer numbers of a col-
loidal crystal (Figure 3).145]

2.2.2. Incident Angle-Resolved Colloidal Lithography

Using a colloidal crystal as a mask, a number of techniques
such as thermal evaporation, sputtering deposition, electro-
chemical deposition, chemical vapor deposition, and so on,
have been used to create patterns of inorganic (e.g., gold)
and organic materials (e.g., cobalt phthalocyanine®™). Marks
and co-workers have succeeded in creating a periodic array
of nanoscale organic light-emitting diodes, referred to as
nanodiodes, by means of CL, enabling a shortcut to an opto-
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Figure 2. A 540 nm PS latex mask annealed in 25 mL of water/EtOH/
acetone mixture by A)1, B)2, C)4, D)6, E)7, and F) 10 microwave
pulses. Reprinted with permission.*”)

Figure 3. Modification of a mask using RIE for the fabrication of binary
and ternary particle arrays with nonspherical building blocks. (a) and (b)
Triangle arrays using binary and ternary colloidal spheres with an hcp ar-
rangement. (c) and (d) Polygonal structures produced from colloidal
layers with the (111) plane and the (100) plane of the face-centered-cubic
structure, respectively. Reprinted with permission.*’!

electronic device.’” The deposition is usually conducted in a
line-of-sight fashion, that is, the substrate coated with a col-
loidal crystal mask is positioned normal to the propagation
direction of a material vapor. As such, the nanodots deposit-
ed on a substrate have an in-plane triangular or hexagonal
shape, depending on the layer number of the template col-
loidal crystal (Figure 1).

Van Duyne and co-workers pioneered angle-resolved col-
loidal lithography (ARCL), that is, deposition of materials
at the non-zero incident angle (8) of the vapor beam with
respect to the normal direction of the substrate.*'? Van
Duyne et al. have used an hcp single layer as a mask. This
angle resolved patterning not only reduced the dimension of
the resulting nanodots by a factor of 4 but also deformed
the shape from an equilateral to an isosceles triangle
(Figure 4).% Furthermore, other new nanostructures, such
as nanooverlaps, nanocontacts, nanogaps, and nanochains,
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Figure 4. Field emission SEM images of ARCL fabricated - gold nanodot
arrays and images with simulated geometry superimposed, respectively.
(A1, A2) 6=10°, $=28° (B1, B2) 6=20°, ¢=2°, (C1, C2) 6=26°, ¢p=
16°, and (D1, D2) 6=40°, ¢=2°. All samples are Cr deposited onto Si-
(111) substrates. Images were collected at 40k magnification. 6 is the inci-
dence angle and ¢ the azimuth angle. Reprinted with permission.?*!

have been created, exhibiting diverse optical characteris-
tics.”” Lee and co-workers have created arrays of nanodots
having the shape of a crescent moon with a sub-10 nm sharp
edge, which can enhance the local electromagnetic field at
the edge.’!! Giersig and co-workers present a variant of
ARCL, rotating the sample holder during vapor deposition
at a non-zero incident angle.”-> Following the new strategy,
they have created magnetic nanoring arrays with P6émm
symmetry using hcp microsphere single layers as the mask
(Figure 5).17

Recently, a stepwise strategy has successfully been devel-
oped to conduct ARCL.F>* We have used an hcp single
layer of microspheres as a mask to deposit gold at §=15°,
and silver at 6 =—15°. After removal of the colloidal mask,
a regular binary array comprising of identically-sized gold
and silver nanodots alternatively arranged in a Pomm sym-
metry have been obtained (Figure 6).* Since each step of
ARCL is independent of the chemical nature of the deposit-
ed materials, one can deposit any combination of materials
into a regular binary array at will. Such heterogeneous
binary arrays are hard to construct by conventional litho-
graphic techniques. The feature morphology of the resulting
binary array, however, shows a profound dependence on the
registry of colloidal masks with respect to the incident vapor
beam.

Chem. Asian J. 2009, 4, 236 -245
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Figure 5. SEM picture of ordered Fe nanorings evaporated over an an-
nealed 540 nm PS latex mask. The outer diameter of the single ring is
150 nm and the width of the ring is 20-30 nm. Reprinted with permis-
R

sion.

