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 The controlled patterning of polymeric surfaces at the micro- and nanoscale offers potential in the technological
development of small-scale devices, particularly within the fields of photovoltaics, micro-optics and lab- and
organ-on-chip, where the topological arrangement of the surface can influence a system's power generation,
optical properties or biological function - such as, in the latter case, biomimicking surfaces or topological control
of cellular differentiation.
One of the most promising approaches in reducingmanufacturing costs and complexity is by exploitation of the
self-assembling properties of colloidal particles. Self-assembly techniques can be used to produce colloidal
crystals onto surfaces, which can act as replicative masks, as has previously been demonstrated with colloidal
lithography, or templates in mold-replication methods with resolutions dependent on particle size. Within this
context, a particular emerging interest is focused on the use of self-assembled colloidal crystal surfaces in
polymer replication methods such as soft lithography, hot and soft embossing and nano-imprint lithography,
offering low-cost and high-resolution alternatives to conventional lithographic techniques.
However, there are still challenges to overcome for this surface patterning approach to reach a manufacturing
reliability and process robustness comparable to competitive technologies already available in the market, as
self-assembly processes are not always 100% effective in organizing colloids within a structural pattern onto
the surface. Defects often occur during template fabrication. Furthermore, issues often arise mainly at the inter-
face between colloidal crystals and other surfaces and substrates. Particularly when utilized in high-temperature
pattern replication processes, poor adhesion of colloidal particles onto the substrate results in degradation of the
patterning template. These effects can render difficulties in creating stable structures with little defect that are
well controlled such that a large variety of shapes can be reproduced reliably.
This review presents an overview of available self-assembly methods for the creation of colloidal crystals, orga-
nized by the type of forces governing the self-assembly process: fluidic, physical, external fields, and chemical.
Themain focus lies on the use of spherical particles, which are favorable due to their high commercial availability
and ease of synthesis. However, also shape-anisotropic particle self-assembly will be introduced, since it has
recently been gaining research momentum, offering a greater flexibility in terms of patterning. Finally, an
overview is provided of recent research on the fabrication of polymer nano- and microstructures by making
use of colloidal self-assembled templates.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Mold-replication techniques such as soft lithography [1,2], hot
embossing [3–5] and nanoimprinting [6,7] are the most frequently
used techniques for patterning polymers at small scales. Achievable
resolution is high (below 100 nm) and these techniques are well
established and cheap. In each case, a prefabricated pattern (master
mold) is replicated into a polymeric material (target) [8]. The master
is usually made out of silicon and patterned by means of a top-down
method, typically by subtractive manufacturing where material is
removed from the bulk, such that the desired structure remains. Photo-
lithography is the most commonly used method to produce these
masters as it is well established, mainly due to an intensive application
in the high-tech industry, which has led to significant advances over
the last 20 years in terms of minimally achievable resolutions. A contin-
uous desire to scale down feature sizes has allowed the fabrication of
structures with sub 10 nm feature sizes [9]. However, this achievement
has not beenwithout significant challenges as optical limitations in pho-
tolithographic processes impose strict geometrical limits. Photolithogra-
phy is based on the transfer of the pattern frommask to a photosensitive
polymeric layer, or photoresist. Chemical treatments allow the removal
of the exposed polymer (positive resist) or the un-exposed polymer
(negative resist). Subsequently, chemical or plasma etching is performed
in order to pattern the underlying silicon substrate. An alternative tech-
nique for silicon patterning is by Focused Ion Beam (FIB) milling [10,11].
In this case a focused beam of ions (typically Ga+) is used for material
ablation. Although achievable resolution is very high (in the order of
nanometers), FIB milling is a time-consuming technique and the
patterned area is in the order of hundreds of square microns. Molds of
composite (silicon-polymer) or polymericmaterials can also be fabricated
by means of additive manufacturing techniques like 3D printing [12].
2-photon polymerization systems allow to reach high resolutions
(sub-100 nm) in relatively large printing areas. However, this technique
has its set of issues as well: polymeric structures can deform if subjected
to high temperature or pressure, and adhesion between the printed struc-
ture and the substrate can be problematic [13].

Despite the fact that the aforementioned mold-replication tech-
niques are considered promising as high-throughput patterning
methods, there is still a need to improve the mold fabrication process.
In particular, the possibilities for creating highly precise patterns at
the nanometer scale with large areas by means of a low cost, fast and
efficient process are still under development.

Alternative studies propose the development of a bottom-up meth-
od based on self-assembly, where small prefabricated building blocks,
such as nanoparticles, are allowed to organize into final, reversible,
structures. Herein inspiration is often drawn from nature, where these
processes occur on an ubiquitous scale [14]. Small particles suspended
in a solution, so called colloidal particles or colloids, can be used as
building blocks within the self-assembly process, by setting the local
environmental conditions such that they form into predetermined
colloidal surface [15].

As colloidal lithography [16], a collection of methods based on the
use of colloidal structures for pattern replication, is a relatively new
research field, the goal of this review is to explore the already available
techniques for the creation of self-assembled colloidal crystals. Initially,
an overview of the properties of colloidal particles is presented. Then,
the most relevant self-assembly techniques are described, focusing on
the realization of 2D crystal at a liquid/solid interface. This is the most
suitable self-assembly arrangement that can be used for replication
where an ordered 2D pattern is transferred onto a flat polymeric
substrate. Finally, an overview of developed processes where these
colloidal structures are used for pattern replication is presented.

2. Colloidal particles and interactions

Colloidal particles are an intensively studied material as an option
for the building blocks required for self-assembly [17–19]. Ranging in
size from a few nanometers up to a single micron, their small size
renders them subject to Brownian motion. However, this also makes
them readily available to be suspended in a variety of liquids, forming
so-called colloidal suspensions. Their most attractive feature is their
tendency to form crystalline organizations, which allows them to be
used as intermediate building blocks for larger and more complex
structures [20].

2.1. Colloidal particles

Several techniques and protocols have been developed for the
synthesis of colloidal particles. Depending on the used material (e.g.
gold, silica, polystyrene), colloidal particles can be synthesized by
suspension-, emulsion-, dispersion-, and precipitation-based polymeri-
zationmethods. In general, factors that affect the size and polydispersity
of particles are pH value, the concentration of catalyst, the composition
of reagents, the types of solvents, and the reaction temperature. Several
reviews offer a complete overview of colloidal particles synthesis and
characterization [21–24].

It is important to mention that functionalizing the surface of a
colloidal particle may also alter its surface chemistry [25]. The main
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usage for colloidal surface functionalization is to prevent agglomeration,
with common functional groups being hydroxyl (−OH) and carboxyl
(−COOH) chemical moieties. Particles can also be encapsulated by a
metal or oxide shell to allow for further functionalization [26].

An interesting development is the synthesis and use of Janus
particles [27,28]. These are particleswhich have been synthesized, func-
tionalized or altered such that they exhibit a high degree of asymmetry,
in terms of morphology and/or chemical interaction. This is most often
achieved by combining twomaterials with distinct chemical properties.
Due to the inherent non-homogeneity of these particles as self-
assembly building-blocks, a larger variety of colloidal structures can be
created.

Typically, functionalization is performed uniformly around the
surface of the particles. However, so-called patchy particles can also
be obtained by functionalizing only a part of the surface. Pawar and
Kretzschmar [29] developed a technique called Glancing Angle Deposi-
tion (GLAD), in order to selectively functionalize the outer shell of
particles, wherein a metal is deposited onto a preformed colloidal
monolayer which is tilted under an angle. As the deposition is depen-
dent on line-of-sight, the particles are selectively coated [30].

2.2. Interactions between colloidal particles

The behavior between colloidal particles is governed by a large
number of interactions, and the colloidal crystal formation and stability
result from a balance between the different forces. A brief overview of
the most important interactions is given here, both between particles
surrounding environment [31–35].

2.2.1. van der Waals interaction (vdW) [36,37]
vdW interactions result from the interaction between the individual

constituent of the particles. It is possible to exploit this energy to drive
self-assembly, however this works most effectively only for small,
nanosized, particles. vdW interactions rely on short range forces that
are overcome by other forces for surface separations exceeding 10 nm.
As interaction distances increase to larger ranges, the influence of vdW
interactions falls off rapidly.

2.2.2. Electrostatic interaction [38,39]
Electrostatic interaction occurs due to particle surface charges and

can be either attractive or repulsive. When particles are suspended in
a liquid, the electric double layer effect comes into play, creating an elec-
tric field and therefore yielding a slight repulsion between two or more
particles. The decay of this effect's influence is usually expressed in
terms of the Debye screening length or screening effect; it depends on
the electrolyte concentration, pH and particle concentration. It is impor-
tant to mention that electrokinetic phenomena due to the movement
of charged particles can be very influential during colloidal crystal
formation.

