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Introduction

The topic of this thesis is the development of a deposition technique for
placing charged polymer colloidal particles on patterned electrodes by
electrophoresis to achieve directed colloidal crystal growth. The ultimate
objective is to realize an independent control of colloidal crystal structure,
orientation and thickness. Polystyrene colloidal particles with controlled
surface charge densities are synthesized and employed as building blocks of
colloidal crystals. Lithographically patterned electrode surfaces are
demonstrated to predetermine the colloidal crystal growth. The method of
electrophoretic colloidal deposition on patterned surfaces is successfully
applied to grow colloidal monolayers, colloidal crystals with face-centered
cubic (FCC) crystal structures and (111), (100) and (110) planes oriented
parallel to the electrode surface, body-centered cubic (BCC) colloidal
crystals grown from a (100) crystal plane, colloidal non-close-packed
crystals with a hexagonal close-packed (HCP) crystal sequence and various
binary colloidal crystal structures.
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General introduction
Colloidal dispersions exhibit a continuous liquid phase in which a colloidal solid is
dispersed. If the solid phase is built up of highly monodisperse spheres of dielectric materials,
including particles made of soft matter such as polymers, these can under proper conditions
form regular, periodic arrays. Such arrays that exhibit translational symmetry are called
colloidal crystals. 1 Monodisperse in this context refers to size, shape and interaction for the
dielectric microparticles. Colloidal crystals have been of tremendous interest in relation to a
wide range of scientific phenomena. Colloidal particles suspended in solution provide
fascinating models for studying basic physics problems including phase transitions,2
fundamental problems of kinetics of crystallization, 3,4 and the physics of nucleation and
growth. 5,6
Organized colloidal structures have intriguing properties, which make them useful in a
wide range of applications in optics, 7 as chemical sensors, 8 in data storage devices, 9 etc. Due
to a great scientific interest and wide range of applications, the fabrication of colloidal
structures has been reviewed by several authors. 10, 11 , 12 , 13
Among all possible optical applications of colloidal crystals, their use in photonics has
attracted the most current interest. Photonic devices have important potential applications in
optical communication systems, optical chips, and all optical computers.14,15 Particularly
important are photonic band gap (PBG) crystals, which are periodic structures that are able to
block the propagation of light through the crystal in one, or more, directions. The works of E.
Yablonovitch 16 and S. John, 17 describing the inhibition of spontaneous emission and light
localization caused by the presence of a “photonic band gap”, respectively, gave a powerful
incentive to the field of photonic crystals. Photons behave in PBG crystals analogous to the
propagation of Bloch electron waves in semiconductors. 18 When the wavelength of light is of
the order of the period of a photonic crystal, photons can be Bragg-diffracted by the crystal
lattice planes resulting in a forbidden range of frequencies, which are referred to as “stop
gaps”. Light with frequencies within the stop band is thus not allowed to propagate through the
material along certain directions. Periodic photonic structures that are built up such that light
cannot propagate in any direction within a given frequency range, are referred to as crystals
exhibiting a photonic band gap. The existence of a photonic band gap in a photonic material
and its properties are dependent on the photonic strength, which is determined by the crystal
symmetry and refractive-index contrast. 19 The most vivid examples of photonic-crystal
materials can be found in nature in opals, iridescent butterfly wings, and in spins and treads of
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the sea mouse. 20,21 The opal itself consists of closely packed silica spheres that are often used,
in addition to polymeric microspheres, for making artificial colloidal crystals. Photonic band
structures were calculated for various crystal symmetries and dielectrics. 22, 23 , 24 , 25 It was found
that an FCC structure (see Figure 1) – a close-packed structure that is favourable in
spontaneous colloid self-assembly 26 has a PBG only in the second Brillouin zone, secondorder Bragg diffraction, and not in the first Brillouin zone. Therefore, the refractive-index
contrast between the building blocks of the FCC crystal (colloidal particles and the
interparticle space) should exceed 2.8 to obtain a photonic band gap. Optical properties of
photonic crystals are very sensitive to unavoidable structural disorder such as size dispersion,
displacement and roughness of the crystal building blocks. 27 The higher-order diffraction as
seen in FCC crystals can be destroyed. A PBG due to the lowest-order Bragg diffraction was
predicted for structures with diamond-like symmetries,23,24,25 for a minimum refractive-index
contrast of 1.9. This low-frequency PBG is less sensitive to structural disorder. Furthermore,
the lower required refractive-index contrast allows a broader choice of dielectric materials.
Although the diamond structure with tetrahedral packing is very well suited to fabricate PBG
crystals, its formation is not favoured by spontaneous colloidal self-assembly. The packing
density of this structure is very low; the packing fraction for the diamond structure is 0.34 as
compared with the favoured FCC that has a packing efficiency of 0.74.

Figure 1. Scanning electron microscopy (SEM) images of four facets of a face-centered cubic (FCC) structure
compared with a model crystal (center): (a) outer (111), (b) inner (111), (c) inner (110), (d) inner (100).13
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In order to fabricate colloidal crystals with a diamond structure, one can think of
mimicking the packing of ionic crystal lattices based on scaling up the ions with the
corresponding ionic radii and charges to colloidal dimensions. For example, the zinc blende
type of packing has a diamond lattice structure but consists of oppositely charged ions (Zn2+
and S2-) of different sizes. Calculation of a band gap structure of an inverse zinc blend colloidal
crystal showed a complete PBG in the first Brillouin zone.* A complete PBG of 2.1 % (for a
colloid size ratio of 0.225) and 3.0 % (for slightly overlapping colloidal spheres with a colloid
size ratio of 0.233)28 was obtained for a dielectric constant ratio of 11.56, taken for air spheres
in a silicon matrix, Figure 2.29 Possessing a complete PBG in the first Brillouin zone, these
structures could be promising candidates for photonic crystal applications. If colloidal crystals
with a zinc blende structure are stable, then prerequisite for successful fabrication of such
structures is a full control over size and surface charge of the polymer microparticles. In
addition, if PBG structures of practical relevance were to be built using colloidal particles as
building blocks, one must find a colloidal assembly approach that would allow controlling
packing symmetry, packing order and packing efficiency of such colloidal crystals.

Figure 2. Photonic dispersion relation for a crystal of air spheres possessing a zinc blende structure embedded in a
silicon matrix (ε = 11.56). The photonic dispersion relation is plotted for the wave vectors in the irreducible
Brillouin zone.19 A complete PBG of 3 % between the second and the third band was obtained for slightly
overlapping air spheres (sphere size ratio = 0.233).

*

The calculation of the PBG of the zinc blende structure was performed using MIT Photonic-Bands software.
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Colloidal crystals made of polymer or silica spheres possess a low refractive-index
contrast that is insufficient to open a PBG. Nevertheless, these colloidal crystals can be used
as templates to fabricate inverse structures with high refractive-index contrast. The inverse
structure, where the low refractive-index dielectric occupies the major part of the unit-cell
volume, accompanied by high dielectric contrast are favourable for wide “stop gaps” and,
therefore, for opening a PBG.22-25 For this purpose, colloidal crystals are first infiltrated with a
material with a high refractive index, and then colloidal spheres are selectively removed by
chemical etching, or calcination, leaving inverse structures with high refractive-index
contrast.30,31,32,33
Emerging micro- and nanofabrication technologies, including template structuring and
controlled assembly of colloidal particles, have a tremendous potential for use in colloidal
crystal engineering. Such directed assembly approaches will eventually allow one to fabricate
crystals exhibiting the desired packing characteristics (symmetry, packing density, etc…). For
example, template-directed crystallization and growth allow one to a certain degree to tailor
the packing structure, lattice orientation, and the size of the colloidal crystals. Van Blaaderen
et al.34 have shown in 1997 that slow sedimentation of colloidal particles into the “holes” of
topologically patterned templates direct the formation of FCC colloidal crystals with crystal
orientation of (100) planes parallel to the patterned surface that is different from the usual
(111) plane orientation with respect to the surface. These authors succeeded with the
fabrication of large, regular, oriented crystals and tailored their defect structure by the
mentioned surface graphoepitaxy approach. The basic idea of this approach was successfully
borrowed from semiconductor technology. In semiconductor structure manufacturing,
controlled growth of inorganic thin films with a certain orientation on topologically patterned
surfaces, known as graphoepitaxy or “artificial epitaxy”35 has been used with success. Growth
of crystals by graphoepitaxy, as its name states, is controlled by substrate topology as opposed
to atomic (lattice) epitaxy in which a material is crystallized onto an existing crystal of
another material such that the crystal supergrowth results in a continuation of the crystal
structure of the substrate.36
The example of a graphoepitaxial approach underlines the power of using topological
templates, or other patterns such as chemical37 or optical,38 in directed colloidal crystal
assembly to remedy the shortcomings of spontaneous colloidal self-assembly for the
manufacturing of tailored colloidal crystals for realistic photonics applications. Therefore, the
development of directed, robust methods is essential for obtaining high quality, uniform, and
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mechanically stable structures with a controlled packing symmetry and with a predetermined
crystal structure orientation with respect to the substrates (templates) used.

Concept of this thesis
The goal of this study is to establish a fabrication technique that allows control of
colloidal crystal growth. The method of colloidal crystallization on patterned surfaces under
an applied electric field is proposed. In this method, patterned surfaces predetermine the
location of colloids on the surface and an electric field act as a driving force in the colloidal
crystallization process. In this content, the research described in this thesis comprises
synthesis, characterization and crystallization of colloidal particles as well as patterning
approaches of electrode surfaces.
Chapter 1 is a literature-based introduction to the topic of colloidal crystallization.
Various colloidal crystallization methods, such as colloidal crystallization on flat, chemically
and lithographically modified substrates as well as under applied external fields are briefly
discussed. Special emphasis is placed on reviewing the current status in the area of colloidal
crystallization on topologically patterned substrates.
Computer simulations of colloidal crystallization processes are discussed in Chapter
2. Molecular Dynamic simulations are performed. The stability of binary colloidal crystals
formed from oppositely charged colloidal particles is examined. Colloidal radii ratios are
varied between 0.2 and 1. In addition, a theory on colloidal particle interactions is presented.
Synthesis and characterization of negatively and positively charged colloidal particles
are presented in Chapter 3 and Chapter 4, respectively. Colloidal particles are synthesised
by seeded (core-shell) emulsifier-free emulsion polymerization. The influence of monomer
type, initiator and polymerization conditions on colloid size, size monodispersity and surface
charge density are discussed.
In Chapter 5, a lithographic approach for electrode surface patterning, referred to as
“lift-off” method is presented. Hexagonal, square and rectangular types of periodic patterns in
photoresist layers are generated at the surface of conducting ITO electrodes by laser
interference lithography. Pattern periodicities are varied between 300 nm and 900 nm. The
influence of various process parameters on pattern structure is discussed.
The method of electrophoretic deposition of colloidal particles onto patterned
electrode substrates is presented in Chapter 6. Deposition on flat and patterned electrode
surfaces is compared. Deposition parameters such as electric field strength, colloid
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concentration, surface charge density, withdrawal speed of electrodes etc. are shown to play
an important role in colloidal crystal growth. Specifically, the formation of colloidal
monolayers (two-dimensional crystals) is discussed in depth in this chapter.
The growth of colloidal crystals with FCC and BCC structures is discussed in
Chapter 7. Colloidal crystals are deposited on patterned electrode surfaces with various
symmetries in order to induce colloidal crystal growth from different crystal planes. Colloidal
crystals with FCC crystal structure grown in [111], [100] and [110] crystal directions and
BCC structure in the [100] direction are presented. The influence of topologically patterned
electrode surfaces on colloidal crystal growth is a main topic of this chapter. Optimization of
deposition parameters for these self-assembled structures is also discussed.
The layer-by-layer deposition method of colloidal particles on patterned electrode
surfaces is presented in Chapter 8. We show that by applying this method, non-close-packed
colloidal multilayers with a colloidal particle size to electrode pattern periodicity ratio of 0.75
and a layer sequence as in the HCP crystal structure can be grown. Thick FCC colloidal
crystal growth in the direction perpendicular to the (110) crystal plane can be realized. Plane
defects in the form of a colloidal layer of different colloidal particle size can be introduced in
a colloidal crystal. Finally, growth of bimodal colloidal monolayers and crystals fabricated by
sequential deposition of colloidal particles either of identical or opposite charge signs is
presented in this chapter, as well.
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Chapter 1

Chapter 1
Ordering of Colloidal Crystals*

A literature review on the topic of colloidal crystallization is presented in
this chapter. Various colloidal crystallization methods, such as colloidal
crystallization on flat, chemically and lithographically modified substrates,
as well as under applied external fields are discussed. Special emphasis is
placed on reviewing the current status in the field of colloidal crystallization
on topologically patterned substrates. In this context, the various
interactions and forces that control growth for a broad range of colloidal
crystals are also included. In addition, the synthesis of colloidal particles
with different sizes, shapes and surface functionalization is first outlined
briefly. As to the composition of the colloidal particles, emphasis is laid on
polymer microspheres.

*

Parts of this chapter have been published in: N. V. Dziomkina, G. J. Vancso, Soft Matter 2005, 1, 265.
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1.1. Colloidal microparticles used in photonic crystal assembly
With the advent of photonics in need of colloidal crystals, inorganic colloidal
particles 1,2 and particularly silica 3, 4 and polymer5-17 colloidal microspheres quickly found
their place in applications where size monodispersity, colloidal dimensions (of the order of
the wavelength of visible and near-infrared light), surface functionality, and the ability to selfassemble in crystalline arrays are essential. Synthesis and structure-property studies of
polymer colloidal particles are one of the largest areas of polymer research with a long
tradition. It revolves around the preparation and study of finely dispersed polymer colloidal
particles in either aqueous or organic systems. The colloidal particles of interest for photonic
crystal engineering usually have a spherical shape and are often made of silica3,4 or
polymers 5,6 such as poly(methyl methacrylate) (PMMA) 7,19 or polystyrene (PS).11-18
The best-known method for the preparation of spherical silica colloidal particles (see
Figure 1.2B) was originally developed by Stöber et al. It is based on the hydrolysis of
tetraethoxysilane with subsequent polymerisation of Si-O units in ethanol medium. The
diameter of colloidal particles can be tuned from a few nanometers to a few micrometers by
choosing appropriate synthetic conditions such as concentration of the additives, temperature,
and pH.
Preparation strategies, and applications of functional polymer colloidal microspheres
including their use in medical, and chemical functions, optical and optoelectronic areas have
been extensively reviewed. 8, 9 , 10 Various polymerization methods such as emulsion,
dispersion, precipitation and suspension polymerizations are used to synthesize polymer
colloidal particles, Figure 1.1. Among the polymerization methods mentioned above,

Figure 1.1. Particle size range and particle polydispersity obtained by different polymerization methods.10
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emulsion, emulsifier-free emulsion and dispersion polymerizations yield monodisperse
particles in the range between 0.05 and 10 Pm. Monodisperse polymer colloidal particles of
sub-micrometer size that possess surface functionalities of choice are usually prepared by
emulsion polymerisation.5-18 In the conventional emulsion polymerization process, surfactant
molecules such as sodium dodecyl sulfate are used. Surfactant molecules are amphiphilic and,
therefore, can self-assemble into micelles above a critical concentration.5,6 In these micelles,
polymerisation of water-insoluble monomers occurs, resulting in the polymer microparticle of
interest. Surfactants in this case also act as stabilizing agents. In addition to conventional
emulsion polymerisations, emulsifier-free emulsion polymerisation11-18 found its wide
applicability due to the possibility of colloidal stabilization via ionic initiator residues
covalently bound to polymer particles. For an example of a polymer colloidal particle see
Figure 1.2A. The emulsifier-free emulsion polymerisation was successfully applied to both
the preparation of anionic 11, 12 , 13 , 14 as well as cationic 15, 16 , 17 , 18 colloidal particles. This
approach allows one to form monodisperse colloidal particles with sizes of up to 1µm. This
method is usually used either in combination with copolymerisation of functional comonomers, or without. Monodispersity in size (the diameter uniformity ratio of colloidal
particles) of such colloidal systems can be precisely controlled. The amount of charged
groups (or surface charge density) of polymer colloidal particles can be effectively tailored
via copolymerisation with functional co-monomers in the second step of polymerisation
around pre-formed particles,12-14,16-18 either by seeded polymerization or by two-stage growth
polymerization reactions.12,16 In seeded emulsion polymerization, the pre-formed polymer
colloidal particles are introduced to the reaction mixture at the beginning of the reaction and
swelling around colloidal particles occurs during the polymerisation, which is normally
utilized for the enlargement of colloidal particle size. In two-stage polymerisation the second
portion of reactants is added before the polymerisation is finished, therefore allowing one to
incorporate larger amounts of functional co-monomer molecules in comparison to seeded
polymerizations. As a result, higher surface charge densities at the colloidal microparticles are
achieved. Two-stage polymerisation of styrene with styrene derivatives as co-monomer12,16
has been reported.
A simple method for preparing sterically stabilized PMMA colloidal particles that is
widely used in colloid chemistry is a procedure reported by Antl and coworkers. 19 The
colloidal particles are stabilized by poly(12-hydroxystearic acid) in hydrocarbon media. By
variation of solvency conditions, it was possible to tune particle size. There is evidence that
these particles behave as almost perfect hard spheres, 20 which allows one to study packing
11
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structure and kinetics using colloidal particles as mimics for atoms and molecules. If colloidal
particles are labelled with fluorescent molecules, 21 their position within the crystal can be
imaged by confocal techniques. 22 This allows one to monitor the packing process and
structures formed in three dimensions (3D). In addition to the particles labelled by fluorescent
molecules, core-shell systems are also described. 23,24 Examples of the incorporation of gold
nanoparticles in polymer and silica colloidal particles are presented in Figure 1.2, C and
D. 25,26 Based on this method, nanoparticles of various materials can be incorporated in
polymer colloidal particles.

Figure 1.2. Representative examples of colloidal particles as building blocks for crystal assembly. TEM images of
A) polymer colloidal particles (particle diameter = 300 nm) and B); silica (particle diameter = 400 nm); C)
polymer colloidal particles loaded with gold nanoparticles (particle diameter = 250 nm); D) silica coated gold
nanoparticles (particle diameter = 100 nm); E) polymer colloidal particles of ellipsoidal shape (colloidal particle
dimensions are 1.08 by 0.78 µm); and F) SEM image of silica colloidal particles modified by ion irradiation (the
length of the colloidal particle = 1.2 µm and the aspect ratio = 2).
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Colloidal particles, which are assembled from equal-sized colloidal spheres can have
other complex shapes. 27 These particles can then pack into complex crystal structures. We
note that in a recent review by Polman et al. 28 the synthesis and characterization of
transparent, non-spherical, monodisperse particles with typical dimensions suitable for PBG
fabrication have been summarized. Polymer colloidal particles of ellipsoidal shape can also be
prepared by making use of viscoelastic deformation. In this approach, monodisperse spherical
polymer colloidal particles [PS or PMMA] are dispersed in an elastic matrix [poly(vinyl
alcohol) or poly(dimethylsiloxane)], and by subsequent matrix stretching and heating above
the glass transition temperature of the polymer, the microparticles stretch and assume an
ellipsoidal shape. 29,30 The particles can be visualized after the matrix with colloidal particles
is cooled down and the matrix is removed, Figure 1.2E. Such ellipsoid-shaped particles, when
assembled in crystals, can enlarge the optical band gap, hence are of great interest in
photonics. In Figure 1.2 we display a few representative examples of colloidal particles that
can be used as building blocks in colloidal crystals, including silica as well as polymer
microparticles.

1.2. Methods of colloidal crystal assembly
Commonly used methods for assembly of colloidal crystals are based on gravitational,
electrostatic, and capillary forces, or on the use of physical confinement in combination with
pressure and flow. Representative examples of the related approaches will be briefly
described in the following section. The examples include self-assembly by sedimentation and
controlled evaporation, electrodeposition, and the use of chemically patterned templates and
physical confinement for template fabrication.
The phase transitions from a disordered (liquid) state to an ordered (crystalline) state
that suspensions of spherical colloidal particles can exhibit have been intensively studied by
means of experiments, 31, 32 , 33 , 34 as well as computer simulations. 35, 36 , 37 , 38 As model systems,
“hard” spheres or colloidal particles that interact via steep (or short-range) repulsion potential
and “soft” spheres, where a long-range repulsion keeps the colloidal particles sufficiently
separated, have been considered. In practice, sterically stabilized polymer colloidal particles
such as PMMA microspheres that are stabilized by poly(12-hydroxystearic acid),19 or charged
microspheres with fully-screened electrostatic repulsions 39 are used as hard spheres. Thus, the
usual independent variables of phase diagrams include the colloidal volume fraction for hard
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spheres, and the volume fraction and ionic strength/charge for “soft”, or charged, colloidal
suspensions.
Hard spheres redistributed in suspension undergo fluid-crystal transitions upon
increasing the volume fraction of colloidal microparticles beyond 0.49.31,32 At volume
fractions higher than 0.58 a glass-like order was reported, Figure 1.3A. The crystal structure
in the homogeneous region, as determined by light-scattering, was the FCC structure.
Formation of crystal structures like AB2, AB13 in colloidal mixtures of bimodal size (atomic
analogs are AlB2 and NaZn13) was also reported.33 Recently, it was shown that crystallization
of oppositely charged singular and bimodal hard spheres led to the formation of a variety of
crystal structures that mimic ionic crystals, such as CsCl, NaCl, NiAs and various colloidal
structures with AB2, AB6, AB8 stoichiometries. 40 As mentioned, in charged-stabilized
suspensions, in addition to the volume fraction, salt concentration as well as charge on the
particles can be varied.8-18 Chaikin et al. determined the phase diagram, structure factor, and
pair distribution function for a charged polymer (polystyrene) colloidal suspension using
small-angle, synchrotron x-ray-scattering. The corresponding phase diagram revealed a rich
variety of structures such as liquid, FCC, body-centered-cubic (bcc), and glassy phases,
remarkably at volume fractions that are rather low compared to those reported for hard
spheres, Figure 1.3B.34,37,38

A

B

Figure 1.3. Typical “phase-diagram” of a colloidal system of A) hard spheres; and B) “soft”, charged colloidal
suspensions (volume fraction is specified in %). The region between the bcc and FCC regions, indicated by
open squares, represents coexisting packing for these two phases.

Colloidal assembly can be induced by gravitational, 41, 42 , 43 , 44 electric 45, 46 , 47 , 48 , 49 and
magnetic 50,51 fields. Although sedimentation in a gravitational field is conceptually
straightforward and simple, very precise control of parameters, such as the size and the
14
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density of the colloidal spheres, is essential for successful self-assembly. The colloidal
particles will only settle if their size and density are sufficiently high. Controlled
sedimentation of colloidal particles in a gravitational field leads to the formation of 3D
polycrystalline structures, usually exhibiting an FCC lattice. 43, 52 , 53 , 54 Silica colloidal particles
are commonly used in this type of fabrication due to their high density. Unfortunately, the
process of sedimentation is rather slow and successful fabrication of good-quality colloidal
crystals can take up to several weeks.41-44 In order to speed up the sedimentation process,
filtration and centrifugation have been applied. 55 Although the use of filtration and
centrifugation shorten the time of crystal manufacturing, these techniques do not necessarily
yield better quality crystals. The formation of polycrystalline domains with different lattice
orientation in colloidal crystals obtained by sedimentation is caused by simultaneous
nucleation in different locations of the specimen surface. Subsequent growth of crystalline
domains in various directions 56 leads to random orientation of the crystalline grains formed.
A significant improvement of ordering of polymer colloidal monolayers under ultrasonic
agitation was initially demonstrated by Sasaki et al. 57 This method was later applied to
improve the fabrication of 3D colloidal structures under physical confinement. 58 Enhanced
ordering of colloidal particles during crystal formation can be promoted also by mechanical
shear 59 in addition to the above-mentioned sonication. It was also shown that the ordering and
crystallinity in the sedimentation process could be enhanced by sedimentation under an
oscillatory shear in a confined area. 60
Another inconvenience of the sedimentation method is that it is difficult to control the
number of colloidal layers, while for some applications, such as integration of colloidal
crystals into microchips, the crystal thickness plays an essential role. The use of a vertical
deposition technique allows one to control the thickness of the crystalline layers
formed. 61, 62 , 63 , 64 , 65 , 66,67 In the case of deposition of a 2D particle assembly, the mechanism of
colloidal crystallization is represented by two stages and is also known as “convective
assembly”. Colloidal crystallization is initiated by attractive capillary immersion forces,
mediated in the solvent meniscus between particles at the drying front, Figure 1.4A. These
capillary forces induce the colloidal aggregation. Solvent evaporation from the already
ordered arrays causes a convective particle flux towards the drying particle layer from the
bulk of the colloidal suspension. The formation of a meniscus between particles during the
crystallization process is essential for the monotonic formation of 2D colloidal arrays. In the
case of 3D colloidal crystals (or multi-layers), the second process of convective transfer of
particles from the bulk of the suspension to the thin wetting film prevails, Figure 1.4B.
15
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Colloidal particles, driven to the drying zone of a colloidal film, are pressed towards the
crystal front by the solvent influx that percolates through the array’s cavities, compensating
the evaporation. Evaporating solvent from the colloidal drying film forms capillary bridges
between particles that exert strong attractive capillary forces, which can be responsible for the
crack formation in the dried colloidal films. The formation of binary colloidal crystals grown
by this vertical deposition method was also reported. The authors varied the pattern of the
binary crystals formed by the choice of the small to large sphere size ratio as well as their
relative amounts in the dispersion. For a full control of ordering, domain size and thickness of
colloidal crystals, various parameters must be simultaneously considered including the choice
of substrates, tilt angle of the substrate with respect to the free surface of the colloidal
suspension (when the substrate is immersed across the suspension-air interface), choice of
solvent, evaporation rate, ambient temperature and relative humidity, concentration of
colloidal particles,61-67 etc.
As we will see later, capillary forces can have different effects on colloidal assembly.
On the one hand, capillary interactions are advantageous for thickness control, ordering, and
domain size definition of colloidal arrays. On the other hand, capillary forces usually lead to
the formation of colloidal crystals with close-packed FCC (111) lattices with respect to the
substrate surface i.e. limit crystal orientation and type of packing.
In addition to the vertical deposition method, control over the thickness of colloidal
crystals can be achieved by Langmuir-Blodgett (LB) deposition, when colloidal 2D arrays of
functionalized silica colloidal particles are formed at the water-air interface. 68 By adjusting
the speed of downstroke and upstroke of the substrate through the air-water interface, the
transfer of a single layer of particles at each cycle can yield 3D colloidal crystals. 69 Park et
al. 70 reported that the formation of large colloidal crystals with controllable thickness

Figure 1.4. Schematic illustration of the mechanism of colloidal self-assembly in the vertical deposition technique
in the case of A) 2D colloidal arrays and B) 3D colloidal crystals (multilayers).
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obtained by this LB approach can be induced by simply raising the temperature of the solution
and by the adjustment of the concentration of the polymer (polystyrene) colloidal particles.
Recently, McFarland et al. 71 also demonstrated that large-area (wafer-size) colloidal crystals
with controllable thickness can be formed by a simple spin-coating process. The thickness of
the colloidal crystal-polymer nanocomposite was controlled by the spin-coating speed.
Subsequent selective removal either of the polymer matrix or of the silica colloidal crystal led
to the formation of colloidal crystals or macroporous polymer, respectively.
Gravitational forces are always present under normal conditions, however other
interactions such as electrostatic forces can also be utilized for colloidal crystal engineering.
In these approaches, colloidal particles with an electric charge are electrostatically deposited
from their aqueous dispersions onto surface domains bearing opposite charges. 72, 73 , 74 , 75 , 76 , 77
The interactions of colloidal particles with direct and alternating electric fields on electrode
surfaces were first intensively studied by investigating the formation of 2D colloidal
ordering.47,48,49 In a corresponding study the behaviour of micrometer size colloidal particles
on the electrode surface was continuously monitored by optical microscopy. At low electric
field strength (2.5 V/mm) colloidal particles approached an electrode surface and deposited on
it randomly. When the electric field was increased (from 2.5 V/mm to 7.5 V/mm), colloidal
particles started migrating along the electrode surface, forming hexagonal closed packed
aggregates. This migration was explained by the electrohydrodynamic flow near the surface
arising from the passage of ionic current through the solution. With further increase of the
electric field (higher than 10 V/mm) colloidal particles could adhere permanently to the
electrode surface. The ordering of colloidal monolayers 78 and crystals 79 could be controlled
by applying an electric field in combination with UV irradiation. Specifically, by varying the

Figure 1.5. Volume fraction – electric field phase diagram, where the phases are labelled as follows: b.c.c. – bodycentered cubic, f.c.c. – face-centered cubic, b.c.o. – body-centered orthorhombic, s.f.t. – space-filling tetragonal,
and b.c.t. – body-centered tetragonal.
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special intensity profile of the applied UV radiation and by using a selective illumination
through a photomask, templating of the surface with colloidal particles can be achieved.
Recently, it was also shown that the structure of 3D colloidal crystals45,46 on electrode
surfaces can be tuned by the strength of the electric field and by choosing appropriate
colloidal volume fractions, Figure 1.5. Colloidal particles with diameters in the submicron
length scale were labelled with fluorescent dyes and studied with a confocal microscope. The
use of confocal microscopy opens possibilities to determine the depth and position of the
labelled colloidal particles within the crystal. Phase diagrams (structures formed as a function
of electric field and volume fraction) have been established in great detail in these
experiments using PMMA microspheres with fluorescent dye, dispersed in the solvent. The
authors tuned the interaction potential including hard sphere repulsion, electrostatic repulsion
adjusted by the salt concentration, and an orientation dependent dipolar term (tuneable by the
electric field). Details of the structure and phase packing were unveiled by confocal optical
imaging. In the absence of an electric field the results found were consistent with earlier
obtained results.31-38 However, with the electric field turned on a rich phase behaviour
emerged. Variation of the electric field strength allowed the researchers to tune the structure
among the different phases. A drawback of colloidal crystal structure engineering using
electrodeposition is the dependence of the structure stability on the presence of the
electrostatic field. When the field used for assembly is switched off, the crystals formed can
re-disperse back in the suspension or be transformed back to FCC or RHCP structures by
capillary forces when the sample is withdrawn from the suspension. Therefore the colloidal
crystal must be fixated before its withdrawal, for example, by subsequent polymerization of
the dispersion medium. 80, 81 , 82

Figure 1.6. Colloidal assembly on chemically patterned substrates: A) colloidal clusters; and B) colloidal crystals
assembled on areas of several tens of micrometer size with a given lateral pattern of surface chemistry: (a), (b)
circles and (c) stripes, where the arrows show the direction of the sample withdrawal from the suspension.
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It is clearly seen from the examples above that it is difficult to control colloidal
ordering without the use of adequate templates which direct crystallization. Templates used
for “nucleation” of colloidal crystal layers are usually engineered by the modification of their
surfaces including physical (lithographically) 83, 84 , 85 , 86 or chemical87-91 patterning. Control of
surface chemistry and the corresponding patterns of chemical functional units can be achieved
by using self-assembling monolayers (SAMs) 87 of organic molecules that have good adhesion
to the substrates (for example, thiols to gold,72-75,87, 88 , 89 silanes to oxide substrates76,77,87,89) or
polyelectrolytes73,74, 90 in layer-by-layer supramolecular assembly either on homogeneous, or
on pre-patterned substrates. The layer-by-layer method allows one to tune the surface charge
(positive, negative, or neutral), as well.
Soft lithography and nanoimprint lithography 91 are widely applied techniques for the
“printing” of the molecules used for surface modification. The topological pattern of the
stamp determines the chemical pattern on the substrate surface. Ordering of colloidal particles
on such chemically modified surfaces is governed by the combined effects of electrostatic and
capillary forces. Charged microspheres self-assemble on the oppositely charged areas of
substrates when the substrate is slowly taken out from the colloidal suspension, Figure 1.6.7277

Depending on the ratio between colloidal particle size and the size of the patterned area,

colloidal aggregates of very complex forms can be obtained, Figure 1.6A. Colloidal
multilayers on chemically modified substrates can be selectively grown by the vertical
deposition technique, when a substrate is withdrawn from the suspension with a certain speed,
Figure 1.6B. The crystals grown were reported to exhibit mainly non-close-packed hexagonal
structures. However, Koumoto et al. demonstrated growth of hexagonally close-packed
colloidal layers by the vertical deposition technique when a temperature gradient was
maintained across the suspension.
1.3. Template directed colloidal assembly
Geometrical confinement has long been known to affect the phase behavior of
materials. 92 Crystallization of confined polymer melts in thin films 93, 94 , 95 is an example taken
from polymer science describing the influence of geometrical constraints on the physical
behavior. Topological patterning of substrates is often used to direct crystallization in
semiconductor technology 96 and in block copolymer crystallization. 97 It has been recognized
that if one wants to fabricate engineered colloidal crystals, the use of topologically patterned
substrates constitutes a very useful approach. 98 We summarize below some representative
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achievements in colloidal crystal engineering based on topologically driven, template-assisted
growth.
Topological patterns can be manufactured into substrates using standard approaches of
micro- and nanofabrication. 99 Relevant fabrication processes include electron beam and
photolithography,83-86 soft lithography, nanoimprint lithography, reactive ion etching, 100 etc.
Leiderer et al. 101 in a study aiming at determining the average crystalline radius of
polycrystalline colloidal solids realized long ago that the use of colloidal crystals is severely
hampered by the lack of controlled approaches to engineer large single crystals with
adjustable crystal orientation. Colloidal crystals with a known crystallographic orientation
obtained by template-assisted growth were first reported by van Blaaderen et al. To tackle the
problem of size and orientation of colloidal crystals, silica spheres were deposited in this
study onto hole-patterned PMMA layers, which were created by electron beam lithography.
Slow sedimentation of the colloidal particles onto the array of holes was shown to direct the
formation of crystals. Orientation, size and lattice structure of the resulting crystals was
controlled in this pioneering study of a “colloidal epitaxy” process as named by the authors.
In a later experiment Braun et al. 102 increased the refractive-index contrast of the
colloidal crystals formed with a pre-defined crystal orientation through melt imbibing of
selenium and high refractive-index chalcogenide glasses into a graphoepitaxially grown
structure obtained under elevated temperature and pressure. This process allowed the
researchers to fabricate inverted photonic crystals with known crystallographic orientations.
As the colloidal template used possessed a known orientation, photonic crystals could be cut
and polished which exposed (001) and (110) facets of the FCC crystal structure, Figure 1.7.

Figure 1.7. Scanning electron micrograph image of an “inverse” selenium photonic crystal, demonstrating A)
the polished (001) facet, which was perpendicular to the settling direction and B) the (110) face.
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The fabrication of useful photonic devices requires the use of crystals of sufficiently
large sizes (exhibiting a volume of mm3).41,103 It was shown by Xia et al.103 that when
colloidal particles are subjected to a physical confinement, the crystals obtained demonstrate
much better ordering and orientation compared with crystals grown on a bare substrate. The
authors used dispersions of PS beads, which were injected into the confinement of a
rectangular cell (under pressure). This cell constituted a physical confinement possessing
typical dimensions of cm in width and length, respectively, and several micrometers in height.
By tuning the ratio of the height vs. colloidal particle diameter, the number of layers was
easily controlled. Large, defect-free, close-packed crystal layers were observed when the
crystals were formed under continuous sonication, Figure 1.8.