Figure 6. a) Schematic illustration of depositing gold and silver onto a
hexagonally close-packed sphere monolayer at the incidence angles ()
of 15 and —15°, respectively. The colloidal mask is registered so that the
vector between nearest-neighbor spheres is in line with the projection of
the incidence beam on the mask, highlighted by a black dotted line.
b) SEM image of the resulting heterogeneous binary array. The mask is a
monolayer of hexagonally close-packed 830 nm PS spheres. The original
location of PS spheres, gold NPs, and silver NPs are highlighted by black
circles, white triangles, and grey triangles, respectively. Reprinted with
permission.**!

ARCL is usually conducted using an hcp single layer of
microspheres as a mask. Owing to the fact that the upper
layer may shield the diffusion of the vapor beam and block
the vapor propagation through the interstices in the lower
layers, a double layer masking is rarely used for ARCL. To
address this challenge, we used a reactive O, beam to etch
an hcp double layer of PS microspheres prior to vapor depo-
sition in order to reduce the size of the upper layer spheres
and enlarge the interstices between them.™ The use of the
etched double layer as a mask allows deposition at varied 6
values in the range of 15-45°. Following this modified
double-layer-masked ARCL, a hexagonally arranged binary
of large and small nanodots is obtained; the large nanodots
are fan-shaped and the small ones crescent-shaped and they
are, as a whole, shuttlecock-like (Figure 7a).**! The gap be-
tween the large and small dot is expected, as a result of the
shielding of the vapor propagation by the etched upper
layer spheres. Distinct from the bulk materials, the nanopar-
ticles have a much lower melting point that is very sensitive
to the surface tension.”® Habenicht and co-workers have
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Figure 7. a) SEM picture of hexagonally arranged Au nanoshuttlecocks
obtained by using double layers of hexagonal close-packed 830 nm PS
spheres, etched by O, plasma for 10 min, as masks for Au vapor deposi-
tion at the incidence angel of 20°. b) SEM picture obtained after anneal-
ing the Au nanoshuttlecocks at 900°C for 60 min. The scale bars are
500 nm. Reprinted with permission.”!

demonstrated that the large curvature causes a higher sur-
face tension and a lower melting point, and the annealing of
non-round nanoparticles may give rise to a retraction of
their apexes, and eventually generate a round shape.”” Ac-
cordingly, we found that the post annealing treatment de-
formed the fan-shaped large dots and crescent-shaped small
dots into large and small round dots, and the uniformity of
the size and shape of the nanodots was dramatically im-
proved (Figure 7b).>

2.2.3. Azimuth Angle-Resolved Colloidal Lithography

Van Duyne and co-workers have shown the significant role
of the registry of colloidal crystal masks with respect to the
propagation vector of the incident vapor beam during
ARCL.® The difficulty in controlling the registry of the
colloidal mask arises from the fact that the colloidal crystal
mask is usually polycrystalline, yielding multiple hcp crystal
domains that are randomly oriented. ARCL is usually limit-
ed to the small incidence angle, usually less than 30°."% The
advance of colloidal crystallization technology, for instance

www.chemasianj.org 241



FOCUS REVIEWS

[37] [39]

dip-coating, spin-coating, template-assisted epitaxy
crystallization,*"*! and crystallization on a floating substrate
such as at the water/air interface,*! enables one to grow a
single crystalline hcp domain of microspheres over an area
of 100 um? Besides, it has been demonstrated that pre-reac-
tive ion etching can reduce the non-uniformity of the pat-
tern feature arising from the vacancy and dislocation defects
in a colloidal crystal mask. Recently we have integrated re-
active ion etching into an ARCL process.”! The registry of
the colloidal crystal mask is defined by the azimuth angle
(¢) of the projection of the vapor beam on a substrate with
respect to the vectors between the microspheres in the
mask. With the aid of scanning electron microscopy (SEM),
the colloidal mask can register the azimuth angle so that the
projection of the vapor beam on the substrate is coincident
with the vector between the nearest-neighbor spheres, for
instance. After an hcp monolayer of latex microspheres is
etched by O, plasma, the subsequent vapor deposition leads
to zigzag nanowires when @ is larger than 45° (Figure 8b).*"
According to the symmetry of a hexagonally non-close
packed sphere monolayer, there exist three distinct vectors
between the nearest-neighbor spheres and three between
next-nearest-neighboring spheres (Figure 8a)."¥ As such,
regularly varying the azimuth angle by 120° leads to a highly
ordered quasi-3D grid of nanowires; three nanowires cross
each other at an angle of 120° (Figure 8c).”" The indepen-
dence of the chemical nature of materials for each step of
ARCL allows one to freely create nanowires from different