2.2.3. Steric effect [40]
Colloidal particles in highly concentrated media are subject to steric

effects, where the presence of other particles in the liquid physically
blocks further ordering or material deformation. One key steric effect
is depletion interaction, which occurs when particles suspended in a
solution approach each other and a solute molecule no longer fits in
between them. The particles are thenpushed together, as the surrounding
molecules of the liquid exert an osmotic pressure. This effect is especially
prevalent in macromolecular solutions, such as liquid crystals and
polymers.

2.2.4. Capillary forces [41]
Attractive capillary forces originate due to the formation of liquid

bridges, typically observed in meniscus effects, forming between
particles due to surface tension. Their behavior can be modelled by
Laplace Pressure.
A large number of additional forces can also play a role in colloidal
self-assembly, including structural forces, fluctuation wave forces,
bridging interaction and solvation forces [31].

2.3. DLVO theory

The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory [42,43] is
commonly used to determine the stability of colloidal suspensions. It
corresponds to the balance between van der Waals attraction and
electrostatic double layer repulsion, the total energy of which can be
approximately described as the total interaction between two circular
plates, in Derjaguin's expression, by summing the DLVO interaction
energy per unit area over the entire domain:

UDLVO ¼ f að Þ
Z ∞

D

UA
EDL hð Þ þ UA

vdW hð Þ� �
dh

whereUEDL
A (h) is the electric double layer energy,UvdW

A (h) is the van der
Waals energy, D is the minimum particle-surface distance and f(a) is a
geometrical correction factor dependent on the particle radius a,
which approaches zero as h approaches ∞. Within the DLVO theory
the particle surface is regarded as continuous but can also be constructed
as a summation of several discretized infinite parallel plane models. This
approach allows the numerical computations of particle-particle and
particle-surface interactions. Extended models also take into account
surface roughness [42,44].

Although the DLVO theory is a powerful tool, it does have its limita-
tions, namely because the electrostatic decay, due to screening, is
expressed in terms of the linearized form of the Poisson-Boltzmann
equation. Secondly, transient boundary conditions such as the change
in electrostatic potential or charge density on the surface are not
taken into account; although not relevant for long range interactions,
this is crucial for modelling short range interaction more exactly. For a
more extensive overview of the influential forms of interaction energy
the reader is referred to the review by Bishop and co-workers [33].

3. Self-assembly techniques

Self-assembly is a method wherein a structure is spontaneously
assembled without the influence of external forces [14], excluding
manipulation by robots and direct manipulation of the building blocks.
Due to this inherent autonomy this principle is seen as a promising step
in fabrication of nanostructures [45,46]: structures would be able to be
assembled with a high degree of precision, due to the minimization of
energy leading to the final state of assembly. Potentially, this could
lead to fewer defects and more stable structures [47].

A distinction must be made between direct and indirect self-
assembly. In the former a globalminimum energy is reached in a purely
self-governing fashion,while in the latter the system is designed in such
away that the building blocks endup in a local energyminimum. There-
fore, directed self-assembly requires a high level of control but allows
for a larger variety of structures [20]. Many approaches have been
used for achieving directed self-assembly such as, but not limited to:
external fields [20], evaporation [48], surface tension [49] and interface
interaction [50].

This review is focused on the realization of colloidal crystals suitable
to be used as molds in replication processes for polymer substrate
patterning. Several classification criteria for colloidal self-assembly
have been proposed [15,51]. In this review, the self-assembly methods
are organized based on the type of dominant force that is mainly
responsible for the particle assembly, in order to provide the reader
with a comprehensive comparison of the various approaches that can
be used to achieve a controlled self-assembly of colloidal crystals. We
aim, by this classification, to offer a list of possibilities that researchers
in the field can utilize, best suited for integration into a wider but
specific manufacturing process flow.
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We have identified four main categories:

• Physical: self-assembly process dominated by shear forces, adhesion
and surface structuring;

• Fluidic: self-assembly process dominated by capillary forces, evapora-
tion, surface tension;

• External Fields: self-assembly process dominated by electric and
magnetic fields;

• Chemical: self-assembly process dominated by chemical interaction,
changing the surface charge or creating binding sites.

A graphical overview of all treated methods is given in Fig. 1.
Furthermore, the focus of this review is on 2D crystals without con-

sideringmulti-layer self-assembly and taking into account only the type
of forces which dominate the self-assembly process. Other parameters
such as the realization of close-packed layer or the type of particle
(dimension, anisotropy [52] or material) are not considered as criteria
of classification.

3.1. Colloidal crystals

Crystallization is usually described as the process of organization of
small groups of molecules into larger, well-ordered structures called
phases. The process of crystal formation is largely driven by the nucle-
ation of these groups of molecules. Different crystalline structures can
exist within the final compound, also known as polymorphism [53].
Fig. 1. Scheme of colloidal self-assembly techniques. Each of the 4 domain (physi
As colloidal particles can be seen as an analogue to simple atomic liquids
and solids, they too can form crystalline structures, called colloidal
crystals. Spherical colloids have been used predominately in the past,
as they have only a single degree of ordering [54]. The most common
crystal forms for such particles are hexagonally close packed (hcp) and
cubic close packed crystal (ccp) structures [55]. The formation of these
can be described by looking at the thermodynamic minima or entropic
differences between the two crystal lattices. In terms ofminimumGibbs
energy, the ccp structurewas determined to be slightlymore stable than
the hcp one. However, both share a similar two-dimensional close
packed structure, with the difference between the two being the stack-
ing within the third dimension [56]. To express the total amount of
space occupied by particles versus available space, the packing density
is used. For close packed structures the packing density is around
90.7%, while for a square packed lattice it is 79% [57].

The usage of colloidal particles as a bottom-up assembly technique
has been intensively studied over the years [14] and, as such, a wide
variety of methods exist that allow the creation of either monolayer or
multilayer colloidal crystals, mostly in ccp or hcp crystalline form due
to their thermodynamically minimal states [58].

The realization of a patterned mold for replication into polymers
needs a high control over the morphology of the self-assembled parti-
cles. Potentially, precisely controlled structures could be achieved by
directing the self-assembly of the colloids not into global minima, but
into different local and stable states, so that novel structures could be
developed.
cal, fluidics…) indicate the origin of the main force which drives the process.

Image of Fig. 1
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3.2. Fluidic

For fluidic methods the governing forces are resultant from the
interactions between the particles and the solvent. This means that
the crystals are a product resulting from surface tension, evaporation,
capillary forces or a combination of those. These methods are already
quite well developed because of their simplicity and use with different
materials. Still, they do pose some unique challenges for future research.

3.2.1. Fluidic deposition
The formation ofmonolayers has long beenwell understood as these

can be simply synthesized through a device called the Langmuir-
Blodgett [59]. The working principle, shown in Fig. 2, is straightforward
and commonly used with surfactants, such as oil. However, it can be
applied to colloidalmaterials aswell, as long as they allow the formation
of a monolayer at an interface.When a colloidal suspension is dispersed
onto a surface, the colloids spread as far as possible, forming a spaced
monolayer on the surface. Thefilm is then compressed through a barrier
which reduces the available surface area, resulting in an increased
surface tension. When a substrate is then ‘scooped’ through this
compressed film, the lower surface tension provided by the substrate
will cause the colloids to transfer from the interface.

To understand the effect of surface chemistry of the substrate on
colloidal crystal formation, Reculusa and co-workers [60] tested several
hydrophobic substrates by trying to create colloidal crystals using vari-
ously functionalized silica particles. However, none of the silica particles
were able to attach onto the hydrophobic surface, which implies that
the interaction between trough liquid (sub-phase) and substrate
dominates the interaction between particles and substrate. Therefore,
the hydrophilicity of the substrate plays a fundamental role during
self-assembly with a Langmuir-Blodgett method. The technique has its
limits in terms of particle size and functionalization. Moreover, crystal
damage can easily occur in Langmuir based processes due to capillary
forces. When a substrate is scooped in or the water level is lowered it
can result in particles adhering to the walls, which causes stresses
within the crystal.

