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Abstract

The structuring of polymers on the micro and nanoscale is performed largely by lithographic techni-
ques, which require complex steps and suffer from geometrical and scaling limits. Techniques such as
Nanoimprint Lithography and Hot Embossing are attractive alternatives as they can produce high qua-
lity nanoscale structures with a high throughput. Colloidal building blocks offer a way to self-assemble
the masters required for these replication steps. However, the difficulty with self-assembly lies in the
creation of stable structures with little defect that are well controlled. This work sets out to provide a
comprehensive overview of the aspects of the fabrication of colloidal crystals, the most influential pa-
rameters and how they can be qualified. Offering a basis for future research on microscale replication
by colloidal crystals and resulting in development of a method for the fabrication of colloidal crystal,
which can be used as a master to replicate microscale patterns through Hot Embossing.
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Project

1.1. Introduction

In order to pattern polymers at small scales the most frequently used techniques are those where a
prefabricated pattern (master) is replicated into a polymeric material (target). In these processes a
viscous pre-polymer is usually compressed into the geometrical features of a master. After which it is
cured by means of an energy activation, such as a temperature change or exposure to light, resulting
in a cured polymeric copy of the master[1]. In order to fabricate the master a top-down method is
usually applied, where material is removed from the bulk, such that the desired structure remains[2].
Photolithography is one such method commonly used to produce these masters, as it is well established.
Mainly due to intensive application in the high-tech industry which, due to the existence of a continuous
desire to scale down feature sizes, has led to significant advances over the last 20 years in terms of
minimally achievable resolutions[3].

Photolithography can also be directly used to pattern polymers, but this is not without some signifi-
cant caveats. First of all, the number of steps to produce polymeric structures this way is often tenfold
or more, which are performed in a strictly linear fashion. Secondly, due to the nature of many poly-
meric materials, defects can be introduced by thermal deformation as a result of the exposure steps.
In response to these problems, fabrication by replication of a master has become more popular and a
large number of micro and nanoscale patterning strategies have been developed. These methods are
especially of interest as they are often low-cost, while still allowing for complex geometrical structuring
of polymers[4]

Most masters are fabricated by a top-down approach, but fabrication of the master by a bottom-up
process is also possible, wherein material is added in steps until the desired structure is formed[5, 6].
One bottom-up method of especial interest is self-assembly. Where small prefabricated building blocks,
such as nanoparticles, are allowed to construct themselves into final, reversible, structures. Herein
inspiration is often drawn from nature, where these processes occur on an ubiquitous scale[7]. Small
particles suspended in a solution, so called colloidal particles or colloids, can be used as building blocks
within the self assembly process. By setting the conditions such that they form into predetermined
colloidal structures[8].

Using a colloidal structure to replicate features is an area that has until thus far not seen much
research, but has high potential within replication techniques. Therefore, this thesis serves as an
investigation into the feasibility of using such colloidal structures as a master for a hot embossing
replication technique.

1.2. Research Goal

Effective research is performed by clearly stating the desired end result. Therefore, the following goal
is proposed:

“To determine the feasibility of a using self-assembled colloidal crystals in a hot embossing pattern
replication technique, in order to fabricate microstructures into target polymers”

1



2 1. Project

1.2.1. Research Checkpoints

To evaluate the effectiveness of the goal a number of checkpoints need to be established. These serve
as a guidelines within the research and allow for reflection. These are asked in the form of questions
that this thesis sets out to answer.

What are the requirements for a colloidal stamp in a hot embossing replication technique?

How can colloidal crystals be manufactured such that they are suitable for the stamp require-
ments?

How can the quality of the colloidal crystals be determined in a qualitative manner?

Is it possible to use these colloidal crystals in a pattern replication technique, such as hot embos-
sing?

1.3. Thesis Outline

To achieve these checkpoints the thesis is divided into the following sections. Starting with a literature
study aimed at documenting the physics, available self-assembly methods and current research on
replication by colloidal structures. In order to give an overview of the current state of technology. Then
follows a chapter on the experimental approach towards fabrication, quality control and replication of
the colloidal structures, which aim to answer the last three questions. Finally this thesis is ended with
a reflection, where the approach to the experiments is discussed and a look back is provided onto
the presented work. All material not directly relevant to the main body of the thesis is located in the
appendix.



Self-Assembly and Colloidal Particles

Self-assembly is the process wherein a structure is assembled without the influence of external forces.
Excluding manipulation by robots and direct interaction with the building blocks, making the process
spontaneous[7]. Due to this inherent autonomy it is seen as a promising step in fabrication of na-
nostructures and further miniaturization[9, 10]. Structures would be able to be assembled with a high
degree of precision, due to the minimization of energy leading to the final state of assembly. Which
could lead to fewer defects and higher stability[11]. An important distinction is that between direct and
indirect self-assembly. In the former a global minimum energy is reached in a purely self-governing
fashion. While in the latter the system is designed in such a way that the building blocks end up in a
local minima. Therefore, directed self-assembly requires a high level of control. However, it does allow
for a larger variety of structures[12].

One of the building blocks for self-assembly which have been intensively studied are the colloidal
particles. Ranging in size from a few nanometres up to a single microns, they are of such a size that
they are subject to Brownian motion, which are naturally occurring thermal fluctuations[13]. Howe-
ver, this also makes them suitable to be suspended in a variety of liquids, forming so called colloidal
suspensions[14]. Their most attractive feature is their tendency to form organized structures. Which
allows them to be used as intermediate building blocks[12].

Synthesis of colloidal particles can be difficult, although it is often performed accompanying the
research on self-assembly[15]. One key challenge is the creation of monodisperse colloidal suspensi-
ons, which is an indication of the uniformity of the particles in size in a solution[16]. Fortunately, a
large number of micro-size particles, especially silica (SiO2) and polystyrene (PS), are readily available
commercially[17].

Next some basic aspects of colloidal particles and their physical interactions are discussed.

2.1. Colloidal Crystals

Crystallization is usually described as the process of organization of small groups of molecules into
larger, well ordered structures, called phases. The process of crystal formation is largely driven by
the nucleation of these groups of molecules. Different crystalline structures can exist within the final
compound also know as polymorphism[18]. As colloidal particles can be seen as an analogue to
simple atomic liquids and solids, they too can form crystalline structures, called colloidal crystals[19].
Spherical colloids have been used predominately in the past, as they have only a single degree of
ordering[20]. The most common crystal forms for such particles are hexagonally close packed (hcp)
and cubic close packed crystal (ccp) structures[6]. The formation of these can be described by looking
at the thermodynamic minima or entropic differences between the two crystal lattices. In terms of
minimum Gibbs energy, it was determined that the ccp structure was slightly more stable than the hcp
one. However, both share a similar two-dimensional close packed structure. The difference between
the two is the stacking within the third dimension[21, 22]. To express the total amount of space
occupied by particles versus available space the packing density is used. For close packed structures
the packing density is around 90.7%, while for a square packed lattice it is 79%/[23]. To illustrate the
previous points, a sketch of all possible crystal structures in two dimensions, and the structures of both

3



4 2. Self-Assembly and Colloidal Particles

the hcp and ccp structures are shown in figure 2.1.
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Figure 2.1: A) An overview of the five 2D crystal structures possible. B) The subtle difference between hcp and ccp crystals.

2.2. Colloidal Interaction

Understanding the interactions between colloidal particles is important to get insight into the formation
of colloidal crystals. A large number of interactions exist between particles, and as such only the most
important ones in the context of this project will be briefly discussed. The most important distinction to
be made is between the scales of the interactions. Because colloidal particles are in fact aggregations
of atoms they are subject to nanoscopic forces, but self-assembly generally deals with long range
ordering and interactions. Therefore, modelling choices for such systems have to be carefully weighed
dependent on the particle size[22, 24]. Because the particle range for this project ranges from 300 hm
up to 5 pm, the nanoscopic forces will only briefly be treated. For a comprehensive review the reader
is referred to [24].

2.2.1. van der Waals Interaction

The van der Waals (vdW) interaction is, an usually, attractive electrostatic force resulting from the
electromagnetic effects of atomic interaction which is present between any two material bodies. The
effect of which is significant as the energy of the vdW interaction is a hundred times higher than
the thermal fluctuations causing Brownian motion, which makes it possible to exploit this energy to
drive self-assembly as well. However this works most effectively for small, nanosized, particles, as
the vdW interaction is short ranged. Becoming dominated by other forces when surface separations
exceeds 10 nm, after which its influence falls off rapidly. The most exact continuum based estimation
of the vdW forces is the Dzyaloshinskii, Lifshitz, and Pitaevskii (DLP) method, also known as the Lifshitz
theory[24, 25]. Where the interaction energy between opposing continuous planes is determined. The
Lifshitz interaction energy for flat parallel infinite planes, without the influence of temperature, is given

by

Ay

Uhgw () = — oz With
o 3 (7 (elw) ~1 Zd (2.1)
H™an ), \eGw)+1 @

Where h is the distance between the planes, Ay is the Hamaker constant which prescribes the
magnitude of the vdW forces and # is the reduced Planck’s constant. Lastly, € (iw) is the macroscopic
dielectric function, which describes the effect a time-varying field has on a charged particle. Less exact
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results can be achieved by using the Hamaker integral or Derjaguins approximations[26, 27], which
are slightly simpler in terms of use, and are permissible on the larger scale.

2.2.2. Electrostatic Interaction and the Electrostatic Double Layer

Electrostatic interaction prescribes the either attractive or repulsive interaction between charged par-
ticles. When particles have the same charge, that is both either are negatively or positively charged,
they repel due to the effect of each others respective electric field. However, when the charges are
not opposing, where one is positively and the other negatively charged, they attract. Secondly the for-
ces can be directive and, when considering continuous bodies, surface charges can be asymmetrically
distributed[24, 25].

When particles are suspended in a liquid, the electric double layer effect comes into play. Which
is a phenomenon that is most prevalent in strong electrolytes. A layer of ions both positively charged
(cation) and negatively charged (anion) gathers at the surface of a solid, such that a charge equalized
electrostatic layer forms. As this layer creates an electric field, two or more particles will be slightly
repulsive. The decay of its influence which is usually expressed in terms of the Debye screening length
or screening effect. Several formulations exist to express the electrostatic potential. In terms of surface
charge it can be expressed by

Ugpi(h) = % (w2, +v2,) Il — coth (kh)+
(2.2)
2¢p,1¢p,2

(‘/’3,1 + ’/’;,2) sinh (xch)

Where ¢ is the dielectric permittivity, 1,1 and ¥, , describe the surface potentials for two indepen-
dent surfaces. Lastly, k represents the inverse Debye screening length. Although the electric double
layer provides a good estimation of the electrostatic repulsion, it does have some shortcomings. Na-
mely, the assumption is made that the potential is constant over the entire layer and that the ionic
density is constant over the entire surface. Or more simply said, a layer of ions that is considered conti-
nuous is formed. This continuum assumption results in an under or overestimation at very small scales.
Treating the electrolyte as a molecular liquid instead of a continuum solves the inherent errors[22, 28].

2.2.3. Interactions in Media and at the Interface
Colloidal particles in highly concentrated media are subject to steric effects. Where the presence of
other particles in the liquid physically blocks further ordering or material deformation. One key steric
effect is the depletion interaction. When particles suspended in a solution approach each other, and
a solute molecule no longer fits in between them. The particles are then pushed together, as the
surrounding molecules of the liquid exert an osmotic pressure. This effect is especially prevalent in
macromolecular solutions, such as liquid crystals and polymers[24, 30].

Attractive capillary forces originate due to the formation of liquid bridges, also known as the me-
niscus, which forms between particles due to surface tension. Their behaviour can be modelled with
the Laplace Pressure[31].

2.3. Colloidal Self Assembly Techniques

Colloidal particle self-assembly has been intensively studied over the years[7]. And as such a wide
variety of methods exist which allow the creation of either monolayer or multilayer colloidal crystals.
Mostly in ccp or hcp crystalline form, due to their thermodynamically preferable states[32]. For the
transfer of a micro-pattern into a polymer, it is important to have a negative with a precisely controlled
morphology. As the replication of patterns into polymers can be a very sensitive process[33].

Potentially, precisely controlled structures could be achieved by directing the self-assembly of the
colloids not into global minima, but into different local and stable states, such that novel structures can
be developed. Where spherical colloids are of special interest as they are produced on an industrial
scale[34].

A short overview of widely used self-assembly methods is given which is divided into four main
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categories: Physical, Fluidic, External Fields and Chemical. These categories are chosen such as to
indicate what the origin of the dominant forces within the self-assembly process is. A graphical overview
of the evaluated methods is given in figure 2.2, and an overview of all relevant parameters is presented
in appendix C.1.

Colloidal
Self
Assembly

Figure 2.2: The web of colloidal self-assembly. In which each of the four domains indicate the major influence on the self-
assembly process. Specific properties of the Self-Assembly methods are presented in appendix C.1.

2.3.1. Fluidic

For fluidic methods the governing forces are resultant from the interactions of the medium. That is, the
crystals are a product resulting from surface tension, evaporation, capillary forces or a combination.
These methods are already quite well developed because of their simplicity and compatibility with
different materials. Still, they come with some unique challenges that have to be addressed in future
research.

Deposition Techniques

The formation of monolayers has long been well understood as these can be simply synthesized through
a device called the Langmuir-Blodgett through[35]. The working principle is simple and is commonly
used with surfactants, such as oil. However, it can be applied to colloidal particles as well, as long
as they allow the formation of a monolayer at an interface. When a colloidal suspension is dispersed
on the surface, the colloids spread as far as possible, forming a spaced monolayer on the surface.
When the film is compressed, through a barrier which reduces the available surface area, the surface
tension of the film increases. When a substrate is then ‘scooped’ through this compressed film, the
lower surface tension provided by the substrate will cause the colloids to transfer from the interface.
In figure 2.3 a schematic drawing of the previously described process is shown.

A Langmuir-Blodgett type method to fabricate multilayered colloidal crystals was conceived by Re-
culusa and co-workers[14]. Diluted suspensions of ethanol and silica particles, were created. These
were dispersed until they covered approximately 25% of the surface area of a standard, water filled,
Langmuir through. All crystals were prepared on hydrophilic glass as tests with hydrophobic glass had
no particle retention. Transfer was achieved by dipping the glass into the subphase and slowly pulling it
out. By repeating this step several times multiple layers could be achieved, which were structured into
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Figure 2.3: Schematic drawing of the Langmuir-Blodgett method.

a hcp crystal. Images of both the single and multilayer crystals are shown in figure 2.4. Long range
ordering was observed for surfaces of 100 um? in size, but some local defects and grain boundaries
were still present.

Figure 2.4: SEM images of the colloidal crystals produced by the Langmuir-Blodgett method. A) A monolayer of colloidal crystals
manufactured by the method. B) Multiple layers of colloidal crystals by performing the procedure several times. Adapted from
[14].

The techniques has its limits in terms of particle size and functionalization. As some functionalization
causes silica particles to end up on the liquid side of the subphase under increasing pressure, preventing
transfer to the substrate. A coupling agent was used to retain the film on the interface, but this resulted
in an unordered crystal on the substrate.

Crystal damage can easily occur in Langmuir based processes due to capillary forces, as when a
substrate is scooped in or the water level is lowered it can result in particles adhering to the walls,
causing stresses within the crystal. A method developed by Lotito and Zambelli[36] prevents these
stresses. In their method a monolayer composed out of 200 nm PS spheres is formed on the air-
water interface within a floating rubber ring. By lowering the water level gently at a controllable rate,
to prevent the occurrence of turbulent flows, the monolayer transferred onto a substrate which was
placed underwater. In this fashion, square samples up to about 6.45 cm? and circular samples with a
diameter of up to 10.15 cm cm were fabricated. By combining particles of two different sizes so called
binary colloidal crystals were produced, in which smaller spheres filled the interstices of the larger
ones. However, these crystals showed to be more defect prone than their non-binary counterparts.
Figure 2.5 shows an image of this setup, working principle and sem images of the binary crystals.

