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Abstract
Photonic structures manipulate the flow of light using nano and micro-structured
spatial variations in refractive index. Periodic structures can give rise to photonic
band gaps and di↵ractive behaviour depending on their exact architecture and the
direction and wavelength of incident light. The fabrication and analysis of photonic
structures is a longstanding field of research, as their properties are desirable for
many technological applications and further understanding of optical phenomena.
Conventionally, subtractive lithographic techniques have been used to pattern inorganic materials due to the availability of high index materials and ability to pattern
a wide range of structures. However, in recent years numerous alternative patterning
methods and materials have become available. Organic materials provide a route
for creating photonic structures that are compatible with thin film optoelectronic
technologies and use simple thermal or solution based methods of patterning.
In this work, a method for patterning polymer based materials directly from
solution is developed. This solution moulding is compared to the well established
technique of hot embossing - a standard industrial route for producing surface relief
structures in plastics. Di↵raction gratings are fabricated in the commodity polymer
polystyrene, using both techniques and are analysed structurally using scanning
electron microscopy. Optical di↵ractometry is then employed as a non-destructive
technique which yields di↵raction patterns containing information about the structures. The di↵raction spectra are explored in order to gain insight into the information they provide about the structures and subsequently to compare the fabrication
methods.
Many useful polymeric materials exhibit thermal degradation or cross-linking,
making them unsuitable for hot embossing. The success of solution moulding opens
new possibilities, by enabling the patterning of a wide range of materials at low tem-
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peratures, provided that they can be prepared in solution. Attention is therefore
turned to the patterning of non-commodity materials. A high index, transparent
titanium-poly(vinyl alcohol) (Ti:PVA) hybrid material is structured using solution
moulding. Whilst its properties make it highly suitable for optical applications, the
material cross-links quickly after deposition, meaning that it would be very challenging to hot emboss. Furthermore, a ferroelectric polymer, poly(vinylidenefluoridetrifluoroethylene) (P(VDF-TrFE)), is structured to make simple memory devices.
In this case, solution moulding is employed to achieve the specific structural configuration of the device, and allow for the filling of the initial ferroelectric structure
with a semiconducting polymer, also from solution.
With control over the fabrication of polymer gratings, novel photonic structures
are fabricated by depositing a monolayer of polystyrene microparticles into grating
channels, in a process referred to as ‘nano-pinballing’. This self-assembly route results in structures that resemble those found in nature, to provide structural colour,
for example in opals and on the bodies of some animals. The templated microparticle
layer creates a quasi-random lattice that contrasts with the grating structure to produce both order and disorder. The lattices fabricated are analysed statistically from
optical micrographs, and two-dimensional optical di↵ractometry is employed, with
an emphasis on the ability to detect both non-cumulative and cumulative disorder.
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Chapter 1
Introduction

1

1.1

Overview

Throughout the history of humanity, developments in new technologies have often
been the result of the modification of materials on microscopic to molecular dimensions. In the distant past, the origin of these changes may have been unknown to
those who created them. More recently, advances in nanostructuring have allowed
increasing control over a material’s physical characteristics, enabling the modification of a wide range of properties. For photonic structures, this is illustrated by
the ability to pattern spatial variations in refractive index, on length-scales around
the wavelength of the visible light, that allows us to tailor the optical response of
a material [1, 2, 3]. Such structures exist in nature, such as those of the butterfly
wing in Fig. 1.1. Engineering synthetic materials to manipulate the propagation of
light has been used to advance the field of photonics and has the potential for great
advances in optical technology.
Possible technological applications for photonic structures includes miniaturised
integrated optical circuits and large scale optical coatings [4]. However, one of the
main obstacles faced in making photonic systems available for wider use outside of
the laboratory is working with materials and developing fabrication methods capable
of producing large area and low cost devices. Traditionally, inorganic materials
have been used to study photonic structures, however polymer based materials have
shown promise, for their versatility in terms of processing and compatibility with
roll-to-roll and other scalable, high throughput manufacturing techniques. Polymers
are available in a wide range of forms and functionalities, with many commodity
plastics readily available for testing. Extensive research e↵orts have already been
made into patterning plastics for various applications, including photonics, and a
large variety of methods have been developed [5].
The major drawback of polymer materials for photonics, when compared with
inorganics, is the relatively low range and values of refractive indices available. As
most optical devices rely on refractive index contrasts between two or more media,
this is of significant concern. Optically transparent commodity polymers typically
exhibit indices of around n = 1.5. Work in this thesis concerns the use of polystyrene
and poly(vinyl alcohol) which have indices around nPS = 1.6 and nPVA = 1.5 in the
visible spectrum [6, 7]. Resolving this limitation is a research field of high activity
2

in itself, with new polymer and hybrid materials for both low and high refractive
index materials being reported and made commercially available.
Combining new materials, with the diversity of polymer patterning techniques
available opens opportunities for new devices and further understanding of material
and optical phenomena. However this can only be achieved with a comprehensive
metrology system for photonic structures. High resolution microscopy techniques
(AFM, SEM etc.) have been routinely used for this purpose in the area of polymer
patterning, but such methods can only provide limited information and give no
insight into the optical response of the structures. There have also been e↵orts
into exploiting optical interference e↵ects from photonic structures, in the form
of spectral and di↵ractive techniques, to quantitatively probe both their quality
and photonic properties. [8, 9, 10] It is the incorporation of developments from
the variety of fields described in this introduction that will permit the continued
growth of polymer photonics and bring the exciting prospect of new discoveries and
technologies.

10 µm

1 µm

Figure 1.1: SEM image of butterfly wing scale with embedded photonic structure.
The wing displayed a bright blue iridescent colouration.
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1.2

Photonic Structures

Photonic structures can generally be considered as materials with a spatial modulation in refractive index. This is typically an alternation between a high and
low-index medium, either achieved by the physical variation between materials, or
an induced change in the properties of a single medium [4, 11]. This variation in
refractive index can occur in one, two or three dimensions, and some examples of periodically repeating structures in all three dimensions are shown in Fig. 1.2. When
these types of repetitions occur on the same scale as the wavelength of visible light,
interference e↵ects control the propagation of light through the structures.
a)

b)

c)

a)
20 mm

50 cm

5m

Figure 1.2: Examples of macroscopic spatially repeating structures with a (a) threedimensional pyramid of oranges, (b) two-dimensional honeycomb and (c) the onedimensional battlements of Leeds castle.

These types of photonic structures have been a continual field of study since the
di↵raction e↵ect was first noticed naturally occurring in the feathers of bird wings by
James Gregory in 1673 [12]. The e↵ect was later replicated by 1786 by Hopkins and
Rittenhouse, with a finely strung array of parallel hairs [13]. In more recent times,
our improving ability to manipulate materials on ever-decreasing length scales has
led to the advances in materials that are physically structured on the micro-scale
and below.

1.2.1

The Development of Micropatterned Photonics

In the early half of the 20th century, the first manufactured di↵raction gratings
were fabricated by ruling machines, which inscribed micron sized lines into the
surface of metal plates using precision dividing machines that push even the limits of
modern engineering. This method is still used today in the production of commercial
4

gratings, but is obviously limited to a limited range of geometries [14]. Research
into the structuring of materials with more exotic architectures was sparked in the
latter half of the same century by photonic crystals, materials that have an optical
band gap analogous to the electronic band gap in a semiconductor. The existence of
a photonic band gap, a region of the spectrum which is forbidden to propagate, was
already known to exist in one direction and had been experimentally observed in the
form of Bragg mirrors. These consist of repeating films of materials with alternating
refractive indices, often fabricated by simply sputtering coating upon coating of two
di↵erent materials. In the latter half of the century, structures that were periodic
in more than one direction were studied and the theory for a photonic band gap in
two or three dimensions was developed [15, 16].
For photonic crystals with band gaps in the visible and infrared regions of the
electromagnetic spectrum, materials are required that are both optically transparent
and have high refractive indices in the desired wavelength range. Inorganic semiconductor materials have filled this role successfully by presenting a range of available
indices, whilst possessing low optical loss [17]. Their prevalence has been further
driven by the emergence of numerous semiconductor processing techniques for commercially available integrated circuits. The first significant milestone in the fabrication of photonic crystals was the demonstration of a two-dimensional photonic band
gap structure operating at optical wavelengths by Krauss et al. [18]. The structure
consisted of a hexagonal lattice of holes in SiO2 with diameters around 100 nm and
integrated waveguides that allowed probing of the stop-band by a Ti:sapphire laser
from di↵erent directions. The device was fabricated using electron-beam lithography and reactive ion etching with total patterned active area of less than 100
µm2 . Later, in 1998, Lin et al. demonstrated a Si woodpile photonic crystal with
three-dimensional periodicity and band gap between 10 and 14.5 µm. Layer by
layer construction was employed, using fabrication methods again derived from the
microelectronics industry. Within the following years, two- and three-dimensional
inorganic photonic crystals continued to be fabricated using multi-step lithography
and etching techniques, including those with defects to act as waveguides or spatially
confine light [19, 20, 21].
Despite these seminal results and promises of micro-scale photonic devices bring-
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ing a revolution in telecommunications and computing, the proliferation of such
technology is yet to be realised. Development still relies on slow, energy intensive,
multi-step fabrication methods, more suitable for producing one-o↵ samples in a
laboratory, and even basic research is limited by the lack of readily available inexpensive reproducible photonic structures to study. Fabrication lines have been set
up to deliver standardised commercially available two-dimensional photonic crystal
geometries, but they are still created with lithography followed by reductive etching,
requiring cleanroom conditions and often with lead times of several weeks. Attention has therefore expanded to the investigation of other classes of materials for their
potential in forming photonic structures.

1.3

Structuring With Polymers

Plastics, materials made from polymers, were not conventionally seen as a contender
for photonic structures due to their low and small range of refractive indices. However in the mean time, due to their other useful properties a great deal of e↵ort has
gone into manufacturing plastics for commodity items, including patterning them
with surface relief structures. The raised characters on bank cards provide an every day example of the widespread successful deployment of a physically structured
polymer. With advances in both processing and materials, the prospects for polymer
based photonic devices are promising.

1.3.1

Patterning Methods

Hot Embossing
Many polymers exhibit glass and melt phase transitions at relatively low temperatures (from below room temperature up to a few hundred degrees), permitting
them to flow and be moulded into new shapes. This is the general principle behind
hot embossing (also known as thermoplastic nanoimprint lithography or T-NIL)
[22]. While everyday items such as bank cards are embossed on the sub-millimetre
scale, the limits of this method have been pushed much further. Photonic structures formed by hot embossing already exist in millions of people’s homes in the
form of optical storage discs such as CDs, DVDs and Blu-Ray discs. These are mass
6

produced by creating a rigid master patterned with the reverse of the desired final
structure, which can be pressed many times into blank plastic discs at temperatures
above the Tg or Tm . Advances with the method have resulted in the processing
of smaller features providing a higher information density. The clear advantage is
that from one master, many copies of the same pattern can be reproduced in quick
succession.
Since the Chou et al. demonstrated embossing an square array of holes with
25 nm diameters spaced apart by only 120 nm, hot embossing has been used by
researchers to pattern on the microscale and below [23]. Two-dimensional photonic
crystal surface relief structures are now readily patterned in polymer films, including
the incorporation of waveguide defects and impressive aspect ratios [24, 25]. The
usefulness of hot embossing is also not limited to just replicating devices of the
dimensions required for photonic crystals. Hierarchical structures have also been
realised by multi-step embossing with di↵erent masters on one sample [26]. On a
larger scale, in the region of hundreds of microns, miniaturised fibre-like optical
waveguides have also been shown, and the method has also found use in the field of
microfluidics [27, 28].
Derivatives of the technique also exist, serving to further increase its versatility.
Embossing below the Tg of a polymer, known as solid-state embossing, is one such
extension of this technique that also allows repeated patterning of the same sample,
enabling more complex structures to be formed from one simple master [29]. By
contrast, the use of an elastomeric stamp, rather than a rigid master presents a soft
lithography variation. In this case, many elastomeric inverted replicas of the master
structure can be made and used for the embossing process, thereby reducing the
number of masters needed and the risk of contamination or damage. The potential
for this route is shown by the use of a PDMS stamp to emboss non-planar surfaces
[30]. Nanoimprint methods that use an elastomeric stamp are known collectively as
“soft lithography”. Importantly for the prospect of scalable fabrication, hot embossing has been demonstrated on roll-to-roll setups in ambient conditions, producing
replica polymer photonic structures on continuous webs, something inconceivable
for inorganics [31, 32, 33].
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Photo Nanoimprint Lithography
P-NIL is very similar to hot embossing in mechanism, but rather than manipulating
a polymer above a phase transition temperature, it involves the imprinting of a low
viscosity photo resist or curable prepolymer. These are materials which are in a
liquid state until exposed to UV light, which triggers a chemical reaction causing
the material to cross-link into a rigid structure [34]. The method addresses some of
the drawbacks associated with hot embossing such as the time and energy associated
with heating cycles and the amount of pressure needed to emboss. Room temperature processing also removes distortions or misalignments due to di↵erent thermal
expansion coefficients of the mould, substrate and imprinted medium [35, 36]. Furthermore, specific resists can o↵er some processing advantageous and have been
chemically designed to give extra benefits including lower viscosities and reduced
shrinkage [37, 38].
As with hot embossing, developments of the basic P-NIL method have been investigated. Microtransfer printing (µTP) and micromoulding in capillaries (MIMIC)
are soft lithography variants that take advantage of the properties of elastomeric
stamps to produce standalone features with no residual film [39]. P-NIL has also
been used to demonstrate soft lithography with feature sizes down to 50 nm by using
the improved elastomer h-PDMS. Roll-to-roll photocuring and imprinting methods
have lead to the implementation of high throughput P-NIL fabricated structures
[40, 41]. An added merit of P-NIL is that due to the hardness of cured resists, they
can in turn be used as the stamps for other subsequent nanoimprinting methods, including roll-to-roll hot embossing going further to remove the necessity of fabricating
many costly masters [42, 43].
Colloidal Self Assembly
Colloidal crystals are two or three-dimensional crystalline arrangements of colloidal
microparticles. Interest in them related to photonics was originally sparked by
the discovery that naturally occurring opals derived their colour from the close
three-dimensional packing of mineral microparticles [44, 45, 46]. The attraction
towards synthetically fabricating the structures has grown since 1998, after it was
shown that the inverse opal structure, a colloidal crystal infilled with a higher index
8

material, could produce a full three-dimensional photonic band gap [47]. This was
experimentally verified over the next two years and has given rise to a field within its
own right [48, 49]. Colloidal crystals o↵er a bridge between the processing of organic
and inorganic materials, as the microparticles typically used can be polystyrene or
silica microspheres, and indeed could be any material that can be formed into a
monodisperse colloid [50].
The lure of colloidal crystals for photonics applications lies not just in their
band gap properties, but in the fact that they are created by self assembly. The
first occurrence of this recorded in a non-commercial laboratory was the accidental sedimentation of an ethanol based suspension of 135 nm silica spheres in oil
[51]. Since then, various methods have evolved to produce spontaneously ordered
colloidal crystals including water floatation, vertical deposition, blade coating and
the Langmuir-Blodgett approach [52, 53, 54, 55]. There have been numerous studies on the sensitivity of colloidal self assembly to controllable parameters of these
techniques such as solvent choice, temperature, humidity and coating speeds [56].
These have informed e↵orts to control the spontaneous ordering of microparticles
to construct large defect-free large mono and multilayers with crystalline domains
showing long range order [57, 58, 59]. Where most studies have focussed on the
production of individual samples on slides or wafers, techniques such as blade coating are compatible with scalable production and a continuous Langmuir-Blodgett
method has also been demonstrated [60].
By altering the materials, substrate or deposition method, colloidal self assembly can be applied to the production of structures with modified designs. Di↵erent
crystal orientations and packing have been encouraged for example by modifying
processing parameters to avoid close packing of the particles, changing the building
blocks by heavily modifying their shapes into cubes or more complex forms and
functionalising the microparticle surfaces [57, 61, 62, 63]. Building superstructures
by patterning the colloidal crystals themselves has been studied. One method to
shape the structures is to create contrasting hydrophobic and hydrophilic regions
on a substrate by spatial chemical modification with a self assembled monolayer
(SAM), encouraging colloidal suspensions to wet only the desired locations [64, 65].
The SAM is usually patterned using a soft lithographic process called micro contact

9

printing (µCP), in which an elastomeric stamp is wetted with a thin layer of material and then used to print it onto a surface, analogous to rubber stamp printing
[39]. Microcontact printing can in fact be used to directly pattern the microspheres
themselves, by either selectively removing them from a deposited monolayer and, if
desired, depositing them onto another surface [66, 67].
Of particular interest to the work in this thesis are the e↵orts made to combine
lithography and self assembly to template the crystals into novel architectures by
using surface relief structures as substrates [68]. This can be done with a view to
simply nucleating alternate or mixed crystal types or creating entirely new structures with multiple components [69]. With this method many isolated, uniform,
microscopic colloidal crystals have been formed on a single substrate [70]. The exact structure formed is a result of the shape of the template and its dimensions
relative to those of the colloidal particles [71, 72]. The confinement imposed on the
particles by the templating structure has led to the alignment of particles and the
formation of complex multi-particle shapes such as rings and other complex aggregates [72, 73]. Although the control over these procedures is yet to be demonstrated
reproducibly over large areas, the potential for forming fascinating new colloidal
crystals or mixed-component photonic structures for further study is an exciting
prospect.
Other Methods
Although not directly relevant to the work in this thesis, there is a wealth of unique
polymer patterning techniques which deserve mention to give a full view of the capabilities using plastics. Some of these are more closely related to the nanoimprint
lithography methods already discussed, including a method known as solvent assisted micromoulding (SAMIM) [74]. In this technique, a thin, planar polymer film
is deposited by typical methods such as spin- or bar-coating. An elastomeric stamp
is wetted with a small amount of a solvent to partially dissolve the polymer and then
pressed into the film. As the solvent softens the polymer it is patterned and the
stamp can be removed once the residual solvent has dried. Solvent based methods
are useful for working with materials that exhibit a high Tm or Tg , or degrade under
elevated temperature, or where applying heat is unfavourable for other parts of a
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multi-component device. Related closely to this is the imprinting of sol-gel materials
while they are still able to flow and has been used for patterning polymer-inorganic
hybrids [75, 76]. While much attention has been given to imprinting liquid resists
specifically designed for the purpose, the fine structuring of conventional materials
in solution has been largely underexplored.
A distinctive patterning route o↵ered by organics is the self assembly of block
copolymers [77]. These are polymers that are synthesised to have sections of di↵erent polymerised monomers. They can be classed as diblock, triblock, tetrablock or
multiblock depending on the number of segments. The property that makes these
so interesting is their ability to microphase separate because of immiscibility between the di↵erent blocks, and self assemble into regular structures, with the exact
dimensions and morphologies depending on the rigidities, surface energies and substrate interactions of the blocks [78]. Once the structures have arranged themselves,
individual components can be removed depending on their resistance to treatments
such as solvents or oxygen plasma. Like this, grating structures and hexagonal and
square arrays of holes in a polymer film have been fabricated on optical lengthscales
and below [79, 80, 81].
On the theme of spontaneous pattern formation, the capabilities of elastomeric
materials to attain surface relief structures have also been widely investigated. In a
process known as surface wrinkling, a thin rigid film is first created on the surface
of an elastomeric block (normally PDMS). When the strain is released, the block
of material attempts to return to its original dimensions and to accommodate the
change in size, the hard surface film buckles out of the plane to form a sinusoidally
wrinkled surface [82, 83]. The strain applied can be mechanical or instigated by
thermal expansion and the thin rigid film can be formed by means such as sputtering
a metal layer of the PDMS or oxidising the surface into a glassy state [84]. It has
been shown that features with periodicity in the visible wavelength regime can be
fabricated as well as two-dimensional structures by applying bi-axial strain [85,
86]. This capacity has seen wrinkled structures used to increase in-coupling for
increasing the efficiency of photovoltaics [87]. Furthermore, hierarchical structures
can be formed by using a nanoimprint lithography pre-patterned block of PDMS,
with such structures finding application as biomimetic dry adhesives [88, 89]. For
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certain situations there is a clear opportunity to use wrinkled PDMS stamps for
nanolithography, bypassing the need for any master.
Photo-polymerisation patterning is a derivative of P-NIL, in that it employs
the use of photo-sensitive resists, but uses optics to cure them on a local scale
rather than in bulk [90]. By focussing the intensity of irradiation of the required
wavelength at particular points in the deposited resist, structures can be written into
the material, which are revealed after the non-cured resist is washed away. This is
similar to conventional photolithography, where the incident irradiation is used to
cure the resist through a mask, but now covers newly developed mechanisms. One
method involves the use of a phase mask placed in conformal contact with the resist,
with polymerisation occurring at the high intensity points of the near field optical
response [91, 92]. In more recent years, direct-write methods have emerged, allowing
a structure of virtually any form, within size limitations, to be built up layer by layer
[2, 93, 94]. This can essentially be seen as a microscopic form of 3D printing.

1.3.2

Organic Materials for Optics

Clearly there is a vast potential to use the structuring methods described for scaled
up and niche technological optical applications. However many of the patterning techniques are tied in with particular organic materials, and not all of them
are designed exclusively with optical applications in mind. The development of
new polymer based materials that are both transparent have high refractive indices
and are soluble, and therefore amenable to patterning has been conventionally approached from two directions; intrinsically high refractive index polymers (HRIPs)
and nanocomposite materials [95]. HRIPs are polymers that are synthesised to incorporate more highly refracting substituents such as aromatic rings and halogen
groups, as well as inorganic and metallic moieties [96, 97, 98]. Recent progress has
seen indices 1.6 < n < 1.8 reached using this approach [99]. There are also examples
of HRIPS designed for patterning, such as a resist that incorporates silica-titania
groups in the polymer backbone [38]. However, relatively modest increases in refractive index at the cost of increased synthetic complexity have limited the progress of
HRIPs in photonics.
The nanocomposite route focusses instead on the mixing of readily synthesised
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inorganic nanoparticles of sub-wavelength dimensions with more commonly available
polymers. The ideal case is an even dispersion of nanoparticles in a polymer matrix,
which increases the refractive index of the material without nanoparticle aggregation
creating larger particulates that cause scattering and reduce transparency [100].
This can occur if the volume fraction of inorganic component is too high, which
places an upper limit on the refractive index it is possible to attain [101]. The range
of available and easily synthesised inorganic nanoparticles has seen the incorporation
of ZrO2 , silicia-titania, PbS and TiO2 , with refractive indices up to and above n =
2 being recorded [102, 103, 104, 105]. There have also been attempts to fabricate
nanocomposite photoresists suitable for P-NIL [106]. However, notable from many
of these studies is the loss of complete optical transparency in the visible spectrum
at high nanoparticle loadings attributed to the aggregation of the nanoparticles into
clusters large enough to cause scattering.
A route to circumvent this issue is to form a nanocomposite where the inorganic
and organic components are mixed on a molecular scale, as has been demonstrated
by Russo et al. [107]. Rather than crystalline TiO2 nanoparticles, a solution of
titanium oxide hydrates is mixed with a solution of poly(vynil alcohol). The strong
interactions between the OH groups of the two materials causes the titanium species
to disperse evenly within the polymer matrix and subsequently cross-link the polymer via hydrogen bonding. They demonstrate transparent thin films with an increased refractive index and inorganic loadings approaching 100% by volume. The
potential for patterning this easily prepared material is explored in Chapter 5.

1.3.3

Analysis of Photonic Structures

A Structural Approach
The optical response of a photonic structure is clearly dependent on its structural
definition and arrangement as well as the materials from which it is comprised. In
many cases, structures are designed to demonstrate a specific optical phenomenon,
and by measuring this it can be be possible to infer information regarding the
qualities of the structure. For example, the reflectivity around the band gap of a
photonic crystal or the transmission and Q-factor of a micro-ring resonator [76, 108].
In most cases this is coupled with “direct” structural analysis, such as SEM or AFM
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scans, which are used to provide a complementary, often qualitative, perspective. As
seen in this review, there is also literature that is focussed solely on the development
of new micropatterning techniques and these rely almost entirely on the structural
analysis to assert the success of a method. This state of a↵airs leaves gaps in our
understanding between the e↵ectiveness of structuring and the optical response.
When quantitative information derived from AFM and SEM data is displayed in
the literature, rather than simply providing a snapshot structural image, the feature
dimensions are often simply highlighted directly on a single image covering a small
area of the sample [109]. This leaves out any meaningful information that can be
used to describe a whole sample. While not a widespread practice, there are good
examples of how this information can be used to obtain a much more informative
picture of how the structures are formed and how they behave by programmatically
deriving size, position and orientation distributions over large areas [54, 73]. This is
a marked improvement over the status quo, but remains limited when considering
implementation of in-line analysis during fabrication. AFM is slow and besides
requiring high vacuum, SEM is a destructive method where organic materials are
concerned.
Di↵ractive Optical Analysis
For periodic surface relief patterns, there has been a significant e↵ort to measure
their di↵ractive optical responses as a generic method to characterise their structures, broadly termed scatterometry [110]. This field has specifically been driven
by the requirement of accurate metrology of the critical dimensions of devices fabricated in high volume semiconductor manufacturing and has become an industry
standard. In general, an incident monochromatic beam or white light source is directed at a periodic structure and components of the resultant di↵raction pattern is
measured with respect to angle or wavelength [111, 112]. It is essentially a modelling
technique, as calculated optical responses are fitted to the experimental data based
on an initial guess of the structure. This is followed by reiterative refinement of
parameters, until a modelled structure that produces a calculated response of sufficient accuracy is attained [113, 114]. The di↵raction response is essentially treated
as a fingerprint for a specific structure.
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Scatterometry experimental data can be gathered by measuring the monochromatic di↵raction efficiencies of all orders at a fixed angle, tracking the di↵raction
efficiency of individual orders across a range of angles or wavelengths [115, 116, 117]
Typically, the calculations are made by a rigorous coupled-wave analysis approach,
and various approaches to the refinement procedure have been made to the refinement algorithms to increase the speed and accuracy of the parameter prediction [118, 119]. By solving this inverse problem, scatterometry has been used to
determine the fill factor, depth, period and sidewall angle of photonic structures
[120, 121, 122]. More complex variables such as line roughness, unconventional
grating feature profiles and the in-situ reflow of annealed polymer gratings have also
been examined [123, 119, 10]. As increasingly small structures have decreased in size,
scatterometry has been adapted to use deep and extreme UV wavelengths[124, 9],
with critical dimension small angle X-ray scattering now being developed for the
same purpose [125].
Although scatterometry is used in the semiconductor industry, general optical
assessment of periodic structures is lacking in the research concerned mainly with
patterning of polymers. In some cases, data is provided in the form of a photograph
of a di↵raction pattern indicating the ‘crystal structure’ or a qualitative description
of the optical response from a measured di↵raction pattern [30, 76, 59, 126, 127, 128].