A method developed by Lotito and Zambelli [61] allows the creation
of highly ordered colloidal crystals, with little defect. In this method, a
monolayer was allowed to form on the air-water interface within a
floating rubber ring. As the water level was lowered the monolayer
gently transferred onto a substrate which was placed under water.
Fig. 3 shows images of this setup (a–d) and the working principle
(i–iii). To form a monolayer, 200 nm polystyrene (PS) spheres were
deposited onto a slanted substrate which, due to the angle, caused the
dispersion to transfer onto the interface. The angle of the substrate
proved to have no influence on the transfer. A rubber ring, constrained
by three rigid pillars, was used to contain the monolayer. To insure a
clean transfer the tank was slowly drained at a controllable rate
between 0.25 and 5.5 ml s−1, in order to prevent the occurrence of
Fig. 2. Fluidic deposition: Langmuir-Blodgett method. A) Schematic drawing of the method.
Copyright 2003 American Chemical Society.
turbulence, which would have resulted in destructive shear forces. In
this fashion, square samples up to about 6.45 cm2 and circular samples
with a diameter of up to 10.15 cm were fabricated. By combining
particles of two different sizes so called binary colloidal crystals were
also produced, in which smaller spheres filled the interstices of the
larger ones. However, these crystals showed to be more defect prone
than their non-binary counterparts. Images of both singular and binary
crystals are shown in Fig. 3A and B respectively.

Hatton and co-workers [62] developed a method in which they
could significantly reduce the formation of cracks and other defects
present in large scale colloidal self-assembly due to strong capillary
forces. Poly(methyl methacrylate) (PMMA) particles, with a diameter
between 250 nm and 400 nm, were synthesized and suspended in
deionized water at approximately 0.125% volume. A sol-gel precursor,
tetraethoxysilane (TEOS), was added into the suspension at a percent-
age of approximately 0.75 of the volume of the colloidal solution.
Then, a substrate was put into the suspension, and a meniscus which
formed due to surface tension caused the transfer of the particles. By in-
creasing the temperature to 65 °C, until full evaporation of the suspen-
sion after 1 to 2 days, the depositing meniscus was forced to slowly
travel down the substrate during evaporation. The addition of the silica
gel caused the particles to stick together better, forming temporary
“glue-like” connections. An additional benefit of this method is that
the formation of the crystal proved to be independent of the shape or
curvature of the substrate.

3.2.2. Droplet evaporation
The droplet evaporation method is based on the drying of a droplet

of suspended particles. Three main flows regulate the self-assembly
process: a radial evaporative flowdependent on theflux and the density
of the fluid, a recirculating ‘Marangoni’ flow caused by surface tension
gradients and a flow caused by the DLVO adhesion force, introduced
earlier [63].

Evaporatingdroplets of colloidal suspension is a popular approach to
self-assembly due to its simplicity and speed. However, it is a method
which remains difficult to control as flows within the droplets caused
by rapid evaporation often lead to non-uniform patterned surfaces.
Large numbers of particles end up either near the edge or in the center,
a phenomenon popularly known as the coffee stain effect [64].

An analysis performed by Bhardwaj and co-workers [65] showed
that this effect can be overcome by altering the pH value of the suspen-
sion. In their experiments, titanium dioxide particles with a diameter of
25 nm were suspended in water and dried in air. By adding either hy-
drochloric acid or sodium hydroxide the pH value of the suspension
was lowered or increased, respectively. The effect of this process is
that the DLVO force is either attractive, at low pH values, or repulsive,
at high pH values. This causes particles to form in a well-defined ring
at high pH values, while depositing themselves over a uniform surface
at low pH values. The final location of the particle is strongly dependent
B) SEM images of a monolayer of colloidal crystals. Adapted with permission from [60].

Image of Fig. 2


Fig. 3. Fluidic deposition: water discharge method. (a)–(d)Pictures of the setup; (i)-(iii) schematic drawing of the working principle: a colloidal suspension is dispensed on the air-liquid
interface, after which the tank is drained. SEM images of (A) hexagonally close packed crystals and (B) binary crystals, formed from a suspension with two distinct particle sizes. Adapted
with permission from [61]. Copyright 2016 American Chemical Society.
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on the repulsive or attractive nature of the DLVO force. The relationship
between the pH value and final deposition location is shown in Fig. 4.

Droplets of colloidal suspension can also be deposited by an ink-jet
method, as demonstrated by Ko and co-workers [66]. They evaluated
the effect of the contact angle during the self-assembly process of silica
particles. Depositing on hydrophilic silica substrates, treated with
octadecyltrichlorosilane (OTS) surfactant, the final colloidal crystal
was hemispherical in nature and close packed, with a packing factor of
up to 77%. For the non-treated silica substrate the packing density
could be as low as 24%, with flat disk-like randomly structured aggre-
gates and a well-ordered monolayer at the edge. Copper substrates
Fig. 4. Droplet evaporation. Difference in final particle deposition under the influence of the p
also produced hemispherical structures, but with a lower packing den-
sity than the hydrophobic silica one. The formation of the resulting
structures can be found by looking at the mechanics of evaporation.
For flat droplets, with a low contact angle, the evaporation mainly
takes place at the edge, so that new particles are drawn by capillary
forces from the thicker section of the droplet which pin on the contact
edge. However, for more spherical droplets on hydrophobic surfaces,
the degree of evaporation is uniform over the surface, resulting in a
close packed aggregate.

As illustrated, the coffee stain effect is a product of a too high contact
angle between the colloidal droplet and the substrate. Majunder and
H value. Adapted with permission from [65]. Copyright 2010 American Chemical Society.
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co-workers [67] established a simple method by using an alcohol
saturated atmosphere to increase the contact angle and reduce the
evaporation rate. This phenomenon was then experimentally exploited
by dispensing a suspension of iron nanoparticles on a hydrophilic silica
substrate. Evaporating the nanoparticle solution in an ethanol atmo-
sphere resulted in the formation of a sparse deposition over the entire
surface, showing that the technique could be used to create uniform
nanoparticle depositions on functionalized silica.

3.3. Physical

Methods described as physical are considered to rely on self-
assembly where shear forces, adhesion and surface structuring are the
main driving forces.

These kinds of self-assembly methods generally have a high
throughput and make use of well-established manufacturing tech-
niques. Therefore, this makes them foremost candidates for large-scale
industrial application.

3.3.1. Spin-coating
Spin-coating is widely used in the semiconductor industry to create

uniform layers of photoresist onto wafers for lithographical patterning.
After a solution is dispersed onto a substrate in a spin-coater, a rapid ac-
celeration is produced to cause centrifugal forces. This will cause mass
to be ejected and results in the topographical “thinning” of the liquid
film, with the minimal thickness of this process being dependent on
the balance between adhesive and shear forces. Ultra-thin films down
to several tens of nanometers can be reached, dependingon theused so-
lution [68]. Fig. 5 shows a schematic drawingof the spin coating process.

A spin-coating technique was developed by Jiang and co-workers
[69] that allows for the rapid production of colloidal crystals out of
silica particles (diameter from 2 μm to 100 nm) suspended into the
viscous, non-evaporating and non-volatile monomer ethoxylated
trimethylolpropane triacrylate (ETPTA), to which a photointiator
(Darocur 1173) was added to enable UV curing. Substrates on which
they tested theirmethod included siliconwafers, glass slides, lithiumni-
obate wafers and PMMA plates. To achieve thin films, two spin-coating
stepswere performed. First the wafer was spin-coated for half a minute
at 200 rpm until a six armed monochromatic diffraction star appeared,
due to the presence of a hcp crystal lattice. In the second step, the spin
speedwas accelerated at 2000 rpm/s to a final spin speed, which varied
depending on the desired film thickness. After spin-coating, the wafer
was transferred to a vacuum chamber where the ETPTA was polymer-
ized by UV light. The thicker film that forms at the edge of the substrate
during spin-coating, due to the higher surface tension, was removed
with acetone. Oxygen plasma etching was used to liberate the silica
Fig. 5. Spin-coating. Schema
particles from thepolymermatrix. After the removal of thepolymerma-
trix, the final colloidal crystals was observed, through SEM Imaging, to
have a hcp structure. However, the top most layer was found to deviate
from the expected close packed hcp, with a larger centre-to-centre dis-
tance of 1.41D, where D is the particle diameter. The formation of the
hcp structure can be explained due to the following observations:
shear plays a dominant role in the crystallization, causing layers of the
crystal to slide over each other during the spin-coating. While electro-
static repulsion has little effect on the formation, as adding salts to the
dispersions had negligible effects. Lastly, vertical packing is dependent
on a pressure gradient normal to the spun film, with the pressure
being highest at the substrate. The researchers believed that the
photo-polymerization step also plays a role in the final crystalline struc-
ture, as the ETPTA film shrunk towards the substrate by 4% in volume
during curing.