Another method developed by Hatton and co-workers[37] combined a sol-gel precursor, tetraet-
hoxysilane (TEOS), with Poly(methyl methacrylate) (PMMA) particles, with a diameter between 250
and 400 nm suspended in deionized water. The addition of the silica gel caused the particles to stick
together better, forming temporary “glue-like” connections. A substrate was put into the suspension,
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Figure 2.5: Pictures and schematic drawing of the setup and resulting binary crystals. A) Hexagonally close packed crystals. B)
Binary crystals, formed from a suspension with two distinct particle sizes. C) Demonstration of the setup. A colloidal monolayers
forms on the air-water interface and the water level is lowered, allowing the transfer of a colloidal crystals onto the interface.
Adapted from [36].

around which a meniscus formed due surface tension causing transfer of the particles. By increasing
the temperature to 65 °C the depositing meniscus evaporated and slowly travelled down the substrate,
until the suspension was fully evaporated after 1 to 2 days. The final crystals consisted of 18 to 20
layers, with an additional benefit that the formation is independent of the shape or curvature of the
substrate.

Droplet Deposition

Generating colloidal crystals by evaporating droplets of colloidal suspensions is a popular self-assembly
technique due to its simplicity and speed. However, it is a method which remains difficult to control as
flows within the droplets caused by rapid evaporation lead to non-uniform patterned surfaces. Large
numbers of particles end up either near the edge or in the centre. This is popularly known as the
coffee stain effect. An analysis performed by Bhardwaj and co-workers[38] showed that the effect can
be overcome by altering the pH value of the suspension.

In their experiments, titanium dioxide particles with a diameter of 25 £2 nm were suspended in
water, with a volume fraction of 2 %. Droplets of 4 to 6 nL of this suspension were then dispersed and
allowed to evaporate in dry air. By adding either hydrochloric acid or sodium hydroxide the pH value
of the suspension was lowered or increased, respectively. The effect of which is that the adhesive
forces are either attractive, at low pH values, or repulsive, at high pH values. This causes particles to
form in a well defined ring at high pH values, but deposit themselves over an uniform surface at low
pH values. However comparing experimental to numberical data revealed discrepancies, the influence
of which they suspensed was the van der Waals forces between particles and the change in adhesive
forces over time, as the pH value changes during evaporation.

Droplets of colloidal suspension can be deposited by using an ink-jet method, as demonstrated by
Ko and co-workers[15]. They prepared a colloidal ink with 330 nm silica particles at 5 wt % fraction,
which was almost seven times more viscous than water at room temperature. Droplets of 189 +6
pL were then deposited onto several different substrates with varying contact angles. The influence
of which has a high impact on the formation of the final colloidal crystal. For a high contact angle,
the final colloidal crystal was hemispherical in nature and close packed, with a packing factor up to
77 %. While for low contact angles the packing density could be as low as 24 %, with flat disk-like
randomly structured aggregates and a well ordered monolayer at the edge. By looking at the mechanics
of evaporation the resulting structures can easily be explained. For flat droplets, with a low contact
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angle, the evaporation mainly takes place at the edge. Such that new particles are drawn by capillary
forces from the thicker section of the droplet which pin on the contact edge. However for spherical
droplets, on the hydrophobic surface, the degree of evaporation is uniform over the surface, resulting
in a close packed aggregate.

Majunder and co-workers[39] established a simple method in which they observed an alcohol satu-
rated atmosphere to increase the contact angle and reduce the evaporation rate. Silica particles with
diameters between 3 and 10 um were resuspended in water at a 0.25 % volume fraction. Samples
were then placed in a petri dish with four compartments, of which three of the four were filled with
ethanol and remaining with a colloidal droplet.

As the ethanol evaporated the entire dish became saturated by ethanol vapour, infiltrating the
droplet and causing a flow that recirculated the colloidal particles away from settling. Secondly, the
absorption of alcohol by the droplet causes the droplet’s contact angle to lower and wetting to increase,
increasing the area for the particles to settle. Without the ethanol vapour particles settled after around
10 to 15 minutes, while in an ethanol saturated atmosphere the particles were still circulating after 40
minutes. After removal of the alcohol atmosphere aggregations in form of a ring at the edge were still
observed.

2.3.2. Physical

Methods described as physical are considered to rely on self-assembly where a template, force or shear
drives the formation of the colloidal crystal. These kinds of self-assembly methods generally have a
high throughput and make use of well established manufacturing techniques. Therefore, this makes
them foremost candidates for large-scale industrial application.

Spincoating

Spincoating is widely used in the semiconductor industry to create uniform layers of photoresist onto
wafers for lithographical etching. After a solution is dispersed onto the spincoater, the substrate is
rapidly accelerated causing centrifugal forces. This will causes mass to be ejected and results shear
which thins the liquid film. The minimal thickness of which is dependent on the balance between
adhesive forces and the shear. Ultra thin films down to several tens of nanometres can be reached,
depending on the used solution[40].

A spincoating technique was developed by Jiang and co-workers that allows rapid production of col-
loidal crystals out of silica particles. Where they varied the particle diameters from 2 pm down to 100
nm. Commercially available monodisperse silica particles suspended in ethanol were purchased, which
they centrifuged to separate the particles from the ethanol. They were then resuspended into the vis-
cous, non-evaporating and non-volatile monomer ethoxylated trimethylolpropnae triacrylate (ETPTA),
to which a photointiator (Darocur 1173) was added to enable UV curing.

Silicon substrates were primed with 3-acryloxypropyl trichlorosilane (APTCS) to prevent peeling of
the cured ETPTA. On these substrates 600 L of the suspension was dispersed and fully spread by
manual manipulation. To achieve a thin films, two spincoating steps were performed. First the wafer
was spincoated for half a minute at 200 rpm until a six armed monochromatic diffraction star appeared,
which is due to there being a hcp crystal lattice. In the second step, the spin speed is accelerated at
2000 rpm/s to a final spin speed, depending on the desired film thickness. After spincoating, the wafer
was transferred to a nitrogen filled chamber where the ETPTA was polymerized by UV light.

Oxygen plasma etching was used to liberate the silica particles from the polymer matrix. Etching only
affects the polymer and also prevents the formation of defects in the colloidal crystal, such as cracks.
Five minutes of plasma etching was needed to fully remove a 30 um thick layer of ETPTA, however
shorter etching time also allows partial liberation of particles. After the removal of the polymer matrix
SEM Imaging showed that the crystals had a hcp structure. However, the top most layer was found
to deviate, being non-close packed (ncp) with a centre-to-centre distance of 1.41D, where D is the
particle diameter.

The hcp structure can be explained by the following observations. Shear plays a dominant role
in the crystallization, causing layers of the crystal to be slide over each other during the spincoating.
Electrostatic repulsion had little effect on the formation, as adding salts to the dispersions had negligible
effects. Vertical packing is dependent on a pressure gradient normal to the spun film, with the highest
intensity at the substrate. The researchers believed that the photo-polymerization step also plays a
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role in the final crystalline structure. As the ETPTA film shrunk towards the substrate during curing
[41].

Using the previously described method proved to be very difficult for creating colloidal monolayers,
as experimental reproduction was poor. Discontinuous islands of disordered colloids were found with
surface areas as large as 1 mm2. Therefore a second study was performed aimed towards producing
monolayers. Silica spheres with a 315 nm diameter in ETPTA were deposited onto a silicon substrate,
priming it with APTCS which also lowered the contact angle of the suspension from about 60 degrees
down to 10 degrees. Which was required to completely wet the substrate in order to obtain an uniform
monolayer. One major change was the angular spinspeed being much lower, at 200 rpm/s instead of
2000 rpm/s. With the initial spin speed set to 200 rpm the speed was increased in five steps up to
8000 rpm, with the spin speeds being held constant for several minutes in between.

Using this stepwise method, monolayer polycrystalline colloidal crystals were found with a domain
size smaller than for the multilayered crystals. However, a centre to centre distance of 1.41D was
observed, similar to the particles on top of the multilayered colloidal crystals. Over fifty samples were
prepared and all resulted in monolayer crystals.

The technique is simple and fast, with the sample preparation time around half an hour. However,
the self-assembled monolayers remain quite fragile[42].

Mechanisms, Limitations and Optimization of Spincoating
Even though colloidal crystallization by spincoating is a promising technique, it is limited by defects.
Many of which are the result of improperly tuned parameter, such as spinning speed and acceleration[36].

As most colloidal suspension are commercially provided in evaporating solvents, Toolan and co-
workers[19] sought to better understand the balance between shear forces, generated by the spinco-
ating, and the attractive capillary forces caused by evaporation. As adhesive forces are dominated by
the convective particle flux, the capillary forces will interfere with the growth of the crystal. To study
these interactions they observed the spincoating of the crystals before evaporation of the dispersant.
This was performed by spinning dispersions at 1250 rpm and observing the samples with a stroboscopic
microscopy. In their experiment they used 5 um PS particles which were dispersed in both water and
ethanol in at various concentrations.

With a low mass fraction the particles initially spread out in a loose and random order due to shear
thinning, where they are mainly seen to be moving in clusters. A few seconds later evaporative thinning
dominates the shear thinning of the spincoating, which causes a radial outflow away from the centre.
Ordering in the crystal takes place due to capillary effects, where wetting fronts push the particles
away. However, if the shear forces are too high gaps can appear in the crystal as clusters detach from
each other. After 16 seconds the morphology becomes fixed, except that any gaps which formed earlier
grew in size as they filled with fluids.

A high mass fraction resulted in close packed structures forming earlier and small multilayer cry-
stalline regions being separated by defects, opposed to incomplete monolayers found at lower mass
fractions. Therefore, evaporation of the dispersant was shown to play a dominant role. For the etha-
nol dispersions no radial outflow was observed and a densely packed monolayer forms after just 1.5
seconds, on top of which a layer of disordered particles forms, due to the rapid evaporation.

By applying statical experimental design Cheng and co-workers[43] managed to optimize and iden-
tify the most important parameters for producing colloidal monolayers. Through their optimization of
a two-step spincoating process they produced defect free surface areas larger than 0.003 mm?2. What
they identified is the relative humidity of the environment plays a large role in the final quality. This was
explained due to the mechanisms behind the formation of colloidal monolayers, which they fabricated
by spincoating 1.5 pm silica particles suspended in ultrapure water at 25% wt. As the water film is less
thick than the silica particles being spun, capillary forces between the particles cause them to become
closely packed. As particles travel, unoccupied sites cause water to evaporate and lead to convective
flow which pull in new particles, causing crystal growth. However, if the humidity is too high there
will be very little evaporation and longer spinning speed times are necessary. Diffusion of particles can
also occur when there is too much water, which leads to defects.

Surface Structuring and Confinement
By modifying the surface of a substrate certain conditions can be generated that precisely steer particles
into global minima. An example of this a technique which is based on modifying a substrate by a
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holographic technique, which was applied for colloidal patterning by Ye and co-workers[44]. A thin
polymer film, containing azobenzen, was treated such that a sinusoidal pattern was formed in the
film. Subsequently, the film was deposited vertically into a vial containing an aqueous suspension of
PS spheres which was heated to 55 °C. Slow evaporation, as described in the section on deposition
techniques, lead to the self-assembly by a meniscus. After the main body of liquid had evaporated
from the surface, capillary forces resulting from slowly evaporating liquid within the surface structures
drew any particles close by into the final formation.

Varying grid spacing and particle size allowed different crystalline structures to be created. A ratio
between the two was defined as x = d/p, where d is the particle diameter and p the period of the
holographic wave. In figure 2.6 all crystal lattice can be seen which were found by varying x.
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Figure 2.6: SEM images of colloidal patterns resulting from template driven self-assembly. A) Schematic drawing of the modified
substrate and the capillary attraction exerted on the colloidal particles under heat induced drying. B) Stripe structure, (x = 0.74).
C) 2D centered-rectangular lattice, (x = 1.05). D) 2D hexagonally close packed lattice, (x = 1.15). E) 2D centered-rectangular
lattice, (x = 1.33). F) 2D centered-rectangular lattice, (x = 1.4). G) 2D hexagonal latice, (x = 2.0). Adapted from [44].

Trapping particles is a popular option and can also be performed on particles below 100 nm, as
shown by Xia and co-workers[45]. Substrates were patterned by photolithography such that physical
grooves and holes were created which could trap the particles during spincoating. Nano grooves and
holes were etched into a silica surface with dimensions of less than 200 nm, trapping silica spheres,
of around 80 nm in size and smaller, into the etched features. Altering the pH value of the aqueous
colloidal suspension by either adding hydrocholoric acid (HCI) or an ammonia solution (NH40OH) altered
the final position. When pH values were above 7 the silica spheres would get negatively charged and
stick to the non-patterned surface more easily.

Trapping techniques were shown to effectively work on the nanoscale as well by Asbahi and co-
workers. Nanostructures were fabricated by e-beam lithography and cleaned with UV ozone to enhance
solvent wettability. Several different nanostructures were produced including trenches, posts, rectan-
gular holes and comb-like structures. Of which the dimensions were determined in such a way that
the evaporation of the suspension could be precisely controlled, and the final particle location could be
influenced. Particles were synthesized and encased by oleylamine ligands with a 12 nm diameter and
then suspended into hexane. The structured substrates were then dipped into the colloidal suspension
after which they were slowly pulled out (0.1 to 0.5 mmmin~1). A thin meniscus consisting out of fluid
and particles formed and evaporated until the van der Waals attraction was so strong that it prevented
further evaporation. Depending on the fluid this value is around 5 to 30 nm, which is thin enough such
that the heat flux through this area can be considered zero, and the liquid film will possess the same
temperature distribution as the substrate, even when it is superheated. Secondly, the van der Waals
attraction generates a disjoining pressure which causes the particles to be pushed into locations where
the pressure is lowest, which for rectangular shaped cavities happens to be the corners. By exploiting
this, several patterns are created, as shown in figure 2.7.

Untreated surfaces lead to particles gathering in hexagonal clusters, with holes appearing due to
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Figure 2.7: SEM images of colloidal patterns resulting from template driven self-assembly. A) Hexagonal lattice structure on an
untreated surface. B) Array of two particles trapped in a single rectangular square. C) Array of squares with a particle trapped
in each corner. D) Zig-zag pattern of particles trapped within a comb-like structure. Adapted from [46]

evaporative forces. For smaller features the final results are fairly defect prone. However, when the
aspect ratio between particle and dimensions of the structures is increased, the number of over and
under occupied sites increases as well. Statements are made that the film does eventually dry out,
even though the evaporation was assumed to be contained by the van der Waals interaction. It is
likely that some evaporation does occur which is not accounted for in the model, as it is based on
Young-Laplace equation. Which assumes the fluid to be continuous[46, 47].

For well defined structures it is possible to predict and influence the self assembly process by
minimizing the interaction energy between particle and substrate. Silvestre and co-workers[48] were
able to predict and experimentally verify the energy minimization, and subsequent interaction, of a
colloidal particle suspended in a liquid crystal interacting with a similar sized pyramid. Microfabrication
methods were exploted to graft an epoxy pyramid onto a glass substrate, which was then placed in
the liquid crystal 4-pentyl-4-cyanobiphenyl (5CB). The composition of the energy of the liquid crystal
and surface potential led to an energy well at the tip of the pyramid. Silica and Melanin particles were
placed in the liquid crystals and their position in relation to the pyramid were tracked by a fluorescent
imaging technique.

Unfortunately, some of the particles were trapped slightly off the tip, indicating that the predicted
energy well was off-centre. Surface irregularities of the pyramid, with respect to the model, were the
most likely perpetrator. Steric effects were not discussed but might be influential in terms of large scale
self-assembly[49, 50].

Shear and Gravity Assisted

A doctor blade is a device commonly used to print highly uniform films in the printing industry and used
as well to create ceramic coatings. A perpendicular blade moves closely along a substrate, leaving only
a thin film of the initially deposited material. Yang and co-workers[51] extended this technique to
produce close packed colloidal crystals. An amount of 1 mL of silica particles suspended in ETPTA,
with a 20-50% volume fraction, was deposited on one side of the blade. Then the blade was moved
with a controlled speed and a thin layer was deposited in a disordered fashion. However, the layers
themselves were each closely packed, such that there was only long range ordering in two dimensions.
The disordered structures are a result of the shear force which, for viscous fluids, has a linear profile
expressed as

dv
r=-uS (23)

Where u is the viscosity of the suspensions, v the speed of the blade and h the thickness of the
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film. Leading to a shear of an unequal magnitude for each layer, which has a direct limit on the usable
particle size. Particle sizes smaller than 200 nm require a more viscous suspension agent to order
the particles. Although the method is simple it is also very sensitive to dust and debris, which easily
damaged the colloidal crystals and appeared clearly in the SEM images.