Figure 1.8. Crystallization of colloidal particles under physical confinement: two parallel glass plates separated
by walls made of photoresist A) schematics of the fabrication process; B) and C) representative colloidal
crystals.

Ordering of latex particles in 3D crystals within a confined cell by oscillatory shear
was promoted in a study carried out by Kumacheva et al.60 In this study the ordering was
characterized as a function of acceleration ratio that includes an oscillation frequency in the
lateral as well as in the vertical directions, respectively. Shear and flow have been used in a
subsequent study aiming at flow-driven organization of colloidal spheres in microchannels.
One of the simplest topological patterns of possible interest consists of periodic grooves with
a rectangular shape. Whitesides et al. 104 studied the influence of the width and size of such
rectangular grooves (microchannels) on colloidal ordering by coupling laminar flows of
colloidal dispersions and topological confinement of the grooves. These authors showed the
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formation of close-packed hexagonal, as well as rhombic, or disordered structures, depending
on the ratio of the groove width to the particle diameter, Figure 1.9. Similar behaviour was
observed when 2D colloidal structures were formed in microchannels in the presence of an
electric field. 105,106 The authors used charged PMMA spheres and, in an electrodeposition
process between two parallel planar electrodes, assembled colloidal crystals into
electroconductive grooves, which were patterned into an ITO anode. Structures on nonpatterned electrode surfaces exhibited no packing order, while if the channel width was
decreased to below 7.5 Pm, ordering was observed to set in. With further decrease of the
channel width, oscillatory order-disorder transitions were observed, depending on the
commensurability of the colloidal particle row distances with the groove width. Thus packing
showed an oscillatory profile in the confinement of the grooves with the variation of channel
width. Increasing the mismatch between ideal and experimental ratios of groove width vs.
particle diameter to larger than a given threshold value (of ca. 15 %) introduced defects in the
crystal structure. In a subsequent study the same group investigated the assembly of crystals
on surfaces patterned by narrow grooves into which only parts of one colloidal sphere could
(snugly) fit. Thus these narrow profiles provided sites for colloidal deposition in one-bead
rows. Depending on the periodicity length of the groove pattern vs. particle diameter,
different colloidal ordering was observed.110 Similar grooves were used by these authors to
visualize in-situ the temporal development of template-assisted crystallization by
electrodeposition. The electric field served to move the charged colloidal particles toward the
electrode with opposite charges and to generate lateral attraction between the colloidal beads.

Figure 1.9. Influence of microchannel dimensions on colloidal ordering: fragments of 2D lattices generated from
100-Pm beads in microchannels with a relative channel width (L) with respect to particle diameter 2R, L/(2R):
(a) 2.20, (b) 2.65, (c) 3.33, (d) 3.71, (e) 4.46; (f) 5.11.
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Template-directed self-assembly of colloidal particles with close-packed and nonclose-packed structures on 1D and 2D topologically patterned substrates was demonstrated by
various groups. 107,108, 109 , 110 , 111 Crocker et al. studying colloidal epitaxy, Natansohn et al.
using a conventional vertical deposition technique, and Kumacheva et al. depositing colloidal
particles electrophoretically on 1D patterned surfaces demonstrated that the structure of 2D
colloidal monolayers formed on 1D patterned substrates is highly dependent on the ratio
between the size of the colloidal particles and the grating periodicity. Introducing 2D gratings
of the substrate surface, Kim et al.109 (using a conventional solvent evaporation technique for
colloidal deposition when the substrate is tilted under a certain angle to the vertical position)
and van Blaaderen et al. (using the vertical deposition technique) could realize the fabrication
of large, almost defect-free, square-symmetric, close-packed and non-close-packed, 2D
structures. Kim, by varying the pattern structure from hexagonal and square to tetragonal
types by interference lithography, was able to grow two layers of pseudo – {100} and {110}
structures, as well as different hexagonal structures. Van Blaaderen also claimed that on
templates consisting of pillars arranged in a square symmetry non-close-packed simple cubic
and body centered cubic crystals can be grown by this method.
It is important to emphasize that if the potential of colloidal crystals were to be fully
realized in devices, they must be fabricated into planarized microphotonic crystal chips. G. A.
Ozin and his group, 112,113 who pioneered the fabrication of planarized microphotonic
structures based on colloidal crystals, successfully integrated confinement driven, 2
dimensional templated growth, self-assembly and substrate microfabrication. Such integral
strategies are anticipated to play a crucial role to provide simple methods for integration of
colloidal crystals into microphotonic components in chips for optical telecommunication
applications. The Ozin group used relief structures as templates with tapered dimensions to
fabricate colloidal crystals with their (100) planes oriented parallel to the substrate plane. The
authors obtained anisotropically etched, V-shaped grooves inside Si (100) wafers using soft
lithography patterning. The apex angles of the grooves beneath the Si wafer surface were
determined by the Si crystal to 70.6 degrees. The grooves were then partially covered by a
piece of flat PDMS and a drop of colloidal dispersion was added at the edge of this PDMS.
Capillary action sucked the colloidal microparticles subsequently into the grooves and several
layers of silica (100) colloidal single crystals were formed in the channels. This technique is
also called micromolding in capillaries (MIMIC). It was initially developed by the Whitesides
group for fabrication of polymeric microstructures114 and was later applied to colloidal
microparticle ordering. 115 Subsequently, square-pyramid shaped etch pits were also fabricated
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into a Si (100) wafer which were also successfully filled with colloidal particles forming
different packing geometries. In subsequent papers, the Ozin group demonstrated ordering of
colloidal crystals by the evaporation technique in patterned Si wafers exhibiting rectangular
topology. 116,117 It was also shown that the combination of MIMIC112 with additional colloidal
self-assembly by solvent evaporation using vertically placed substrates allows one to fabricate
periodic colloidal crystals with modulated lattice dimensions. In these experiments colloid
particles of different sizes were used. This work, using rectangular patterned substrates was
later extended by different research groups. 118, 119 , 120

Figure 1.10. A) Scheme of ordering of microspheres in V-shaped grooves made by anisotropic etching of Si
(100) and (110) wafer, respectively; B) an example of FCC (100) crystal obtained from a template exhibiting a
“negative” pyramide-shape.

Yodh et al. 121 showed later the use of square-2D grating templates with a square
pattern to drive the growth of 3D-FCC colloidal crystals by convective assembly, where
colloidal crystals are formed through the evaporation of the suspension solvent. The (100)
planes of the FCC crystals obtained maintained their parallel orientation with respect to the
substrate for ca. 50 layers.
A nice continuation of the use of topologically patterned substrates to fabricate large
colloidal crystals was done by Xia et al. 122,123 These authors etched 2D regular arrays of
pyramidal tips into Si wafers in an attempt to grow structures which should be different from
the FCC lattices usually grown with their (111) facets oriented parallel to the substrates.
Polystyrene beads with different diameters were crystallized into the pits with (100) planes
oriented parallel to the substrates, Figure 1.10. The polymer particles were allowed to
crystallize into the pits forming long-range ordered lattices over several days. Matsuo et al. 124
also demonstrated that the shape of the pyramidal tips and opening angles can be controlled
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via silicon wafers possessing (100) and (110) crystallographic orientations, resulting in the
formation of colloidal crystals of FCC (100) and (110) lattices, respectively.
Xia et al., 125, 126 , 127 extending the work of the Ozin group, also demonstrated the
influence of different surface patterns on colloidal aggregation. Producing patterns of
different shapes like triangle, lines or simply round and varied sizes in photoresist, Xia and
coworkers could achieve the ordering of colloidal particles into various structures that
basically would be impossible to obtain on the bare surface, Figure 1.11.
Colloidal crystals have been considered as an analogue for molecular/atomic
crystallization in fundamental physical studies. One could consider – using this analogy – to
design and construct colloidal crystal lattices, which mimic inorganic ionic crystals. For
example, the zinc blende structure, found for inorganic ZnS crystals, is in packing very
similar to the diamond structure, which exhibits a full photonic band gap. However, this
structure is stabilized by Coulomb interactions rather than by the covalent bond structure
present in diamond. This zinc blende structure could be mimicked, in principle, by using a
bimodal distribution of colloidal particles having a given surface charge, which would
stabilize colloidal particle packing. Positively and negatively charged colloidal particles with
appropriate surface charge densities and particle diameter could then be packed e.g. using
layer-by-layer approaches to form useful colloidal crystals. Thus for the formation of these
crystals templating as well as layer-by-layer packing are of interest.

Figure 1.11. 2D Colloidal clusters formed by self-assembly on the patterned surface of different shapes A)
schematic drawing of the packing forms as a function of the ratio of colloidal diameter vs. pit diameter; and B)
SEM images of colloidal self-assembly in a), b) holes, c) triangles, and d) lines.
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Binary colloidal crystals exhibiting building blocks of different sizes were fabricated
using a layer-by-layer growth process described by van Blaaderen et al. 128 The authors used a
layer of hexagonally close-packed colloidal particles previously fabricated on a flat substrate.
Crystals with two layers consisting of either silica, or PS colloidal particles were subsequently
deposited. The templating colloidal layer acted as a periodically corrugated potential for
subsequent growth. Deposition was performed from suspension, using a drying front driven
ordering in the successive steps. The authors discussed packing of bilayers (AB, AB2, AB3)
and claimed to have grown a four-layer crystal of the type AB2. This approach shows how the
B

possibility to “mimic” inorganic ABx type crystals can be realized by controlling the size ratio
B

(hard core potential) of the particles.
As layer-by-layer growth fabrication is a time consuming approach, Möhwald et al. 129
used a stepwise spin coating strategy and fabricated AB2 and AB3 binary colloidal crystals
from suspension. The diameter ratio between the two constituents was shown to influence the
packing symmetry. Essential for this type of growth (epitaxy on a pre-fabricated colloidal
layer or on a periodically corrugated potential) is a tight fit of the particles into the interstitial
sites of the templating substrate. Also this statement underlines the long-recognized
importance of the existing colloidal crystal layer for the growth of the subsequent overlayer.
Thus, if strategies could be devised to grow colloidal monolayers with well-defined symmetry
and packing, entire crystals could be built on this as a templating layer (a “sort” of
graphoepitaxy, or growth on a corrugated surface potential).
As earlier mentioned, packing of colloidal particles in a diamond structure would be
very useful for fabricating full-gap photonic crystals. Attempts to obtain such structures have
been described using a one-by-one direct packing approach of colloidal particles in a serial
fashion. The idea is based on stacking of two different types of colloidal particles, for
example, inorganic and organic in a mixed bcc structure where one type of colloidal particles
is removed, leaving a diamond structure of another type of colloidal particles. 130, 131 This
structure was realized by a nanorobot that places colloidal particles of different kind in certain
positions. The result of fabricating a diamond structure out of colloidal particles that do not
have a covalent bonding as in diamond itself is very spectacular, but the process itself is time
consuming (it takes 7 minutes for a colloidal microsphere to be placed in the correct position).
The quest for colloidal crystal engineering continues to devise fast, robust and economical
approaches for the fabrication of colloidal crystals under full structural control.
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Chapter 2
Computer Simulations of Colloidal Crystal
Packing*

Crystallization of oppositely charged colloidal particles was studied by
simulations using “Molecular Dynamics” computations. The stability of
colloidal crystals with various crystal structures was calculated. It was found
that stable colloidal crystal structures can resemble those found among the
inorganic materials. A range of sphere size ratios was determined for stable
colloidal structures. Colloidal crystals with a zinc blende inorganic analog
were found to be stable at a size ratio of 0.2, with a sodium chloride analog
– at a size ratio 0.4 and with a cesium chloride analog – at size ratios higher
than 0.6. There were no sharp transition boundaries found between these
crystal structures. The presence of a surface charge was necessary to keep
the structure together, but the magnitude of this charge was not important
for obtained stable structures, although high surface charges speed up the
breakdown of unstable crystal structures. We also found that charge
stabilized colloidal crystals with the zinc blende structure were stable, while
the same structure built out of hard spheres was not.
*
This chapter is based on a Diploma Thesis by E. Leenders and was carried out in the group of Prof. W. J. Briels
“Computational Biophysics” and co-supervised by W. K. den Otter and N. V. Dziomkina.
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Introduction
Photonic crystals with a diamond structure possess a photonic band gap in the first
Brillouin zone. 1 The corresponding diamond structure has a low packing density of 0.34.
Until now, all attempts to fabricate this structure by self-assembly of colloidal particles have
been unsuccessful. In nature, the diamond structure was found in carbon and silicium where
atoms are held together by covalent bonding and, therefore, the reproduction of this structure
by self-assembly of colloidal particles is rather difficult. In order to fabricate colloidal crystals
with a diamond structure, one can think of mimicking the packing of ionic crystal lattices
based on scaling up the ions with the corresponding ionic radii and charges to colloidal
dimensions. For example, the zinc blende type packing has a diamond lattice structure but
consists of oppositely charged ions (Zn2+ and S2-) of different sizes. Each ion type occupies
one of the FCC sites (in other words, each ion is surrounded by four ions of the other type at
the tetrahedral positions) that are shifted relatively to each other by (¼,¼,¼) of the lattice
constant. The zinc blende structure found in inorganic materials is only partially ionic, which
does not give a direct encouragement to mimic colloidal crystal assembly of oppositely
charged colloidal particles. Therefore, in order to obtain this structure experimentally using
oppositely charged colloidal particles, preliminary calculations of the stability of such
colloidal zinc blende structures have to be done.
The crystallization process of colloidal particles has been studied extensively
experimentally 2, 3 , 4 , 5 , 6 as well as theoretically. 7, 8 , 9 , 10 As a result, most of the theoretically
(simulated) colloidal crystal structures have been confirmed experimentally.4,6
Various computational methods are used to simulate colloidal crystallization
processes. The greater part of the simulation studies applies the Monte Carlo (MC) method for
studying equilibrium phases. The phase diagram of the colloidal particles is calculated, where
equilibrium phases and colloidal structures are present at a specific composition and
temperature/pressure. In the Monte Carlo simulations, colloidal particles are represented by
hard spheres, where the potential energy is set to infinity whenever two particles are too close.
Crystallization of hard spheres is not driven by the potential energy that is zero by definition,
but occurs due to entropic reasons: the empty volume around each particle may be larger and
therefore, the translational entropy of the particle compensates for the loss of entropy of being
placed in a lattice. Trizac et al. 11 translate this into the 'rule of thumb' that a hard sphere
binary crystal is only stable when its density is higher than that of either of the two pure
solids. Stable AB2 structures for colloidal radii ratios of 0.48 < RA/RB < 0.62 and a rocksalt
B
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structure for RA/RB = 0.41 were found. The AB13 superlattice was found by Eldridge et al. 12
B

using the same method, but with different radii ratios.
Charge stabilized colloidal particles reveal several stable phases such as face-centred
cubic (FCC), body-centred cubic (BCC) and liquid phases. Kremer et al. 13 and El Azhar et
al. 14 studied the crystallization of colloids as a function of temperature and screening length,
where a repulsive Yukawa potential combined with hard sphere repulsion were used to
compare different structures on the basis of their free energy difference. A transition was seen
between the FCC structure at low temperatures and the BCC structure at higher temperatures.
The same transition has often been observed in metals. 15 Louis et al., 16 studying colloidal
interactions of binary particles by MD computer simulations showed that repulsion between
large and small colloidal particles enhances attraction between the large spheres due to a
depletion effect.
Accounts of simulations on oppositely charged colloids in the literature are scarce. Wu
et al.

17

performed Monte Carlo simulations studying the pair interaction between two spheres

with opposite charges in a solution of a symmetric monovalent salt, using the hypernetted
chain closure (HNC). The direct interaction was studied through hard-sphere repulsion and
Coulomb forces (without screening). They found a slight difference in interaction between
oppositely and equally charged colloids (apart from the sign). In both cases, the results could
be fitted very well with a Yukawa potential, although with different values for the fitting
parameters. This also seems to agree with Löwen's conclusions. 18 However, two aspects
should be mentioned:
x

HNC theory is more suitable for Lennard-Jones than for hard-core particles, where in the
latter case, the Percus-Yevick closure is more common.

x

Wu's particles were much smaller than those in colloidal crystals. Their diameter was
only 2 nm (which is more on the order of the surrounding ions than on the order of
colloidal particles size).

Therefore, in order to estimate the crystal structure built by oppositely charged colloidal
particles, computer simulations should be performed to make predictions for parameters of the
systems helping experimental research.
In this chapter, MD computer simulations are presented of colloidal crystals formed
by oppositely charged colloidal particles. The stability of colloidal crystal structures for
binary colloidal radii ratios between 0.2 and 1 is examined. In addition, theoretical
background on colloidal particle interactions is presented.
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2.1. Interparticle interactions
2.1.1. Coulomb potential
Charges q1 and q2 interact through Coulomb forces:
 q1q2
(2.1)
U (r12 )
4SHH 0 r12
where H and H0 are the relative permittivities or dielectric constants of the medium and

vacuum, respectively, and r12 is the distance between the two charges. Long range potentials
like the Coulomb potential cause extra problems in simulations.

2.1.2 Lennard-Jones potential

Van der Waals forces are attractive forces between two atoms, due to dipole-dipole
interactions (both induced and permanent dipoles). In atomic simulations, Van der Waals
forces are often formalised using the Lennard-Jones potential (2.2). Here, the potential
between atom i and atom j is:
ª§ V
U (rij ) 4H «¨
«¨© rij
¬

12

6

º
»
(2.2)
»
¼
where H is the lowest value of U and V the distance where U = 0, Figure 2.1. The 6th-power
·
§ ·
¸ ¨V ¸
¸
¨r ¸
¹
© ij ¹

term can be deduced from dipole-dipole interactions 19 and is always attractive. The 12thpower term is a repulsive part that is caused mainly by the Pauli principle. This part is not
very well defined. The inverse 12th-power dependence with the distance is chosen basically
for mathematical convenience, but the value of the power could lie between 9 and 15.
Exponential functions are used, as well.
Interactions between spherical non-charged atoms like argon can be described very
well using the Lennard-Jones potential. Crystallisation processes of argon have been
extensively studied, using this potential. 20

Figure 2.1. Lennard-Jones potential with cut-off distance rc.
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2.1.3 Yukawa potential

In the case of charged colloids, large spheres with a surface charge (the colloids) are
surrounded by much smaller counter- and co-ions (the dissolved salt). The distribution of the
ions can be described using the electric double layer theory, Figure 2.2. 21 An electric double
layer consists of two regions: an inner region with adsorbed counter-ions near the colloidal
surface (Stern layer) and a diffuse region with ions distributed according to the influence of
electrical forces and random thermal motion. Of course, the whole system must be charge
neutral. The electric potential (Yukawa or screened Coulomb potential) around one colloid is
given as: 22
q
exp(N (r  R))
4SH (1  NR)r

\ (r )

(2.3)

1/ 2

N

q

§ 2 F 2 cz 2 ·
¸¸
¨¨
© HRT ¹

4SHR (1  NR )\ 0

(2.4)
(2.5)

where R is the colloid’s radius, r is the radial distance from the center of the particle, N is the
inverse Debije-Hückel screening length and q is a total charge in the surroundings of the
colloid.

Figure 2.2. Schematic representation of a double electrical layer structure. The first layer is formed by counter
ions attracted to the surface by electrostatic and adsorption forces. In this layer with a thickness of G, a sharp
drop of the potential occurs (adsorption or Stern layer). Other counter ions, that compensate the potential
determined ions, spread over a certain distance by thermal motion, form the second (or diffusion) layer. In the
diffusion layer, the potential decreases nonlinearly, due to a decrease in counter ion concentration towards the
bulk of the solution. N-1 is the double layer thickness. ] is the electrokinetic potential (or ] - potential) that
determines the movement of liquid phase around a particle under an applied electric field. ] is also an indicator
for colloid stability.
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In order to obtain the actual interaction with another colloidal particle (below with
index 2), (2.3) must be multiplied with the charge of this other colloid. The result is
U (r )

q1q 2
exp(N (r  R1 ))
4SH (1  NR1 )r

In the case of particles with different radii R1 and R2, the force ( F

(2.6)
 wU wr ) exerted

on sphere 1 by sphere 2 would then differ from the force by sphere 1 on sphere 2, because
different sphere radii must be filled in. To solve this problem, one could take the average of
both radii instead of just one radius. In this way, the expression becomes symmetric. This
results in
U (r )

q1q2
exp(N (r  1 2 ( R1  R2 )))
4SH (1  1 2N ( R1  R2 ))r

(2.7)

Note that this theory is a slight deviation from the well-known DLVO theory (section 2.1.4).
The theory gives information about the potential field between two charged colloids. For two
equally charged and sized colloids this can give a fairly accurate analytical result. In more
difficult cases, no sufficiently simple analytical solutions are available. For this reason, (2.7)
was chosen in simulations of binary colloidal crystallizations.
2.1.4 DLVO theory †

DLVO theory states that when two particles approach each other as a result of their
thermal motion, the colloidal stability is a combination of attractive (Van der Waals) and
repulsive (Yukawa/Coulomb) forces. The combination of both the double layer repulsions
(UR) and the van der Waals attractions (UA), which act over about the same distances, leads to
a rather complex set of potential energy curves, Figure 5.8. When these two potentials are
added, the result is a potential as shown in (2.8) and depicted in Figure 2.3.
UT = UR + UA

(2.8)

There are two minima: (a) the primary minimum, which results from the combination of the
van der Waals attraction (very strong at short distances) and the Born repulsion (where two
particles come into “contact”), and (b) a secondary minimum, which is usually quite shallow
(often just a fraction of kT). The primary minimum is generally so deep that the energy barrier

†

The theory of colloidal stability was formulated independently by two groups, Derjaguin and Landau in the
USSR and Verweij and Overbeek in The Netherlands and is known as “DLVO theory”.
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for the reverse process of bringing two particles out of it is considered to be infinite. There are
exceptions, however, in which coagulation can be reversed, but these are rare.
The total free energy of interaction of two colloidal particles can be expressed as: 23
UT

HR\ 02
2

ln(1  exp(NH 0 )) 

AR
12 H 0

(2.9)

where H0 is a minimum distance of separation of the spheres and A is the “Hamaker
constant”, that is characteristic of the material of the particles.

Figure 2.3. Schematic representation of the total free energy UT of two particles as a function of the interparticle
distance H. UR and UA are repulsion (caused by electrostatic repulsion of double layers of colloidal particles) and
attraction (caused by intermolecular van der Waals attraction between particles) free energies. Umax is an
energetic barrier, associated with the electrostatic repulsion of the ionic layer around the particles. The height of
this barrier is dependent on the ionic strength of the suspension (an increase in ionic strength leads to a
pronounced diminution of the barrier, allowing coagulation to occur) and of the surface potential (a higher
surface charge density increases the barrier height). The primary minimum is generally so deep that the energy
barrier for the reverse process of, i.e. separating the particles, is considered to be infinite (nonreversible
coagulation). The second maximum is quite shallow (often just a fraction of kT) and it corresponds to a reverse
coagulation.
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2.2. Colloidal crystallization

Modeling of binary charged colloidal structures was performed by starting simulation
with a perfect colloidal crystal possessing a certain crystal structure and determining whether
this structure is still intact after prolonged computational length.‡ In addition to the zinc
blende structure (ZnS) with coordination number 4, other structures such as rocksalt or
sodium chloride (NaCl) with coordination number 6 and cesium chloride (CsCl) with
coordination number 8 were also investigated. The crystal structure with the lowest potential
energy was chosen to be the most stable, as long as its potential energy (Appendix I) was
higher than that of the corresponding liquid state.
The molecular dynamics (MD) § method was used to study colloidal crystallization
(Appendix II). The starting simulation box was prepared by placing bimodally dispersed
colloids in a lattice (Figure 2.4A), in which colloidal spheres were just in contact with nearest
neighbors (Appendix III). In one cubic simulation box, 125 unit cells were placed. The
potential parameters were chosen in such a way that when two neighboring particles
approached each other, the repulsive part became dominant and when they were further apart,
the Yukawa part dominated. This implies that the minimum of the attractive potential lies at
the contact distance. The liquid starting box was prepared by first randomly placing the large
particles and after that, randomly placing the smaller ones, Figure 2.4B. A minimum
acceptable distance between the sphere centers was used to prevent overlap.

Figure 2.4. A) A crystal starting box with the zinc blende structure. The spheres are drawn with a diameter
smaller than that used for simulations in order to enhance visibility. B) Liquid starting box after equilibration.
The spheres are drawn in their original size. It can be seen that the small positive particles stay close to the
surface of the large negative particles.
‡

This approach was chosen after unsuccessful crystallization of colloidal particles from the liquid phase, where
the motion of colloidal particles was too slow to study the crystallization process itself.
§
DL-POLY simulation package by W. Smith and T. R. Forester from Daresbury Laboratory was used for
colloidal crystallization modeling.

38

Chapter 2

The sizes and charges of the colloids were chosen within the ranges that are
experimentally obtainable, Table 2.1. The absolute charges on the colloids 2.0105 e, 5.5105 e,
1.0106 e or 2.0106 e were used in simulations. ** Within the range of sizes and surface
charges, a selection of simulation boxes was made. Within one crystal, the absolute charge on
both types of colloids was the same. In the case of different sizes, the surface charge density
was therefore different. To stay within the range of the surface charge density, not all
combinations with high charges and small spheres or low charges and large spheres were
possible. For example, a colloid with R = 100 nm could not have a charge of 2.0106 e,
because the surface charge would need to be too high.
Table 2.1 Range of colloidal parameters
Parameters
Range
R
0.1 – 1 Pm
1 – 70 PC/cm2
V

The maximum time step (Appendix III) was determined using an NVE simulation
(Appendix IV) to test how well energy was conserved, both for the solid and for the liquid
case, respectively. Every simulation took at least 500,000 time steps. The density of the
material of which the colloids consisted, was taken to be 1000 kg/m3. This parameter only
influences the dynamics, not the equilibrium phase. The relative dielectric constant of the
solvent was 80. The Debije-Hückel length was of the same order of magnitude as the sphere
radius.
NPT simulations were performed with the crystals using the parameters shown in
Table 2.2. The simulation box was able to change size if necessary to obtain the correct
pressure. †† The relaxation time for the Berendsen barostat was found by trial and error. It was
Table 2.2. Input parameters for bimodal crystal simulations
Parameter
Value
Description
C
parameter in Yukawa potential
6.21022 J/mol
0.017 nm-1
inverse Debije-Hückel screening length
N1
10 %
volume fraction spheres in liquid state
I
100 ps
time step for simulation
't
t
total time per simulation
50 Ps
T
293 K
temperature
p
1 bar
pressure
2
input for Andersen thermostat (Appendix IV)
WT
1000 ps
relaxation time for Berendsen barostat (Appendix IV)
Wp
N
1000
number of particles in one box
1
This value corresponds to 0.027 M of a monovalent electrolyte
**

Absolute charge values were estimated based on the experimentally determined surface charges of synthesized
polymer colloidal particles.
††
Terms as pressure (p) and temperature (T) come from a P-T phase diagram for one- or multi- component
systems. Various labeled areas such as, for example, “liquid”, “solid” or “gas” (for one-component system)
over which that phase is thermodynamically stable with respect to transformation to another phase can exist.
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found that some crystals were stable under NPT conditions and others were not. In the case of
non-stability, this could be seen from the temperature, pressure and potential energy during
the simulation and of course by determining the radial distribution function (Appendix V) of
the final state. Examples of stable and unstable crystal structures are given in Figures 2.5 and
2.6. Zinc blende structures are shown with an absolute charge on all colloids of 2.0105 e. The
stable crystal is built of colloids of R = 100 nm (positive) and R = 500 nm (negative), while
the unstable one consists of spheres of R = 300 and R = 500 nm, respectively.

A

B

C

D

E

F

Figure 2.5. Pressure in simulations of A) stable and B) unstable colloidal crystals; Potential energy in
simulations of C) stable and D) unstable colloidal crystals; and Temperature in simulations of E) stable and F)
unstable colloidal crystals.
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A

B

C
Figure 2.6. Radial distribution function of A) stable and B) unstable colloidal crystals with the zinc blende
structure. An unstable colloidal crystal was formed at the end of the simulations, where it is liquid-like. C) Mean
square displacement of a “liquid” after NPT simulation of an unstable crystal (zinc blende structure, R1 = 300
nm, R2 = 500 nm, q = 5.5105 e). The positive particles are smaller and therefore move faster.
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The transition to the liquid phase causes a pressure drop beyond the given pressure of
1 bar, Figure 2.5B. It takes a much longer simulation time (about three times as long) to get
the pressure back to 1 bar again. The potential energy follows the same path as the pressure.
The energy in Figure 2.5D is therefore not the equilibrium potential energy of the liquid. It
will rise with the increasing pressure, but the value at 1 bar will probably be lower than the
potential energy of the unstable starting configuration. When the phase transition occurs, even
the rather “coarse” combinational thermostat cannot keep the temperature at 293 K. The
amount of energy that is released is substantial. It takes a very long simulation time to get the
temperature back at 293 K after this jump. In Figure 2.5F, the temperature at the end still is
around 350 K and it is decreasing only very slowly. The change is visible as well in the radial
distribution functions (Figures 2.6, A and B) and in the mean square displacement (Appendix
VI), (Figure 2.6C). It is shown that even without being forced, some crystal structures convert
into a liquid at standard conditions. This means that they are inherently unstable.
It was observed that at relatively low charges, unstable crystals survived for a longer
time than at high charges. It looks like the size of the colloidal spheres is decisive in
determining the stability of the crystal, but the charge is decisive in the metastability. In other
words, if a crystal is not stable, a higher charge will accelerate the transition into a liquid, i.e.
the start of the transition occurs earlier and the process of transition takes less time. This is
shown in Table 2.3, were the times are based on the peak in the temperature-time plot (an
example of such a temperature-time plot is given in Figure 2.5F).
Table 2.3. Moments of phase transition (in µs from the start of the simulation) as a function of the absolute
charge on colloidal particles in a ZnS structure.1
Charge (e)
Start peak (µs)2
Top peak (µs)2
5
15
75
2.0⋅10
1.4
5.2
5.5⋅105
0.5
2.7
1.0⋅106
0.4
2.8
2.0⋅106
1
R1 = 200 nm and R2 = 500 nm.
2
During the phase transition, the temperature shows a peak. The start of this peak, as well as the time at which it
was highest, are given.

The structures that were proved to be stable are listed in Table 2.4. Changing the
charge on the colloids did not change the (in)stability of a given structure. As shown above,
an increased charge only accelerates the breakdown of an unstable crystal. When the size ratio
was 0.6, the zinc blende and rocksalt structures both turned into liquid relatively quickly.
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Table 2.4. Stable colloidal crystal structures as a function of the size ratio of the two types of colloidal particles.
Size ratio
Stable structure
Coordination number
0.2
Zinc blende
4
0.4
Rocksalt
6
0.6
Cesium chloride (?)
8
0.8
Cesium chloride
8
1
Cesium chloride
8

The cesium chloride structure remained rather crystalline, but not as perfect as at
higher size ratios. This is shown in Figure 2.7A. Although the radial distribution function
looks more liquid-like, the “peaks” are still where they belong for a cesium chloride structure
(Figure 2.7A). Furthermore, the temperature did not show a peak during the simulation. There
was only a very small bump, from 293 to 294 K. In this case, a higher charge did not enhance
the widening of the peaks.

A

B

Figure 2.7. A) The radial distribution function for the cesium chloride structure with R1 = 300 and R2 = 500 nm
(q = 5.5105 e) at the start and B) after 110 Ps of simulations.

The same phenomenon was observed for the rocksalt structure at a size ratio of 0.2.
The zinc blende structure was more stable there (sharp peaks in the g(r)), but the rocksalt
structure appears to be stable as well. However, the radial distribution function does not
nearly look as good as the one of the zinc blende structure (Figure 2.6A). Cooling to 10 K did
not sharpen the peaks, which indicates that the spheres are not in their lattice positions. The
peaks from the starting configuration were split in smaller peaks around the lattice position.
The results that were obtained for the stability of colloidal crystal structures, as a
function of their size ratio, are largely comparable with those from inorganic chemistry.24 No
sharp transition between one crystal structure and another for various size ratios was found.
The relative potential energies of the different crystal structures and liquids give
information about the crystal stability as well. When potential energies of the different phases

43

Computer simulations of colloidal crystal packing

are compared, some indication can be found for the stability of the different structures: the
one with the lowest energy is most likely to be stable. The potential energies of the different
phases are given in Figure 2.8. The values were taken from the NPT simulations. However,
when a crystal degraded, it was not always possible to obtain a good value of the crystal
potential energy at p = 1 bar and T = 293 K. At this point, the system was not in equilibrium.
It was shown that after the crystal broke down, for a long time the pressure of the liquid was
lower than 1 bar and the temperature higher than 293 K. Therefore, it was not always possible
to obtain a value for the potential energy of the liquid under equilibrium conditions. Thus, it
must be clear that Figure 2.8 gives only an indication of the energies.

Figure 2.8. The potential energy of the different phases.