Using the previously described method proved to be very difficult
for creating colloidal monolayers, as experimental reproduction was
poor. Discontinuous islands of disordered colloids were foundwith sur-
face areas as large as 1 mm2. Therefore, a second study [70] was per-
formed aimed towards producing monolayers. One major change was
the much slower increase in the spin speed, with the initial spin speed
set to 200 rpm the speed was increased in five steps up to 8000 rpm,
and the spin speeds being held constant for several minutes in between
the steps. Using this steppingmethod, monolayer polycrystalline colloi-
dal crystals were found with a domain size smaller than for the case of
multilayered crystals. However, a centre to centre distance of 1.417
was seen, equal to that found for the particles on top of themultilayered
colloidal crystals. Over fifty samples were prepared and all resulted in
monolayer crystals.

The technique is simple and fast, with the sample preparation time
around half an hour. However, the self-assembled monolayers remain
quite fragile and any further processing should be done with the
outmost care [70]. Even though colloidal crystal formation by spin-
coating is a promising technique, it is limited by defects, many of
which are the result of improperly tuned parameters, such as spinning
speed and acceleration.

As most colloidal suspension are commercially provided in evapo-
rating solvents, Toolan and co-workers [71] sought to better understand
the balance between shear forces, generated by the spin-coating, and
the attractive capillary forces caused by evaporation. As adhesive forces
are dominated by convective particle flux, capillary forces will interfere
with the growth of the crystal. To study these interactions, they
observed the spin-coating of the crystals as the suspension was still
wet. This was performed by spinning dispersions at 1250 rpm and ob-
serving the samples via stroboscopic microscopy, resulting in a steady
image of the phase separation as the same area is sequentially imaged.
tic drawing of process.

Image of Fig. 5
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In their experiments, PS particleswere dispersed in bothwater and eth-
anol in different concentrations. With a low mass fraction, the particles
initially spread out in a loose and random order due to shear thinning,
where they can be mainly seen to be moving in clusters. A few seconds
later evaporative thinning dominates the shear thinning, which causes a
radial outflow away from the center. Ordering in the crystal takes place
due to capillary effects, where wetting fronts push the particles away.
However, if the shear forces are too high gaps can appear in the crystal
as clusters detach from each other. After 16 s the morphology becomes
fixed, however, any gaps that formed earlier will grow in size as they fill
with fluids. A high mass fraction results in close packed structures
forming earlier and small multilayer crystalline regions being separated
by defects, opposed to incomplete monolayers found at lower mass
fractions. Evaporation of the dispersant thus showed to play a dominant
role. For the ethanol dispersions, no radial outflow was observed and a
densely packed monolayer forms after just 1.5 s, on top of which a
layer of disordered particles forms due to the rapid evaporation.

By applying statistical experimental design Cheng and co-workers
[72] managed to optimize and identify the most important parameters
for producing colloidal monolayers. Through their optimization of a
two-step spin-coating process they produced defect free surface areas
larger than 3000 μm2. They identified that the relative humidity of the
environment plays a large role in thefinal quality of the colloidal crystal,
whichwas explained to be due to themechanisms behind the formation
of colloidal monolayers of silica particles. As the water film is less thick
than the diameter of the silica particles being spun, capillary forces
between the particles cause them to pulled into a close packing config-
uration. When the particles travel, unoccupied sites cause water to
evaporate and lead to convective flow which pulls in new particles,
causing crystal growth. However, if the humidity is too high there will
be very little evaporation and longer spinning speed times are neces-
sary. Diffusion of particles can also occur when there is too much
water, which leads to defects. Optimal packing was found under the
condition of a relative humidity of 23% and an initial spin speed of
Fig. 6. Surface structuring. A) Schematic drawing of the modified substrate and the capillary a
colloidal patterns resulting from template driven self-assembly. (a) Stripe structure, (x = 0
lattice, (x = 1.15). (d) 2D centered-rectangular lattice, (x = 1.33). (e) 2D centered-rectang
permission of AIP.
1000 rpm. In these conditions spinning the crystal for 10 or 30 s resulted
in no difference in quality, while high spin speeds resulted in a decrease
in crystal quality as particles were ejected.

3.3.2. Surface structuring and liquid crystal confinement
By modifying the surface of a substrate the conditions can tuned in

order to precisely steer particles into global minima. An example of
this is an approach based on the modification of a substrate by a holo-
graphic technique, which was applied for colloidal patterning by Ye
and co-workers [73]. A thin polymer film, containing azobenzene, was
treated so that a sinusoidal topographical pattern was formed in the
film. Subsequently, the filmwas deposited vertically into a vial contain-
ing an aqueous suspension of PS spheres and was heated to 55 °C. Slow
evaporation, as described in the section on deposition techniques, lead
to self-assembly by a meniscus effect. After the main body of liquid
had evaporated from the surface, small amounts were still trapped in
pockets which evaporated much slower, resulting in resulting capillary
forces which drew any particles close by into the pockets. Fig. 6A shows
a schematic drawing of the working principle of this reordering step.
Particle diameters between 300 nm and 800 nm were used and the
grid spacing was altered so that different crystalline structures could
be created, with a ratio between the two defined as x=d/p, where d is
the particle diameter and p the period of the wave. In Fig. 6B all crystal
lattices produced by this method can be seen that were found when
varying x.

Trapping particles can also be performed on particles smaller than
100 nm, as shown by Xia and co-workers [74]. A substrate was pat-
terned by photolithography such that physical grooves and holes, with
a line thickness less than 200 nm, were etched into silicon such that
they could trap particles during spin-coating. Dispersions of 1% weight
fraction were spin-coated onto the patterned substrate, trapping silica
spheres, of around 80 nm in size and smaller, into the features. The col-
loidswere initially suspended inwater, but it was also shown that alter-
ing the pH value by either adding hydrocholoric acid (HCl) or an
ttraction exerted on the colloidal particles under heat induced drying. B) SEM images of
.74). (b) 2D centered-rectangular lattice, (x = 1.05). (c) 2D hexagonally close packed
ular lattice, (x = 1.4). (f) 2D hexagonal lattice, (x = 2.0). Reprinted from [73] with the

Image of Fig. 6
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ammonia solution (NH4OH) altered the final position. Increasing pH
values above 7 resulted in negatively charged silica spheres sticking to
the non-patterned surface more easily.

Trapping techniques were shown to effectively work on even small-
er scales as well by Asbahi and co-workers [75]. Substrates with nano-
structures were produced including trenches, posts, rectangular holes
and comb-like structures, which were then dipped into the colloidal
suspension (particles diameter of 12 nm) after which they were slowly
pulled out (0.1 to 0.5 mm/min). A thin film formed on the surfaces that
evaporated until a monolayer of particles within the fluid was present,
which could not further evaporate due to intensity of the van der
Waals attraction. Depending on the fluid, the thickness of this film is
around 5 nm to 30 nm: thin enough such that the heat flux through
this area can be considered zero, meaning that it will possess the same
temperature distribution as the substrate, even when superheated.
However, van der Waals attractions also generate what is called a
disjoining pressure, which is expressed asPd ¼ AH

6πδ3
, where δ is the thick-

ness of the non-evaporating film and AH is the Hamaker constant. This
effect causes the particles to be pushed into locations due to a pressure
gradient, which for the rectangular shaped cavities happens to be the
corners, as was expected.

Statements are made that the film does eventually dry out, even
though the evaporation was assumed to be contained by the van der
Waals interactions. It is likely that some evaporation not accounted for
in the model does occur, as it is based on the Young-Laplace equation
which assumes the fluid to be continuous [76,77].

Forwell-defined structures, it is possible to predict and influence the
self-assembly process by minimizing the interaction energy between
particles and substrate. Silvestre and co-workers [78] were able to pre-
dict and experimentally verify the energyminimization and subsequent
interaction of a colloidal particle suspended in a liquid crystal
interacting with a similar sized pyramid. They performed a numerical
minimization using a finite element method, by taking the total energy
between particle and substrate as a composition of the energy of the liq-
uid crystal and the surface potential. For both silica particles, of 3.14 μm,
and melamin resin, of 3 μm, they found that the particle, liquid crystal
and pyramid system resulted in an energywell at the tip of the pyramid.
Thiswas then experimentally verified by grafting a pyramid onto a glass
substrate by curing an epoxy in a pyramidal shaped mold. A particle
suspended in the liquid crystal 4-pentyl-4-cyanobiphenyl (5CB)was in-
troduced and its interactionwith the pyramidwas observed. Its position
in relation to the pyramid was tracked by a fluorescent imaging
technique.