2.3.3. External Fields
In this section several methods are outlined in which external fields, magnetic or electric, play a domi-
nant role in the final structure of the colloidal crystal. Since these fields are generally well understood
they can offer a large degree of control on the final structures. As well as allowing the formation of
three-dimensional structures.

Electric Field Driven

Self-assembly with electric fields on polystyrene ellipsoids was performed by Crassous and co-workers[52],
by suspending them in a composite microgel in water which were then placed between glass slides
separated at 120 pm coated with indium tin oxide (ITO). Blocking any passage of the electric field,
except through the uncoated part. An uniform alternating field at 160 kHz was applied, to prevent
particles from being attracted to the electrodes. Without the field, the particles were fully subject to
Brownian motion. A field of at least E ~ 25kV m~! was used to overcome this, after which the particles
align in its direction after which they form long string-like sheets due to electrostatic interaction, which
eventually self-assemble into tubular structures. However, if the oblate radius of the ellipsoids was too
low or the electric field too weak the suspension would only produce close packed aggregates. Half
a minute was required for the tubes to form, although not all particles participated equally. After the
electric field was turned off, the structures disassembled and the ellipsoids drifted randomly.

While the previous method shows the flexibility of self-assembly, the final result is unstable. With
the deformation of the particles highly influencing the final structures. Yet particles don’t have to be
altered or functionalized in any way to be able to be influenced by an electric field, which was shown
by Wu and co-workers[34]. By using the right concentration of salt and an oscillating alternating
electric field, the interactions between particles can be carefully tuned. Polystyrene particles were
synthesized and suspended in deionized water and trapped in-between two slides. By varying the salt
concentration, formations of molecular like structures appear, as the forces that usually balance the
dispersion are distorted by the applied field. In this fashion, several oligomers were created, including
triangular aggregations such as pentagonal and hexagonal rings, honeycombs and islands. Both the
salt level and field frequency impact the structure of the oligomers, albeit in different ways. If the salt
concentration is too high a close packed monolayer formed, but a high frequency resulted in a decreased
inter-particle distance. Again, these formations are unstable and highly sensitive to Brownian motion,
volumetric effects and particle concentrations.

Electric fields can also be used to modify the colloidal crystals fabricated by spincoating. Such
a modified method was developed by Bartlett and co-workers[53], where a non-uniform alternating
electric field was added that rotated synchronous to the chuck, influencing the outward flow of the
suspension. The addition of the field breaks the axial symmetry originating from the shear thinning
and changes the orientation of the colloids. They suspected that their methods could be scaled down
such that nanocolloids can be used, however no experiments had yet been performed.

Magnetic Field Driven

Demirdrs and co-workers[54] showed that they could create colloidal arrays from particles that are
both attracted (paramagnetic) and repelled (diamagnetic) by a magnetostatic field[25]. On top of
a permanent magnet they placed a nickel grid, embedded within a spincoated PDMS flat composite
structure, that focused the magnetic field into a predefined shape, which they dubbed virtual moulds.
Particles were either trapped or expelled from these moulds, depending on their magnetic properties.
Functionalization was performed on the surface to be able to attach amine functionalized particles.
As the magnetostatic effect on small particles is very small, the most influential paremeters are the
magnetic susceptibilities of the particles and dispersing medium. By tuning these, both paramagnetic
and diamagnetic particles could have the same magnitude of force exerted on them, allowing a wild
variation of patterns to be created. By taking advantage of the decay of the magnetic field, bridge-like
structures were formed. Which form when the gravity and the magnetic force repelling diamagnetic
particles balance each other. By applying a second layer on top the magnetic field was extended into an
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hourglass shape, such that diamagnetic particles could be trapped in-between the fields in an egg-like
shape. Several examples of both the 2D and 3D structures that can be created through this method
are shown in 2.8.

Figure 2.8: By using particles with different magnetic properties and of varying sizes, a myriad of patterns can be created with
the same nickel-PDMS grid. A) Paramagnetic particles 2.85 pm in size assembled at the intersections of the nickel grid. B)
Diamagnetic particles 1.2 pm in size assembled in a hexagonal pattern. C) Several grids created by combining paramagnetic
and non-magnetic particles of different sizes. D) An assembly of colloidal molecules, formed out of particles larger than the
grid spacing. E) Bridge-like structures formed by levitating particles. F) Egg-like structures formed in-between two magnet-grid
sandwiches Adapted from [54].

2.3.4. Chemical

By altering the chemistry of a surface or template it is possible to control the interaction of chemical
compounds. These kinds of interactions, while large in scale, can also be used to drive the self-assembly
of colloidal particles. Therefore, an overview is given in this section where the resulting colloidal crystals
are controlled or greatly influenced by chemical interactions.

Template Functionalization

By modifying the substrate onto which particles are deposited it is easy to self-assemble large amounts
of particles. Li and co-workers[23] came up with a simple technique where they functionalized a nor-
mally negative silica surfaces with amine groups which turning the charge positive. By then introducing
silica nanoparticles, of roughly 67 nm in size, they were able to create aggregates of particles on the
surface. However, the functionalized monolayer is very sensitive to any impurities and degrades if
contaminated. Using a colloidal suspension of 90% ethanol and 10% with a particle weight fraction
of 2.04% the highest surface coverage was achieved. By adding salt to the suspension the screening
length was reduced with which a maximum surface coverage of 84.2 % was observed. However no
real close packed ordering was found which they concluded could not be achieved with electrostatic
attraction alone.

Patchy Particles

By only functionalizing part of the particles, so called Janus particles, unique structures can be made.
Chen and co-workers[55] funcitonalized only the poles of spherical particles to be hydrophobic, in
order to make 'Kagome’ lattices. When these spheres are suspended in deionized water they will try
and reduce their wetting surface as much as possible, causing the poles of two particles to approach
as close as possible. As the electric repulsion between the treated particles is not insignificant, salt was
added to the colloidal suspension to reduce the electrostatic repulsion. This way the hydrophobic poles
could approach each other close enough to form lattices, as seen in figure 2.9. To avoid agglomeration
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onto the substrate, and hindering self-assembly, it was negatively charged, electrostatically repelling
the lattice.
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Figure 2.9: Fluorescence image of the kagome structure and a schematic representation of the particle-particle adhesion.
Adapted from [55]

Although promising, the method is very slow since it can take up to ten hours for just 70 % of the
particles to achieve the desired structure. This is partially explained due to transient nature of some of
the lattice structures, as Brownian motion influences the shape. A follow up study[56] was performed,
where the angle of deposition of the patches was further improved by introducing an etching step.
Allowing functionalized patches at defined angles resulting in different lattice structures.

DNA Directed

By coating colloids with DNA they can be given a structure that diverts from the thermodynamically
minimal position commonly found for untreated particles, as discussed before. The advantage of using
DNA is that it can be activated and deactivated, effectively allowing programming of the self-assembly
process. Di Michele and co-workers[57] functionalized streptavidin coated PS particles, with a size of
500 nm, such that single-stranded DNA (ssDNA) was attached in a shell around the particle. When
activated the single-stranded DNA will combine into double-stranded sequences, causing particles with
matching strands to be connected to one another. This process is commonly known as hybridization.
They showed that it is also possible to have several different DNA strands with varying activation
temperatures, allowing the formation of different structures by changing the temperature. Another
major advantage of this technique is that DNA interactions can be thermally reversed.

However, as DNA is in the size of nanometres it is difficult to use programmable strands on micropar-
ticles. Therefore, Wang and co-workers[58] developed a technique in which they functionalized both
silica and polymer particles with a large shell of ssDNA, up to 115,000 strands per particles, for particle
diameters up to 3.5 pum. Using 1 um particles they managed to create a three dimensional colloidal
crystal that exhibit a ccp structure. And by combining particles of different sizes and complementary
DNA strands they managed to create crystalline structures resembling those found in metalloids and
fullerenes. However, the synthesis of large crystals remains difficult. As DNA has a very specific acti-
vation temperature and will not hybridize except unless this is reached. Lowering the temperature in
turn decreases the amount of diffusion, which leads to formation of larger crystals. Therefore, the
temperatures in the crystallization process have to be properly tuned. One major cause of defects
within the DNA techniques are steric effects and misalignment of local crystals.

2.3.5. Modifying Colloidal Structures

As the minimum energy configurations of colloidal crystals are usually close packed, the potential
applications are limited. Therefore, it may be desirable to modify the crystals into patterned or more
spaced topographies. Modifications of the crystals can be performed in several ways. By using a
technique called micro contact printing (ucp)[59], a PDMS stamp is used to selectively pick up particles
from the substrate. Through mechanically stretching the substrate the inter-particle spacing can be
increased anisotropically. Isotropic spacing can be achieved by the PDMS with a non-polar solvent such
as toluene. However particles don't readily adhere to PDMS as it has low surface energy. Application
of an adhesive monolayer onto the PDMS can make it ‘sticky’[11]. Another option is to either partially
cure or to treat the PDMS with oxygen plasma etching, as it is viscous when unpolymerized[55].



16 2. Self-Assembly and Colloidal Particles

2.4. Polymer Micro and Nanostructures fabricated through Col-
loidal Self-Assembled Structures

As self-assembly methods are simple, cheap and flexible, they are ideal candidates towards creating
sub-micron features in polymers. Preventing having to resort to complicated techniques and machinery,
such as lithography. This section sets out to show polymers structured by patterns created through
self-assembly. As well as where potential opportunities are available to further improve on them.

2.4.1. Surface Structuring
Several different polymer nanostructures were fabricated by Trujilo and co-workers[60] by combining a
colloidal mask with the Initiated Chemical Vapour Deposition Technique (iCVD)[61]. The colloidal mask,
which was fabricated out of self-assembled monodisperse PS nanospheres, acted as a geometrical
constraint for the polymer patterning. Before deposition of the polymer, a silane coupling agent was
applied to the substrate to improve adhesion. With the mask attached to the surface, the polymers
were deposited using the iCVD technique. Wherein the pre-polymer vapours are guided past the hot
filaments which initiates a free radical polymerization process, removing the need for a curing agent.
As this makes the method non-wetting, it allowed the polymer to infiltrate into the interstices and graft
layers starting from the substrate. Resulting in a consistent morphology, as the deposition, at a rate
between 30 and 200 nm/min is not influenced by any capillary effects. As polymers are not required
to be soluble, and the operating temperature of iCVD is relatively low, polymers which are usually
excluded by other CVD techniques can be used.

Lastly, the colloidal mask was removed by placing it in a solution of Tetrahydrofuran (THF) and ultra-
sonicating it for 10 minutes. To ensure all colloids were actually removed, the sample was placed in a
fresh solution of THF for at least 8 hours. A schematic overview of the method is shown in figure 2.10.
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Figure 2.10: The four main steps of the method illustrated. A) Surface after hydroxylation and colloidal mask application, B)
application of vinyl-silane coupling agent, C) application of polymer film through iCVD method, D) patterned film after removal
of colloidal mask through treatment with Tetrahydrofuran (THF). Adapted from [60].

Several different polymers were grafted in this fashion, with widely varying properties. From super-
hydrophobic pPFDA films, pHEMA films which, when cross-linked, can absorb large amounts of water
and swell up to 55% in volume and pPFM films which are able to immobilize biomolecules. Reducing
the particle size of the colloids in the mask in turn reduces the dimensions of the features. By using
80 nm particles a minimal feature size of 25 nm could be achieved.

A variation to this method was developed by Diao and co-workers[62] which they named Nano-
particle Imprint Lithography. Commercially acquired monodisperse colloidal silica suspensions were
dispersed onto a substrate leading to the formation of hexagonally close packed monolayers. By sin-
tering the OH groups of both substrate and particle were broken, resulting in the silica particles and
substrate forming covalent bonds, creating the “imprint mould”. A pre-polymer mixture, made out of
polyacrylic acid (monomer), divinylbenzen (crosslinker) and polymerization initiator IRGACURE 2022,
was then sandwiched in-between the imprint mold and a glass slide treated with a coupling agent. The
prepolymer mixture was cured by subjecting it to ultraviolet light, after which the mould was lifted off
and spherical pores were found in the polymer film. With diameters from 300 nm down to 15 nm. Ina
similar fashion they synthesized iron oxide nanoparticles and used them to make hexagonally shaped
pores. The method and its results are shown in figure 2.11.

2.4.2. Fabrication of Patterned PDMS Stamps

Choi and co-workers[63] developed an easy method to produce stamps which could be used with
soft lithography techniques to reproduce patterns of colloidal crystals, assembled through a Langmuir-
Blodgett method, into acrylate films. After drying of the crystal chloromethysilane was vapour deposited
on top, to further strengthened and stabilized it against mechanical stresses.
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Figure 2.11: Structure and interaction of two polymer films. A) Schematic drawing of production of structured polymer films
through a colloidal imprint mould and transparent quartz substrate. AFM images of the pores produced through the imprint
method of; B) 15 nm, C) 40 nm, D) 120 nm, E) 300 nm particles. Adapted from [62].

Three variations were presented which allow the fabrication of a PDMS stamp. In the first method
the PDMS was deposited on top of the crystal, allowed to infiltrate and then cured. By peeling it off,
the infiltrated PDMS was mechanically separated from the top layer. Then, a thin layer of acrylate was
spincoated on another glass slide into which the PDMS stamp was pushed and cured with UV light.
Removal of the stamp revealed the structure and allowed for reuse. In the second method the colloidal
crystals were infiltrated with a PEDOT/PPS solution and cured, after which the top layer was etched
off with oxygen plasma, leaving behind the pattern which conformed to the bottom of the removed
PS spheres. On top of this a PDMS stamp was developed, which produces patterns inverse to the first
stamp. The last method involves two steps of self-assembly. On top of the first acrylate pattern a new
colloidal self-assembly step is performed, resulting in a spaced monolayer of smaller PS particles, onto
which a new PDMS stamp was developed.

2.4.3. Sensing Films

A colloidal imprinting process was developed by Yang and Park[64] which allowed the detection of the
herbicide atrazine. A PDMS master mould was developed that was pressed into PS films to produce
trenches of 650 and 300 nm. These films were then dipped into colloidal suspension of PS particles,
which were slightly smaller than the width of the trenches, resulting in close packed zigzag patterns
of colloidal particles. Lines of colloidal particles could be produced by dipping the substrate into the
colloidal suspension with the trenches perpendicular to the interface. Lattices with a wave-like non-
close packed structure could be produced by using particle sizes almost twice as large as the trench
width. Heating the colloids just above the glass temperature at 130 °C caused them to melt and anneal.
Allowing for more uniform zig-zag patterns.

PDMS negatives were made of the colloidal structures to create films for atrazine sensors. The
surface of which were then modified such that chemical bonds that allowed for binding of atrazine
molecules. Atrazine uptake was verified by putting the films onto a quartz crystal microbalance sensor
which allows the measurement of the resonance frequency, and as more atrazine is chemisorbed the
frequency shifts upwards. Due to the large surface area of the structures created through colloidal
imprinting, the films were shown to be more sensitive to atrazine than either planar films or even films
with circular posts. The film only showed a significant response to mixtures with atrazine in them and
not to its tested analogues.

2.4.4. Replication by Hot Embossing
Hot embossing is a microstructuring technique in which a thermoplastic polymer is heated above it's
glass temperature, a patterned master mould is pushed into the polymer and the temperature is re-
duced. After the polymer is cooled well below it's glass temperature, the master is removed and a
negative of the pattern of the master is left behind in the polymer[65]. Feature sizes within the range
of 0.1 to 10 ym can be created through this process in a cycle time of around 10 minutes[5].
However, to the author’s knowledge, there has been no research on using self-assembled monolayer
colloidal crystals or masks as a master mold within a hot-embossing technique. A similar approach by
the name of Nano Imprint Lithography has been developed with colloidal stamps to fabricate sub-micron
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cavities within Polystyrene films[66] and UV curable polymers[62].

Because hot embossing is a highly conformal technique, any imperfections in the master mould will
also be copied into the target[67]. Which suggest that a monolayer crystal, with a polymer matrix
which is thinner than the particle diameter, would ideally be the most suitable for pattern replication.