p=45°
i
° (p—()“‘a"o.__ =
oflo

Rotating the mask

by 120° and

deposition

of metal -} o=4s

Rotating the mask
by 120° and
deposition
of metal A
- B=45f
SS&E=.
4 ° ‘.(p—ZalU'
oSHO

Figure 8. a) Schematic depiction of constructing quasi-3D grids of multi-
plex zigzag nanowires by stepwise rotating the colloidal mask by 120°
with respect to the reference vector (R) between nearest-neighboring
spheres over the course of metallic vapor deposition. The projection of
metal vapor on the mask was set coincident with the reference vector
(R), namely ¢=0°. The incidence angle (0) is 45°. SEM images of quasi-
3D grids of multiplex zigzag nanowires obtained by stepwise depositing
gold, silver, and nickel at ¢=0° ¢=120° and ¢=240° using plasma
etched hcp single layers of 830 nm PS microspheres as masks. The plasma
etching time is 20 min. The structure obtained by one and three deposi-
tion steps are show in (b) and (c), respectively. Reprinted with permis-
sion.?

242 www.chemasianj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

G. Zhang and D. Wang.

materials with step-wise deposition and stack them into
quasi-3D and 3D multiplex grids with a defined vertical and
especially lateral heterogeneity. Such nanostructures are
hard to be realized by conventional lithographic techniques,
and even soft lithographic techniques.

2.3. Patterning on Microparticles

Contact printing with the aid of an elastomer stamp has
demonstrated the flexibility to transfer the hcp monolayer
of microspheres on a sticky substrate.’> ! Colloidal crystal-
lization has been easily extended to different substrates with
various morphology, for instance on tubes® and in cavi-
ties.l®!! Hence the colloidal crystal mask should offer an ad-
vantage for patterning non-planar substrates as commonly
used lithographic masks. By taking the mechanical advant-
age of elastomer stamps or molds, soft lithography is capa-
ble of patterning non-planar substrates.">'?l Nevertheless, it
has difficulty to pattern the surface of a radius of curvature
smaller than 50 um. Using a two-axis-of-rotation drive
system, Yamazaki and Namatsu have created a regular array
of pillars of 100 nm in diameter on 25 um poly(methylmeth-
acrylate) spheres by electron beam lithography.*” Pattern-
ing microspheres smaller than 25 pm remains a formidable
challenge for conventional lithographic techniques.

Obviously, the surface of an hcp monolayer of micro-
spheres offers a curved surface; the curvature is determined
by the sphere radius. Albrecht and co-workers have demon-
strated that the curved surface of an hcp microsphere mono-
layer can dramatically affect the magnetic properties of the
materials deposited above.™ Patterning on a microsphere
dates from the late of 1990s with the intent of generating
asymmetric particles—Janus particles—to mimic the interfa-
cial behavior of amphiphilic molecules.* ! Theoretical
modeling suggests that the anisotropic surface chemistry
allows microspheres to self-assemble into exotic nanostruc-
tures that can be far away from the thermodynamically
stable state.[" ! Resulting from the lack of a proper mask
for deposition or modification, only half the surface of a mi-
crosphere can be modified.[®%73