Unfortunately, some of the particles were trapped slightly off the tip,
indicating that the predicted energywell was off-center. Surface irregu-
larities of the pyramid, with respect to the model, were the most likely
perpetrator. Steric effects were not discussed butmight be influential in
terms of large scale self-assembly. To quantify the ‘stickiness’ of the
particle, or the tendency for it to stay on top of the pyramid, they intro-

duced a dimensionless anchoring strength, defined asw ¼ W Q2
b R

K which
gives an indication of how strong the force is that keeps the particle in
place. In this expression W is the anchoring strength in pN, Qb a scalar
describing the degree of orientation ordering of the liquid crystal, R
the particle radius and K the average Frank elastic constant. The elastic
constant describes the average magnitude of the free energy of the liq-
uid crystal in all possible degrees of freedom. A higher dimensionless
anchoring strength results in a deeper energy well, ensuring particles
are more likely to stay fixed on the top of the pyramid [79,80].

3.3.3. Doctor blade: shear and gravity assisted
A doctor blade is a device commonly used to print highly uniform

films in the printing industry and used as well to create ceramic
coatings. Where a perpendicular blade closely moves along a substrate,
leaving only a thin film of the initially deposited material. Yang and co-
workers [81] extended this technique to produce close packed colloidal
crystals. A amount of 1 ml of silica particles suspended in ETPTA, with a
20–50% volume fraction, was deposited on one side of the blade. The
blade was then moved with a controlled speed and a thin layer was de-
posited in a disordered fashion. However, the layers themselves were
each closely packed, so that there was only long range ordering in two
dimensions. Three particle sizes of 560 nm, 330 nm and 290 nm were
used. The disordered structures are a result of the shear force which,
for viscous fluids, has a linear profile expressed as τ ¼ −μ dv

dh, where μ
is the viscosity of the suspensions, ν the speed of the blade and h the
thickness of the film. This results in a shear of unequal magnitude for
each layer, which yields a direct limit on the usable particle size, due
to the fact that for particles smaller than 200 nm an even more viscous
suspension agent is required to order the particles. Although the meth-
od is simple it is also very sensitive to dust and debris, which can easily
damage the colloidal crystals as seen clearly in the SEM imaging process.

3.4. External field

In this section several methods are outlined in which external fields,
magnetic or electric, play a dominant role in the final structure of the
colloidal crystal. Since these fields are generally well understood they
can offer a large degree of control on the final structures.

3.4.1. Electric field
Self-assembly with electric fields on polystyrene ellipsoids was per-

formed by Crassous and co-workers [82]. Spherical polystyrene spheres
were embedded into a Poly(vinyl acetate) (PVA) thin film and then
stretched at different plastic deformation rates, resulting in ellipsoids
which varied in aspect ratio (oblate versus prolate radius). Particles
with the same aspect ratio were then suspended together with a com-
posite microgel in water at a 1% weight fraction. Dispersions were
then placed between glass slides separated at 120 μm coated with indi-
um tin oxide (ITO), to block any passage of the electric field, except
through the uncoated part. A uniform field formed between the slides
alternating at 160 kHz was applied, to prevent particles from being
attracted to the electrodes. Without any applied field, the particles
drifted around inside the suspension fully subject to Brownian motion.
By overcoming the thermal energy of a field of at least 25 kV m−1 the
particles align in its direction. After orientation along the field, the par-
ticles form long string-like sheets due to electrostatic interactions, after
which they close themselves into tubular structures. The coupling pa-

rameterΓ ¼ q2

8πεmR kBT
determines thefinal shape of the structure,where-

in q is the charge of the PS particle, εm the permittivity of the medium
and R the oblate radius of the ellipsoid. Only εm can readily be adjusted
and as such influence Γ. If Γ has a value of 9.8 the sheet like and subse-
quently tube like structures are achieved; lower values only result in
close packed aggregates. After roughly half a minute of being subjected
to the field, tubes were formed, however not all particles participated
equally. Turning off the electric field resulted in the structures
disassembling and, again, were seen to drift randomly.

While the previous method is a typical showcase of the power of
self-assembly, the final result is unstable and highly subjected to ther-
mal influence, with the deformation of the particles influencing the
final structures. However, particles don't have to be altered or function-
alized in any way to be able to be influenced by an electric field, which
was shown by Wu and co-workers [83]. By using the right concentra-
tion of salt and an oscillating alternating electric field, the interactions
between particles can be carefully tuned. Polystyrene particles were
synthesized and suspended in deionized water. Slides coated with ITO
were then negatively charged such that a colloidal suspension floated
in between the two slides, which were kept separated at a set distance
by a non-conducting strut. By varying the salt concentration, formations
of molecular like structures appear, which occurs as the forces that
usually balance the dispersion are distorted. Three main particle inter-
actions were identified by the researchers: dipolar interaction,
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dielectrophoretic attraction and the electrostatic double layer (EDL).
Both the dipolar and EDL interaction are repulsive and dependent on
the charge of the particle and the surface attached ions, respectively.
The dielectrophoretic attraction is a force between particle and sub-
strate that orients the poles of the particle with respect to the electric
field. Exploiting these forces, several oligomers were created, including
triangular aggregations and pentagonal and hexagonal rings, allowing
both the formation of honeycomb and island like lattices. A high salt
level and a high switching frequency both resulted in a decreased
inter-particle distance, the first being due to the reduction of electro-
static interaction and the second due to the decrease in strength of the
field; yet the frequency seemed to impact the formation of oligomer
structures the most, which could be reduced by using higher salt con-
centrations. However, if the salt concentration became too high a close
packed monolayer formed. The video footage of the experiments
shows that the lattices are transient and stability is low, indicating
that the thermal energy is quite influential. Volumetric effects also
played a role as too high or too low particle concentrations resulted
into either randomly spaced or close packed formations, without clearly
defined structures.

Electric fields can also be used to modify the structuring of colloidal
crystal found by spin-coating. Such a modified method was developed
by Bartlett and co-workers [84], where a non-uniform electric field
was added that rotated synchronous to the spinning platform (chuck),
influencing the outward flow of the suspension.

3.4.2. Magnetic field
Demirörs and co-workers [85] showed that they could create colloi-

dal arrays from particles that are both attracted (paramagnetic) and
repelled (diamagnetic) by using a magnetostatic field [86]. On top of a
permanent magnet they placed a grid that focused the magnetic field
into a predefined shape, which they called virtual molds. Particles
were either trapped or expelled from these molds, depending on their
magnetic properties. The grid was fabricated by creating the pattern
by photolithography in a substrate, and then using e-beam evaporation
to deposit nickel. Subsequently, the nickel grid was lifted off and
embedded within PDMS by spin-coating resulting in a flat composite
structure. Functionalization by 3-(triethoxysilyl)propylisocyanate
(TPI) was performed on the surface to be able to fix amine functional-
ized particles by covalent attachment. The physical principle behind
the interaction of the particles with the field can be explained by the
magnetostatic interaction UM(r), which is expressed by

UM rð Þ ¼ −2a30
part−sol

part þ 2sol þ 3
H rð Þj j2
Fig. 7. Magnetic field. By using particles with different magnetic properties and of varying size
particles 2.85 μm in size assembled at the intersections of the nickel grid. (B) Diamagnetic
combining paramagnetic and non-magnetic particles of different sizes. Adapted by permission
Here the particle location is represented by r, the magnetic field by
H, particle radius by a and magnetic permeability in free space by μ0.

As a, the radius of the particles, is expressed cubically, themagnetostatic
effect on small particles is very small. Therefore the most important
factors are χpart and χsol, which represent the magnetic susceptibilities
of the particles and dispersing medium, respectively. This implies that
either a very strong magnet needs to be used, or the magnetic proper-
ties of solution and particle need to be tuned. The latter allows for
more flexibility, so that both paramagnetic and diamagnetic particles
could have the same magnitude of force exerted on them. The research
team achieved this by using a solution consisting of an acidic salt
(Ho(NO3)3). By using the described method and by using particles of
different sizes and magnetic properties, a wild variation of patterns
could be created. A few of them are displayed in Fig. 7.

In order to create arrays and for the magnetic field to affect the par-
ticles, the spacing of the grid needs to be in the same order of dimension
as the particle size. In fact, when particles are larger than the spacing,
they will form oligomers. Steric effects do prevent the formation of
some structures, however, it can also be exploited to trap large particles
into clusters of smaller ones.

By taking advantage of the decay of the magnetic field, bridge-like
structureswere formed, which formwhen the gravity and themagnetic
force repelling diamagnetic particles balance each other. By applying a
second sandwich on top the magnetic field was extended into an hour-
glass shape, such that diamagnetic particles could be trapped in-
between the fields in an egg-like shape. After removal of the magnet
the structures collapsed. To prevent this from happening the they can
be anchored to the sandwich by carbamide bonds.