2.5. Summary and Discussion

In this chapter a short overview of all relevant topics regarding to colloidal crystal fabrication has
been presented, including a section on the applications in which they have been used. At this time
a large collection of techniques exist which are attractive, in terms of fabricating large area colloidal
crystals with differing sizes. Secondly, the variation in fabrication times differs largely from technique
to technique. A full overview of the specifications can be found in appendix C.1.

Currently monolayer colloidal crystals have been used in only a handful of replication techniques as
masks, with hot embossing not having been tested so far. The main demand for a replication by hot
embossing is that the master mould is stable under heat and pressure, which limits the self-assembly
techniques that can be used to make a colloidal crystals which can be used as a master.

Therefore, any transient self-assembly technique, such as one employing fields, are not directly
suitable as master moulds. Secondly, any colloidal crystal that are not produced with adhesion towards
the substrate, such as a polymer matrix, will need treatment that improves the adhesion from the
colloidal crystal to the substrate.

For a comprehensive overview of self-assembly techniques and their usage in replication techniques,
please see our upcoming publication: Surface Self-Assembly of Colloidal Crystals for Micro- and Nano-
patterning in Advances in Colloid and Interface Science.



Polymer Embedded Colloidal
Crystals Fabricated by Spincoating
for the use in Hot Embossing

3.1. Introduction

As established in section 2.3, there are a large amount of self-assembly techniques available that differ
in terms of colloidal crystal size, quality and fabrication speed. But so far very little research has
been performed where colloidal crystals were used as the master in a hot embossing or nanoimprint
lithography process. The research in which the colloidal crystals were used directly to replicate features
has so far been quite promising, as demonstrated in section 2.4.

Therefore in this section the research performed towards using colloidal crystals directly in a hot
embossing step is discussed. Based on a paper in which ETPTA (ethoxylated trimethylolpropnae tria-
crylate), a photocurable monomer, was used as a matrix for multilayer[41] and monolayer[42] colloidal
crystals, by self-assembly through spincoating. The reason for which being that the colloidal crystals
are manufactured within a process that takes less than an hour, and directly traps the crystals in a
matrix such that they are fixed, making them suitable for hot-embossing.

In this chapter the experimental steps are described towards fabricating the colloidal stamps, the
fashion in which their quality is evaluated and improved is described and the results of the imprinting
with these stamp is discussed.

3.2. Fabrication of Colloidal Stamps

In this section the approach towards manufacturing the colloidal stamps, verification and effectiveness
of imprinting in a hot embossing technique are presented and discussed. A schematic drawing of the
steps described can be seen in figure 3.3.

3.2.1. Preparation of ETPTA Base
First a substrate was required to spincoat the colloidal crystal onto, as cured ETPTA shows very little
adherence to either glass or silicon®. Thin films will easily detach when temporary submerged in DI
water. Either light manipulation by laboratory pliers or soft bursts from an air gun were enough to
detach the film. Therefore, a coupling agent was used to improve adhesion of ETPTA to the substrate.
A primer that is suitable with acrylates, the silane coupling agent KR-513[68], was used to anchor the
ETPTA film onto the substrate.

In order to apply the primer silicon wafers were cut into square pieces ranging from 2x2 to 1x1
cm, either by using a wafer cutter or diamond pen, and then cleaned in acetone and isopropanol.
Subsequently, the wafers were dried on a hotplate at 175 °C for 5 minute before being allowed to

aA fabrication of a base ETPTA layer was necessary as the primer left an uneven surface on the wafer, making it unsuitable for
flat single layer crystals. For a detailed look see appendix A.3.
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cool down in a fume hood on a piece of aluminium foil. After cooling, 100 pL of the coupling agent
was dispensed onto the cleaned wafers while they were present in the spincoater, rotating at a speed
of 1000 rpm. After deposition the speed was increased to 3000 rpm and held for 60 seconds, the
spincoated wafer was then transferred to a hotplate at 175 °C where the coupling agent was cured for
5 minutes, before being left to cool down again.

The ETPTA base layer was fabricated by pipetting the ETPTA prepolymer from the container and
adding the photointiator Darocur 1173 at a 4% weight fraction to the mixture, after which it was
thoroughly mixed by hand and vibromixer. The concentration of the photointiator was determined
by the desired layer thickness, which for film below 20 pm is 2 - 4 %[69]. A study by Jancovicova
and co-workers [70] also shows that a maximum conversion could be achieved by a concentration of
around 3 % for a 10 pm layer of the urethane acrylate oligomer Craynor 925, which had been covered
with polyethylene foil to reduce the oxygen inhibition. Initiator concentrations which are too high can
prevent the radiation from penetrating properly and leading to an uneven gradient in the curing film.
The needed amount of prepolymer mixture was determined by measuring the substrate and pipetting
12,5 pLecm~2 onto the primed substrate. A cover-slip was then placed on top of the film, such that
the pre-polymer mixture was sandwiched in-between the two glass pieces and up to three of these
samples were exposed to UV radiation for 2 minutes. Because of the low-adhesion of ETPTA to glass,
the cover-slip was easily removed after curing by gently lifting it off by means of a pair of laboratory
pliers. A schematic drawing of the curing stage is shown in figure 3.1.

Glass coverslip

//// “Base” ETPTA Layer

=——KR513

————Substrate (Silicon or Glass)

Figure 3.1: A schematic overview of the fabrication of the ETPTA base layer. With the uncured ETPTA sandwiched in-between
the primer and the coverslip.

3.2.2. Preparation of the Colloidal Crystals
Colloidal suspension were prepared by creating a pre-polymer mixture with 6% wt Darocur 1173 added.
With a high precison scale roughly 0.15 to 0.20 grams of dry unfunctionalized silicon particles, 2.47
pm in diameter, were then deposited into a eppendorf tube. After which the necessary amount of the
pre-polymer mixture was added, such that the weight fractions were 10% wt silicon particles, 4 % wt
Darocur 1173 and 86 % wt ETPTA®. The suspension was then mixed by placing it onto a vibromixer until
the solution was entirely opaque. After which it was ultrasonicated for 5 minutes to prevent coagulation
of particles, before being mixed one last time on the vibromixer. The mixture was then left to rest such
that it could be checked for sedimentation, which was not seen to occur in any of the suspensions
prepared. A micropipette was used to draw 25 pl and pipette it onto the ETPTA base, after which it
was spread by tilting the substrate such that the surface was covered as much as possible. In order to
maintain an equal concentration for all depositions, the suspensions were mixed with the vibromixer
for roughly 10 seconds at high speeds before drawing it with the micropipette. The pre-crystalline
suspension were then placed into a spincoater and then spincoated in two steps. First a speed-up step
was performed bringing the speed up to 500 rpm and held for 30 seconds after which the speed was
increased to 1000 rpm with both steps having an angular acceleration of 200 rpm/s.

This protocol was partially based on the research by Jiang and co-workers[42] who prepared non-
close packed colloidal crystal monolayers embedded into an ETPTA matrix, in which six seemingly

bThe required values were calculated by entering the measured weight of the silica particles into the python script provided in
section 3.5.1.
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arbitrarily determined steps were used. However they did note that a lower acceleration led to higher
quality crystals. As well as the research on colloidal crystal spincoating with evaporative media in which
Cheng and co-workers[43] showed that, within a two-step spincoating method, the first spincoating
step and a low relative humidity were the most important. However, as the ETPTA is not evaporative,
the first spincoating step is of less critical importance as the menisci between the particles are non-
evaporative and thus don't exert a force pulling the particles together.

After the spincoating of the colloidal crystals, the colloidal stamp construction is complete. There,
just before exposure, a glass coverslip is gently placed on top of the layer with the spincoated crystals,
to reduce the influences of oxygen quenching. Subsequently the stamps are cured one by one by
exposing them to the hot UV lamps for 2 minutes, after which they are retrieved and the coverslip is
gently lifted off by a pair of laboratory pliers.

3.2.3. Post-Treatment

Because of oxygen quenching, and non-total conversion of the monomer, a thin film of uncured ETPTA
was still present on top of the crystals. Therefore, the stamps were cleaned by placing them into a
beaker filled with DI water which was then ultrasonicated for 1 minute. After which the stamp was
removed and dried by putting it onto a hotplate at 125 °C for 5 minutes, before removing it and allowing
to cool down to room temperature on a piece of aluminium foil. The comparison between a sample
which has been treated this way and one which is not submitted to post-treatment can be seen by the
naked eye, but the difference becomes even more obvious when imaging it by SEM, as can be seen in
figure 3.2.

Figure 3.2: Comparison of the crystals after cleaning by means of SEM imaging. A) Crystals after cleaning in DI water and
ultrasonication. B) Crystals without a cleaning procedure.

After the post-treatment the number of contaminants and thick layers of ETPTA are significantly
reduced, at the cost of a large amount of the particles. This is probably in a large part thanks to low
amount of conversion of the pre-polymer mixture to cured ETPTA due to oxygen quenching and any
particles which stick to the coverslip upon removal. To verify this the crystal ought to be cured within
a nitrogen or carbon dioxide purged environment, in a vacuum or under a laminate and compared in
a similar fashion[71].

3.2.4. Summary and Discussion

This section presented an overview of the steps required to fabricate a colloidal crystal that could
be used within a hot embossing process, and explained which considerations went into the choices.
Any considerations not presented within the main text are referred to in the corresponding sections in
appendix A. Currently the fabrication of the colloidal stamps requires a three layer construction, where
an ETPTA base layer is adhered to a silanized silicon wafer which was cut to size, as the ETPTA has very
little weak adhesion to the tested substrates. However, because priming the substrate leaves a non-
uniform layer of the coupling agent, a base layer of ETPTA was fabricated which serves as substrate
for the colloidal crystal, as discussed in appendix A.3. Then on top of this layer the colloidal crystal
is spincoated and a coverslip is gently placed on top before curing the ETPTA for 2 minutes with UV
light, after which it is cleaned by ultrasonicating it in DI water, to remove any uncured polymer and
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B B

Figure 3.3: A schematic overview of the steps described in the protocol. A) A droplet of the colloidal suspension is deposited
onto the ETPTA base and spread out. B) The colloidal suspension is spincoated, spreading the particles over a large area and
thinning the polymer matrix. C) After the spincoating has finished the particles are covered partly in the polymer matrix. D) A
coverslip is placed on top of the crystal and the polymer matrix is cured by UV radiation. E) The coverslip is removed and the
colloidal crystals is put into a beaker filled with DI water and ultrasonicated for 1 minute. F) Any uncured polymer is removed
and the crystals that remain on the surface form the colloidal stamp.

contaminants. This resulted in a colloidal stamp, where colloidal crystals were encased in ETPTA on
top of an ETPTA substrate.

3.3. Colloidal Crystal Quality and Improvement

The verification of colloidal crystals has been performed in several ways in literature, such as but not
limited to: packing density[72], fast fourier transformations (FFT)[73] and ordering parameters[74].
With the fabrication procedure established in the last section, the approach and results of a qualitative
investigation now follows on the factors that influence the final form of the colloidal crystals.

3.3.1. Sample Imaging
The effects of spincoating an evaporative suspension have in the past been investigated by captu-
ring the formation of the crystals by spectroscopy[19]. Revealing that the evaporation rate, particle
concentration and spin-coating parameters all have significant influence on the formation of the col-
loidal crystals . However, no experimental research could be found on the effect of spincoating spin
speed (rpm) and particle weight concentration (% wt) for non-evaporative media, such as polymers.
Therefore, the effects of rpm and weight percentage were investigated in a series of experiments.
The crystals were sputtered with a coating of gold-palladium to make them conductive and then
imaged with the SEM®. Out of all the imaged crystals, the ones with the largest amount of closely
packed microspheres and the fewest defects were chosen for further processing, such that the best 3
crystals were used for the data processing.

CAs the sputtering of the samples prohibits further alteration other imaging methods were tested. However, either interferometer
or AFM measurements did not result in sharp enough images for further processing.
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3.3.2. Ordering parameter

In order to make a qualitative measurement of the crystal quality a method has to be determined that
is able to effectively measure the quality of the crystal. The parameter used in this case is the ordering
parameter’. Where by using image recognition techniques the particles or their centers are detected®
and a triangular grid is constructed by Delaunay triangulation. Wherein the particles are connected to
their closest neighbours by centre-to-centre lines, an example of which is shown in 3.4. To remove any
outliers the average magnitude of all centre-to-centre distances is calculated and lengths above 4/3 of
the mean are cut off as these often indicate lines connecting points which are very far away from one
another.

Figure 3.4: Image of the triangulation as found by the Delaunay algorithm. A) The tessellation overlaid on the SEM image that
was analyzed, showing that the particle detection algorithm sometimes skips over certain particles and that the grid connects
particles which are not directly connected. B) A close-up of the triangulation separated of the SEM image.

An ideal crystal is taken as a hexagonally packed lattice, such that every single particle has 6
neighbours all with the same center to center distance. Which will lead to a mesh with triangles in
them in which every single corner has an angle of 60 degrees. By taking the grid found by Delaunay
Triangulation. The angles between the particles can be calculated through the the law of cosines[75]
expressed as,

a? =b%+c% —2bccosa,
b? = a%? + ¢? — 2ac cos pand (3.1)
c? =a®?+ b?—2abcosy.

Where a,b and ¢ are the distances between the particles and «,8 and y are the angles opposite to the
lines, respectively. As the coordinates are output by the grid build by the image recognition software,
and the neighbouring particles are provided by the Delaunay algorithm, all angles can be evaluated by
this law. When the angles are known they can then be used the modified six-fold symmetric ordering
parameter, defined as

N

g, = % Zeéief , (3.2)
J
to determine the resemble of the detected crystal to the ideal. Wherein N is the total number of
angles, 6; is the angle between three particles. Such that, when all the angles between all particles are
exactly 60 degrees, the ordering parameter is 1. Any defects and the accuracy of the imaging software
reduces this factor'.

dFFT transformations were also applied on the SEM images of the crystals but didn’t result in usable information, as the ETPTA,
defects and picture quality all influenced the retrievable information.

€More information on the used image recognition techniques can be found in appendix B.1.

fThis approach deviates from the standard expression of the local bond order parameter, which evaluates each particles number
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3.3.3. Influence of RPM

With the ordering parameter the quality of the crystal can be determined. The first parameter that was
checked was the spincoating speed of the second spincoating step. All samples were manufactured in
the same way, except that per 3 samples the spin-speed of the second step was increased, such as is
displayed in table 3.1.

Samples Speed Step 1 (rpm) Speed Step 2 (rpm) Step Times (s)
1,2,3 500 1000 30/120
4,5,6 500 2000 30/120
7,89 500 3000 30/120
10, 11, 12 500 4000 30/120
13,14, 15 500 5000 30/120

Table 3.1: The parameters used in the spincoating spinspeed tests.

Then the samples were imaged in the SEM at a 500x times (or 1000x if necessary) magnification
and converted into a point grid9. As described before, the number of participating particles and the
order parameter of the selected crystals were computed. These data points are represented in terms
of a boxplot[76] which presents the non-gaussian distribution of the results of the experiments. The
data is divided into quartiles, with 50% of the data represented by the box and the other 50% by the
whiskers. This allows the filtering of any (suspected) outliers, which are outside the last interquartile
range. The boxplot of spincoating speed versus the order parameter (equation (3.2)) is displayed in
figure 3.5 A and that of the spincoating speed versus number of participating particles is displayed in

figure 3.5 B.
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Figure 3.5: The plots resulting from the spincoating spin speed experiment. A) The order parameter as per equation (3.2)
versus the variation of the second spincoating step speed, with measurement points 1000, 2000, 3000, 4000 and 5000 RPM.
B) Number of particles versus the second spincoating step speed, with measurement points 1000, 2000, 3000, 4000 and 5000
RPM.

Both plots show no clear relation towards an increasing or decreasing ordering or number of parti-
cles. Meaning that at least the second spincoating speed has very little influence in the final formation

of neighbours and then calculates the angles and the ordering parameter locally, before taking the mean of these parameters
to evaluate the global ordering parameter. The difference being that it takes a different, slightly more complex, approach to
implement. A short explanations on how this influences the order parameter is provided in appendix B.2.2

9The center detection algorithms used to identify this point grid are presented in appendix B.1.
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of the crystals. However, the SEM images of the stamps do show a change in the morphology of the
polymer matrix, shown in figure 3.6.