In a colloidal crystal with a face-centered-cubic structure
(ABCABC stacking) or hexagonal-close-packing structure
(ABAB stacking), different layers are aligned precisely with
respect to one another, and the spheres in the lower layer
are positioned exclusively beneath the interstices in the
upper layer. During the propagation of a vapor beam
through the crystal, the upper layers are envisaged to offer a
shadow mask effect and template deposition on the spheres
in the lower layers. Taking this into account, we have recent-
ly developed a modified CL way to pattern the surfaces of
microspheres."*7% By deposition of gold into an hcp double
layer of microspheres, followed by peeling off the upper
layer with a sticky stamp, various gold nanostructures are
embossed on the microspheres in the lower layer. The fea-
ture shape, such as triangles, squares, and bowties, shows a
pronounced correlation with the crystalline structure of the
double layer mask (Figure 9).¥ The deposition condition,
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Figure 9. Low (a) and high (b) magnification SEM picture of 925 nm
polystyrene spheres with gold patterned surfaces generated by templating
the top monolayers of colloidal crystals with (111) facets parallel to the
substrates. (c) and (d) SEM pictures of 925 nm polystyrene spheres with
Au-patterned surfaces generated by using the top monolayers of colloidal
crystals with preferential crystal orientation: (100) (c) and (110) (d) par-
allel to substrates, as masks. The insets in (c) and (d) show the schematic
depiction of formation of Au patterns by templating with (100) and (110)
facets. Reprinted with permission.™

such as plasma etching time and the incidence angle of the
vapor beam, also show a clear influence of the pattern fea-
ture deposited on the microspheres."® Pawar and Kretzsch-
mar have recently demonstrated a new—Iless sophisticated
but simpler—technique to pattern microspheres by deposi-
tion of gold on an hcp single layer of microspheres at a
glancing incidence angle (6> 60°)." The pattern formation
is the result of a shadow mask effect of neighboring micro-
spheres under glancing incidence of the vapor beam.

In addition to the masking from a single layer or a double
layer, an hcp multilayer of microspheres have also been em-
ployed for deposition of patterning microspheres. In order
to suppress non-uniform vapor diffusion through the inter-
stices in the upper double layers, the multilayer is etched by
O, plasma prior to deposition. After gold vapor deposition,
followed by peeling off the upper two layers with a sticky
stamp, one, two, three, or four gold nanodots are decorated
on the surface of the third layer exposed directly to the
vapor beam (Figure 10)."”! The number of the gold dots ob-
tained is dependent on the crystal structure including crys-
talline face and stacking symmetry, and the incidence angle
of the vapor beam. Intriguingly, when more than three
layers are used for deposition, there is another small round
dot on the side of the third layer spheres opposite to the
vapor beam, which is expected because of the scattering of
the vapor by the lower layer spheres and the substrate (Fig-
ure 10b)./! Taking the gold nanodots decorated on a micro-
sphere as a whole, their configurations resemble those of S
and P hybridized atomic orbitals embodied in carbon or sili-
con. In this scenario, the gold nanodots should be regarded
as nanoscale valences to direct the spatial coupling between
the decorated microspheres and thus realize hierarchical
particle clusters with a supramolecular structural complexi-
ty.™)
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Figure 10. (a) SEM image of the gold patterns deposited on the upper
halves of 925 nm PS spheres in the third layer obtained by using their
colloidal crystals, etched by O, plasma for 10 min, as templates. (b) SEM
image of the Au patterns obtained on the lower halves of these spheres.
(c and d) SEM images of the gold Au patterns on the upper halves of
270 nm PS spheres by using their colloidal crystals, etched by O, plasma
for 3 min, as templates constructed. The incidence angle of gold vapor is
0° (c) and 10° (d). The insets are the schematic illustration of the spatial
configuration of gold nanodots decorated on the microspheres. Reprinted
with permission.™!

