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Abstract—Colloidal lithography is an effective and facile strategy for highly ordered nanostructure arrays that is a
simple, inexpensive, and high-throughput process with a broad choice of materials in manufacturing various lithographi-
cally patterned nanostructures on substrates. To develop such nanostructured systems, various nanofabrication tech-
niques are employed on two-dimensional (2D) colloidal masks for evaporation, electrochemical deposition, etching,
dewetting and mask replication. Ordered nanostructures associated with feature shapes and sizes can be diversified
through a choice of methodology and a control of experimental conditions. This review presents an overview of colloidal
crystals as a mask and nanostructure arrays (nanopillars, nanoring, nanopores) fabricated by colloidal lithography as
well as introducing practical applications using ordered nanostructures.
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INTRODUCTION

Monodisperse microspheres, such as polystyrene (PS), poly(methyl
methacrylate) (PMMA) or silica (Si0,), self-assembled with a hex-
agonal close-packing (hep) array can be successfully driven using
numerous technologies related to colloidal crystallization including
solvent evaporation [1-4], vertical deposition [5], dip-coating [6],
spin-coating [7,8], spin-coating and floating-transfer [9,10], tem-
plate-assisted growth [11,12], depletion force induced crystalliza-
tion [13], and Langmuir-Blodgett-like transfer method [14-16]. As
lithographic tools, self-assembled hcp solid sphere arrays can be
used in order that specific nanomaterials are grown from interstices
existing among close-packed colloids during deposition. In gen-
eral, quasi-triangular nano-objects are arranged with P6mm sym-
metry on a substrate from a single colloidal layer after deposition
and the removal of a mask. Various types of deposition methods
(typically, e.g., chemical vapor deposition or electrochemical depo-
sition) have been effectively used to grow nanomaterials such as
polymers [17,18], metals [19], or inorganic materials [20]. As a more
advanced lithographic approach, non-close packed (ncp) arrays have
recently been used as masks to accomplish lithographically struc-
tured nanopillar, nanopore, nanoring formation [21] as well as for
further nanostructure designs (e.g. binary/ternary hybrid particles
[22] and polymer pillars) [23].

For patterned polymer brushes (bottom-up approach), numerous
lithographic methodologies were systematically combined such as
photo-/interface lithography, electron-beam lithography, scanning
probe lithography, soft lithography, and other lithographic approaches
[24]. In particular, colloidal lithography has broad potential avail-
ability for polymer brush due to relatively low cost colloids and simple
preparation to create micro-/nanopatterned templates compared to
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other lithographic approaches. In addition, it allows polymer brush
geometry to be controlled by simply changing the diameter or chem-
ical functionality of the nano/microspheres. In this regard, many
studies have been performed using colloidal lithography, such as
poly(4-vinylpyridine)-block-poly(4-iodo-styrene), [P4VP-b-PS()]
adsorbed selectively onto hydrophilic spots [25], hole shaped pat-
terned polymer brushes [poly(#-isopropylacrylamide); PNIPAAM]
grown on 11-(2-bromo-2-methyl)propionyloxy) undecyltrichlorosi-
lane via surface-initiated atom transfer radical polymerization (SI-
ATRP) [26], cone-shaped PNIPAAM brushes grown from initiator
templates patterned via self-assembled microsphere monolayers used
directly as stamps for microcontact printing (m-CP) [27], stimulus-
sensitive PNIPAAM polymer brushes via temperature grating [28].

Furthermore, using colloidal crystal templates in combination
with chemical vapor deposition (CVD) [29,30], glancing angle de-
position (GLAD) [31] or etching of colloidal crystals prior to metal
deposition (for ncp arrays) [32], various nanoporous structures have
been developed for chemical analysis and characterization [33,34]
including an optical phenomenon [35], photosensitive devices (e.g.
wavelength-selective photoswitches) [36], sensing templates to ana-
lyze chemical/biological materials [37,38], and optoelectronic devices
[39]. Thus, focusing on new lithographic techniques developed for
last five years (2009-2013), the fabrication methodologies and appli-
cations of nanostructured arrays prepared using colloidal lithogra-
phy are discussed in this article.