1.3.4

Disorder: Detecting the Inevitable

No real system can be perfectly periodic. From screw dislocations and atomic vacancies in crystals on the molecular level to the markings on a ruler, some level of
disorder will always be present. Despite the conventional emphasis on the periodicity of photonic structures giving rise to their optical properties, it is inevitable
that there will be small deviations from the mean period in any direction. When
synthesising a photonic crystal, these discrepancies could arise from errors at any
point during or after the fabrication process due to mechanical or thermodynamic
errors. For a photonic crystal, this can result in the broadening or weakening of the
stop-band [129, 130].
Disorder is not necessarily a bad characteristic. Natural photonic structures,
such as those on the wings of a butterfly [131] or embedded into the exoskeleton
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of a weevil [132] are clearly not perfectly periodic, yet still exhibit strong bulk
optical responses. Aperiodic [133] and quasi-periodic [134] di↵ractive structures have
been used as broadband scatterers to enhance the light harvesting and efficiency of
photovoltaic devices.
Since the theoretical study of disordered dielectric lattices in the mid 1980s
[135, 136], the concept of ‘deterministic aperiodic order’ has emerged to describe
structures that bridge the gap between crystallinity and total disorder with distinctive optical responses [137, 138]. Photonic band gaps in disordered lattices have
since been experimentally demonstrated [139] and even show some advantages such
as isotropic photonic band gaps [140] and waveguiding along arbitrary paths [141].
Simulations of hyperuniform disordered lattices by Florescu et al. highlight the importance of creating and analysing specific types of non-crystallinity in a system,
as the presence of potentially useful optical properties are not linked to arbitrarily
disordered lattices [142].
The link between molecular crystalline order and material properties is long established. It is well known that information about the lattice structure of solid
materials has been studied with x-ray di↵raction (XRD) since the early 20th century [143] and it is still widely used. XRD is used ubiquitously in the study of
molecular and polymeric materials as a way of examining molecular disorder [144].
Although optical di↵raction through a grating is entirely analogous to di↵raction of
x-rays by atomic and molecular structures, there is little or no significant mention of
optical scatterometry being applied to study disorder in the literature. This gap in
the field highlights the potential for the combination of quantitative analysis of optical di↵raction spectra and the novel structures that can be fabricated by polymer
patterning.
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Chapter 2
An Approach to the Assessment of
Photonic Structures
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A Combined Approach
Analysis of the literature suggests that coupling structural and optical analysis is a
useful way to assess the qualities and optical responses of photonic structures. The
specific version of scatterometry used in this thesis consists of a monochromatic
source directed at a fixed di↵racting optical, with the resultant di↵raction spectrum
captured by an angularly resolved detector. We have termed this ‘optical di↵ractometry’. This chapter gives a description of the methods and theory employed
to obtain information about the di↵ractive photonic structures fabricated in later
chapters.

2.1

Optical Di↵ractometry

In this thesis, we focus on the use of an optical di↵ractometer, with a monochromatic
source and an optical intensity detector angularly resolved in one dimension, to
directly measure the di↵raction spectra of photonic structures. This chapter deals
with the methods of extracting and processing data from the di↵ractometer that
are used in subsequent chapters to investigate polymeric photonic structures. Twodimensional optical di↵ractometry, which is used in Chapter 4, is also mentioned.
In order to understand how this technique can be of use, we first explore the theory
behind optical di↵raction.

2.1.1

Theory of Di↵raction

Optical di↵raction is essentially concerned with how light propagating as a wave
interacts with matter. It was Young’s famous interference experiment, di↵racting
light through a slit, which contributed to the acceptance of the wave theory of
light [145]. Early di↵raction theory emerges from the use of gratings which are
e↵ectively a series of apertures in an opaque medium, otherwise known as a binary
amplitude grating. Gratings that give rise to di↵raction from spatially contrasting
refractive indices, such as those formed by surface relief structures, are known as
phase gratings. A description of light di↵racting through slits, based on the FresnelHuygen’s principle can be found in “Optics” by Hecht [146], and is complemented
here by Taylor’s “Di↵raction” [147]. Huygens explored the idea of considering that
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each point on a wavefront is an individual point source itself. Fig. 2.1 shows this
idea for a propagating two-dimensional plane wave.

Figure 2.1: Huygen’s principle demonstrated as plane waves propagating up the
page. Each wave front is treated as an individual source that forms the next front.

As plane waves encounter an obstacle, such as a series of slits, they become
curved, such that the wavefronts exiting from the other side can be considered as
emanating from points at the centres of the transparent regions. The new segments
of the original wave interfere, and destructive and constructive superposition causes a
non-uniform energy distribution. In the far field, this is referred to as the di↵raction
spectrum. A logical understanding of how interference causes di↵raction can be
gained by considering the arrangement in Fig. 2.2. This depicts a segment of a
linear array of N point sources with identical phase spaced apart by ⇤. The rays
that are traced are almost parallel and only meet at a distant point P . We assume
that at this point they have the same amplitude, having travelled a similar distance
such that

E0 (r1 ) = E0 (r2 ) = ... = E0 (rN ) = E0 (r)

(2.1)

The amplitude of the sum of all the interfering wavelets arriving at P is given
by the real part of the electric field
Ẽ = E0 (r)ei(kr1
at time, t, where k =

Ẽ = E0 (r)e

2⇡

!t)

!t)

+ ... + E0 (r)ei(krN

!t)

(2.2)

and with angular frequency, !. Now we can say that

i!t ikr1

e

+ E0 (r)ei(kr2

⇥ [1 + eik(r2

r1)

+ eik(r3

r1)

+ ... + eik(rN

If we define the phase di↵erence between adjacent sources as
Regarding Fig. 2.3 (b) we can see

= k⇤ sin ✓ and therefore
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r1)

]

(2.3)

= k(rN

r1 ).

= k(r2

r1 ),

2 = k(r3

r1 ) etc. Therefore we can write the field at P as

Ẽ = E0 (r)e

i!t ikr1

e

⇥ [1 + ei + (ei )2 + ... + (ei )N

1

]

(2.4)

The expression in brackets can be rewritten as
ei N
ei

1
1

(2.5)

which can be rearranged as
ei

N/2

[ei N/2 e i N/2 ]
ei /2 [ei /2 e i /2 ]

(2.6)

which is equivalent to

e

i(N 1) /2

✓

sin N /2
sin /2

◆

(2.7)

The field can now be expressed as

Ẽ = E0 (r)e

i!t i[kr1 +(N 1) /2]

e

✓

sin N /2
sin /2

◆

(2.8)

If we define the distance from the centre of the oscillator array to P as R
1
R = (N
2

1)⇤ sin ✓ + r1

(2.9)

then we obtain that

Ẽ = E0 (r)e

i(kR !t)

✓

sin N /2
sin /2

◆

(2.10)

Finally, the quantity of interest, the flux density I, which is proportional to the
complex conjugate 12 E.E⇤, can be written as
I = I0

sin N /2
sin /2

(2.11)

The dependence on ✓ can be seen more clearly in the form

I = I0

sin N (k⇤/2) sin ✓
sin(k⇤/2) sin ✓

(2.12)

Whilst this results in the intensity profile of sharp peaks, with intermediate
smaller subsidiary maxima, the important result for this work is that the principal
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maxima occur at di↵raction angles ✓m such that
As

= 2m⇡, where m is an integer.

= kd sin ✓, we obtain the well known grating equation

⇤ sin ✓ = m

(2.13)

r1

r2

Λ

θ

r3

(r2 – r1)
rN
(r3 – r1)

(rN – r1)
=(N – 1) Λ sin θ

Figure 2.2: A straight line of coherent point sources spaced apart by ⇤ that are
perfectly in phase.

Fraunhofer Di↵raction from Multiple Slits
If we now consider instead a binary di↵raction grating of N slits, each with a width,
b, spaced apart by a period, ⇤, we can calculate the intensity distribution at a
point, P , on a plane,

from an incident plane wave, with a wavelength . This

arrangement is shown in the Fig. 2.3 (a). We can begin with an expression for the
total contribution of the electric field at a point on

E=C

Z

b/2

F (y) dy + C
b/2

where F (y) = sin[!t

Z

⇤+b/2

F (z) dy + ... + C
⇤ b/2

k(R

by
Z

(N 1)⇤+b/2

F (z) dy

(2.14)

(N 1)⇤ b/2

y sin ✓)] and R is the distance of the first slit from

P . Applying the Fraunhofer condition, so that the grating configuration has all the
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slits close to the origin, relative to the size of R and using the approximation

r=R

y sin ✓

(2.15)

the contribution from the j th slit (with the first indexed as zero), can be obtained
by evaluating the corresponding integral such that

Ej =

C
[sin(!t
k sin ✓

kR) sin(ky sin ✓)

j⇤+b/2
b/2

cos(!t

kR) sin(ky sin ✓)]j⇤

(2.16)

As the rays are almost parallel, then ✓j ⇡ ✓ and this can become
Ej = bC
where
Rj = R

✓

◆

sin

sin(!t

kR + 2↵j)

(2.17)

= (kb/2) sin ✓ and ↵ = (k⇤/2) sin ✓. From Fig. 2.3 (b), we can see that
j⇤ sin ✓, so that

kR + 2↵j =

kRj . The total sum of the contributions

from each slit is
N
X1

E=

Ej

(2.18)

j=0

therefore

E=

N
X1

bC

j=0

✓

sin

◆

sin(!t

kR + 2↵j)

(2.19)

This can be written as the imaginary part of a complex exponential
2

E = Im 4bC

✓

sin

◆

ei(!t

kR)

N
X1
j=0

3

(ei2↵ )j 5

(2.20)

As seen when evaluating the point sources this reduces to the form

E = bC

✓

sin

◆✓

sin N ↵
N↵

◆

sin[!t

kR + (N

The distance from the centre of the array to P is R

(N

1)↵]

(2.21)

1)(⇤/2) sin ✓, and

therefore the phase of E at P is that of a wave emitted from the middle of the array
of slits. The flux density distribution is therefore

I(✓) = I0

✓

sin

◆2 ✓
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sin N ↵
sin ↵

◆2

(2.22)

As in the earlier treatment, we again obtain that the principal maxima occur
when (sin N ↵/ sin ↵) that occurs when

↵ = 0, ±⇡, ±2⇡, ...

(2.23)

and since ↵ = (k⇤/2) sin ✓, then we again arrive at the grating equation

⇤ sin ✓m = m

(2.24)

Suppose that we could introduce a uniform phase di↵erence between each adjacent slit, ". In the arrangement discussed, this could be created by altering the
incident angle of the plane waves by ✓i such that the di↵raction maxima will occur
at new angles

⇤(sin ✓m + sin ✓i ) = m

(2.25)

Visualising Huygen’s principle in the scenario of a plane wave di↵racting through
a series of slits in Fig. 2.3 (b) allows us to understand the directions of plane waves
caused by constructive superposition.
(a)

(b)
Diffracted
plane
waves

Rj

m=0

1

2

3

θj
b

z
y

R

θ
Λ

Direction of
travel of incident
plane wave

x

Figure 2.3: (a) Binary di↵raction grating formed by a series of slits. The lines traced
by R and Rj meet at some distant point, P , on a plane, . (b) A plane wave di↵racting
through two slits in a continuous series. The dashed lines show the reconstructed plane
waves that form the di↵raction orders according to Huygen’s principle.

Hecht later states that the grating equation is true also for phase gratings [146].
The derivation for this from Maxwell’s equations can be found in “Electromagnetic
Theory of Gratings” [148]. This text also lays the foundations for rigorous coupled
wave theory [149, 150], used to determine the di↵raction intensities from phase
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gratings, which is not covered here. While the numerical modelling required for
phase gratings is beyond the scope of the work in this thesis, the analytical results
derived in this section can be used to examine the di↵raction spectra intensity
profiles of binary amplitude gratings.
N=1

N=4

N = 20

1

Normalised Intensity, I

b = Λ/4

0
1
b = Λ/2

0
1
b = 3Λ/4
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Figure 2.4: Normalised intensity for single and multiple slit di↵raction configurations. Intensity profiles are calculated for various slit widths with

= ⇤/4. The single

slit profile is represented in the multi-slit plots by the grey dashed line.

Intensity profiles calculated using Eq. 2.22 are shown in Fig. 2.4 for one, four
and twenty slit configurations using three di↵erent slit widths, with

= ⇤/4. The

resultant spectra allude to the possible e↵ects of grating geometry and experimental
setup on real di↵raction spectra. The single slit interference patterns essentially
provide an intensity envelope for the multi-slit patterns. As the number of slits
increases, the main maxima peak widths decrease, and the number of subsidiary
maxima increases. Although the subsidiary peaks increase in number, they become
such that in a real system they become indistinguishable from the main peaks.
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The di↵raction analysis system used in this work probes many hundreds of grating
periods and therefore the subsidiary maxima are of little concern. The slit width
causes the enveloping function to change in frequency, which changes the relative
the power distribution between orders. This provides an insight into the potential
use of di↵raction patterns as a unique fingerprint for individual grating structures.
It should also be noted that the calculated spectra are symmetrical as would be
expected from structures that are themselves symmetrical.

2.2

Measuring Di↵raction Spectra

An experimental setup originally built to investigate the far-field spectra response of
sub-wavelength metal gratings was modified to be used as an optical di↵ractometer
and to collect monochromatic di↵raction spectra. The original setup consisted of a
532 nm continuous wave laser fired through a mechanical optical chopper, a GlanThompson linear polariser and a half wave plate before arriving at a target sample.
A double rotation stage was used to allow the sample and a goniometer intensity
detector to rotate around the same axis independently of each other. This was used
to take ✓2✓ measurements. A Labview script controlled the measurement protocol,
automating the angular rotation and collection of intensity information.
For the work shown in this thesis, several modifications to the setup were made.
A drawing of repurposed setup is shown in Fig. 2.5. The source laser was changed
to a continuous wave module with

= 473 nm (Lambda Photometric DPBL-9010).

This higher wavelength was chosen to increase the number of di↵raction orders that
could be probed. The optical chopper and lock in amplifier were retained in order
to isolate the pulsed laser signal from the background noise spectrum present in the
laboratory. This e↵ectively means that the photons counted from those collected
at the signal detector are those originating from the laser, which is valuable for
detecting very low intensity di↵raction peaks often present at high orders.
In the original setup, the optical signal intensity was simply measured as a voltage. In order to record transmission and reflection values from the sample, as a
percentage of the input power, a beam splitter (Thorlabs, 10:90 (R:T), BS025) was
placed in the beam line before the sample to reflect a small percentage of light to
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a reference detector. A second lock-in amplifier was installed for this new detector.
The Labview script was modified in order to collect the reference signal simultaneously to the main signal. Transmission (or reflection) values as a percentage were
then obtained simply by

%=c

ISignal (✓)
IReference (✓)

(2.26)

where ISignal is the voltage recorded from the signal detector, IReference is the
voltage recorded from the reference detector and c is an experimentally determined
constant, relating to the wavelength dependence of the beam splitter efficiency and
any discrepancies in the performance of the nominally identical detectors.
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Figure 2.5: The di↵ractometer setup consists of an incident monochromatic beam,
= 473 nm, directed onto a grating through a beam chopper, linear polariser and
beam splitter. A rotationally translating CCD detector measures the di↵raction pattern, whilst a fixed CCD detector measures the reflected beam from the splitter as a
reference. Both intensities are sent to lock-in amplifiers, which are also linked to a
frequency generator that drives the chopper. The processed signals are delivered to a
computer running a LabView script that automates the setup and collates the data.

A variable width slit was also introduced in front of the signal detector in order
to isolate the region of di↵raction spectra being measured so that only photons
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emitted at the angle of detection are being measured at any time. The slit width
was set as the length of the chord subtended by the chosen angular resolution of each
measurement. Finally, fine control over the rotation and positioning of photonic
structures was obtained by a newly designed and custom constructed mounting
system placed on top of the rotation stage, which allows three translational and
three rotational degrees of freedom for a sample.

2.2.1

Coordinate Definitions

When describing grating structures and their analysis using the di↵ractometer, it
is useful to define coordinate systems that will be used in this work. We defined
a coordinate system with respect to the grating structures, (x, y, z), as shown in
Fig. ??, along with the polarisation definitions. In this work, we define the transverse electric field polarisation, s, as parallel to the grating lines, which are always
positioned perpendicular to the bench surface.
Top view
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x
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b

Λ
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Ē

n
x

Side view

Figure 2.6: Schematic top and side views of a linear phase grating. The co-ordinate
system, (x, y, z), is defined with reference to the grating.

The setup can be used to measure the di↵raction spectra of samples in both
transmission and reflection mode. In transmission mode, it is possible to measure
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the whole of the spectrum in the plane of the detector. However, in reflection mode,
the detector will pass through the path of the incident beam between

10 and

+10 , cutting o↵ the measurement between these points. The scanning path for
both modes is shown in Fig. 2.7.

Figure 2.7: Simplified top-down schematic of sample and detector in di↵ractometer
as used in transmission and reflection mode. The coordinate system (u, v, w) is set
with respect to the optical table, and the coordinate system (x, y, z) is fixed with
respect to the sample. The detector is set to scan through ✓ between
normally starting at

2.2.2

90 and +90 ,

90 .

Polarisation and Alignment

The di↵ractometer setup used for analysing the gratings in this work allows control
over the direction of linear polarisation of the incident light, by rotation of a GlanThompson prism polariser around the optical axis as shown in Fig. 2.8. For exact
positioning and rotation of the sample itself, a custom stage has been constructed,
allowing three translational and three rotational degrees of freedom. This is particularly important for optical alignment and for measuring structures with periodicity
in more than one direction. To align the samples in the setup, two steps are taken.
Firstly, the specular reflection is aligned with the optical axis by rotating through
the ↵ and

axes. Rotation around

is then used to ensure that the di↵raction pat-

tern, which projects perpendicularly to the grating lines, is perfectly horizontal. To
ensure that the correct part of the sample is probed, micrometer screws are used to
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translate the stage through the (u, v, w) axes. In the experiments described in this
thesis, the samples are positioned in ‘reverse’ mode, such that the grating features
face away from the source direction. In this case the z axis is antiparallel to the v
axis.

Figure 2.8: Drawing of axes of rotation and translation accessible with the experimental setup. The (u, v, w) axes are fixed with respect to the optical axis.

In addition to correct alignment of the sample, a slit must be placed in front of the
signal detector to ensure that light is collected at only discrete points corresponding
to the angular resolution of the detector. A variable slit was used, with the width,
s, determined by the small angle approximation such that s =
radius of the arc travelled by the detector and

✓r, where r is the

✓ is the desired angular resolution.

The calibration of this can be checked by checking that a value of 100 % transmission
is obtained with no sample.

2.3
2.3.1

Transmission and Reflection
Transmission and Reflection Spectra

The di↵ractometer setup is suitable for measuring one-dimensional monochromatic
di↵raction patterns (or one-dimensional slices of two-dimensional di↵raction patterns). In the resulting spectra, the positions, heights, widths and areas of the
peaks can be analysed. This can be done in both transmission and reflection modes,
to capture transmitted and reflected di↵raction orders, as shown in Fig. 2.9. The
di↵raction spectra are a rich source of data, containing information about the struc29

ture and material being probed. Due to the limitations on measuring reflection
spectra, this mode is used only when the master structures are measured, due to
their lack of transparency in the visible spectrum. For the purposes of describing
the measurement technique and subsequent data examination, experimentally obtained spectra from a hot embossed polystyrene grating will be used as an example.
The exact fabrication parameters and numerical data derived from this sample are
covered in Chapter 4. The spectra were taken with ✓i = 0 in s polarisation and an
angular resolution

✓ = 0.1 .
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Figure 2.9: The di↵ractometer setup can be used to measure transmitted and reflected modes, by rotating the starting position of the detector. In reflection mode, the
detector passes through the incident beam, preventing the measurement of reflected
orders at low angles.

Fig. 2.10 shows typical di↵raction transmission and reflection spectra, with all
the orders expected present in transmission mode. The log plots demonstrate the
capability of the di↵ractometer to measure over five orders of magnitude in intensity
above the noise floor. The m = 0 and ±1 orders are missing from the reflection
spectrum, as they are blocked by the detector. It is possible to gain information
about these orders if the angle of incidence was altered. High order reflected modes
are also not visible in this spectrum, as they are too weak in intensity and fall
below the signal to noise floor. This problem can also be resolved by reducing the
angular resolution,

✓, and increasing the slit width of in the measurement setup,
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but a reduction in angular resolution is not favourable for peak shape analysis. This
thesis focusses largely on spectra collected in transmission mode, as they tend to be
more complete due to the use of transparent materials for the photonic structures.
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Figure 2.10: The di↵ractometer setup can be used to measure transmitted and reflected modes, by rotating the starting position of the detector. In reflection mode, the
detector passes through the incident beam, preventing the measurement of reflected
orders at low angles. The example data here is experimentally obtained, taken from
a hot embossed polystyrene grating.

2.3.2

Di↵raction Efficiency

The di↵raction efficiency is defined as the percentage of power that is contained
within each individual di↵racted mode. Measuring this accurately from the di↵raction spectra is dependent on choosing the correct bin size for the integration of the
individual peaks, to ensure that all the power in each mode is recorded. Let us consider integrating the areas under m = 1 and 8 di↵raction order transmission peaks,
with a fixed integration angle, ✓DE .
Higher orders are often broader than lower orders, so choosing a fixed di↵raction
efficiency integration angle is therefore governed by the breadth of the highest and
usually broadest di↵raction order peak. Fig. 2.11 compares the proportion of power
in di↵raction peaks captured by increasing integration angles. It shows that for the
m = 1 order, the majority of the power is captured by summing the data points
within ✓DE = 0.5 centred around the maximum. However, for the m = 8 peak, a
much larger integration angle is required to capture the power in the main peak and
its subsidiary maxima.

31

5

8

θDE = 2˚

-2

0

5

5

6

7

8
x10

10

10

-2

θDE = 2˚

m=1

Transmission (%)

Transmission (%)

m=8

4
2

0

0

θDE = 0.5˚

6

x10

5

8
-2

10

m=8

4

0
10
Transmission (%)

Transmission (%)

θDE = 0.5˚

θDE = 0.1˚

2

0
m=1

m=8

6

x10

10

10
Transmission (%)

Transmission (%)

θDE = 0.1˚

m=1

6
4
2
0
64

8

Angle (˚)

65

66

67

68

69

Angle (˚)

Figure 2.11: Measuring the di↵raction efficiency relies on capturing all of the power
within a di↵raction order. Low (m = 1) and high (m = 8) di↵raction orders are shown
with the hatched area showing the area that is summed for di↵erent integration angles.

Fig. 2.12 shows the di↵raction efficiency recorded for the peaks in Fig.2.11 at
various integration angles. The inverse exponential trend shows saturation for the
m = 1 peak at a much lower integration angle than the m = 8 peak, due to the
di↵erence in their widths. Increasing the integration angle, beyond the saturation
point does not significantly increase the di↵raction efficiency recorded, so using an
integration angle large enough to capture all of the power in the broadest order is
advisable. This is aided by the low noise of the measurement signal. In this case,
✓DE ⇡ 3 is sufficient to calculate the di↵raction efficiency for both orders.
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Figure 2.12: The di↵raction efficiency recorded follows an inverse exponential trend
with the integration angle used. Saturation is achieved when the integration angle
is large enough to capture all power with a di↵raction order. To obtain di↵raction
efficiencies for all orders in a spectrum, an integration large enough to capture all of
the power in the broadest order is used.

Integrating all the peaks in the di↵raction spectrum in Fig, 2.10 with ✓DE = 3
yields a corresponding di↵raction efficiency spectrum, as shown in Fig. 2.13. The
di↵raction efficiencies are now plotted against m rather than ✓m . By summing the
di↵raction efficiencies, the total transmission di↵raction efficiency, DET,Total , can be

Transmission Diffraction
Efficiency, DET (%)

calculated.
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Figure 2.13: The di↵raction efficiency recorded follows an inverse exponential trend
with the integration angle used. Saturation is achieved when the integration angle
is large enough to capture all power with a di↵raction order. To obtain di↵raction
efficiencies for all orders in a spectrum, an integration angle large enough to capture
all of the power in the broadest order is used.

Di↵raction efficiency has been the large focus of previous scatterometry studies
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for the metrology of gratings. As many references to this established method are
available in the literature and as books, it has not formed part of the main focus of
this thesis. Instead, a greater importance has been placed on accurate measurements
of periodicity and the less explored area of measuring disorder.

2.4

Period

The grating equation allows us to predict the angles of di↵raction maxima peaks,
✓m , for any di↵raction order , m, at a given wavelength, , period, ⇤ and angle of
incidence.