Plotting these energies gave results similar to those in Table 2.4, but shifted to lower
size ratios. It can be seen that the stable phases shown in Table 2.4 can roughly be detected
from the graph as well. For example, in the graph cesium chloride looks stable above size
ratio 0.4, while NPT simulations showed that it was hardly stable at size ratio 0.6. The zinc
blende and rocksalt structures follow the same path in the beginning, while NPT simulations
showed that up to a size ratio of 0.2, the zinc blende was more stable. The error in these
results is probably quite large, as some potential energies were taken from non-equilibrium
situations and, more importantly, the entropy was completely ignored. An important issue
here is that for stability comparison, one should look at the free energy and not at the potential
energy alone.
The results of the stability calculations above depend on the potential used. The
Yukawa potential has some rigid assumptions that become more problematic the closer the
colloids approach each other:
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x

It was assumed that all charges could be placed in the centre of each colloid. In other
words: a colloid feels the same potential from its neighbouring colloid all over its surface,
while actually this potential decreases with distance.

x

The (counter) ions in between the colloids were depicted as point charges, but their sizes
become important when colloids approach each other's Stern layers.

x

In this model, the distribution of ions around one colloid, and hence the screening, was
determined only by the colloids themselves. An influence of the neighbouring colloids
was ignored.
These assumptions make the Yukawa potential less applicable to crystallization

simulations. It could be more suitable for research on charge stabilisation of colloidal
suspensions. However, as the potential is relatively simple, it is widely used in colloidal
crystallisation simulations, as well.13,14, 25
A second issue about the total potential used is the fact that the attractive Van der
Waals forces were not taken into account. This is one of the big differences between the
Yukawa (section 2.1.3) and DLVO theory (section 2.1.4). This Van der Waals force works on
a much shorter range than the Yukawa potential and can be omitted most of the time.
However, it can be an important factor during crystallisation, when colloids approach each
other sufficiently close. If the attractive Van der Waals forces would be taken into account,
this would increase the stability of an initially stable colloidal crystal. The charges pull the
colloids together and only if they are close enough, the Van der Waals forces can make the
attraction stronger. This is very hard to simulate using MD simulations: just after the
attractive Van der Waals forces prevail over the Yukawa forces, they in turn are dominated by
the repulsive “Pauli” potential. This means that the total potential will be very steep (varying
between attractive and repulsive within a very short distance) and the simulation time step
should be extremely small. In this research, the form of the repulsive potential was chosen
more or less for practical reasons.
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Conclusions

Crystallisation of charged colloidal spheres (with Yukawa interaction) was simulated
using MD simulations. In colloidal crystallisation, the structure stability proved to be
comparable to the ionic crystals found in inorganic chemistry. The range of sphere size ratios
for stable colloidal structures was determined. The presence of a surface charge was necessary
to keep the structure together, but the size of this charge was not important (at least, within the
boundaries that were simulated). Unstable structures broke down more easily when the
surface charge on the colloids was large. There were no sharp transition boundaries found
between different crystal structures as was shown for the CsCl structure at size ratio 0.6 and
for the NaCl at size ratio 0.2. At these size ratios, crystals did not fall apart to form liquids,
but the colloids did not stay in a perfect lattice either. The radial distribution functions showed
some deviation from the lattice positions. We found that a colloidal zinc blende structure with
sphere size ratio 0.2 was stable compared to a structure built out of Lennard-Jones (hard)
spheres that was not. In stability simulations of bimodal colloidal crystals presented in this
chapter, all variables used were taken for real colloidal systems. This gives an indication that
with the use of functionalized colloidal particles, for example, the combination of positively
and negatively charged colloidal spheres could lead to the formation of a large variety of
stable colloidal structures. Specifically, for the first time, stable colloidal crystals with the
zinc blende structure made of oppositely charged colloidal particles were demonstrated. It is a
grand challenge for the experimentalist to find a method to make such structures.
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List of abbreviations
List of parameters and units
E
E
H
H
K
N
U
U
V
V
WP
WT
F
I
\

a
A
C
c
c
d
f
g(r)
I
J
L
M
m
N
Nf
n
P
p
q
R
T
t
U
V
v
z

isothermal compressibility (-)
1/kT (J-1)
dielectric constant or electric permittivity (F/m)
Lennard-Jones parameter (J/mol)
barostat friction coefficient (s-1)
inverse Debije-Hückel screening length (m-1)
molar density (mol/m3)
volume charge density (C/m3)
surface charge density (C/m2)
Lennard-Jones parameter (m)
P barostat time constant (s)
T thermostat time constant (s)
thermostat friction coefficient (s-1)
volume fraction (%)
electric potential (V)
a lattice constant (m)
electron affinity (eV)
parameter in repulsive potential (J/mol)
speed of light (m/s)
concentration (mol/m3)
diameter (m)
force (N)
radial distribution function (-)
ionisation energy (eV)
current density (A/m2)
box length (m)
molar mass (kg/mol)
mass (kg)
number of particles (-)
degrees of freedom (-)
number of ions per unit volume (m-3)
polarisation (C/m2)
pressure (bar)
charge (C)
particle radius (m)
temperature (K)
time (s)
(potential) energy (J/mol)
volume (m3)
volume per particle (m3)
charge number (-)

List of constants
H0

e
F
h
kB
NA
R

dielectric constant of vacuum (8.8542·10-12 Fm-1)
elementary charge quantum (1.6022·10-19 C)
Faraday constant (9.6485·104 C/mol)
Planck's constant (6.6262·10-34 Js)
Boltzmann constant (1.3807·10-23 J/K)
Avogadro constant (6.0221·1023 mol-1)
gas constant (8.3145 J/mol K)
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Appendix I
Total potential

In simulations of colloidal crystallization, the total potential between two colloids is
determined as a sum of the Yukawa potential (2.7) and a strong repulsive potential of the
form:

U rep

C
(r  a) 6

(I-1)

where a is a length slightly smaller than the sum of the radii of the two spheres fitted to make
the total potential smooth (which is necessary for MD simulations). C is a large constant,
fitted to make the repulsion dominate over the Yukawa potential at the contact distance.
Examples of typical potentials are shown in Figure 2-I. The well in the attractive potential is
relatively deep compared to the typical kinetic energy, RT | 8.3·293 | 2.4 kJ/mol. In LennardJones simulations for example, the limited simulation time implies that only a well depth of
up to 10RT can be overcome by thermal motion. In other words, the attraction between two
oppositely charged colloids is so strong that they are likely never to separate again.

Figure 2-I. A) Attractive potential between two oppositely charged particles (q = 5.5105 e) of size 300 and 500
nm, where a = 740 nm and C = 6·1022 J/mol; B) Repulsive potential between two equally charged particles (q =
5.5105 e) of size 300 nm, where a = 550 nm and C = 6·1022 J/mol.
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Appendix II
Molecular dynamics

Using molecular dynamics (MD), one can compute both the equilibrium and the
transport properties of a system consisting of numerous particles, as long as these particles
move according to Newton's laws. 26 With MD, one solves the equations of motion for every
particle at every time step. ‡‡
The force f between two particles can be calculated from the potential (U) acting on
every particle pair:

§ wu (r ) ·
f c (r ) ¨
¸
© wr ¹

(II-1)

The dynamics of the particles is then given by this conservative force alone,

m

d 2 ri
dt 2

fic

(II-2)

The commonly used algorithm for solving the equations of motion is the Verlet algorithm. It
can be derived by taking the Taylor expansion of the coordinate of a particle just before and
just after time t and summing them:

r (t  't ) | 2r (t )  r (t  't ) 

f (t ) 2
't
m

(II-3)

In the same way velocity can be presented.
The Verlet algorithm is reversible in time and the sum of all forces is zero by
definition (conservation of linear momentum). Furthermore, the algorithm conserves energy
very well. 27 However, there are some drawbacks of this method. First, two large numbers are
subtracted to calculate a much smaller number for r(t + 't) and v(t). A second, less important,
drawback is that the calculation of v(t) can only be done if r(t + 't) is known. Therefore, the
velocity is always “one step behind”. To solve these disadvantages, the “leap-frog” Verlet
algorithm was developed. Here, the velocity is calculated at the mid-step, so the new
velocities and positions can be calculated without subtraction:
1
v(t  't ) v(t  't )  'tr (t )
2
1
r (t  't ) r (t )  'tv(t  't )
2

‡‡

(II-4)

This section is mainly based on Frenkel and Smit.26
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Appendix III
Periodic boundary conditions

In practically every molecular simulation, periodic boundary conditions are used. This
means that the simulation box is surrounded by other boxes that are exactly equal to the first
one (see Figure 2-III). This has the advantage that there are no wall effects: particles close to
the border of the box are surrounded by other particles in the neighboring boxes and behave
like bulk particles. In this way, the amount of particles seems to be much larger than it really
is. But one only needs to calculate the motion of the particles in one box to simulate bulk
behavior. Particles in surrounding boxes are called mirror images of the particle in the original
box. When a particle leaves the box, it enters the neighboring box. But because this is the
same box, it enters at the other side of the original box. In this way, the number of particles is
always constant. One must take care though, that interactions between two particles are
counted only once. In Figure 2-III for example, the mirror image of particle 2 in box VI is
closer to particle 5 than the original particle 2. The force between these two particles should
be calculated using the shortest distance.

Figure 2-III. Periodic boundary conditions. Box I to VIII are exact copies of the centre box.

Time step definition

Ideally the time step in a simulation should be as large as possible, to minimize the
required CPU. However, if the time step taken is too large, the algorithm for solving the
equations of motion will not be accurate. In a conservative force field, as used in MD,
Newton's equations of motions conserve energy. The simulation should then also conserve
energy, providing an easy criterion for establishing the maximum allowable time step. In
general, rapidly changing potentials necessitate a small time step, otherwise the errors in (II-3)
or (II-4) are too large.
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Appendix IV
Thermostats and barostats

In order to keep the temperature constant, as is commonly the case in experiments, one
can use a thermostat and do an NVT simulation (with a constant number of particles N,
volume V, and temperature T). There are several types of thermostats, algorithms that keep the
temperature at (or near) the desired value by changing the velocity (and therefore the kinetic
energy) of the particles.
The temperature of a box depends on the kinetic energy of the particles:
1 2
mvi
2

3
k BT
2

(IV-1)

In an MD simulation, the kinetic energy of all particles is used to calculate the temperature,
incorporating the number of degrees of freedom Nf = 3N - 3, with N the number of particles.

T (t )

1 N mi vi2 (t )
¦
2 i 1 kB N f

(IV-2)

The initial velocities can be allocated to the particles by picking random velocities from the
Maxwell-Boltzmann distribution, Figure 2-IV:
§ E ·
P( p) ¨
¸
© 2Sm ¹

32

where p is the momentum of the particle and E

§  Ep 2 ·
¸¸
exp¨¨
© 2m ¹

(IV-3)

1 kT .

Figure 2-IV. Maxwell-Boltzmann distribution. In this case, the simulation box was very cold (close to 0 K) and,
therefore, the velocities were relatively low.
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Barostats keep the pressure constant and make NPT simulations possible. They change the
box volume and the particle coordinates to adjust the pressure:

p

Uk BT 

1
f ij  rij
3V

(IV-4)

Andersen thermostat

The Andersen thermostat can be used in NVT simulations. Under constant volume, it
keeps the temperature at the set value. It does this by giving all particles a new velocity,
according to the Maxwell-Boltzmann distribution (IV-3), every time a given number of time
steps has passed. 28 One can choose not to change all velocities at the same time, but to pick
some particles each time step that get a new velocity. Because the velocities have changed,
the dynamics of the system is not correct. However, the Andersen thermostat is one of the
best in keeping the temperature constant. Therefore, it is most useful when one is trying to
reach an equilibrated configuration from an off-equilibrium starting point. If information on
the dynamics is needed, another thermostat like Hoover or Berendsen is needed.
Berendsen thermostat

The Berendsen thermostat influences the velocity directly, and not its derivative to
keep the temperature constant. Thus, the friction coefficient F and the velocity v are:
1

F
1
V (t  't )
2

§
©

't § T0 ·
¨  1¸
WT © T
¹
1
2

F ¨ v(t  't )  't

f (t ) ·
¸
m ¹

(IV-5)

A similar procedure is used in the Berendsen barostat, which can run parallel to the
thermostat. To control the pressure, the cell volume is multiplied by friction coefficient K:

K 1

E't
( p0  p )
Wp

(IV-6)

and the coordinates and cell vectors by K1/3. Here, E is the isothermal compressibility of the
system, which is normally taken to be equal to that of liquid water. The exact value is not very
important, because it is divided by the input parameter Wp.
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Appendix V
Radial distribution function

The radial distribution function g(r) gives the relative number density of particles
around another particle as a function of the distance from this particle. In practice, it is
calculated by counting the number of particles in a spherical shell with radius r and thickness
dr around a particle and dividing this by the average density times the volume of this shell:

g (r )

U local
Uv

nr ,r  dr
4Sr 2 drU v

(V-1)

To make sure that each particle pair is taken into account only once, the distance r should not
be more than half a box length. With g(r), it is possible to distinguish between for example a
liquid (Figure 2-VA) and a crystal (Figure 2-VB). Note that a glass will have a g(r) similar to
that of a liquid, while it also has a number of solid-like properties. The radial distribution
functions for liquid and solid (crystallized) argon were calculated using DL-POLY molecular
dynamics simulation package presented in paragraph 2.2 of this chapter.
When different types of particles, for example A and B, are present within one box,
several distribution functions can be calculated. In this case that would be the distribution of
A around A, B around B and A around B (which is the same as B around A). By multiplying
the radial distribution function by 4Sr2Uv, the number of particles at a certain distance within
a shell dr can be counted. Upon integration, the (cumulative) number of particles in a sphere
centered at a particle is given as a function of r, see Figure 2-V C. This graph shows that
every particle has 12 nearest neighbours, 6 second-nearest neighbours etc. In this way, the
structure of the crystal can be deduced from its coordination numbers.
When the temperature of a solid is raised, the peaks in the radial distribution function
will broaden due to thermal motion of the particles around their equilibrium position. The
broadening can be so large, that it is difficult to see whether one is dealing with a solid or a
liquid. In this case, it might be helpful to lower the temperature to 10 K (or another very low
value) at once and leave it there for a while. If the substance was a solid at the higher
temperature, the peaks will become much narrower at 10 K. If it was a liquid, the sudden
temperature change will turn it into a glass, so the peak widths will hardly change.
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A

B

C
Figure 2-V. A) Radial distribution function of liquid argon. B) Radial distribution function of solid argon, a
crystal with an FCC structure. C) Crystallized argon at 12 K. The dotted line shows the cumulative number of
particles around one sphere. The y-axis corresponds to this line.
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Appendix VI
Mean square displacement

The mean square displacement (msd) is what it says: the squared displacement of each
particle in a certain time interval is taken and averaged over all particles. Note that one
particle can make several contributions to this sum, because a time interval of for example 1
nanosecond can occur several times during a simulation time of 10 nanoseconds. If the
particles are in a liquid state, the msd is linear with time (Figure 2-VI A). If it is a solid, the
msd is constant and close to zero, because in a crystal or glass the particles move only a little
around their equilibrium position (Figure 2-VI B).

A

B

Figure 2-VI. A) Mean square displacement of liquid argon. B) Mean square displacement of solid argon. Note
the scale difference with Figure 2-VI A.
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Chapter 3
Synthesis and Characterization of
Monodispersed Anionic Colloidal Particles

Monodispersed polystyrene core-shell colloidal particles were synthesized
using surfactant-free seeded emulsion polymerization. The size of colloidal
core particles could be tuned between 200 nm and 500 nm by varying
monomer concentrations. Anionic shells were introduced by copolymerizing styrene with the anionic monomer sodium styrenesulfonate
(NaSS). Surface charge densities of the colloidal particles were controlled
by varying the concentrations of co-monomer NaSS between 0.8 mol% and
2.5 mol% in styrene. Colloidal particles were characterized using HighResolution SEM, conductometric titration and zeta potential measurements.
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Introduction
Various polymerization methods 1 such as emulsion, dispersion, precipitation and
suspension polymerizations are used to synthesize polymer colloidal particles. In order to
obtain high quality colloidal crystals (see also Chapter 2), monodisperse colloidal particles
with controlled surface characteristics are required. For the preparation of charge-stabilized
polymer colloids, emulsion or emulsifier-free emulsion polymerizations are used. Chargestabilized “soft” colloidal particles open up many possibilities to control colloidal
crystallization. Charged colloidal particles undergo a fluid-crystal transition and reveal
various crystalline phases at volume fractions much lower than observed for hard colloidal
spheres. 2 Charged colloidal particles can also be deposited onto chemically patterned surfaces
covered with oppositely charged molecules 3 and can interact with direct 4,5 and alternating 6
electric fields. Finally, if bimodal colloidal particles possess opposite surface charges, then
one can try to fabricate colloidal crystals with different AxBy crystal symmetries that mimic
B

7

ionic crystals and possess low crystal symmetry. If the refractive index contrast between the
constituents is high enough, these structures could be promising candidates for photonics
applications. Successful fabrication of such structures requires full control of size and surface
charge of the polymer microparticles. In this contribution we describe the synthesis and
characterization of core-shell negatively charged colloidal particles.
Emulsion polymerization1,8 comprises emulsification of a water-immiscible monomer
in a continuous water medium and polymerization using a water-soluble or oil-soluble
initiator, to give a colloidal dispersion of polymer particles in water. In conventional emulsion
polymerization, (oil-in-water) colloidal particles are stabilized by the presence of surfactant
molecules (emulsifier) and the size of colloidal particles obtained is usually between 0.05 and
0.3 Pm. In emulsifier-free emulsion polymerization, colloidal particles are stabilized by ionic
initiator residues covalently bound to the polymer particles 9 and the particle size can be
varied between 0.1 and 1 Pm. Emulsifier-free emulsion polymerization belongs to a group of
free radical polymerizations where initiator radicals react with monomer molecules, initiating
polymer chain growth that continues until the supply of monomer or free radicals is
exhausted. Formed surface-active oligomers grow, associate, nucleate and form particles.
However, these primary particles are not stable in emulsion until enough charged groups are
formed at the particle surface to give a particle an adequate electrostatic surface potential.
Therefore, small particles coagulate and form larger particles until the potential energy of
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electrostatic repulsion between the particles is adequate to ensure colloid stability in the ionic
environment in which the colloidal particles are formed.
Potassium persulfate (KPS) was intensively used as anionic initiator in single stage9 as
well as in multistage seeded polymerizations of micrometer-size particles. 10 In these
processes, surface charge originating from initiator fragments and the ionic initiator itself
changes the ionic strength of an emulsion, thus changing particle size,9 and, therefore, surface
charge density and particle size cannot be controlled independently. Surface charge density
can be influenced by incorporation of functional monomer. 11 In this direct copolymerization
of structural monomers with ionic comonomers such as sodium styrenesulfonate (NaSS) 12 or
sodium 1-allyloxy-2-hydroxypropane sulfonate (AHSS), 13 particle size strongly depends on
the ionic monomer concentration and drastically decreases with an increase in comonomer
concentration. This method leads to the formation of colloids of sizes up to 300 nm. Seeded
polymerizations allow one to vary particle size in a wide range but generally provide limited
control over surface charge density. 14
Two-stage shot growth emulsion polymerization14,15 enables one to introduce high
surface charge densities on colloid particles and provides independent control over particle
size up to 300 nm. In the first stage, e.g. styrene is copolymerized with a small quantity of
ionic monomer. In this stage the size of the seed particles is regulated. When a high
conversion (> 90%) is reached, a second stage monomer mixture is added. The ratio of
structural monomer to ionic monomer in this mixture determines the final surface charge
density. Colloidal particles with surface charge densities between 21 PC/cm2 and 72 PC/cm2
have been reported.
In our research, we have been interested mainly in tailoring colloidal sizes and surface
charge densities, so seeded surfactant-free emulsion polymerization was therefore chosen, as
in the first stage colloidal particle size can be controlled while surface charge density can be
varied in the second polymerization stage. We describe the synthesis and characterization of
cross-linked core-shell anionic latex particles using a two-stage process composed of
emulsifier-free emulsion polymerization of styrene and the subsequent formation of a shell
around the polystyrene seeds by co-polymerization of styrene with anionic comonomers. An
anionic monomer, sodium styrene sulfonate (NaSS), was used with the aim of synthesizing
well-defined anionic latex particles of which the size and surface charge density can be
controlled independently.
High-resolution scanning electron microscopy (HR-SEM) was used in this study for
the visualization of the colloidal particles.
59

Synthesis and characterization of anionic colloidal particles

3.1. Core preparation
Polystyrene

colloidal

particles

were

prepared

by

surfactant-free

emulsion

polymerization of styrene in the presence of a cross-linker (1,3-diisopropenylbenzene (DI), 2
mol% with respect to styrene), using an anionic initiator (potassium persulfate, KPS). Various
polymerizations were carried out at different styrene concentrations. Corresponding particle
diameter values with standard deviations and latex yield are summarized in Table 3.1 and
Figure 3.2A. Figure 3.2B shows a logarithmic plot of the number average particle diameter
against monomer concentration. The dependence of the particle diameter D on styrene
concentration for colloids in the range from 200 nm to 500 nm at constant initiator
concentration, ionic strength 16 and temperature, using monomer concentrations between 0.1
and 1 mol/L is given by the equation:
log (D) = 0.36  log [StI] + 2.67.
The particle diameter varied as the 0.36 power of the initial monomer concentration. Similar
results were found in other emulsifier-free emulsion polymerization systems. At styrene
concentrations above 1 mol/L no further increase in size of colloidal particles was detected.
Colloidal particles with a number average diameter of 300 nm and large amounts of
homopolymer residues were obtained (see also Table 3.1 and Figure 3.2). A subsequent
increase in size of colloidal particles (above 500 nm) can be achieved by increasing the ionic
strength of the dispersion medium and by lowering the reaction temperature. The core
synthesis was found to be highly reproducible. A typical SEM image of colloidal particles
presented in Table 3.1 is shown in Figure 3.1. SEM images confirmed the formation of highly
monodispersed, 17 well-defined colloidal particles possessing a low surface roughness.

Figure 3.1. SEM image of polystyrene colloidal particles obtained by surfactant-free emulsion polymerization in
this study.
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Log (Particle diameter / nm)

Particle diameter, nm

Table 3.1
Influence of styrene concentration on particle sizea
Sample
[StI] (mol/L)
Number average
Standard
Variation on the Latex yield (%)
diameter (nm)b
deviation (nm)
mean (%)
173
0.11
219.6 (220)
4.1
1.9
75
169
0.17
252.2 (252)
4.3
1.7
68
167
0.33
306.8 (307)
5.5
1.8
73
166
0.56
353.1 (353)
5.9
1.7
65
165
0.78
420.3 (420)
4.4
1.0
82
130
1
503.2 (503)
8.0
1.6
98
174
1.18
295.1 (295)
7.3
2.5
19
172
1.33
315.4 (315)
10.8
3.5
25
a
[KPS] = 2 mmol/L, [NaCl] = 2.57 mmol/L, DI content = 2 mol% of the styrene amount (mol) used in the core
(StI), ionic strength = 8.57 x 10-3 mol/kg. Polymerization temperature: 70 qC
b
Determined using high-resolution SEM.
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Figure 3.2. A) Number average particle diameter versus initial monomer concentration (see also Table 3.1), D =
190.8 + 315.4[StI]; B) Logarithmic plot of number average particle diameter versus initial monomer
concentration, log(D) = 2.67 + 0.36 log[StI].

3.2. Shell preparation
The size of colloidal particles was controlled in the first stage (core) of the
polymerization, while the surface charge density was controlled in the second stage (shell).
Surface charge was introduced on the colloidal particles via co-polymerization of styrene with
an anionic co-monomer. In addition to the surface charge density, final tuning of colloidal
particle size can be achieved by varying the amount of St in the second stage. Precise control
of the final colloidal particle size becomes important in the growth of binary colloidal crystals
and colloidal crystals on patterned surfaces. The amount of styrene for co-polymerization in
the second stage (StII) was adjusted with respect to the amount of styrene used in the first
stage (StI), Table 3.2 and Figure 3.3. The ratio of styrene added in the second stage to the first
stage (StII:StI) was varied as 1:2, 1:3 and 1:5, respectively. In a seeded polymerization
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mechanism, stable colloidal particles are formed during the coagulation of primary and seed
particles. 18 After polymerization, the average number diameter of colloidal particles increased
indicating shell formation. The shell thickness for different sizes of colloidal particles is
shown in Figure 3.3. The relative shell thickness was varied between 1 % and 5 %, Figure
3.3B. A linear relation between shell thickness and particle size was determined. For small
colloidal particles, a larger amount of styrene needed to be added in the second stage
compared to large colloidal particles in order to obtain the same increase in shell thickness.
Such a linear increase in shell thickness can be related to the surface area of core particles,
which increases with a decrease in particle size.
Table 3.2
Influence of monomer concentration on particle size in stage II a
Sample [StI]
Number
Number
Number
Number
[StII-1]
[StII-2]
[StII-3]
(mol/L) average
(mol/L) average
(mol/L)
average
(mol/L) average
diameterI
diameterII-1 1:3
diameterII-2 1:2
diameterII-3
1:5
(nm)
(nm)
(nm)
(nm)
173
0.11
0.023
0.031
220
222
225
169
0.17
0.035
0.053
252
256
262
167
0.33
0.07
0.083
307
315
324
166
0.56
0.07
0.12
353
361
367
130
1
0.125
0.208
503
516
527
a
KPS content = 1 wt% based on the total monomer amount (g), St + NaSS + DI; NaSS content = 1.64 wt%
based on styrene used in the shell (StII); [NaCl] = 1.7 mmol/L. Polymerization temperature: 70 qC.
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Figure 3.3 A) Shell thickness versus monomer concentration in stage II for colloidal particles (cores) of different
sizes (see also Table 3.2); B) Graph 3.3A represents the percentage of the shell thickness of the size of a coreshell particle.

Sodium styrene sulfonate (NaSS) was used as an anionic monomer in the second stage
of polymerization. NaSS is widely used as a co-monomer in polyelectrolyte synthesis and for
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charge control of colloidal particles. By varying the NaSS amount, surface charge density on
the colloidal particles can be controlled. At the same time, the amount of co-monomer (NaSS)
affects the secondary particle generation. An increased tendency to form secondary particles
at high concentrations of NaSS is expected because of the high surface charge of growing
particles, which creates a noticeable electrostatic repulsion and reduced coagulation rate.15
The concentration of NaSS monomer was varied between 0.8, 1.64 and 2.5 mol%, Table 3.3.
At these NaSS concentrations, secondary colloidal particles were not observed. All
copolymerization reactions were performed in the presence of 7.5 mol% cross-linking agent
(DI). Salt concentration was not changed in the suspension during polymerization, therefore,
variations in ionic strength are caused by the different amounts of initiator and co-monomer
(NaSS). Surface charge densities (V) were measured by conductometric titration of the
colloidal suspension. The surface charge densities increased with increasing anionic monomer
concentrations, Table 3.3.
Zeta potential measurements were carried out to characterize the stability of the
colloidal core-shell particles. The magnitude of the zeta potential gives an indication of the
stability of colloidal systems. If particles in a suspension have a large negative zeta potential,
particles repel each other and the suspension is stable. At low values of the zeta potential, the
colloidal particles may aggregate due to the attractive forces. Absolute zeta potential values
above 30 mV are commonly associated with stable colloidal suspensions, while values below
30 mV indicate susceptibility to agglomeration.19 Zeta potential measurements, presented in
Table 3.3 are just above the absolute zeta potential value of 30 mV. Indeed, from our
experience, colloidal suspensions presented in Table 3.3 showed an excellent stability upon
storage for almost 3 years, during which no particle coagulation was observed.
Table 3.3
Influence of NaSS concentration on shell formationa
Sampleb
[StII]
[KPS],
[NaSS]
(mol/L)c mol% (wt%)d mol%
(wt%)e

Ionic
strength
(mmol/kg)

Number
Zeta
V
average
potential
(PC/cm2)g
diameterII,
(mV)
nmf
84
0.1
0.46 (1.0)
0.80 (1.64) 3.82
328
-31.4
16.2
86
0.1
0.46 (1.0)
1.64 (3.28) 4.68
322
-33.8
21.3
87
0.1
0.46 (1.0)
2.50 (4.92) 5.58
325
-34.1
25.5
a
DI = 7.5 mol % with respect to mol StII+NaSS. [NaCl] = 1.7 mM, polymerization temperature 70q C.
c
[StI] = 0.5 mol/L; ratio of styrene in the shell and styrene in the core: StII : StI = 1:3.
d
Based on mol StII+DI+NaSS.
e
With respect to mol StII.
f
Number average diameter of initial colloidal particles (core) = 310 nm.
g
Obtained by conductometric titration.
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3.3. Conclusions
Emulsifier-free emulsion polymerization was successfully applied to synthesize
monodisperse core-shell polystyrene colloidal particles. This establishes one of the building
blocks for assembling bimodal colloidal crystals in correspondence with inorganic structures.
The size of colloidal core particles was controlled by the amount of monomer. Upon raising
the monomer concentration from 0.11 mol/L to 1 mol/L, the size of colloidal core particles
increased from 220 nm to 500 nm at a constant ionic strength of the colloidal emulsion of
8.57x10-3 mol/kg. Anionic shells were introduced by co-polymerization of styrene with the
anionic monomer NaSS. Shell thickness and, therefore, the final size of core-shell colloidal
particles were fine-tuned by the amount of styrene monomer added in the second stage of
polymerization. By tuning the amount of monomer in the second stage, the shell thickness
was varied between 1 % and 5 % of the final size of core-shell colloidal particles. It was
found that for small colloidal particles of 220 nm, more monomer had to be added for shell
preparation in order to obtain the same thickness increase as for large particles of 500 nm,
which required a much lower monomer concentration. Monomer concentrations for shell
preparation were adjusted such that a linear relation between shell thickness and colloidal
particle was achieved. Surface charge density of the colloidal particles was adjusted by
varying the concentration of anionic monomer in styrene.
Experimental part
Materials
Styrene (St), (Merck) was distilled under reduced pressure and stored at 4 qC. Sodium styrenesulfonate
(NaSS) (Scheme 3.1), potassium persulfate (KPS) (>99 %) and 1,3-diisopropenylbenzene (DI) (>97 %), were
purchased from Aldrich and were used without further purification. Sodium chloride (NaCl) (>99.5 %, Fluka)
was used as received. Ion-exchange resin Amberlite IR-120 (H+ form) was thoroughly washed with Milli-Q
water before use. Milli-Q water (Millipore, 18.2 M: cm) was used in all experiments.
SO3

Na

+

Scheme 3.1. Chemical structure of NaSS.
Synthesis of polystyrene core particles
All polymerisation reactions were carried out in a 250 cm3 three-necked round-bottomed flask equipped
with a reflux condenser, septum and magnetic stirring bar. A total reaction volume of 200 cm3 was normally
used.
An emulsifier-free emulsion polymerisation recipe as described by Ottewill was employed for the
preparation of the polystyrene colloids. Representative recipes are shown in Table 3.1. A typical preparation of
latex particles was carried our in the following manner. A flask was charged with Milli-Q water (180 mL) and
NaCl (2.57 mM). Oxygen was removed by passing a slow stream of nitrogen through the solution for 30 min
while stirring at 450 rpm. The gas flow rate was kept low in order to minimize evaporation. After 30 min, a
mixture of styrene and cross-linker (DI) was added at once to the three-necked flask. Initiator (KPS) (2 mM) was
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dissolved in Milli-Q water (20 mL) in a separate conical flask and was degassed. The three-necked flask was
them immersed in a preheated oil bath (70 qC) and left for 1 hour to attain thermal equilibrium. Finally, KPS was
added in one portion. Concentrations of initiator and NaCl were identical for all reactions. Therefore, the ionic
strength was constant for experiments (8.57·10-3 mol/kg). Stirring was continued for 24 hours. Then, the vessel
was removed from the oil bath and left to cool. The latex dispersion was decanted through a filter packed with
glass wool in order to remove any homopolymer film and coagulum formed during the synthesis. The colloidal
particles were used as seeds for the growth of the shell layer.
Synthesis of core-shell colloidal particles
In a typical experiment (sample 84, Table 3.3) the set-up described above was charged with seed
suspension (80 mL) which was degassed and heated to 70 ºC while stirring at 450 rpm. In separate flasks, two
solutions were prepared: one containing styrene (1.44 mL) and a cross-linker (DI) (0.16 mL) and the other with
the KPS initiator (0.015 g) and anionic co-monomer NaSS (0.021 g) dissolved in Milli-Q water (20 mL). The
solutions were degassed using nitrogen and added simultaneously within 30 min to the seed dispersion. After 24
hours, the flask was removed from the oil bath and allowed to cool. The latex was decanted through a filter
packed with glass wool.
Particle size determination
A small amount of colloidal suspension was diluted with Milli-Q water until the solution was almost
transparent. A drop of suspension was placed on a cleaned silicon substrate and left to dry. Dried colloids were
examined with a High Resolution LEO 1550 FEG scanning electron microscope (SEM) at low acceleration
voltages (0.5 kV), allowing us to image the latex samples without applying a metal coating. The colloidal
particle number average diameter and standard deviation were calculated from SEM images 20 based on 30-50
particles per sample, using the image processing program Scion Image, version Beta 4.0.2.
Yield determination
The yield of the colloidal particles formation was determined gravimetrically at the end of the polymerization. A
measured amount of latex dispersion was centrifuged at 15000 rpm for 15 min and dried at room temperature in
a vacuum oven. The yield was calculated according to the following equation:21

C (%)

W1 / W2
u 100%
m1 /(m1  m2 )

where C(%) is the total conversion to polymer; W1 is the weight of dried polymer; W2 is the weight of the sample
withdrawn from the reaction solution; m1 is the weight of monomer added; m2 is the weight of the medium.
Zeta potential measurements
Zeta potential values were determined by laser Doppler electrophoresis using a Zetasizer 2000 (Malvern
Instruments Ltd., Malvern, UK). For the measurements, a small amount of a latex dispersion was diluted with
Milli-Q water until the solution was almost transparent.
Determination of surface charge densities
Surface charge densities were analyzed by conductometric titration of colloidal suspensions using 0.01
N NaOH. Conductometric titration was performed under nitrogen atmosphere. Before titration, the latex
suspension was placed in polycarbonate tubes and centrifuged several times at 17000 rpm for half an hour to
remove possibly formed polyelectrolyte species. After each centrifugation step, the colloidal particles were redispersed in Milli-Q water using an ultrasound bath. Then, the colloid suspension was passed through an ionexchange column filled with Amberlite IR-120 (H+) several times and finally dialyzed for several days using a
Spectra/Por membrane, (cutoff molar mass 12-14000 g mol-1, Spectrum Laboratories) until the conductivity of
the water used became constant.
The values of surface charge densities (V) were calculated according to the following equation:22