5OOUM  m— 500pm  — 500m  — 500pm  — 500UM  —

1000 RPM 2000 RPM 3000 RPM 4000 RPM 5000 RPM

Figure 3.6: The change in the morphology of crystals concentration per spincoating speed. With the layer of ETPTA becoming
visibly thinner and particle depositions becoming spread out.

From the images a change in morphology is seen where at low spin speeds there are large islands
of polymer where particles are trapped inside, with cluttered particles loosely deposited in-between.
But at high spin speeds the islands are smaller and more dispersed, which is likely due to higher
shear forces spreading the polymer thinner. The shear stress within a non-evaporating film spread by
spin-coating[77] can be described as

0, = pw?r (h—z), (3.3)

where g, is the film shear stress, p the fluid density, w the angular velocity, h the film thickness and
z the height coordinate. Which shows that the shear stress increases quadratically with the spincoating
speed.

3.3.4. Influence of Particle Concentration

After the experiment with the spin speeds, the second parameter that was investigated was the particle
concentration. The RPM experiment was carried out with a 10% wt solution and in this experiment
5% and 20% wt concentrations were tested. For this set of experiments the settings of having a first
step at 500 RPM for 30 seconds and 5000 RPM for 120 seconds were used, as it resulted in a thinner
polymer layer and doesn't influence the size of the crystals and their order, as shown in the previous
experiment. The experimental parameters that were varied in this test are shown in table 3.2.

Samples Concentration
13, 14,15 10% wt

25,26, 27 20% wt
28,29,30 5% wt

Table 3.2: An overview of the fabricated and imaged samples including their concentrations. The spincoating steps were
performed at 500 RPM for 30 seconds and 5000 RPM for 120 seconds.

Using the same approach as used in the RPM experiment the concentration versus the order para-
meter and number of participating microparticles are found, plotted in figure 3.7 A and B, respectively.

Again, the concentration of the particles has no real influence on the order quality of the crystal.
However, the concentrations does have a noticeable effect on the number of particles within a crystal.
While the 5% and 10% wt concentrations don’t show a major difference in terms of crystal size, it
increases significantly once the concentrations reaches 20% wt.

Lastly, the influence of the particle concentration upon the polymer matrix was qualitatively obser-
ved by taking SEM images at 45 degrees and looking at the change in the morphology, as shown in
figure 3.7.

3.3.5. Influence of Particles
However, a experiment that was readily available was to study the influence that the particles had on
shaping the polymer matrix. A sample was prepared as usual, except that after the fabrication of the
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Figure 3.7: The plots of the concentration experiment. (A) The order parameter as per equation (3.2) versus the particle weight
concentration in the suspension, with measurement points 5% wt, 10% wt and 20% wt. (B) Number of particles versus the
particle weight concentration in the suspension, with measurement points 5% wt, 10% wt and 20% wt.

base a solution without particles was spincoated on top of the base ETPTA layer. Again the spincoating
was performed in two steps, at 500 rpm for 30 seconds and 5000 rpm for 120 seconds. This layer
was then covered with a coverslip, cured and cleaned as per the previously established protocol. The
images of the resulting structure were captured by SEM and are displayed in figure 3.9.

When comparing figure 3.9 to figure 3.8, it is clear that the particles are influential in shaping the
way the spincoated ETPTA is distributed and cures.

Two factors are suspected to be at play. Either the particle concentrations affects the shear stress
distribution in the film during spincoating, or the particles could affect the way the ETPTA cures. The
first could potentially be determined by developing a nhumerical solution for a non-evaporating colloidal
suspension, an approach which has been used for evaporating suspension[78]. For the latter the
thermal flows can be mapped by infrared spectroscopy[70], in which the transmittance of the materials
is compared before and after curing. By comparing these the total conversion ratio can be determined.

3.3.6. Summary and Discussion

This section presented and discussed the findings of the two main experiments that were performed.
That is, determining the influence of the spincoating speed and particle concentration on the quality
and size of the resulting colloidal crystals trapped in a polymer matrix.

What can be seen is that for lower particle concentrations there are only small islands of particles
suspended within the ETPTA, but as the particle concentration increases the islands become bigger
and at one point join each other. This is likely the influencing factor in why the crystals in the 20%
wt are larger in terms of participating particles than for lower concentrations. However, the particle
weight fraction at which point this occurs and if this behaviour continues at even higher concentrations
is hitherto unknown.

A likely explanation for the change in morphology of the crystals is that steric effects become more
dominant as the particle concentration increases. Interparticle electrostatic effects were considered to
be of minimal contribution by Jiang and co-workers[41], as this effect was tested by adding tetrabuty-
lammonium chloride to the suspension, which had minimal effect on the crystal quality. A way in which
this effect could be investigated would be by employing the technique by Toolan and co-workers[19], in
which the formation of crystals was imaged by spectroscopy and inspecting the change in the resulting
inverse FFT transformations.

A description of the ordering parameter and the method for analyzing the samples was discussed
as well, however detailed information on the image and data processing is provided in B. The main
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Figure 3.8: SEM images captured at 45 degrees providing an overview of the change in morphology from a 5% wt to a 20% wt
particle fraction. One picture at the same magnification was selected for every single sample.

findings of the experiments were that the second spincoating speed has little influence on the size and
quality of the crystals, but does influence the surrounding polymer matrix. In fact, the concentration of
the particles within the colloidal suspension had a large effect on the crystals size, but again did little
to improve the quality.

One last important finding was that without particles much larger uninterrupted depositions of
ETPTA remain on the surface, which suggest that the particles play an important role in either the
shear stress distribution of the pre-polymer or curing rate during UV exposure.

3.4. Imprinting of colloidal crystals

The viability of using the colloidal stamps within a hot embossing replication step is one of the main
aims of this thesis. So far this type of fabrication technique has seen very little research, as was
discussed in section 2.4.4. This section presents the results of the experiments in which the colloidal
stamps were hot-embossed into a sheet of thermoplastic TOPAS.

3.4.1. Hot Embossing Experiments

The thermoplastic TOPAS 8007, which is a copolymer with a glass temperature of around 70 °C[79],
is used as a hot embossing target. The process of which is composed out of several steps. First,
the colloidal stamp, prepared as described in section 3.2 with a 10 % wt ratio and submitted to post-
treatment, was loaded together with the TOPAS film which served as a target, as shown in figure 3.10
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Figure 3.9: SEM Images under 45 degrees of a sample with ETPTA spincoated on top of a layer of ETPTA and then cured and
post-treated. A) Overview picture of the structure of the cured ETPTA. B) Patch at 100 times magnification of the cured ETPTA.

B. Then the temperature of the hot embossing tool was heated up and the stamp and target were
compressed into each other.
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Figure 3.10: Fabrication throught Hot Embossing. A) The four main fabrication steps of hot embossing. The Hot Embosser is
heated up past the glass temperature of the material and the stamp is pressed into the target. After the cycle time, the target is
allowed to cool and finally the mould is removed. B) An illustration of the 'sandwich’ that is constructed for the hot embossing
procedure

The minimum temperature that needs to be used at this stage is the glass temperature of the
TOPAS film. However, any temperature higher than that will result in a less viscous flow and thus a
more conformal imprint[80]. For this reason the hot embossing tool was heated up to a temperature of
100 °C instead and a pressure of 3kN was applied onto the sandwich at 1 kN min~! for a total operation
time of 8 minutes. Then, the hot embosser was convectively cooled down and the pressure removed
after the chamber temperature reached 55 °C. The sample was removed once the temperature reached
around 35 °C and then allowed to cool down to room temperature. Afterwards, the stamp was peeled
from the TOPAS film by use of laboratory pliers.

After the stamp was removed the TOPAS targets were prepared for SEM imaging, a collection of
which are shown in figure 3.11.

In these two samples there are multiple instances of colloidal crystals leaving imprints or completely
transferring into the TOPAS film. Secondly, the multilayered crystals that were also observed in the
colloidal stamps are also transferred but leave very disorganized structures. As the morphology of these
is not on a flat plane, the depth of the imprint in the TOPAS film is therefore inconsistent. Because of
these findings an investigation followed how the imprint quality could be improved.
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Figure 3.11: SEM Images of the first hot embossing samples. A) Imprints of colloidal crystals are left behind, with some of
them including the crystals themselves. B) Some colloidal crystals transferred completely into the target, a close-up is included
in which the polymer matrix can be seen. C) The quality of the colloidal crystal imprint varies a lot. In this image a multilayer
crystal was imprinted, resulting in an uneven height distribution.

3.4.2. Influence of Stamp Cleaning

In general, before the hot embossing procedure every single colloidal stamp was cleaned, as described
in section 3.2.3. However, the effect of which on final result of the hot embossing was unknown.
Therefore, two stamps were fabricated similar to the ones in the main hot embossing experiments
except that they were submitted to post-treatment.

Figure 3.12: SEM images of the stamp and target without post-treatment. A) Zoomed out image of the stamp without post-
treatment. B) Close-up of a stamp without post-treatment, with a large amount of loose particles scattered around a crystal. C)
A deposition of the polymer matrix and colloidal crystals surrounding an imprint on the target TOPAS. D) A zoomed out image
showing a large amount of particles and polymer transferred to the target TOPAS.

In figure 3.12 A and B the stamp with a large amount of particles, mostly loosely collected around
larger crystals, is shown. When comparing this to figure 3.6 and figure 3.8 shows a much larger amount
of particles still on the surface, even if they are not directly participating in the crystal formation. This
suggests that a rather thick layer of the ETPTA does not cure, even when the stamps are cured under
the coverslip, as in the previously attained stamps only small islands remain. Secondly, in figure 3.12
C and D a large amount of particles is seen to transfer onto the target TOPAS and the imprints of the
particles that did not transfer having concentric rings, which are not seen in figure 3.11 A. This results
indicates that in order to have a clean transfer of the colloidal crystals, any polymer which is not fully
cured must be washed off in a post-treatment step.

3.4.3. Post-treatment of the Target

As the pre-cleaning of the colloidal stamps had actually a positive effect on the embossing a post-
treatment step for the targets themselves was tested instead. After removal of the stamps from the
TOPAS targets they were put into a beaker filled with ethanol” and then ultrasonicated for 5 minutes.
After which they were removed from the ethanol and allowed to dry for 10 minutes at room temperature.
The choice for ethanol as a rinsing agent was based on the fact that it is more volatile than water, and

hA small test was run to see if the ethanol damaged the TOPAS in any way as is presented in see appendix A.5
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thus evaporates much faster. Secondly, the ETPTA mixture readily dissolves in ethanol and is thus
suitable for removing any of the pre-polymer mixture if it was till present[81].

Next the TOPAS targets where then imaged by SEM' to be able to compare them to the non-cleaned
targets, which are shown in figure 3.13. Comparing figure 3.13 with figure 3.11 shows that a large
amount of the particles is removable, even for a worst case scenario such as in figure 3.13 B.

Figure 3.13: SEM images showing the effectiveness of the three targets which were treated with the ethanol and ultrasonication
post-treatment. A) Overview of one of the targets in which the treatment was successful. B) Overview of another target in
which sliding probably trapped some of the particles and they are geometrically locked. C) Picture of a perfectly cleaned colloidal
crystals imprint. D) Again, due to sliding, some particles got trapped and were unable to be removed.

3.4.4. Summary and Discussion

Within this section the results of the replication experiments were presented, where the colloidal stamps
were imprinted into a TOPAS film using a hot embosser. The crystals had the tendency to transfer into
the target material, which results in the stamp being one-time use only. However, the benefit of using
this techniques is that because the polymer matrix is in-between the particles it barely influences the
final imprint pattern.

The colloidal stamp is currently one-time use only. As the silicon substrates have the tendency to
break, or the crystals have the tendency to delaminate. Secondly, it was shown that cleaning the target
with ethanol and ultrasonication resulted in the removal of a large amount of the particles. As for two
out of the three samples tested almost all of the particles were able to be removed from the target.
For the third the cleaning treatment was only partially successful, however there are markings which
suggests that sliding between the stamp and target may have caused some of the particles to become
trapped.

Therefore, the adhesion of the colloidal stamps remains a problem, but the imprint quality at this
time of the monolayer is promising for future research.

3.4.5. Future Recommendations
Hot embossing directly with a colloidal stamp has been shown to be possible. However, some aspects
of the fabrication technique still need development.

The adhesion of the and area of the colloidal stamp stands to be improved. This can either be done
by replacing the material of the polymer matrix, or by optimizing the curing conditions. Such as curing
the colloidal crystals in a vacuum or nitrogen purged environment. However, this could influence the
maximum achievable crystals quality. The differences between crystals achieved between the coverslip
method and one with oxygen deprivation can be evaluated with the method presented in section 3.3.2.
Potentially this can eliminate the post-treatment step or reduce it's influence.

Alternatively, reduction in adhesion between the colloidal stamp and target material could also help
with the reusability of the stamps and the transfer of particles. By applying an anti-stiction layer the
adhesion of the colloidal stamp could also be significantly reduced[82].

Further research into other more easily to cure polymer matrix materials that are suitable for a
hot embossing environment should also be considered. Which could also potentially help advance the
understanding into the quality of spincoated colloidal crystals in non-evaporative dispersion media.

i0ther imaging method were tested to see if it was possible to register the action the cleaning had on the targets. However
both optical and interferometer measurements were unable to distinguish any difference in the morphology before and after
cleaning, at the same locations.



3.5. Experimental 31

3.5. Experimental

The polymer ETPTA (Trimethylolpropane ethoxylate triacrylate, average M,, ~428) and UV curing agent
DaroCur 1173 (2-Hydroxy-2-methylpropiophenone) were purchased from Sigma-Aldrich and used wit-
hout purification. P-type Silicon wafers 4 inch (500 pum thick) and 2 inch (230 um thick) in diameter
were purchased from the Kavli Institute of Nanoscience Delft. The Shin-Etsu Oligomer Acrylate KR-513
was attained from EVG. Dry silica particles, with a median size of 2.47 ym, were purchased from Bangs
Laboratories, Inc. Suspension composed of ETPTA and 20%, 10% and 5% wt silica particles and 4%
wt Darocur 1173 were prepared in Eppendorf tubes or vials, by weighing all component with a Scaltec
SBC 33. Menzel-Glazer Coverslips with a thickness of < 190 um were used out of the box. A POLOS
SPIN150i-NPP Single Substrate Spin Processor was used to spincoat 25 pl of the suspensions onto the
ETPTA films synthesized on the wafers. In order to cure the ETPTA a Dentalfarm Photopol Light was
used. Ethanol, Aceton and Isopropanol were all purchased at reagent quality from Sigma-Aldrich. SEM
images were captured by a Jeol JSM-6010LA Scanning Electron Microscope, with acceleration volta-
ges ranging from between 10 kV to 20 kV. Microscopic images were captured by a Motic BA310Met
Microscope using a 2 MegaPixel Moticam USB Camera.

3.5.1. Dataset
For the dataset used in the experiments, please consult the digital version of this thesis which includes
links to figshare, where the files are hosted.

¢ Edited SEM images of the colloidal crystals for the analysis of spincoating speed and concentra-
tions

e SEM Images of colloidal stamp imprints in TOPAS

e SEM Images of colloidal crystals with triangular meshes overlaid
e Raw SEM tiff files of the colloidal crystals and overview images
e Concentration Script - Python

e Scripts for Colloidal Crystal Analysis - Matlab


https://figshare.com/s/d9c0fba9dca4a4892941
https://figshare.com/s/d9c0fba9dca4a4892941
https://figshare.com/s/bb17475b349595dafc75
https://figshare.com/s/67a9c39ed08bb949fc96
https://figshare.com/s/ff0d120586cd8e172fcd
https://figshare.com/s/b74cdf79dee295eb4be8
https://figshare.com/s/b83bcd4502d410a174e8




Reflection

In this chapter a reflection is provided on the thought process within designing the experiments, what
new knowledge has been gained and how any future scientific experimental work can be improved.

4.1. Experimental Design

The main goal of this thesis was to fabricate colloidal crystals that could be used in a hot embossing
technique. As was demonstrated in section 2.3 a large amount of techniques exist, in which the
selection is limited by the demands of the hot embossing process being that it requires a master that
will not break or deform under heat and pressure. Therefore, a proof of concept experiment was
performed first in which the colloidal stamps were fabricated by a simple spincoating self-assembly
technique, as described in appendix A.1. The reason for the choice of a spincoating technique fell
down onto the availability of equipment, speed of the fabrication and the resulting crystals that were
fabricated in literature.