3.5. Chemical

By altering the chemistry of a surface or template it is possible to
control the interaction of chemical compounds. These kinds of interac-
tions, while large in scale, can also be used to drive the self-assembly
of colloidal particles. This section provides an overview of how chemical
interactions can be used to control the formation of colloidal crystals.

3.5.1. Template functionalization
An approach used to guide the self-assembly of a large number of

particles is the chemical modification of substrates. Li and co-workers
[57] came up with a simple technique where they functionalized natu-
rally negatively charged silicon with amine groups to tune the surface
charges to be positive. By then introducing silica nanoparticles, of
roughly 67 nm in size, they were able to create aggregates of particles
s, a myriad of patterns can be created with the same nickel-PDMS grid. (A) Paramagnetic
particles 1.2 μm in size assembled in a hexagonal pattern. (C) Several grids created by
from Macmillan Publishers Ltd.: Nature [85], copyright 2013.

Image of Fig. 7
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on the surface. The amine groups were introduced by exposing an
oxygen plasma cleaned substrate to a solution of toluene and 1 mM
3-aminopropryltrimethoxysilane (APTES) for 1.5 h. Hydroxyl moieties
on the substrate reactwith the silane group of the APS, forming amono-
layer on the surface. Positively charged tails point away from themono-
layer and are therefore able to attract negatively charged silica particles.
The change from a positive to negative charge was also confirmed by
measuring the zeta-potential, which is a measurement of the total sur-
face charge of a surface. The substrate surface chargewas seen to change
from−31.4mV to 16.9mVafter treatmentwith APS. Unfortunately, the
APTES monolayer is very sensitive to any impurities and will degrade if
contaminated. A colloidal suspension in a 90% ethanol and 10% water
solvent at a weight fraction of 2.04% was found to provide the largest
amount of surface coverage, at 63.2% coverage. Either too much
(100%) or too little ethanol (b90%) resulted in a lower surface coverage,
even though the surface charge was higher for an ethanol suspension,
due to the inter-particle effects being too strong. In order to overcome
this effect, salt was added to the suspension to decrease the screening
length and thus the electrostatic repulsion between particles. At a con-
centration of 1 mM a total surface coverage of 84.2% was observed. At
these concentrations multilayers are also found, but no close packing
is observed. They concluded that a large degree of ordering cannot be
achieved by electrostatic attraction alone.

3.5.2. Patchy particles
Janus particles can also be exploited to create unique crystals lattices.

Due to the asymmetric nature of those particles, the interactions
between them are selective and directional, resulting in assembled
structureswith substantially fewer defects comparingwith convention-
al self-assembly methods [87,88].

Romano and Sciortino showed that particles with two attractive
patches symmetrically arranged as polar caps spontaneously assemble
in a two-dimensional (2D) Kagome lattice when the patch width is
within the range of values that allows for at most two bonds per patch
[89].

Chen and co-workers [90] used Janus particles tomake ‘Kagome’ lat-
tices, a 2D assembly of triblock made up of an electrically charged band
in-between two hydrophobic polar caps of a proper size. Which was
achieved by functionalizing the two poles of spherical particles to be
hydrophobic. When the spheres are suspended in deionized water
theywill try and reduce their wetting surface asmuch as possible, caus-
ing the poles of two particles to approach as close as possible. This was
achieved by taking a self-assembledmonolayer of sulphate PS particles,
Fig. 8. Patchy particles. Fluorescence image of the kagome structure and a schematic represent
Ltd.: Nature [90], copyright 2011.
with a diameter of 1 μm, and coating them with 2 nm titanium seeding
and 25 nm gold layers. To provide functionalization on both poles the
particles were picked up by a PDMS stamp and flipped over, exposing
the other pole, which was similarly coated. The layer deposition was
carried out using the previously described GLAD technique. Using
octadecanethiol, a hydrophobic surface was grafted exclusively on the
gold surfaces, rendering solely the poles hydrophobic. The particles
were then suspended in deionized water. As the electric repulsion be-
tween the treated particles is not insignificant, salt (NaCl) was added
to the colloidal suspension to reduce the electrostatic repulsion. This
way the hydrophobic poles could approach each other close enough to
form the Kagome lattice [90], as seen in Fig. 8. To avoid the lattice
from sticking to the substrate, and hindering self-assembly, it was neg-
atively charged, so that it electrostatically repelled the lattice. Before the
kagome lattice is formed, ring-like structures appearwhich aremetasta-
ble. After some time the first kagome lattice forms, but not all particle
will take thedesired shape. It can take up to 10h for even 70% of the par-
ticles to achieve the desired structure. This could partially be explained
due to transient nature of some of the lattice structures, as Brownian
motion can cause a shift in shape. Particles are able form up to four
bonds, with two other particles per pole. By stacking multiple kagome
lattices, three dimensional octahedron structures were fabricated as
well.

A followup study [91]was performed, where the angle of deposition
of the patches was further improved by introducing an etching step.
Gold was again deposited from above, however as the deposited layer
was thicker on the top of the particles than on the sides a crescent
shape deposition was formed. The functionalized particles were then
put into the etching solution consisting out of: sodium thiosulfate
(Na2S2O3), potassium ferrocyanide (K4[Fe(CN)6]·3H2O) and potassium
hydroxide (KOH) solved inwater. This slowly etched the crescent away,
until the desired spot size was left. The particles were submersed in de-
ionized water and any remaining etching agent was rinsed off. In this
fashion, it was possible to create patches at defined angles.

3.5.3. DNA functionalization
By coating colloidswith DNA, they can be forced into a structure that

diverts from the thermodynamicallyminimal position commonly found
for untreated particles. The advantage of using DNA is that it can be
activated and deactivated, effectively allowing the programming of
the self-assembly process [92].

Gold nanoparticles were patterned on 2D arrays using hybridization
of oligonucleotide functionalized nanoparticles to a preassembled DNA
ation of the particle-particle adhesion. Adapted by permission from Macmillan Publishers
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template [93]. In this study, 5 nm gold particles were functionalized
with multiple strands of 3′-thiolated DNA (dT15). Then, hybridization
between them and protruding complementary (dA15) sequences on
one of the template strands was performed leading to the creation of
arrays of components in programmable 2D arrangements.

Zeng at al [94]. proposed a method for creating a more complex
periodic patterns. Gold nanoparticles were attached to strands in two
different triangular building blocks, and awell-formed 2D array of alter-
nating 5 nm and 10 nm gold nanoparticles was produced.

However, as DNA is in the size of nanometers, it is difficult to use
programmable strands on microparticles. Therefore, Wang and co-
workers [95] developed a technique in which they functionalized both
silica and polymer particles with a large shell of ssDNA, up to 115,000
strands per particles, for particle diameters of 3.5 μm down to 540 nm.
Using 1 μmparticles theymanaged to create a three dimensional colloi-
dal crystal that exhibited a ccp structure. Furthermore, by combining
particles of different sizes and complementary DNA strands they man-
aged to create crystalline structures resembling those found in metal-
loids and fullerenes. However, the synthesis of large crystals remains
difficult, as DNA has a very specific activation temperature and will
not hybridize unless this is reached. Lowering the temperature in turn
decreases the amount of diffusion, which leads to the formation of larg-
er crystals. Therefore, the temperatures in the crystallization process
have to be properly tuned to take into account both diffusion and DNA
activation.Major causes of defectswithinDNAbased techniques are ste-
ric effects and the misalignment of local crystals.
4. Nano-patterning with colloidal crystals

As self-assembly methods are simple, cheap and flexible, they are
ideal candidates for creating sub-micron features in polymers on large
areas [96], in order to avoid the use of complicated techniques and ma-
chinery, such as lithographical and other top-down patterning tech-
niques. This section sets out to show polymers structured by patterns
created through self-assembly, as well as where potential opportunities
are available to further improve on them.
Fig. 9. Colloidal lithography. The four main steps of the method illustrated. (A) Surface after hy
(C) application of polymer film through iCVDmethod, (D) patterned film after removal of collo
[100]. Copyright 2009 American Chemical Society.
Colloidal crystal can be used asmask for colloidal lithography or as a
mold for replication technique (soft lithography and hot embossing).
This makes them really versatile for patterning different kind polymers
with different techniques. Research on this topic is still in its infancy and
we feel that the interest in this approach will grow quickly in the next
years.
4.1. Colloidal lithography