✓m = arcsin

✓

m
⇤

sin ✓i

◆

(2.27)

In this thesis, ✓i = 0 , as the angle of incidence is not varied and so 2.27 becomes,
and so we refer to the grating equation as being

✓m = arcsin

m
⇤

(2.28)

If ✓m becomes imaginary for a di↵raction order, the mode becomes evanescent
and does not propagate in the far field. For propagation of a di↵raction order to
occur, we must have that

|sin ✓m | =

m
⇤

<1

(2.29)

A consequence of this is that di↵raction will only occur when the grating period
is larger than the wavelength of the incident light. The maximum value of m is
therefore determined by

mmax =

⇤

(2.30)

and rounding down to the closest integer. Following this, the total number of
di↵raction orders, including the zeroth order, M , is defined by

M = 2mmax + 1 =
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2⇤

+1

(2.31)

Precise measurements of the period of a grating structure can be made by comparing experimentally obtained values of the di↵raction angles of di↵raction maxima,
✓m , with those calculated using Eq. 2.28. Fig. 2.14 shows values of ✓m calculated for
⇤

= 0 to 10. To generalise the results, we calculate and plot the results for values of

⇤

, which is more versatile than looking at particular combinations of definite periods

or wavelengths. It instead permits the examination of the behaviour of a range of
generalised ratios of period to wavelength, not being limited to any particular part
of the electromagnetic spectrum.
Fig. 2.14 allows us to visualise how many di↵raction orders arise at any given
⇤

, which can be seen to satisfy Eq. 2.30. An angular dispersion is also recognisable,

with di↵raction orders occurring at high values of ✓m being more a↵ected by small
changes in period or wavelength. In particular, it is the di↵raction orders with the
⇤

highest values of m for any given

that produce have the highest rate of change of

di↵raction angle with period or wavelength. This has implications for detection of
small changes in periodicity and therefore the accuracy of measuring the period of

Diffraction Angle, θm (˚)

a structure.
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Figure 2.14: The number of di↵raction orders (identified by integer numbers, m)
and their di↵raction angles, ✓m , are predicted by the grating equation for any value
of

⇤

. An angular dispersion occurs with

⇤

as ✓i increases for each order. At ✓i = 0,

the di↵raction angles are symmetric around ✓ = 0.

The rate of angular dispersion of ✓m with period, can be modelled by rearranging
and di↵erentiating Eq. 2.28 to give
d✓m
=
d⇤

⇤2
35

m
cos ✓m

(2.32)

However, our capability to measure ✓m accurately is governed by the angular
resolution of the di↵ractometer,

✓, which can be modified by varying the detector

step size. We can redefine Eq. 2.32 in terms of

✓ to give us incremental changes

in the detectable di↵erence in period

| ⇤| ⇡

⇤2 cos ✓m
✓
m

(2.33)

Finally, it is useful to express this as a proportion of the period being measured,
rather than an absolute value, in order to express the accuracy in the measurement,
and so our equation becomes
⇤
⇤ cos ✓m
⇡
✓
⇤
m

(2.34)

This shows us that the accuracy with which the period can be determined by
measuring ✓m is fundamentally governed by the dispersion seen earlier in the grating
equation, but also scales linearly with
calculated for

⇤

✓. To demonstrate this change,

between 1 and 10 with typical instrumental resolutions of

⇤
⇤

was
✓ =

0.025, 0.05, 0.1 and 0.2 and the resulting values are shown in Fig. 2.15.Comparing
this with Fig. 2.14, we can see that as di↵raction orders tend to lower di↵raction
angles, the decreasing rate of change in ✓m leads to a reduction in the resolution with
which the period can be measured. With the experimental setup used, decreasing

✓

requires a smaller detector slit size, which reduces the signal to noise ratio, while
also linearly increasing the time taken for each measurement. As a compromise
between these factors, the di↵ractometry measurements in this thesis were made
with

✓ = 0.1 and all work was carried out with systems where

⇤

< 10. In this

situation, all di↵raction orders besides m = 1 can be used to calculate the period
with an accuracy of less than 1% of its true value.
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Figure 2.15: Calculated resolving power of the period of di↵ractive elements using
the di↵ractometer setup with di↵erent angular resolutions,

✓. Di↵raction orders

with the highest m values provide the highest resolution for any given

⇤

due the the

angular dispersion of di↵raction orders. The resolving power is proportional to the
angular resolution,

✓. Di↵raction orders m = 1 to 9 are labelled.

Identifying maxima of peaks in a di↵raction transmission spectrum yields values
for the di↵raction angles, ✓m . A fit is generated for the di↵raction angles using
Eq. 2.27, resulting in a value for the period. The above treatment of the angular
dispersion present in di↵raction demonstrated that by using higher di↵raction orders,
we can obtain a more accurate value for the period of the structures. Fig. 2.16
displays the identified peak maxima, and the fit generated to all of the di↵raction
orders, obtaining a period of ⇤ = 4.121 µm. The accuracy of this technique is
discussed in Chapter 3 as part of the analysis of polystyrene gratings.
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Figure 2.16: The grating equation (Eq. 2.27) is fitted to the ✓m values measured
from the positions of the di↵raction peak maxima.

2.5

Disorder

In this thesis, disorder can be thought of as deviations in the lattice spacing, or periodicity, from an expected value. A simple example of introducing disorder would
be moving from a line of perfectly periodic points to a system where each point is
o↵set randomly from its expected position by a relatively small amount according
a normal distribution. Segments of such arrays are depicted in Fig. 2.17. In the
¯ and the distribution
perfect system, the period ⇤ is the same as the mean period ⇤
can be expressed as an impulse (or Kronecker) function centred on ⇤. In contrast,
the periodicity of the disordered system can be described by a normal distribution
¯ with a FWHM,
centred on ⇤

⇤.

This type of disruption to a structure can be re-

ferred to as microstrain, lattice fluctuations or non-cumulative disorder when atomic
lattices are being discussed.
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Figure 2.17: The grating equation (Eq. 2.27) is fitted to the ✓m values measured
from the positions of the di↵raction peak maxima.

In reality, spatial lattice deviations can also manifest in another form: cumulative
disorder, also known as paracrystallinity or disorder of the second kind [151, 152].
Non-cumulative disorder is simply defined as small local lattice fluctuations that
have no subsequent e↵ect on the positions of adjacent structural features [152].
Although this contributes to a broadening of the distribution of periodicity across
a lattice, it does not a↵ect the average lattice. As illustrated in Fig. 2.18 (a), small
deviations from the ideal lattice positions contribute no significant change to the
predictability of the lattice across the columns. Cumulative disorder on the other
hand describes lattice disruptions that have a “knock-on” e↵ect on adjacent unit
cells. Across a lattice this accumulates, and the ability to predict the location of a
unit cell from any point other changes with distance [153, 154]. Fig. 2.18 (b) shows
one-dimensional cumulative disorder, where the ability to predict the position of a
unit cell from the average lattice is decreasing with distance from the first column,
portrayed by the broadening particle distributions.
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2.5.1

Williamson Hall Method

For interpreting the changes in peak breadth, with increasing di↵raction order or
angle, we used the Williamson-Hall method [156, 157]. This method separates the
e↵ects of lattice strain and crystallite size in atomic systems through examination
of changes in the integral breadth,

, of di↵raction peaks. A fit can be made

of the integral breadth against order or angle to extract the disorder, ", and the
coherence length (crystallite size), L, requiring several di↵raction peaks for accuracy.
This routine originates from XRD analysis of metallic particles and as it is not an
examination of full peak shapes, has been superseded by more accurate techniques.
However it remains in use for determining relative levels of disorder between similar
systems [144].

, in radians, is defined as
Peak Area
Peak Maximum

=

(2.35)

The Williamson-Hall method uses the Scherrer equation, which relates contributions to the the integral breadth due to crystallite size,

L

to the mean crystallite

size, L, via

L

where

=

K
L cos(✓m )

(2.36)

is the wavelength of incident radiation, ✓m is the di↵raction angle, and

K is a “shape factor”, typically between 0.9 and 1. The broadening caused by strain,
",

is related to non-cumulative disorder, ", via

"

= C" tan(✓m )

(2.37)

where C is a constant whose value depends on the exact nature of the strain
disorder in the lattice, typically between 4 and 5. The Williamson-Hall method
assumes that the total broadening is a simple summation of the two contributions

= "+

L

= C" tan(✓m ) +

K
L cos(✓m )

(2.38)

which when multiplied through by cos(✓m ), gives

cos(✓) = C" sin(✓m ) +
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K
L

(2.39)

The values for K and C are normally chosen according to the shape of the
crystallites (rod, spherical etc.), however this is not directly applicable for optical
gratings. The Williamson-Hall method is also generally considered in the literature
to be useful only for qualitative or relative studies. The constants have therefore
been chosen as K = 1 and C = 4 for convenience to make comparisons between
samples of equivalent geometry.
By plotting

cos(✓) against 4 sin(✓), we obtain Williamson-Hall plots from which

the gradient and y-axis intercept can be determined, giving us values for " and L
respectively. In this work, we refer only to " as the plane of the structures fabricated
extend infinitely with respect to the diameter of the incident beam, rendering the
concept of crystallite size meaningless.

2.5.2

Pseudo-Voigt Method

The pseudo-Voigt method of peak shape analysis has been developed in the literature as a simple alternative to more complex Fourier component decomposition of
di↵raction peak profiles, in order to gain insight into disorder present in di↵ractive
structures. It can be determined by the Warren-Averbach expression for the Fourier
coefficients describing the intensity of a di↵raction peak
Am (n) = ASm (n)AD
m (n) =

hN (n)i
exp[ 2⇡ 2 m2 (ng 2 + n2 e2rms )]
M

(2.40)

where ASm (n) and AD
m (n) are the mean size and disorder Fourier coefficients of
the peak respectively as derived by Rivnay et al. [144]. hN (n)i is the mean number
of pairs of di↵raction features along a plane separated by n repetitions, M is the
average domain length of repeating features, m denotes the di↵raction order, g is
the coefficient of paracrystallinity (or cumulative disorder) and erms is the lattice
parameter fluctuation (or non-cumulative disorder). The use of this method to fit
di↵raction peaks is time consuming and although it can give absolute values for the
domain sizes and disorder, it relies on significant error propagation. Where studies
of specific lattice disorders are not of interest, and disorder caused by a normal
distribution of lattice disruptions are considered, the less involved route of using
pseudo-Voigt fitting can be applied. In this work, fitting of pseudo-Voigts is used
to analyse samples where cumulative disorder has been identified alongside random
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fluctuations in periodicity by structural analysis.
From Eg. 2.40, it can be seen that the contributions of lattice parameter fluctuations and paracrystallinity cause di↵erent functional changes in peak shape [158].
In this case, the non-cumulative disorder contributes to a Gaussian profile, while the
cumulative disorder is Lorentzian. The convolution of these two profiles, which accurately describes di↵raction peaks, is a Voigt curve. However, the linear combination
of a Gaussian and Lorentzian, in the form of a pseduo-Voigt, is more commonly used
due to its ease of interpretation and very good approximation to a real Voigt [159].
The proportion of Lorentzian characteristic is determined by the shape factor, ⌘,
that can be between 0 and 1, with the pseudo-Voigt as a function of ✓ defined as

Vp (✓) = ⌘L(✓) + (1

⌘)G(✓)

(2.41)

where both peaks have the same FWHM. The change in profile of normalised pseudoVoigt curves is shown in Fig. 2.19 over values of 0 < ⌘ < 1. Assessing the values
of ⌘ alongside the Williamson-Hall analysis described above for a set of di↵raction
peaks, it is possible to determine relative levels of cumulative and non-cumulative

Normalised Intensity

disorder.
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Figure 2.19: Normalised pseudo-Voigt curves plotted for values of 0 < ⌘ < 1,
highlighting the shift between Lorentzian and Gaussian profiles.

If values of ⌘ consistently close to 0 or 1 are obtained for a di↵raction pattern,
then we can understand whether a system is dominated by non-cumulative or cumulative disorder respectively. If intermediate values are obtained, then the trend
of ⌘ vs m becomes relevant, with a significant positive gradient highlighting stronger
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paracrystallinity and a negative gradient suggesting random lattice fluctuations are
dominating the disorder in the system. As can be seen from Fig. 2.19, the di↵erences
between the fully Gaussian and Lorentzian forms of the pseudo-Voigt are largest at
the fringe of the curve, and are not large in comparison to the height of the peak
maximum. Therefore, in order to accurately determine the profile and correct value
of ⌘, the key requirements are di↵raction data with a high angular resolution and
peaks that have an intensity sufficiently higher than the noise floor.

2.6

Two-Dimensional Di↵ractometry

For photonic structures that exhibited a two-dimensional di↵raction pattern, a
di↵ractometer capable of capturing the full spectrum was employed. In this case,
the di↵raction pattern was projected onto a white paper screen and captured by a
512 ⇥ 512 pixel CCD array camera. This configuration permitted only the capture
of transmission spectra. The entire setup was enclosed in a light-tight cover. A laser
with a wavelength

= 532 nm provided the monochromatic source. A variable neu-

tral density filter was used to vary the power the light incident on the sample, in
order to prevent saturation of the CCD detector. In this setup, there was no control
over polarisation and no reference detector, therefore it was not possible to record
absolute values of transmission.
Screen

Variable
ND Filter

CCD Array
Camera

λ

Figure 2.20: Drawing of the two-dimensional di↵ractometer. A source laser is shone
through a sample, with the resulting di↵raction spectrum displayed on a screen and
captured by a CCD array camera.
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2.6.1

Considerations for Two-Dimensional Di↵ractometry

For photonic structures that produce two-dimensional di↵raction patterns, the twodimensional di↵ractometer is used. When using this setup, there are some di↵erences
between the one-dimensional di↵ractometer to consider when preparing the data
for analysis. As seen in this chapter, the di↵raction spectrum is projected onto a
screen and captured by a CCD array. As di↵raction spectra are emitted radially,
and positionally described by the di↵raction angle that they subtend from the zero
order, the projection onto a flat screen causes a spatial distortion. This is drawn in
Fig. 2.21 (a) and shows the necessity for a geometrical transformation between the
image recorded and its representation as a function of angle, ✓. As seen in Fig. 2.21
(b), the position of a peak, r , is broken into its components rx and ry simply by

✓x = arctan

✓

rx
d

◆

(2.42)

✓y = arctan

✓

ry
d

◆

(2.43)

which yields a corrected image as drawn in Fig. 2.21 (c).
The other key consideration is the smaller dynamic range of the detector. In
the case of the experimental setup used, the CCD array has a range of only 36
dB. As optical di↵raction spectra can yield peaks with peak intensities four or five
orders of magnitude apart, there are situations in which the range of the CCD is
insufficient. This is managed by capturing several images of the same pattern at
di↵erent levels of exposure by employing the variable neutral density filter shown in
the experimental schematic. Using a high neutral density filter and a beam stop for
the more powerful peaks, every order can be captured at an exposure suited to its
intensity. For peak shape analysis, individual peaks from the images of the correct
exposure can be used, and to obtain a qualitative view of the di↵raction pattern
itself, a composite image can be formed by simply adding the images together.
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Figure 2.21: (a) Drawing highlighting the requirement for a geometric correction
of di↵raction patterns between spatial and angular coordinates. (b) and (c) show
drawings of the initial projected di↵raction pattern as captured from the screen, with
the subsequently corrected image to be displayed as a function of angle.

2.7

Scanning Electron Microscopy for Structural
Analysis

Scanning electron microscopy (SEM) is a well established form of electron microscopy that can achieve resolutions down to the nanometer scale. A focussed
electron beam is raster scanned across the surface of a sample, producing di↵erent
signals from various electron-atom interactions. An image is built one pixel at a
time by combining the signal intensity with the scanning position. Generally SEM
is carried out in high vacuum, however low vacuum and various environmental forms
also exist. A drawing of a typical SEM is depicted in Fig. 2.22, showing the beam focussing and scanning elements, as well as detectors for backscattered and secondary
electrons. Secondary electrons are valence electrons ejected from the sample by in-
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elastic scattering interactions. Backscattered electrons are higher energy electrons
that are reflected by elastic interactions with the atoms in the sample. Many texts
on scanning electron microscopy and the surrounding theory are available for more
detail.
Electron Source

1st Condenser Lens
Objective Aperture
2nd Condenser Lens

Objective Aperture
Scan Coils

Objective Lens
Backscattered
Electron Detector

Secondary
Electron Detector

Sample

Figure 2.22: Drawing of an SEM highlighting the beam focussing and scanning
apparatus, along with detectors.

SEM was the chosen structural analysis method due to the capacity to capture
images of the cross-section profiles of photonic structures. AFM is also commonly
used for the structural analysis in the literature, but the profiles observed often di↵er
greatly from the true profile due to the tip shape [112]. This e↵ect is particularly
pronounced with structures that have sharp edges, tall features or undercuts that the
AFM physically cannot measure. SEM is also generally a fast technique, allowing
the user to scan multiple areas of a sample.
A LEO Gemini 1525 FEGSEM was used to take both top-down and cross-section
SEM images of the structures fabricated in this thesis. By processing these images,
it is possible to measure the dimensions of photonic structures. For cross-section
imaging samples were cleaved in order to expose an edge that intersected the struc47

ture features. Polymer samples were cleaved after immersion in liquid nitrogen, to
lower the temperature and increase the brittleness of the structures. For hydrophillic
polymers, immersion in liquid nitrogen was not carried out to avoid the formation
of condensation. Elastomeric stamps were cleaved with a sharp blade.
Fig. 2.23 shows how line profiles of the signal intensity from SEM images were
used to generate measurements of period, fill factor and depth. The fill factor is
defined as
a
⇤

f=

(2.44)

where a is the feature width and ⇤ is the period. A script was written to programmatically extract and record these measurements from SEM images. In some
cases the contrast of images was adjusted to remove noise. The period was measured
as the centre-to-centre distance between adjacent grating features, as indicated in
line 1 plotted in Fig. 2.23 (b). The depth was measured as the by taking the difference in height between the midpoint of a feature and the midpoints between the
two adjacent features. These can be seen clearly from the profile plots in Fig. 2.23
(c), yielding two depth values from which the mean is taken.
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Figure 2.23: (a) Signal intensity line profiles are taken across SEM images to obtain structural dimensions. (b) The horizontal profile is used to measure a and ⇤.
(c) Depth, d, is the heigh di↵erence measured between features and the base of the
structures.
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Chapter 3
Fabrication and Optical
Assessment of Polymer Photonic
Structures
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3.1

Introduction

A large number of studies have been carried out on patterning polymer materials
at the micro and nano-scale [5]. The prevailing methods are hot embossing and PNIL, both of which are widely available as industrial processes. Thermal patterning
techniques are not always possible when working with polymers for reasons including materials that exhibit no defined glass or melt transition temperature, thermal
degradation, device architecture and behaviour of functional materials under elevated temperatures. P-NIL required specifically designed photo-curable materials,
limiting the choice of properties available. A common property of polymers is their
solubility in organic solvents, o↵ering the potential to bypass some of these issues,
however patterning directly from solution is not discussed widely in the literature.
In this chapter, we present the fabrication of di↵raction gratings by hot embossing
and solution moulding, using the commodity polymer, polystyrene. This particular
material was chosen due to its amenability for embossing, displaying both glass and
melt phase transitions, and its high solubility in non-halogenic solvents, useful for
solution moulding. We examine the ability to fabricate a high quality di↵raction
grating via both methods. Hot embossing of polystyrene thin films with a simple
experimental setup is carried out and optimised in relation to the material’s thermal
properties. The capabilities of solution moulding to form high quality structures are
investigated this method on the solution concentration and molecular weight of the
polymer used.
In Sections 3.3 and 3.4 we begin with investigating embossing and solution
moulding of a grating structure from a master with a nominal period of ⇤ = 4
µm and depth , d = 2 µm, purchased from NIL Technology. Using cross section
SEM as the initial means of characterisation, trends in the dimensions of the gratings are observed according to the processing conditions. An in-depth study of the
optimised structures is then carried out, focussing particularly on an accurate measurement of the period and the distribution of periodicity across the gratings, using
both optical di↵ractometry and SEM. Examining the total transmission, as well as
individual and relative di↵raction efficiencies of the two structures, it is clear that
small variations in architecture and residual film thickness can a↵ect the di↵raction
spectra obtained. The Williamson-Hall method, described in Section 3.5.1, is used to
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optically probe the non-cumulative disorder of the gratings. Although very low disorder values are recorded, the gratings are shown to have variations between them,
with SEM data confirming this. In general, the introduction of solution moulding
shown in this chapter is the foundation for work demonstrated in later chapters,
where it is shown to be a method capable of patterning a variety of materials.

3.2

Opportunities Presented by Embossing and
Solution Moulding

Unlike hard inorganic materials, polymers do not require destructive patterning
methods reliant on etching or ablation, and instead can be structured using techniques that fall under the umbrella term of “soft lithography”. Both hot embossing
and solution moulding employ stamping procedures using ‘soft’ moulds and therefore
come under this term. The generalised processes of both hot embossing and solution moulding are drawn in Fig. 3.1. This negative ‘soft’ stamp was used to either
imprint the original surface relief structure of the master into a thin polymer film or
droplet of polymer solution. The elastomeric stamp, either PDMS or hard PDMS
(h-PDMS) was fabricated from the commercially purchased master structure. One
of the key aspects of polymer patterning via soft lithography is the versatility that
allows many di↵erent patterns to be fabricated from just one master. We exploit
this by creating a soft elastomeric negative mould from an original master structure,
to be used for patterning with both methods, as described in Fig. 3.1.
In this work, hot embossing provides a mode of patterning analogous to that
widely used in industry, such as in the fabrication of optical storage discs, and is
therefore treated as a standard against which solution moulding can be compared.
Solution moulding presents opportunities to pattern materials that are not possible
to emboss, such as those which thermally cross-link or where thermal degradation is
a risk, or in situations where temperature is not desired due to device architecture.
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Figure 3.1: From a master structure an elastomeric stamp can be produced. This
stamp can then be employed in patterning either by embossing or solution moulding.
Embossing (left) requires the fabrication of a thin polymer film, which is then heated
under pressure applied from the stamp. Upon cooling, the stamp is removed leaving
a relief structured thin film. Solution moulding requires a droplet of material onto
which the stamp is placed under heat and pressure. After sufficient time to allow the
solution to dry, the stamp is removed, leaving a structure on the substrate surface.

3.2.1

Preparation of Elastomer Stamps

For patterning micro-scale architectures, PDMS stamps were fabricated. Sylgard
184 (Sigma-Aldrich) was purchased. This kit contains the liquid PDMS precursor
and curing agent. The precursor and curing agent are mixed in a 10:1 ratio by
weight and manually mixed by stirring thoroughly. The master is placed pattern-up
in a plastic petri dish and the liquid PDMS is poured over to form a layer around
4 mm thick. The system is then degassed in a desiccator attached to a diaphragm
pump. Several pump and gentle ventilation cycles are used to speed up this process.
When all air bubbles are removed, the petri dish is placed onto a level hot plate at
70 C and the PDMS is cured for around 3 hours. When fully cured (firm and no
longer sticky to the touch), the dish is removed from the hot plate and cooled. A
sharp blade is then used to cut around the edge of the PDMS block and carefully
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prise it from the dish, with great caution being taken not to bend and shatter or
otherwise damage the master. The blade is then used to cut any residual PDMS
the master, allowing the stamp to be peeled free.

3.3

Hot Embossing

The term hot embossing covers several variations of the basic procedure used to
transfer a relief structure into a polymer film using a stamp, whilst applying temperature and pressure. In this work, we have used soft elastomeric stamps to emboss
around the Tg of polystyrene, however stamps made of hard materials, such as silicon,
can also be used to transfer relief structures into a desired material via embossing,
above or below the Tg or above the Tm of a polymer. [28, 29] The Tg of polystyrene
is shown in this work to soften the material sufficiently for embossing, with its exact
value determined by DSC to aid in optimising the fabrication process.
Hot embossing was carried out using simple readily available laboratory equipment, and the experimental setup is drawn in Fig. 3.2. First a polymer film was spin
coated onto a fused silica or silicon substrate. A stack consisting of the substrate
and film, elastomeric stamp and 1 kg weight were placed into a Pyrex crystallisation
dish. The stack could then be moved onto a hotplate and left for the required length
of time for the surface relief pattern to be imprinted. The container was then removed and allowed to cool before the stamp was released from the polymer, leaving
the embossed structure.
Pyrex
Container
1 kg Weight

Spin Coater

Hot Plate

Figure 3.2: Drawing of hot embossing process from film formation by spin coating,
embossing on a hot plate under a weight and stamp release with resultant imprinted
structure.

In this work, all embossing experiments were carried out using thin films of
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polystyrene with MW = 192 kDa. To prepare the films, a 100 mg ml-1 solution was
prepared by dissolving the polystyrene in toluene at 90 C for several hours until a
clear solution was obtained. This was spin coated at 2000 rpm for 90 s onto silicon
or fused silica substrates cleaned with isopropanol. Structures fabricated for optical
measurements were prepared on fused silica substrates due to its lack of optical
absorption, and samples prepared for cross-section SEM were fabricated on silicon
as it is easy to cleave with sharp, straight edges.
To study the embossing process, we embossed the polystyrene films at temperatures ranging below and above the Tg of polystyrene, with an approximate stamping
pressure of 1 kg cm-2 . The Tg of the polystyrene was experimentally determined
using DSC, with Fig. 3.3 (a) showing a heating scan of the polystyrene with the
peak Tg = 109 C and its onset at 101 C. This is the second heating scan of the
bulk polymer. In the embossing setup used, the temperature of the hot plate was
fixed. After a sample is placed onto the heated surface, heat transfer increases the
temperature of the polymer film over time. By varying the time that the sample
is in contact with the hot plate, the polymer can be heated to a particular temperature. Fig. 3.3 (b) shows the surface temperature of a thin polystyrene film on
a fused silica substrate placed in the embossing setup over a period of 5 minutes.
The temperature of the polymer film was measured with a non-contact thermometer
(Raytek AutoPro ST25). With the hot plate temperature set at 200 C, it takes 100
s for the polymer (chemical structure in Fig. 3.3 (c)) to reach the onset of the Tg
and another 25 s to reach the peak Tg of 109 C. The polymer film does not appear
to reach the stated temperature of the hot plate, plateauing around 125 C.