The selected method for spincoating involved a polymer that was used to trap colloids in a hexagonal
non-close packed lattice on four inch wafers, both for multilayers[41] and monolayers[42]. However,
one aspect that was lacking from these publications was that the spincoating steps was quite arbitrary,
with up to six spincoating steps applied, of which the motivation and significance was unclear. Se-
condly, while there have been papers which investigated the change in morphology and influence on
the crystals quality during spincoating, there were non for non-evaporating fluids. Therefore, the ex-
periment with the spincoating speed was performed to see to which extend this parameter influenced
the final outcome of the crystal quality and size.

At the same time the goal was still to eventually use these colloidal stamps in a hot embossing
process. Therefore, a protocol first needed to be established that was suitable for hot embossing. To
develop this protocol some simple tests were run to identify any problems that needed to be solved.

First of all, the polymer ETPTA which was used in paper is not a very commonly used acrylate,
which meant that not much data was readily available on the material. This lead to an oversight as the
polymer suffers from a phenomenon called oxygen quenching during curing, where the polymerization
is retarded by molecular oxygen in the atmosphere. However, before it was clear that this was the
case several experiments had been performed by varying the photoinitiator weight fraction, using the
same photoinitiator from a different lab and testing several different UV sources. Eventually it became
clear that this is in fact a well known problem, one that is often solved by curing within a purged
atmosphere, as had been done in the original paper. After enquiry at several different labs on campus
it became clear that this kind of equipment was not available, which left two possible options. Either
to dedicate time to building a setup to be able to cure the polymer in a nitrogen atmosphere, or to find
an alternative way of curing. This led to several experimental trials to find alternative ways of curing
including using vacuum, using glucose oxidase as described in appendix A.2.2 or just simply cutting off
the oxygen by means of a cover slip. The last option was deemed to be the simplest and suitable for
the fabrication of the colloidal stamps, of which the results were presented in appendix A.3.

Curing films of ETPTA with a coverslip saw a low adhesion behaviour on glass, as was mentioned in
the paper, which was improved by use of a silane. However, the application method of the agent used
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by use of g-tips was deemed to be unsuitable, as any non-uniform layer will influence the morphology
of the monolayer crystals.

One problem with the coverslip method was that it mostly works for flat distributions of the polymer,
which the addition of spincoating and the silica particles distorted. This makes it a less effective method
than curing it by oxygen deprivation, but did allow to simply cure the colloidal crystals. A post-cleaning
step was required to remove a large amount of polymer which had not fully cured. This means that the
resulting crystals of the self-assembly are influenced by the coverslip placement and cleaning steps.
As an improvement a vacuum or nitrogen filled chamber ought to be used to cure the crystals without
any outside interference. PDMS was briefly investigated to see if it would make for a suitable matrix
material as described in appendix A.4, but was not used in the end as it is too viscous to spread thinly
and uniformly enough. Because the desired layer should be thinner than the particle diameter of 2.47
pm. Techniques are available for diluting PDMS into hexane and spincoating it such that films of a few
hundreds of nanometer[83] can be fabricated, which might make it worth a second look.

In order to evaluate the colloidal stamps a lot of methods were tested, but the problem with most
of them was that the features could not be properly mapped. Optical microscopes are only able to
capture a single focal plane, which results in most of the features being out of focus. An interferometer
is not able to distinguish features that are underneath another surface, such as an overhang or a
sphere. Using an AFM resulted in some very blurry images, and without a clear definition of which area
had been imaged, leaving only the SEM as a viable imaging technique. However, because the crystals
were non-conducting they had to be sputter-coated with a conductive layer, rendering it impossible to
perform comparison images on single samples to check the influence of post-treatments. Which meant
that a larger amount of samples had to be created in order to check these influences.

Once the crystals were imaged however they still needed to be analyzed. The first choice was
to do this by Fast Fourier Transform (FFT) of the SEM images in WSxM, however this resulted in
transformations that were too ill-defined to retrieve any information about the ordering and separation
distance. Particle detection and evaluation of the angles between them by the ordering parameter, as
proved in section 3.3.2, provided an qualitative measurement.

As the algorithm used to evaluate the colloidal crystals is not suitable for the imprints, it is currently
very hard to find details when imaging the targets from an incident angle. Therefore, all the SEM
images were taken at a 45 degree angle, distorting the true distance due to perspective resulting in
the particles becoming ‘squashed’ and throwing off the algorithm. This could potentially be fixed by
using a correction factor, but time did not allow further investigation into this.
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4.2. Timeline Comparison

A rough estimation of the length of the phases from the start of the experiments until they ended is
presented in figure 4.1, without taking into account the time that was spend finishing my obligatory
courses and any holidays.

Week Reporting Experiments Reporting Experiments

Literature  Writing Spincoating  ETPTAand Primer Glucose 009 irinting EM @ \veak N Spincoating —
. . . ., Stamp Crystal Literature Writing  Polystyrene imprinting
Study Thesis  PS Particles Experiments Oxidase . Tests . i ) 2.47um 0.96um 0.52um 0.3um
Fabrication Analysis Study Thesis Particles Tests
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9
Evaluate Evaluate
10 10
Progress Progress
11
12
13
14
15
Order colloids 16 Order colloids

44 44 Submit

53 Submit

Figure 4.1: Comparison of the time spend versus planned. A) Actual timeline. B) Time planned to be spend on experiments.

The initial plan was to also test the effect that particle size has on the quality and size of the
colloidal crystals. However, because of the curing issues with the ETPTA this became an issue with a
lower priority and instead time was invested into solving this problem. Revealing also an assortment
of new problems that had to be fixed, as described in detail section 4.1. Another part that took much
more time than expected was the analysis of the crystals, mostly because only the SEM turned out to
be a viable instrument for the crystal analysis. Secondly, the identification of particles became more
work than expected as there is no general consensus within literature for a single verification technique,
and because an algorithm is not publicly available.
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4.3. Contributions

This project does not exist within a vacuum, therefore it is important to look at environment in which
it exist. Originating from a research initiative which was started to discover the effects of surface
morphology on the crystallization of salts which make up kidney stones. However, the surfaces re-
quired for this research are currently manufactured externally and are costly and complex to produce.
Therefore, the idea was proposed to use the self-assembly of colloids to produce masters which could
replicate these types of surfaces in-house through hot embossing. Due to this research this can now
be achieved.

The main takeaway from this research is that it is possible to use self-assembled colloidal crystals
as a pattern to make imprints into the TOPAS material. Other achievements within this project have
been the characterization of polymer embedded crystals. As well as the development of a simple
technique for curing and processing colloidal crystals by means of ubiquitous laboratory equipment,
e.i. the coverslip. Lastly, the parameter space for self assembly by spincoating is reduced, due to the
spincoating speed having very little influence on the crystals quality. Therefore, this research results
directly in expanding the toolset of the polymer microfabrication group as a whole.

Within the Micro and Nano Engineering group this research could be used within future self-assembly
or microstructuring projects, with a potential expansion towards non-polymeric materials.

Within the scientific community this works expands the research on spincoating colloidal crystals
within polymeric suspensions, on which very little research has been performed. Furthermore, there are
currently no publications which specifically treat the usage of monolayer colloidal crystals to replicate
patterns through hot embossing.

4.4. Personal Points of Improvement

Let me start out by saying that I have learned a lot in this past year. From having next to no ex-
perience with experimental work, I managed to get hands on and I learned about what it means to
perform experimental work in a scientific way. Which includes rigorous verification of results through
measurements and qualitative and quantitative means. The last part is exactly what I struggled with
because it was something I had to learn. As I have very little background in practical laboratory work
I sometimes didn’t know how to move forward. I think therefore that making a detailed experimental
plan, with the parameters that I want to test and which results I want to obtain and in which fashion
would help a lot with finding the right direction earlier on. Even though the goal of my research was
clear, the direction in which to go was not. Leaving me with a lot of options which, without a clear way
to approach it, sometimes left me overwhelmed. This is of course part of scientific experimentation, as
you never know what exactly is going to work. But I do think working with a more structured approach
could help me in preventing repeating failed attempts and streamlining my research.

Secondly, although I was aware of this, at the start of my research I kept a shoddy logbook.
Even though I did store all my measurements neatly, the steps taken towards the results of some
of my experiments were sometimes missing or incomplete. This has led me to having to do some
experiments again or having to spend a lot of time later trying to piece everything together. For my
main experiments I did manage to resolve this and I kept good track of my steps and often wrote down
everything on the respective petridish I was using and in my logbook, which helped a lot in avoiding
confusion.

Lastly, I had the tendency during this project to aim at technology readiness level that was higher
than could possibly be achieved within the scope of this project. Although this has also been my main
drive within the project, it also made me not want to settle for less. Such that I initially rejected results
in favour of trying to achieve even ‘better’ ones. This last point has been the major lesson I learned,
because although it drives me to advance, rigorously evaluating my results helps me in guiding the
direction of my research.



Experiments

A.1. Proof of Concept

In order to identify the requirements for a colloidal stamp a proof of concept experiment was carried
out. In this experiment aqueous polystyrene particles with a median size of 5 um, provided by Fluka
(now Sigma-Aldrich), were deposited onto silicon wafers. With the domains arbitrarily determined
by cutting the silicon with a diamond pen. The solution was ultrasonicated for 5 minutes in a xxxx
ultrasonicator to prevent particles clumping together. Silicon wafer pieces were treated in a Diener
Femto Plasma cleaner for 2 minutes at 60 watt to reduce hydrophobicity of the surface. Droplets of
100 pl were dispensed onto the cleaned surface and then spincoated at 500, 1000 or 2000 rpm for 60
seconds. The difference in terms of the final crystal can already clearly be seen by eye as in figure A.1.

Figure A.1: Samples which have been plasma cleaned and spincoated with 100 pl of the aqueous polystyrene solutions. From
left to right; 500 rpm, 1000 rpm and 2000 rpm spincoated for 60 seconds. All samples are around 1 cm?.

Similar samples were inspected by SEM imaging after sputtering a conductive gold layer on top,
revealing hcp structures and multilayers of varying thickness, as shown in figure A.2.
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Figure A.2: Images of silicon spincoated with 5 um polystyrene beads showing the quality and sudden change in layer thickness

Generally the adhesion between silica particles and a silicon surface is not strong enough to wit-
hstand a hot embossing procedure. As the adhesion can be overcome by a simple soft lithography
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technique. Which was demonstrated by Yan and co-workers[59] where they modified a colloidal cry-
stal by crafting a PDMS stamp with which they selectively picked up rows of silica particles. This method
was used as an inspiration to evaluate the effectiveness of a PDMS stamp in a hot embossing process.

Firstl two colloidal crystal were prepared at a spinspeed of 2000 RPM. Then in a 10 cm petridish
a prepolymer mixture of PDMS was prepared by combining it with a curing agent at a 10:1 ratio.
An oven was heated to 60 °C and the PDMS was placed within the oven for 1 hour. After an hour
the PDMS was removed and cooled down to room temperature. One of the sample was placed with
the crystal facing the PDMS and pressed into the target until it visibly deformed, before releasing the
pressure. A second sample was pressed multiple times into the PDMS at different locations before
being completely removed. This sample was then placed into the oven again and cured for another 3
hours. The difference between the two methods could be visually distinguished. The stamping method
left very few particles on the PDMS surface, with multiple stamping sites seemingly retaining little to
almost no particle transfer. In figure A.3 a visual comparison of the two methods can be seen. Where
for the stamping method the site with the highest retention was shown.

Figure A.3: The difference in particle transfer can be clearly seen with the naked eye. The colloidal crystal which was pressed
into the material and left there during curing (left) resulted in a high particle retention on the PDMS surface. While the stamping
of the crystal onto the PDMS left few particles (right).

The piece of PDMS with the highest particle retention was cut out from the filled petridish and
imaged with a Bruker White Light Interferometer. This revealed two distinct features as can be seen
in figure A.4. Firstly, a large amount of particles were attached to the surface, shown by the peaks.
The shape of these particles can not be imaged because they are round, however their presence and
crystalline structure can be observed. Secondly some of the particles had left an imprint but had not
detached from the colloidal crystal.
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Figure A.4: The presence of polystyrene particles and imprints left behind by particles which did not attach to the PDMS stamp
can be observed.

As a final part of the proof of concept test, this stamp was used in a hot embossing test to examine
the replication of the features. This was carried out by placing it in a hot embosser and pressing
the PDMS stamp into a thin film of TOPAS. This film was then sputter coated with a 15 nm layer of
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paladium-gold to make it conductive and then imaged by SEM. Figure A.5 shows two distinct features
on the surface. A large amount of particles which were attached to the PDMS stamp had transferred
into the TOPAS, meaning that the particles poorly adhered to the PDMS. Which shows that particle
adhesion to the stamp is important for two reason. Firstly, the transfer of particles damages the target
material and no replication is attained. Secondly, the stamp is not reusable and a new stamp would
have to be synthesized for every single polymer replication.

SEI 15kV SEl 15kV x1,500 10pm

Figure A.5: SEM images showing both polystyrene particles and domes left behind by the PDMS master.

However, the site were the particles were imprinted into the PDMS transferred very well and resulted
into dome-shaped structures. The height of the dome can be calculated by means of the schematic
drawing in figure A.6.

Imprint

Imprint

Figure A.6: Schematic overview in order to calculate the imprint depth. With the dimensions of the particle radius (Rpartice), the
measured imprint diameter (Dimprint) @and the imprint depth (Zimprint)-

Using the known particle size and measured imprint diameter, as measured by the SEM, the imprint
depth (or height of the domes) can be calculated by means of equation (A.1).

1
Z1mprint = Rparticle — \/Rgarticle - EDIZmprint (A1)

With a value for Dimprint Of 3.467 pm the imprint depth is 310.120 nm, roughly 1—16th of the entire
sphere.

A.2. Methods for Curing ETPTA

Curing of the ETPTA (Trimethylolpropane ethoxylate triacrylate) monomer proved to be difficult, as
for thick droplets a thin layer of the monomer remained uncured. For thin layers the effect was even
worse as the monomer barely cured and could be washed off in water. However, it was unclear what
the layer was composed of, as it could be either uncured monomer or excess curing agent. Therefore,
a XRD analysis was carried out on three separate silicon 501 wafers, onto which ETPTA, Darocur 1173
and a mixture of the two was spincoated. The latter was cured in a Photopol Light[84] UV curing unit



40 A. Experiments

for 2 minutes, such that it was exposed to two 75 W UV lamps with a peak wavelength at 490 nm.
Figure A.7 shows the results as measured by a Bruker-AXS D5005 diffractometer, wherein materials
which are composed of the same atoms, should have the same peak width. The XRD pattern suggests
that the liquid ETPTA and cured ETPTA share more similarities than the Darocur film. However, because
the samples were not homogeneous, due to partial coverage on the samples, it was difficult to draw a
definitive conclusion.
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Figure A.7: XRD analysis of three silicon 501 wafers, showing the data found for the monomer ETPTA, the photoinitiator Darocur
1173 and (partially) polymerized ETPTA.

Therefore, this analysis did not yield an answer to the partial polymerization of the ETPTA. Therefore
I contacted the author of the paper; Peng Jian, Professor of Chemical Engineering at the University of
Florida. He suggested that the problem I experienced had to do with atmospheric oxygen inhibiting
the curing of the ETPTA. Literature revealed that this is in fact the result of certain curing agents,
especially type II photointiators, where oxygen will absorb the radicals of the photocuring agent. This
forms so called peroxyl radicals, which do not participate in the polymerization of the polymerizing
monomer[71]. Jiang and co-workers[41] used a vacuum chamber which was back-filled with nitrogen
to circumvent this problem. Unfortunately, this kind of equipment was not available in labs across the
university campus and an alternative had to be found to cure the ETPTA monomer.