COLLOIDAL CRYSTALS

Recently, a novel attractive force gradient method was introduced
for a perfect, single-domain 2D colloidal crystal [40]. In a water-
lutidine binary liquid mixture, a well-controlled attractive force gra-
dient arises from a temperature gradient. Specifically, nucleation of
colloidal crystals in the mixture preferably occurs in a high temper-
ature region because of relatively stronger attraction, and crystalliza-
tion propagates from the high temperature region to the low tem-
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Fig. 1. (a) Schematic illustration of transferring interfacial HNCP
particle arrays and (b) distorted HNCP arrays of 370 nm
particles coated on a spherical mound (1), an irregularly
shaped mound (2), and a 10 um latex sphere (3: top view
and 4: side view). Scale bar: 1 um. Reprinted with permission
from Ref. 44. Copyright 2010 American Chemical Society.
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perature region in a well-controlled way. This effective method may
provide 2D hep colloidal crystal for further applications such as photo-
nic crystal and colloidal lithography.

In addition, using hcp SiO, microsphere arrays, 2D periodic ncp
colloidal arrays with tunable lattice spacing, lattice structure, and
pattern arrangement were fabricated by a combination of soft lithog-
raphy and controlled deformation of polydimethylsiloxane (PDMS)
elastomer [41]. The lattice spacing and lattice structure in 2D hcp
microsphere arrays transferred on the surface of PDMS stamps can
easily be adjusted by solvent swelling or mechanical stretching of
the stamps. The PDMS assisted deformation strategy gives rise to
various lattice features, possibly used as molds for porous films or
nanowires. Along with the mechanical deformation, a reactive ion
etching (RIE) process can be used on transferred SiO, or PS parti-
cles to generate ncp arrays [42], and the arrays are sequentially trans-
ferred on PDMS molds [43]. For ncp arrays on nonplanar surfaces,
Jia et al. reported that interfacial hexagonal noncontiguously packed
(HNCP) PS particles on bulk water can be transferred onto copoly-
mer/silane adhesive bilayered substrates (Fig, 1) [44]. Similarly, poly-
mer brushes [poly(#-butyl acrylate) and poly(n-butyl acrylate-random-
N,N-diethylaminoethyl acrylate)] grafted via ATRP (a “graft-from”
method) can be used as adhesive promoters for a hexagonal lattice

[45].
COLLOIDAL LITHOGRAPHY
1. Patterned Self-assembled Monolayers and Polymer Brushes

Colloidal lithography can be used to fabricate patterned self-as-
sembly monolayers (p-SAM) as masks [46] or patterned polymer

Fig. 2. Schematic illustration and AFM images for patterning polymer-brush pillars through the use of colloidal lithography. (A) An ncp
array on a gold substrate served as a mask for an inert thiol SAM pattern. (B) The inert thiol SAM pattern formed after the ink
transfer and the removal of the colloidal array. (C) A thiol initiator backfilled on the patterned substrate. (D) Polymer-brush microstruc-
ture formed by SI-ATRP of NIPAAM. (E) AFM height images (contact-mode) of the patterned PNIPAAM-brush microstructure
and (F) the corresponding height profiles and 3-D image. Reprinted with permission from Ref. 47. Copyright 2012 Beilstein Journal

of Nanotechnology.
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cylinders via an inert thiol SAM formation on ncp colloidal arrays
and sequential polymer brush synthesis (SI-ATRP of NIPAAM)
on periodic spots formed after mask removal (Fig. 2) [47]. More-
over, Gleason and coworkers introduced a combination method of
colloidal lithography and initiated chemical vapor deposition (iCVD)
as a bottom-up approach to graft various polymers such as organic
polymers, fluoropolymers, and organosilicones on vinyl groups-mod-
ified exposed regions of a hcp colloidal mask [29,30]. As mentioned
above, p-SAM or polymer brushes formed by lithographic tools
are highly important for array-based platforms and applications in
surface-based technologies, such as protein resistant or adsorbed
coatings and substrates for cell-growth control or separation of bio-
logical molecules. As one example, Yang and coworkers demon-
strated protein patterns [human immunoglobulin G (IgG)] covalently
immobilized on hierarchical poly(2-hydroxyethyl methacrylate)
(PHEMA) brush via colloidal lithography, photolithography, and
two-step colloidal lithography [48]. In this process, the formation
of various protein patterns (microdiscs, microstripes, microrings,
microtriangles, and microgrids) depends upon tunable parameters
of protein patterns, such as height, diameters, periods, and distances
between two dots.
2. Nanopillars