3.3.1

Micro-Scale Hot Embossing

A linear square profile grating with micro-scale features was embossed into the
surface of thin films of polystyrene. A PDMS stamp was fabricated from a silicon
master, purchased from NIL Technology, with nominal period, ⇤ = 4 µm and depth,
d = 2 µm, according to the procedure outlined in Section 3.2.1. This stamp was
used to emboss the films for times between 30 s and 420 s. The resultant structures
varied in depth and shape according to the time and therefore temperature at which
they were embossed, as can be seen from Fig. 3.4. As seen in Fig. 3.3, the di↵erent
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Figure 3.3: (a) DSC heating scan of PS showing the glass transition, Tg = 109 C and
its onset at 101 C. (b) Temperature of a fused silica substrate over time after being
placed on a hotplate at 200 C. The times at which the glass transition temperature of
PS and its onset are reached are shown. Temperature measured using a non-contact
thermometer (Raytek AutoPro ST25). (c) Chemical structure of polystyrene.

embossing times correspond to a range of temperatures.
It can be seen from the cross-section SEM micrographs that a relief structure
is embossed even when the film is pressed only for 30 s, however a full pattern is
not transferred until after 120 s have passed. This correlates well with the DSC
scan and temperature calibration curve in Fig. 3.3 (a) and (b) and suggests that a
pattern is only transferred after the onset of the Tg has been reached.
Time (s)
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Figure 3.4: Cross-section SEM images of single features of hot embossed PS gratings
embossed for increasing lengths of time. Structures shown suggest that there is some
pattern formation occurring before the Tg , but full features are only formed after the
onset seen in Fig. 3.3 (a). Temperatures displayed are the temperatures as recorded
from a fused silica substrate, shown in Fig. 3.3

Analysis of the signal intensity of SEM images across multiple periods, using
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vertical and horizontal allows for measurement of the dimensions of the grating
features. The depths, periods and fill factors of the hot embossed gratings were
measured across 15 consecutive periods on each structure. Fig. 3.5 shows a quantitative analysis of the depth of the gratings, with the regions shaded to highlight
where embossing took place below (red), around (amber) or above (green) the peak
of the Tg of the polystyrene. Small increases in the depth of the structures occur
over time while the polymer is below its Tg . As the polymer heats up closer to the
Tg , it becomes less rigid and softens significantly, allowing for increasing deformation
under pressure [160, 161]. The rate of change in depth from embossing increases
rapidly as the Tg onset and peak are reached, around an embossing time of 2 mins.
After this point, the depth saturates to within 10 % under the maximum depth
possible; that of the master.
T < Tg

T = Tg

T > Tg
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Figure 3.5: Feature depths of polystyrene gratings fabricated by hot embossing. The
depth increases with embossing time until Tg of the polymer is reached, at which point
the depth plateaus at just under the maximum allowed by the silicon master. Error
bars are one standard deviation (not visible).

The period of the gratings is measured from the centre of each adjacent grating
line. The periods of the embossed polystyrene gratings are shown in Fig. 3.6 (a).
Besides an outlier at 2 mins, the period increases from ⇤ = 3.95 µm at 0.5 mins
to ⇤ = 4.17 µm after 7 mins of embossing. This can be explained by the increasing thermal expansion of PDMS at higher temperatures, as discussed later in this
chapter.
The fill factor of the embossed gratings, displayed in Fig. 3.6 (b), was measured
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at half of the height of the grating features, d/2, by taking a signal intensity profile
of SEM images. The fill factor decreases with embossing time, converging on the fill
factor of the master at the Tg of the polymer, which is explained by the curvature of
the wells of the master. This leads to a PDMS stamp with curved surfaces, which
transfer broad, shallow features when the embossing depth is low. As features
become fully embossed, the fill factor of the polymer gratings converge to within 5
% of the the fill factor of the master, f = 0.3.
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Figure 3.6: (a) The period of the hot embossed polystyrene gratings rises from below
that of the Si master to ⇤ = 4.17 µm for the highest embossing time and temperature
at 7 mins. (b) The fill factor is higher than that of the master for low embossing times
due to the curvature of the PDMS stamp. As the depth increases with embossing
time, the fill factor of the polystyrene gratings converges on that of the master. Error
bars are ± one standard deviation.

3.4

Solution Moulding

Solution moulding o↵ers the ability to fabricate relief structures directly from polymer solutions. There is little presence of patterning directly from solution in the
literature, whilst there is some work regarding patterning from sol-gels [75]. Typically patterning of materials in a liquid state is done using ’all-solids’ solutions such
as photo or thermal resists where all components are chemically involved in forming the final solid. Solution moulding was used to pattern polymers directly from
solution, with a simplified schematic shown in Fig. 3.7. For this process, a droplet
of solution was placed onto a substrate and an elastomeric stamp was then quickly
placed onto the droplet. This was then pressed in a hot press at a temperature above
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room temperature, but below that of the solvent boiling point. After the solution
dried and solidified, the stamp was removed.

Hot Press

Hot Press

Figure 3.7: Drawing of solution moulding process. Immediately after a droplet of
solution is placed onto a substrate, an elastomeric stamp is placed upon it. The stack
is put into a hot press with temperature and pressure applied. After time, the stamp
is released and a pattern is obtained.

The concentration of polymer in the solutions used for solution moulding in
the chapter was controlled to investigate its e↵ect on the shapes of the photonic
structures. Patterning is shown in this chapter using solutions of polystyrene with
various concentrations ranging from a dilute solution of 10 mg ml-1 to a 300 mg ml-1
solution that is highly viscous at room temperature. Fig. 3.8 shows the theoretical
calculated volume percentage of polystyrene in a solution when dissolved in toluene
at concentrations of 0 to 1000 mg ml-1 .
For this work, solutions were prepared by dissolving the polystyrene, of molecular
weight Mw = 192 kDa, in toluene at 90 C. Once fully dissolved, to fabricate the
structures, a drop of solution was placed into a fused silica or silicon substrate with
a PDMS stamp placed patterned-side down onto the drop immediately. The stamp
was then pressed to ensure conformal contact and kept at 90 C for around 2 hours,
after which the pressure was released and the mould was removed.
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Figure 3.8: Volume of polystyrene expressed as a percentage of the total volume
solution calculated as a function of concentration. Solution moulding in the following
experiments used concentrations of between 10 and 300 mg/ml, highlighting that the
maximum volume occupied by polystyrene in the solution was 30 %. The densities of
polystyrene and toluene were taken to be 1.04 kg m-3 and 0.864 kg m-3 [162, 163].

The maximum concentration used for solution moulding in this chapter was 300
mg ml-1 , in which polystyrene forms around 23 % of the total volume of the solution.
Despite polystyrene occupying the minority volume within the solutions used for
patterning, photonic structures were successfully formed as is shown in Section 3.4.1.
Although unintuitive, possible reasons for this achievement are discussed later in this
chapter.

3.4.1

Micro-Scale Solution Moulding

A second PDMS stamp was prepared from the same master with nominal period,
⇤ = 4 µm, and used for solution moulding polystyrene. The e↵ect of concentration
and molecular weight on solution moulding of polystyrene from toluene was initially
investigated by fabricating samples and analysing using cross-section SEM. The
cross-sectional profile of the grating lines is highlighted with magnifications of typical
individual features in Fig. 3.9. Immediately noticeable from these SEM micrographs
is that the structure fabricated using the lowest concentration, 10 mg ml-1 , does not
resemble a square profile grating, whereas those fabricated using concentrations of
50 mg ml-1 and above do. This highlights that even with polystyrene providing
under 5 % of the solution volume, structures resembling those of the master are
formed, suggesting that more complex mechanisms are in place than simple void
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filling and solvent evaporation.
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Figure 3.9: SEM images of typical single features of solution moulded di↵raction
gratings at increasing concentrations using polystyrene with Mw = 192 kDa. Scale
bars are 1 µm.

Figure 3.10 shows the dimensions of the solution moulded polystyrene gratings
as measured from the SEM images in Fig. 3.9, using line profile analysis of the signal
intensities. The period, depth and fill factor were measured over at least 15 periods,
and residual film thickness was measured once for each sample. The period of the
structures is higher than that of the master for all samples by between between 4
and 13 %, with a negative trend with increasing concentration. This is likely to
be caused by the swelling of the PDMS stamp by toluene discussed later in this
chapter.
At the lowest concentration, 10 mg ml-1 , Fig. 3.10 (b) shows that the depth of
the solution moulded structure is significantly below the maximum allowed by the
master. Across the concentrations tested, the depth increases and plateaus to within
10 % below that of the master. This is surprising, as even with a concentration of 50
mg ml-1 the structures have an average depth of d = 2.05 µm, despite polystyrene
only contributing to 4.8 % of the volume of the solution used for patterning. In terms
of the depth, there appears to be little significant di↵erence between the e↵ect of
using concentrations between 50 mg ml-1 and 300 mg ml-1 .
The fill factor of the gratings rises and then converges towards the fill factor of the
master with increasing concentration. Notably in general, the standard deviation
represented by the error bars represents higher relative deviations around the mean
fill factor when compared to the relative deviations in height and periodicity.
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Figure 3.10: Dimensions of solution moulded polystyrene gratings against the concentration used for solution moulding, as measured from SEM images. Dimensions
measured are (a) the period, (b) the depth, (c) the fill factor and (d) The residual
film thickness.

Solution moulded photonic structures fabricated by the method used in this
chapter exhibit residual films under the grating structures as the concentration is
increased. An in-depth study was not carried out on the e↵ect of concentration on
this thickness, but the results from the samples shown in Fig. 3.9 are shown. At
the lowest concentration tested, there is no supporting material under the grating
structures. This indicates that using solution moulding and carefully adjusting
the concentration towards the lower region of those tested, it may be possible to
fabricate unsupported photonic structures, o↵ering the potential for building multilayered multi-dimensional photonic structures. Indeed, similar methods have been
used to make devices with unsupported structures in the form of woodpile structures
[164].
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3.5

Comparison of Structures Using
Di↵ractometry and SEM

The previous sections demonstrate the feasibility of creating micro and nano-scale
structures directly from solution, which we now build upon with a more in-depth
analysis. The gratings obtained through the more conventional hot-embossing provide a useful benchmark against which a comparison can be made. The measurements taken from the SEM micrographs are complemented with observations made
using the di↵ractometer.
Di↵raction efficiencies were obtained from the s polarised transmission di↵raction
spectra and are plotted against the embossing time and concentration in Fig. 3.11
(a) and (b). As seen in Figs. 3.4 and 3.9 when the optimum processing conditions
are not met, in terms of temperature for embossing and concentration for solution
moulding, the resultant structures are not fully formed. This trend is reflected in
the di↵raction efficiencies, with the structures processed in sub-optimal conditions
showing dominance of the zeroth order and little power in the outer orders. Once
the conditions for fully formed structures are met - at 2 mins for hot embossing
and 50 mg ml-1 for solution moulding - there is a shift in the response, and the
first order di↵raction peaks contain the majority of the di↵racted light, with other
higher orders also containing increased amounts of power. This transfer of power
from the zeroth order to the m 6= 0 orders is seen clearly in Fig. 3.11 (c) and (d),
where the non zero di↵raction efficiencies are summed and compared to the zeroth
order. For the hot embossed structures, there is an almost complete inversion of
the zeroth and m 6= 0 di↵raction efficiencies. A similar e↵ect is seen with increasing
the concentration used for solution moulding, however there is also an increase in
the total transmission. Only the samples made with the two highest concentrations
tested exhibit the same high total transmission present in the hot embossed gratings.
The full di↵raction spectra for all samples in s and p polarisations are in Appendix
7.
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Figure 3.11: Di↵raction efficiency spectra of (a) hot embossed and (b) solution
moulded gratings measured from di↵raction spectra taken with

= 473 nm and ✓i

= 0 in s-polarisation. The sum of non-zero order di↵raction efficiencies increases
and saturates, mirroring a decline in the zero order efficiencies. Both fabrication
methods yield similar spectra and transmission responses after the threshold time or
concentration has been reached to form a grating with the maximum depth.

When designing structures for specific applications, it may be necessary to precisely control the di↵raction efficiencies of individual orders or groups of di↵raction
orders. Examining the di↵raction efficiencies highlights that the exact profile and
conformity of a polymer photonic structure to its corresponding master could be
traced by the ‘fingerprint’ of its di↵raction efficiency spectra [110, 165]. This could
be used to fine tune the fabrication of structures required for tailored responses.

3.5.1

Periodicity and Disorder

Exploring the distribution of dimensions of the grating features allows us to investigate the capability of the fabrication processes to create highly ordered structures.
Short-range order is defined here as the relative deviation from the mean period63

icity across a length-scale of the area probed in one measurement, which in this
case is defined as the FWHM of the probing beam and is measures 800 µm. This
covers approximately 200 periods. The grating embossed for 7 mins and the grating
processed using a solution of with a concentration of 300 mg ml-1 were used for
this comparison as these were the conditions found to reliably produce serviceable
samples. One of each was selected and probed with the di↵ractometer in 9 distinct
locations on a grid of 2 x 2 mm spacings, as shown in Fig. 3.12. The measurement
grid was centred on the patterned area of the sample to avoid edge e↵ects. Peak
fitting was used to determine the widths and integral breadths of for peaks in all
measurements.
Space Between Measurement
Locations = 2 mm

Patterned Area
≈ 9 mm x 9 mm

Patterned Area
≈ 9 mm x 9 mm

Substrate Diameter = 12 mm

Figure 3.12: Schematic showing the number and location of regions probed with the
di↵ractometer setup on a substrate with patterned area. Samples were probed in the
centre to avoid edge distortions a↵ecting measurements.

The transmission di↵raction spectra shown in Fig. 3.13 were taken at the centremost location indicated in Fig. 3.12. They are representative of the 9 individual
spectra that have been used to investigate the ordering of the structures. Notable
features of the spectra include the presence of all expected di↵raction orders and
similar fingerprints in terms of the dominance of the m = ±1 orders.
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Figure 3.13: Di↵raction transmission spectra taken with

60

90

= 473 nm and ✓i = 0 in

s-polarisation for gratings fabricated by (a) hot-embossing for 7 mins and (b) solution
moulding using a concentration 300 mg ml-1 . Nine such spectra were taken from both
gratings across a grid as shown in Fig. 3.12

The di↵raction angles, ✓m , of each spectrum were measured from the peak maxima. The grating equation, Eq. 2.27, was then fitted to the mean di↵raction angle
values calculated for each sample and the period, ⇤, was extracted. An initial fit
was made to estimate ⇤. This guess value was used to determine the approximate
sensitivity of each order using Eq. 2.32. A new fit was calculated using fitting
weights derived from the sensitivity values, which are shown in Fig. 3.14. The periods of the embossed and solution moulded structures are ⇤ = 4.119 ± 0.002 µmand

4.220 ± 0.004 µm respectively within 95 % confidence intervals. The master was
also measured to have a period of ⇤ = 4.016 ± 0.003 µm.

Magnified plots of the m = 1 and 8 di↵raction angles are displayed on parts (b)
and (d) of Fig. 3.14 with the fits shown by solid lines. To demonstrate the precision
limits imposed by measuring the period using di↵erent di↵raction orders, the dashed
lines represent the di↵raction angles calculated with values surrounding the fitted
values for ⇤. At the low angles of the m = 1 orders, the measured di↵raction
angles fall within the dashed line boundaries, representing the angles calculated for
a period of ⇤ ± 1 %. At higher di↵raction angles, the measured di↵raction angles
can fall within a boundary of those given by ⇤ ± 0.1 %, as highlighted by the m =
8 orders. Following the weightings calculated from the sensitivities using an angular
resolution,

✓ = 0.1 , a greater importance is placed on fitting to the higher orders,
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resulting in 95 % confidence bounds of only ± 2 nm for the embossed sample and
± 4 nm for the solution moulded sample.
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Figure 3.14: The grating equation is fitted (solid line) to the measured di↵raction
angles, ✓m (symbols), to obtain the periods for the (a) embossed and (b) solution
moulded samples. ⇤ = 4.119 ± 0.002 µm and 4.220 ± 0.004 µm for these respectively within 95 % confidence intervals. Corresponding graphs show magnified plots
focussing on the m = 1 and 8 orders to demonstrate the values being correct to within
less than 1 % of the true values at m = 1 and within 0.1 % of the true value at m =
8.

It is difficult to discern a significant change in peak shape when regarding the full
di↵raction spectra. To highlight the changes in peak shape with di↵raction order
that are present in both samples, the normalised transmission spectra of orders m
= 1,3,5 and 7 are presented in Fig. 3.15. The fitted Gaussians provide a guide for
the eye to illustrate the incremental increase in peak breadth as |m| increases. The
integral breadth for each order,

m

was calculated by fitting Gaussians to all peaks

from each spectrum. For each order, mean values of

|m|

were calculated and used to

find the average peak shape trend. Corresponding positive and negative di↵raction
orders were treated as equivalent, such that m = ±m.
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Figure 3.15: Normalised di↵raction peaks from Fig. 3.13 with fitted Gaussians for
both (a) embossed and (b) solution moulded grating. Orders m = 1, 3, 5 and 7 are
used as examples to show the change in peak shape as di↵raction angle increases.

The methodology outlined in the equations shown in Section 2.5.1 was followed
to obtain the Williamson-Hall plots of Fig. 3.16 (a) and (b). From the gradients of
the straight line fits, we highlight that the level of short-range disorder of the two
gratings tested are equivalent with "embossed = 0.033 ± 0.004 % and "solution = 0.029
± 0.008 %. Also notable are the very low values of " for both fabrication methods,
signifying a very small deviation in the periodicity of the structures and therefore a
very high degree of order over the length-scale of the incident beam diameter. For
both samples, there is an insignificant di↵erence between their disorder and that of
the master.
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Figure 3.16: Williamson-Hall plots for (a) hot embossed and (b) solution processed
grating, giving disorder values of "embossed = 0.033 ± 0.004 % and "solution = 0.029 ±
0.008 % respectively. For the master, shown in both plots for reference, the disorder
has been calculated as " = 0.025 ± 0.009 %

Using the same set of di↵raction spectra, the relative long-range order of the
gratings can be determined. This is defined as the deviation between the periodicity
from its mean value across the 4 x 4 mm measurement grid. In this case, it is
important to look at the angles at which each di↵raction order occurs, rather than
simply grouping peaks together according to their order. What is found by doing
this is the spread in periodicity across the sample. This is highlighted in Fig. 3.17
which shows all 9 s-polarised di↵raction spectra overlaid at m = 1 and 8 for both
methods of fabrication. At the first di↵raction order, it can be seen that the peaks
are closely overlapping for both samples, with all maxima occurring at the same
angle. However, for high di↵raction orders there is a dispersion of not only the
widths of the peaks, but their positions as well. These small changes indicate a that
there are small variations in the periodicity across the both of the samples.
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Figure 3.17: Overlaid transmission di↵raction spectra of the first and eighth di↵raction peaks from 9 locations on embossed and solution processed gratings. The tightly
grouped lower order peaks and the dispersion present in the higher order peaks for
both samples suggest some variation in periodicity across the patterned areas of the
samples. Shading is to indicate overlap only.

To capture and assess the angular dispersion of the di↵raction peaks a ’composite’
transmission di↵raction spectrum is created by calculating the mean transmission
spectrum from the 9 spectra available. The first and eighth order peaks from the
s-polarised composite spectra are shown again for both samples in Fig. 3.18. This
can be treated as the spectrum that would be obtained were it possible to used a
single beam to probe the samples across a larger area. From these spectra, new
Williamson-Hall plots can be obtained, as seen in Fig. 3.19, from which long-range
disorder can be calculated.
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Figure 3.18: Composite transmission di↵raction spectra focussed on the first and
eighth di↵raction order peaks from the embossed ((a) and (b) and solution moulded
((c) and (d)) samples.

Fig. 3.19 shows the long-range Williamson-Hall plot for the (a) embossed and
(b) the solution moulded samples. From the gradients of the straight line fits, it is
now possible to see that when probing larger length-scales the solution embossed
sample has a statistically significant larger degree of disorder with "solution = 0.063
± 0.008 %, whilst for the embossed sample "embossed = 0.034 ± 0.004 %, di↵ering
by almost a factor of two. The master and embossed disorders show no significant
change when the long range disorder is compared to the short range measurements.
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Figure 3.19: Williamson-Hall plots for (a) hot embossed and (b) solution processed
grating created using composite mean transmission di↵raction spectra. The gradients
of the straight lines represent the level of disorder present in the structures over an
area of 4 x 4 mm. Master " = 0.025 ± 0.001 %

The relative levels of disorder present in the samples are corroborated by data
taken from SEM images, shown in Fig. 3.20. Although the absolute values of ",
the possibility of using Williamson-Hall analysis or other peak shape techniques to
assess the ordering of photonic structures has been highlighted.
To confirm observations of disorder seen from di↵ractometer measurements, the
distribution of the period, fill factors and depths, were determined from SEM images,
all of which are shown in Fig. 3.20. For the period and fill factor top-down images
were used, as these could be measured directly from the same samples on fused
silica that were probed with di↵ractometry. For the depth, separate samples were
prepared on silicon wafers for ease of cleaving.
Structural Confirmation and Analysis
To measure short range distributions, the dimensions of features were measured
across at least 50 consecutive features in a single region of the sample. To find
the long range distributions, at least 50 features were again measured, but from 5
regions on the sample separated by at least 1 mm. By fitting normal distributions
to the histograms generated from the data, the mean dimensions were determined
as well as their standard deviations.
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Figure 3.20: Normal distributions fitted to histograms of (a) period, (b) fill factor
and (c) depth data derived from SEM images. Plots on the left show data obtained
for short range measurements, while plots on the right show equivalent long range
measurements. The data were binned according to the image resolution of 48 pixels
per µm.

The periodicity of the gratings as measured by SEM reinforces the trends seen
with the di↵ractometer, with the period of the master being the smallest and the
period of the solution processed sample the largest. The absolute mean values of the
period are measured to be within 1 % of the values measured by di↵ractometry. We
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speculate that the reasons for the di↵erences in period with respect to the master
are related to thermal and solvent swelling e↵ects. For the embossed sample, the
period is 2.7 % larger than that of the master. The thermal expansion coefficient of
PDMS in the range of temperatures used for embossing is 3 ⇥ 10-4 C-1 [166]. As the
mould undergoes a temperature increase to the Tg of the polymer, it would undergo
an expansion of 2.4 %. Upon cooling, the polymer would become rigid below the
Tg and prevent the mould from shrinking back to its original period, locking in the
slightly expanded period. For the solution moulded sample, the temperatures used
are lower, however a larger change in period is still seen, with an increase of 7 %.
It is reported that pure toluene can swell PDMS by 31 %, providing a possible
explanation for the expansion [167]. The e↵ect of the swelling from toluene may
be reduced by the presence of the polymer that is in solution. The recorded value
of PDMS swelling assumes total immersion in the solvent, whereas our setup puts
the stamp in contact with only droplets of solution. There may also be mechanical
distortion e↵ects from the pressure applied by the hot press setup used, though care
was taken to not overload the stamps. The SEM results also confirm the trend in
relative levels of disorder, with no change in the distribution width between short
and long ranges for the master and embossed sample, but a significant increase in
the disorder of the solution moulded sample across a long range.
The mean fill factor of all the samples is shown to be statistically equivalent,
however the distribution width increases across long ranges for the embossed and
solution moulded samples. This could be due to di↵erent local temperature fluctuations and solvent evaporation rates. From cross-section images, the depth of the
structures was also probed. Most noticeably, the depth of the solution moulded
sample is consistently lower than that of the master or embossed structures. This
is in agreement with the measurements shown in Figs. 3.5 and 3.10 (b). Due to the
destructive nature of cross-section SEM images it is possible that this increase in
the distribution width was simply due to structural deformation.
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3.6

Conclusions

This chapter demonstrates the ability to fabricate simple photonic structures directly from solutions of commodity polymers, negating the need for materials specifically designed for patterning such as photo resists. Gratings were also fabricated
by soft hot embossing, analogous to methods employed in industry, to provide a
benchmark for comparison of structural quality. With optimised conditions, both
methods produce highly defined micro-scale architectures. Whilst the absolute feature dimensions of these samples di↵er between each fabrication method, and from
the master, this is easily overcome. For any technological upscaling, such issues
can be reverse engineered, to ensure that the correct structure is obtained with each
method. There is potential for photonic structures to be identified and characterised
in-situ by their di↵raction efficiency spectra is also highlighted, a field in which work
is ongoing [168].
We focussed largely on comparing the level of long and short-range order in the
polymer di↵raction gratings, using the transmission di↵raction spectra and SEM
images to study the deviations in the periodicity. Across length-scales of several
hundred micrometres, the tested solution moulded and embossed structures exhibited short-range disorder on the order of 10-3 %. Using the same method, the long
range disorder was determined over a grid of 4 x 4 millimetres with disorder on the
scale of 10-2 % recorded. On both length-scales examined, the structures are considered to be highly ordered. In both cases, the embossed structure exhibited lower
disorder than its solution processed counterpart. These trends were supported by
corresponding SEM data. Overall, the work in this chapter shows the potential for
fabricating equivalent photonic structures via nanoimprint lithography and solution
moulding.
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Chapter 4
Nanopinballing - A Self Assembly
Route for Advanced Photonic
Coatings with Order-Disorder
Properties

75

4.1

Introduction

Self assembly of colloidal crystals for photonics has been a field of intense study,
particularly regarding the fabrication of opal and inverse-opal structures for photonic
band gap studies [53, 169]. Due to the reliance on self assembly, colloidal systems
typically produce the thermodynamically stable face centred cubic (fcc) or hexagonal
close packed (hcp) structures, although recent developments have also led to the
possibility of creating simple cubic (sc) arrangements [170, 171, 61]. Furthermore,
improvements in processing methods have allowed increasingly large and defect free
crystals to be obtained [172]. To aid in both the growth of crystalline domains
and the introduction of novel architectures, various methods of templating have
been employed including the use of micro-patterned relief structures and guided
assembly methods [70, 71]. In this chapter we exploit the combination of these two
approaches, referred to here as ’nanopinballing’.
Using binary phase di↵raction gratings obtained through conventional hot embossing as templates, and simple colloidal coating methods we are able to obtain
photonic structures in which the colloidal crystal components are spatially confined. Using optical microscopy, we devise a methodology to analyse the surface
area coverage and defects present in the nanopinballed structures that are obtained.
The array of uniquely identifiable structures give rise to particular optical responses
when probed using two-dimensional visible wavelength di↵ractometry. We explore
the order-disorder e↵ect on the di↵raction patterns observed and compare this with
fast Fourier transforms (FFT) of optical micrographs in an attempt to describe the
structure-property relationship of the systems.
The mixture of a highly ordered grating and a more disordered self assembled
component o↵ers architectures that resemble those present in biological systems
such as the the wings of many butterfly species [173]. The nanopinballing processes
presented in this chapter are further analogous to systems that have evolved in
nature as they rely on self assembly rather than ”brute force” patterning. In this
context our methods present potential candidates for the creation of biomimetic
optical systems.
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4.2

Fabrication Methods

This section provides an overview of the fabrication methods used in this chapter.
Two pathways of particle deposition were chosen to include one process involving
directional guidance and one without. These are spin coating and plate coating. A
greater emphasis is given to plate coating as it forms part of the newly developed
work in this chapter.
The general procedure for micropinballing used in this work begins with hot
embossing a polymer grating onto a glass or silicon substrate using a PDMS stamp.
This is outlined in the first three steps of Fig. 4.1. Hot embossing was chosen
as a rapid method of delivering reproducible grating structures. This is followed
by UV plasma treatment to activate the surface and promote wetting of the water
based polymer microparticle dispersion which is subsequently deposited. Through
the coating process, the water evaporates from the dispersion and the microparticles
settle into the low regions of the photonic structure template.
Polymer Film

PDMS Stamp

Substrate

UV Plasma
Microparticle
Dispersion

Figure 4.1: Simplified picture of melt embossing and solution moulding polymer
patterning routes, employing the use of an elastomeric stamp.