V

FnUR
3W

where F is the Faraday constant; n is the number of moles of NaOH required to neutralize the surface functional
groups of colloidal particles; U is the density of colloidal particles (1.05 g/cm3); R is the radius of the latex
sphere, and W is the fraction solid content of the latex.
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Chapter 4
Synthesis and Characterization of
Monodispersed Cationic Colloidal Particles
Surfactant-free seeded (core-shell) polymerization of monodispersed cationic
polymer colloids is presented. Polystyrene core particles with sizes between 200 nm and
500 nm were synthesised. Cationic shells were introduced by copolymerizing styrene with
the cationic monomers (vinylbenzyl)trimethylammonium chloride (VBTMAC), [(2methacryloyloxy)ethyl]

trimethylammonium

chloride

(METMAC)

and

>(2-

acryloyloxy)ethyl@ trimethylammonium chloride (AETMAC) onto the polystyrene cores.
The cationic monomer AETMAC, undocumented to our knowledge in colloid synthesis,
produced the best cationic shells and could be incorporated at much higher concentrations
in the shell compared to the commonly used VBTMAC and METMAC, which yielded
undesired polyelectrolyte side products already at relatively low cationic monomer
concentrations. In shell formation, feed concentrations of AETMAC between 1.3 mol %
(2.4 wt %) and 10.7 mol % (20 wt %) in styrene could be employed, allowing us to control
colloid surface charge density over a wide range. The influence of various polymerization
parameters (initiator concentration, crosslinking agent, and ionic strength) on the
copolymerization process with AETMAC is discussed. Core-shell particles were
characterized using HR-SEM, potentiometric titration and zeta potential measurements.
Parts of this chapter have been published in: N. V. Dziomkina, M. A. Hempenius, G. J. Vancso, European
Polymer Journal 2006, 42, 81.
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Introduction
In recent years there has been an increasing interest in studying the crystallization
mechanism of monodisperse charged colloidal particles and the corresponding packing and
particle interaction mechanisms. 1 Control over the size, polydispersity and surface charge
density of polymer colloidal particles opens up a way towards controlled colloidal
crystallization. For successful colloidal crystal packing and crystal engineering, nearmonodisperse particles are needed. Packing within colloidal crystals can in principle be
controlled by the size and surface charge density of the building blocks (colloidal particles). If
particles exhibiting bimodal distributions are used, one may, in principle, obtain stable
structures of AxBy types, which would exhibit lower degrees of symmetry as compared with
B

the bcc lattice. Crystallization of bimodal colloidal particles of the same surface sign leads to
the formation of AB2 or AB13 crystal structures. 2,3 If bimodal colloidal particles possess
opposite surface charge, then one can try to fabricate colloidal crystals with different crystal
symmetries that mimic ionic crystals. 4 If the refractive index contrast between the
constituents is high enough, these structures could be promising candidates for photonics
applications. Prerequisite for successful fabrication of such structures is full control of size
and surface charge of the polymer microparticles. In this chapter we describe the synthesis
and characterization of relatively unexplored core-shell positively charged colloidal particles.
Emulsifier-free emulsion polymerization5,6 has found widespread use due to the
possibility of colloid stabilization via ionic initiator residues covalently bound to the polymer
particles and has been successfully applied to both the preparation of anionic and cationic6
monodisperse colloidal particles with sizes up to 1 µm. In this process, surface charge
originates from initiator fragments and as initiator concentration influences particle size,
surface charge density cannot be varied independently.
In
monomers,

the

direct

7, 8 , 9 , 10 , 11 , 12

copolymerization

of

structural

monomers

with

ionic

surface charge density and particle size can not be controlled

independently since particle size strongly depends on the ionic monomer concentration. 13,14
This method leads to the formation of colloids of sizes up to 300 nm with a high surface
charge density. Chemical modification of preformed functional colloid surfaces via, for
example, quaternization of latexes containing benzyl chloride moieties using tertiary
amines,9,10, 15 or by aminolysis of epoxy groups12,16 has been used as an alternative approach
to increase surface charge density.
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Two-stage shot growth emulsion polymerization11,15, 17 enables one to introduce high
surface charge densities on colloid particles and provides independent control over particle
size up to 400 nm. In the first stage, e.g. styrene is copolymerized with a small quantity of
ionic monomer. In this stage the size of the seed particles is regulated. When a high
conversion (> 90%) is reached, a second stage monomer mixture is added. The ratio of
structural monomer to ionic monomer in this mixture determines the final surface charge
density. Finally, seeded polymerizations allow one to vary particle size in a wide range but
generally provide limited control over surface charge density due to the formation of free,
water-soluble

polyelectrolyte

at

high

ionic

monomer

concentrations.17,18

Seeded

polymerization constitutes a versatile approach if polyelectrolyte formation can be avoided.
Here we describe the synthesis and characterization of cross-linked core-shell cationic
latexes using a two-stage process composed of emulsifier-free emulsion polymerization of
styrene and the subsequent formation of a shell around the polystyrene seeds by copolymerization of styrene with cationic comonomers. A novel cationic monomer, >(2acryloyloxy)ethyl@ trimethylammonium chloride (AETMAC) is employed and compared with
[(2-methacryloyloxy)ethyl]

trimethylammonium

chloride

(METMAC)

and

(vinylbenzyl)trimetylammonium chloride (VBTMAC) (for the chemical structures, see
Scheme 4.1 in the Experimental Section), with the aim of synthesizing well-defined cationic
latex particles of which the size and surface charge density can be controlled independently.
High-resolution scanning electron microscopy (HR-SEM) was used in this study for
the visualization of the colloidal particles. HR-SEM allows one to study polymer samples
without coating them with a conducting metal layer, as low electron acceleration voltages are
used during measurements. Using HR-SEM, not only the size distribution of the colloidal
particles but also their surface topology and possible side products such as small particles or
polyelectrolyte formed during the shell formation step can be characterized.
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4.1. Core preparation
Polystyrene latex particles were prepared by emulsifier-free emulsion polymerization
of styrene in the presence of a crosslinker (DI, 5 mol % with respect to styrene), using a
cationic initiator. The size of the particles was established by means of HR-SEM
measurements. Various polymerizations were carried out at different styrene (St)
concentrations. The corresponding particle diameter values with standard deviations and latex
yield are summarized in Table 4.1. Figure 4.1 shows a logarithmic plot of the number average
particle diameter against monomer concentration. The dependence of the particle diameter D
on styrene concentration for colloids in the range from 200 nm to 500 nm at constant initiator
concentration, ionic strength and temperature, using monomer concentrations between 0.1 and
0.8 mol/L is given by the equation:
log (D) = 0.343 · log [StI] + 2.701
Thus, the particle diameter varied as the 0.34 power of the initial monomer concentration.
Similar results were found in other emulsifier-free emulsion polymerization systems.5,6,14 The
core syntheses were found to be highly reproducible. SEM images of the colloidal
microparticles specified in Table 4.1 are shown in Figure 4.2.
The SEM images in Figure 4.2 clearly show the influence of changes in relative initiator and
styrene concentrations on the particle morphology. At low styrene concentrations (Figure
4.2A) and, therefore, relatively high initiator concentrations, colloid microparticles with a
small particle size and a high surface roughness were obtained. Upon increasing the monomer
concentration, less rough and more rounded particles (Figure 4.2B) were formed, until finally,
smooth and well-defined colloids (Figure 4.2C and 4.2D) were obtained. In all experiments,
almost a full conversion of monomer to latex particles was achieved.
Table 4.1. Influence of styrene concentration on particle sizea
Sample
[StI]
Number average
Standard
% Variation
Latex yield (%)c
b
(mol/L)
diameter (nm)
deviation (nm)
on the mean
43
0.11
241
7
3.0
99
79
0.30
321
5
1.5
99
66
0.50
388
5
1.3
99
24
0.60
417
8
1.9
99
88
0.67
435
8
1.8
98
183
0.80
487
11
2.3
99
a
[AIBA] = 4.42 mmol/L, [NaCl] = 2.57 mmol/L, DI = 5 mol % of the styrene amount (mol) used in the core
(StI), ionic strength = 15.8·10-3 mol/kg, polymerization temperature: 70 qC.
b
Determined using high-resolution SEM.
c
Determined gravimetrically.
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Figure 4.1. A) Final particle diameter plotted versus monomer concentration. There is a linear relationship between
the number average particle size and styrene concentration: D = 244 · >St@ + 215. B) Logarithmic plot of number
average particle diameter against initial monomer concentration (see also Table 4.1).

Figure 4.2. SEM images of selected samples shown in Table 4.1 with diameters of: A)  241 nm (43); B)  321 nm
(79); C)  388 nm (66); D)  435 nm (88, the rectangles in Figure 4.2D are defects at the silicon surface). The
scale bars are 500 nm.
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4.2. Shell preparation
Colloidal particle size was controlled in the first stage (seed) of the polymerization,
while the surface charge density was controlled in the second stage (shell). Surface charges
were introduced on the latex particles via copolymerization of styrene with a cationic
comonomer. The amount of styrene for copolymerization in the second stage was adjusted
with respect to the amount of styrene used in the first stage. Comonomer concentrations were
varied in the range between 1.3 mol % (2.4 wt %) and 10.7 mol % (20 wt %) based on the
styrene charged in the second stage. A crosslinker, divinylbenzene (DVB), was added to
ensure colloidal particle stability and minimize the chance of particle coagulation.
4.2.1. Cationic comonomers
Three functional monomers (VBTMAC, METMAC and AETMAC) were compared
for their efficiency in forming cationic shells, initially at low comonomer content, see Table
4.2 and Figure 4.3. At low ionic comonomer concentrations, undesired side reactions, such as
homopolymerization of ionic monomer or its copolymerization with styrene, forming watersoluble polyelectrolytes, are less likely to occur. Thus, the major part of the ionic monomers
can be expected to be incorporated in the colloid particle shell. After copolymerization, the
number average diameter of the colloidal particles increased by almost 30 nm, indicating shell
formation. The formed core-shell particles were very stable and, as it is clearly seen in Figure
4.3, and possessed a low surface roughness. Despite the low concentration of VBTMAC,
polyelectrolyte homopolymer or VBTMAC/St copolymer was observed near the edges of the
dried sample (Figure 4.3A). This SEM image also shows that colloidal particles with the
VBTMAC shells coagulate to some extent in the dry film. Using AETMAC, well-defined
non-coagulating cationic core-shell particles were obtained (Figure 4.3B, right).
Table 4.2. Influence of cationic comonomer type on shell formationa
Number average
Sample
Comonomer
Comonomer
Ionic strength
mol % (wt %)b
final diameter (nm)
x103 (mol/kg)
80
VBTMAC
1.3 (2.6)
5.56
348
81
AETMAC
1.3 (2.4)
5.57
348
a
Core particles with a number average diameter of 321 nm (Table 4.1, entry 79) were used.
b
AIBA content = 1.5 mol % based on the total monomer amount (mol) StII+CoM+DVB.
[StII] = 0.067 mol/L, StII : StI = 1 : 3. DVB = 7.7 mol % based on the amount (mol) of StII+CoM. [NaCl] = 1.7
mmol/L. Polymerization temperature: 70 qC. StI = styrene used in the core, StII = styrene used in the shell.

72

Chapter 4

Figure 4.3. SEM images corresponding to core-shell microparticles with cationic shell comonomer A)
VBTMAC; B) AETMAC, presented in Table 4.2. The scale bars are 500 nm.

Then, a much higher concentration of the cationic monomers was employed in shell formation
(Table 4.3). The resulting core-shell particles are shown in Figure 4.4. In the case of
VBTMAC and METMAC, the amount of undesired polyelectrolyte formed had increased.
Colloid particles in the bulk featuring these monomers (Figure 4.4A, 4.4B, respectively)
possessed a low surface roughness, but did show some coagulation, likely due to bridging by
water-soluble polyelectrolyte. 19 With AETMAC the formation of polyelectrolyte was
insignificant (Figure 4.4C). In addition, colloids with AETMAC comonomer were very stable
(> 1 year) and demonstrated a low surface roughness, therefore this monomer was chosen for
further shell-forming experiments.
Table 4.3. Influence of cationic comonomer type on shell formationa
Number average final
Sample
Comonomer
Comonomer
Ionic strength
wt % (mol %)b
diameter (nm)
x103 (mol/kg)
70
VBTMAC
15 (7.3)
15.6
423
71
AETMAC
15 (8.0)
16.5
418
72
METMAC
15 (7.5)
15.7
420
a
Core particles with a number average diameter of 388 nm (Table 4.1, entry 66) were used.
b
AIBA content = 4 mol % based on the total monomer amount (mol) StII+CoM+DVB.
[StII] = 0.067 mol/L, StII : StI = 1 : 5. DI = 5 mol % based on mol StII+CoM. [NaCl] = 1.7 mmol/L.
Polymerization temperature: 70 qC.
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Figure 4.4. SEM images corresponding to core-shell microparticles with cationic shell comonomer A)
VBTMAC; B) METMAC; C) AETMAC, see Table 4.3. The images on the right were taken near the sample
edge. The scale bars are 500 nm.

4.2.2. Influence of cross-linker on shell formation
The stability of the shell in the cationic core-shell particles may be enhanced using
crosslinkers. In order to gauge the influence of crosslinking, shells were formed in the
presence and absence of a crosslinking agent. Addition of crosslinker led to the formation of
core-shell particles with a more dense shell structure. In the presence of crosslinker, the final
colloidal size was about 25 nm smaller than for colloids without crosslinker (Table 4.4). Also,
colloidal particles with crosslinked shells possessed a much lower surface roughness
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compared to particles with uncrosslinked shells. Shell crosslinking did not influence the
amount of undesired polyelectrolyte formed, very little was found near the edges of both
samples. Crosslinking does reduce particle coagulation (Figure 4.5).

Table 4.4. Influence of cross-linker on shell formation using AETMACa
Sample
[StII]
DI
Ionic strength
(mol/L)b
(mol %)c
x103 (mol/kg)

Number average final
diameter (nm)

77

0.064
16
442
(1:5)d
71
0.064
5
16
418
(1:5)d
a
Core particles with a number average diameter of 388 nm (Table 4.1, entry 66) were used.
b
AIBA content = 3 mol % based on the total monomer amount (mol) StII+AETMAC+DVB.
[StII] = 0.064 mol/L, StII : StI = 1 : 5. AETMAC content = 8 mol % (15 wt %) based on mol styrene used in
the shell (StII). [NaCl] = 1.7 mmol/L. Polymerization temperature: 70 qC.
c
Based on mol StII.
d
Ratio of styrene in the shell and styrene in the core: StII : StI.

Figure 4.5. SEM images of core-shell microparticles featuring AETMAC cationic shells. Sample A) without
crosslinker; B) with 5 mol % crosslinker, see Table 4.4. The images on the right were taken near the sample
edge. The scale bars are 500 nm.
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Table 4.5. Influence of initiator concentration on shell formation using AETMACa
Sample
[StII]
AIBA
Ionic
Number average
No. av. diameter
(mol/L)b
(mol %)c
strength
diameter core (nm)
core+shell (nm)
x103
(mol/kg)
84
0.067
1.5
6.11
338
353
d
(1:3)
(Table 1, recipe 79)
90
0.156
0.61
7.66
435
480
(1:3)d
(Table 1, recipe 88)
96
0.093
0.2
4
475
510
(1:5)d
(Table 1, recipe 88)
a
AETMAC content = 1.75 mol % (3.3 wt %) based on mol StII. DVB content = 7 mol % based on mol
StII+AETMAC. [NaCl] = 1.7 mmol/L. Polymerization temperature: 70 qC.
b
StII = styrene used in the shell preparation (stage II).
c
Based on mol StII+DVB+AETMAC.
d
Ratio of styrene in the shell and styrene in the core: StII : StI.

Figure 4.6. SEM images of core-shell microparticles featuring AETMAC cationic shells with initiator
concentrations in shell formation of A) 1.5 mol %; B) 0.6 mol %; C) 0.2 mol %, see Table 4.5. The scale bars are
500 nm.
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4.2.3. Influence of initiator concentration on shell formation
Table 4.5 summarizes the results of the core-shell particle formation with various
initiator concentrations. In all reactions, 1.75 mol % of AETMAC monomer was used. The
shell was cross-linked with 7 mol % of DVB. The amount of initiator was calculated in
relation to the amount of monomers used in the second stage and was taken as 1.5, 0.6 and 0.2
mol % of the total, respectively. SEM images of these particles are presented in Figure 4.6. As
a result of copolymerization, number average particle diameter values increased by 15-45 nm.
When the initiator amount was 1.5 mol %, a small number of particles exhibiting diameters of
5-10 nm was found near the edge of the dried sample (Figure 4.6A). The surface roughness of
the colloidal microparticles was found to be low by visual inspection of the SEM images. As
the initiator level was decreased to 0.6 mol %, the surface roughness increased, and an
increased number of small particles was observed (Figure 4.6B). With a further decrease in
the amount of initiator, a large quantity of polyelectrolyte appeared (Figure 4.6C). On the
basis of these observations, 1.5 mol % of initiator was taken as the optimal concentration.
4.2.4. Cationic core-shell latex particles with controlled surface charge densities
In the previous paragraphs, several comonomers were compared. By using AETMAC
in the shell-forming step, well-defined cationic colloidal particles were obtained while only a
small amount of polyelectrolyte, even at a relatively high comonomer concentration of 8.1
mol % (15 wt %), and no polyelectrolyte at 1.3 mol % (2.4 wt %) of comonomer was
observed. In Table 4.6, the results of copolymerization of styrene with AETMAC at different
concentrations are presented. All copolymerization reactions were performed in the presence
of 7.5 mol % cross-linking agent (DVB). Salt concentration was not changed in the emulsion
during polymerization, therefore, variations in ionic strength are caused by the different
amounts of initiator and comonomer. The size of the colloids increased by 15-45 nm,
indicating shell formation. Particles formed after the core-shell polymerization were welldefined and possessed a low surface roughness, see Figure 4.7.
Based on this more extensive range of employed AETMAC concentrations, we can
conclude that below 5.3 mol % (10 wt %), no polyelectrolyte was detected, while at high
comonomer concentrations (above 5.3 mol %) a small amount of free polyelectrolyte (not
incorporated in the shell) was detected. The amount of free polyelectrolyte did not increase
when the AETMAC concentration was increased further from 5.3 mol % to 10.7 mol %.
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Table 4.6. Influence of AETMAC concentration on shell formationa
Sample
[StII]
AIBA
AETMAC,
Ionic
Number
No. av.
Zeta
V,
(mol/L)
(mol %)b
mol %
strength
average
diameter
potential
(PC/cm2)d
c
3
(wt %)
(mV)
diameter
core+shell
x10
(nm)
core (nm)
(mol/kg)
81
0.067
1.5
1.3 (2.4)
5.57
325
348
51.8
11.6
(1:3)e
84
0.067
1.5
1.72 (3.3)
6.11
338
360
52.3
14.0
(1:3)e
85
0.067
1.5
2.7 (4.95)
6.80
338
370
55.6
17.5
(1:3)e
155
0.067
1.3
5.3 (10)
6.6
365
380
51.8
(1:3)e
71
0.064
4
8.1 (15)
16.5
388
418
50.9
36.6
(1:5)e
156
0.04
2.4
10.7 (20)
9.87
365
380
56.4
44.6
(1:5)e
a
DVB content = 7.5 mol % based on mol StII+AETMAC. [NaCl] = 1.7 mmol/L. Polymerization temperature: 70 qC.
b
Based on mol StII+DVB+AETMAC.
c
With respect to mol StII.
d
Obtained by potentiometric titration.
e
Ratio of styrene in the shell and styrene in the core: StII : StI.

Figure 4.7. SEM images of core-shell microparticles featuring cationic shells, formed using AETMAC
concentrations of A) 1.3 mol %; B) 1.72 mol %; C) 2.7 mol %; D) 5.3 mol %; E) 8.1 mol %; F) 10.7 mol %, see
Table 4.6. The scale bars are 500 nm.

Zeta potential measurements were carried out to characterize the stability of the
colloidal core-shell particles. According to the DLVO (Deryaguin-Landau-Verwey-Overbeek)
theory, stability of colloidal systems is governed by a balance between attractive Van der
Waals forces and the electrical repulsion due to colloid particle surface charge. The
magnitude of the zeta potential gives an indication of the stability of colloidal systems. If
particles in a dispersion have a large negative or positive zeta potential, they repel each other
and the dispersion is stable. At low values of the zeta potential, the colloidal particles may
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aggregate due to the attractive forces. Absolute zeta potential values above 30 mV are
commonly associated with stable colloids while values below 30 mV indicate susceptibility to
agglomeration. 20 Zeta potential measurements, presented in Table 4.6, show that the coreshell particles formed are highly stable in the dispersion. Indeed, no coagulation was observed
in the colloidal dispersion upon storage for more than a year.
Surface charge densities (V) were measured by potentiometric titration of the latex
dispersions. The surface charge densities increased with increasing cationic monomer
concentration, but deviated slightly from a linear dependence at higher AETMAC
concentrations. At these high concentrations, monomer incorporation in the shell was
accompanied by some polyelectrolyte formation outside the shell. This polyelectrolyte
homopolymer was removed in the purification of the core-shell particles, leading to a slightly
lower surface charge density than anticipated. Figure 4.8 demonstrates that surface charge

2
Surface charge density, PC/cm

density can be controlled by varying the cationic comonomer concentration.
50
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AETMAC concentration, mol % St
Figure 4.8. Surface charge density versus AETMAC concentration expressed in mol % of St used in the shell
formation. The dashed line represents the expected surface charge density at full ionic monomer incorporation.

The stability of surfactant-free colloidal systems is not only determined by surface
charge density but also depends on the ionic strength of the aqueous medium, as electrostatic
repulsion is reduced due to charge screening by counterions in the colloidal dispersion. 21
Ionic strength is known to have a marked influence on particle size (cores) in emulsifier-free
emulsion polymerization processes. Upon increasing ionic strength, the final diameter of both
anionic5 and cationic polystyrene colloidal particles increased. The lowest utilizable ionic
strength is determined by the initiator concentration, the highest ionic strength by the onset of
polydispersity or coagulation.5,6 To establish whether ionic strength had an influence on shell
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formation, the ionic strength in the colloidal core dispersion was adjusted by adding NaCl, see
Table 4.7. Shell formation was performed in the presence of DVB at an AETMAC
concentration of 8 mol % (15 wt %). An increase in NaCl concentration from 1.7 to 2.2 mM
led to the formation of new colloids of small size (Figure 4.9) and to large quantities of free
polyelectrolyte. At ionic strengths of up to 16·10-3 mol/kg, the formation of such undesired
side products is prevented.
Table 4.7. Influence of ionic strength on AETMAC shell formationa
Sample
[StII]
NaCl
Ionic strength
Number average
(mol/L)b
(mM)
diameter
x103 (mol/kg)
core+shell (nm)
71
0.064
1.7
16
418
(1:5)c
76
0.064
2.2
21.1
410
(1:5)c
a
Core particles with a number average diameter of 388 nm (Table 4.1, entry 66) were used.
b
AIBA content = 4 mol % based on the total monomer amount (mol) StII+AETMAC+DVB. AETMAC
content = 8 mol % (15 wt %) based on mol StII. DVB = 7.5 mol % based on mol StII+AETMAC.
Polymerization temperature: 70 qC.
c
Ratio of styrene in the shell and styrene in the core: StII : StI.

Figure 4.9. SEM images correspond to the samples with A) 1.7 mM NaCl; B) 2.2 mM NaCl presented in Table
4.7. The scale bars are 500 nm.

80

Chapter 4

Conclusion
Polystyrene colloids with number average diameter values between 200 and 500 nm
exhibiting narrow size distributions were prepared in a two stage polymerization process. The
number average diameter of the core colloids increased with increasing styrene concentration
in the employed concentration range. Three monomers were explored for their efficiency in
forming cationic shells around the polystyrene cores. The monomer AETMAC, to our
knowledge not reported in the literature for the preparation of cationic colloidal core-shell
particles, formed smooth cationic shells and could be incorporated in higher concentrations
than proved possible with the commonly used VBTMAC and METMAC monomers, which
gave undersired polyelectrolyte side products already at low cationic monomer
concentrations. Thus, colloid surface charge densities could be controlled over a wider range
than was possible with VBTMAC and METMAC. Crosslinking of the shell was found to
enhance shell stability. Optimal initiator concentration and ionic strength values for shell
formation were identified.
Experimental part
Materials
Styrene (St) (for synthesis, Merck) and divinylbenzene (DVB) (50 % in ethyl vinyl benzene, Fluka)
were distilled under reduced pressure and stored at 4 qC. >2-(acryloyloxy)ethyl@trimethylammonium chloride
(AETMAC) (80 wt % in water, Aldrich) and >2-(metacryloyloxy)ethyl@trimethylammonium chloride
(METMAC) (75 wt % in water, Aldrich) were precipitated in acetone, washed several times with acetone and
finally washed with ethyl ether. (Vinylbenzyl)trimethylammonium chloride (VBTMAC) (Aldrich, 99 %) was
dissolved in ethanol, precipitated in acetone, washed with acetone followed by ethyl ether and dried under
reduced pressure.[6] Purified VBTMAC, METMAC and AETMAC were stored at 4 qC. Milli-Q water
(Millipore, 18.2 M:·cm) was used in all experiments. 2,2'-Azobis(2-methylpropionamidine) dihydrochloride
(AIBA, or V-50) (97 %, Aldrich) and 1,3-diisopropenylbenzene (DI) (Aldrich) were used without further
purification. Sodium chloride (>99.5 %, Fluka) and all solvents (analytical grade) were purchased from Merck
and used as received.
Synthesis of polystyrene core particles
All polymerization reactions were carried out in a 250 mL three-necked round-bottomed flask equipped
with a reflux condenser, septum and magnetic stirring bar. A total reaction volume of 200 mL was normally
used. Emulsifier-free emulsion polymerization recipes described by Ottewill5 and Pelton6 were employed for the
preparation of the polystyrene colloids. Representative recipes are shown in Table 4.1. Briefly, the flask was
charged with Milli-Q water (180 mL) and NaCl (2.57 mM). Oxygen was removed by passing a slow stream of
nitrogen through the solution for 30 min while stirring at 450 rpm. The gas flow rate was kept low in order to
minimize evaporation. After 30 min, a mixture of styrene and crosslinker (DI) was added at once to the threenecked flask. AIBA (4.42 mM) was dissolved in Milli-Q (20 mL) in a separate conical flask and was degassed.
The three-necked flask was then immersed in a preheated oil bath (70 qC) and left for 1 h to attain thermal
equilibrium. Finally AIBA was added in one portion. Concentrations of initiator and NaCl were identical for all
reactions, therefore the ionic strength was constant for all experiments (15.8·10-3 mol/kg). Stirring was continued
for 24 h. Finally, the vessel was removed from the oil bath and left to cool. The latex dispersion was decanted
through a filter packed with glass wool in order to remove any homopolymer film and coagulum formed during
the synthesis. The latex particles were used as seeds for the growth of the shell layer.
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Scheme 4.1. Structures of AIBA, VBTMAC, AETMAC and METMAC.

Synthesis of core-shell latex particles
In a typical experiment (sample 84, Table 4.6), the setup described above was charged with a seed
dispersion, which was degassed and heated to 70 qC while stirring at 450 rpm. In separate flasks, two solutions
were prepared: one containing styrene and a crosslinker (DVB, 0.055 g), the other the AIBA initiator (0.026 g)
and cationic comonomer (0.023 g) dissolved in Milli-Q water (10 mL). The solutions were degassed using
nitrogen and added simultaneously within 30 min to the seed dispersion. After 24 hours, the flask was removed
from the oil bath and allowed to cool. The latex was decanted through a filter packed with glass wool.

Particle size determination
A small amount of a latex dispersion was diluted with Milli-Q water until the solution was almost
transparent. A drop of dispersion was placed on a cleaned silicon substrate and left to dry. Dried colloids were
examined with a High Resolution LEO 1550 FEG scanning electron microscope (SEM) at low acceleration
voltages (0.5 kV), allowing us to image the latex samples without applying a metal coating. The colloidal
particle number average diameter and standard deviation were calculated from the SEM images 22 based on 3050 particles per latex sample, using the image processing program Scion Image Beta 4.0.2.
Yield determination
The yield of the colloidal particles formation was determined gravimetrically at the end of the
polymerization. A measured amount of latex dispersion was centrifuged at 15000 rpm for 15 min and dried at
room temperature in a vacuum oven. The yield was calculated according to the following equation:23

C (%)

W1 / W2
u100%
m1 /(m1  m2 )

where C(%) is the total conversion of polymer; W1 is the weight of dried polymer; W2 is the weight of the sample
withdrawn from the reaction solution; m1 is the weight of monomer added; m2 is the weight of the medium.
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Zeta potential measurements
Zeta potential values were determined by laser Doppler electrophoresis using a Zetasizer 2000 (Malvern
Instruments Ltd., Malvern, UK). For the measurements, a small amount of a latex dispersion was diluted with
Milli-Q water until the solution was almost transparent.
Determination of surface charge densities
Surface charge densities were analysed by potentiometric titration of latex dispersions using 0.01 N
AgNO3. Before titration, the latex dispersion was placed in polycarbonate tubes and centrifuged three times at
17000 rpm for half an hour to remove possibly formed polyelectrolyte species. After each centrifugation step,
the latex microparticles obtained were re-dispersed in Milli-Q water using an ultrasonic bath. The values of
surface charge densities (V) were calculated according to the following equation:24

V

FnU R
3W

where F is the Faraday constant, n is the number of moles of AgNO3 required to neutralize the surface functional
groups of latex particles, U is the density of colloids (1.05 g/cm3), R is the radius of latex spheres, and W is the
fraction solid content of the latex.
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Chapter 5
Electrode Surface Patterning*

A procedure for the topological patterning of electrode surfaces was
developed. Electrodes composed of a glass disk and a conductive ITO layer
were topologically structured using a combination of laser interference
lithography (LIL) † and a lift-off method. Lines, hexagonal, square and
rectangular patterns were generated by LIL in a suitable positive photoresist.
The patterns covered the electrode surface over an area of 1.5 x 1.5 cm.
Pattern periodicities were tuned between 0.3 Pm and 1 Pm by changing the
angle between the sample holder and incoming laser beam. Photoresist
patterns were translated in the form of depressions into a dielectric SiO2
layer using a lift-off process. Lithographic process parameters as exposure
dose, development time and etching conditions are discussed. Electrode
patterns were characterized by HR-SEM.

*
†

Parts of this chapter have been published in: N. V. Dziomkina, M. A. Hempenius, G. J. Vancso, Advanced
Materials 2005, 17, 237.
The LIL set-up was property of the groups “Integrated Optical MicroSystems”, “Systems and Materials for
Information Storage” and “Transducers Science and Technology” (University of Twente) and access was
kindly provided for our research.
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Introduction
To enable the study of colloidal crystallization in confined geometries, various
lithographic techniques have been applied for surface patterning such as conventional optical
lithography, 1, 2 , 3 , 4
lithography,

10, 11 , 12 , 13

soft

lithography, 5, 6 , 7 , 8

electron beam

14,15

imprint

and focused ion beam

lithography, 9
16

holographic

techniques. In our project,

the generation of periodic patterns with sub-micrometer periodicities and various pattern
symmetries was necessary to direct template-assisted growth. Conventional optical
lithography requires use of a photomask 17 and as a consequence a resolution limit of 1.5 Pm
(system specific) 18 can be achieved. In soft 19,20 and imprint 21 lithography, patterned
structures with sub-micrometer resolution can be easily obtained, but these techniques require
corresponding masters. Electron and ion beam techniques allow one to create the extremely
fine patterns in the desired region of periodicities, but these techniques are slow and
expensive.17 Holographic lithography 22, 23 , 24 is a maskless technique that allows generating 2D
periodic structures over large areas (on the order of cm2) with sub-micrometer resolution. 25,26
It is also fast (periodic patterns are generated in tens of seconds) and cost-effective (it does
not require a complicated set-up). Consequently, holographic lithography was chosen as a
suitable technique for surface patterning that corresponds to our requirements. Holographic
lithography has been already successfully applied in the fabrication of 3D photonic crystals, 27
photonic crystal slabs, 28 microsieves,26,29 high-density data storage devices, 30 grating filters 31
and beam splitters. 32
5.1. Laser Interference Lithography
Laser interference lithography (LIL)25,26, 33 , 34 is a holographic technique, where an
interference pattern of two obliquely incident beams of laser light is generated in a suitable
photoresist.

There

are

two

basic

LIL

set-up

configurations:

Lloyd’s

mirror

configuration26,33,34, 35 and a set-up comprising a beam splitter.22,25,26 A LIL set-up with
Lloyd’s mirror configuration was used in this project, see Figure 5.1. In Lloyd’s mirror
configuration a mirror ‡ is placed perpendicular to a sample holder, allowing one to obtain two
incident beams from one light source: one part of the light reaches the substrate directly and
another is first reflected by a mirror and then hits the substrate surface. The sample holder is
positioned at a distance L (L = 2 m) from a special filter, featuring a pinhole and a lens, in
such a way that a divergent laser beam completely covers the mirror/sample holder.
‡

Dielectric UV-MAXBRlte mirror (with 007 coating) with an average reflectance of > 98 % for a wavelength
range of 245 – 390 nm.
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Pin-hole
Laser

100% Mirror
T

Lens

Sample
L >> d

d

/

O
2 sin T

Figure 5.1. Schematic representation of the laser interference lithography (LIL) set-up (left) and double exposure
pattern, where 6 is the rotation angle of the sample holder that can be varied between 0º, 60º and 90º (right), T is
angle of incidence, O is wavelength of the light and / is the pattern periodicity. The distance (L) between pinhole
and sample holder is much larger than the sample size (d) to ensure good beam uniformity over the sample
surface and full sample surface coverage.