A.2.1. Coverslip Method and Base Fabrication

A very simple way of curing the ETPTA is by depriving it off oxygen by sandwiching it in-between two
glass slides, as this cuts it off from molecular oxygen and prevents quenching. This revealed a new
problem as when the ETPTA was cured through this sandwich structure, the film was easily peeled
from the substrate. Therefore, a primer was spincoated onto the glass before a layer of ETPTA was
spincoated on top of it. As a primer the silane coupling agent KR-513 was used, which is designed
to function with acrylates in mind. This method is far from ideal as now the ETPTA layer comes into
contact with the coverslip. Therefore, an alternative method involving the protein Glucose Oxidase was
investigated.

A.2.2. Glucose Oxidase

A method developed by Oytun and co-workers[85] prevents oxygen inhibition during the curing of
poly(ethyleneglycol) diacrylate (PEGDA) by adding the protein glucose oxidase(GOx). In this process
a mixture of glucose, water and glucose oxidase is used to convert the glucose into gluconolactone
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and hydrogen peroxide by capturing molecular oxygen. This prevents the oxygen from interfering
with the polymerization of the monomer, without the need of removing ambient oxygen. The met-
hod was successfully implemented into a composite hydrogel developed by Sydney Gladman and Co-
workers[86], where they embedded cellulose fibrils into the monomer N-isopropylacrylamide. This
composite hydrogel was used to 3D print polymer structures which deformed anisotropically after a
swelling agent was added.

Therefore an experiment was performed to see if it was possible to create a colloidal suspension
consisting of ETPTA, water, glucose oxidase and glucose. Freeze dried Glucose Oxidase from Aspergillus
niger was purchased from Sigma Aldrich. Instead of glucose, white cane sugar donated by Sodexo was
used. As cane sugar is made up out of sucrose which is a combination of glucose and fructose[87].
The reaction should be similar to that of glucose with glucose oxidase, in which two hydrogen atoms
are scavenged from glucose, displayed in figure A.8.
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Figure A.8: Reaction of glucose with glucose oxidase and molecular oxygen, adapted from [85].

By the chemical formulas for Fructose (C;,H,04;) and the reaction provided by figure A.8, the final
result should logically be,

GOx
Ci12H220:1 + Oy — C5Hp0041 + HyOp (A.2)

The chemical formula of the final product can be be found online, however no information could be
retrieved on what the final product of this reaction would be. In order to test the effectiveness of the
method with ETPTA the following recipe was used, based on the one used for the PEGDA monomer.

First the ETPTA mixture was prepared as in section 3.2.1, with a concentration of silica particle at
20% wt and ETPTA at 80 % wt. Then cane sugar was dissolved into water and added to the ETPTA
mixture. After which it was mixed on thoroughly on a platform shaker and subsequently ultrasonicated
for 5 minutes, until an uniform white suspension was present. Finally the Glucose Oxidase was mea-
sured and dissolved in water, after which it was added to the ETPTA and aqueous sucrose mixture and
vigorously shaken. Finally, 25 pL of the suspension was pipetted onto precleaned and, with a diamond
pen, bisected pieces of microscope glass, which had been rinsed in ethanol and DI water before being
baked at 150 °C for 5 minutes. A two step-spincoating procedure was used, first the spinspeed was
set to 300 rpm for 60 seconds after which it was increased to 1000 rpm for 120 seconds, with both
steps having an angular acceleration of 200 rpm/s.

Depending on the water concentration, some suspension were seen to take on hydrophobic be-
haviour of the water. Therefore, some of the glass slides were post-treated by submitting them to
oxygen plasma at 60 W for about 1-2 minutes, in order to change the behaviour of the droplet with
the slide. Secondly, varying concentrations of water and ETPTA were tested, while keeping the sugar
and glucose oxidase weight the same, in order to allow the ETPTA to dominate the water. The tested
recipes of interest are displayed in table A.1.

After curing the samples were subjected to a post-treatment, which involved dipping the samples in
ethanol and subsequently in DI water. After which they were transferred to a hotplate at around 125-
130 °C, where they were left for 5 minutes, before being allowed to cool down to room temperature.
The reason this step was performed because even with addition of Glucose Oxidase not all available
monomers will be polymerized, as noted in the PEGDA experiments. To verify this for the ETPTA, the
conversion can be calculated by,

C(%) = B L 100, (A.3)
Acheory
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Material Recipe 1 Recipe 2 Recipe 3
ETPTA (ml) 0,1 0,2 0,1

SI Weight (mg) 22,2 44,4 22,2
ETPTA Weight (mg) 88,8 177,6 88,8
Water (ml) 0,05 0,02 0,05
Water Weight (mg) 49,91 19,964 49,91
Gox (ml) 0,05 0,02 0,01
Concentration (mg/ml) 2,5 6,25 12,5
Gox Weight (mg) 0,125 0,125 0,125
Water Content Weight (mg) 49,785 19,839 9,857
Sucrose (mg) 1,25 1,25 1,25
Total Weight (mg) 212,07 263,178 172,142

Concentrations (wt%)

Water 47,01 15,12 34,72
Gox 0,06 0,05 0,07
Sucrose 0,59 0,47 0,73
ETPTA 41,87 67,48 51,59
SI-P 10,47 16,87 12,9

Table A.1: Tested recipes with used volumes, weights and concentrations

Where AH, is the reaction heat as measured at time t and AHeqry is the amount of heat theoretically
required for complete polymerization. To measure AH, the researchers used Photo-Differential Scanning
Calorimetry, to measure the heat flow over time and use it to determine the conversion rate[88]. This
technique should be viable for detecting the conversion rate in the ETPTA mixture as well, which will
provide more in-depth information on the effectiveness of the method for the fabrication of colloidal
stamps with the ETPTA monomer.

What follows is a table with a selected nhumber of samples fabricated which were subjected to
further investigation.

To examine the structure of the colloidal crystals, an microscope was used to image two spots on
sample 1-4. However, two problems were identified through this method. Firstly, the microscope focu-
ses on a single plane, such that multilayer crystals are only partly in focus. This results in inconsistent
images which are only marginally suitable for a qualitative analysis, as can be seen in figure A.9.

Secondly, an interferometer was used to try and map the structure of the colloidal crystal. However,
as can be seen in cA.10, the resolution is not sharp and enough and the structures are ill-defined. As

Recipe Sample Plasma Treatment

Recipe 1 Sample 1-3 No
Sample 1-4 Yes

Recipe 2 Sample 3-2 Yes
Sample 3-4 No

Recipe 3 Sample 4-1 Yes
Sample 4-2 No

Table A.2: The samples which are used to discuss the results in this section, including the used recipe and indication of if they
were plasma treated.
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A : . % 5x zoom

Shot 2 (C)

Figure A.9: Microscopy images of sample 1-4, as per table A.1, before post-treatment with ethanol and DI water. A) Photograph
of sample. B) Microscopic images of spot 1 captured with 5x and 50x objective lenses. C) Microscopic images of spot 2 captured
with 5x and 50x objective lenses.

the particle size is known, with a nominal diameter of 2.47 pm, the features should be clearly defined
at the micron scale. However, as can be seen in figure A.10 C, at this scale, there is no clear indication
of where one particle ends and one begins. This kind of behaviour was observed before in the proof
of concept phase, as seen in figure A.4, where because of the spherical nature of the particles, there
are no sharply defined edges for the interferometer to cut off. Since in this case the particles are not
only on top of the substrate but also partially embedded, the distinction between particle and matrix
becomes even less clear.

“ B > |G, |08 OO OO R L R 20 0, 1 O3
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Figure A.10: Interferometer measurements of a slide which has been pre-treated with plasma after which it was spincoated with
recipe 1, as per table A.1. A) 3D Topography of the sample at a 50x magnification. B) Top-down view of the topography at 50x
magnification. C) Profile measurement of a line on the topography.

Therefore, the samples were sputter coated conductive layer and were then imaged by SEM, re-
sulting in the images shown in figure A.11.

Figure A.11 shows that for the mixtures with water an oxygen plasma treatment is necessary in
order to avoid huge deposits of silicon particles which are glued together. An observation made in the
lab was that with suspensions which had a low amount of water but a higher concentration of GOx
and sugar, such as recipes 2, was that they poorly mixed. This is clearly observed in the SEM images
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Figure A.11: Comparison image created out of images captured with the Scanning Electron Microscope (SEM), displaying the
tested recipes and indicating if oxygen plasma treatment was applied or not.

as well, as the silicon particles form clumped structures. The combination of recipe 1 and the oxygen
plasma treatment seems ideal for the formation of crystals, however the one main obstacle is that with
the addition of water an evaporative mechanism is now reintroduced into the crystals formation. While
the usage of the ETPTA as a suspension and matrix material was chosen in order to avoid the having
an evaporative element in the self-assembly.

However, as the resulting crystal was a monolayer with a close packed structure, hot embossing
tests were performed to evaluate the effectiveness of these kinds of stamps. Therefore, a stamp was
fabricated with the suspension of recipe 3 and then hot-embossed at a temperature of 110 °C and
pressure of 1000 N. Unfortunately this resulted in the crystal transferring detaching from the glass
substrate into the TOPAS, as can be seen in figure A.12.

To verify the result both the stamp and the sample were imaged with the SEM, the results of which
are displayed in figure A.13. As can be seen, other than some surface damage, there are no visible
traces of ETPTA on the subtrate or any presence of silicon particles.

Because of this result, it was further investigated why the adhesion of the sample was so low as
that it could transfer into the TOPAS. With a new recipe, based on the recipe 1, where the silicon
particle concentration was lowered to 10% and the GOx was concentrated more while still maintaining
the 100 pl total water volume. The further concentration of the GOx made it slightly easier to handle,
as the amount of GOx needed for the lower concentration suspension was very difficult to measure.
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Figure A.12: Photographs of the sample after preparation and the resulting imprint in TOPAS after hot embossing.

SEI 20kV SEI 15kV x50 500um

Figure A.13: SEM Images of the stamp fabricated with the GOx suspension. A) SEM Image of the colloidal crystals substrate
after stamping, with the crystal fully removed and only some remaining surface damage. B) SEM image of the target with the
colloidal crystals visibly embedded into it. C) Close-up of the embedded crystal.

The new suspension was then spincoated and cured as per the previous steps and then cleaned by
ultrasonicating it in ethanol for 5 minutes, after which it was rinsed in water and placed on a hotplate
at 135 °C. However, after 2 minutes the crystal started peeling from the ETPTA base after 2 minutes,
showing that there is some issue with the adhesion of the crystal.

Figure A.14: Photograph of the sample after ethanol treatment and heating on a hotplate, the film is visibly seen peeling away
from the ETPTA base.

After this final experiment the test with the Glucose Oxidase were discontinued.

Summary and Discussion

As the ETPTA monomer suffers from oxygen quenching, which inhibits the polymerization of the entirety
of the monomers, an alternative was sought to cure it fully. Therefore a method which included Glucose
Oxidase and sugar, to harvest molecular oxygen, was incorporated into the spincoating self-assembly
method. However, the concentrations of the liquids proved to be very influential, as concentrated
suspensions lead to clotting. Secondly, an oyxgen plasma treatment of the ETPTA base was necessary
to make the substrate less hydrophilic and to allow a spread out coverage. Lastly, the current iteration
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of the recipe leads to the film releasing from the substrate under conditions with increased temperature
and pressure, such as in the hot embosser. At this stage it is, not yet, a viable technique for synthesis of
colloidal crystals which are suitable for imprinting by hot embossing. Therefore, the method of curing
ETPTA by placing a coverslip on top of the films and crystals will be used.

A.3. Influence of ETPTA Base on Surface Roughness

In this section a small comparison is made to check the influence of the primer on the fabrication of
the colloidal stamp. Secondly, the quality of the ETPTA base structure is checked to see if it provides
a flat enough surface for the colloidal crystals

A.3.1. Surface Roughness of ETPTA Spincoated onto Primer

Spincoating ETPTA directly onto the KR513 primer resulted in a very wavy surface finish. To evaluate
a sample was produced and image per interferometry, after which the surface roughness parameters
were determined in Gwyddion. The results are provided in table A.3.

Sample R.(Um) Rims(Um)

1-1 7.699 8.908
1-2 5.403 6.482
1-3 8.538 9.036

Average 7.213 8.142

Table A.3: Table with the found surface roughness parameters for ETPTA directly spincoated onto the primer.

This shows that the roughness is in fact. on average. roughly a magnitude of 2.9 and 3.3 higher
than the particle diameter for the arithmetic (R,) and root mean square (R,,s). respectively. Secondly,
by looking at the profile of these spots, as shown in figure A.15, it is clear that the surfaces are not
smooth at all. Therefore a layer of ETPTA was fabricated on top of the spincoated primer.

Figure A.15: Images of the surface structures found of the three imaged spots on the ETPTA directly spincoated onto the KR513
primer.

A.3.2. Surface Roughness of ETPTA Base

To check how smooth the surface of the ETPTA base is three of these structures were imaged by
interferometry, with four spots evaluated per samples. Some samples contained defects, such that
certain parts were masked to avoid their interference in the analysis. Table A.4 displays the found values
using Gwyddion, including the measured area. In order to provide a fair comparison, a normalization
factor was determined per,

Rnorm = %Rmeas' (A.4)
avg

where Ameas- Aavg @nd Rmeas are the measured area. average area and measured roughness,
respectively.

These results show that the surface is much smoother if the ETPTA base is fabricated on top of
the primer, than by spincoating directly onto the primer. For completeness, in figure A.16 the three
roughest surfaces are shown, which other than some small defects, have surfaces with very little
observable waviness.
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Sample R,(um) R/ms(um) Area (mm?) Normalized R,(um) Normalized R,p(Um)

1-1 0202  0.462 3.478 0.180 0.412
1-2 0.516  0.604 2.898 0.384 0.449
1-3 0.263  0.809 3.485 0.235 0.723
1-4 0422  0.607 3.714 0.402 0.578
2-1 0260 0416  4.032 0.269 0.430
2-2 0.590  1.001 4.729 0.716 1.214
2-3 0.568  0.869 4.077 0.594 0.909
2-4 0.237  0.306 2.898 0.176 0.227
3-1 0.500  0.646 3.486 0.447 0.578
3-2 0.038  0.050 4.661 0.045 0.060
33 0.038  0.052 4.661 0.045 0.062
3-4 0.104 0.154  4.661 0.124 0.184
Average 0312  0.498 3.898 0.302 0.486

Table A.4: Table with the found surface roughness parameters for the investigated samples

A.4. PDMS as an Alternative Polymer Matrix

Because currently used polymer matrix material requires an environment free of oxygen to properly
cure, alternative materials were considered. However, one main criteria was the material should be
able to withstand a temperature above the glass temperature of TOPAS. One of these, which was
readily available, was PDMS. As PDMS is very viscous (5.1 Pas[89]), which is more than 500 times
as viscous as water[90]. This directly influences the maximum thickness of a spincoated film, as per
equation (3.3).

However, the spincoater is limited to a maximum spin speed which limits the maximum shear force.
Therefore a simple test was carried out to see if it was possible to achieve a film less thick than the
particle size. The PDMS was made less viscous by adding more curing agent, at a weight ratio of 3:1
instead of the standard used 10:1 ratio. The PDMS mixture was prepared and thoroughly mixed after
which it was put into a desiccator and pumped down to remove the air bubbles which entered the
PDMS during mixing.

About 100 pl of the PDMS was then dispensed using an Eppendorf micropipette onto the glass slide,
after which the slide was put into the spincoater and spun at either 2500, 5000, 7500 or 10000 rpm for
90 seconds. The slides were then cured in an enclosed oven for about 4 hours at a temperature of 80
°C, to ensure complete curing. For each spin speed two samples were prepared in the same fashion.

After curing the samples were then imaged by use of a white light interferometer, by using a green
light narrowband wavelength, resulting in a height map of each sample. Three spots were imaged
of each sample such that a total of 6 measurement points, all taken at points where the edge of the
PDMS was, were retrieved per spin speed. Then using the analysis program Gwyddion a height profile
was extracted. Then the mean thickness was calculated in a script written in matlab displayed in
appendix A.4.1. A few of the profiles and the calculated mean thickness of the profiles are displayed
in figure A.17.

In this fashion the average height of the samples was calculated and use to find the average
thickness of the spincoated PDMS samples. A boxplot of the thickness versus the spincoating speed is
displayed in figure A.18.