Polystyrene films were spin coated onto glass or silicon substrates depending on
the intended use for the samples. A solution of 100 mg ml-1 was spin coated at 2000
rpm for 60 s with an acceleration of 1000 rpm2 . The method described in Chapter 3
was used to fabricate polymer gratings, using an embossing time of 7 mins. Gratings
were embossed with a PDMS stamp to replicate the structure from an Si master with
nominal period ⇤ = 4 µm, depth d = 2.2 µm and fill factor, f = 0.3. The gratings
were treated with 30 s of UV plasma to increase the surface energy. A dispersion of
polystyrene based latex microspheres was deposited on the grating surface with a
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pipette. This was then dispersed across the grating surface by either plate coating
or spin coating, during which time the water from the dispersion evaporated and
colloidal self assembly would occur.

4.2.1

Plate Coating

Plate coating was used as the approach for directionally guided colloidal self assembly in this work. This requires the movement of a parallel plate moving just above
the substrate surface as a means of coating.
A syringe pump as shown in Fig. 4.2 (a), was modified and used to provide
a slow controllable means of moving a glass slide over the gratings along a single
axis, as highlighted in Fig. 4.2 (b). The syringe pump was used on its lowest speed
configuration, with an approximate recorded velocity of 30 µm s-1 . Fig. 4.2 (c)
describes the motion of the plate that was used, with it running parallel to the
grating lines.
(a)

(b)
Coating
Direction
Plate
Substrate

(c)

Parallel Coating Plate
Coating Direction

Meniscus
Nanopinballed
Grating

Microparticle
Suspension

Substrate

Figure 4.2: (a) Syringe pump modified to act as a plate coater, with (b) a glass slide
acting as the parallel plate. Gratings are positioned as in (c), with the plate direction
of travel parallel to the grating lines. A meniscus developed at the back of the slide
pins and deposits particles into the channels [174]. Photographs by Irina Mahmad
Rasid.
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For coating, substrates that are approximately 2.5 by 2.5 cm with an embossed
area of 1 by 1 cm are placed into the plate coating setup. Once the parallel plate is
positioned above the substrate, 100 µl of microparticle suspension is added to the
substrate surface. The capillary action causes the entire area under the glass slide
to be filled with suspension, which is then moved by the travelling plate. Particles
from the suspensions are deposited from the meniscus at the edge of the plate facing
away from the direction of travel, as shown in Figs. 4.2 (b) and (c).

4.2.2

Spin Coating

A single recipe for spin coating was determined through trial and error optimisation.
After coating a 2.5 by 2.5 cm substrate with polystyrene, and embossing a 1 by 1
cm grating area, 60 µl of microparticle dispersion, with a concentration of 5 wt.
%, was deposited onto the sample. This was given 10 mins to sediment in ambient
conditions. Excess water and particles were removed by spin coating the sample at
2000 rpm, with an acceleration of 1000 rpm2 .

4.2.3

Analysis and Feedback

Simple initial tests were devised to test the coating quality provided by plate coating
and optimise the fabrication method. The two parameters being tested were overall
filling of the channels and defect regions, as defined in Fig. 4.3. Optical microscopy
was chosen for this as it allows for a quick feedback loop between analysis and experimental modification. As coverage and multiple layer defects are easily detectable
through contrast levels, programatic image analysis techniques were developed. In
this way, it was possible to take advantage of the examination of samples over a
large area with high resolution images when compared to other types of microscopy.
To estimate quantitatively the percentage of microparticle coverage and defect
regions on the samples fabricated, a method of image processing specifically designed
to work with identifying the di↵erence in contrast produced by filled channels and
defect regions in relatively low magnification (in this case 100⇥) digital optical
microscope images was developed. The processing steps after passing the image
through a greyscale filter to produce an intensity image, are outlined in Fig. 4.4.
The greyscale image is divided into square “super-pixel” regions with edges that are
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Filled and
Unfilled
Channels

Multiple
Layer Defect

20 µm

Figure 4.3: Micrograph showing the main features that are recognisable by simple inspection through optical microscopy. The grating features are clearly visible as
periodically spaced light regions. Higher magnification images show areas with microparticle filled grating channels and multiple layered defect regions are which are
identifiable as they block the grating features.

approximately equal to the width of one period of the structures in pixels, and the
intensity average of each super-pixel is calculated to produce a new lower resolution
image. The new map of the image is passed through user-determined low and high
intensity filters, which divide the image according to the darkest and lightest regions,
corresponding to unfilled channels and defect regions respectively. These areas are
subsequently labelled and the areas calculated.
Although this method reduces the image resolution and therefore the accuracy
with which the areas are calculated, the intensity averaging serves to remove noise
from the image which would otherwise hamper distinguishing the regions. In fact,
it enhances the ability of such a simple image contrast method to detect small point
defects, by allowing the distinction between a grating feature covered by a single
microparticle and a desired filled channel. The loss in resolution is also countered
by the original image size of 1024 ⇥ 768, providing a more than sufficient number
of data points to still allow a precision of 1 %.

80

115.5

115.5

115
116

116

115.5

Average < Lower Threshold
116.5

116.5

115
116
117

117

115.2

0

115.5

Super-pixel Division

690

115.6

116.5

Super-pixel Averaging

0

115.4

Final Composite Image

115.8

85.6
692

86 85.6 86.2 85.8 86.4 86 86.6 86.2 86.8 86.4 87 86.6 87.2 86.8 87.4 87

85.8

1

116
117

116.4

85.8

86

86.2

86.4

86.6

86.8

87

87.2

87.4

116.5

85.6

696

87.4

Empty

Filled

116.2

694

87.2

0

116

Average
> Upper
Threshold
85.6
85.8116.6
86
86.2
86.4

86.6

86.8

87

87.2

87.4

698

Defect

117
87.4

516

518

520

85.6

85.8

117.2

522

86

86.2

86.4

86.6

86.8

87

87.2

87.4

85.6

85.8

116.5

514

Filled

86

86.2

86.4

117

0

86.8

87

87.2

116
116.5

0

86.6

117

512

87.2

510

1

117

86 85.6 86.2 85.8 86.4 86 86.6 86.2 86.8 86.4 87 86.6 87.2 86.8 87.4 87

702

0

85.8

117

85.6

116.8
700

116.5
115.5

Figure 4.4: Image processing steps used to identify filling and defect ratios of
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nanopinballed microstructures from optical micrographs. The original colour image is
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turned to greyscale and divided into super-pixels demonstrated with a 36 ⇥ 36 pixel
image section. The super-pixels are intensity averaged and passed through high and
115

115

low intensity threshold binary filters in order to determine the lightest and darkest
regions. These are labelled as empty (turquoise) or filled (blue) channels or defect
(yellow) regions in a final composite image.

A depiction of an original image with its super-pixel averaged and filtered counterparts can be seen in Fig. 4.5. This highlights the ability of this method to detect
areas devoid of microparticles in a single channel, as well as multilayer point defects
and larger uninterrupted defect regions.
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Figure 4.5: Micrograph undergoing image processing to determine empty channel
and defect areas. The original full resolution micrograph is converted to a greyscale
lower resolution image with pixel averaging.

After filtering, a unfilled channels

(turquoise) and multiple layer defects (yellow) are labelled and counted. Original
micrograph by Irina Mahmad Rasid.
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During preliminary tests, it was observed that altering the concentration of the
microparticle suspension had a great e↵ect on the level of coverage and the number
and size of defects. Three plate coated samples were made at each concentration
of 0.1, 0.3, 0.5, 1.0, 3.0 and 5.0 % microparticle solids to investigate further the
e↵ect of concentration and optimise the fabrication of nanopinballed structures. The
coverage and defects were measured to determine the optimum coating parameters
within the limits of our setup. Cropped micrographs are shown in Fig. 4.6 for
this series along with a spin coated sample for comparison. Visual inspection shows
that the percentage of filled channels increases for those plate coated at the higher
concentrations used.
Microparticle Concentration (% solids)
0.1

0.3

0.5

1.0

3.0

5.0

Plate Coated

5.0

Spin Coated

Figure 4.6: (a) Spin coated samples were fabricated at a single concentration and
are also shown (red squares). Original micrographs by Irina Mahmad Rasid

Processing these images as described above yields the quantitative data, shown
in Fig. 4.7, and does indeed appear to follow the trend eluded in Fig. 4.6. Fig.
4.7 (a) shows the percentage of succesfuly filled channels increasing from below 10
% at the lowest concentration to 90 % with a 5 % solids suspension. A plateau
in the trend also suggests that further increasing the concentration may not gain
significant increases in coverage, whilst relatively small errors highlight the potential
for creating consistently filled grating arrays. The spin coated reference samples
demonstrate equivalent results at the highest concentration. The area occupied by
defects, displayed in Fig. 4.7, shows a less obvious trend, particularly due to the
high relative errors at higher concentrations. However, the information still tells us
that there is a chance of having larger total defect regions.
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Figure 4.7: (a) Spin coated samples were fabricated at a single concentration and
are also shown (red squares). Error bars are ± one standard deviation.

Beyond the results shown in this section, it was found that altering other parameters in our setup gained little further controllable improvement. Due to the
simplicity of the apparatus, there is poor control over experimental parameters such
as solvent evaporation rate, temperature, exact coating speed and plate angle. Despite this, the results gained for plate and spin coating with a 5 % solids suspension
were considered sufficient for subsequent experiments in this work, yielding relatively low defect areas large enough to structurally examine with high magnification
optical microscopy and di↵ractometry.

4.3

Structural Identification and E↵ects of Disorder

The interaction between embossed di↵raction gratings acting as templates and partially controlled colloidal self assembly gives rise to structures with elements of order
and disorder. From closer inspection, particular types of microparticle packing and
spatial distribution can be observed, that produce complex di↵raction patterns from
di↵ractometry and FFT calculations. To interpret these patterns, models were developed to identify specific relationships between the optical lattice formed by the
microparticles and the di↵ractive response.
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4.3.1

Identification

The nanopinballed structures investigated are neither perfectly ordered or periodic.
To understand and describe the types of disorder, it is important to identify the
types of packing that the microparticles can take on within the confinement of the
grating features. Samples for more in-depth analysis were selected on the basis of
having large enough defect-free areas for probing with di↵ractometry - an area similar to that of the incident beam cross-section. Fig. 4.8 shows high magnification
(500⇥) optical micrographs of three selected samples that exhibit distinct microparticle lattices formed due to two types of packing behaviour termed “staggered”
and“linear”.
Staggered

Mixed

Linear

10 µm

Plate-Coated

Spin-Coated

Figure 4.8: Optical micrographs taken at high magnification (500⇥) of plate coated
and spin coated samples with di↵erent microparticle packing configurations. Each
structure exhibits a distinct proportion of staggered and linear ordering.

The microparticle packing featuring prominently in the staggered configuration
consists of particles close packing in an alternating fashion along the grating channels, whereas the linear configuration features particles ordered in continuous lines.
The sample termed as having a “mixed” configuration is simply a mixture of significant proportions of both packing modes. It can be seen that all of the configurations
shown exhibit some of both types of packing and that it is simply the modal distribution that varies, however, these particular examples exhibit di↵erences sufficient
that they can be considered distinct. The two plate coated samples were fabricated
under the same processing parameters within the constraints of the experimental
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setup, with the exact reasons for the variations in structure unknown.
To obtain Fourier space patterns corresponding to the samples, binary images
of the high magnification optical micrographs were created. A script was written to
determine the coordinates of each particle present in a image, as well as the grating
features. To remove noise and any particle size ambiguity due to non-uniform image
brightness and contrast, a binary image of the structure was redrawn from the
coordinate data, with each particle having a fixed size of 2 µm, as shown in Fig.
4.9. From the coordinate maps of the particles, it was also possible to determine
various distributions in the ordering of the particles, which are discussed later in
this section. After the optical micrographs were recorded, the samples were marked
to ensure that the same regions would be probed with the di↵ractometer.

Particle Distributions

FFT

Figure 4.9: Particle coordinates are gathered from original high magnification micrographs and used to generate particle distribution data and binary images for FFT
calculations.

Generating FFT patterns presents an opportunity to predict the Fourier space
response of the structures, which should be representative of the optical di↵raction
patterns, and therefore provide a route for determining structure and disorder with
both structural (microscopy) and optical (di↵ractometry) methods. The attraction
of working with FFT images generated from optical microscopy data is that they can
be compared with FFT of artificially generated model data, in an attempt to isolate
and identify the origins of the di↵raction pattern features. FFTs were generated
using the built in ‘↵t2’ algorithm in Matlab from reconstructed binary images of
20 grating periods. The results were transformed using the ‘↵tshift’ function. The
images were cropped to show a square region of each sample. The logged absolute
FFT values for each sample are shown in Fig. 4.10 with their optical counterparts.
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Initially, simple photographs of the di↵raction patterns were taken to verify the
corresponding features. A

= 532 nm laser was shone onto the marked section

of each sample, with the di↵raction pattern projected onto a paper screen and
photographed using a Canon 5D MkII DSLR. Despite the geometrical distortion,
it is easy to see the similarities in the pattern features, verifying the equivalence of
FFT and optical data.
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Figure 4.10: Di↵raction patterns generated from the structures using a

= 532 nm

laser were photographed. These are compared to FFTs of the binary images generated
from optical micrographs. Peaks associated with the linear and staggered packing are
seen in both sets of images.

Present in the reciprocal space patterns are distinct variations according to the
packing configurations of the microparticles. The appearance of extra di↵raction
orders, for the mixed and staggered configurations highlights the unique response of
the packing modes and the power and peak shape of these suggest sensitivity to the
variations in modal distribution. Particularly, it is possible to notice, the emergence
of broad peaks at Y frequencies around 0.25 µm-1 as staggered packing is introduced,
associated with the presence of vertical periodicity of 4 µm. All of the FFTs show
noisy circular halos which are shown to be attributed to small scale non-cumulative
disorder in the following section.
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4.3.2

Spatial Distribution of Microparticles and Fast Fourier
Transform Modelling

One technique to analyse the spatial distribution of microparticles within the structures that have been fabricated, is to identify the various transformations that can be
applied to the microparticle positions of a ‘perfect’ rectangular lattice arrangement.
This lattice, shown in Fig. 4.11 is visualised as one in which the microparticles in
our system are equally spaced along the grating channels and occupy space in the
exact centre between grating features. The FFT of the rectangular lattice architecture has di↵erent features to those shown in Fig. 4.10 showing that this model is
not representative of the structures that have been fabricated, however this is not
to say that it is unfeasible to create. From the high magnification optical micrographs staggered packing was observed, permitted by the relative geometry of the
microparticles and grating channels. The FFT for this structure is also shown in
Fig. 4.11 and while it does include the addition of peaks at Y frequencies around
0.25 µm-1 , they are very sharp in comparison to those in Fig. 4.10, suggesting that
the staggered packing is also non-uniform across the real structures.
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Figure 4.11: Perfect linear and staggered lattices with their corresponding FFT
patterns. The two lattices share many peaks, with the staggered lattice displaying
extra peaks at multiples of 0.25 µm-1 corresponding to a period of 4 µm.
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Non-Cumulative Disorder
To construct binary models that resemble the types of structures that we have created, the perfect lattices can be disrupted along the degrees of freedom available to
the microparticles, which are applied to the perfect rectangular lattice and demonstrated in Fig. 4.12. Microparticle positions can be altered by individual small
random distortions in both the X and Y axes, and entire grating channels can be
translated along the grating channels. Initially, only lattice distortions that result
in non-cumulative are being considered. By identifying the possible microparticle
manipulations, it is possible to quantify and recreate the types of packing that have
been observed, and also to isolate which features bring about particular di↵raction
pattern profiles.
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Figure 4.12: In confinement of the grating channels, non-cumulative disorder of the
micro-particles can occur as either shifts of rows of particles along channels or random
lattice fluctuations in the X and Y directions. Corresponding FFT patterns highlight
the impact of these lattice modifications on di↵ractive behaviour.

The accompanying FFT plots in Fig. 4.12 highlight the impact that introducing
the two types of non-cumulative disorder can have on the di↵raction peak profiles
of samples. Shifting entire rows has a significant e↵ect on peaks with a non-zero
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Y frequency peaks, by broadening them in the X axis. Applying non-cumulative
random disorder in both X and Y directions to each particle individually, displacing
them slightly from their starting positions, generates uniform circular halos around
the centre of the FFT pattern, indicative of a noisier original sampled signal.
To obtain the degrees of these types of disorder present in the actual structures,
and to statistically generate equivalent models, we define the inter-particle X spacing,

x, inter-particle Y spacing,

y, and the relative Y column shift,

ȳ. These

metrics are illustrated in Fig. 4.13. The inter-particle spacings are defined as the
centre to centre x and y distances between the j th particle along a column and the
particle at position j + 1. The vertical uniform shift of entire columns of microparticles along channels in the Y direction is measured by finding the Y coordinate of the
centre of every particle in the ith grating channel and calculating the mean. This is
then compared to the same value as calculated for the first channel, giving a relative
shift in average particle position for every channel relative to the first.
Col 1

Col i

j

j
j+1

j+1

Δy

Δy

Δx

Figure 4.13: Measurements of distance separation between consecutive particles
can be taken to assess non-cumulative micro-particle disorder.

x and

y are the

particle-particle spacings along the X and Y axes used to determine random lattice
fluctuations, and

ȳ measures the average total Y axis displacement of entire channels

of microparticles relative to one designated channel.

By considering the metrics that describe possible microparticle arrangements
and the coordinate data gathered from processing the optical micrographs, it is
possible to statistically analyse the samples produced. The distribution of

x for

the samples is shown in Fig. 4.14 and highlights the presence of varying degrees of
linear and staggered packing in all the structures. Linear packing is observable as
the presence of a high

x distribution around 0 µm, highly present in the sample

defined as linear, whereas staggered packing results in non-zero particle-particle
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o↵sets. Higher distributions of particles around ±0.5 µm are visible in the mixed

and staggered samples, explaining the presence of the Y frequency 0.25 µm-1 peaks
in the FFTs in Fig. 4.10.
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Figure 4.14: Distributions of the X axis inter-particle spacing,

x, for the three

samples. Distributions of particle-particle distances centred on 0 µm correspond to
linear packing, whilst those centred above or below relate to staggered packing. By
summing the distributions, it is possible to determine the contribution of each type
of packing for each sample.

The distributions of Y spacing between consecutive particles along the grating
channels for the samples is shown in Fig. 4.15. All of the samples show a particleparticle Y spacing of around 2 µm as expected from the microparticle diameters
and close packing. The sample with majority linear packing has a slightly higher
distribution of

x = 2.1 µm which would be in accordance with the geometry of the

structure. However as this may be as a result of the experimental as the di↵erence
corresponds to that of only one pixel in a high magnification optical micrograph.
One other limitation of this analysis is that it does not pick up on the higher order
periodicity centred around 4 µm that is present with staggered packing, and leads
to the extra peaks as observed in the FFTs and di↵raction patterns.
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Figure 4.15: Distributions of the Y axis inter-particle spacing,

y, for the three

samples. For all samples, the distributions are centred close to 2 µmas would be
expected from the close packing of particles with stated diameters of 2 µm.

The Y axis shifts of entire rows of columns are also presented as histogram
distributions as Fig. 4.16. The

ȳ values shown are absolute, with all non-zero

values representing mean particle shifts relative to the first channel. There appears
to be a random distribution for all of the samples, suggesting that the positions of
particles in any channel are unrelated to those in other channels. This leads to the
interesting prospect of building structures that incorporated disordered elements,
but are highly ordered in at least one direction.
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Figure 4.16: Distribution of absolute relative shifts in Y axis positioning of whole
channels of particles,

ȳ. The distributions suggest that for all samples there is a

random and unrelated shift for all particles along the Y axis between each channel.

Using the measured microparticle distributions and the definitions of disorder
described in this section, binary image models were generated that statistically represent the samples as analysed in the micrographs. These have the same proportions
of linear and staggered packing, as well as small amounts of disorder in the X and
Y directions. The models and their FFTs are shown in Fig. 4.17 where it can be
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seen that the response is highly comparable to the FFTs from the original structures
seen in Fig. 4.10. All of the expected peaks are present in the FFTs, as well as the
low intensity noise halos generated by the non-cumulative X and Y disorder. This
highlights the potential for
Linear
20

20

20

40

40

40

60

60

60

80

80

80

100

100

100

120

120

120

140

140

140

160

160

160

180

180

200
40

60

80

100

120

140

160

180

200

1

-1

-0.8

Y Frequency (µm-1)

-0.4

-0.2

0

0.2

0.4

60

80

100

120

140

160

180

200

20

1

-1

-0.4

-0.2

0

0

0.2

0.4

0.6

0.8

0.8

-1
-1
-1

-0.8

-0.6

-0.4

-0.2

0

0

0.2

X Frequency

0.4

0.6

(µm-1)

0.8

1

1

-1
-1
1

40

60

-0.6

-0.4

80

100

120

140

160

180

200

-1

-0.8

-0.6

0.6

1

40

-0.8

-0.6

0

200

20

Y Frequency (µm-1)

1

180

200
20

Y Frequency (µm-1)

Staggered

Mixed

-1

-0.6

-0.4

-0.2

0

0

0.2

0.4

0.6

0.8

-0.8

-0.6

-0.4

-0.2

0

0

0.2

X Frequency

0.4

0.6

(µm-1)

0.8

1

1

-1
-1
1

-1

-0.8

-0.2

0

0

0.2

0.4

0.6

0.8

1

1

X Frequency (µm-1)

Figure 4.17: Simulated binary images with equivalent levels of linear and staggered
packing to the three samples being investigated, as well as additional lattice fluctuations and inter-channel displacements. The FFTs of these images bare a very close
resemblance to those of the binary images taken from actual micrographs.

Cumulative Disorder
So far, the disorder discussed has been non-cumulative, however it is also possible
to have cumulative disorder in the Y direction in these structures. The uniqueness
of the structures created allows for non-cumulative disorder in only this direction,
making them an interesting case to study and also easily allows the development of
a metric to describe the level of the disorder. The definition of cumulative disorder
used in this case is where the accuracy with which the position of one particle can
be measured with respect to another decreases with distance. In the particular case
of the nano-pinballed structures being investigated in this work, this is defined as
a change in the standard deviation of the Y position of particles in each row, j,
across a significant number of particles. This is sufficient to describe increasing and
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decreasing fluctuations in the periodicity that have a cumulative e↵ect that acts
over longer ranges than simply between consecutive particles.
Fig. 4.18 shows the distribution in inter-particle Y spacing,

Y, for each grat-

ing channel of particles. This shows two important aspects of the disorder not yet
explored. Firstly, in some channels, there is small distribution of Y spacings significantly larger or smaller than the mean. These may be caused by gaps in the
microparticle packing or microparticles that have distinctly di↵erent diameters. In
systems where close packing dominates, such as those being investigated, a sudden
local gap defect or change in particle diameter may cause a disruption that propagates on to the positions of subsequent particles in that particular channel, reducing
our ability to predict their location. Secondly, individual channels have di↵erent
mean values for

Y, due to the varying ratios of linear and staggered packing be-

tween channels. This means that the ability to predict the position of a particle
in one channel from the position of a particle in another channel is not constant,
leading to an e↵ective cumulative disorder across all channels.
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Y , in each individual grat-

ing channel. This highlights the presence of outliers and the variation in mean

y

between channels, both potential causes of cumulative disorder across the microparticle lattice.

Combining these two causes of cumulative disorder results in a broadening of
the distribution of the positions of particles in each row along the Y axis. Fig. 4.19
shows the standard deviation of the Y position of particles,

Y,

in 45 rows, against

their mean Y position, ȳ. This allows us to see that over a distance, in this case
almost 100 µm, there is overall an increase in the distribution of microparticles and
therefore a loss of predictive ability. Within this trend, there are fluctuations, fitting
with the description of cumulative disorder being used. Due to the positive trend
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dominating over the fluctuations, straight line fits were made to the data in order
to gain a simple insight into the relative levels of cumulative disorder between the
samples. Whilst the linear and alternating samples have gradients of 0.59 ± 0.01 and
0.56 ± 0.01 respectively, while the mixed sample exhibits a gradient of 0.73 ± 0.01.
This is in accordance with the possible causes for cumulative disorder, as mixing of

Standard Deviation,
σY (µm)

the two types of packing causes deviations in periodicity between channels.
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Figure 4.19: Standard deviation of the Y axis displacement of each particle from the
mean Y axis position in each microparticle row. The deviation increases with distance
from the first row, j1 , measured showing the presence of cumulative disorder which
changes the ability to predict microparticles positions.