In most instances, well-ordered periodic nanopillars can be gen-
erated using colloidal lithography and dry etching techniques (induc-
tively coupled plasma or reactive ion etching). Recently, various
inorganic materials such as GaAs [49], InP [50], and Si [51-54] were
used to fabricate nanorod or cone arrays. These well-defined pat-
terns on substrates are of considerable interest as a potential tech-
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Fig. 3. A procedure for (a) LDPE fibrillar array fabrication and
(b) a patterned rough counter-surface. (c) An example of
friction tests for one fibrillar array sample. Reprinted with
permission from Ref. 32. Copyright 2012 American Chem-
ical Society.

nology for applications ranging from basic research to biosensors
and bioMEMS. Tserepi and coworkers [55] demonstrated a low-
cost and high throughput process for nanoscale, selective immobili-
zation of proteins (streptavidin) on biotinylated bovine serum albumin
(b-BSA)-adsorbed SiO, patterned spots, based on colloidal lithog-
raphy and plasma processing,.

Furthermore, polymeric nanofibers were also arranged using col-
loidal lithography and mask replication (Si template) methods for a
study of friction characteristics (Fig. 3) [32,56]. Ordered low-density
polyethylene (LDPE) nanofiber arrays with various asperity heights,
spacings, and area fractions were replicated from Si nanowire, and
friction behaviors between fibrillar arrays and rough surfaces were
observed in independent control of several major parameters for
characterizing a rough surface. This study provided meaningful in-
sights on what important parameters are required in designing an
adhesive, related to friction behaviors. Another method to manufac-
ture nanopillars is to use a polymer layer (e.g., PMMA) spun-coated
on a substrate prior to colloidal arrangement. Gogolides and cowork-
ers [57,58] developed large-area, unform, ordered PMMA nano-
pillars using so-called “mesh-assisted” colloidal lithography and
plasma nanotexturing. In a similar manner, Au islands were fabri-
cated on top of PMMA pillars on glass substrates using PMMA/
gold bilayers through a simple and versatile colloidal lithography
method for an improvement of refractive index sensitivity of local-
ized surface plasmon resonance (SPR) sensors [59].

3. Other 2D and 3D Structures

In general, colloidal crystals have been used as a mask to fabri-
cate porous structured arrays such as nanoholes [35,60,61], periodi-
cally serrated strips arrays [62],and 2D thin [63] or binary [64] porous
arrays. However, this lithographic approach is extendable to an in-
verted porous polymer [65] or hemispherical [66] mask fabrication
for further applications. In this section, various nanostructures such
as materials-based nanopores, nanoring, and hollow spheres are de-
scribed focusing on fabrication methodologies.

3-1. Metals/Magnetic Materials

In contrast to the use of colloidal particles applied as a mask in
colloidal lithography, thermal decomposition of metal-covered par-
ticles was employed to precisely produce metal structures [67]. Large
arrays of metal (Au, Ag, Pt) nanoparticles can be produced as fol-
lows: (i) Convectively assembled hep PS arrays are coated with a
metal and (ii) annealed in a resistive furnace or using an ethanol
flame. (iii) Through the thermal decomposition, the metal layer is
converted into particles arranged in hexagonal arrays that retain the
order of the original monolayer. In this case, both the particle size
and the interparticle distance can be adjusted by the thickness of
the coated metal and the sphere diameter, respectively. As an inverse
approach, a protocol combining colloidal lithography, metallization
and template stripping was reported by Albrektsen and coworkers
[68]. Au films with inter-connected nanostructures consisting of
either partial spherical shells or inverted structures (spherical cavi-
ties) were constructed, and the nanocavities showed distinct sensi-
tivity with respect to the refractive index of the cavity, potentially
for use as imprinted cavities for sensing devices. Furthermore, homo-
geneously distributed pair nanodisks (Pt and Ru) were prepared using
hole-mask colloidal lithography to investigate the effects of bime-
tallic catalyst electrodes on electrocatalytic reactions [69], and for
magnetic nano-scaled structures, various magnetic materials such
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Fig. 4. NIR spectra of (a) Au, Ag, and Ni nanoring arrays showing plasmonic resonances in the near-infrared and corresponding SEM
images (scale bar=2 mm) and (b) Au ring resonance with varying radius (each spectrum is shown with its corresponding SEM of a
single nanoring from the array) (scale bar=500 nm). Reprinted with permission from Ref. 72. Copyright 2013 American Chemical