From these results it is determined an average film thickness is found of 1.4988 um when spincoating
at 10000 RPM, which would make it suitable for trapping the particles. However, when spin speeds
are increased the profiles become very rough, with the waviness increasing[91]. This profile will also
then be replicated into the target material, and as mentioned in section 2.4.4, a flat monolayer crystal
is required to achieve a conformal imprint. However, this waviness might be a result from the fact
that PDMS is transparent, which makes it harder to image with interferometry. Further verification is
therefore required, such as through SEM imaging.
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66 pm

Figure A.16: 3D surface images of the surfaces with the roughest surfaces. From left to right: samples 1-3, 2-2 and 2-3.
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Figure A.17: An overview of some of the profiles extracted from the PDMS films and the mean plotted in them in red. The
sample numbering is defined as spinspeed-sample-spot.
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Figure A.18: A boxplot of the influence of the spin speed on the thickness of the PDMS film.
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A.4.1. Matlab Script for PDMS evaluation

clear all
clc

M = {2500 1-1.txt’,’2500 1-2.txt’,’2500 1-3.txt’,
72500 2-1.txt’,"2500 2-2.txt’,"2500 2-3.txt’, ...
75000 1-1.txt’,’5000 1-2.txt’,’5000 1-3.txt’,...
75000 2-1.txt’,’5000 2-2.txt’,’5000 2-3.txt’, ...
77500 1-2.txt’,"7500 1-3.txt’,” 7500 1-4.txt’,...
77500 2-2.txt’,’7500 2-3.txt’,’ 7500 2-4.txt’,.

710000 1-1.txt’,”10000 1-2.txt’,”10000 1-4.txt’,...
710000 2-1.txt’,”10000 2-2.txt’,”10000 2-3.txt’};

for j = 1:1:1length (M)

clear V_filt

v = load(M{j});

floor = min(v(:,2));

V = v - floor;

[r,c] find(V == max(V(:,2)));

avg v sum(V(:,2))/length(V);
no = length (V);
red = linspace(avg _v,avg _v,length(V(:,2)));

figure (' Visible’ ,’0ff")

figname = strrep (M{j},’ txt’,’png’);

titlename = strrep(M{j},’ .txt’,’");
plot(V(:,1)*(1076),V(:,2)*(1076))

hold on

plot(V(:,1)*(10"6),red* (1076))
title(titlename,’interpreter’,’Tex’, FontSize’, 14, ...
"FontWeight’,’bold’)

ylabel ('Film profile (um)’,’interpreter’,’Tex’,’FontSize’
"FontWeight’,’bold’)

xlabel (' Length (um)’,’interpreter’,’Tex’,’FontSize’, 14, ..
"FontWeight’,’bold’)

saveas (gcf, figname)

hold off

data(j,1) = avg v;
data(j,2) = no;
end

data = data*(1076);

$Specify window settings
w = 1600;
h = 1000;
sz = 2/3;

14, ...
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figure (j+1)

set (gcf, ’'Position’, [100, 100, w*(sz), h*(sz)])

boxplot ([data(l:6,1),data(7:12,1),data(13:18,1),data(19:24,1)1], ...
"positions’, [2500,5000,7500,10000], ...

"Labels’, {2500 RPM’,’5000 RPM’,’” 7500 RPM’,”10000 RPM’})

ylim ([0 max (data(:,1))*1.25])

ylabel ('Film thickness (um)’,’interpreter’,’Tex’,’FontSize’,14,...
"FontWeight’,’bold’)

title (' PDMS Film Thickness for spincoating 3:1 mixture’,’FontSize’,14, ...

"FontWeight’,’bold’)
saveas (gcf,’PDMS plot.png’);
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A.5. Effect of Ethanol on TOPAS

A small experiment was performed to see if ethanol had any effect on TOPAS films in the short or long
term. Three samples were prepared: one which was not treated, one exposed to ethanol for 5 minutes
and the last film was exposed for over 24 hours. Only the film that was exposed for 24 hours showed
a change that could be observed by microscope as shown in figure A.19. This could mean that the
ethanol could damage the microstructures over the long term. To measure this, surface roughness
measurements ought to be performed with a fine enough resolution.

Figure A.19: Microscopic images at 50x magnification observing the influence of ethanol on pieces of TOPAS film. A) TOPAS
film without any treatment, including some contaminants. B) TOPAS after rinsing and exposure for 5 minutes. C) TOPAS left for
over 24 hours to ethanol exposure. Significant damage has occured to the topas film, which could damage any microstructures
on the film.






Data Processing

B.1. Crystal Image Analysis

Because the number of particles in a single SEM image can be huge, it is not trivial matter to detect
most, if not all, of these without losing information on the structure of the crystal. In the end two
different image recognition techniques were used to detect the particles within the crystals, both will
briefly be discussed in this section.

B.1.1. Particle Detection by Circular Hough Transform

A Circular Hough Transform (CHT) is a reliable way to find the centers of a circular object[92], which
functions as follows. Starting from a circular shape, a circle with a user defined radius is drawn from
this point. The points in which the highest number of circles meet is then chosen as the center of the
circular object. A schematic description of this is shown in figure B.1, from which it is clear that the
closer the radius is to that of the detection circle, the closer the detected centre will be to the actual
centre of the particle.

N n Orginal input image, r = 20, r =25 GHT for circle with r = 20 CHT for circle with r = 25
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Figure B.1: Example of the of the Circular Hough Transform (CHT) algorithm. A) Schematic image of the centre detection.
Circles are drawn from the detection pixels and the centre is determined where they intersect. B) An example of the influence
of the detection radius. The closer the detection radius circle is to that of the circle which is to be detected, the higher the
confidence of the location of the circle becomes. Adapted from [92].

Using the CHT algorithim build into Matlab through the CircleFinder application[93], the particle
centres are detected and saved in terms of x and y coordinates. An example of how this detection is
performed is shown in figure B.2.

However, the problem with the algorithm is that particles which are fuzzy or not bright compared
to the background, are rarely detected.

B.1.2. Particle Detection by Crocker-Grier Algorithm

Therefore, an algorithm by John Crocker and David Grier[94] (CG), which can detect particles from low
resolution video material, for some of the SEM images. This detection is performed through filtering of
the images through certain convolution kernels, such that fuzzy particles are turned into bright spots
which indicate the centres. An example of it's usage is displayed in figure B.3.

55
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Figure B.2: Image of the CircleFinder application as provided by Mathworks. The particles are detected by the red circles drawn
around them.

Figure B.3: Images of the image transformation. A) An image of a colloidal crystals with scale bar 2 pm. B) The image as
filtered with the convolution kernel. C) By dilation the particle centres are revealed as black dots. Adapted from [94].

The centres are retrieved by taking the local brightness maxima and refinement by only keeping
the upper 30th percentile as a particle location. The implementation within Matlab was performed by
Maria Kilfoil[95], and was incorporated within an algorithm which processed a set of SEM images.

As both algorithms function differently in terms of particle detection, a comparison of some SEM
images using both methods is provided in appendix B.3.

B.2. Method for Evaluating Colloidal Crystal Lattices

Using the coordinates from the particle detection algorithm the lattices can be evaluated. In order to do
this Delaunay Triangulation[96] is employed. Within this algorithm a triangular mesh is found in which
all the angles are reduced to their smallest values possible that can be achieved within a triangular
shape. The points which need to be connected in this fashion are found by drawing a circle a circle
such that the centre is an equal distance from each point. A schematic image of this can be seen in
figure B.4.

By using the set of coordinates and using the built-in Delaunay Triangulation in matlab a triangular
mesh is retrieved. For each triangle the vector lengths are then determined by taking the norm[75] as,

vl = Vx2 +y2, (B.1)

where x and y represent the distance between the two measured points. The angles and ordering
parameter are then calculated as explained in section 3.3.2.
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Figure B.4: An example of a Delaunay Triangulation, where the green circles intersect the particles and the red dots represent
a point equidistant to each point on the circle. Adapted from [96].

B.2.1. Verification

To validate the method a test pattern was made which is exactly hexagonal. The patterns were then
detected using the HCT algorithm and a mesh was generated as show in figure B.5. By evaluating
all the angles an order parameter was found of 0.9988, while for an ideal pattern the value should
be exactly 1. However, some operations will lead to numerical errors which could lead to the small
discrepancy found in the order parameter.
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Figure B.5: Ideal hexagonal pattern with the Delaunay mesh overlaid on top of it.

B.2.2. Order Parameter
The local bond order parameter[97] is a very powerful tool to determine how well a particle fits within

a local symmetry,

(B.2)
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where the N; is the number of neighbouring particles and the angles between particle j and the
k particles are used to determine the order. Providing a lot of information about the crystallization of
the particles. For already formed colloidal crystals this is order is then summed and average, resulting
in an order for the entire lattice. However, due to this approach not all angles are evenly weighted.
Considering that N; is the total amount of particles, this means that for the entire lattice not all angles
are weighted the same. For example when there is one missing particle from the six-fold symmetry a
N; factor of 1/5 is found, while for an extra particle a N; factor of 1/7 is found. Meaning that the missing
particles angles weigh heavier against the ordering than an extra one. However, since the distance
between particles is not taken into account, this penalization seems arbitrary. Weighing the number
of angles, as is done in equation (3.2), suggest a more fair evaluation of colloidal crystals. However,
a comparison using both ordering parameters on different crystals structures would be needed show
how large the influence on the order parameter actually is.

B.3. Comparison and Evaluation of Particle Detection Results
Because the algorithms function completely differently compared to one another, it is necessary to
compare their results to see if they can be used interchangeably. Such that the datasets achieved with
the two different algorithms can be fairly compared to one another. The results of a random collection
of crystals are determined and presented in table B.1.

Sample No.CG ¥,CG No. CHT Y, CHT Difference No. (%) Difference ¥; (%)

1-3 151 0,566 152 0,564 0,662 0,373
6-1 83 0,540 82 0,506 1,220 6,801
7-1 121 0,309 122 0,472 0,826 52,718
11-3 283 0,471 292 0,384 3,180 22,587
12-2 107 0,335 113 0,332 5,607 1,116
15-3 147 0,552 144 0,555 2,083 0,580
Average 2,263 14,029

Table B.1: Comparison table of the Circular Hough Transform (CHT) and the Crocker-Grier (CG) algorithm, of the number of
detected particles (No.) and the order parameter (W).

S

As far as the detection of particle numbers goes the difference is minimal. However a worrying trend
can be seen in the difference between the two sets of the crystals, where there is an 25 and 52 %
difference in the detected crystal quality. Even though the difference in the number of detected particles
is less than 5 %. Figure B.6 has the two meshes plotted over each other with the red mesh found
through the Crocker-Grier (CG) and the blue mesh found through the CHT algorithms, respectively.
What becomes clear from both figure B.6 A and B is that in the case of the CG algorithm the outliers
are filtered out much less often. Secondly, the points for the CG mesh tend to lie much more outward
than those of the CHT mesh. This is due to the working principle of the CG method, where the brightest
points of the particles are assumed to be the centre. However, especially in the case of figure B.6 B
there is a huge difference in the locations of the centers, because the particles are exceptionally bright
at the edges.

In order to correct for this, all samples evaluated through the CG method should be of effectively
the same brightness over the entire crystals. However, as can be seen in sem samples, there are
only a few of these kinds of these samples and they have all been evaluated with the CHT algorithm.
Alternatively, the error can be combated by increasing the number of samples such that the outliers
lose their statistical influence.



B.3. Comparison and Evaluation of Particle Detection Results
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W

Figure B.6: Images of the two grids which have a variation in the parameter larger than 20%, with blue being the HCT mesh
and red the CG mesh. A) Overlay on Sample 11-3. B) Overlay on sample 7-1.
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C.2. Overview of Commercially Available Colloidal Particles

In table C.1 the commercially available spherical colloidal particles which were considered for use during
the experiments. Including their physical properties, functionalizations, solutions and size distribution.

Supplier Material Size [nm] Size Distr. (CV) Surface Functi lization Solution Shell (Thickness)
NanoComposix  Gold Particles (powder) 2+ 1 <20% Dodecanethiol (Stabilized) NA NA
4+1
51
7+2 <18% PVP
10+2 <15%
12+3
155
20+ 3
30£3
40 £ 4
50 £ 4
50£5
60 £ 4
70+ 5
755 <25%
805 <15%
100 £ 5
Gold Particles (solution) 5+ 2 <18% Citrate, Tannic Acid, PVPPEG, Lipoic Acid, BPEI ~ Sodium Citrate / Water NA
7+2 <15%
102
12+3
15+3
15+£5 <25%
20+ 3 <15%
30£3
40+4
50 + 4
50+£5
60 + 4
70£5
75+£5 <25% PVP Water
805 <15% Citrate, Tannic Acid, PVPPEG, Lipoic Acid, BPEI =~ Sodium Citrate / Water
100 £ 5
Gold Particle with Shell 20+ 3 NA None / Aminated Shell Ethanol Silica (20 £ 5)
705
100 £ 5
20+ 3 Citrate 2mM sodium citrate Silver (Size?)
60 £ 4 Silica (20 £ 5)
80 +4 Silver (Size?)
Silver Particles (powder) 4+ 1 <25% Dodecanethiol NA NA
5+2 <25/ 30% Dodecanethiol, PVP
10+2 <25% PVP
20+ 3 <15/ 20%
25+5 <40%
30£3 <15 %
40+4
50 + 4/5 <15/ 25%
60 + 4 <15 %
70 £ 4
75 £ 4/5 <25%
80 +4 <15 %
100 £ 8
200 + 10
Silver Particles (solution) 5 + 2 <25% Citrate, PVP, Lipoic Acid, BPEI Sodium Citrate / Water NA
5+2 <30% PVP
10+2 <25% Citrate, PVP, Lipoic Acid, BPET
20+ 3 <15/ 20%
25+5 <40% PVP
30£3 <15 %
40 £ 4 Citrate, PVP, PEG, Lipoic Acid, BPEI
50 £ 4 <15/ 25%
505 <25% PVP
60 + 4 <15 % Citrate, PVP, PEG, Lipoic Acid, BPEI
70 £ 4
75 + 4/5 <25% Citrate, PVP
80+4 <15 % Citrate, PVP, PEG, Lipoic Acid, BPEI
100 £ 8
200 + 10
Silver Particle with Shell 50 + 4 NA None / Aminated Shell Ethanol Silica (20 £ 5)
70 £ 10

100 + 10
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pplier Material

Size [nm] Size Distr. (CV) Surface Functi

Soluti

Shell (Thick

)

Silica Particle with Shell

Silicia Particles

Platinum Particles

Magnetite Fe304 (solution)
Magnetite Fe304 (powder)
PolySciences  Silica Microspheres

Silica Microspheres(Colloidal Suspension)

Black Iron Oxide
Red Iron Oxide
Polystyrene

80

120

200

80?

204
50 £ 4
60 £ 4
80 £4
100 £ 4
120 £ 4
140 £ 7
160 £ 7
200+ 7
300 + 30
400 + 40
52

30£3
50 £+ 4
70 £ 4
205

150
300
400
500
700
900
1000
1500
2500
3000
4000
5000
10
50
100
200 - 300
300 - 800
50
100
200
300
350
400
500
750
1000

NA

<12%

<20 %
<15 %
<30 %

10-15%

NA

NA
<15%
<8 %

<5%
<3 %

PVP, Lipoic Acid, PEG

Aminated, Streptavidin, Goat anti-mouse
Standard, Aminated

Citrate

PVP

Standard (SiOH), Amide, Carboxyl, Streptavidin

Standard (SiOH), NH2, COOH, Streptavidin

NA

Carboxylate

Amino, Carboxylate

Amino, Carboxylate, Sulfate, Hydroxylate
Carboxylate

Amino, Carboxylate, Sulfate, Hydroxylate
Amino, Carboxylate
Amino, Carboxylate, Sulfate, Hydroxylate

Water

PBS or Ethanol
Water / Ethanol

Aqueous Citrate

Citrate
Dried
Powder

Water - NaOH Stabilizer

Powder, wettable in water

Water

Gold (20 * 7)

Silica, Fluorescent
NA

NA

NA

NA

NA

NA

NA

Sigma Aldrich  Silver

104
20+ 4
40+ 4
60 £ 8
100+ 8

NA

NA

Sodium Citrate

NA

Thermo Fisher  Silica

490 + 20
730 £ 20
990 + 20
1570 + 20

4.1 %

2%
25%

Water

NA

Table C.1: Commercially available spherical colloidal particles, including their sizes and material properties.
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