4.3.3

Two Dimensional Optical Di↵ractometry

Up to this point, a largely qualitative analysis of FFT spectra has been used in
conjunction with quantitive microparticle distribution data to analyse the structures.
Alteration of the two packing lattices with two types of translational disorder have
been shown to be sufficient to describe the structures, however to move beyond this,
a quantitative investigation of the di↵raction peaks that arise from these structures
is required. Furthermore, the FFT analysis is limited as it relies on having optical
micrographs of sufficient resolution to sample the structures. Moving to structures
close to or below the resolving limit of the optical microscope would render this
technique ine↵ective. It is also for this reason that di↵ractometry is employed, which
is preferable to destructive imaging such as SEM, or slow throughput scanning probe
methods such as AFM.
Using di↵ractometry we probed the nanopinballed gratings using a method which
is both non-destructive, fast and has the potential to be of very high resolution.
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Measurements were taken using a laser of wavelength

= 532 nm and at angle of

incidence ✓i = 0 . Crucial to the interpretation of these results is the fact that the
measurements were taken from the same points on the structures as the micrographs
above. As the structures fabricated produce two-dimensional di↵raction patterns, a
two-dimensional di↵ractometer was used, as described in Chapter ??. Whilst using
a 512 ⇥ 512 pixel CCD detector enables the linear recording intensity across an
area, the dynamic range is limited and therefore full images must be built up by
superposition, as outlined in Chapter 2. Such composite intensity profiles are shown
in Fig. 4.20. The di↵raction patterns here have been geometrically corrected and
represent the positions and shapes of the peaks, however it should be noted that due
to the additive nature of the composite images shown, the signal intensities are not
representative. A light band across the images centred at ✓Y = 0 is a beam stop
used to hide the high intensity di↵raction grating peaks when exposing to record
the disperse peaks arising from the microparticles.
The features positions and shapes presented in the di↵raction patterns in Fig.
4.20 resemble those in the photographs and FFT spectra of Fig. 4.10, presenting
the same features. It is difficult to discern the peaks generated by the portions of
staggered packing the mixed sample due to their low intensity, however it can be
seen that they appear to be more dispersed than those in the staggered sample. No
noise halos from small non-cumulative lattice distortions can be seen, however this
may be as they are below the lowest detectable intensity. Some light leakage from
the experimental apparatus appears on the positive side of the X axis.
Linear

Mixed

Staggered

Figure 4.20: Geometrically corrected composite two-dimensional di↵raction patterns
measured with di↵ractometer using a laser with wavelength

= 532 nm and an angle

of incidence ✓i = 0 . The compiled images do not accurately represent the intensities
of the di↵raction peaks, as each image was taken with a di↵erent exposure setting.
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To extract more information about the distribution of the microparticles, line
profiles of the signal intensities were taken from the two-dimensional di↵raction
spectra. These were taken along ✓X = 0 and ✓Y = 0 , as seen in Fig. 4.20, with
full one-dimensional spectre being shown in Fig. 4.21. The number and positions
of the peaks can be seen, however their intensities bear no relation to their actual
intensities due to the composite nature of the spectra.
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Figure 4.21: Composite di↵raction profiles showing the number and positions of
peaks in the di↵raction spectra along the line profiles ✓X = 0 and ✓Y = 0 .

From the angles peak maxima, the periods in both the X and Y directions were
measured by fitting the grating equation. The observed di↵raction angles and the
fits are displayed in Fig. 4.22, with orders along the X axis labelled m, and those
along the Y axis labelled n. Although orders with di↵raction peaks up to a maximum
of 35 are possible to detect with the experimental setup, this provided sufficient
data for fitting and extracting the period. In the X direction, the di↵raction peaks
correspond to those generated by the di↵raction grating structure, and indeed show
periods of just over 4 µm as is characteristic for hot embossed polystyrene gratings,
with a range of 20 nm between the samples.
In the Y axis, the di↵raction peak angles, ✓n , correspond to the period of the
microparticles along the grating channels. The periods recorded for the samples are
just above 2 µm, close to the manufacturer’s stated diameters of the microparticles,
and are in agreement with the microparticle spacing distributions observed from the
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micrographs in Fig. 4.15. It is also noticeable that the linear sample shows a mean
period significantly higher than those of the mixed and staggered samples. This is
consistent with the geometry of the structures and reinforces the same observation
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Figure 4.22: Fitting the grating equation to the angular positions of the peak maxima yields the periods of the structures in the X and Y directions.

To analyse the peak shapes, di↵raction peaks along the line profiles were isolated
from individual di↵ractometer images. The image chosen for each peak was that
which represented it at the highest signal to noise ratio. Each peak was normalised,
backgrounds were subtracted and pseudo-Voigt curves were fitted to the data. The
normalised positive di↵raction orders for both the X and Y axis line profiles are
shown in Fig. 4.23 with their fitted curves and residual errors to highlight the fitting
accuracy. Due to the observed presence of both non-cumulative and cumulative
disorder, the integral breadths,

, were calculated for Williamson-Hall analysis of

the non-cumulative component, and pseudo-Voigt shape factors, ⌘, were obtained
to investigate the relative levels of cumulative disorder.
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Figure 4.23: Normalised positive di↵raction orders showing the peak shapes and
fitting agreement with pseudo-Voigt profiles.

Fig. 4.24 (a) and (b) show the average shape factors against their di↵raction
angles for the positive and negative di↵raction orders. Along the X axis peaks associated with the di↵raction grating component of the structure, in 4.24 (a),there
appears to be little or no trend in peak shape with increasing absolute di↵raction
angle, with all samples having the majority of their peaks displaying dominant Gaussian profiles, with shape factors tending to be below 0.5. This indicates prevailing
non-cumulative disorder. [144] However, when regarding the di↵raction peaks associated with the packing of microparticles along the grating channels, in Fig. 4.24
(b), there is a clear trend of ⌘ increasing with the di↵raction angle, as well as reaching higher values, close to or higher than 1. This is in stark contrast with the X
axis di↵raction peaks, showing strong signs of cumulative disorder, and highlights
the ability of di↵raction peak shape analysis for making this distinction. The relative levels of cumulative disorder are difficult to discern due to the low number of
di↵raction orders.
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Figure 4.24: Pseudo-Voigt shape factors, (a) and (b), and Williamson-Hall plots,
(c) and (d), for the di↵raction peaks along ✓X = 0 and ✓Y = 0 . The values are the
averages of the values calculated for the positive and negative orders. These highlight
the low levels of disorder and lack of cumulative disorder in the X direction, due to
the grating structure, but larger degrees of both types of disorder in the Y axis, as
expected from the structural analysis.

For completeness, the Williamson-Hall plots are shown to highlight the relative
levels of non-cumulative disorder in Fig. 4.24 (c) and (d). For the X axis di↵raction peaks, very low gradients are seen, with little di↵erence between the samples,
suggesting low and similar levels of non-cumulative lattice disruption, reinforcing
the pseudo-Voigt shape analysis. Along the Y axis peaks, the gradients of the linear and staggered sample are both lower than that of the mixed sample, which is
in accordance with observations on inter-particle spacing from optical micrographs
as seen in Fig. 4.18. However, as only two non-zero di↵raction peaks were available, the value of the information here is limited, highlighting the limitations of the
experimental setup.
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4.4

Conclusions

Where colloidal self-assembly has provided a pathway for the fabrication and study
of microparticle monolayers and opal structures, nanopinballing joins the range of
techniques emerging that o↵er a route towards more complex micro and nano-scale
architectures. The exact method of fabrication was not studied in-depth, but rather
developed to resemble those already successfully demonstrated in the literature and
used to fabricate samples of microparticles templated by a micro-scale di↵raction
grating. However, to complement this fabrication method, an analysis technique
that programmatically and qualitatively determines the level of successful particle
templating was developed. This goes beyond the ability of visual inspection of
optical micrographs or highly magnified SEM and AFM images to determine sample
quality prevalent in the literature, and it is simple enough to be implemented in-line
during fabrication.
The capabilities of optical microscopy were taken further and used to analyse the
nanopinballed structures, identifying two types of microparticle packing permitted
by the grating structure, the spatial distributions of the microparticles and the types
and levels of order and disorder present. Joining the information gathered with twodimensional optical di↵ractometry spectra, it was possible to confirm distinctions
between the samples and to investigate the potential of di↵ractometry to assess the
same structural attributes. In particular, using methods developed originally for
XRD peak shape analysis, the relative levels of both non-cumulative and cumulative
disorder were determined.
While both optical microscopy and di↵ractometry are non-destructive methods of
metrology, optical microscopy is limited in terms of resolution. It becomes impossible
to distinguish feature whose sizes are below around 500 nm, particularly in close
packed systems. However, the wavelength used in optical di↵ractometry can be
tuned to take into account the feature size, as demonstrated by experiments done
using the EUV part of the spectrum. UV-visible spectroscopic measurements are
commonly used to probe the bulk optical properties of photonic structures fabricated
by CSA, but di↵ractometry adds to the toolkit of optical measurement techniques
by giving direct reciprocal information about the structures being investigated.
The work presented in this chapter shows that there is a specific potential for
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di↵ractometry of micro-scale nanopinballed photonic structures. By using the range
of templates available in the form various gratings and other architectures, model
systems could be developed with tailored structures and defects, which can then be
inspected with microscopy and di↵ractometry in order to gain a full understanding
of the structure property relationships in terms of packing, disorder and defects.
This would be of particular benefit when it comes to understanding the photonic
structures present in natural systems as they are not perfectly ordered. General improvements could be made to the analysis technique by employing a higher resolution
CCD and a source wavelength and geometrical setup that permit wider di↵raction
angles to be recorded. With a sufficient experimental setup, it may be possible
for in-situ di↵ractometry to determine the transitional phases occurring during the
fabrication of such structures.
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Chapter 5
Material Properties of High Index
Solution Processable Photonic
Structures
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5.1

Introduction

For many photonic structures, particularly photonic band gap applications, enhanced refractive index contrasts are often desired. As explored in Chapter 1, polymers present great opportunities in terms of processing, but a significant drawback
of using them is that they typically have low refractive indices that fall within a
small range. A hybrid PVA:Ti molecular hybrid material developed by Russo et
al has shown great promise for optics, with high transparency and tuneable refractive index up to n = 2 [107]. Beginning with PVA and TiCl4 , this material is
prepared in aqueous solution and cross-links after deposition, rendering it insoluble.
Highly reflective Bragg mirrors have been fabricated with the hybrid [175]. After
deposition and drying the material cross-links, becoming insoluble and very rigid,
rendering it impossible to pattern by conventional polymer patterning techniques.
In this chapter, solution moulding is used to solve this challenge and is employed
to pattern the hybrid immediately after deposition. Structures with a variety of
architectures and dimensions have been patterned that exhibit the potential for this
material to form fully solution processed photonic systems.

5.1.1

Stamps for Solution Moulding

Both nano and micro-scale gratings were tested in this work.

For the micro-

scale gratings, PDMS was used as the stamp. Features with sub-micron architectures or high aspect ratios require a material with a higher modulus than PDMS
[176]. h-PDMS was used as the patterning material for nano-scale structures. A
film (around 100 µm) of h-PDMS was prepared on the master structure, with a
PDMS block used as a supporting structure.

To make the h-PDMS, 3.4 g of

vinyl PDMS prepolymer, 18 µl of Pt catalyst and 0.1 g of modulator (2,4,6,8tetramethyltetravinylcyclotetrasiloxane) are added together. These 3 components
are manually mixed by stirring thoroughly. At the same time, regular liquid PDMS
is prepared as described above. In the containers that they have been mixed in, the
two liquids are degassed in a desiccator attached to a diaphragm pump. Once all
bubbles are removed, 1 g of hydrosilane prepolymer (HMS-301, Gelest) is stirred
quickly into the h-PDMS mixture. The master is placed in a spin coater, the liquid

104

h-PDMS is then poured onto its surface and it is spun at 500 rpm for 5 s and then
1000 rpm for 40 s. The coated master is then removed and baked on a hot plate at
60 C for 10 minutes. It is then transferred to plastic, flat bottomed petri dish and
the liquid PDMS is poured over to form a layer around 4 mm thick. This is then
placed onto a level hot plate for 70 C for around 3 hours and finally the stamp is
removed from the master as described above. In this case, extra care is taken not
to bend the stamp, as the h-PDMS layer is prone to cracking. This recipe is as
detailed by Kang et al. and was scaled according to the size and number of stamps
being prepared.[177]

5.1.2

Preparation of the Hybrid

The hybrid is prepared in a “one-pot” synthesis, in which the aqueous inorganic
and organic precursor solutions are combined in one step. Usually nanocomposites
incorporating titanium are prepared by synthesising crystalline TiO2 nanoparticles
to be mixed with a polymer matrix [101, 178, 179]. To obtain a molecular hybrid, a
precursor solution of ‘amorphous’ titania can instead be prepared, which is achieved
through the controlled hydrolysis of TiCl4 [180]. For the polymer component, a
simple solution is prepared.
Titianium oxide hydrates (Tix Oy (H2 O)) are often formed as an intermediate step
during the synthesis of crystalline TiO2 for nanoparticles [181]. They are a category
of titanium species that contain a fraction of Ti-OH groups, which can be converted
to TiO2 . TiCl4 is chosen as a precursor for the creation of Tix Oy (H2 O), as it is easily
hydrolysed, with the exact ratio of Ti-OH groups being determined by controllable
parameters such as pH and temperature [178]. The hydrolysis of TiCl4 is quite
strong as the chlorine is favourably replaced by OH groups. The TiCl4 reacts even
with exposure to moisture in the air. Adding the TiCl4 to water in an uncontrolled
manner will result in a white solution full of titanium based precipitates. If a
favourable environment is created by maintaining the low temperature and pH, then
mono and poly-nuclear Tix Oy (H2 O) species are formed, with some of the chlorine
potentially remaining due to the acidity of the reaction at high TiCl4 concentrations
[178]. To slow down the hydrolysis reaction, a dropping funnel is used to deliver
TiCl4 at ⇠ 1 drop per second into rapidly stirring distilled water in a wide flask
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cooled close to 0 C. Under these conditions, a clear aqueous solution of Tix Oy (H2 O)
is obtained, which can be stored below 0 C for over 6 months.
It was observed by Russo et al. that the solution of Tix Oy (H2 O) could be stabilised by the addition of glycerol, which was attributed to interaction between the
OH groups of the inorganic and organic molecules [180]. Taking this into account,
poly(vinyl alcohol) (PVA), a transparent material abundant in OH groups, was chosen as a suitable polymer to form a matrix and incorporate the titanium species. As
a commodity polymer, PVA is readily available and therefore suitable for scalable
processing. PVA is soluble in water, and solutions are prepared by vigorous stirring
in distilled water at ⇠ 90 C.
To form the final hybrid solution, the two components are simply mixed together.
The aqueous hybrid is transparent and is stable for several hours, particularly if
refrigerated. If left for too long, the solution will gel or turn cloudy depending
on the polymer:titanium ratio. For all experiments in this chapter, a fresh hybrid
solution was prepared.
As the refractive index of hybrid materials relies on the ratio of inorganic to
organic material, it is useful to express this when describing the material. Russo et
al. originally described the hybrid in terms of the moles of Ti per gram of PVA.
They also determined that the density and molecular weight of the Ti species in
the hybrid are 1.95 g cm-3 and 80 g mol-1 respectively [180]. Strang et al. use this
information to calculate the volume fraction of Ti in the dry, cross-linked hybrid
and define a new unit system. This is expressed in vol%Ti and provides a more
intuitive description of the material. The volume fraction of Ti in the hybrid can
be calculated by

Vol% = 100 ⇥

46.2C
46.2C + 0.794

(5.1)

where C is the measure of hybrid concentration in moles of Ti per gram of PVA.
As seen from chapter 3, the concentration of a solution has an impact upon
pattern formation. The hybrid is prepared as a two component solution and therefore
the final concentration in the solution state is a summation of the two precursor
concentrations. This is defined as the addition of the mass of PVA and Ti per
millilitre of solution; cHybrid = cPVA + cTi .
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5.2
5.2.1

Patterning the Hybrid from Solution
Formulation of the Material

Extensive work by Strang et al. has been carried out characterising the optical properties of the hybrid and fabricating multi-layer Bragg mirrors with various responses
[175]. For these purposes, it was necessary to controllably deposit thin planar films,
and value was therefore placed on creating a material of very low viscosity. A hybrid
formulation was chosen accordingly, with precursor concentrations of around 2 - 4
wt. % PVA and 1 M Ti used. PVA with a molecular weight of 130,000 g mol-1 was
chosen, with 88 - 90 % hydrolisation, leaving some leftover acetate groups from the
polymerisation, which aid with solubility in water [175].
As seen from previous experiments in this thesis, it is necessary to prepare high
concentration solutions for solution moulding. When preparing the hybrid, this
means that the concentrations of both precursor solutions must be correctly tuned.
However, above concentrations of 10 wt. % PVA with MW = 130,000 g mol forms a
solution that is not processable as it is too viscous, even at high temperatures. To
overcome this challenge, the fact that lower molecular weight polymers produce less
viscous solutions [182, 183] was taken into account and a PVA with MW = 9,000 10,000 g mol-1 . This also has a lower hydrolysation fraction of 80 %, improving its
solubility. With this polymer, it is possible to easily prepare aqueous solutions of
over 30 wt. % PVA that still flow at room temperature.
Two 40 vol % Ti hybrid solutions were prepared with the low molecular weight
polymer precursor and a 1 M Ti solution; one with 2 wt. % PVA and one with 20
wt. % PVA. Solution moulding was employed to pattern the material, using PDMS
stamps of the same with ⇤ = 4 µm grating used in chapter 3. Tilted and magnified cross section SEM images of the resultant structures can be seen in Fig. 5.1.
These clearly poorly defined cross-section profiles and uneven grating lines for both
concentrations, characteristic of solution moulding carried out with concentrations
below the threshold required.
From this initial test, it was determined that the total hybrid concentration
should be increased further. Due to the upper limit placed on the polymer solution
concentration by processability, attention was turned to the Tix Oy (H2 O) precursor.
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It was found that the hydrolysis of TiCl4 to Tix Oy (H2 O) solutions with concentrations above 3 M Ti produced a yellow solution, and therefore a clear solution of 2.85
M Ti was prepared for a high concentration hybrid.
2 wt. % PVA

20 wt. % PVA

10 µm

10 µm

2 µm

2 µm

Figure 5.1: Cross section SEM images showing attempted solution moulding of
hybrid grating structures with low concentration hybrid solutions. Solutions were
prepared with precursors of 2 and 20 wt. %PVA and 1 M Ti.

The preparation of a hybrid with both high concentration polymer and Tix Oy (H2 O)
solutions requires more controlled conditions. Simple mixing and stirring of the two
viscous components can result in instantaneous gelling and uneven mixing. To avoid
this, the high PVA precursor was chilled to ⇠0 C, to reduce the cross-linking rate
with the Ti, and stirred vigorously. The Tix Oy (H2 O) solution was then added at ⇠1
drop every 5 seconds, after which the solution was left stirring to homogenise. Under
these conditions the process is only limited in terms of the precursor concentrations,
with instantaneous cross-linking occurring if an upper threshold is breached.
The final hybrid solution concentrations, defined as the mass of Ti and PVA, were
calculated and are plotted in Fig. 5.2 for a Tix Oy (H2 O)precursor solution of 2.85
M. By fixing the Tix Oy (H2 O) precursor solution and varying the concentrations of
PVA, we aimed to find a PVA solution with the highest possible polymer content that
would produce a processable hybrid for all volume fractions of Ti. PVA solutions
around and above 25 wt. % were highly viscous and prohibited the vigorous stirring
required to form a homogenous hybrid solution, indicated as the region above the
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dark red line on Fig. 5.2 (a). The grey points on the graph indicate hybrid solutions
that were prepared but partially or completely gelled instantaneously. A region for
this is predicted around is highlighted near and above the points attempted. Further
tests may expand this region. It was found that it is possible to form a processable
hybrid up to at least 80 vol % Ti with a PVA solution of 17.5 wt. %. The total
hybrid concentration in mg ml-1 at this formulation can be seen in Fig. 5.2 (b), taken
from the light blue line across part (a). We can see that for this hybrid formulation,
there is an almost linear relationship between the volume fraction of Ti and the total
hybrid concentration.
Total
Concentration
(wt. %)

(a)
30

25

High Viscosity PVA

Observed Gelling Points

20
15

20

PVA Concentration Used (17.5 wt. %)

15

10

10

5

5
0
0

20

40

60

80

100

0

Total Hybrid Concentration (wt. %)

PVA Concentration (wt. %)

Projected Gelling Region

25

(b)

30

20

18

16

14

12
0

20

40

60

80

Volume Fraction Ti (Vol%Ti)

Volume Fraction Ti (Vol%Ti)

Figure 5.2: (a) Calculated total hybrid concentration in wt. % as a function of PVA
concentration and the volume fraction of Ti, using a Ti precursor solution of 2.85
M. Regions relating the processability of the hybrid are highlighted. (b) The total
concentration of the hybrid using a PVA precursor concentration of 17.5 wt. %, a
high concentration suitable for solution moulding across all volume fractions of Ti.

5.3

Structural and Optical Aspects

Volume fractions of 0 (plain PVA), 20, 40, 60 and 80 vol. % Ti were solution moulded
into micro and nano-scale linear gratings. The micro-scale gratings were fabricated
using PDMS stamps cast from the NIL Technology master with ⇤ = 4 µm. The
samples were created by pressing solutions under the stamps with a hot press held
at 35 C. Typical resulting cross-section profiles can be seen, along with the master,
in Fig. 5.3. One noticeable aspect of these is the reduction in cross-sectional area
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with increasing volume fraction of Ti. This is accompanied by an apparent change
in shape of the profiles, as concave edges occur with the addition of Ti.
Concentration
0 Vol%Ti

20 Vol%Ti

40 Vol%Ti

60 Vol%Ti

80 Vol%Ti

1 µm

Hybrid

Master

Figure 5.3: Cross section SEM images of solution moulded hybrid micro-scale gratings with varying volume fractions of Ti. The structures were fabricated with 17.5
wt. % PVA and 2.85 M Ti. The Si master is shown alongside.

The nano-scale gratings were fabricated using h-PDMS stamps. The stamps were
derived from a master purchased from EU Litha, with a nominal stated period of
300 nm. Hybrid replicas of this structure were fabricated using the same conditions
as used for the micro-scale gratings. The cross-sections of typical features, shown
in Fig. 5.4, also show a di↵erence in size with respect to the master, but a less
significant trend. The concave profile seen with the micro-scale gratings is not seen
in these samples.
Concentration
0 Vol%Ti

20 Vol%Ti

40 Vol%Ti

60 Vol%Ti

80 Vol%Ti

400 nm

Hybrid

Master

Figure 5.4: Cross section SEM images of solution moulded hybrid nano-scale gratings
with varying volume fractions of Ti. The structures were fabricated with 17.5 wt. %
PVA and 2.85 M Ti. The Si master is shown alongside.
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Micro and nanoscale hybrid gratings fabricated on fused silica were probed using
the di↵ractometer setup in order to investigate whether they displayed any novel
behaviour due to their material properties and cross-section profiles. Extensive
di↵ractometer analysis was not carried out on the structures, however the transmission spectra for samples fabricated with 60 vol. % Ti are shown as representative
examples in Fig. 5.5. The spectra were taken with

= 473 nm and the micro-scale

grating transmission spectra in s and p polarisations are shown in Fig. 5.5 (a). They
displays similar characteristics to the polystyrene gratings fabricated from the same
master as shown in Chapter 3 insofar as the same number of orders are present
and the spectra are essentially symmetric, with no obvious e↵ects from the concave
cross-section geometry. The total transmission is for both polarisations is T = 82
% and 85 % for s and p respectively. The spectra for the nano-scale structures are
shown in Fig. 5.5 and can be seen to act as zero order gratings as expected. Most
notably, there is a di↵erence in the total transmission between the two polarisations,
with T = 92 % and 74 % for s and p respectively. This demonstrates the high transparency of the hybrid, with the di↵erence observed between polarisations possibly
arising from the grating dimensions or material properties, though this were not
explored further.
From the SEM images, it appears that there may be a dependence of the resultant
shape of solution moulded gratings on the hybrid concentration and volume fraction
of Ti, and also a relationship to the channel size. By programmatically extracting
the average dimensions, we attempted to gain some insight into the behaviour of
this material. All of the measurements shown are normalised to the respective
masters. To help to eliminate the possibility of deformations in the stamp causing
the di↵erences in feature size, the period is initially measured. The measurements
suggest that there is no trend and little variation in the period for both the micro and
nano-scale gratings as shown in Fig. 5.6 (a) and (b) respectively. This is expected
as all of the stamps were pressed under similar pressures and water does not cause
swelling in PDMS [167].
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Figure 5.5: Transmission di↵raction spectra of 60 vol. % Tihybrid gratings with
nominal periods of (a) 4 µm and (b) 300 nm. S and p polarised spectra are shown,
with

= 473 nm.
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Figure 5.6: Periods of the (a) micro-scale and (b) nano-scale grating structures
normalised to the period of the respective masters, as measured from cross section
SEM.

The area of each feature was calculated by converting their images to binary and
summing over every pixel. The trends with the volume fraction of Ti are visible
112

in Fig. 5.7 (a) for the micro-scale grating and (b) for the nano-scale grating. For
the micro-scale grating, there is a significant correlation, with the decrease in crosssection area exhibiting an almost linear decline against the volume fraction of Ti,
which corresponds to the fall in total concentration seen in Fig. 5.2 (b). For the
nano-scale grating, there is also a decrease in the area, however the rate of this
change with Ti content is smaller as can be seen in Fig. 5.7 (b). The areas of the
structures have been normalised to that of the masters. The di↵erence between these
two structures suggests that there is more than one mechanism that determines the
size of the structural features. For both structures, the relative decrease in feature
size is not the same as the relative decrease in hybrid solution concentration (in wt.
%), and for the larger grating, this is even more pronounced.
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Figure 5.7: Areas of the (a) micro-scale and (b) nano-scale grating features normalised to the areas of the respective masters, as measured from cross section SEM.