Figure 5.2. SEM images of photoresist patterns: A) lines, B) hexagonal, C) square and D) rectangular. In the
corner of the images B, C and D, pictures of actual electrodes are shown. Scale bar is 0.5 Pm.
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This distance is large enough to obtain such a diameter for the spherical Gaussian beam on the
mirror/sample holder that the incoming wave front can be approximated as a plane wave over
the exposed area. A special filter allows also high frequency noise to be removed from the
beam to provide a clean Gaussian profile. Lloyd’s mirror set-up configuration has some
advantages over other interferometers like:
x

The fixed position of the mirror perpendicular to the substrate guarantees, using simple
trigonometry, that the light reflected from the mirror is always incident on the substrate at
the same angle as the original beam;

x

The fixed mirror/substrate system is less sensitive to vibrations, beam motions, etc;

x

The set-up is simple in alignment and adjustment;

Besides set-up advantages there are also some disadvantages like:
x

Roughness of the mirror directly influences the grating quality;

x

Sensitivity to dust particles and a damaged mirror surface.
As a consequence of interference, a line pattern in the photoresist layer is obtained, see

Figure 5.2A. By rotating the sample holder by 60 or 90 degrees and performing a second light
exposure on the same sample (double exposure), hexagonal and square types of pattern can be
created, respectively. If a positive photoresist is used in double exposure, then the illuminated
areas of the photoresist become soluble, revealing a pillar photoresist structure after
development. In the case of a negative photoresist, exposed parts of the photoresist cross-link,
revealing a pit (hole) photoresist structure after development. 36 Examples of patterned
hexagonal and square structures in positive photoresist are shown in Figure 5.2, B, C. Pattern
periodicity / relates to the incident angle T and can be determined from the following
formula:

/

O
2 sin T

where O is the wavelength of the laser light which in our case is 266 nm. The smallest period
that can be theoretically obtained equals to O/2, corresponding to T = 90q. Practically, in this
case the laser light slides along the sample surface and no interference in the photoresist layer
occurs. By performing multiple exposures in the same photoresist layers, varying pattern
periodicities and rotation angle, patterns of various complex structures can be obtained. As an
example, the combination of two different pattern periodicities at a rotation angle of the
sample holder 6 = 90q leads to the formation of the rectangular type of pattern, Figure 5.2D.
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The profile of structures generated in a photoresist depends on several factors: light exposure
pattern, photoresist sensitization and photoresist development. The grating profile for a single
photoresist exposure is shown in Figure 5.3A. In fabricating gratings, control over the initial
resist thickness is important in order to minimize losses that are due to absorption of the
incident wave in the film and to ensure that the pattern extends completely down to the
substrate surface. The photoresist thickness can be adjusted by using a companion thinner and
by the spin-coating speed. In addition, wet development is an isotropic process that introduces
stronger nonlinearities to a photoresist profile than those arising from photosensitization
processes. This phenomenon generally is called loss in resolution, and occurs because of
several effects such as chemical diffusion of photoactive and developer species, dependence
of the development rate on surface curvature, the size of the smallest particles of photoresist
that are removed by the developer etc. Depending on the combination of exposure time, light
intensity and development time, the grating profile can be optimized.
When a photoresist is exposed twice to UV light, then the photoresist contour plot of

A

B

C

D

Figure 5.3. A) Photoresist profile dependence on development time from t1 to t4; B) Contour plot of the received
dose of UV light in photoresist exposed twice to UV light with an intermediate rotation over 90q (logarithmic scale
of intensity);26 C) Hexagonal and D) square types of photoresist structures, where photoresist was exposed to UV
with an exposure dose of 43.6 mJ/cm2 and 40.54 mJ/cm2, respectively and a development time of 10 s, these were
rather low in order to clean up the substrate surface between neighboring photoresist pillars.
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the received dose is represented by holes (areas of crossed maximum intensities or exposed
photoresist) and posts (areas of crossed minimum intensities or unexposed photoresist),
shown in Figure 5.3B. The received dose or exposure dose ED is determined by multiplying
the total absorbed intensity in the layer of material Iabs by the exposure time W. The reflectance
from the SiO2 and ITO layers was not included in absorbed intensity calculations. The total
absorbed intensity by the materials:

I abs

I max  I trans

I maxT (1  e



4S

O

HL

)

where Itrans is the intensity of light after the passage of radiation through a layer of material of
thickness L (here – photoresist); T = (1 - R) – transmittance, R is the reflectance for the case of
s-polarized light determined from Fresnel’s equations, H is an extinction coefficient. The
reflectance from underlying layers was neglected, because of the low refractive index
contrast.
The intensity in interference maxima Imax can be calculated from the so called
interference equation: 37

I max

I1  I 2  2( I1 I 2 )1/ 2 cos M

where I1 and I2 are intensities of constituent waves, assumed to be equal, and assuming that
the light intensity reflected from the mirror had the same value as a direct beam, M = M2 - M1 is
the phase difference. In the case when M = 0 and I1 = I2 = I0, the intensity of the total wave is
Imax = 4I0. The initial wave intensity I0 was determined experimentally as:

I0

P
SR 2

where P is the continuous wave power (PW), measured by an Ultima LabMaster™ power
meter placed in front of the sample/mirror holder and R = 3 mm is the radius of the detector
active area § .
SEM examples of hexagonal and square types of photoresist structures obtained in this
work are shown in Figure 5.3C and Figure 5.3D. Photoresist was exposed to UV light, using a
sufficient exposure dose (it will be shown later) but development time was rather short to
open up the substrate surface between photoresist pillars (post areas). A subsequent increase
in development time (see Figure 5.3A) cleared up substrate surface between neighboring post
regions. The same type of images was obtained when photoresist was exposed to UV light
with an insufficient exposure dose (see Figure 5.3B). A value of the exposure dose and
§

LM-2 UV-enhanced silicon sensor for a wavelength of 250 - 400 nm (Coherent Inc.).
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development time can be optimized in such a way that photoresist post areas can be separated
from each other. During the exposure, the laser light is partially reflected by the substrate and
interferes with the incoming beam, creating an interference pattern in the vertical direction
(vertical standing wave patterns). As a result of vertical interference, the sidewall shape of a
developed photoresist reveals a rippled structure. For high reflectivity substrates, the multiple
reflections can be suppressed by covering the substrate with an antireflective material
(thickness, refractive index and incident angle dependent). The effect of multiple reflections
can be completely neglected for materials whose refractive index is close to the photoresist
refractive index.23 The existence of a vertical pattern has a positive effect in the preparation of
shadow masks for lift-off processes due to easier solvent penetration into photoresist covered
areas during the photoresist removal step.23
The actual surface covered by patterned areas is shown in insets in the corners of the
SEM images, Figure 5.2. The insets correspond to samples presented in the SEM images. A
surface coverage by patterned areas of 1.5 x 1.5 cm is typical for samples with the smallest
periodicity used in this project, which equals to 330 nm, Figure 5.2. Increase in pattern
periodicity leads to a decrease in surface coverage by patterned area.

5.2. Electrode patterning

The procedure of surface patterning, called “lift-off” process 38 is schematically
depicted in Figure 5.4. There are four fabrication steps in this process, see Figure 5.4. In the
first step an approximately 50 nm (for 330 and 350 nm pattern periodicity) or 100 nm (for 380
nm pattern periodicity and higher) thick SiO2 layer was evaporated on top of the ITO coated
glass disk (electrode) using an e-gun evaporator. The SiO2 layer in our experiments acts as a
dielectric layer for the conducting substrate. SiO2 is an often-used material for many
applications such as protective coating against ambient, insulation material, capacitor
dielectric, antireflective coating, etc.36 The thickness of the dielectric layer was chosen such
that colloidal particles, fitted in its holes, were able to contact the conductive ITO layer. In the
second step a double LIL exposure was performed to pattern a positive photoresist film of a
thickness of 200 nm, which was previously spin-coated onto the SiO2 covered substrate, see
Figure 5.4A. Illuminated areas of the photoresist were removed from the substrate after
development. The remaining photoresist pattern is thus the mimic of the intensity minima of
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the interference pattern, Figure 5.4B. An example of a hexagonal pattern obtained is presented
in Figure 5.4, B1.
In the lift-off process, a photoresist pattern is transferred into a SiO2 layer using a
suitable hard mask. Therefore, in the third step a thin layer of aluminum (Al) (18 – 20 nm)
was evaporated onto the substrates with the photoresist patterns. During this Al deposition
step the photoresist “columns” were partially covered with an Al layer. Partial Al coverage
allows an easy removal of photoresist pillars by immersing the substrates in a photoresist
stripper, ** leaving behind a pattern consisting of holes in the Al layer, as shown in Figure 5.4
by the step between C and D. An Al thickness of 18 nm to 20 nm was found to be optimal.
Thicknesses above 20 nm lead to difficulties in photoresist pattern removal.
In the fourth step, reactive ion etching (RIE) 39 of the SiO2 layer was performed
through the depressions (holes) of the Al “mask”. Any fluorine-containing gas can be used as
a SiO2 etchant such as CF4, SF6 or CHF3 (the latter used specifically where selectivity against
silicon is required). In this project, CHF3 gas was used for SiO2 etching. 40 It provides fluorine
and carbon for etching (SiF4 and CO2 etch products) and CF2* radicals, which are polymer
precursors. Polymerization takes place on silicon surfaces, whereas on oxide surfaces (CF2)n
polymerisation does not occur due to oxygen supply: the reaction on oxide surface results in
CO2 formation. An Al layer with native Al2O3 oxide acts as a hard mask - it is very difficult to
etch using oxygen and fluorine-containing gases. 41 Al can be etched in chlorine (Cl2) and
chlorine-containing gases, forming AlCl3 as the main etch product. Etching conditions for the
SiO2 layer were chosen such that anisotropic SiO2 etching was achieved and that the surface
of the ITO layer became exposed at the bottom of the holes. An Al cathode was used in RIE
in order to suppress the formation of oxygen bearing species which occurs when an SiO2
electrode is used, decreasing the etch rate. Finally, the remaining Al layer was removed in a
wet etching step using a commercially available Al etchant. †† Al removal is based on the
oxidation of Al by HNO3 and the simultaneous removal of the oxide by the acid
constituents. 42 The final electrode is depicted schematically in Figure 5.4D. Examples of
patterned SiO2 layers (cross section) are shown in the SEM images, depicted in Figure 5.4,
D1. The SEM images of the patterns in Figure 5.4 show highly ordered and defect-free
structures on the electrode surfaces.
**

Photoresist stripper Baker PRS 2000 (mixture of various organic compounds) is a commercial product that
provides a versatile cleaning of bulk photoresist. This photoresist stripper is suitable for application on
aluminum and silicon dioxide layers.
††
This commercially available Al-etchant consists of a mixture of acids H3PO4 : CH3COOH : HNO3 : H2O with
the relative composition 73:11:2:14 (weight %).
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Figure 5.4. A-D Schematic representation of the template patterning process. A) Dielectric layer (SiO2) and a
photoresist deposited on the electrode surface consisting of a glass plate and a conducting ITO layer on top. B)
Developed photoresist after LIL exposures. B1) SEM image of a hexagonally patterned photoresist (side view). C)
Thin metal layer deposited on top of the patterned photoresist. D) Etched dielectric layer after Al mask removal
(final structure). D1) SEM image of an etched dielectric layer (side view).
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5.3. Laser interference lithography results

Examples of photoresist pattering using laser interference lithography are presented in
Figure 5.5 and 5.6. Double exposures were performed in the photoresist at 60q or 90q rotation
angles to produce either hexagonal or square types of pattern, respectively. Exposure
parameters were defined experimentally for each particular periodicity. The influence of an
increase in exposure dose on pattern structure is presented for a periodicity of 530 nm in
Figure 5.5. The exposure dose (E) was determined by multiplying the total absorbed intensity
of the photoresist layer (Iabs) by the exposure time (W). Therefore, an exposure dose can be
varied either by the light intensity or by exposure time. An optimal development time, as was
also determined experimentally, was 35 - 40 sec. A slight increase in exposure dose from
27.26 to 30.38 mJ/cm2 led to the formation of separately formed photoresist pillars, Figure 5.5
A-C. A rippled sidewall structure indicated the presence of vertical standing waves. We
observed changes in the photoresist profile with a decrease in the SiO2 thickness twice. Walls
of photoresist pillars became more straight, but the diameter of the pillars did not decrease
even at further increased exposure doses, Figure 5.5D. That is due to the presence of
destructive interference with reflected light, when the thickness of the 2nd layer equals O/4. In
the course of our experiments (“lift-off process”), we did not aim to improve the photoresist
profile, because a conical shape of the photoresist pillars was preferred, allowing one to
obtain depressions with a larger diameter in the dielectric layer after “lift-off”. The thickness
of the SiO2 layer was chosen specifically with respect to the diameter of the colloidal particle
used.

Figure 5.5. SEM images of patterned photoresist layers (/= 530 nm) exposed to UV light with exposure doses
(E): A) 27.26 mJ/cm2 (I = 410.7 PW/cm2, t = 34 sec, SiO2 thickness = 100 nm); B) 29.65 mJ/cm2 (I = 446.4
PW/cm2, t = 34 sec, SiO2 thickness = 100 nm); C) 30.38 mJ/cm2 (I = 432.1 PW/cm2, t = 36 sec, SiO2 thickness =
100 nm); and D) 31.9 mJ/cm2 (I = 453.6 PW/cm2, t = 36 sec, SiO2 thickness = 50 nm).
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Figure 5.6. Hexagonal and square types of photoresist patterns with various periodicities (SiO2 thickness = 100
nm): A) 350 nm (E = 45.16 mJ/cm2, I = 428.6 PW/cm2, t = 38 sec); B) 350 nm (E = 41.34 mJ/cm2, I = 428.6
PW/cm2, t = 38 sec); C) 530 nm (E = 34.03 mJ/cm2, I = 432.1 PW/cm2, t = 36 sec); D) 530 nm (E = 30.43
mJ/cm2, I = 432.1 PW/cm2, t = 36 sec); E) 850 nm (E = 22.92 mJ/cm2, I = 439.3 PW/cm2, t = 34 sec); F) 850 nm
(E = 21.00 mJ/cm2, I = 439.3 PW/cm2, t = 34 sec). The ratio of average pillar diameters at the substrate surface
(for the hexagonal patterns it is the smallest pillar dimension) to the pattern periodicity (RPP): for hexagonal
patterns: A) 0.32; C) 0.37; E) 0.38; for square patterns: B) 0.4; D) 0.47; F) 0.55.
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For patterns with larger pattern periodicity, the exposure dose was decreased, in order
to keep the pillar diameter as large as possible, Figure 5.6. The photoresist profile for all
periodicities is determined by the angle of incidence, because the thickness of the SiO2 layer
of 100 nm was the same. The ratio of average pillar diameters at the substrate surface (for the
hexagonal patterns it is the smallest dimensions) to the pattern periodicity (RPP) was varied
between 0.3 and 0.4 for hexagonal patterns and between 0.4 and 0.55 for square patterns for a
given range of periodicities.

5.4. Etching results

Cross-sections of patterned electrodes with dielectric layers etched with different
etching parameters are shown in Figure 5.7. The procedure for photoresist layer patterning
was the same for all samples: for hexagonal patterns with a periodicity of 530 nm, E = 65.7
mJ/cm2, tdev = 35 sec. SiO2 layer thickness was 100 nm. The deposited aluminum layer had a
thickness of 20 nm. The choice of etching parameters was based on the article by K. Frick et
al.40 These authors advised to use a combination of low pressure and pure CHF3 in order to

promote anisotropic etching of the SiO2 layer. The etching rate of the SiO2 layer was 20
nm/min, using the following RIE parameters: gas flow rate (FR) = 30 sccm CHF3, chamber
pressure (P) = 20 - 30 mTorr, RF power (FP) = 75 W.

Figure 5.7. SiO2 layer profile dependence on RIE parameters: A) gas flow rate (FR) = 25 sccm CHF3 and 2 sccm
O2, chamber pressure (P) = 30 mTorr, RF power (FP) = 75 W, tetch = 4 min, Al cathode; B) FR = 20 sccm CHF3, P
= 30 mTorr, FP = 75 W, tetch = 10 min, Al cathode; C) FR = 20 sccm CHF3, P = 30 mTorr, FP = 75 W, tetch = 10
min, Quartz cathode; D) FR = 10 sccm CHF3, P = 30 mTorr, FP = 75 W, tetch = 10 min, Al cathode; E) FR = 20
sccm CHF3, P = 20 mTorr, FP = 75 W, tetch = 10 min, Al cathode. In all SEM pictures, the top layer is a 20 nm
thick Al layer.
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Figure 5.8. Hexagonal and square patterns in a SiO2 layer with various periodicities: A) and B) 350 nm; C) and
D) 530 nm; E) and F) 840 nm. RIE parameters: FR = 20 sccm CHF3, P = 20 mTorr, FP = 75 W. Ratio of the
average hole diameters at the substrate surface (for hexagonal patterns it is the smallest dimension) to the
pattern periodicity (RHP): for hexagonal patterns: A) 0.72 (Al thickness = 18 nm, tetch = 13 min); C) 0.54 (Al
thickness = 20 nm, tetch = 13 min); E) 0.55 (Al thickness = 18 nm, tetch = 15 min); for square patterns: B) 0.6 (Al
thickness = 20 nm, tetch = 13 min); D) 0.56 (Al thickness = 20 nm, tetch = 13 min); F) 0.65 (Al thickness = 18 nm,
tetch = 15 min). All SEM pictures presented were taken with the Al layer still in place.
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The maximum CHF3 flow rate in the employed RIE apparatus was 25 sccm. Etching a SiO2
layer using FR = 20 sccm CHF3, P = 20 or 30 mTorr and FP = 75 W for 10 min (see Figure
5.7, B and E) gave similar results as were obtained by Frick at even lower gas flow rates. An
identical etching profile was obtained for different values of chamber pressure. Addition of O2
led to a slightly overetched profile already after 4 minutes, see Figure 5.7A, lower half of the
SiO2 layer. Oxygen reacts with gas fragments and keeps the fluorine concentration high by
preventing fluorine recombination with the gas fragments. The use of a quartz cathode instead
of an Al cathode in the chamber, where O2 was not used in the gas mixture, led to
inhomogeneous etching. Overetching was observed at the sample edges, while overetching
did not occur in the middle part of the samples, see Figure 5.7C. The width of the overetched
areas increased towards the middle of the sample with an increase in etching time, indicating
that oxygen was introduced into the plasma by etching of the electrode. Therefore, in order to
obtain a homogeneous etching over the whole substrate, an Al cathode was used. Upon
decreasing the gas flow rate from 20 to 10 sccm CHF3, an strong increase in the diameter of
the depressions was observed, see Figure 5.7D. Therefore, optimal parameters such as FR =
20 sccm CHF3, P = 20 mTorr, FP = 75 W for SiO2 layer etching using Al as cathode material
were used in following experiments. Examples of etched SiO2 layers for patterns with
different periodicities are presented in Figure 5.8. An Al layer of 18 to 20 nm in height was
found to have the optimal thickness. It was observed, that if the thickness of the Al layer was
higher than 20 nm, it was difficult to completely remove photoresist pillars, therefore, leading
to defects in the periodic patterned structures. In the case of an Al layer thickness of 20 nm
(see Figure 5.8 B, C and D), an anisotropically etched SiO2 profile was obtained. In the case
of an 18 nm thick Al layer, the Al layer was rather thin and was partially removed together
with SiO2 due to physical sputtering, leading to a positive taper profile. The diameter of the
depressions increased during the RIE etching by 15 - 30 %, compared with the diameter of
photoresist pillars. The high roughness of the depressions is basically determined by the
photoresist pillar profile.
Conclusions

A procedure of electrode surface patterning was developed on the basis of a “lift-off”
technique. A photoresist pattern was translated into a dielectric SiO2 layer via a thin Al mask.
Photoresist patterns in the form of periodic gratings with hexagonal, square and rectangular
types of structures were obtained via a double UV light exposure in the photoresist while
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rotating the sample holder by 60q or 90q. Grating periodicity was varied by adjusting the
incident angle of the light in correspondence to the substrate surface. Exposure dose and
development time of the photoresist after the exposure were optimized specifically for each
periodicity. These two parameters were found to significantly influence the profile and
diameter of the photoresist pillars. A thickness of the Al layer between 18 nm and 20 nm was
found to be optimal. Above 20 nm, it was rather difficult to completely remove the
photoresist. Below 18 nm, isotropic etching of the dielectric layer was observed. Optimal
etching parameters such as FR = 20 sccm CHF3, P = 20 mTorr, FP = 75 W were found by
comparison of profiles of etched dielectric layers for different etching conditions. The use of
an Al cathode was found to be essential. The diameter of the depressions was increased
during the RIE etching by 15 – 30 %, compared with the diameter of the photoresist pillars.
The diameter of the depressions in the dielectric layer can be varied by adjusting the etching
parameters.

Experimental
Template preparation
Electrodes consisting of 1 inch float glass disks, covered with 100 nm conductive ITO layers were
supplied by Ssens bv, The Netherlands and were used as received. Before deposition of the SiO2 layer,
electrodes were sonicated for 5 min in isopropanol (Merck, VLSI Selectipur) and Milli-Q water (Millipore, 18.2
M:·cm) and kept on a hot plate (120 qC) equipped with a lid for 30 min. The positive resist Olin 907/12
(ARCH) with an initial thickness of 1.2 Pm (at standard spin-coating parameters) was thinned with a mixture of
ethyl-3-ethoxypropionate (EEP) (Aldrich, 99 %) and methyl-3-methoxypropionate (MMP) (Fluka, > 99 %) with
a composition Resist:EEP:MMP = 5:2:3 and filtrated through a filter with a pore size of 0.2 Pm (PALL,
Acrodisc CR). EEP and MMP are immediate constituents of Olin 907/12 photoresist, therefore, were compatible
with the diluent mixture. Photoresist was spin-coated in a two-step process (first 10 sec at 500 rpm and
continuing for another 30 sec at 4000 rpm) in order to form a layer with a thickness of 200 nm. Electrodes with
photoresist on top were baked for 90 sec at 95 ºC (soft baking). Prior to photoresist coating, adhesive promoter
hexamethyldisilazane (HMDS) was spin-coated at 4000 rpm for 20 sec. LIL exposures were performed with an
AzureTM solid-state laser ‡‡ at a wavelength of 266 nm. After LIL exposures, electrodes were baked for 90 sec at
120 ºC (post baking) and then developed in developer solution OPD 4262 (ARCH) for 30 - 40 sec. Finally,
electrodes with patterned photoresist were left on a hot plate for 10 min (hard baking).
Thin SiO2 (50 and 100 nm) and Al layers (18 nm) were deposited on the ITO electrodes or on the
electrode covered with a patterned photoresist in an e-gun evaporator “Balzers BAK 600”. RIE of the SiO2 was
performed in a CHF3 plasma (20 sccm CHF3, at a chamber pressure of 20 mTorr and a forward power of 75 W,
10 ºC) for 11 - 15 min (pattern dimension dependent) in an Elektrotech Twin system PF 340. The etch rate was
11 - 15 nm/min. An Al thin plate was used as a cathode. Before RIE of samples, the chamber was exposed to
oxygen plasma (standard chamber cleaning routine) for 10 min (20 sccm O2, at a chamber pressure of 50 mTorr
and a forward power of 150 W, 10 ºC) followed by CHF3 plasma “cleaning” for 5 min with the same parameters
as for sample etching. Photoresist was removed in the standard photoresist stripper solution PRS 2000 (J. T.
Baker) set at 50 qC in an ultrasonic bath for 1 hour. The aluminum mask was removed using a commercial Aletch solution (Merck) at 55 qC for several minutes.

‡‡

The AzureTM uses the field-proven VerdiTM laser (solid-state, diode-pumped, frequency-doubled Nd:YVO4
laser) that provides single-frequency green output at 532 nm, which is then frequency-doubled to 266 nm in a
resonant enhancement cavity.
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Measurements
All SEM images were captured by a high-resolution LEO 1550 FEG scanning electron microscope.
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Chapter 6
Deposition of Colloidal Particles and Controlled
Formation of Colloidal Monolayers

Electrophoretic deposition of charged polymer colloidal particles on
patterned substrates is discussed. The emphasis in this chapter is placed on
the formation of colloidal monolayers. Colloidal depositions on hexagonal,
square and rectangular surface patterns with different periodicities were
performed. Deposition parameters such as applied voltage, concentration of
colloidal particles, colloid surface charge density, withdrawal speed of the
electrodes and distance between electrodes were examined and optimized
for colloidal monolayer growth. Threshold voltages for electrodes with
various periodicities were found, beyond which a significant increase in the
thickness of colloidal crystals was observed. Threshold voltages decreased
at larger pattern periodicities and this decrease in threshold voltage had a
non-linear character. A homogeneous surface coverage by colloidal particles
for the various electrode periodicities was found at a withdrawal speed of
0.1 mm/s at applied voltages above the threshold voltage.

101

Deposition of colloidal particles and controlled formation of colloidal monolayers

Introduction
Current intensive efforts to control the ordering and position of colloidal particles on
surfaces have been stimulated by a growing number of potential applications in different
fields. Colloidal crystals formed by a stack of colloidal layers of one or different particle sizes
are of increasing interest for photonic crystal applications.1 In addition to colloidal crystals,
two-dimensional colloidal assemblies have found applications as microlenses in imaging 2 and
as physical masks in nanosphere lithography. 3 Colloidal particles placed individually on a
surface provide an opportunity to locally study reactions that take place in hollow
(nano)capsules used as delivery vehicles for a controlled release of substances such as drugs,
cosmetics, dyes and inks. 4
On flat substrates, control of colloidal crystallization becomes more effective when
capillary forces are exploited to drive the colloidal assembly. In practice, this is usually
realized by controlled solvent evaporation. This method was applied, in one case, to a
substrate immersed vertically in a colloidal suspension5,6 and left to dry. In another case, a
drop of colloidal suspension was spread within a thin rubber ring located on the horizontally
placed substrate, forming a concave surface in its center. 7 Finally, control of colloidal
crystallization was realized by tuning the withdrawal speed of the sample from the colloidal
suspension. 8 In the experiments described above, for control of ordering, domain size and
thickness of colloidal crystals, various parameters must be simultaneously considered
including the choice of substrate, tilt angle of the substrate with respect to the colloidal
suspension (change in the meniscus shape), choice of solvent, evaporation rate, temperature,
concentration of colloidal particles and relative humidity. Despite all efforts to date, colloidal
monolayers formed on bare substrates without topological or chemical patterns by these
methods possess a close packed hexagonal structure.
Surface topology exerts a large influence on the ordering of colloidal particles.
9 , 10 , 11 , 12 , 13, 14 , 15

For example, Whitesides et al.9 demonstrated the formation of close-packed

hexagonal, rhombic, and disordered structures of colloidal monolayers, depending on the ratio
of the width of rectangular shaped grooves (1D grating) to the particle diameter. Ozin et al.
showed that colloidal multilayer orientation depends on the groove shape. Xia et al.13
demonstrated the influence of a variety of surface patterns on colloidal aggregation. Using
surface patterns of different geometries like triangular, line or circular, Xia could achieve the
ordering of colloidal particles into various structures that simply mimic the surface pattern.
Dimensions of surface pattern features (especially width and depth) strongly influence the
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colloidal aggregate structure. The depth of the pattern should be on the order of the colloidal
particle size. Formation of non-close packed colloidal multilayer structures was realized by a
precise control of the periodicity of a 2D surface grating.14,15
The response of colloidal particles to an applied electric field and the ordering (or
aggregation) phenomena in 2D crystalline structures on electrode surfaces were extensively
studied. 16,17 It was shown that an increase in electric field strength from 25 Vcm-1 to 75 Vcm1

leads to migration of the colloidal particles across the electrode surface and to the formation

of stable 2D colloidal crystals induced by the presence of electro-hydrodynamic flow. Finally,
particles were coagulated and firmly attached to the electrode when a strong electric field
(electric field strength higher than 100 Vcm-1) was applied.17 The application of an electric
field to the colloidal suspension promotes also the growth of 3D colloidal crystals on planar
electrode surfaces. 18 Careful adjustment of colloidal concentration and electric field strength
allows one to selectively form various crystal structures on the electrode surface. 19, 20
Colloidal crystal structures in solution were studied using a confocal microscope. As a
disadvantage of this method, once electrodes are withdrawn from the colloidal suspension at
the applied electric field, formed structures of colloidal crystals tend to rearrange into a closepacked or disordered structure. The ordering and orientation of 2D close-packed colloidal
structures (colloidal monolayers) and colloidal crystals could be simultaneously realized when
colloidal particles were electrophoretically deposited on a topologically patterned
electrode. 21, 22 , 23 It was shown that dimensions of the topological pattern play a crucial role in
the formation of 2D colloidal structures.
In this chapter, we present a study on the direct formation of colloidal monolayers of
various structures using a combination of electrophoretic deposition of colloidal particles onto
patterned electrodes and controlled withdrawal of the electrodes after the deposition. In
addition, the influence of different deposition parameters such as deposition voltage,
deposition time, concentration and surface charge density of colloidal particles, pattern
periodicity and withdrawal speed of the electrode on colloidal crystal growth were
investigated.
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6.1. Colloidal particles in an electric field
Electrophoresis was discovered in 1808 by F. F. Ruess 24 , who noticed particle
migration toward an anode upon passing an electric current through a suspension of clay in
water. Later it was also discovered that charged particles move with a constant speed under an
applied electric field. This speed increases at increased applied potential and dielectric
constant of the medium, and decreases with an increase in medium viscosity. 25
The charge on colloidal particles, that became apparent during the electrophoresis, is
caused by the existence of a double electrical layer of ions at the colloidal surface (see Section
2.1.3). The double electric layer originates from either selective adsorption of one of the
electrolyte ions present in the solution (in the case of inorganic particles) or from the
ionization of surface-active molecules (in the case of organic particles such as polymer
colloids).
Under the applied electric field, a negatively charged colloidal particle moves towards
the anode and positively charged counter ions – towards the cathode, forming a dipole.
Counter ions that form a second layer around the colloidal particle move towards the cathode,
and counter ions that are close to the colloid surface move together with the colloidal particle,
due to the relatively high electrical forces acting on them, Figure 6.1. If a colloidal particle is
charged positively then the particle movement is in the opposite direction. The electrophoretic
mobility of colloidal particles u versus the gradient of the applied external potential H can be
expressed via the Helmholz-Smoluchovski equation:

u

fH]H

SK

where f is a function of the quantity Fa introduced later by Henry, where a is the radius of
spherical particle and F is a quantity that equals the inverse of the double layer thickness; f =
1/6 for spherical particles and small values of the quantity Fa and f = 1/4 for any particle
shape and large values of the quantity Fa; H is the dielectric permittivity and K is a viscosity
coefficient of the medium, ] is the electrokinetic potential (] - potential) and H = E/L is the
gradient of the external field potential which equals the potential of the external field E

Figure 6.1 Schematic representation of the movement of a colloidal particle and counter ions during electrophoresis.
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applied between electrodes separated at a distance L. The ]- potential can be influenced by
various factors such as electrolyte type and concentration, concentration of the colloids in the
suspension, pH and temperature or polarity of the dispersion medium. For example, an
increase in concentration of counter ions leads to a thinner double layer and, therefore, to a
decrease in the value of the ] - potential.
In case of a colloidal suspension under the influence of an electric field, the movement
of colloidal particles is accompanied by a continuous interaction of colloidal particles via
constant interchange of counter ions. It was found that in polar dielectric media under an
applied electric field, an attraction occurs between particles, which becomes more pronounced
at distances 2-3 times larger than the particle size. As a result, colloidal strings between
electrodes were observed when an electric field was applied. Therefore, the reason of string
formation is a disbalance of surface forces, caused by deformation and polarization of the
double electric layer, that induce the process of orientated aggregation. Removal of the
electric field after the oriented aggregates were formed in the second potential minimum leads
to a break-up of aggregates (reversed coagulation), while in the case when aggregates were
formed in the first potential minimum, aggregates do not break up (non-reversible
coagulation) (see Section 2.1.4).25 The same processes were experimentally demonstrated
when interactions of colloidal particles with electrode surfaces were studied using an optical
microscope.

6.2. Electrophoretic deposition of polymer colloidal particles
For the deposition of colloidal particles, an electrophoretic cell was constructed which
is schematically illustrated in Figure 6.2A. Two glass/ITO electrodes were separated from
each other with a 1 mm thick Teflon spacer. One of the electrodes was patterned in the way
described in Chapter 5. The cell was immersed into a colloidal suspension, perpendicular to
the suspension surface. The colloidal suspension consisted of polymer colloidal particles with
volume fractions of 0.2 vol.% or 0.5 vol.% redistributed in a mixture of ethanol and water
(80:20 vol/vol). Negatively charged polystyrene colloidal particles with a diameter of 330 nm,
polydispersity index of less than 3% and surface charge densities of 16.2 µC/cm2 and 26.5
µC/cm2 were used. When a d.c. electric field was applied, the charged polymer colloidal
particles moved to the oppositely charged patterned electrode and were deposited on its
surface. After a preset deposition time the cell was withdrawn at a preset speed from the
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colloidal suspension using a speed control device. Electrodes were withdrawn from colloidal
suspensions as presented in Figure 6.2B. The patterned electrode was left for several minutes
to dry completely under a continuously applied voltage. Electrophoretic depositions were
performed in a glove box under a nitrogen atmosphere in order to maintain constant humidity
conditions. Patterned electrodes with deposited colloidal particles were marked in three
regions starting from the drying edge, Figure 6.2B. Effective surface coverage as an equivalent
value of the average number of colloidal layers was calculated from SEM images over three
regions. In region 1, the surface coverage never exceeded 2 colloidal layers (independent on
deposition parameters) likely due to the variable speed in the initial phase of withdrawal.
Surface coverage in this region 1 was inhomogeneous and contained areas of colloidal layers
that did not correspond to the electrode surface pattern. Homogeneous surface coverage was
observed in regions 2 and 3, where the withdrawal speed of the electrodes had stabilized.
Below region 3, colloidal crystals were thick, polycrystalline and did not correspond to the
electrode pattern. Colloidal crystals in this region were formed upon drying of a droplet of
colloidal suspension left at the electrode surface when the electrode broke contact with the
colloidal suspension. Therefore, regions below region 3 were not taken into account during the
analysis of the surface coverage of grown colloidal crystals. Transitions from one region to
another were not sharp and varied from one sample to another depending on deposition
parameters. In this study of colloidal crystal growth, the width of each region was taken as 3
mm.

A

B

Figure 6.2. A) Schematic illustration of the electrophoretic deposition set-up; B) Schematic representation of the
patterned electrode showing the various regions used in subsequent analyses.
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6.3. Deposition of colloidal particles on flat (non-patterned) electrode surfaces

During electrophoretic deposition of colloidal particles on electrode surfaces, the
formation of a “gaseous” structure is usually observed when a weak field is applied (below 25
Vcm-1), Figure 6.3A. Colloidal particles with a diameter of 330 nm and a surface charge
density of 16.2 PC/cm2 were deposited on the electrode surface at applied voltages of 2.5, 3.0
and 3.5 V during 1 min, Figure 6.3. These deposition conditions were also applied in
electrophoretic colloidal depositions on patterned surfaces discussed in following paragraphs
of this chapter. An increase in applied voltage led to an increase in colloidal concentration on
the electrode surface and the formation of colloidal crystals with a glassy structure, Figure 6.3
B, C. In principle, colloidal crystal ordering on non-patterned electrode surfaces can be
improved by adjusting a set of deposition parameters, such as electric field strength, colloidal
size and concentration, etc. A consequence of such adjustments is that hexagonally closepacked colloidal monolayers and colloidal crystals possessing the close-packed FCC crystal
structure are formed.17,18 In order to induce a non close-packed colloidal crystal structure on
the electrode surface, structuring of the electrode surfaces is necessary.21

Figure 6.3. Colloidal deposition on un-patterned electrode surfaces at the applied voltage of A) 2.5 V; B) 3.0 V
and C) 3.5 V. Negatively charged colloidal particles (surface charge density 16.2 PC/cm2) with a diameter of 330
nm were used. Deposition parameters such as a deposition time of 1 min, colloid concentration of 0.5 vol.% and
electrode withdrawal speed of 0.04 mm/s were constant for all three depositions.
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6.4. Deposition control of colloidal particles on patterned surfaces
Ordering of colloidal particles on patterned electrodes can be accomplished by
controlling a set of deposition parameters. These include deposition voltage, concentration
and surface charge density of polymer colloidal particles, withdrawal speed of electrodes from
the suspension, pattern periodicity and the distance between separated electrodes. In the
section below, as a representative case study we show the influence of some selected
processing and structural parameters on the deposition process and the packing characteristics
of the resulting colloidal layers.
First, we discuss effective surface coverage and its dependence on the deposition
parameters. Effective surface coverage is defined as an average equivalent value of the
number of deposited colloidal layers over three regions marked in Figure 6.2B.
Surface coverage results for a template periodicity of 350 nm are shown as a function
of applied voltage and deposition time in Figure 6.4A. The other deposition parameters such
as colloidal concentration (0.5 vol.%), withdrawal speed of the electrodes (0.04 mm/s) and
colloid surface charge density of 16.2 µC/cm2 were kept constant. The surface coverage is
presented for region 2 of the sample as shown in Figure 6.2B. The three data sets depicted
(filled circles, triangles and squares) show the influence of increasing cell voltage, which
increases the surface coverage at a given deposition time. In Figure 6.4B, surface coverage
data obtained at a deposition time of 60 sec are shown for four different electrode pattern
periodicities (330, 350, 380 and 450 nm). It is obvious from this figure that for a given pattern
periodicity and deposition time, surface coverage begins to dramatically increase if the cell
voltage is larger than a given threshold value, indicated by arrows in Figure 6.4B. The value
of the threshold voltage decreases with increasing pattern periodicity, see Figure 6.4C.
Eventually the value of the threshold voltage drops to zero for the pattern periodicity of 450
nm. The decrease in threshold voltage is determined by the electrode geometry, where pattern
quality and colloidal particle polydispersity play an important role. For a pattern periodicity
higher than 330 nm (equal to the colloid size), deposited colloidal layers became less sensitive
to the particle polydispersity, and therefore more colloidal particles were detected at low
applied voltages and a decrease in the threshold voltage was found.
In subsequent experiments, applied (deposition) voltages of 3.5 V and 3.9 V were
chosen, that are above the threshold voltage for all pattern periodicities. At applied voltages
above 3.9 V, control over the colloidal crystallization in colloidal crystals predetermined by
the electrode pattern becomes difficult.