Society.

as thin Fe films [70], or Co/Pt multilayers [71] on ncp arrays were
used.
3-2. Nanorings

Another approach of colloidal lithography yields nanorings via
metal deposition on colloidal arrays and sequential etching process.
Nanoring array, consisting of three plasmonic metals (Au, Ag, and
Ni), was fabricated via a combination process of lithographically
patterned nanoscale electrodeposition (LPNE) and colloidal lithog-
raphy (Fig. 4) [72]. These nanoring arrays exhibited a change in a
single strong near-infrared (NIR) plasmonic resonance depending
on the radius and width of the arrays. In addition, it was possible to
create more complex concentric ring structures with multiple NIR
plasmonic resonances. Thus, this method may be applied to other
LPNE compatible metals, semiconductors, and conductive poly-
mers for nanoring array formation. For highly tunable and multiple
plasmonic resonances, another methodology was introduced to form
elliptical metal nanorings by the following steps [73]: (i) hexagonally
arrayed PS rings were used as masters to generate PDMS stamps
with circular apertures. (ii) The stretched stamps were then used as
molds to create elliptical PS rings by a capillary filling process. (iii)
Going through subsequent RIE and chemical wet etching, the ellip-
tical PS rings were readily transferred onto an underlying Au film,
finally resulting in the formation of Au nanorings. The aspect ratio
of the resultant elliptical nanorings could controllably tune reso-
nant modes across a broad spectral range from the visible to the
mid infrared.

In addition, plasmon hybridization observed in stacked double
crescents arrays, consisting of Au and SiO,/Au, fabricated via evap-
oration and RIE etching process was studied by Butt and cowork-
ers [74]. In the close proximity of the nanocrescents, a coupling pro-
cess generated new optical resonances due to linear superposition
of plasmonic modes that occurred from individual crescents. Simi-
larly, Si or Au crescent nanoring arrays were also studied, made by
angle depositing on individual particles (ncp arrays) as shadow masks
[75]. More interestingly, Yang and coworkers reported how to fabri-
cate poly(vinyl alcohol):thodamine B (PVA:RB)/poly(N-vinylcar-
bazole (PVK) heterogeneous double-ring-like (HDR) structure arrays

April, 2014

using controllable dewetting on 2D ncp SiO, sphere arrays, which
is extendable toward potential application in optoelectronic devices,
surface photocatalysis, and surface enhanced Raman scattering (SERS)
(Fig. 5) [76]. The ncp sphere array transferred onto the RB:PVA
film was pretreated by hot embossing and then used for a mask during
RIE process. Sequentially, the substrate with RB:PVA ring-like struc-
tured arrays under the SiO, arrays was dip-coated in a chloroform
solution of PVK with certain concentration. From two-step dewet-
ting behavior, the PVA:RB/PVK heterogeneous double-ring-like
structure array was produced on the substrate after removing the
sphere arrays.
3-3. Hollow Spheres/Microshells