The nature of the cross-section area di↵erences between the two grating sizes is
apparent when tracking the feature depths and widths individually (Fig. 5.8). For
the larger grating channels, the shrinkage with increasing Ti content is attributed to
both changes in depth and width as shown in Fig. 5.8 (a) and (c). For the 300 nm
grating, Fig. 5.8 (b) shows that the feature widths simply track the variations in
period and are therefore attributed to systematic experimental error, whereas Fig.
5.8 (d) highlights that there is shrinkage in the vertical direction which is therefore
the main contributor to overall changes in the grating profiles.
There are several mechanisms involved in the transformation of the solution
hybrid to the solid state material, which may lend some insight into the di↵erence
in structure between the two gratings replicated in this chapter. These include the
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evaporation of solvent and residual HCl and crosslinking between the OH groups on
the organic and inorganic components. Some shrinkage is expected from the solvent
evaporation, as seen in Chapter 3 patterning polystyrene from solution. Contraction
also arises from the cross-linking which has been shown to result in densification of
the hybrid. Contraction is enhanced with increasing volume fractions of Ti, as has
been shown by UV-visible spectroscopy of thin planar hybrid films [175].
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Figure 5.8: Widths of the (a) micro-scale and (b) nano-scale grating features normalised to the widths of the respective masters. The corresponding feature depths
are shown in parts (c) and (d) respectively. All dimensions were measured from cross
section SEM.

Several experimental and theoretical studies have shown a “skinning” e↵ect in
polymer films deposited from solution, particularly those using high ratios of material to solvent [184, 185, 186]. This e↵ect has also been observed in inorganic-organic
sol-gel systems, which bare similar properties to the hybrid [187, 188, 189, 190].
During deposition of thin films, skin formation occurs as a result of faster solvent
evaporation at the solution-air interface than in the bulk of the deposited material. In solidifying, the membrane that is formed in turn slows down the overall
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evaporation rate, increasing the skin thickness. In systems where this may occur,
skin formation can be avoided only by reaching an infinitely slow evaporation rate.
PDMS and h-PDMS have small but non-negligible permeabilities to water [191, 192],
and a higher permeability to water vapour [193], properties that appear to permit
the grating structures to dry and solidify during the solution moulding process.
The skinning e↵ect provides a potential explanation for the concave edges of the
hybrid micro-scale gratings. The feature walls appear to have solidified faster than
the internal material, with the spatial di↵erence in drying rate being accommodated
by the observed buckling of the structures. It is notable that this is not the case for
the PVA (0 vol. % Ti) grating, indicating that cross-linking of the polymer with
the Ti may be driving the buckling. The formation of skin in the solution moulding
process is supported by Fig. 5.9, where it can be seen that despite a 40 vol. %
Ti hybrid having a much smaller area than the master, the serrated edge of the
master has been transferred via the stamp to the hybrid structure. A similar type
of structural deformation has been observed in drying droplets of a polymer solution
[194]. As the nano-scale grating has features with dimensions an order of magnitude
smaller, the drying rate will be more even across the grating profile which o↵ers a
possible reason behind the di↵erence in the nature of shrinkage observed between
the two di↵erent sized gratings.
From these observations, a mechanism for the patterning of the hybrid from
solution is proposed, as depicted in Fig. 5.10. Immediately after the solution is
deposited and pressed by a PDMS based stamp the hybrid is in a liquid-like state
and fills the voids of the mould channels entirely. A drying and cross-linking phase
follows, where the material gels along with water vapour evaporating through the
elastomer. This contraction of the structure is analogous to the drying mechanism
of a simple polymer solution when being moulded, as seen in Chapter 3. As water
leaves the structure boundaries leads to the the skinning e↵ect. The skin formation
is further enhanced by the increased rate of cross-linking in these drier outer regions
of the structure. Following this, the inner parts of the structure densify through
cross-linking processes, which results in a buckling of the structure if permitted by
the geometry. Finally, it is assumed that the material dries evenly, resulting in a
fully solidified structure, potentially with a heavily modified cross-section profile.
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Figure 5.9: Master, PDMS stamp and hybrid grating feature SEM images depicting
the serrated edge, characteristic of the master, present in all three structures.
H 2O
PDMS

Substrate

Figure 5.10: Schematic of the inferred stages of the hybrid pattern formation from
solution, including drying, skin formation and densification processes.
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By changing the formulation of the hybrid, the skin formation and buckling
can be tuned to achieve new structural profiles. A hybrid was prepared with the
2.85 M Ti precursor and a 10 wt. % PVA solution. Solution moulding, using the
micro-scale grating yielded high aspect ratio features and significantly buckled walls,
forming an “I beam” profile, visible in the cross section SEM images of Fig. 5.11.
Although this was not tested extensively, this highlights the existence of a complex
non-linear relationship between structure formation and hybrid concentration, with
results that are not trivial to predict. This does however, open the possibility to tune
the process to form structures of architectures that are not always easily accessible
from lithographic techniques. This is highlighted particularly by the undercut areas
of the grating features, which could be interesting in applications beyond photonics
[195].

2 µm

250 nm

Figure 5.11: SEM image of a solution moulded micro-scale hybrid grating fabricated
using a lower PVA precursor concentration, exhibiting a high aspect ratio pattern.

5.4

Conclusions

Solution processable high refractive index hybrid materials o↵er the opportunity for
simple patterning methods to create useful photonic structures. With the incorporation of Ti into a PVA matrix, readily deposited from an aqueous solution, this is
now a distinct possibility. In this work, the development of a hybrid formulation
suitable for solution moulding has been developed and its impact upon structure
formation through solution moulding has been explored. Key to this is the correct tuning of the concentration of the hybrid precursor solutions to maximise the
material content, whilst retaining the advantageous processability. Tailoring the
refractive index of the material is key to its potential for use in photonic structures
and this is tuned by varying the ratio of polymer to Ti content. A combination of
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17.5 wt. % PVA and 2.85 M Ti precursors was found to yield a processable material
with a Ti content ranging from 0 to 80 vol. % Ti.
Micro and nano-scale gratings were fabricated using this hybrid formulation and
their structural properties were investigated, giving some insight into the mechanisms of the patterning process. Shrinkage in the cross-sectional profiles of the
grating features appears to be enhanced by decreasing overall hybrid concentration
and increased volume fractions of Ti. The nano-scale hybrid gratings shrink only in
the vertical direction, however the micro-scale gratings contract both vertically and
horizontally. This may be as a result of a skin formation on the surface of the larger
grating features, disrupting the drying process and also leading to buckled grating
lines. An interesting result of the non-uniform densification from an optical perspective may be that the refractive index inside the structures is not constant, though
further tests would need to be devised to determine whether this is true. This is
likely to be highly structurally dependent. Solution moulding with and without the
shrinkage has been used to create architectures including high aspect ratio, undercut
grating lines and 2 dimensional photonic crystal structures.
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Chapter 6
Solution Processed
Microstructured Organic
Ferroelectric Thin Film Capacitors
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6.1

Introduction

In the course of this work the possibility for solution moulding to be used in applications beyond photonics was recognised. Ferroelectric materials have garnered interest due to their ability maintain their polarisation whether under an applied bias or
not, enabling them to store information. Poly(vinylidenefluoride-trifluoroethylene)
(P(VDF-TrFE)) is a copolymer that is solution processable and exhibits ferroelectric properties suitable for memory devices [196]. The chemical structure can be
seen in Fig. 6.1. The potential of a material for high density data storage rests
in the capability of patterning small domains. Various methods of forming small
P(VDF-TrFE) features have been investigated [197] including ink jet printing [198],
cross-linking with an added photoinitiator [199], microimprinting [200], nanoimprint
lithography [201] and embossing [202].

Figure 6.1: Chemical structure of ferroelectric copolymer P(VDF-TrFE).

For P(VDF-TrFE), the ferroelectric properties have been reported to depend on
the phase of the material due to the lengthscale of confinement. P(VDF-TrFE) prepared in mesoporous silica and porous alumina templates has displayed a decrease
in melting and crystallisation temperatures with decreasing pore diameters [203],
and an increase in the piezoelectric coefficient [204, 205]. The improved crystallisation by confinement [206] to small domains results in a lowering of the coercive
field by a factor of ⇠6 when compared to planar films [205, 207]. Typically, memory
diodes have been created by exploiting phase separation in blends of P(VDF-TrFE)
and semiconducting polymers [208, 209, 210, 211]. The domains formation creates
columnar islands of semiconductor distributed within a ferroelectric film. By passing
current through the semiconductor, the by-stable polarisation of the ferroelectric can
be non-destructively deduced. This is possible because the charge injection barrier
is dictated by the stray field at the blend interface [212].
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Although a certain degree of control can be exercised over the phase separation in blends by tuning processing parameters, the columns semiconductor column
widths can display a broad range of irregular widths and exact profiles. This raises
the requirement for the controlled patterning of ferroelectric polymers. Pixel arrays of P(VDF-TrFE)have been fabricated by nanoimprint lithography [213, 214]
and surface directed phase separation [215], however information on the operation
of such devices is limited. Often, piezo-response microscopy is used to spatially
probe ferroelectric responses [201, 205, 212], however the use of actual devices is
less common [204, 205, 177, 208, 212, 216, 217]. To fully understand the ferroelectric characteristics, there is a need to combine this kind of analysis with defined
device geometry. Considering this, P(VDF-TrFE) capacitors with a linear square
grating geometry have been fabricated for the first time [218]. The gratings were
backfilled with an insulating device to create ferroelectric-dielectric binary arrays
and the device physics were probed by Sawyer-Tower measurements to to probe the
ferroelectric characteristics.

6.2

Solution Moulding of P(VDF-TrFE)

Solution moulding is a convenient method by which to pattern P(VDF-TrFE) devices
as it allows a degree of control over grating profile by varying concentration. This
also enables the creation of isolated features, by reducing the interconnecting thin
film between grating lines. P(VDF-TrFE) (co-polymer ratio 65-35%) with MW and
MN of 147 and 296 g mol-1 respectively and polydispersity amounting to 2.01. To
fabricate binary capacitor arrays, P(VDF-TrFE) is dissolved in dimethyl sulphoxide
(DMSO) or methyl ethyl ketone (MEK) and patterned using a PDMS stamp derived
from the same master with of nominal period ⇤ = 4 µm as used in Chapter 3. the
ferroelectric gratings need to be backfilled with an insulating polymer. This was
also done from solution, and in order to ensure solvent orthogonality and also avoid
swelling of the PDMS stamps, the water soluble insulator PVA was chosen. The
PVA used was of MW 80-90 g mol-1 . The full fabrication procedure is drawn in
Fig. 6.2. To make a comparison, PVA arrays are also patterned and backfilled with
P(VDF-TrFE).
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Figure 6.2: Drawing of the fabrication procedure for solution moulding binary gratings using two polymers in solutions of orthogonal solvents.

The substrates used for the devices are glass with 100 nm thick evaporated gold
electrodes covered with a 5 nm chromium adhesion layer. After the droplets of
either P(VDF-TrFE) or PVA they are pressed with either a PDMS stamp or flat
slab. The PVA is pressed at 70 C, below the solvent boiling temperature. For
P(VDF-TrFE) 140 C is used, which is both below the solvent boiling point and
melting temperature (150 C), but above the Curie temperature (120 C).

6.2.1

Forming Arrays of Isolated P(VDF-TrFE)

P(VDF-TrFE) gratings were structured over an area of up to 4 cm2 with continuous
unbroken lines, overcoming the limitations of other solution patterning methods used
in the literature for P(VDF-TrFE) [219]. Fig. 6.3 shows a typical sample patterned
on silicon covering a large area.
The concentration of P(VDF-TrFE) in DMSO was varied and the profiles of the
gratings were analysed with SEM. Typical grating shapes are shown in Fig. 6.4 from
a top-down view and with cross-section images of single features, both compared to
the master. At concentrations of 10, 50 and 100 mg ml-1 the grating profiles are
irregular in shape, with non-square profiles. More importantly from the top-down
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Figure 6.3: Photograph of 4 cm2 sample fabricated by solution moulding of P(VDFTrFE). Magnifications are shown with an optical micrograph (middle) and top-down
SEM micrograph.

views the grating lines vary in shape along their length or are discontinuous. From
200 mg ml-1 the feature cross-sections attain a square shape, with complete filling
relative to the master at 300 mg ml-1 . They both show continuous lines from the
top-down views, however at higher concentrations the solutions are very viscous and
a thin film or P(VDF-TrFE) particulates can be present between the features, which
interferes with the ability to analyse each grating line independently under electrical
characterisation. The topography of this interconnecting material or debris can just
be seen from the top-down view SEMs. Furthermore, features around or below 1
µm in height are considered desirable for the characterisation of the ferroelectric
properties. The optimum concentration was therefore chosen as 150 mg ml-1 .
A closer look at the morphology of gratings fabricated with a 150 mg ml-1 solution
was carried out using SEM and AFM (Fig. 6.5 (a) and (b)) and compared to that
of a typical spin coated P(VDF-TrFE) thin film (Fig. 6.5 (c) and (d)). Rounded
needle-like grains are visible for both the microstructured P(VDF-TrFE)and planar
film characteristic of the crystalline phase of the polymer as would be expected from
the literature [220, 221]. The patterned polymer shows a coarser grain with larger
needles and it is thought that this is due to Otswald ripening from the elongated time
that residual solvent is present in the system during solution moulding compared to
spin coating.
To fabricate binary arrays of alternating ferroelectric and insulating polymer, the
P(VDF-TrFE) gratings were backfilled with PVA. This is essentially an “inverted”
solution moulding, where the initial structure acts as a mould and a flat PDMS
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Figure 6.4: Scanning electron micrographs of single features of linear gratings patterned from solution using the same mould. With increasing concentration of the
solution used, the shape and definition of the grating changes.

block is used to press the second polymer solution into the channels. As expected,
the filling and presence of continuous lines increases with concentration, and at high
concentrations, a film starts to form on top of the original pattern. An insulating
layer over the devices is undesirable for electrical measurements and it was found
that a concentration of 500 mg ml-1 gave a compromise between maximising filling
of the channels with minimising the residual film thickness. With this method, it
was not possible to create a completely planar device.
Fig. 6.6 (a) portrays the structure of a PVA backfilled P(VDF-TrFE) grating
in a cross-section SEM. The structure was that of a used capacitor and has a thin
sputtered gold film on its surface. The micrograph shows how the original grating is
filled with a solid layer of insulator, but also that there concave is a concave topology between the features due to the volume reduction that occurs during solution
moulding. This is the typical structural profile that has the initial grating protruding. The binary nature of the grating structure was confirmed with energy-dispersive
X-ray spectroscopy (EDS), which maps the elemental constitution of the surface of
a material. A top-view SEM of the backfilled P(VDF-TrFE) grating is shown in
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Figure
6.6: (a) Cross-section SEM image of a solution moulded P(VDF-TrFE) gratwww.pss-a.com

ing backfilled with PVA. (b) Top view SEM image of the same structure showing that
the needle morphology is still visible. (c) EDS map of the structure showing tracking oxygen (green) and fluorine (blue) corresponding to the PVA and P(VDF-TrFE)
respsectively. Adapted from Lenz et al. [218].

Inverted binary gratings were also fabricated. These consist of an initially patterned PVA grating subsequently backfilled with P(VDF-TrFE). AFM scans con125

! 2015 WILEY-VCH Verlag
! 2015 WILEY-VCH Verlag

firmed the same concave profile of the secondary polymer as seen with backfilling
using PVA. The line scans shown in Fig. 6.7 show a profile of the original PVA
grating, with an o↵set profile of the corresponding P(VDF-TrFE) infilled grating,
highlighting a loss in height of a factor ⇠2 between the first grating and the original

master (d = 2 µm), and the infilled material with respect to the first grating. For all
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capacitor, and the reference voltage V is recorded. The charge density on the
reference capacitor is calculated as

Q=VC

(6.1)
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and when the reference capacitance is sufficiently large and Cr is small, the ferroelectric capacitor will be fully polarised. The capacitors are in series and therefore

Q = "0

Vf
+P
d

(6.2)

where Vf is the voltage over the ferroelectric capacitor, P is the polarisation and
d is the thickness of the ferroelectric. The remanent polarisation, P0 , is the charge
density when V = 0. The apparent remanent polarisation is defined as Q0 = P0 .

Cr

~

Cf

Vr

Vf

Figure 6.8: Equivalent circuit diagram for Sawyer-Tower analysis.

A benchmark planar P(VDF-TrFE) film was also measured in the Sawyer-Tower
setup. From the hysteresis curves, it is possible to directly read the remanent polarisation and coercive field. The unpatterned film exhibits a coercive field ⇠55

MV m-1 and a remanent polarisation of 70 mC m-2 , as expected from the literature
[220, 223]. The binary array with the PVA grating deposited initially, and therefore
protruding in the device (blue), shows very similar hysteresis characteristics in terms
of the remanent polarisation. The coercive field is slightly higher, but this is likely
due to the device thickness being calculated as the minimum height point from the
AFM maps. A typical curve from the arrays with initially patterned P(VDF-TrFE)
gratings is also shown (orange) which displays di↵erent hysteresis characteristics.
The sloped curve has a lower remanent polarisation around 40 mC m-2 . The sloping
indicates that there is a higher linear dielectric capacitance. This can be caused
be depolarisation, but this was discarded with inner hysteresis loop measurements,
which showed similar values. Capacitance values, extracted from small impedance
measurements, which can be compared in Table 6.1, show much higher values than
the calculated geometric capacitance. This is presently unexplained.
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in the electrical measurements, a second linear capacitor is added

in parallel to the ferroelectric one, with capacitance Cp . In this case, Q0 6= P0 and
at V = 0 we have

C f V f + P0 + C p V f = Q 0
where Q0 = Cr Vr =

(6.3)

Cr Vf . This yields a relationship between the apparent

remanent polarisation, Q0 , and the real remanent polarisation, P0 , such that

Q0 =

C r P0
Cr + Cp + Cf

(6.4)

From this, it is clear that as Cr becomes much larger than the combined value of
Cp and Cf , then Q0 tends back to P0 . The situation observed, where the apparent
remanent polarisation was significantly smaller than the actual value, can potentially
be explained by the scenario in which Cr was not large enough. To determine whether
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Measurements were also taken after replacing the reference capacitor with a
resistor, as depicted in the left inset of Fig. 6.10. Recording the voltage over this
shunt resistance and calculating the switching current (grey stars) bypasses the
apparent incomplete polarisation. Hysteresis loops were obtained by integrating the
switching current. In this case, artefacts from the usual Sawyer-Tower measurement
are removed as the remanent polarisation is no longer dependent on the ratio Cp /Cf .
Taking this into account, both binary ferroelectric capacitors were measured using
shunt resistance measurements as well as the Sawyer-Tower method.
The parameters extracted from the data are shown in Table 6.1 and there is good
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Table 6.1: My caption
Sample

P(VDF-TrFE) Grating

PVA Grating

Sawyer-Tower

42.6 ± 4.4

70.8 ± 8.0

shunt method

41.2 ± 4.7

70.2 ± 8.9

geometry

5.02

10.3

hysteresis loop

17.4 ± 5.6

13.6 ± 1.2

impedance

16.2 ± 4.9

12.8 ± 2.4

polarisation (mC m-2 )

Capacitance (pF)

agreement of polarisation values between the two methods. The binary capacitors
which have structural protrusions of P(VDF-TrFE) exhibit incomplete polarisation,
whereas the inverted structures are comparable to the planar ferroelectric capacitors.
In an attempt to understand the incomplete polarisation observed in the electrical measurements for the binary array with the initially patterned P(VDF-TrFE),
the electric field distribution was calculated for this structure. The inset of Fig.
6.11 shows the device geometry for that was used and a 2D grid with mirror plane
boundary conditions was set up to perform the calculations. The dielectric constants
of PVA and P(VDF-TrFE) were set as 3 and 10 respectively and the potential on
the electrodes was fixed at a single value. The electric field was calculated using
Poisson’s equation. The field distribution simulated is only realistic for electric fields
lower than the coercive field as the ferroelectric dipoles for P(VDF-TrFE) have been
ignored for simplicity. The field shown in Fig. 6.11 is inhomogeneous across the
structure. In particular the lowered field at the interface between the the P(VDFTrFE) and the PVA essentially amounts to an apparent reduction in the device area,
providing an explanation for the incomplete polarisation of the structure.
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P(VDF-TrFE) into various architectures, which could enable further testing and verification of the ferroelectric properties of di↵erent defined structures. The patterns
from a “Sub-Micro” master purchased from NIL Technology were also replicated to
show this possibility. Fig. 6.12 shows the structures that were formed using a 200
mg ml-1 : grating lines and hexagonal arrays of holes and pillars with periods of 4, 2
and 1 µm, all with a depth of 2 µm.

Figure 6.12: Scanning electron micrographs of linear gratings and 2D hexagaonal
arrays of holes and pillars at various dimensions, including sub-micron structures,
patterned from P(VDF-TrFE) at a concentration of 200 mg ml-1 .

P(VDF-TrFE) was patterned into defined device architectures, and for the first
time, linear grating type binary array capacitors were made with the material. This
enabled the device physics to be investigated whilst considering the precise structure,
rather than a more broadly varying blend microstructure. Taking the equivalent
circuit of the binary arrays is a ferroelectric capacitor and linear capacitor in parallel,
Sawyer-Tower measurements were carried out. The apparent polarisation di↵ered
significantly from the the actual remanent polarisation, but this discrepancy was
removed when shunt measurements were made. Suggestions for this were given by
numerical electric field modelling.
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Chapter 7
Conclusions & Future Work
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This thesis has presented new work regarding the fabrication of micro-patterned
polymer structures, particularly from solution and with photonics in mind as the
primary application. The importance of patterning materials on the micro and
nano-scales to create photonic structures was introduced and the history of inorganic
materials for photonics was highlighted. The use of these substances for photonics
has been widespread due to their high and wide ranging refractive indices, as well
as the availability of patterning methods already in use in the semiconductor integrated circuit industry. While polymer materials have historically been overlooked
for photonics, the increasing variety of functional organic materials, including those
with a high refractive index, is making them more attractive for a range of applications, including the manipulation of light. The patterning of polymeric materials
is an extensively researched field, resulting in a broad choice of methods ranging
from exceptionally simple to more involved techniques, both able to realise useful
architectures down to the nano-scale.
In this work, a derivative of nanoimprint lithography has been developed, in
which micro and nano-structures have formed directly from solution.

Solution

moulding fills a gap that has been present in the field, where nanoimprint lithography
has typically relied on either thermal processing such as hot embossing or imprinting
of specifically designed, often photocurable resists. For some materials or fabrication scenarios these types of processes are not favourable or possible, however the
solubility of many polymers means that they can be prepared, deposited and now
patterned directly from solution. The preliminary studies laid out here have shown
that this can be done for the commodity polymer polystyrene, a functional ferroelectric polymer P(VDF-TrFE) and a high refractive index PVA:Ti inorganic-organic
hybrid.
The literature of polymer patterning was also seen to be lacking in quantitative characterisation methods of the structures that have been fabricated either
through structural or optical techniques. Scatterometry is a technique that exploits
the di↵ractive optical response of the structures and is used in the semiconductor
industry to analyse the dimensions and qualities of micro-patterned wafers. We developed the use of optical di↵ractometry to explore the quality of the commodity
polymer structures fabricated in this work with a particular focus on periodicity and
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disorder. By employing methods developed for analysing the crystallinity of atomic
and molecular lattices with XRD, we attempted to draw some conclusions about the
disorder present in samples that di↵ract in the visible spectrum and determine the
usefulness of scatterometry for this new application. We further investigated the
possibility of forming structures with two-dimensional photonic lattices and controlled types of disorder from solution, by incorporating polystyrene particles from
an aqueous suspension into the channels of hot embossed polystyrene gratings. The
self assembly process of the colloidal particles is a pathway for the production of
unique photonic structures and the relative levels of disorder were measured from
two-dimensional di↵raction patterns.
The work shown in this thesis is only an initial venture into the possibilities
for solution processed polymer structures and the analysis of lattice parameters using their di↵ractive optical responses. Clearly solution moulding can be applied
to various materials to create functional devices, including potentially high refractive index solution processed photonic crystals. The near infinite combination of
materials, grating structures, microparticles and dimensions o↵ers the potential to
form structures As an example, Fig. 7.1 shows a polystyrene grating nanopinballed
with 200 nm polystyrene particles that appears to have bright blue channels when
observed in reflection mode under an optical microscope. SEM micrographs reveal
that the grating has confined the the microparticles to channels and formed discrete
opal structures. Transmission and reflection ultraviolet-visible spectroscopy spectra
of the structure exhibit mirrored peaks corresponding to a stop band around 470
nm. This resembles structures that might be found in various insect species, and
one could conceive of structures that combine di↵erent types of photonic crystals
and other structures to form complex waveguides and tailored bulk optical e↵ects.
Equally, there is room for improvements to optical di↵ractometry and its deployment in a variety of uses. Increasing the angular resolution of a di↵ractometry setup
would allow peak shape to be analysed with much higher accuracy. For a setup dedicated to measuring one-dimensional spectra, the setup could be modified to have a
stronger laser source, enabling a narrower detector slit width without a↵ecting the
time it takes to measure each sample. There are a range of high sensitivity detectors
that could also achieve this. For a two-dimensional di↵ractometry setup, a higher
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Figure 7.1: Optical micrography of polystyrene di↵raction grating with ⇤ = 4
µmfabricated on glass and filled with 200 nm polystyrene particles, with magnified
SEM micrograph. Transmission and reflection spectra of the structure show a reflectance peak around 470 nm, giving rise to the blue appearance of the sample.

resolution CCD could be installed. Increasing the number of orders it is possible to
measure is also important to increase the information gained. If a sufficient increase
in angular resolution could be achieved, smaller probing wavelengths or lens setups
could be used to achieve a greater maximum and minimum detectable di↵raction
angle. The results gathered with the setup described in this thesis o↵er a only
preliminary view into the possibilities for building statistical descriptions of lattice
disorder in photonic structures. Further studies with higher resolution data would
help to determine whether the models ported from the field of XRD analysis are
useful here. Further to this, a full optical model to predict the di↵raction spectra
of disordered photonic structures could be derived and tested.
With a full understanding of the impact of disorder on di↵raction spectra, the
method could be used to gain insight into complex di↵racting systems such as the
dynamics of colloidal self assembly over time (Fig. 7.2 (a)) with a setup that incorporates both fabrication and in-line analysis (Fig. 7.2 (b)). To rigorously these
methods it would be beneficial to create structures with tailored levels and types of
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Figure 7.2: (a) Optical micrographs showing colloidal self assembly of a polycrystalline monolayer of 600 nm polystyrene particles over time. A suspension was drop
cast and the images show the receding drying edge of the droplet. (b) Drawing of
a designed experimental setup incorporating in-situ optical di↵ractometry to analyse
the self assembly process during the fabrication of nanopinballed structures.

disorder. Using the fabrication methods from this thesis and other polymer patterning techniques, a library of suitable samples could be constructed. Nanopinballing
clearly o↵ers one route to achieve this, but there could be potential to introduce
known defects into spontaneously wrinkled polydimethylsiloxane (PDMS) surfaces
with local heating or thickness changes. State of the art high resolution two-photon
lithography and other methods analogous to micro-scale 3D printing could be used to
fabricate structures of exact architectures. Taking advantage of these kinds of state
of the art techniques, a feedback loop between fabrication and analysis has great
potential to provide rapid development in the understanding and improvement of
137

photonic structures and understanding their di↵ractive responses.
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Figure 4: P polarised di↵raction spectra for hot embossed di↵raction gratings.
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Figure 5: S polarised di↵raction spectra for solution moulded di↵raction gratings.
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Figure 6: P polarised di↵raction spectra for solution moulded di↵raction gratings.
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Matlab Codes
Image Analysis for Channel Filling of Nanopinballed Structures

%% channel_filling_v6

% Uses contrast in image between filled and unfilled channels, as well as
% overloaded defect regions, to calculate the proportion of these elements.
% Image is split into a super-grid and intensity averaged to identify these
% three elements.