Colloidal lithography (CL) is a technique based on the use of a colloi-
dal crystal as a mask for patterning the underlying substrate [97,98].
When a colloidal mask is present, deposition or etching have an effect
on the substrate only through the interstices between particles. These
interstices can be modified by means of post treatments in order to ex-
pand the patterning geometries [99]. Thermal evaporation, sputtering
deposition and electrochemical deposition are some examples of tech-
niques that can be used to create patterns on inorganic or organicmate-
rials. Several different polymer nanostructures were fabricated by
Trujilo and co-workers [100] by combining a colloidal mask (PS nano-
sphere) with the Initiated Chemical Vapour Deposition Technique
(iCVD) [101]. Fig. 9 shows a scheme of the main steps involved in the
CL technique. The colloidal mask, which was fabricated out of monodis-
perse PS nanospheres, acted as a geometrical constraint for the polymer
patterning. A p-type silicon wafer was used which was cleaned and hy-
droxylated using oxygen plasma.Monodisperse PS nanoparticles at 2.5%
weight were suspended in water mixed with a surfactant, at a 1:1 ratio,
and dispersed in droplets of 2 μl onto the substrate, which was allowed
to evaporate for 20 min and further dried in a nitrogen pumped oven.
Vinyltrichlorosilane vapor was then allowed to covalently bond to the
substrate in a vacuum oven, by removal of the chlorine through hydro-
lysis. This process left behind amonolayer of vinyl-silane serving as cou-
pling agent for the polymer film. Without this coupling agent the films
were found to easily detach when exposed to the cleaning agent used
to remove the colloidal mask. With the mask attached to the surface,
the polymers were deposited using the iCVD technique, wherein the
pre-polymer vapors were guided past the hot filaments which initiated
droxylation and colloidal mask application, (B) application of vinyl-silane coupling agent,
idal mask through treatment with Tetrahydrofuran (THF). Adapted with permission from

Image of Fig. 9
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a free radical polymerization process, without the need for a curing
agent. As this makes the method non-wetting, it allowed the polymer
to infiltrate into the interstices and graft layers starting from the sub-
strate. This resulted in a consistent morphology, as the deposition is
not influenced by any capillary effects. Deposition rates between 30
and 200 nm/min could be achieved, depending on polymer being de-
posited. As polymers are not required to be soluble, and the operating
temperature of iCVD is relatively low, certain polymers can be used
which are excluded by other CVD techniques. Lastly in the referenced
work, the colloidal mask was removed by placing it in a solution of Tet-
rahydrofuran (THF) and ultra-sonicating it for 10min. To ensure all col-
loids were actually removed, the sample was placed in a fresh solution
of THF for at least 8 h.

Another example is provided by Kuo and coworkers [102]. They
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 silicon nanopillars with diameters as small as
40 nm and aspect ratios as high as seven.

An interesting variation was introduced by Van Duyne an co-
workers [103] by depositing materials with a non-zero incident angle.
This technique is called angle-resolved colloidal lithography (ARCL)
and allows the creation of smaller structures and different geometries.

CL is a new and promising technique for micro- and nano-
patterning. Feature sizes can be smaller than 100 nm and the shape
can be tuned by changing the crystalline structure of the colloidal crystal
mask, the time of anisotropic etching, the incident angle of the vapor
beam and the mask registry. This technique, which is a low in cost and
high in throughput, can be applied on various material substrates,
both planar and curved. However, the polycrystalline nature of the col-
loidal crystal could be problematic and the presence of defects reduces
the patterning precision, especially over large areas. Moreover, produc-
ing features below 100 nm dimension is still challenging.
4.2. Mold-replication techniques

Colloidal crystals can be used also as molds for nano imprint lithog-
raphy, soft lithography and hot or soft embossing. In these cases the
colloidal crystal must be anchored to the substrate (for instance by
functionalization) and then used directly for the replication into a poly-
meric material.

Nanoparticle Imprint Lithography (NIL) has been developed by Diao
and co-workers [104]. A silicon surface was hydroxylated and 200 μL of
a commercially acquired monodisperse colloidal silica suspension was
dispersed onto the substrate. A hexagonally close packed monolayer
was formed as the substrate engagedwith the hydroxyl groups stabiliz-
ing the silica particles, resulting in weak hydrogen bonds between the
two groups. By sintering, the hydroxyl groups of both substrate and
particle were broken, resulting in the silica particles being covalently
bonded by an oxygen group to both the substrate and each other. This
‘imprintmold’was then used to stamp a pattern into a polymer. To pre-
pare the negative, a glass slide was hydroxylated and treated with a
trichlorosilane coupling agent, in order to prevent cracking or peeling
of the polymer film. The polymer film consisted out of a prepolymer
mixture of polyacrylic acid (monomer), divinylbenzene (crosslinker)
and the polymerization initiator IRGACURE 2022. Then the imprint
mold was pushed into the prepolymer mixture and cured by subjecting
it to ultraviolet light. After lift-off of the mold, spherical pores were
found in the polymer film, with diameters from 300 nm down to
15 nm. In a similar fashion, they synthesized iron oxide nanoparticles
and used them tomake hexagonally shaped pores. The describedmeth-
od and its results are shown in Fig. 10. These pores were then used to
study the crystallization of aspirin, which interacted with the polymer
film through hydrogen bonding. What they found was that, as long as
there were non-curved faces with which the aspirin could align itself,
the crystal growth was accelerated, while curved faces impeded the
growth. In fact, the hexagonal pores were the most attractive for the
aspirin crystals to grow in.

Choi and co-workers [105] developed an easy method to produce
PDMS stamps which could be used with soft lithography techniques
to reproduce patterns of colloidal crystals into acrylate films. Self-
assembly was performed through a Langmuir-Blodgett method. To
prevent cracking, a soluble polymer, polyvinylpyrrolidone (PVP), was
added to make the fluid more viscous, reducing the thinning of the de-
positingmeniscus. This also resulted in some of the PVP adhering to the
particles, forming small bridges between themwhich strengthened the
physical bonds.

Three variations were presented which allow for the fabrication of a
PDMS stamp. A schematic drawing of all three methods and the rela-
tions to each other can be seen in Fig. 11. In the first method, the
PDMS was deposited on top of the crystal and allowed to infiltrate,
after which it was cured for 3 h at 60 °C. After curing the top was peeled
off, mechanically separating the polymermatrix in the crystal from that
resting on top. Then, a thin layer of acrylate was spin-coated on another
glass slide, into which the PDMS stampwas pressed, and cured with UV
light. Removal of the stamp revealed the replicated microstructure
while the stamp could be reused. In the second method, instead of
PDMS the colloidal crystals were infiltrated with a PEDOT:PPS solution.
The top layer was etched off with oxygen plasma, leaving behind the
pattern which conformed to the bottom of the PS spheres. On top of
this a PDMS stamp was developed, producing patterns inverse to the
first stamp. The last method involves two steps of self-assembly. On
top of the first acrylate pattern a new colloidal self-assembly step was
performed, resulting in a spaced monolayer of smaller PS particles.
Then, onto this layer a new PDMS stamp is developed.

Another example is provided by Kim and Park [106] who were able
to replicate a colloidal crystal into PDMS by means of a soft lithography
process. The polymeric substratewas used as amold to transfer the pat-
tern into polystyrene (PS) thin films by means of hot embossing, the
replicated pattern of which shows a hexagonally arrayed structure
with few defects.

An additional approach for creating patterns on polymeric sub-
strates is to embed the colloidal crystal into a polymeric matrix and,
after dissolving the particles, a pattern of holes can be achieved. Johnson
at al [107]. applied this technique in order to create an orderedmesopo-
rous polymer by using 35 nm silica spheres. Divinylbenzene (DVB) and
ethyleneglycol dimethacrylate (EDMA)were used to fill the pores of the
colloidal crystal. After cross-linking thepolymers, theparticleswere dis-
solved, leaving a polycrystalline network of interconnected pores. This
approach is quite reliable and allows for the easy tuning of the dimen-
sion of the pores. However, the need to create a colloidal crystal for
every single polymeric replica inhibits the process from having a high-
throughput and making it unsuitable for industrial applications.

Recently, contact printing has been proposed as a way to transfer a
pattern from a colloidal crystal mold to a polymeric substrate. This is
not technically considered amold replication technique since the trans-
ferred pattern is created by the colloidal particle themselves. However it
is interesting to note that this technique allows well defined structures
in the micrometer range to be obtained [108].