108

4,0

8

3,5

7

Surface coverage

Surface coverage

Chapter 6

3,0
2,5
2,0
1,5
1,0
0,5
0,0

380

3
no VT450 observed

2
1

30

40

50

60

70

80

0

90

2,4

2,6

2,8

3,0

3,2

3,4

3,6

3,8

4,0

Applied voltage, V

B

3,5

6

3,0

Surface coverage

Threshold voltage, V

330

VT

4

A

2,5
2,0
1,5
1,0
0,5
0,0

5
4
3
2
1

340

360

380

400

420

440

460

0,6

0,8

Electrode periodicity, nm

1,0

1,2

1,4

1,6

1,8

2,0

Spacer thickness, mm

C

D
5

Surface coverage

6

Surface coverage

VT

5

Deposition time, sec

-0,5
320

350

VT

6

5
4
3

4
3
2
1

2
30

40

50

60

70

80

Deposition time, sec

E

90

0

1

2

3

4

5

Deposition time, min

F

Figure 6.4. Graphs representing the dependence of the number of colloidal layers deposited at various
deposition times on different parameters (constant parameters for all graphs are the size of the colloids (330
nm) and electrode withdrawal speed (0.04 mm/s): Applied voltage dependence: A) time dependence (
2 V;  3 V;  3.5 V); B) applied voltage dependence for the deposition time 60 sec and various
periodicities (VT is the threshold voltage) (Pattern periodicities:  330 nm; 0 350 nm;  380
nm; % 450 nm); C) threshold voltage versus pattern periodicity: additional constant parameters are
colloid concentration (0.5 vol%) and surface charge density of colloids = 16.2 µC/cm2; D) Spacer thickness
dependence (y = 11.88 – 12.22x + 3.34x2): additional constant parameters are applied voltage (3.5 V),
colloid concentration (0.5 vol%) and surface charge density of colloids (16.2 µC/cm2), deposition time is
60 sec; E) Surface charge density dependence: additional constant parameters are applied voltage (3.5 V)
and colloid concentration (0.5 vol%) ( Colloid diameter = 330 nm and surface charge density = 16.2
µC/cm2;  Colloid diameter = 320 nm and surface charge density = 26.5 µC/cm2); F) Concentration
dependence: additional constant parameters are applied voltage (3.5 V), colloid concentration (0.5 vol%)
and surface charge density of colloids (16.2 µC/cm2) ( Colloid concentration = 0.5 vol%; 
Colloid concentration = 0.2 vol%).
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The surface coverage versus the distance between electrodes is presented in Figure
6.4D for region 2. Colloidal particles were deposited on the electrode surface with a pattern
periodicity of 350 nm. A deposition voltage of 3.5 V was applied to the colloidal suspension
of 0.5 vol. % and the electrode withdrawal speed was 0.04 mm/s. The non-linear dependence
of colloidal thickness observed was due to a decrease in electric field strength. During the
deposition, a decrease in electric field strength leads to a decrease in particle mobility and,
therefore, to a lower number of deposited layers. In addition, when electrodes were placed in
close proximity to each other (0.57 mm) and immersed in the colloidal suspension, then
capillary pressure raised the level of the colloidal suspension between the electrodes over the
colloidal suspension surrounding the electrodes, see Figure 6.2A. At this small spacing,
colloid suspensions remained longer between the electrodes during electrode withdrawal,
prolonging the deposition time. A large distances between electrodes (2 mm), the part of the
colloidal suspension between electrodes during the deposition was on the same level as the
outside suspension, therefore, electrodes were withdrawn from the suspension without
trapping the colloidal solution between the electrodes.
Surface charge densities of colloidal particles play an important role in colloidal
deposition. Deposition results for colloids with two different surface charges are presented in
Figure 6.4E. Colloidal particles were deposited on an electrode surface with a pattern
periodicity of 350 nm at an applied voltage of 3.5 V. The colloidal concentration was 0.5 vol.
% and the electrode withdrawal speed was 0.04 mm/s. An increase in the surface charge
density increased the surface coverage. For both surface charge densities, an increase in
deposition time increased the number of layers. We found by SEM observation that goodquality colloidal monolayers were obtained from lower charge density colloids. Increase in
surface charge density increases the mobility of colloidal particles and, therefore, colloidal
particles arriving at the electrode surface do not have sufficient time to rearrange according to
the electrode surface pattern.
Variations in the colloidal volume fraction have a pronounced influence on the
colloidal surface coverage, Figure 6.4F. Here we depicted surface coverage versus deposition
time for two volume fractions - 0.5 vol. % (filled squares) and 0.2 vol. % (empty squares).
Pattern periodicity (350 nm), applied voltage (3.5 V) and withdrawal speed (0.04 mm/s) were
kept constant. As expected, with increasing concentration the coverage dramatically increased
(for a given deposition time). However, we also observed a deterioration of the packing
quality of the crystals for high concentrations.
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Figure 6.5. Graphs representing a comparison of colloidal deposition on patterns with different periodicities
(constant parameters for all graphs are colloid size (330 nm), colloid concentration (0.5 vol%) and colloid
surface charge density (16.2 µC/cm2): A) Pattern periodicity dependence: additional constant parameters
are applied voltage = 3.5 V, withdrawal speed of electrodes = 0.04 mm/s (Pattern periodicity:  350
nm;  450 nm); B) Applied voltage and withdrawal speed dependence: additional constant parameter is
deposition time = 1 min (Pattern periodicity of 350 nm:  3.5 V;  3.9 V; Pattern periodicity of 450
nm:  3.5 V;  3.9 V); C) Withdrawal speed and region on the sample (see Fig. 6.2B) dependence:
additional constant parameters are applied voltage = 3.5 V and deposition time = 1 min (Pattern periodicity
of 350 nm:  0.04 mm/s;  0.1 mm/s; 4 0.17 mm/s; Pattern periodicity of 450 nm: % 0.04
mm/s;  0.1 mm/s; @ 0.17 mm/s).
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Colloidal depositions for template electrodes with pattern periodicities of 350 nm and
450 nm and deposition voltages of 3.5 V and 3.9 V are presented in Figure 6.5. Colloidal
particles with a diameter of 330 nm and surface charge density of 16.2 PC/cm2 were used.
The colloidal concentration was 0.5 vol. %. Surface coverage results for two periodicities and
an electrode withdrawal speed of 0.04 mm/s are shown as a function of deposition time in
Figure 6.5A. For small packing distances (350 nm), the surface coverage linearly increased
with deposition time. However, for a pattern periodicity of 450 nm, the surface coverage was
close to one layer even for long deposition times.
Colloidal crystal growth with controlled structure and orientation is highly dependent
of the withdrawal speed of electrodes from the colloidal suspension and dependent on the
angle at which electrodes are withdrawn. In our first experiments, we did not use a controlled
withdrawal of electrodes. 26 Prior to electrode withdrawal from the colloidal suspension, the
applied electric voltage was increased to above 10 V, in order to get “permanent” adhesion of
colloidal particles to the electrode surface. At this relatively high voltage, thick colloidal
crystals were formed. In order to get colloidal monolayers, the upper layers were washed
away in ethanol without turning off the electric field. In this method, it was difficult to predict
when washing had to be stopped. The thickness of colloidal crystals could not be controlled
by simply increasing the deposition time. Therefore, in order to control the thickness of
colloidal crystals, the influence of the withdrawal speed of electrodes from colloidal
suspensions needed to be determined. The relationship between surface coverage and
withdrawal speed of electrodes from the colloidal suspension is shown in Figure 6.5B. Results
for applied voltages of 3.5 V and 3.9 V and sample regions 2 and 3 (Figure 6.2B) are
presented. The surface coverage dramatically decreased with increasing the withdrawal speed
of the electrodes with a pattern periodicity of 350 nm. The thickness “gradient” was
established over two sample regions. However, there is almost no influence of the withdrawal
speed on crystal thickness detected over two sample regions for a pattern periodicity of 450
nm. The difference between depositions on electrode surfaces with different periodicities is
related to the surface topology of the deposited colloidal layers. For the pattern periodicity of
450 nm, it was possible to grow colloidal crystals only with a thickness of maximum two
colloidal layers at any applied voltage used. This is probably due to smoothening of the
surface topology of two deposited layers, where the top layer approximates a flat surface. We
speculate that colloids deposited on top of these two layers glide back into the bulk colloidal
suspension during electrode withdrawal.
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In Figure 6.5C, surface coverage data for the three electrode regions are shown, that
were obtained for withdrawal speeds of 0.04, 0.1 and 0.17 mm/s. The deposition voltage of
3.5 V, deposition time of 1 min and colloidal concentration of 0.5 vol% were kept constant.
For the pattern periodicity of 350 nm and at withdrawal speeds of 0.04 mm/s, the surface
coverage was not homogeneous and increased from the top to the bottom of the sample. Upon
increasing the withdrawal speed (0.1 mm/s), the surface coverage became homogeneous over
the whole sample area. Above this value, the number of layers decreased from the top to the
bottom of the sample. However, for periodicities of 450 nm, a slight increase in the number of
layers was detected at all withdrawal speeds, but the difference between three depositions at
different withdrawal speeds is small. For the two template periodicities (350 and 450 nm) at a
withdrawal speed of 0.17 mm/s, different trends in the surface coverage were observed. For
the periodicity of 450 nm, the surface coverage was homogeneous over the sample and for the
periodicity of 350 nm, a decrease in surface coverage was detected. We postulate that for the
periodicity of 450 nm, deposited colloids interact less with each other via electrostatic forces
due to their large separation, and strong electrostatic forces between colloids and electrodes
keep the particles on the surface. On the contrary, at the periodicity of 350 nm, colloids are in
close proximity to each other and they are not close packed (colloid size is 330 nm), therefore,
there is a strong competition between electrostatic forces that act between electrode and
colloids and capillary forces acting between colloids. Therefore, for the periodicity of 350 nm,
at high withdrawal speeds (0.17 mm/s) colloidal particles were likely driven back to the
colloidal suspension.
In separate experiments, the effect of capillary forces on colloidal crystal growth was
examined. Colloidal particles were first deposited on a patterned electrode surface with a
periodicity of 350 nm by applying an electric field, followed by electrode withdrawal without
an applied electric field. In the second experiment, electrodes were kept in colloidal
suspension for a certain time without any applied electric field and then pulled out of the
colloidal suspension. Deposition parameters used were a colloidal concentration of 0.5 vol.%,
applied voltage of 3.5 V for 1 min and a withdrawal speed of 0.04 mm/s. In the two cases,
practically no colloidal deposition was observed. Therefore, we conclude that capillary forces
at withdrawal speeds used in this study did not have any significant effect on the crystal buildup as shown by control experiments. This finding also shows the importance of leaving the
voltage “on” to hold the crystals on the electrodes during withdrawal.
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6.5. Formation of colloidal monolayers
Electrophoretic deposition of colloidal particles on a flat electrode surface does not
allow structural control of colloidal layers on the electrode substrate with a desired symmetry
and periodicity. Upon increasing the deposition time, randomly located colloidal particles on
the electrode surface developed into colloidal crystals with a “glassy” structure, Figure 6.3.
Colloidal deposition on patterned electrode surfaces allows one to control the symmetry of
colloidal monolayers and crystals. Examples of the colloidal deposition of a single colloidal
layer on electrodes with hexagonal, square and rectangular surface patterns are presented in
Figure 6.6. The electrode pattern periodicity is on the order of the colloid particle diameter.
Electrode pattern structures correspond to the FCC (111), (100) and (110) crystal planes. The
controlled growth of colloidal crystals with FCC structures exposing different crystal planes
parallel to the electrode surface is discussed in Chapter 7.
In the subsequent sections, we focus our attention on the formation of colloidal
monolayers using template driven electrophoretic deposition. Surface coverage and surface
structure of colloidal monolayers on the electrode surfaces with a periodicity on the order of
the colloid particle diameter are presented in Figure 6.6. The hexagonal structure is the most
closely packed structure and, therefore, is the most favourable for colloids to be formed on
flat electrodes. The formation of almost fully covered colloidal monolayers with a hexagonal
structure was easily realized. In this case the electrode pattern influences only the orientation
of hexagonal colloid monolayers on the electrode surface, as it is shown in Figure 6.6A.
Colloidal layers with square and rectangular structures cannot be fabricated without using
patterned electrodes exhibiting the required packing. The growth of colloidal monolayers with
square and rectangular structures confirms the influence of a patterned surface on colloidal
crystallization. Such colloidal monolayers with square and rectangular symmetry are

A

B

C

Figure 6.6. Colloidal deposition on electrodes with different surface patterns; A) hexagonal, B) square and C)
rectangular patterns.
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presented in Figure 6.6B and 6.6C, respectively. Growth of colloidal crystals with a thickness
of more than two colloidal layers (see Appendix I-I) on a rectangular surface pattern that
corresponds to the FCC (110) plane, was difficult to perform. The structure of this crystal
plane is close packed in one direction within the plane, but has a large periodicity in the
perpendicular direction. Thick colloidal crystals grown at this surface reveal mixed hexagonal
and square types of upper layers parallel to the electrode surface. During electrode
withdrawal, the colloidal particles tend to rearrange into close packed structures by occupying
positions between vertical rows and pushing colloids apart from the predetermined positions
dictated by the topological pattern, thus forming polycrystalline layers with hexagonal and
square types of structures.
Colloidal monolayers with hexagonal and square types of patterns and various
periodicities are presented in Figure 6.7. Pattern periodicities were 350 nm, 380 nm, 450 nm
and 500 nm, respectively, excluding examples with a pattern periodicity of 330 nm as shown
in Figure 6.6. Again, the colloidal particles used here had a diameter of 330 nm. Increase in
the pattern periodicity from one electrode sample to another improved the surface coverage of
colloidal monolayers as it was explained earlier. The examples exhibiting two layers, shown
in Figure 6.7C could be obtained by increasing e.g. the applied voltage or deposition time, as
was demonstrated earlier. In general, the lower the colloidal concentration (here: 0.2 vol. %)
and surface charge density (here: 16.2 µC/cm2), the slower the deposition process and
therefore, the better the quality of deposited colloidal layers. Increase in the applied voltage
from 3.5 V to 3.9 V led to a subsequent increase in the number of layers, but the deposited
colloidal layers did not correspond to the colloidal crystals that were expected according to
the employed surface pattern. Colloidal multilayers (crystals) formed at an applied voltage of
3.9 V were polycrystalline with a mixed crystal orientation and orientation with respect to the
electrode pattern orientation. This result was likely caused by the large number of particles
arriving simultaneously at the patterned substrate, therefore, the particles lacked the time
required to arrange themselves according to the surface pattern. At an applied voltage of 3.5
V, the quality of deposited colloidal layers depended on the withdrawal speed of the
electrodes. We found that withdrawal speeds must be tuned to the pattern periodicity. For a
pattern periodicity in the order of the colloid size, a low speed (in our case 0.04 mm/s) was
preferred, since this enhanced the surface coverage as well as the quality of deposited layers.
An increase in surface pattern dimensions should be accompanied by an increase in
withdrawal speed. From our experience, for pattern periodicities of 350 nm and 380 nm, a
withdrawal speed of 0.07 mm/s was found to be optimal and for periodicities of 450 nm and
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500 nm, withdrawal speeds of 0.1 mm/s and 0.17 mm/s were preferred. By adjusting these
deposition parameters, we were able to control the quality and thickness of deposited colloidal
layers on the electrode surfaces with various (non-closed packed) periodicities over large
electrode surface areas (several square millimeters). All these results show that the
electrophoretic colloidal deposition on patterned electrodes is a versatile method that allows a
good control of the location of deposited colloidal particles and orientation and quality of
colloidal layers.

A1

B1

C1

A2

B2

C2

A3

B3

C3

Figure 6.7. Colloidal deposition on electrodes of different periodicities; A) hexagonal pattern with periodicities of A1)
350 nm, A2) 400 nm and A3) 500 nm (see also Appendix I-III); B) and C) square pattern of one and two layers with
periodicities of B1) and C1) 350 nm (see also Appendix I-II), B2) (see also Appendix I-IV) and C2) 380 nm (see also
Appendix I-V) and B3) and C3) 450 nm (see also Appendix I-VI).

116

Chapter 6

6.6. Defects in colloidal aggregates on patterned substrates

Defects in a structured dielectric layer of an electrode cause the formation of defects in
colloidal monolayers and crystals, Figure 6.8. Defects in the patterned layer can be formed
during electrode patterning steps or during electrode handling. During electrode patterning
most of the defects are introduced in the photoresist patterning step. Large defect structures
(on the order of micrometers) are caused usually by the presence of dust particles, swollen
photoresist particles or by an inhomogeneous photoresist layer thickness etc, Figure 6.8, A
and C. Small defects (in the sub-micrometer range), such as missing pits in a patterned layer
or a high roughness of the pit’s edges, usually appear during a lift-off step, when photoresist
pillars are removed. Mechanical defects are usually caused during electrode handling by
scratching a thin patterned dielectric layer with tweezers or any other sharp object, Figure
6.8B. Any defect structure in the patterned layer leads to bare areas of the conductive
electrode surface. In these regions, formation of close-packed colloidal aggregates occurs
during electrophoretic deposition of colloidal particles, therefore, breaking the colloidal
crystal order predetermined by the electrode patterning, see Figure 6.8. Thus, electrode
surface defects play a crucial role in directed colloidal crystal growth.

Figure 6.8. Substrate defects: A) circular; B) and C) lines.
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Conclusions
The method of electrophoretic deposition of charged polymer colloids onto patterned
substrates is a powerful technique to control the structure and orientation of colloidal
monolayers. Colloidal deposition on hexagonal, square and rectangular types of electrode
patterns with different pattern periodicities in the sub-micrometer range was successfully
demonstrated. Increasing the ratio between closest “pit” distance at the patterned electrodes
versus colloidal diameter (by increasing the repeat length of the patterns, i.e. pattern
periodicity) led to an improved coverage of colloidal monolayer. Electrode surfaces with
pattern periodicities on the order of the colloid particle diameter were not covered completely.
Various deposition parameters such as applied voltage, distance between electrodes, colloid
concentration, surface charge of colloidal particles and withdrawal speed influence the
colloidal deposition process and the quality of the resulting layers. The existence of a
“threshold voltage” has been established. If the deposition voltage exceeded the value of the
threshold voltage, a substantial increase in the number of layers with the applied voltage was
detected. The threshold voltage was found to depend on the ratio between particle size and
pattern periodicity. The value of the threshold voltage decreased with an increase in pattern
periodicity in a non-linear fashion. Optimal deposition parameters were determined for a
successful formation of colloidal monolayers over large areas for the given systems (colloidal
particles and patterned electrodes) studied. The withdrawal speed plays an essential role in the
colloidal crystallization process. A withdrawal speed of 0.1 mm/s for the applied voltages
above the threshold voltage was found optimal for homogeneous monolayer formation over
large electrode areas.
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Appendix I

I-I Two colloidal layers grown on an electrode surface with a rectangular pattern.

I-II Three colloidal layers with a square structure and a pattern periodicity of 350 nm.
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I-III Colloidal monolayer grown on a hexagonally patterned substrate with a pattern periodicity of 500 nm.

I-IV Colloidal monolayer grown on an electrode surface with a square pattern and a pattern periodicity of 450
nm.
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I-V Two colloidal layers with a square structure and a pattern periodicity of 380 nm.

I-V Two colloidal layers with a square structure and a pattern periodicity of 450 nm.
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Chapter 7
Growth of FCC and BCC Colloidal Crystals with
Controlled Structure and Orientation*
The controlled growth of colloidal crystals with FCC and BCC crystal
structures is discussed. Colloidal particles were deposited on patterned
electrode surfaces under an applied electric field. Crystal growth was
influenced by varying the surface topology of patterned electrodes. FCC
colloidal crystals with (111), (100) and (110) crystal planes and BCC
crystals with (100) crystal planes parallel to the electrode surface are
presented. The growth of FCC (111) and (100) was easily controlled, while
the growth of the (110) plane in the [110] direction was difficult since this
plane is non-close packed. BCC (100) colloidal crystals were successfully
grown with a homogeneous surface coverage over several millimeters and
with a crystal thickness of up to seven layers. The quality and thickness of
the colloidal crystals were optimized by adjusting various deposition
parameters such as deposition voltage, colloidal volume fraction and surface
charge density, and withdrawal speed of the electrode out of the colloidal
suspension after deposition.

*

Parts of this chapter have been published in: N. V. Dziomkina, M. A. Hempenius, G. J. Vancso, Proceedings
SPIE 2005, 5931, 59310Z.
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Introduction
The direction of light propagation in photonic crystals is highly dependent on the
photonic crystal structure. 1 It was predicted that colloidal crystals with a diamond structure are
able to block the light in all directions, 2 therefore, opening many possibilities to guide light
propagation by defect structure control. Fabrication of colloidal crystals with the diamond
structure by self-assembly of colloidal particles has not been achieved so far due to the low
packing fraction of 0.34.
The structure that is usually obtained by self-assembly of colloidal particles on a flat
substrate is a close-packed structure such as face - centred cubic (FCC) with a packing density
of 0.74, stacked in the direction of the close - packed (111) plane. 3,4 Photonic crystals with an
FCC structure possess a photonic band gap (PBG) only in the second Brillouin zone at a
refractive index contrast higher than 2.8, and not in the first zone. 5, 6 , 7 Working in the range of
frequencies of the first zone, we deal actually with stop bands that are opened in certain crystal
directions. Therefore, if we want to integrate such crystals for example into optical chips,
control of the crystal orientation on the substrate is important.
The body-centred cubic (BCC) structure possesses a packing density of 0.68, only
slightly lower than that of the FCC, but it is already a problem to fabricate such a structure in a
controlled way. Realization of the controlled growth of a BCC colloidal crystal structure will
allow one to make a step towards the non-close-packed structures.
Control over colloidal crystal orientation, crystal symmetry, location on the substrate,
and defect structure can be realized by the use of topologically patterned substrates, see
Chapter 2. The method of template - directed colloidal crystallization has already been
demonstrated to influence colloidal crystal orientation of close packed crystals, 8,9 the size of
colloidal crystals 10,11 and to tailor to a certain degree the crystal structure.12,13 Furthermore,
the pattern of the surface pre-determines the location of the colloidal crystal on the surface,
which is an important aspect for planar integration technology. Van Blaaderen et al. showed,
for example, that slow sedimentation of colloidal particles into the “holes” of topologically
patterned templates direct the formation of FCC colloidal crystals with a crystal orientation of
the (100) planes parallel to the patterned surface that is different from the usual (111) plane
orientation with respect to the surface. Ozin et al. 14,15 who pioneered the fabrication of
planarized microphotonic structures based on colloidal crystals, successfully integrated
confinement driven colloidal self-assembly, two-dimensional (2D) template growth (the
method is called “micromolding in capillaries”). Yodh et al. 16 and Xia et al. 17 later showed
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the use of 2D grating templates with a square pattern to drive the growth of three-dimensional
(3D) colloidal crystals with (100) orientation parallel to the substrate by a controlled solvent
evaporation process. In the slow evaporation process, a full control of thickness, ordering and
domain size of colloidal crystals could be realized by simultaneous consideration of several
processing parameters. These parameters include the choice of substrate, tilt angle of the
substrate with respect to the free surface of the colloidal suspension (when the substrate is
immersed across the suspension-air interface), choice of solvent, evaporation rate, ambient
temperature and relative humidity, concentration of colloids,3,4,18 etc. Unfortunately, the
process of controlled evaporation and sedimentation is rather slow and successful fabrication
of high-quality colloidal crystals can take from several hours to several months (in the case of
colloidal sedimentation). 19,20
The application of an electric field accelerates the growth of the 3D colloidal crystals
on flat electrode surfaces. 21 Careful adjustment of colloidal concentration and electric field
strength even leads to the formation of various crystal structures on a flat electrode surface.22
Several crystal structures were observed using a confocal microscope directly in the colloidal
suspension. Solid crystals (“free-standing colloidal crystals”) were not obtained. Capillary
forces, acting between colloidal particles, simply destroy non-close-packed colloidal crystals
when a sample is withdrawn from the colloidal suspension.
In this chapter, we present a study on the direct formation of 3D FCC and BCC
colloidal crystals with controlled thickness and orientation. The method of electrophoretic
deposition of charged colloidal particles onto patterned electrode substrates, presented in
Chapter 6, was applied. The influence of various deposition parameters on the quality and
thickness of grown colloidal crystals was investigated. Deposition parameters such as
deposition voltage, deposition time, concentration of colloidal particles in suspension and
withdrawal speed of the electrodes out of the colloidal suspension after the colloidal
deposition are discussed.
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7.1 Colloidal crystals with FCC crystal structure
Colloidal deposition was performed on patterned electrode surfaces with hexagonal,
square and rectangular types of structures, Figure 7.1. These patterned structures correspond
to FCC (111), (100) and (110) crystal planes. Pattern periodicity was on the order of the
colloidal particle size for close-packed planes. Negatively charged polystyrene colloidal
particles with a diameter of 330 nm, polydispersity index of 1.03 and surface charge densities
of 16.2 µC/cm2 and 26.5 µC/cm2 were used. In the colloidal suspension, polymer colloidal
particles with volume fractions of 0.2 vol.% or 0.5 vol.% were redistributed in a mixture of
ethanol and water (80:20 vol/vol). Applied voltages were varied between 2.5, 3.0, 3.5 and 3.9
V. Withdrawal speeds of the electrodes from the colloidal suspension were 0.04, 0.08 and 0.1
mm/s.

(111)

(100)

(110)

Figure 7.1 SEM images of electrode surfaces with A) hexagonal, B) square, and C) the rectangular patterns. Pattern
structures correspond to FCC (111), (100) and (110) crystal planes, shown above the SEM images. The scale bar
represents 1 µm.

7.1.1. Deposition of colloidal particles
Results of colloidal depositions are presented as colloidal surface coverage (defined
earlier in Chapter 6) versus various deposition parameters in Figure 7.2. Deposition results at
different applied voltages are presented in Figure 7.2A. Other parameters such as deposition
time (1 min), colloidal concentration (0.5 vol.%) and withdrawing speed of the electrodes
(0.04 mm/s) were the same for all samples. The surface coverage for region 2 (Figure 6.2B) is
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presented. Upon increasing the applied voltage from 2.5 V to 3 V, a slight increase in surface
coverage was detected, but at 3.5 V and 3.9 V a significant amount of layers was grown. From
these results, a threshold voltage of a 3.4 V could be determined. Therefore, from these
experiments we chose 3.5 V and 3.9 V as the applied (deposition) voltage for the following
experiments.
The influence of the deposition time on surface coverage at 3.5 V, using a colloidal

7

7
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Surface coverage

Surface coverage

concentration of 0.5 vol.% and a withdrawal speed of 0.04 mm/s is presented in Figure 7.2B.
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Figure 7.2 Surface coverage versus various deposition parameters (constant parameters for all graphs are the size
of the colloids (330 nm) and surface charge density of colloids (16.2 µC/cm2)): A) Applied voltage (deposition
time = 1 min, colloidal concentration = 0.5 vol.%, withdrawal speed of electrodes from the colloidal suspension =
0.04 mm/s). Surface coverage was calculated in region 2 (Figure 6.2B). The threshold voltage VT is a 3.4 V; B)
Deposition time  1 min;  2 min;  3 min (deposition voltage = 3.5 V, colloidal concentration = 0.5
vol.% and withdrawal speed of electrodes = 0.04 mm/s); C) Withdrawal speed of electrodes at a deposition voltage
of 3.5 V:  region 2;  region 3 and deposition voltage of 3.9 V:  region 2;  region 3 (colloidal
concentration = 0.5 vol.%); D) Concentrations of colloidal particles  0.2 vol.%;  0.5 vol.% (deposition
voltage = 3.5 V and withdrawal speed of electrodes = 0.04 mm/s).
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The surface coverage is shown for the different sample regions as defined in Figure 6.2B. The
surface coverage of the whole sample increased substantially from the top to the bottom part
of the sample. Already after 3 min of deposition, the number of layers at the bottom part
(region 3) reached seven layers on average. From our experience, the surface coverage can be
made uniform over the whole surface by increasing the withdrawal speed to above 0.08 mm/s,
see Figure 7.2C. The higher the withdrawal speed, the more uniform is the surface coverage,
but the longer the deposition time that is needed to increase the number of layers. Surface
coverage decreased significantly with increasing withdrawal speed. Corresponding results for
region 2 and region 3, shown in Figure 6.2B, are presented in Figure 7.2C. Colloids were
deposited at 3.5 V and 3.9 V electrode voltages, respectively, at 1 min deposition time. The
colloidal concentration in the suspension was 0.5 vol.%. At all withdrawal speeds, an increase
in voltage led to an increase in the surface coverage in all regions. As it is seen in Figure
7.2C, the difference in surface coverage between region 2 and region 3 became smaller at
increased withdrawal speeds. The increase in surface coverage with a decrease in withdrawal
speed was attributed to the additional deposition of colloidal particles during the withdrawal
of the electrodes out of the colloidal suspension.
The results of the deposition of colloidal particles at different colloidal concentrations
are shown in Figure 7.2D. An applied voltage of 3.5 V and a withdrawal speed of 0.04 mm/s
were used. Results are presented for region 2 (Figure 6.2B). As it was expected, the decrease
in colloidal concentration led to a decrease in surface coverage. The surface coverage for a
colloidal concentration of 0.2 vol.% did not even reach 1 layer after 3 min of deposition. A
decrease in colloid particle concentration slows down deposition, but allows one to better
control the quality of the crystals. The quality of the deposited colloidal crystals also depends
on the applied voltage. The higher the voltage for the same concentration of the colloidal
particles, the worse the quality of the deposited colloidal crystals, as became apparent from the
SEM images in the form of polycrystalline domains with different crystal orientations with
respect to the patterned substrate. At a voltage higher than 4 V, the deposited crystals were
entirely disordered. Arriving in large quantities at the surface, colloidal particles did not have
enough time to order according to the pattern of the electrode.
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7.1.2. Colloidal crystallization on electrode surfaces with a pattern “gradient”
The influence of a pattern gradient on colloidal crystallization was investigated on a
sample that was prepared in such a way that it contained three regions as it is shown in Figure
7.3A, essentially exhibiting a pattern “gradient”. Such patterning became possible by the slight
shifting of the sample from the middle position of the sample holder in the LIL set-up during
photoresist exposure, so that the double exposure area (region 1) also shifted from the middle
to the side of the sample, revealing differently patterned areas. Colloidal particles were
deposited at 3.9 V for 2 min and withdrawn from the colloidal suspension at a speed of 0.8
mm/s. Electrodes were withdrawn in the direction perpendicular to the line direction (in the
same way as it is shown in Figure 7.3A). After the electrophoretic deposition of colloidal

Figure 7.3 Colloidal crystallization on an electrode with different patterned areas; A) schematic representation of
the patterned electrode; B) square; C) lines; and D) bare electrode regions. The scale bars represent 1 µm.
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particles, the different regions of the sample were studied. Examples of the colloidal
deposition are presented in Figure 7.3 B-D. The thickness of colloidal crystals in the different
regions was almost the same: approximately five layers.
In the area without any pattern (area 3 in Figure 7.3, A and B), formed colloidal
crystals were polycrystalline with mixed small domains of different orientations. Going across
this region (from the top to the bottom of the sample), mixed domains were observed and
either the (100) or the (111) plane orientation parallel to the electrode surface dominated the
pattern.
For the line pattern (area 2 in Figure 7.3A) with a periodicity of 330 nm (the same as
the colloidal size), the dominant plane orientation was (100), as it is shown in Figure 7.3D.
Going across this region, areas with mixed domains of different crystal orientation such as
(100) and (111) were observed, as well. As opposed to the flat electrode surface, all domains
were significantly larger and oriented with respect to the line direction. In some locations,
small domains with (110) crystal orientation were seen. The origin of the domain orientation
in area 2 was difficult to establish. One of the major reasons for this variation could be the
non-uniformity of the topologically patterned dielectric layer of the electrode, comprising for
instance a variable width of dielectric lines, broken lines or defect areas without lines. The
width of the dielectric walls was very thin (less than 100 nm) and therefore it was difficult to
control their topology precisely using LIL lithographic techniques. The dominant orientation
of colloidal crystal on the line pattern was the (100) plane orientation parallel to the electrode
surface, thus, it is fair to say that a line pattern with a periodicity on the order of the colloidal
size could be used to generate colloidal crystals with a (100) plane orientation parallel to the
electrode surface.
In area 1 (Figure 7.3A) of the electrode, featuring a square pattern and a periodicity of
330 nm (the same as the colloidal size), colloidal crystals with a (100) orientation grew
parallel to the electrode pattern. An example of such a crystal structure is presented in Figure
7.3C. Across the patterned area 1, the (100) orientation of the colloidal crystal domains that
follows the surface pattern was dominant, and only occasional deviations can be seen. This
variation in crystal orientation could be induced by structural non-uniformities of the
depressions (holes) in the dielectric layer, the existence of different structural defects such as
missing holes or rather big defect areas produced during substrate preparation, see Figure 6.8.
From the experimental results, it can be foreseen that the domain size of colloidal crystals
grown on the electrode with a square pattern could be increased substantially if the electrode
topology could be controlled more precisely.
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7.1.3. Thickness and orientation control of FCC colloidal crystals
The orientation of FCC colloidal crystals was induced by the patterning of the
electrode surface in relation to the different planes of the FCC crystal. In Figure 7.4, three
different patterns are presented: a hexagonal pattern (Figure 7.4, A1-A3) that corresponds to
the FCC (111) plane (the most close-packed plane of the FCC structure); a square pattern
(Figure 7.4, B1-B3) that corresponds to the FCC (100) plane (a less close-packed plane than
(111)); and a rectangular pattern (Figure 7.4, C1-C3) that corresponds to the FCC (110) plane
(a non-close-packed plane, for comparison see Figure 7.1). The easiest direction for the
colloidal crystals to grow is the direction of the most close-packed plane, the (111). Therefore,

Figure 7.4. FCC crystals grown on different crystal facets: A1) – A3) one, two and five layers of FCC (111); B1) –
B2) one, two and four layers of FCC (100); C1) – C2) one, two and seven layers of FCC (110). The scale bars
represent 1 µm.
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colloidal crystals that are naturally formed onto flat, unpatterned substrates tend to selfassemble into the FCC structure with the (111) plane parallel to the substrate. An FCC (100)
crystal could not be formed by self-assembly on flat substrates in a controlled way; therefore,
its crystal growth had to be induced by surface structuring. In addition to the electrophoretic
deposition method that we present in this chapter, some other methods that induce FCC (100)
growth were discussed in the introduction. Growth of an FCC crystal from the non-closepacked plane (110) was rather difficult. We found that one or two layers of FCC (110)
structure could be easily formed over large patterned areas at low deposition voltages (3 V or
3.5 V), long deposition times (over 3 min) and high withdrawal speeds (0.1 mm/s), Figure 7.4,
C1-C2. Fabrication of thick, homogeneous in thickness FCC (110) crystals was almost
impossible. With an increasing number of colloidal layers and due to the tendency of colloidal
particles to pack densely, colloidal crystallization on non-close-packed (110) patterns led to
the formation of domains with a different orientation (Figure 7.4, C3), but in most of the areas,
the formation of colloidal crystals with either the (111) or the (100) crystal orientation was
observed.
The thickness of colloidal crystals could be controlled in two ways. Firstly, a thickness
gradient could be maintained across the sample at low withdrawal speeds (e.g. 0.04 mm/s) of
the electrodes and at applied voltages (3.5 V and 3.9 V) and deposition times tuned to the
desired thickness gradient, Figure 7.2B. Secondly, a uniform thickness over the whole sample
was achieved by applying a high withdrawal speed (0.08 mm/s or even 0.1 mm/s) by varying
the applied voltage (3.5 V or 3.9 V) and by tuning the deposition time, Figure 7.2C. In the last
case, the crystal thickness could be increased by increasing the deposition time. Examples of
the thickness control of colloidal crystals with different crystal orientations are presented in
Figure 7.4, A-B.
A high quality FCC colloidal crystal with a very low defect concentration could be
grown if the periodicity of the patterned electrode was precisely controlled in relation to the
dimensions of the FCC colloidal crystal. If there is a small mismatch between the substrate
periodicity and colloidal size, line defects would grow through the colloidal crystal as it is
shown in Figure 7.4, A3 for a hexagonal pattern. Defect structures formed in colloidal crystals
resemble those formed during the deposition of inorganic materials. 23 In general, defects in
colloidal crystals are formed due to the drying process following colloidal deposition when
colloids, while trying to pack densely, destroy the hexagonal packing in some parts of the
sample, forming line defects. The monodispersity of colloidal particles plays an important role
in determining the quality of formed colloidal crystals.
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7.1.4. Conclusions
The influence of the combination of electrophoresis of charged colloids, topologically
patterned electrodes and controlled solvent evaporation on the growth of FCC colloidal
crystals was discussed. We showed, that the deposition of charged colloids by electrophoresis
is very fast and, therefore, in a few minutes thick colloidal crystals can be grown. The
effective number of grown layers can be controlled by the adjustment of different process
parameters such as deposition voltage and time, colloidal concentration, and withdrawal speed
of the electrodes. The surface coverage was found to increase with an increase in the applied
voltage. A threshold voltage of 3.4 V was determined for the processing parameter set used,
after which a significant increase in the number of colloidal layers was observed. An increase
in the colloidal concentration resulted in a decrease in the number of layers, but improved the
quality of the crystals. We demonstrated thickness control for colloidal crystals either by
forming of a thickness gradient over the sample at low withdrawal speeds or by fabricating a
homogeneous film over the whole sample at higher withdrawal speeds. We also showed that
electrode surface patterning predetermines the orientation of the crystal growth. First, the
growth on patterned and unpatterned electrodes was compared, demonstrating a profound
effect of patterned substrates on colloidal crystal growth. Then, growth of FCC crystals with
different orientations parallel to the electrode surface such as (111), (100) and (110) was
successfully demonstrated on patterned electrode surfaces. The mismatch between pattern
periodicity and colloid diameter that determines the colloid crystal lattice constant, plays an
important role in defect structure formation in the colloidal crystals grown. The method of
electrophoretic deposition of colloidal particles on patterned electrode surfaces provides new
opportunities for the control of the orientation and thickness of colloidal crystals on solid
substrates.
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7.2 Colloidal crystals with BCC crystal structure
Colloidal deposition was performed on a patterned electrode surface with a square
type of structure, Figure 7.5 in order to grow corresponding BCC (100) crystal planes. The
pattern periodicity was chosen equal to the distance between neighbouring colloids in the
(100) plane. Negatively charged polystyrene colloidal particles with a diameter of 330 nm,
polydispersity index of 1.03 and surface charge densities of 16.2 µC/cm2 and 26.5 µC/cm2
were used. In the colloidal suspension, polymer colloidal particles with volume fractions of
0.2 vol.% or 0.5 vol.% were redistributed in a mixture of ethanol and water (80:20 vol/vol).
Applied voltages were varied between 2.5, 3.0, 3.5 and 3.9 V. Withdrawal speeds of the
electrodes from the colloidal suspension were 0.04, 0.08 and 0.1 mm/s.