Using colloidal lithography and metal deposition, various hollow
hemispheres such as Pt, Pt/Ag, or Au were successfully generated,
extendable to other materials and potential applications such as nano-
fabrication, nanosensors, and data storage [77,78]. These nanostruc-
tures can be generally made by using colloidal arrays as shadow
masks. Furthermore, an interesting strategy was simply established
to achieve heterogeneous semi-microshells formation on an ncp Si
template through stepwise angled colloidal lithography [79]. In addi-
tion, for the synthesis of 2D ordered hollow sphere arrays of con-
ductive materials, nonshadow deposition dominated colloidal lith-
ography (NSCL) was demonstrated by Liu and coworkers [80]. They
proposed that based on the NSCL strategy, the microstructure of
hollow spheres was easily controlled toward more complicated sys-
tems (e.g., from single-layer-shell to multilayer-shell, from unitary
material to multiple materials, and from simple structure to hierar-
chically micro/nanostructure).
4. Applications

Various sensing or absorption systems have been developed on
colloidal lithographic patterns such as fluorescein-labeled albumin-
adsorbed ZnO-SiO, nanoplatforms for detection of protein [37],
nanoscale E-cadherin ligand or vitronectin patterns for cellular adhe-
sion [81,82], complex protein nanopatterns over large areas [83],
and protein-fluorophore binding [84]. Dahlin and coworkers dem-
onstrated a refractometric sensing performance on a metal/dielec-
tric thin film with high aspect ratio holes using “mask-on-metal”
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Fig. 5. (a) A procedure for fabrication of ordered heterogeneous double-ring-like (HDR) structure arrays by colloidal lithography and
controllable dewetting on a silica substrate, (b) formation process (1-3) and AFM analysis (4) of the HDR structure, (c) a scheme of
two-step controllable dewetting process, and (d) SEM images of various morphologies of RB:PVA/PVK HDR structures from
different concentrations of PVK solutions [(1) 0.1 mg mL™, (2) 1 mg mL", and (3) 5 mg mL™"]. Reprinted with permission from

Ref. 76. Copyright 2013 American Chemical Society.

colloidal lithography and sensing protein (NeutraAdvidin) adsorp-
tion inside the nanoholes, so-called “nanowells” [38]. Furthermore,
an improved analyte screening method in complex biological matri-
ces was introduced using nanopatterned submicron pores (PEO-
pores) as a shield for nonspecific binding in SPR-based sensing [85].
In addition, covalent coupling of protein (BSA) on nano-scaled poly-
dopamine (PDA) patterns in poly-L-lysine-grafted poly(ethylene
glycol) (PLL-g-PEG) background (protein-repellant region) was
employed using bottom-up colloidal lithography, and the attached
BSA was recognized by primary/secondary antibodies [86]. In a
viewpoint of lipid organizations, fabrication of porous structures based
on colloidal lithography was also applied to investigate vesicle ad-
sorption behaviors and a phospholipid bilayer formation on nano-
structured Au-SiO,/Si0,-Si0, [87] or ZnO [88] based porous films.

Moreover, colloidal lithography can be used for optoelectronics
devices such as thin solar cells and organic light emitting diodes
(OELDs). Using TiO, subwavelength surface structures, antireflec-
tion and light trapping study was performed on thin film solar cells
[89]. The periodic nanoislands formed by colloidal lithography re-
duced reflectivity through gradient effective refractive indices, where-
as they enhanced light trapping due to diffraction in a periodic struc-
ture. In addition, Park and coworkers [90] fabricated a perforated
WO, hole layer to improve light extraction efficiency in OLED.
The device showed 60.2% higher power efficiency than a conven-
tional device without the WO, layer.

CONCLUSION

The recent development of colloidal lithographic strategies, com-

bined with a bottom-up approach (e.g., the formation of SAMs or
polymer brushes) or a top-down approach (evaporation and/or etch-
ing process), has led to fantastic 2D nanostructures for analysis, char-
acterization, and applications (sensing systems and optoelectronics,
etc). However, despite the great progress chemists/biochemists, phys-
icists, and engineers are still interested in the use of colloidal lithog-
raphy due to simple methodologies, easy accessibility, and broad
applications. To achieve more precise micro-/nanofabrication and
optimized nanostructures for further use, there remain more chal-
lenges toward the development of advanced lithographic methods
and the achievement of new integrated technical progress, extend-
able their potential for various applications.
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