5. Conclusion and outlook

This review provides an in-depth look into the large variety of colloi-
dal self-assembly techniques, organized by the type of forces most
influencing in the self-assembly process: i) fluidic-based methods,
such as Langmuir-Blodgett, dip-coating and droplet evaporation,
where the colloidal crystal formation is a result of interaction forces be-
tween the particles and their solvent; ii) physical methods, where the
self-assembly is governed by shear forces or forces generated by the
template, such as spin-coating and confinement methods; iii) the use
of external fields, electric ormagnetic, used to produce a desired organi-
zation of colloidal crystals; and iv) chemical methods, such as template



Fig. 10.Nanoparticle imprint lithography. (A) Schematic drawingof production of structuredpolymerfilms through a colloidal imprintmold and transparent quartz substrate. AFM images
of the pores produced through the imprint method of; (B) 15 nm, (C) 40 nm, (D) 120 nm, (E) 300 nm. Adapted by permission from Macmillan Publishers Ltd.: Nature Materials [104],
Copyright 2011.
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functionalization or the use of patchy particles, where the self-assembly
is controlled by chemical interactions. A last section highlights some
examples of how self-assembled colloidal crystals can be used in the
patterning of polymeric surfaces by mold-replication methods.

From the comparison of the various approaches for colloidal crystal
self-assembly, presented in Table 1, some conclusions can be made as
guidelines of which method to pursue depending on the application.

When it comes to the up-scalability of the technique, particularly
when thinking of colloidal self-assembly in industrial settings, physical
methods are the most promising, as they provide high-throughput
and the possibility for large-area structuring. Techniques categorized
in this review as physical tend to be well established in current small-
scale manufacturing research and commercial activities, suggesting an
ease of implementation of this technology into use.

Using external magnetic or electric fields is favorable when high
precision is desired in thefinal colloidal structures.Mainly due to the ac-
curacy and level of control linked to this self-assembly principle.
External fields also provide the means to move away from the
surface and extend the concept of colloid crystallinity to the third
dimension.

Tuning the chemistry of the colloids' surface offers additional func-
tionalities to these particles, to either control their organization onto a
surface or their interaction with each other. For instance, shape-
anistropic particles can provide final structures not possible to achieve

Image of Fig. 10


Fig. 11. Soft lithography. Three different methods and their relations to the development of PDMS stamps patterned by colloidal self-assembly. Adapted with permission from [105].
Copyright 2009 WILEY.
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with spherical colloids, however they are more difficult to control due
to their larger degree of ordering. Although chemical methods offer
enormous potential in terms of producing a relatively large influence
on colloidal self-assembly via small but effective chemical alterations,
these approaches tend to lack when taking into account manufacturing
reliability and reproducibility.

Research focused on the realization of colloidal crystals is constantly
growing. A particular application is the replication of the colloidal
pattern into polymeric substrates. This involves the use of colloidal
crystal surfaces as masks (colloidal lithography) or as a mold (for hot
embossing, nanoimprint lithography and soft lithography). Therefore,
this review set out to provide an overview of recent literature on this
topic.

What is important to underline is that, especially for industrial appli-
cations, the stability, reproducibility and the total surface area of the
pattern are fundamental. For this reason, it is necessary to control the
adhesion between the colloidal particles and the substrate. Indeed, im-
mobilization techniques are required to keep the pattern stable by
avoiding deformations or even the disruption of the crystal. Several
functionalization techniques are already available for the chemical at-
tachment of the particles to the surface (e.g. silanization [109] [110])
or for the embedment of the particles in a polymeric matrix to keep
them in place [69].

Tomake the process scalable and allow for high throughput, another
aspect to consider is that the process should be easy and should not
require complex and expensive setups (e.g. controlled magnetic fields).
Spin-coating has shown to be a good candidate for obtaining ordered
crystals with large monocrystalline domains over large areas.

Regarding the throughput of the replication process, colloidal lithog-
raphy is not the most suitable technology since it requires the creation
of a new colloidal crystal for every substrate. Soft lithography and
embossing techniques circumvent this problem. In fact, the colloidal
molds could be used several times in order to obtain many polymeric
replicas.

The potential for the technologies discussed in this review find rele-
vance in a wide spectrum of application fields, ranging from photonics,
catalysis, sensing and control of wetting surface properties [111–115].
The general approach is to exploit themicro- and nano-patterns created
via the self-assembly of colloidal crystals to add functionalities deeply
linked to the colloidal crystals' topographical properties. Although sev-
eral options have been discussed in terms of structures and materials
made through means of colloidal self-assembly, we believe that this is
just the tip of the iceberg, and that future research may reveal new
and exciting options to improve previously attained results or introduce
novel concepts.

While colloidal crystal self-assembly and its application in micro-
and nanopatterning matures into a higher technology readiness level,
the growing amount of work dedicated to this topic promises a positive
outlook, and the application of these technologies finds space in many
fields spanning from photovoltaics to the life sciences.

Image of Fig. 11


Table 1
Coparison between self-assembly techniques.

Method Particle Self assembly parameters

Domain Category Subcategory Material Size [nm] Solvent(s) Particle
fraction

Time Temp
[°C]

Fluidic Langmuir-Blodgett Interface transfer PS 460–680 DI water / Ethanol – – –
Draining PS 200–1000 Water + SDS 10 wt% – –

Dip coating Meniscus evaporation PMMA 250–400 DI Water + TEOS ≈0.125 vol% 1–2 [d] 65
Pipet dispersion TiO2 25 Water + HCl / NaOH 2 vol% 8.1–16 [s] 25.5/10.9

Droplet dispensing Inkjet nozzle dispersion SiO2 330 Water + DEG + ethylhydroxypropanediol + 2-pyrrolidone 5 wt% 50–2000 [s] 25
Physical/fluidic Liquid crystal confinement Trapping SiO2/Melamine 3000/3140 5CB – – 34.05
Physical Spincoating Shear SiO2 100–2000 ETPTA 19.8 vol% 30–960 [s] –

PS 5000 Water − Ethanol 25/35/45 wt% b30 [s] –
Shear + Humidity adjustment SiO2 1500 Ultrapure water 25 wt% 10–30 [s] –

Confinement Surface Patterning PS 300–800 Water – – 55
Shear and gravity assisted Doctor blade SiO2 290–560 ETPTA 20–50 wt% – 25

Physical/external fields Field directed spincoating Shear + AC field SiO2 458 2-Pentanon 20 vol% – –
External fields Alternating electric field Sheet formation PS 267 NIPMAm + BIS + SDS + MRB + KPS 1 wt% 103 [s] 20

Ordering PS 560–5000 DI water + NaCl – b25 [s] –
Static magnetic field Force balancing SiO2 / Fe3O4 − Polymer 1050–5800 Ho(NO3)3 + DMSO/H2O – – –

Chemical Patchy particles Kagome lattice Sulfonated PS 1000 DI Water + NaCl – ≈15 [h] –
Selective functionalization SiO2 2000 Water – – –

Template functionalization Surface treatment SiO2 67 Ethanol / Water 2.04 wt% 1.5 [h] –
DNA functionalization Crystallization PS/PMMA/Silica/TPM 540/1000/1500 PBS 1 wt% 45 [h] 27–28.3

a Stb, Unst and Cond are abbreviations for Stable, Unstable and Conditionally stable, respectively.

Table 1 (continued)

Method Self assembly parameters Substrate Functionalization Crystalline properties

Domain Stabilitya Material Substrate Particle Structure Ordering Crystallinity Ref

Fluidic Stb Glass Allyltrimethoxysilane (HL) None Mono/multi CP/HCP Poly [61]
Stb Si / Glass None None Mono/binary CP Mono [62]
Stb Si / Glass None None Multi HCP Mono [63]
Stb Glass None None Ringlike – – [66]
Stb Si / Cu / PDMS Si: OTS (HH) None Multi HCP Poly [67]

Physical/fluidic Stb Glass None DMOAP Single – – [79]
Physical Stb Si APTCS None Mono/multi CP/HCP Poly [70,71]

Stb Glass None None Mono CP Incomplete [72]
Stb Glass None None Mono CP Poly [73]
Stb Glass + Azoaromatic Polymer None None Mono Stripes/CR/CP Poly [74]
Stb Glass None None Multi CP Poly [82]

Physical/external fields Stb Glass / ITO None None Mono CP Poly [85]
External fields Unst Glass / ITO None None Mono Tubular/Sheet – [83]

Unst Glass / ITO None None Mono Oligomer – [84]
Cond PDMS / Ni TPI SiO2: NH2 / Fe3O4 − Polymer: COOH / RITC Mono 3D Structured – [86]

Chemical Unst SiO2 – Ti + Au Mono Kagome – [91]
Unst Glass None Ti + Au Mono “K”/“Y”/“X” – [92]
Stb Si APTES None Mono Aggregate – [58]
Cond Glass HMDS (HH) Azide + DNA 3D/Bbinary FCC/CsCl/AlB2/Cs6C60 Poly [96]
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