2.4. Extension of Colloidal Lithography

The patterns both on planar substrates and on microspheres,
derived from colloidal crystal masking, create a clear-cut
chemical heterogeneity on the surfaces. This encourages one
to use them as masks for etching the supporting substrates
or as seeds for growing different materials. Kuo and co-
workers have used gold dots, obtained by double-layer-
masked CL, as masks for etching silicon wafers by using a
reactive ion beam, and fabricated a hexagonal array of sili-
con nanopillars with a diameter as small as 40 nm and
aspect ratio as high as seven.”! By etching silicon wafers in
the presence of an hcp single microsphere layer atop,
Weekes and co-workers have fabricated a non-close-packed
hexagonal array of magnetic nanodots.®! On the other
hand, regular arrays of metallic nanodots derived from CL
have been used as seeds for the growth of regular arrays of
various nanotubes, nanorods, and nanowires with the aid of
more sophisticated deposition techniques, such as plasma-
enhanced chemical vapor deposition and molecular beam
epitaxy.'%! With the aid of CL, large-area, hexagonally-ar-
ranged, highly-aligned carbon nanotubes and ZnO nanorods
have been constructed, demonstrating the possibility of con-
structing devices from nanorods (Figure 11).5*%) Mulvaney
and co-workers have succeeded in creating a lateral super-
lattice structure of quantum dots on gold patterns derived
from CL by alternative deposition of the quantum dots and
alkanedithiol molecules.® These recent extensions of CL
largely widen the application spectrum of CL and endorse
the significance of CL on surface patterning.
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Figure 11. (a) SEM image of the highly ordered hexagonal array of
aligned carbon nanotubes grown by plasma-enhanced chemical vapor
deposition. Hexagonally arranged nickel dots obtained on a silicon wafer
by CL are used as seeds. Reprinted with permission.®! (b) SEM image of
the highly ordered hexagonal array of aligned ZnO nanorods obtained
by vapor-liquid-solid growth. Hexagonally arranged gold dots obtained
on a single crystal alumina substrate by CL are used as seeds. Reprinted
with permission.*!

3. Conclusive Remarks and Future Challenges

The recent development of CL, especially the integration of
etching the colloidal mask, altering the incidence angle, and
stepwise and regular changing of the mask registry, leads to
a powerful nanochemical patterning tool with low cost in
capital and operation, high throughput, and ease for adop-
tion on various planar and curved surfaces and even on mi-
croparticles. In difference from conventional mask-assisted
lithographic processes, in which the mask design and pro-
duction usually remain a challenge for scaling down the fea-
ture size and diversifying the feature shape, CL embodies a
simple way for masking—self-assembly of monodisperse mi-
crospheres on a targeted substrate. The feature size can
easily shrink below 100 nm by reducing the diameter of the
microspheres used according to the simple correlation be-
tween the interstice size and the sphere diameter. The fea-
ture shape can be easily diversified by the crystalline struc-
ture of a colloidal crystal mask, the time of anisotropic etch-
ing of the mask, the incidence angle of the vapor beam and
the mask registry (the azimuth angle of the vapor beam).
Currently, CL allows fabrication of very complicated 2D
and 3D nanostructured features, such as multiplex nano-
structures with a clear-cut lateral and vertical heterogeneity.
A number of new nanostructures are hard to be implement-
ed, or cannot be in some cases, by conventional lithographic
techniques. As such, CL provides a nanochemical and com-
plementary tool for conventional and fully top-down litho-
graphic techniques, and thus holds immense promise in sur-
face patterning.

However, CL is still in a very early stage of development.
Despite the great progress in colloidal crystallization it still
remains a formidable challenge to create a defect-free single
crystal with a defined crystalline face. The presence of de-
fects dramatically reduces the patterning precision of CL.
For instance, the random orientation of crystalline domains
in a colloidal mask is a disaster for collimating the mask reg-
istry. In this aspect, template-assisted epitaxy for colloidal
crystallization is promising as it allows growth of colloidal
crystals with defined packing structure and orientation.
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Since a patterned substrate is necessitated for colloidal epi-
taxy, its applicability for patterning is limited. The transfer
of a colloidal crystal derived from this colloidal epitaxy onto
different substrates without deterioration of the crystal qual-
ity should be an ensuing task for CL. Besides, fabrication of
a large area monolayer of periodically close-packed micro-
spheres with sizes smaller than 100 nm remains significantly
challenging, which brings a technical problem to reduce the
feature size below 10 nm using CL. In a CL patterning pro-
cess, furthermore, the feature size and the interspace size
between the features cannot be separately manipulate, as
they both are directly proportional to the sphere size in a
colloidal mask, which largely limits the patterning capability
of CL.

Arising from the processing simplicity and ease of accessi-
bility, CL is extensively used by chemists, biochemists, and
some physicists, and occasionally by microelectronic engi-
neers. As a newly-developing patterning technique, CL
should become an important addition to micro- and nano-
fabrication. However, there remains doubt on how to inte-
grate CL with the diverse state-of-the-art lithographic tech-
niques developed thus far and how to integrate the CL pro-
cess or colloidal crystal masking for the microfabrication of
a device. How well one can develop new technical ingenuity
to overcome these major challenges will determine the fate
and impact of CL on microfabrication.
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