Figure 7.5. Schematic illustration of the BCC structure (left); SEM image of the patterned electrode surface
with a periodicity (a) equal to the distance between colloids in the (100) plane (right).

7.2.1. Thickness and structure control of BCC colloidal crystals
Deposition results at different applied voltages are presented in Figure 7.6. Colloidal
particles with a surface charge density of 16.2 PC/cm2 were deposited on a patterned
electrode surface for 1 min and subsequently withdrawn from the colloidal suspension
(colloid concentration = 0.5 vol.%) with a speed of 0.04 mm/s. Surface coverage was
calculated for region 2 (Figure 6.2B). An increase in the applied voltage led to an increase in
the surface coverage. A significant growth of colloidal crystals was detected above the
threshold voltage as described earlier. The value of the threshold voltage for this system was
3.0 V. Therefore, for subsequent colloidal crystal growth, values of applied voltages above the
threshold voltage were used. SEM images of colloidal crystals (top view) corresponding to
the different values of applied voltage are shown in Figure 7.6.
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As it is clearly seen in the SEM images, thick colloidal crystals with polycrystalline
domains were obtained, without any visible relationship of their orientation with respect to the
electrode pattern. The polycrystalline structure of the colloidal crystals can be a result of high
concentration, or be due to a relatively low withdrawal speed, both allowing colloidal
particles to rearrange and form close-packed structures rather than follow the electrode
pattern. Thus we anticipate that by adjusting colloidal concentration and withdrawal speed of
the electrodes, ordering of colloidal particles into a BCC structure may be achieved.
The results of the deposition of colloidal particles at different concentrations such as
0.175, 0.2 and 0.5 vol.% are presented in Figure 7.7. Colloidal particles with a surface charge
density of 16.2 PC/cm2 were deposited for 9 min at 3.5 V and then the electrode was
withdrawn from the colloidal suspension with a speed of 0.08 mm/s. Surface coverage was
calculated for region 2, Figure 6.2B. SEM images correspond to the values of the colloidal
concentrations given in the graph. For the colloidal suspension with a concentration of 0.5
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Figure 7.6. Surface coverage of colloidal particles versus deposition voltage: deposited time = 1 min, colloidal
concentration = 0.5 vol.%, colloidal surface charge density = 16.2 PC/cm2, electrode withdrawal speed = 0.04
mm/s. Surface coverage was calculated over region 2, Figure 6.2D. The threshold voltage was 3.0 V. SEM
images show a top view of colloidal crystals grown at different applied voltages.
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vol.%, an increase in withdrawal speed from 0.04 mm/s (Figure 7.6) to 0.08 mm/s (Figure
7.7) led to a decrease in the number of deposited colloidal layers. In addition, an increase in
withdrawal speed led to an improvement in the colloidal particle ordering. Relatively large
BCC colloidal crystal domains with a (100) crystal plane parallel to the electrode surface can
be easily recognized among hexagonally close packed domains. A decrease in colloidal
concentration from 0.5 vol.% to 0.2 vol.% and 0.175 vol.% significantly improved the
ordering of colloidal particles, as the top layer of colloidal crystals in SEM images (Figure
7.7) completely replicated the electrode pattern over the full electrode surface area of several
millimetres square. The difference in the quality of colloidal layers grown from colloidal
suspensions with 0.2 vol.% and 0.175 vol.% was very small, but the difference in the number
of deposited colloidal layers was significant. Therefore, colloidal depositions in a colloidal
suspension of 0.2 vol.% were preferred.
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Figure 7.7. Surface coverage versus colloidal particle concentration: deposition voltage = 3.5 V, deposition
time = 9 min, colloidal surface charge density = 16.2 PC/cm2 and withdrawal speed = 0.08 mm/s. Surface
coverage was calculated over region 2. SEM images show a top view of colloidal crystals grown at different
colloidal concentrations.
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The influence of electrode withdrawal speed out of the colloidal suspension on the
colloidal crystal ordering is presented in Figure 7.8. Colloidal particles with a surface charge
density of 16.2 PC/cm2 were deposited onto a patterned electrode within 9 min at 3.5 V and
withdrawn out of the colloidal suspension with a concentration of 0.2 vol.%. Surface coverage
was calculated over region 2, Figure 6.2B. SEM images corresponding to different withdrawal
speeds are shown in Figure 7.8.
The influence of withdrawal speed on colloidal ordering was already mentioned when
colloidal depositions in colloidal suspension of 0.5 vol.% were discussed. The same effect
was observed for a colloidal concentration of 0.2 vol.%. Increase in withdrawal speed
decreased the number of deposited colloidal layers. At the same time, the quality of colloidal
crystals increased when the withdrawal speed increased from 0.05 mm/s to 0.08 mm/s and 0.1
mm/s. At 0.05 mm/s, relatively large colloidal crystal domains with a BCC crystal structure
among hexagonally close-packed domains were observed. The difference in quality of
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Figure 7.8. Surface coverage versus withdrawal speed of the electrodes from the colloidal suspension:
deposition voltage = 3.5 V, deposition time = 9 min, colloidal concentration = 0.2 vol.% and colloidal surface
charge density = 16.2 PC/cm2. Surface coverage was calculated over region 2 (Figure 6.2B). SEM images show
top views of colloidal crystals grown at different withdrawal speeds.
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colloidal crystals grown, when withdrawal speeds of 0.08 mm/s and 0.1 mm/s were
maintained, was very small. On the contrary, the thickness of colloidal crystals differed
remarkably (Figure 7.8), therefore, a withdrawal speed of 0.08 mm/s was found to be optimal
for BCC colloidal crystal growth with the (100) plane parallel to the electrode surface for the
studied system. Homogeneous surface coverage of BCC colloidal crystals was observed on
the electrode surface area over several millimetres square.
The surface charge density of colloidal particles influences the colloidal ordering on
patterned surfaces. Colloidal particles possessing surface charge densities of 16.2 PC/cm2 and
26.5 PC/cm2 were deposited for 9 min in a colloidal suspension with a colloid concentration
of 0.2 vol.% on a patterned electrode. A deposition voltage of 3.5 V and withdrawal speed of
0.08 mm/s were applied. Increase in surface charge density led to an increase in the number of
deposited colloidal layers. As a result, polycrystalline close-packed colloidal crystals with
various orientations in plane were obtained that did not correspond to the electrode pattern,
Figure 7.9B. On the contrary, for low charge densities of 16.2 PC/cm2, significantly lower
numbers of colloidal layers were obtained, but colloidal crystal structures grown
corresponded very well to the electrode pattern and covered electrode areas over several
millimeters square, Figure 7.9A. From our experience, at short deposition times (several
minutes), highly charged colloids with a surface charge density of 26.5 PC/cm2 could also be
arranged according to the electrode surface pattern, forming colloidal crystals possessing a
BCC structure with a thickness of several colloidal layers grown over large surface areas.
Nevertheless, control over the colloidal deposition was easier when colloidal particles with a

A

B

Figure 7.9. SEM images (top view) of colloidal crystals grown from colloidal particles with different surface
charge densities A) 16.2 PC/cm2 (surface coverage is 3.5 colloidal layers) and B) 26.5 PC/cm2 (surface coverage
is more than 6 colloidal layers): deposition voltage = 3.5 V, deposition time = 9 min, colloidal concentration =
0.2 vol.% and withdrawal speed = 0.08 mm/s.
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low surface charge density were used. Therefore, colloidal particles with a surface charge
density of 16.2 PC/cm2 were preferred for colloidal deposition.
Finally, the growth of colloidal crystals as a function of deposition time was followed,
applying the deposition parameters mentioned above. Colloidal particles with a surface charge
density of 16.2 PC/cm2 were deposited at different deposition times in the colloidal
suspension with a concentration of 0.2 vol.% at 3.5 V and a withdrawal speed of 0.08 mm/s.
An increase in the deposition time resulted in a linear increase in colloidal surface coverage,
Figure 7.10. Examples of colloidal crystals with different thicknesses are presented in the

Figure 7.10 Surface coverage versus deposition time calculated over the region 2 (y = 1.78 + 0.19x), (top left
corner): deposition voltage = 3.5 V, withdrawal speed = 0.08 mm/s, colloidal concentration = 0.2 vol.% and
colloidal surface charge density = 16.2 PC/cm2; SEM images of crystals with various thicknesses (top right corner):
a) 1 layer, b) 2 layers, c) 3 layers, d) 4 layers and e) 5 layers. SEM images at the bottom represent top views of
colloidal crystals grown at different deposition times.
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SEM images, Figure 7.10a-e. Such colloidal crystals covered large electrode areas of several
millimeters square. The thickness of the colloidal crystals could be accurately controlled at
fixed deposition parameters and was reproducible. Top layers of colloidal crystals, whose
values of surface coverage are presented in the graph, are shown in the SEM images placed at
the bottom of Figure 7.10. Large, almost defect free colloidal crystals were grown up to a
deposition time of 15 min. At a deposition time of approximately 15 min, crystal defects
became significant which eventually destroyed the colloidal crystal homogeneity. Upon
increasing the deposition time further to 20 min, polycrystalline close-packed domains and no
BCC colloidal crystal domains were observed. Therefore, using this method, colloidal crystals
possessing a BCC crystal structure oriented in the direction of the (100) plane could be grown
with a thickness of up to five colloidal layers.
In order to increase the number of layers of colloidal crystals further, we varied the
meniscus shape of the colloidal suspension between the electrodes, Figure 7.11A. The
meniscus can be increased by several methods: 1) by changing the tilt angle of the electrodes
with respect to the colloidal suspension by a few degrees or 2) obstacles for the colloidal
suspension of different thickness can be introduced. We tried both methods and we obtained
the same results. The disadvantage of the second method is that not the whole electrode
surface takes part in the colloidal deposition and thickness control of colloidal crystal growth
must be realized by the precise level of immersion of electrodes in the colloidal suspension.
The first method is much more practical, as only a tilt angle must be fixed during the colloidal

A

B

Figure 7.11 A) Two types of meniscus modification: A) by tilting the sample in relation to the colloidal
suspension or B) by introducing obstacles of certain thickness. B) SEM image of colloidal crystals with a
thickness of six layers grown by electrode tilt shown in Fig. 7.11A. Deposition voltage = 3.5 V, deposition time
= 15 min, colloidal concentration = 0.175 vol.%, colloidal surface charge density = 16.2 PC/cm2 and withdrawal
speed = 0.08 mm/s.
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deposition. As a result, by changing the tilt angle by approximately 1º, colloidal crystals
possessing a BCC crystal structure and a thickness of up to seven colloidal layers were
obtained. Colloidal crystals with a BCC crystal structure and with a thickness of six colloidal
layers are presented in Figure 7.11B.

7.2.1. Conclusions
The fabrication of colloidal crystals possessing the BCC crystal structure is discussed.
BCC colloidal crystals with a thickness of up to seven colloidal layers were grown in the
direction of the (100) crystal plane. Defect free colloidal crystals with a homogeneous surface
coverage were obtained over a surface area of several square millimeters. This was achieved
by electrophoretic deposition of charged polymer colloidal particles on patterned surfaces. A
square type of electrode pattern was used corresponding to the (100) plane of a BCC crystal
structure. Quality and thickness of grown colloidal crystals were controlled by a set of
deposition parameters such as deposition voltage, deposition time, and concentration of
colloidal particles in the colloidal suspension, colloid surface charge density and withdrawal
speed of electrodes out of the suspension. A threshold voltage of 3.0 V was determined,
beyond which a significant crystal growth was observed. Optimal deposition parameters were
found such as an applied voltage of 3.5 V, colloidal volume fraction of 0.2 vol.%, colloid
surface charge density of 16.2 PC/cm2 and a withdrawal speed of 0.08 mm/s for the system
studied.
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Chapter 8
Layer-by-Layer Colloidal Crystal Growth

Layer-by-layer deposition of colloidal particles on patterned electrode
surfaces under an applied electric field is discussed. Colloidal crystals with
a low packing density, grown on hexagonally patterned electrode substrates
are presented. A nucleation mechanism of colloidal layer formation
determined the grain size of colloidal crystals. Alternating deposition of
large and small colloidal particles with radii ratios of 0.41 and 0.49 on
patterned surfaces with hexagonal and square types of pattern led to the
formation of 2D and 3D colloidal crystals with stoichiometries LS, LS2 and
LS3. Growth of binary colloidal crystals with the same and oppositely
charged colloidal particles is presented. Planar defects in form of colloidal
monolayers composed of colloidal particles of smaller sizes were easily
introduced into colloidal crystals using the layer-by-layer deposition
technique.
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Introduction
Photonic crystals with a diamond structure possess a photonic band gap in the first
Brillouin zone. 1 The diamond structure has a low packing density of 0.34. This structure is
difficult to realize by self-assembly of colloidal particles on flat substrates as this leads to
formation of close-packed structures. In order to fabricate colloidal crystals with a diamond
structure, one can think of mimicking the packing of ionic crystal lattices by scaling up the
ions with the corresponding ionic radii and charges to colloidal dimensions. For example, the
zinc blende type packing has the structure of the diamond lattice but consists of ions of
different sizes and charge signs.
The crystallization of a mixture of large (L) and small (S) colloidal particles can result
in 2D and 3D binary colloidal crystals. Binary colloidal crystals with stoichiometries of LS2
(atomic analog - AlB2) and LS13 (atomic analog – NaZn13, UBe13, etc.) have first been
discovered in Brazilian opals. 2 Theoretically and experimentally these structures have been
intensively studied in hard-sphere colloidal suspensions. 3, 4 , 5,6,7, 8 , 9 Recently, it was
demonstrated by means of confocal microscopy, that colloidal particles of different sizes and
opposite charges can yield a variety of colloidal structures, such as LS (atomic analog - NaCl
and NiAs), LS2, LS6, and CsCl (RS/RL | 1). 10 The formation of binary colloidal crystals from
nanoparticles of metals, semiconductors and metal oxides has recently received tremendous
interest, as well. 11, 12 , 13 , 14 Structures of binary colloidal crystals are determined by the radii
ratios of colloidal particles RS/RL, the total packing fraction I = IL + IS and the relative
numbers of small and large colloidal particles nS/nL.7,8,9 Theoretically, it was calculated that
binary colloidal crystals can be obtained for RS/RL between 0.15 and 0.5. Below 0.15 the small
colloids could freely flow, while above 0.5 (smaller than 0.58) the small colloids would no
longer fit inside colloidal crystals formed from large particles.8,15 In the binary suspensions,
the entropic depletion effect induced by the existence of the small spheres forces large spheres

Figure 8.1. Schematic representation of the structure of small colloidal particles “nested” onto a hexagonal layer
of large colloidal particles RS/RL = 0.5 as a function of volume fraction I.17
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to closely pack into an ordered structure, and then small colloids are spontaneously trapped
within voids in the ordered assembly of large colloids.4,5 Formation of large binary colloidal
crystals with large RS/RL ratios was recently demonstrated utilizing accelerated solvent
evaporation. 16 A combination of “colloidal epitaxy” and controlled drying in a layer-by-layer
deposition of colloidal particles with RS/RL = 0.5 allows one to fabricate 2D colloidal crystals
with stoichiometries LS, LS2 and LS3, Figure 8.1. 17 The self-assembly of small colloidal
particles between hexagonally packed larger colloids is the result of the interplay of the
geometrical packing arrangement, minimization of the surface tension of the drying liquid
film and capillary forces induced at the curved meniscus. In addition to the controlled drying
method, LS2 and LS3 colloidal crystals were also formed by a stepwise spin-coating method. 18
A disadvantage of layer-by-layer growth of binary colloidal crystals on flat surfaces is the
limited possibility for variation of colloidal crystal structures. The utilization of patterned
surfaces for the guided deposition of large colloidal particles will lead to the formation of
various structures of such particles and, therefore, allow the formation of more complex
binary colloidal crystal structures. Moreover, when such binary colloidal crystals consist of
colloidal particles of different nature such as polymers and inorganic material, then a selective
removal of one type of colloidal particles can lead to the formation of colloidal crystals of the
remaining colloidal particles possessing low crystal symmetry.19,20 In addition to binary
colloidal crystals, layer-by-layer deposition of colloidal particles possessing the same charge
sign on patterned surfaces with periodicities larger than the colloidal size could open
possibilities to directly grow colloidal crystals with low packing densities. Layer-by-layer
deposition of colloidal particles also allows one to introduce planar defects in the form of
colloidal layers of different particle size into colloidal crystals.
In this chapter, we present a layer-by-layer electrophoretic method to deposit colloidal
particles onto patterned electrodes. Electrophoretic deposition allows one to guide colloidal
particles onto patterned electrode surfaces, to control the thickness of deposited colloidal
layers by variation of deposition parameters and also to accelerate the colloidal crystal growth
(taking only several minutes instead of several days or a month7,8 as in case of controlled
solvent evaporation experiments or crystallization in solution, respectively). Deposition
parameters used in this study were based on those discussed in Chapter 6. The formation of
binary colloidal crystals with the same and oppositely charged colloidal particles is presented.
The influence of the electrode pattern on colloidal crystal structure is discussed. In addition,
the formation of planar defects in the form of a colloidal layer of particles with different
(smaller) sizes is shown.
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8.1. Non-close-packed colloidal crystals
Growth of colloidal crystals on patterned surfaces with pattern periodicities larger than
the colloid diameter (Figure 8.2A) or with a pattern with two different periodicities (e.g. the
rectangular pattern, Chapter 7.1) (Figure 8.2B) is rather difficult. Colloidal particles tend to
pack into close-packed polycrystalline structures of different orientation that do not
correspond to the surface pattern. In order to improve colloidal crystallization on such types
of patterns, layer-by-layer deposition of colloidal particles was performed. After each
colloidal layer deposition, the sample was dried in order to adhere the colloidal particles
permanently to their deposition site. Deposition parameters for monolayer formation were
defined using data presented in Chapter 6. Negatively charged colloidal particles with a
diameter of 545 nm were deposited onto a hexagonally patterned electrode surface (colloid
diameter (D) to pattern periodicity (/) ratio D// = 0.75) at an applied voltage of 3.5 V during
90 sec. Electrodes were withdrawn from the colloidal suspension with a colloid volume
fraction of 0.2 vol.% with a speed of 0.1 mm/s. After colloidal deposition, electrodes were left
to dry for several minutes under the applied voltage. Under these conditions, the first
deposited colloidal layer covered an electrode surface over several millimetres, see Figure
8.3A. The first colloidal layer already shows some disorder caused either by defects in the
substrate pattern or by a local increase in colloid concentration. Then three more layers were
deposited using the same deposition parameters, Figure 8.3 B, C and D.

Figure 8.2. Colloidal particles deposited on A) a hexagonally patterned surface with a ratio of colloidal diameter
to surface periodicity of 0.75 (negatively charged colloidal particles of the diameter 545 nm and surface charge
density of 25.3 PC/cm2, redistributed in ethanol/water (80:20 vol/vol) mixture (colloidal volume fraction of 0.2
vol.%) were deposited for 3 min at an applied voltage of 3.5 V, withdrawal speed = 0.08 mm/s); B) a rectangular
patterned electrode surface with a pattern periodicity of 330 nm by 450 nm in perpendicular directions
(negatively charged colloidal particles with a diameter of 330 nm and a surface charge density of 16.2 PC/cm2,
redistributed in ethanol/water (80:20 vol/vol) mixture (colloidal volume fraction of 0.5 vol.%) were deposited for
2 min at an applied voltage of 3.5 V, withdrawal speed = 0.08 mm/s).
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Figure 8.3. Colloidal multilayers grown on hexagonally patterned substrates (colloid diameter was 545 nm and
pattern periodicity was 722 nm): A) one layer; B) two, C) three and D) four layers. Arrows indicate areas with
A-B-A sequences.
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Deposition of colloidal particles resembles atomic layer vacuum deposition of
inorganic materials. 21 In both cases a nucleation and growth mechanism operates. Nucleation
on a flat surface is usually characterized by a critical nuclear diameter at which, depending on
deposition conditions, further crystal growth may continue. Any kind of defect usually acts as
a nucleation centre. Electrode surfaces featuring a periodic pit structure in a dielectric layer
are ideal candidates for colloidal particle nucleation, Figure 8.3A. The structure of the first
colloidal layer is determined by the pattern of the electrode. Then, the deposited colloidal
monolayer on the patterned electrode surface acts itself as a nucleation layer (periodic defect
structure) for the second colloidal layer. Deposition of the second layer is more complex.
When the colloidal diameter is slightly different from the value of the pattern periodicity (D//
= 0.75), colloidal particles cannot occupy each site in depressions between neighbouring
colloidal particles of the first layer. Nucleation on the surface starts randomly on the first
colloidal layer, and further colloidal layer growth around a nucleation centre leads to
mismatches between neighbouring colloidal crystal grains, Figure 8.3B. With deposition of
third and fourth layers, Figure 8.3, C and D the colloidal grain size decreased. Colloidal
crystals with three and four colloidal layers possess predominantly an A-B-A layer sequence
as found in the hexagonal close-packed (HCP) crystal structure, while small areas of several
micrometers with an A-B-C layer sequence (an FCC analog) were also present, Figure 8.3C.
Growth in a dominating A-B-A sequence instead of an A-B-C is induced by a heightened
counter ion concentration in the first two deposited layers in interparticle spaces (formed in
the “tail” of colloidal particles, when an electric field is applied, see Figure 6.1). Approaching
colloidal particles are electrostatically attracted by counter ions of deposited colloidal
particles and thus take up their positions on top of preliminary deposited colloidal layers.
Therefore, a decrease in grain size of colloidal crystals with three and four colloidal layers is
caused only by growing defect structures formed in the first colloidal layer. Colloidal crystals
presented in Figure 8.3 possess a low packing density compared to, for example, the closepacked HCP colloidal crystal.
The quality of colloidal crystals with FCC (110) parallel to the electrode surface and a
thickness of more than two layers were subsequently improved by layer-by-layer colloidal
deposition. During each deposition, an additional two colloidal layers were grown. Colloidal
particles with a diameter of 330 nm and a surface charge density of 16.2 PC/cm2 were
deposited on a rectangular patterned structure with a periodicity of 330 nm by 450 nm at 3V
during 6 min. Electrodes were withdrawn from the colloidal suspension with a colloidal
volume fraction of 0.5 vol.% with a speed of 0.1 mm/s.
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8.2. Binary colloidal monolayers
Binary colloidal monolayers were fabricated on electrode surfaces with hexagonal and
square structures under an applied electric field, Figure 8.4. Layer-by-layer deposition of
charged colloidal particles was performed electrophoretically by the method discussed in
Chapter 6. Optimal deposition parameters were determined separately for each type of
colloidal particle and patterned substrate. Large colloidal particles with a diameter of 545 nm
and a surface charge density of 25.3 PC/cm2 were deposited on a square pattern at 3.9 V
during 45 sec and withdrawn from the colloidal suspension with a colloidal volume fraction
of 0.2 vol.% at a speed of 0.1 mm/s. On hexagonally patterned surfaces, large colloidal
particles were deposited at 3.5 V during 90 sec, followed by withdrawal (speed = 0.1 mm/s).
After deposition, electrodes covered with monolayers of colloidal particles were left to dry for
several minutes. Then, electrodes with deposited large colloidal particles were immersed in a
colloidal suspension of small colloidal particles at a speed of 0.97 mm/s (the highest speed of
the speed controlled device used) with a preset applied potential on them. Small colloidal
particles with a diameter of 225 nm and a surface charge density of 17.7 PC/cm2 were
deposited on the square pattern at 3.0 V and 3.5 V during 30 sec and withdrawn from the
colloidal suspension (colloidal volume fraction of 0.2 vol.%) at a speed of 0.1 mm/s. On
hexagonally patterned surfaces, small colloidal particles with a diameter of 265 nm and a
surface charge density of 17.0 PC/cm2 were deposited at 3.0 V during 30 and 45 sec and
subsequently withdrawn at a speed of 0.1 mm/s. The deposition time was measured from the
time electrodes touched the colloidal suspension during electrode immersion. As it was
mentioned in the previous paragraph, deposition of colloidal particles is very similar to the
deposition of inorganic materials. Similar to inorganic materials, colloidal particles deposited
onto an electrode surface tend to first nucleate at surface irregularities (or defects). Surface
irregularities can artificially be introduced by periodically patterned surfaces. Small colloidal
particles arriving at the electrode surface covered with a periodic structure of large particles
take their positions in depressions between large colloidal particles, forming binary colloidal
layers. On electrodes with the square pattern, two binary colloidal structures were formed
with stoichiometries LS and LS5 * with DL// = 1, Figure 8.4 A and B. A LS5 structure was
also found in the bottom parts of the sample with a LS structure (region 3, Figure 6.2B).

*

LS5 stoichiometry was determined for a colloidal monolayer. In the case of colloidal crystals the crystal
structure and stoichiometry are not known.

149

Layer-by-layer colloidal crystal growth

Figure 8.4. Binary colloidal monolayers with stoichiometries: A) LS, B) LS5, C), E) and F) LS2 and D) LS4;
Ratios of colloidal radii RS/RL: A), B) and D) 0.41; C), E) and F) 0.49; and ratios of diameters of large particles
to pattern periodicities DL//: A), B), C) and D) 1; E) 0.78 and F) 0.83. Large colloidal particles with a diameter
of 545 nm were deposited A) and B) at 3.9 V during 45 sec, electrode withdrawal speeds = 0.1 mm/s; C) – F) at
3.5 V during 90 sec, electrode withdrawal speeds = 0.1 mm/s. Small colloidal particles with a diameter of 225
nm were deposited A) at 3.0 V and B) at 3.5 V during 30 sec, electrode withdrawal speeds = 0.1 mm/s. Small
colloidal particles with a diameter of 265 nm were deposited at 3.0 V during C) and D) 45 sec, and E) and F) 30
sec, electrode withdrawal speeds = 0.1 mm/s. In the corner of each image, a schematic representation of
corresponding monolayer structures is depicted. Scale bar = 1 Pm.
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The number of small colloidal particles and, therefore, colloidal crystal stoichiometry, was
varied by tuning the applied voltages, but it also could be increased by increasing the
deposition time. Colloidal crystals grown on the square type of surface pattern with LS
stoichiometry have a binary atomic analog i.e. NaCl. Structures of binary colloidal layers on
hexagonally patterned surfaces can be varied either by tuning colloidal particle diameter or by
changing pattern periodicity. Examples of LS2 and LS4 structures formed with colloidal
particles of radii ratios RS/RL equal to 0.49 and 0.41, respectively, are shown in Figure 8.4 C
and D. Deposition parameters for both binary colloidal structures were the same. An atomic
analog for LS2 colloidal crystals was found to be AlB2. To our knowledge, LS4 does not have
a reported isostructural binary atomic analog. At shorter deposition times (20 - 30 sec), small
colloidal particles with RS/RL = 0.41 order in colloidal layers with LS2 stoichiometry, as well.
In the bottom part of the sample with RS/RL = 0.49, presented in Figure 8.4C, at higher
applied voltages and longer deposition times, binary colloidal layers with LS3 stoichiometry
(see Figure 8.1) as well as mixed areas (transition regions) of LS2 and LS3 were observed.
Decreasing the ratios of colloidal diameters to pattern periodicities for a hexagonally
patterned electrode from DL// = 1 to 0.83 and 0.78 allows the formation of non-close-packed
binary colloidal monolayers that possess an LS2 stoichiometry, Figure 8.4 E and F. Deposition
parameters were the same in both cases. Although the colloidal monolayers formed possess
defect structures, it is clear that small colloidal particles are laying on the electrode surface
(Figure 8.4E), and small colloidal particles are located on top of large colloidal particles,
forming hexagons around them (Figure 8.4F). The binary colloidal monolayers cover large
electrode areas of several square millimeters. An example of the non-close-packed LS2
structure presented in Figure 8.4E is also shown in Appendix I-1. The ability to form such
non-close-packed monolayer structures on electrode areas of several micrometers indicates
that with some improvements, formation of large-area, non-close-packed colloidal crystals
could be possible.
Electrophoretic deposition of charged colloidal particles on patterned surfaces allows
one to realize various complex binary colloidal monolayer structures, including non-closepacked ones, by changing electrode pattern structure and periodicity.
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8.3. Formation of planar defects
Control over the formation of defect structures in colloidal crystals is important in
their application as photonic crystals. Light propagation in photonic crystals can be guided
through artificially created defects. Planar defects in colloidal crystals can be introduced in
the form of a colloidal layer or layers formed with colloidal particles of a size different from
the main crystal particle size. Electrophoretic deposition of charged colloidal particles,
presented in Chapter 6, allows one to control colloidal crystal structure, orientation and
thickness. Planar defects can also be introduced in a controlled way by performing a layer-bylayer deposition method and adjusting deposition parameters.
Negatively charged large colloidal particles with a diameter of 545 nm were deposited
on a hexagonally patterned electrode surface with DL// = 1 at 3.5 V during 3 min and
withdrawn from the colloidal suspension with a colloidal volume fraction of 0.2 vol.% at a

Figure 8.5. Layer-by-layer deposited binary colloidal layers on a hexagonally patterned electrode surface: A)
two layers of large colloids (RL) and one layer of small colloids (RS), RS/RL = 0.49 and B) three layers of large
colloids (RL) and one layer of small colloids (RS), RS/RL = 0.41; sandwich (alternating) structure of colloidal
layers with 2 large, 1 small, 2 large and 1 small colloidal particles, RS/RL = 0.49; D) sandwich structure of
colloidal layers with 2 large, 1 small and 1 large colloidal particles, RS/RL = 0.49. In the corner of images A, B
and C, a schematic representation of corresponding layer structures is shown (for C the view is “in perspective”).
Scale bar = 1 Pm.
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speed of 0.04 mm/s. At this withdrawal speed, a thickness gradient in the colloidal crystal was
formed over the electrode surface. The thickness and surface coverage of colloidal crystals
formed with large colloidal particles could be easily varied by adjusting deposition parameters
such as deposition voltage and time, colloidal concentration and electrode withdrawal speed
(for details, see Chapter 6). Then, the sample was left to dry for several minutes and small
colloidal particles were deposited on top of the large ones. The structure of small colloidal
particles can be adjusted to one with LS, LS2, LS3 and LS4 stoichiometries depending on
deposition parameters (see paragraph 8.2) and colloidal radii ratios. Examples of colloidal
layers with LS2 stoichiometry and colloidal radii ratios of RS/RL = 0.49 and 0.41 are shown in
Figure 8.5 A and B. Negatively charged small colloidal particles were deposited at 3 V during
45 sec (RS/RL = 0.49) and 30 sec (RS/RL = 0.41), and the electrode was withdrawn at 0.1 mm/s
from the colloidal suspension with a colloid volume fraction of 0.2 vol.%. In depositions
following the first deposition, electrodes were immersed in colloidal suspension at a speed of
0.97 mm/s and the deposition time was measured from the time electrodes touched the surface
of the colloidal suspension. Using the layer-by-layer method, a layer of small colloidal
particles can be deposited among layers of large colloidal particles, breaking the usual
sequence of a colloidal crystal, as it is schematically presented in the corner of Figure 8.5C. In
Figure 8.5C only one top layer of large particles was deposited in order to clearly see the
changes induced in layers with large colloidal particles caused by a layer of small particles.
Large colloidal particles were deposited at 3.5 V during 6 min and electrodes were withdrawn
at speed of 0.1 mm/s. In order to demonstrate the flexibility of this method, a sandwich
structure of alternating colloidal layers with small and large colloidal particles was grown on
the hexagonally patterned electrode surface shown in Figure 8.5D. Deposition parameters for
the first two layers were the same as for those presented in Figure 8.5 A, B, and C. The next
layers of large colloidal particles were deposited at 3.5 V during 2 min and using a withdrawal
speed of 0.04 mm/s. The top layer of small colloids was deposited at 3 V during 60 sec, the
electrode withdrawal speed was 0.1 mm/s.
Planar defect structures can also be introduced in colloidal crystals grown on electrode
surfaces with a square pattern. Structures of small colloidal particles in this case can possess
LS or LS5 stoichiometries, as presented earlier in Figure 8.4 A and B. Further growth of large
colloidal particles on top of the layer of small particles is more complex. The quality of
colloidal layers with large colloidal particles is highly dependent on the homogeneity in
surface coverage of underlying small colloidal particles.
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8.4. Colloidal crystals with NaCl structure
Colloidal crystals possessing a NaCl structure (LS stoichiometry) can be fabricated
by layer-by-layer deposition of large and small colloidal particles on surfaces with a square
pattern, where small colloidal particles take their places in between the large ones, as shown
in Figure 8.6. Large colloidal particles were deposited on an electrode surface in close-packed
fashion (DL// = 1). The ratio of colloidal radii was RS/RL = 0.41, corresponding to the
smallest possible value for the NaCl type structure, where colloidal particles are arranged in a
close-packed manner. Deposition parameters were determined for each type of colloidal
particle according to the approach presented in Chapter 6. Growth of binary colloidal crystals
can be started from one or two colloidal layers of large colloidal particles. Starting the growth
of such colloidal crystals with two layers of large colloidal particles has an advantage. Small
colloidal particles position themselves precisely among the particles, which decreases the
ability of large colloidal particles to rearrange themselves during following depositions. Small
colloidal particles deposited onto a monolayer of large colloidal particles did not have any
influence in our case on subsequent depositions. Negatively charged large colloidal particles
with a diameter 545 nm were deposited at 3.9 V during 45 sec and withdrawn from the
colloidal suspension with a colloidal volume fraction of 0.2 vol.% at a speed of 0.1 mm/s (in
the case of monolayer formation, Figure 8.6A) and at 3.5 V during 3 min and a withdrawal
speed of 0.04 mm/s in the case of two colloidal layers (Figure 8.6B). Electrodes were left to
dry for several minutes prior to deposition of small colloidal particles. Then, electrodes with
deposited large colloidal particles were immersed in a colloidal suspension of small colloidal
particles at a speed of 0.97 mm/s under a preset applied potential. Negatively charged small
colloidal particles were deposited at 3 V during 30 sec (in the case of one layer of large
colloidal particles) and 45 sec (in the case of two layers), and withdrawn with an electrode
speed of 0.1 mm/s from the colloidal suspension with a colloid volume fraction of 0.2 vol.%.
The next layer of large colloidal particles was deposited at 3.5 V during 2 min and employing
a withdrawal speed of 0.04 mm/s, Figure 8.6C. Examples of large area binary colloidal layers
are presented in Appendix I-2.
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Figure 8.6. Layer-by-layer colloidal deposition on a square patterned substrate with a radii ratio of RS/RL = 0.41:
A) colloidal monolayer, B) and C) two layers. In the corner of the first image, a schematic representation of
corresponding layer structures is shown. Scale bar = 1 Pm. Arrows indicate defects in colloidal structures.
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The growth of good quality binary colloidal crystals using the layer-by-layer
deposition method under an applied electric field is very sensitive to the quality of the
colloidal monolayers formed in each deposition step. Various defect structures in deposited
colloidal layers are indicated by white arrows in Figure 8.6. Defects in initial layers of large
colloidal particles are usually introduced by missing colloidal particles. Partial coverage by
small colloidal particles of such defects occurs, destroying the ordering of subsequently
deposited colloidal layers. The homogeneity of deposited small colloidal particles plays an
important role in determining the quality of subsequently deposited colloidal layers. Although
the colloidal suspensions used were homogeneous, the local concentration of colloidal
particles in suspension may vary. The local colloidal concentration of small colloidal particles
close to an electrode surface influences their distribution in the layer of large colloidal
particles. In addition to single small colloidal particles occupying vacancies between large
colloidal particles, double, triple and quadruple aggregates of small colloidal particles as well
as no particles at all were observed on colloidal layers. As a consequence of the existence of
such diverse colloidal aggregates, displacement of large colloidal particles from their original
positions takes place, Figure 8.6C. When such defect structures are eliminated, large area
binary colloidal crystals with a NaCl structure can be grown.

8.5. Deposition of oppositely charged binary colloidal particles
Layer-by-layer electrophoretic deposition of oppositely charged binary colloidal
particles on electrode surfaces with a hexagonal and square pattern was also performed.
Negatively charged large colloidal particles with a diameter of 545 nm were deposited on the
electrode surface with DL// = 1 at 3.5 V during 90 sec (hexagonally patterned electrode,
Figure 8.7A) and at 3.9 V during 45 sec (square patterned electrode, Figure 8.7B) and
withdrawn from the colloidal suspension (colloidal volume fraction 0.2 vol.%) at a speed of
0.1 mm/s. Positively charged small colloidal particles of the size 225 nm (RS/RL = 0.41) and a
surface charge density of 13.2 PC/cm2 were deposited at 2.0 V during 30 sec (hexagonally
patterned electrode) or at 2.5 V during 25 sec (square patterned electrode) and the
corresponding electrodes were withdrawn at 0.1 mm/s from the colloidal suspension which
had a colloid volume fraction of 0.2 vol.%. After each deposition, electrodes were dried for
several minutes before the next deposition. It was rather difficult to obtain a homogeneous
coverage of small colloidal particles. There were always a large number of additional small
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colloidal particles present that did not organize themselves according to the template formed
by the large colloidal particles, Figure 8.7. It was also observed, that there was no change in
the layer structure of large colloidal particles following the deposition of small colloidal
particles, when the potential of the electrodes was changed to opposite. Thick colloidal
crystals were formed by the deposition of several layers of large colloidal particles at 3.5 V
for 3 min and a withdrawal speed of 0.04 mm/s, following by one layer of small colloidal
particles at 2.0 V (Figure 8.7C) and 1.5 V (Figure 8.7D) during 30 sec and using an electrode
withdrawal speed of 0.1 mm/s. It was observed, that during the withdrawal of thick colloidal
crystals after the deposition of small colloidal particles, at the bottom part of the sample, all
colloidal layers were driven back into the colloidal suspension, revealing the electrode
surface. Electrostatic repulsion between an electrode surface that h as the same charge sign as
the lower layers in a colloidal crystal may cause the colloidal crystal to be easily driven back

Figure 8.7. Layer-by-layer deposition of binary colloidal layers of oppositely charged particles (large colloids are
negatively charged and small colloids – positively charged): on a hexagonally patterned electrode surface: A)
RS/RL = 0.41 and C) RS/RL = 0.49; on a square patterned electrode surface, two layers of large colloids (RL) and
one layer of small colloids (RS): B) RS/RL = 0.41 and D) RS/RL = 0.49. Large colloidal particles with a diameter of
545 nm were deposited A) 3.5 V during 90 min and B) at 3.9V during 45 sec and using an electrode withdrawal
speed of 0.1 mm/s; C) and D) at 3.5V during 3 min, electrode withdrawal speed = 0.04 mm/s. Small colloidal
particles with a diameter of 225 nm were deposited A) at 2.0 V during 30 sec; B) at 2.5 V during 25 sec; C) at 2.0
V during 40 sec and D) 1.5 V during 30 sec, electrode withdrawal speed = 0.1 mm/s. In the corner of images A
and B, a schematic representation of corresponding layer structures is shown. Scale bar = 1 Pm.
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to the colloidal suspension under its own weight, aided by applied capillary forces from the
meniscus of the colloidal suspension passing along the electrode surface during electrode
withdrawal. The number of small positively charged colloidal particles was always higher
than was expected according to the template of large colloidal particles and did not depend on
colloidal concentration, applied voltage and decreased deposition time. Attractive electrostatic
forces between oppositely charged large and small colloidal particles led to particle
coagulation on the colloidal crystal surface, making deposition control of oppositely charged
colloidal particles more difficult compared to that of binary colloidal particles possessing the
same charge sign.
Conclusions
Layer-by-layer electrophoretic deposition of colloidal particles with monomodal and
bimodal distributions on electrode surfaces with periodic patterns was performed. Colloidal
binary monolayers with LS, LS2, LS3, LS4 and LS5 stoichiometries were formed by this
method on electrode surfaces with square and hexagonal patterns. A decrease in D// ratio
from 1 to 0.75 led to the formation of non-close-packed binary colloidal monolayers. Layerby-layer deposition of large and small colloidal particles with radii ratios of 0.41 and 0.49 on
square and hexagonal patterns, respectively, led to the formation of binary colloidal crystals
with atomic analogs as NaCl and AlB2, respectively. Deposition of binary colloidal particles
of the same charge sign (for example, only negatively charged colloidal particles) was easier
to control than deposition of oppositely charged colloidal particles. The number of deposited
positively charged colloidal particles was always higher than expected based on colloidal
concentration, applied voltage and deposition time. Planar defects could be introduced in
colloidal crystals in the form of deposited mono- (multi-) layers of colloidal particles with a
colloid diameter different from the colloidal particles forming the main crystal. Growth of
non-close-packed colloidal crystals formed by colloidal particles of the same size and charge
was successfully performed. Formation of non-close-packed colloidal crystals with an A-B-A
sequence (analogous to the HCP crystal structure) on hexagonally patterned surfaces with a
D// ratio of 0.75 was demonstrated. In addition, the growth of FCC colloidal crystals with the
(110) plane parallel to the electrode surface was improved due to a stepwise construction of
the crystal. Layer-by-layer electrophoretic deposition of colloidal particles on patterned
electrode surfaces is a powerful method for the fabrication of non-close-packed and binary
colloidal crystals with various crystal structures.
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Appendix I

I-1 Colloidal binary monolayer on a hexagonally patterned electrode surface. Colloid radii ratio RS/RL = 0.49.

I-2 Two colloidal layers on an electrode surface with a square symmetry. Colloid radii ratio RS/RL = 0.41.
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Outlook
Within this thesis we showed that by combining various colloidal deposition
approaches, an independent control of colloidal crystal structure, orientation
and thickness was achieved. Moreover, we showed that the electrophoretic
deposition technique we used is convenient and does not require a
complicated set-up. The results obtained in the course of this work clearly
indicate that tuning the interactions between building blocks of the colloidal
deposition system allows us to produce other than the usual close-packed
colloidal crystal structures. We also showed, that structured (patterned)
surfaces play an essential role in the formation of colloidal crystals with
desired crystal structures. We demonstrated this on examples of colloidal
crystals with BCC and non-close-packed HCP crystal structures. Control
over colloidal deposition parameters allows us also to introduce crystal
defects and induce binary colloidal crystal growth.
In this part we present an outlook for the continuation of this study. We
hope that the demonstrated opportunities to induce growth of non-closepacked colloidal crystals will stimulate researches in this field to find
methods of fabricating low-symmetry colloidal crystals by self-assembly of
colloidal particles for photonic crystal applications.
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The method of electrophoretic deposition of charged colloidal particles on patterned
electrode surfaces described in this thesis is very efficient for fabricating a variety of colloidal
crystals. Although this method is very successful, there is also room for further improvements
and research:
x

In Chapter 5 we presented the patterning of electrode surfaces. The patterned
topography has a strong influence on the homogeneity of the colloidal particle coverage
especially in the case of non-close-packed colloidal structures. Therefore, to perfect
pattern topography, the choice of the applied patterning procedure and the choice of
photoresist and the substrate materials are important;

x

The set-up for the electrophoretic deposition could be improved to allow a precise
control of electrode positions such as tilt angle and rotation angle of the patterned areas
of the electrodes with respect to the colloidal suspension surface, and the distance
between electrodes. These parameters play an important role in the growth of colloidal
crystals and influence their crystal structure, thickness and the size of the area covered
by a certain predetermined structure;

x

The deposition of non-close-packed and binary colloidal crystals discussed in Chapter 8
can be recommended for further studies. Our first experiments showed that the layer-bylayer colloidal deposition process has a large potential to fabricate non-close-packed
and binary colloidal crystals: the colloidal layer structures are not changed (rearranged
or destroyed) after consecutive depositions. This goes for the deposition of similarly as
well as oppositely charged colloidal particles. Therefore, the influence of concentration,
electric field strength, and withdrawal speed of the electrodes on the colloidal particle
coverage needs to be studied first, especially in the case of small colloidal particles
because they create defects in a subsequently deposited layers of large colloidal
particles;

x

Corresponding characterizations of colloidal crystal ordering are recommended.
Scattering experiments (small-angle X-ray scattering) determine what type of structure
(FCC, HCP or random stacking) of colloidal crystals is preferably formed on the
hexagonally patterned electrodes and provide information on the average interparticle
spacing. 1 From the diffraction pattern one can also determine the Debye - Waller factor
(showing the displacement of the colloidal particles from their original lattice
positions), the average domain size, and the correlation length of colloidal crystals.
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These parameters can also be calculated for 2D and 3D colloidal crystals of known
structures from SEM images, using corresponding computational programs. 2
Crystals with the diamond-like symmetry are highly desired for PBG materials.
Fabrication of such structures has been realized by using a fully directed, one-by-one
positioning and colloidal particle assembly by nanorobotic manipulation. 3 However, an
inherent problem remains the slow speed related to the serial character of these processes.
Parallelization would help, although it is not trivial in practice. “Soft lithography” 4 is another
widely used technique for printing organic molecules by an elastomeric stamp on a large
variety of substrates. When organic molecules have a good affinity for a substrate material,
various patterned structures can be simply realized. Nowadays, surface properties of colloidal
particles as well as substrate surface chemistry can be easily controlled and, therefore, the
combination of soft lithography with colloidal particles could be an alternative approach to
the nanorobotic parallelization technique. Introduction of structural defects is another
important issue in the fabrication of photonic crystals, where the colloidal soft lithography can
make its contribution. By tuning interactions between colloidal particles and an elastomeric
stamp, colloidal particles can either be locally removed from the colloidal crystal surface or
colloidal particles of different nature can be deposited on the surface with their subsequent
removal after the introduced defect is closed by the rest of the colloidal crystal.
In this work spherical polymer colloidal particles were used, due to the availability of
simple synthetic routes for the preparation of well-characterized and highly monodispersed
colloidal spheres. However, whether low-symmetry colloidal crystals can be fabricated from
spherical colloidal particles by colloidal self-assembly still remains an open question. It was
calculated that photonic crystals formed from colloidal particles of ellipsoidal shape possess
larger photonic band gaps than those made from spherical colloidal particles.5 Various ways
exist for the controlled fabrication of elliptical colloidal particles. 6,7 Use of the method
presented in this thesis could promote controlled colloidal crystal growth also with nonspherical colloidal particles. Firstly, colloidal particles would be oriented along electric field
lines, when an electric potential is applied. Secondly, electrode surface patterning would
predetermine the colloidal crystal growth, targeting the fabrication of low-symmetry colloidal
crystals. In addition to ellipsoidal colloidal particles, some other approaches were proposed to
make spherical particles “directional”. 8 One of those approaches comprises coating of
spherical colloidal particles with anisotropic objects, e.g., lipids, triblock copolymers, or
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liquid crystals. In case of a strong coating anisotropy, the formation of a 2D nematic liquid
crystal with four strongly repulsive disclination defects on the surface of spherical colloidal
particles was predicted. This would make the corresponding colloidal particles exhibit a fourfold valence-like structure similar to an sp3-hybridized carbon atom.
Significant improvement of colloidal particle ordering with the implementation of
surface patterning (or physical confinement) was pointed out subsequently throughout this
thesis. One more example we would like to mention here is the fabrication of colloidal
crystals packed in cylindrical tubes by the pressure-assisted method. 9 These colloidal
cylindrical columns exhibited high structural order over length scales covering several
centimeters in cylinder length. In addition, it was shown previously on examples of 2D
colloidal structures, that the ratio between the colloidal size and the width of patterned stripes
determines the 2D colloidal structure and the colloidal packing density. 10, 11 , 12 Therefore, if
such “cylindrical tubes” are placed in a close-packed manner overlapping each other, then a
precise adjustment of the diameter ratio between colloidal particles and cylinders will
determine whether the colloidal particle’s packing in a spiral manner in each cylinder leads to
the formation of an overall colloidal crystal possessing a low crystal symmetry (a diamondlike structure).
Colloidal particles were demonstrated to be universal building blocks with a great
potential. They can be prepared with well-controlled surface properties from a variety of
organic as well as inorganic materials, allowing us to manipulate them easily with applied
external forces. Being highly monodisperse, the colloidal particles pack themselves into closepacked periodic structures. Introducing the template structures, the colloidal particle assembly
can be guided to non-trivial forms of packing in 3D, while maintaining the effects of
templates through the crystals. In this content, the colloidal particles open many challenges
for researchers to achieve full control over colloidal crystallization and finally to realize
colloidal particle self-assembly into low-symmetry (diamond) colloidal crystal structures.

164

Outlook

References
1

W. L. Vos, M. Megens, C. M. van Kats, P. Bösecke, Langmuir 1997, 13, 6004.
T. G. Euser, diploma thesis (under direction of W. Vos and L. Kuipers), University of Twente, 2002.
3
F. Garcia-Santamaria, H. T. Miyazaki, A. Urquia, M. Ibisate, M. Belmonte, M. Shinya, F. Meseguer, C. Lopez,
Adv. Mater. 2002, 14, 1144.
4
Y. Xia, G. M. Whitesides, Angew. Chem. Int. Ed. 1998, 37, 550.
5
Z.-Y. Li, J. Wang, B.-Y. Gu, Phys. Rev. B 1998, 58, 3721.
6
Y. Lu, Y. Yin, Y. Xia, Adv. Mater. 2001, 13, 271.
7
T. van Dillen, A. van Blaaderen, A. Polman, Materials Today 2004, 7, 40.
8
D. R. Nelson, NanoLetters 2002, 2, 1125.
9
U. Kamp, V. Kitaev, G. von Freymann, G. A. Ozin, S. A. Mabury, Adv. Mater. 2005, 17, 438.
10
E. Kumacheva, P. Garstecki, H. Wu, G. M. Whitesides, Phys. Rev. Lett. 2003, 91, 128301.
11
K.-H. Lin, J. C. Crocker, V. Prasad, A. Schofield, D. A. Weitz, T. C. Lubensky, A. G. Yodh, Phys. Rev. Lett.
2000, 85, 1770.
12
R. G. Golding, P. C. Lewis, E. Kumacheva, Langmuir 2004, 20, 1414.
2

165

Outlook

166

Summary

Summary

The method of “Electrophoretic deposition of charged polymer colloids on
patterned substrates” was developed, where patterned surfaces predetermine
the location of colloidal particles on the surface and an electric field acts as
a driving force in the colloidal crystallization process. This method allows
an independent control of colloidal crystal structure, orientation and crystal
thickness. The technique was successfully applied to grow single and binary
colloidal monolayers, colloidal crystals with FCC crystal structures and
(111), (100) and (110) plane orientations, BCC colloidal crystals grown
from a (100) crystal plane, non-close-packed colloidal multilayers with a
HCP crystal sequence and binary colloidal crystals with NaCl and AlB2
analogs. Planar defects were easily introduced and controlled by the set of
deposition parameters.
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A brief introduction to the topics that are relevant for this thesis is presented in
Chapter 1. Attention was given to various colloidal crystallization methods, such as colloidal
crystallization on flat, chemically and lithographically modified substrates as well as under
applied external fields. Special emphasis was placed on reviewing the current status in the
area of colloidal crystallization on topologically patterned substrates.
Crystallization of oppositely charged colloidal particles was studied using “Molecular
Dynamics” computations in Chapter 2. The stability of colloidal crystals with various crystal
structures was examined. It was found that stable colloidal crystal structures resemble those
found among the inorganic materials. The range of sphere size ratios for stable colloidal
structures was determined. Colloidal crystals with the zinc blende inorganic analog were
found to be stable at size ratio 0.2, with the sodium chloride analog – at size ratio 0.4 and with
the cesium chloride analog – at values of size ratios higher than 0.6. The presence of a surface
charge was necessary to keep the structure together, but the size of this charge was not
important for stable structures, although a large surface charge assists in breaking down
unstable crystal structures.
Seeded emulsifier-free emulsion polymerization of styrene monomer allowed the
synthesis of monodispersed colloidal particles with controlled surface charge densities and a
colloidal size in the sub-micrometer range. Chapter 3 and Chapter 4 described the synthesis
and characterization of negatively and positively charged colloidal particles, respectively.
Colloidal size and size monodispersity were controlled in the first polymerization stage (core
particles) and were characterized by HR-SEM measurements. Surface charge densities were
controlled via polymerization of styrene monomer and ionic co-monomer around core
particles in the second stage (core-shell particles). Surface charge densities were determined
by conductometric (for negatively charged particles) and potentiometric (for positively
charged particles) titrations. The influence of co-monomer type, initiator and polymerization
conditions on colloid size, size monodispersity and surface charge density were discussed. A
new co-monomer was found that yields high surface charge densities in a seeded
polymerization process without forming polyelectrolyte residues in the colloidal suspension.
In Chapter 5, a lithographic method for electrode surface patterning was developed.
The method comprised the transfer of a photoresist pattern in a dielectric SiO2 layer, applying
a lift-off process. Hexagonal, square and rectangular types of periodic patterns in photoresist
were generated by laser interference lithography (LIL). LIL allowed us to generate periodic
patterned surfaces with pattern periodicities between 300 nm and 900 nm. Optimal process
parameters for photoresist patterning and SiO2 layer etching were found.
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The method of electrophoretic deposition of colloidal particles onto patterned
electrode substrates was introduced in Chapter 6. Deposition on flat and patterned electrode
surfaces was compared. Deposition on flat electrode surfaces led to the formation of
disordered colloidal monolayers and crystals, while patterned surfaces pre-determined the
location of colloidal particles on electrode surfaces by physical confinement. Deposition
parameters such as electric field strength, colloid concentration, surface charge density,
withdrawal speed of electrodes etc. were shown to play an important role in colloidal crystal
growth. It was found that colloidal particles with low surface charge densities allowed a better
control over colloidal crystallization. An optimal deposition voltage of 3.5 V was found for
colloidal crystal growth. At higher deposition voltages, more disorder in colloidal crystals
occured and at lower voltages the deposition process was ineffective. The withdrawal speed
of electrodes from the colloidal suspension plays an important role in determining the
thickness and growth of colloidal crystals with non-close-packed structures. For different
crystal structures, the withdrawal speed was optimized for the systems considered.
Specifically, the formation of colloidal monolayers (two-dimensional crystals) was discussed
in this chapter.
The growth of colloidal crystals with FCC and BCC structures was discussed in
Chapter 7. The electrophoretic method, presented in Chapter 6, was applied. Colloidal
crystals were deposited on electrode surfaces with various symmetries in order to induce
colloidal crystal growth from different crystal planes. Colloidal crystals with FCC crystal
structure grown in [111], [100] and [110] crystal directions and BCC in the [100] direction
were presented. The influence of topologically patterned electrode surfaces on colloidal
crystal growth was a main topic of this chapter. It was found, that growth of FCC (111) and
(100) could be easily controlled at low withdrawal speeds, while growth of FCC (110)
colloidal crystals was limited to two colloidal layers. Thick colloidal crystals grown in the
[110] crystal direction finally possessed small polycrystalline regions with (111), (100) and
(110) crystal planes. Disorder and polycrystallinity were caused by the geometrical factor of
this plane, which is not close-packed in one of the main (perpendicular) directions. Growth of
high quality close-packed FCC colloidal crystals was determined by the precise match of
crystal lattice constant and electrode pattern periodicity. Fabrication of colloidal crystals with
a BCC structure from the (100) crystal plane was also discussed in this chapter. Optimal
deposition parameters were found for the systems investigated, allowing us to grow up to
seven layers of this crystal structure.
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The layer-by-layer electrophoretic deposition method of colloidal particles on
patterned electrode surfaces was introduced in Chapter 8. Applying this method, binary
colloidal monolayers with LS, LS2, LS3, LS4 and LS5 stoichiometries were formed on
hexagonally and square patterned electrode surfaces. Non-close-packed colloidal crystals with
A-B-A sequence (an analog of the HCP crystal structure) were successfully fabricated. FCC
colloidal crystal growth in the direction perpendicular to the (110) crystal plane was
substantially improved. Plane defects using colloidal particles of different size were easily
introduced. Finally, bimodal colloidal crystals with NaCl and AlB2 analogs were fabricated by
layer-by-layer deposition of colloidal particles either of the same charge or opposite charge,
respectively.
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De

methode

van

“Electrophoretische

depositie

van

geladen

polymeercolloïden op gestructureerde substraten” werd ontwikkeld, waarin
topografisch gestructureerde substraten de locatie van colloïdale deeltjes
bepalen op het oppervlak, en waarin een elektrisch veld als drijvende kracht
werkt in het proces van colloïdale kristallisatie. Deze methode maakt het
mogelijk

om

colloïdale

kristalstructuur,

orientatie

en

kristaldikte

onafhankelijk van elkaar te beïnvloeden. De techniek werd met succes
toegepast om verschillende kristallen te vormen, zoals enkelvoudige (één
colloïdgrootte) en binaire colloïdale monolagen (twee verschillende
deeltjesgroottes), colloïdale kristallen met FCC structuur en (111), (100) en
(110) vlakoriëntaties, BCC kristallen gegroeid van een (100) kristalvlak,
niet dichtgepakte colloïdale multilagen met een HCP kristalordening en
binaire colloïdale kristallen analoog aan NaCl en AlB2 structuren.
Vlakdefecten konden eenvoudig worden geïntroduceerd en beïnvloed door
aanpassing van de depositieparameters.
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Een korte inleiding in de onderwerpen die relevant zijn voor dit proefschrift wordt
gegeven in Hoofdstuk 1. Aandacht wordt besteed aan verschillende methoden van colloïdale
kristallisatie zoals colloïdale kristallisatie op vlakke, maar ook op chemisch en lithografisch
gemodificeerde oppervlakken en onder externe aangelegde velden. Een overzicht wordt
gegeven van de huidige stand van zaken op het gebied van colloïdale kristallisatie op
lithografisch gemodificeerde substraten.
Kristallisatie van tegengesteld geladen colloïdale deeltjes werd bestudeerd door
middel van “Molecular Dynamics” berekeningen in Hoofdstuk 2. De stabiliteit van colloïdale
kristallen met verschillende structuren werd onderzocht. Er werd gevonden dat stabiele
structuren van colloïdale kristallen lijken op die, welke binnen de anorganische materialen
worden gevonden. De grootteverhouding van colloïdale deeltjes werd bepaald voor de
stabiele structuren. Stabiele colloïdale kristallen met een structuur analoog aan de
anorganische zinkblende bleken stabiel te zijn bij een grootteverhouding van 0.2, analoog aan
de natriumchloride structuur bij een grootteverhouding van 0.4, en analoog aan de
cesiumchloride structuur bij grootteverhoudingen boven 0.6. De aanwezigheid van een
oppervlaktelading was noodzakelijk om de structuur bijeen te houden, maar de grootte van
deze lading was niet belangrijk voor het verkrijgen van stabiele structuren, hoewel hoge
oppervlakteladingsdichtheden bijdroegen aan het uiteenvallen van onstabiele kristalstructuren.
Door middel van seeded emulsifier-free emulsiepolymerisatie van styreen konden
monodisperse colloïdale deeltjes met een gedefinieerde oppervlakteladingsdichtheid en
colloïdale afmeting in het submicrometergebied worden gesynthetiseerd. Hoofdstuk 3 en
Hoofdstuk 4 beschrijven de synthese en karakterisering van respectievelijk negatief en
positief geladen colloïdale deeltjes. Colloïdale afmetingen en polydispersiteit werden gestuurd
in de eerste polymerisatiestap (synthese van de kern) en werden gekarakteriseerd door middel
van HR-SEM metingen. Oppervlakteladingsdichtheden werden beïnvloed door polymerisatie
van styreen monomeer en ionisch comonomeer rond de kernen in de tweede polymerisatiestap
(vorming van core-shell deeltjes). Oppervlakteladingsdichtheden werden bepaald door middel
van conductometrische (voor negatief geladen deeltjes) en potentiometrische (voor positief
geladen

deeltjes)

titraties.

De

invloed

van

comonomeer

type,

initiator

en

polymerisatieomstandigheden op colloïdgrootte, polydispersiteit en oppervlakteladingsdichtheid worden besproken. Een nieuw comonomeer werd gevonden waarmee hoge
ladingsdichtheden konden worden gerealiseerd in een seeded polymerisatieproces, zonder
vorming van polyelectrolyt in de colloïdale suspensie.
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In Hoofdstuk 5 wordt de ontwikkeling van een lithografische methode om
electrodeoppervlakken te structureren beschreven. De methode omvatte de overdracht van een
photoresistpatroon in een dielectrische SiO2 laag, gebruikmakend van een lift-off proces.
Hexagonale, vierkante en rechthoekige periodieke patronen werden in de photoresist
gegenereerd door middel van Laser Interference Lithography (LIL). Met behulp van LIL
konden we periodiek gestructureerde oppervlakken met periodiciteiten tussen 300 nm en 900
nm fabriceren. Optimale procesparameters voor photoresist structurering en het etsen van de
SiO2 laag werden vastgesteld.
De electrophoretische depositiemethode om colloïdale deeltjes op gestructureerde
electroden aan te brengen werd geïntroduceerd in Hoofdstuk 6. Depositie op vlakke en
topografisch gestructureerde electrodeoppervlakken werd vergeleken. Depositie op vlakke
electrodeoppervlakken leidde tot de vorming van ongeordende colloïdale monolagen en
kristallen, terwijl gestructureerde oppervlakken de locatie van colloïdale deeltjes op
electrodeoppervlakken stuurden door ruimtelijke begrenzing. Depositieparameters zoals
electrische veldsterkte, colloïdconcentratie, oppervlakteladingsdichtheid en snelheid waarmee
de electroden uit de suspensie werden gehaald speelden, zoals werd aangetoond, een
belangrijke rol in de colloïdale kristalgroei. Gevonden werd dat colloïdale deeltjes met lage
oppervlakteladingsdichtheden een betere controle mogelijk maakten over colloïdale
kristallisatie. Een optimaal depositievoltage van 3.5 V werd vastgesteld voor colloïdale groei.
Bij hogere depositievoltages onstond meer wanorde in de colloïdale kristallen en bij lagere
voltages was het depositieproces niet effectief. De snelheid waarmee electroden uit de
colloïdale suspensies werden gehaald had een grote invloed op de groei en de dikte van
colloïdale kristallen met niet dichtgepakte structuren. De snelheid werd geoptimaliseerd voor
verschillende kristalstructuren. Met name de vorming van colloïdale monolagen
(tweedimensionale kristallen) werd besproken in dit hoofdstuk.
De groei van colloïdale kristallen met FCC en BCC structuur werd bediscussieerd in
Hoofdstuk 7. De electrophoretische methode, gepresenteerd in Hoofdstuk 6, werd toegepast.
Depositie van colloïdale kristallen op electrodeoppervlakken met verschillende symmetrieën
werd uitgevoerd om colloïdale kristalgroei vanaf verschillende kristalvlakken te induceren.
Colloïdale kristallen met FCC kristalstructuur, gegroeid in de [111], [100] en [110]
kristalrichtingen, en met BCC kristalstructuur in de [100] richting werden gepresenteerd. De
invloed van topografisch gestructureerde electrodeoppervlakken op colloïdale kristalgroei is
een belangrijk onderdeel van dit hoofdstuk. Gevonden werd dat de groei van FCC (111) en
(100) gemakkelijk kon worden beheersd bij lage terugtrekkingssnelheden wanneer de groei
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van FCC (110) colloïdale kristallen beperkt bleef tot twee colloïdale lagen. Dikke colloïdale
kristallen gegroeid in de [110] kristalrichting bezaten uiteindelijk kleine polykristallijne
gebieden met (111), (100) en (110) kristalvlakken. Wanorde en polykristalliniteit werden
veroorzaakt door de geometrische factor van dit vlak, dat niet dichtgepakt is in een van de
hoofd (loodrecht) richtingen. De groei van hoge kwaliteit dichtgepakte FCC colloïdale
kristallen werd bepaald door de precieze overeenkomst tussen kristalroosterconstante en
electrodepatroon periodiciteit. De fabricage van colloïdale kristallen met een BCC structuur
vanaf

het

(100)

depositieparameters

kristalvlak
werden

werd

gevonden

ook

besproken

voor

de

in

dit

onderzochte

hoofdstuk.
systemen

Optimale
zodat

een

kristalstructuur met een dikte tot zeven lagen kon worden opgebouwd.
De laag-op-laag methode van electrophoretische depositie van colloïdale deeltjes op
gestructureerde elektrodeoppervlakken werd geïntroduceerd in Hoofdstuk 8. Door toepassing
van deze methode konden binaire colloïdale monolagen met LS, LS2, LS3, LS4 en LS5
stoichiometrieën worden gevormd op elektrodeoppervlakken met hexagonale en vierkante
patronen. Niet dichtgepakte colloïdkristallen met A-B-A opeenvolging (een analoog van de
HCP kristalstructuur) werden succesvol gefabriceerd. FCC colloïdale kristalgroei in de
richting loodrecht op het (110) kristalvlak werd aanzienlijk verbeterd. Vlakdefecten gevormd
door colloïdale deeltjes met een verschillende grootte konden gemakkelijk worden
geïntroduceerd. Tenslotte werden binaire colloïdale kristallen met NaCl en AlB2 analogie
gefabriceerd door middel van laag-op-laag depositie van colloïdale deeltjes met
respectievelijk een identieke en tegenovergestelde lading.
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