%% Input variables
fill_factor = 0.325;

% enter known fill factor of gratings

inverse_fill_factor = 1 - fill_factor;

grid_spacing = 6;

% set grid spacing for super-pixel size for defect
% detection

grid_spacing_channels = 10; % set grid spacing for super-pixel size for
% channel filling detection

threshold = 0.15;

% set initial threshold level for turning image into
% logical

cycles = 6;

% set number of optimisation pixels to find correct threshold
% levels
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%% Import File
[filename, filepath] = uigetfile;

img = imread(fullfile(filepath,filename));

[name, ext] = fileparts(filename);

concentration = str2double(ext);

gray = rgb2gray(img);

% set image to greyscale

gray = gray(2: end-1, 2: end-1);

[rows, cols] = size(gray);

% remove image borders

% find size of image

%% Defects

rem_pixel_X = rem (rows, grid_spacing);

% find remainder number of
% pixels when image is divided
% into super-pixels

rem_pixel_Y = rem (cols, grid_spacing);

gray = gray(1: end-rem_pixel_X, 1: end-rem_pixel_Y);

% resize image to

% be integer number of super-pixels

[rows, cols] = size(gray);

total_area = rows * cols;

row_steps = rows / grid_spacing; % find number of super-pixels down rows
col_steps = cols / grid_spacing; % find number of super-pixels along cols
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section_intensity = zeros(row_steps, col_steps);
BW = zeros(rows,cols);

for j = 1:row_steps % loop through super-grid and average intensity

a = 1+grid_spacing*(j-1);
b = j*grid_spacing;

for k = 1:col_steps

c = 1+grid_spacing*(k-1);
d = k*grid_spacing;

gray_section = gray(a:b, c:d);
section_intensity (j,k) = mean2(gray_section);

end
end

% manually set threshold
[gray_thresh, defect_image] = thresh_tool(section_intensity);

defect_image = defect_image == 0;

defect_image = imfill(defect_image, ’holes’); % fill in gaps in defect
% regions

small_area = row_steps * col_steps;

full_size_defect_image = imresize(defect_image, grid_spacing);

% calculate defect proportion
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defect_fraction = sum(sum(defect_image)) / small_area;
defect_percentage = defect_fraction * 100;
defect_area = round( defect_fraction * total_area );

[gray_thresh, empty_image] = thresh_tool(section_intensity);

% caculate empty channel proportion
empty_area_small = sum(sum(empty_image));
empty_fraction = empty_area_small / small_area;

% calculate full channel proportion
full_fraction = 1 - empty_fraction - defect_fraction;

full_size_empty_image = imresize(empty_image, grid_spacing);

total_image = empty_image + 2*defect_image;
total_full_size_image = full_size_empty_image + 2 * full_size_defect_image;

subplot(1,2,1); % show original image
imshow(img);

subplot(1,2,2); % plot image with identified regions
imagesc(total_full_size_image);
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Image Analysis for Analysis of Particle Positions in Nanopinballed Structures

%% micrograph_lattice

% Analyses positions of particles in grating channels from high
% magnification images
% Positions are used to re-draw a binary image up which FFT is performed
% Only works with gratings where particle diamater is larger than half the
% channel width

%% Inputs

lower_bound = 10;

% set lower bound for minimum particle size

upper_bound = 200;

% set upper bound for maximum particle size (must be
% smaller than grating lines)

resolution = 1.699; % Microscope number pixels per micron at 10x zoom
zoom = 50;

% Microscope zoom used

microns = 1/(1.699*zoom/10);

% Number of microns per pixel

radius = 8.5; % microparticle radius

%% Import File

[filename, filepath] = uigetfile;

img = imread(fullfile(filepath,filename));

[name, ext] = fileparts(filename);
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concentration = str2double(ext);

%% Bin Image
gray = rgb2gray(img);

% set image to greyscale

gray = gray(2: end-1, 2: end-1);

[rows, cols] = size(gray);

% remove image borders

% find size of image

y_microns = 0:microns:(rows * microns); % calculate x any y dimensions of
% image in microns
x_microns = 0:microns:(cols * microns);

[bw_thresh, bw_image] = thresh_tool(gray);

% use interactive thresh_tool
% to bin image

%% Find Grating Channels & Properties

bw_channels = bwareaopen(bw_image, 100);

% isolate areas larger than 100
% pixels

bw_channels = bw_channels == 0;

% image where grating channels
% = 1

bw_channels = bwareaopen(bw_channels,100);
[bw_channels_labeled, num_channels] = bwlabel(bw_channels); %label channels

bw_grating = bw_channels == 0;

% image where grating
% features = 1

channel_props = regionprops(bw_channels_labeled, ’PixelList’);

%find pixel

% locations of each channel

channel_limits = zeros(num_channels,2);

% set up matrix for largest and
% smallest x value for each channel

channel_midpoint = zeros(num_channels,1);
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% set up matrix for x midpoint

% of each channel

for i = 1:num_channels

channel_pixels = channel_props(i).PixelList;

channel_limits(i,1) = min(channel_pixels(:,1));
channel_limits(i,2) = max(channel_pixels(:,1));

channel_midpoint(i,1) = mean(channel_limits(i,:));

end

%% Find Spheres & Properties

bw_full_image = bw_image;

bw_image = xor(bwareaopen(bw_image, lower_bound), ...
bwareaopen(bw_image, upper_bound));

[bw_labeled, num] = bwlabel(bw_image);

bw_props = regionprops(bw_image, ’PixelList’);

%% Position Spheres on Grid

mean_x_pixel = zeros(num,1);

% centres of pixels x

mean_y_pixel = zeros(num,1);

% centres of pixels y

magnitude = zeros(num,1);

% magnitude of pixel centre vector

%sphere_rows = rem(num, num_channels);
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sphere_rows = ceil(1.2 * ceil(num/num_channels));

% calculate max number
% of rows needed

x_coordinates = zeros(sphere_rows, num_channels);
y_coordinates = zeros(sphere_rows, num_channels);

for i = 1:num

pixel_locations = bw_props(i).PixelList;

% get x and y coordinates

% for all pixels for one sphere
% find mean x value
mean_x_pixel(i) = round(mean(pixel_locations(:,1)));
% find mean y value
mean_y_pixel(i) = round(mean(pixel_locations(:,2)));

% calculate magnitude
magnitude(i) = round(sqrt(mean_x_pixel(i).^2 + mean_y_pixel(i).^2));

temp = abs(channel_midpoint - mean_x_pixel(i));

% find x distance

% of middle of sphere away from middle of channel
[val, col_idx] = min(temp);

row_idx = find(~x_coordinates(:,col_idx));

% find next empty row index

% along the current column (channel)
row_idx = row_idx(1);

x_coordinates(row_idx,col_idx) = mean_x_pixel(i);

% insert x and y

% coordinate values into matrices
y_coordinates(row_idx,col_idx) = mean_y_pixel(i);

end
% remove any zero values from coordinates
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x_coordinates(x_coordinates == 0) = NaN;
y_coordinates(y_coordinates == 0) = NaN;

% sort y coordinates in ascening order
[y_coordinates, orders] = sort(y_coordinates);

for i = 1:num_channels

% sort x_coordinates according to y_coordinates
x_coordinates(:,i) = x_coordinates(orders(:,i),i);

end

%% Disorder

% Deviation of x_coordinate columns from middle of channels
channel_midpoint_matrix = repmat(channel_midpoint’,sphere_rows,1);
x_deviation = x_coordinates - channel_midpoint_matrix;
x_deviation = x_deviation(:)’;
x_deviation = x_deviation * microns;

x_displacement = diff(x_coordinates,1,1) * microns;
x_displacement = x_displacement(:);

linear_x_coordinates = x_coordinates(:)’;
linear_y_coordinates = y_coordinates(:)’;

linear_x_coordinates = linear_x_coordinates * microns;
linear_y_coordinates = linear_y_coordinates * microns;

% Y-Disorder
y_inter_spacing = diff(y_coordinates);
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linear_y_inter_spacing = y_inter_spacing(:) * microns;

standard_deviation_rows = zeros(sphere_rows,1);

for i = 1:sphere_rows

y_row = y_coordinates(i,:);
standard_deviation_rows(i) = std(y_row(~isnan(y_row)));

end

% Inter x-spacing and y_coordinate deviation along rows

x_inter_spacing = zeros(sphere_rows, num_channels-1);
x_inter_spacing_channels = zeros(sphere_rows, num_channels-1);
mean_diff_y = zeros(sphere_rows, num_channels);
initial_diff_y = zeros(sphere_rows, num_channels);
normalised_y_spacing = zeros(sphere_rows-2,num_channels);
mean_y = zeros(sphere_rows,1);
standard_y = zeros(sphere_rows,1);
standard_diffs = zeros(sphere_rows,1);
mean_all_y = mean2(~isnan(y_coordinates));

mode_y = mode(linear_y_inter_spacing);

for i = 1:sphere_rows

row_x = x_coordinates(i,:);
x_inter_spacing(i,:) = diff(row_x);
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row_y = y_coordinates(i,:);
initial_y = row_y(1);
mean_y(i) = mean(row_y(~isnan(row_y)));

mean_diff_y(i,:) = (row_y - mean_y(i)) * microns;
initial_diff_y(i,:) = row_y - initial_y;

standard_y(i) = std(row_y(~isnan(row_y))) * microns;

if i == 2
row_y2 = row_y;
row_diffs = row_y2 - row_y2(1);

elseif i > 2
row_y_diff = row_y - row_y2;

normalised_y_spacing(i-1,:) = round(row_y_diff/(mode_y*(i-2)));

row_y = row_y - row_diffs;
standard_diffs(i) = std(row_y(~isnan(row_y))) * microns;
end

end
figure
plot(normalised_y_spacing,’o’)

linear_x_inter_spacing = x_inter_spacing(:) * microns;
linear_mean_diff_y = mean_diff_y(:);
linear_initial_diff_y = initial_diff_y(:);

% Y Row Shift
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relative_shifts_y = diff(y_coordinates,1,2);
col_y1 = y_coordinates(:,1);
col_y1 = col_y1(~isnan(col_y1));

avg_relative_shifts_y = zeros(num_channels-1,1);
absolute_shifts_y = zeros(num_channels-1,1);

for i = 1:num_channels-1

col_shifts_y = relative_shifts_y(:,i);
col_shifts_y = col_shifts_y(~isnan(col_shifts_y));
avg_relative_shifts_y(i) = round(mean(col_shifts_y));

col_y = y_coordinates(:,i+1);
col_y = col_y(~isnan(col_y));

if numel(col_y) > numel(col_y1)
col_y = col_y(1:numel(col_y1));
elseif numel(col_y1) > numel(col_y)
col_y1 = col_y1(1:numel(col_y));
end

absolute_shifts_y(i) = round(mean(col_y - col_y1));

end

absolute_shifts_y = absolute_shifts_y * microns;

hist_block = zeros(1,3);
bins_temp = (10:30) / (resolution * 5);
bin_temp = bins_temp’;
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for i = 1:num_channels
col_this = y_coordinates(:,i);
col_this = col_this(~isnan(col_this));
y_diffing = diff(col_this);
[hist_temp, bins_temp] = hist(y_diffing, 10:30);
hist_temp = hist_temp’;
hist_temp = hist_temp / sum(hist_temp);
col_count = zeros(length(hist_temp),1);
col_count(:,1) = i;
temp_block = [col_count, bin_temp, hist_temp];
hist_block = [hist_block; temp_block];
end
%hist_block(:,2) = hist_block(:,2)/(resolution*5);

%% Redrawing Images

% meshgrid of column and row values
[full_image_grid_cols, full_image_grid_rows] = meshgrid(1:cols, 1:rows);
% pre-allocate blank full resolution image space

full_image_redraw = zeros(rows,cols);

% loop through grating channel limits and fill in channels
for i = 1:num_channels

temp_image = full_image_grid_cols >= channel_limits(i,1) ...
& full_image_grid_cols <= channel_limits(i,2);
full_image_redraw = full_image_redraw + temp_image;
end

% invert to form grating features
full_image_redraw = full_image_redraw == 0;

185

gratings_redraw = full_image_redraw;

% draw circles of certain radius around x and y coordinates
sphere_pixels = zeros(rows,cols);
for i = 1:numel(x_coordinates)

sphere_pixels_temp = (full_image_grid_rows - y_coordinates(i)) ...
.^2 + (full_image_grid_cols - x_coordinates(i)).^2 <= radius^2;
sphere_pixels = sphere_pixels + sphere_pixels_temp;
end

% fully redrawn original image
full_image_redraw = full_image_redraw + sphere_pixels;

%% FFT

fs = resolution*5;

% microscope resolution (pixels per micron)

[L_x,L_y] = size(full_image_redraw);
x = 1/fs*(1:L_x);
y = 1/fs*(1:L_y);
nfft_x = L_x;
nfft_y = L_y;
f_x = fs/2*(-1:2/nfft_x:1);
f_y = fs/2*(-1:2/nfft_y:1);

ff_full_image = fftshift(fft2(full_image_redraw,nfft_x*5,nfft_y*5));
ff_full_image = log2(ff_full_image);
ff_full_image = abs(ff_full_image);

ff_spheres = fftshift(fft2(sphere_pixels,nfft_x*5,nfft_y*5));
ff_spheres = log2(ff_spheres);
ff_spheres = abs(ff_spheres);
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ff_gratings = fftshift(fft(gratings_redraw(1,:),nfft_x*5));
%ff_gratings = log2(ff_gratings);
ff_gratings = abs(ff_gratings);
f_x_int = min(f_x):max(f_x)/(length(ff_gratings)/2):max(f_x);
f_x_int = f_x_int(1:end-1);

[ff_rows, ff_cols] = size(ff_spheres);
ff_rows_mid = ceil(ff_rows/2);
ff_cols_mid = ceil(ff_cols/2);

%% Plotting

figure
imshow(img)
hold on;
plot(x_coordinates,y_coordinates,’r’,’linewidth’,2);
for i = 1:length(x_coordinates(:,1))

plot(x_coordinates(i,:),y_coordinates(i,:),’b’,’linewidth’,2)

end

figure

subplot(4,3,1)
hist(linear_x_inter_spacing,min(linear_x_inter_spacing):microns: ...
max(linear_x_inter_spacing));

subplot(4,3,2)
hold on
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mean_x = zeros(num_channels,1);
standard_x = zeros(num_channels,1);
for i = 1:num_channels
col_x = x_coordinates(:,i);
mean_x(i) = mean(col_x(~isnan(col_x)));
mean_diff_x = (col_x - channel_midpoint(i)) * microns;
plot(i,abs(mean_diff_x),’o’,’markeredgecolor’,’blue’);

standard_x(i) = std(col_x(~isnan(col_x)) * microns);
end
hold off

subplot(4,3,3)
plot(standard_x(standard_x ~= 0),’*’)

subplot(4,3,4)
hist(linear_y_inter_spacing,(min(linear_y_inter_spacing)):microns: ...
(max(linear_y_inter_spacing)));

subplot(4,3,5)
hold on
for i = 1:sphere_rows
plot(i,abs(mean_diff_y(i,:)),’o’,’markeredgecolor’,’blue’);
end
hold off

subplot(4,3,6)
plot(standard_y(standard_y ~= 0),’*’)

subplot(4,3,7)
%imagesc(bw_grating)
imagesc(x_microns,y_microns,gratings_redraw)
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subplot(4,3,8)
%imagesc(bw_image)
imagesc(x_microns,y_microns,sphere_pixels)

subplot(4,3,9)
%imagesc(bw_full_image)
imagesc(x_microns,y_microns,full_image_redraw)

subplot(4,3,10)
plot(f_x_int(ceil(length(f_x_int)*3/8):ceil(length(f_x_int)*5/8)), ...
ff_gratings(ceil(length(ff_gratings)*3/8):ceil(length(ff_gratings)*5/8)));

subplot(4,3,11)
imagesc(f_x/4,f_y/4,ff_spheres(ff_rows_mid - ff_rows/8:ff_rows_mid ...
+ ff_rows/8, ff_cols_mid - ff_cols/8:ff_cols_mid + ff_cols/8))

subplot(4,3,12)
imagesc(f_x/4,f_y/4,ff_full_image(ff_rows_mid - ff_rows/8:ff_rows_mid ...
+ ff_rows/8, ff_cols_mid - ff_cols/8:ff_cols_mid + ff_cols/8))

ff_full_image_plot = ff_full_image;
ff_full_image_plot(ff_full_image < 7) = 7;
ff_full_image_plot = (max(ff_full_image_plot(2:end)) - ff_full_image_plot);
figure(’Position’, [100, 100, 640, 640])
imagesc(f_x/4,f_y/4,ff_full_image_plot(ff_rows_mid - ...

ff_rows/8:ff_rows_mid + ff_rows/8, ff_cols_mid - ff_cols/8:ff_cols_mid + ff_cols/
colormap gray

%% Desired Parameters

xbins = -microns*40 : microns : microns*40;
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[n_x_deviation,bin] = hist(x_deviation, xbins);
n_x_deviation = n_x_deviation./sum(n_x_deviation);
bin_x_deviation = bin(n_x_deviation > 0)’;
n_x_deviation = n_x_deviation(n_x_deviation > 0)’;

[n_x_displacement,bin] = hist(x_displacement, xbins);
n_x_displacement = n_x_displacement./sum(n_x_displacement);
bin_x_displacement = bin(n_x_displacement > 0)’;
n_x_displacement = n_x_displacement(n_x_displacement > 0)’;

[n_y_inter_spacing,bin] = hist(linear_y_inter_spacing, xbins);
n_y_inter_spacing = n_y_inter_spacing./sum(n_y_inter_spacing);
bin_y_inter_spacing = bin(n_y_inter_spacing > 0)’;
n_y_inter_spacing = n_y_inter_spacing(n_y_inter_spacing > 0)’;

[n_y_shifts,bin] = hist(abs(absolute_shifts_y), xbins);
n_y_shifts = n_y_shifts./sum(n_y_shifts);
bin_y_shifts = bin(n_y_shifts > 0)’;
n_y_shifts = n_y_shifts(n_y_shifts > 0)’;

Simulating Microparticle Positions in Grating Channels
%% multi_microparticle

% Creates a binary image of spheres positioned in grating channels
% Packing type, grating size, fill factor, sphere size, x and y offsets,
% non-cumulative x and y disorder and cumulative y disorder can be
% controlled

%% Parameter Input
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grating_period = 4;
sphere_period = 2;
fill_factor = 0.31;
sphere_radius = 0.8;

resolution = 1.699 * 5; % Microscope number pixels per micron at 10x zoom

spacing = round(sphere_period * resolution);
radius = round(resolution * sphere_radius); % sphere radius
diameter = radius * 2 + 1;

% effective diameter of spheres

% grating channel width
channel_width = round(grating_period * (1-fill_factor) * resolution);
% grating feature width
grating_width = round(grating_period * fill_factor * resolution);
% gap between spheres
gap = 1; %round((sphere_period - sphere_radius) * resolution);
offset = gap; % preset uniform offset from centre x
no_columns = 30;

% number of channels

no_rows = 50;

% number of particles in each channel

max_y_displacement = radius;
padding = 3;

max_x_dist = 1; % max non-cumulative distortion
max_y_dist = 1; % max non-cumulative distortion

cum_thresh = 0.75;
max_cum = 8;

%% Parameter Calculations
period_width = grating_period * resolution;
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x_size = (channel_width + grating_width) * no_columns + 1;
y_size = no_rows * spacing;
% meshgrid of column and row values
[x_mesh, y_mesh] = meshgrid(1:x_size, 1:y_size);
y_displacement_range = 2 * max_y_displacement + 1;

x_dist_range =

2 * max_x_dist;

y_dist_range =

2 * max_y_dist;

cum_range = 2 * max_cum + 1;

%% Switchboard

alternating = 1;

% set to 1 to include alternating behaviour

% set the ratio of alternating:linear behaviour (0.5 is ’perfectly’ mixed)
alternating_ratio = 0.86;

linear = 1; % set to 1 to include linear behaviour
linear_ratio = 1 - alternating_ratio;

% sets the ratio of linear behaviour

x_nc_disorder = 0;

% turn on/off non-cumulative x disorder

y_nc_disorder = 0;

% turn on/off non-cumulative y disorder

y_row_displacement = 0; % turn on/off whole row y displacement
y_cum_disorder = 1; % turn on/off cumulative y disorder

%% Plot Grating

image = zeros(y_size, x_size);

% pre-allocates total image size

% pre-allocate for channel midpoints
channel_midpoints = zeros(no_columns,1);
channel_edges = zeros(no_columns,2);
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start_point = 1;

% set first index

for i = 1:no_columns
% set start and end point of grating sections
point1 = round(start_point);
point2 = ceil(start_point + grating_width/2);
point3 = round(start_point + grating_width/2 + channel_width);
point4 = ceil(start_point + grating_width + channel_width - 1);

if i == no_columns
point4 = x_size;
end

image(:,point1 : point2) = 1;
image(:,point3 : point4) = 1;
start_point = start_point + period_width;

% increase startpoint

% calculate midpoint of channel
channel_midpoints(i) = point2 + ceil(channel_width/2);
channel_edges(i,1) = point2;
channel_edges(i,2) = point3;

end

image(:,end) = 1;

sphere_pixels = zeros(y_size, x_size);
x_coordinates = zeros(no_rows,no_columns);
y_coordinates = zeros(no_rows,no_columns);

%% Linear Only
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if alternating == 0 && linear == 1
for i = 1:no_columns
centre_y = round(spacing / 2);
for j = 1:no_rows
centre_x = channel_midpoints(i) + offset;
x_coordinates(j,i) = centre_x;
y_coordinates(j,i) = centre_y;
centre_y = centre_y + spacing;
if y_cum_disorder == 1;
if rand > cum_thresh
centre_y = centre_y + cum_range * rand - max_cum;
%centre_y = centre_y + max_cum * rand;
end
end
end
end
end

%% Alternating Only
if alternating == 1 && linear == 0
for i = 1:no_columns
centre_y = round(spacing / 2);
for j = 1:no_rows
if mod(j,2) %even
centre_x = channel_edges(i,1) + radius + gap;
else %odd
centre_x = channel_edges(i,2) - radius - gap;
end
x_coordinates(j,i) = centre_x;
y_coordinates(j,i) = centre_y;
centre_y = centre_y + spacing;
if y_cum_disorder == 1;
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if rand > cum_thresh
centre_y = centre_y + cum_range * rand - max_cum;
end
end
end
end
end

%% Linear and Alternating
if alternating == 1 && linear == 1
centre_last = channel_midpoints(i) + offset;
for i = 1:no_columns
centre_y = round(spacing / 2);

for j = 1:no_rows
% set chance of whether particle is linear or alternating
chance = rand;
% set positions of linear particles
if chance >= alternating_ratio
centre_x = channel_midpoints(i) + offset;
x_coordinates(j,i) = centre_x;
y_coordinates(j,i) = centre_y;
centre_y = centre_y + spacing;
if y_cum_disorder == 1;
if rand > cum_thresh
% Add cumulative disorder step
centre_y = centre_y + cum_range * rand - max_cum;
end
end
centrex_last = centre_x;
% Set positions of alternating particles
elseif chance < alternating_ratio

195

if centrex_last > channel_midpoints(i) %even
centre_x = channel_edges(i,1) + radius + gap;
elseif centrex_last < channel_midpoints(i) %odd
centre_x = channel_edges(i,2) - radius - gap;
end
x_coordinates(j,i) = centre_x;
y_coordinates(j,i) = centre_y;
centre_y = centre_y + spacing;
if y_cum_disorder == 1;
if rand > cum_thresh
% Add cumulative disorder step
centre_y = centre_y + cum_range * rand - max_cum;
end
end
centrex_last = centre_x;
end
end
end
end

%% Row Y Displacement
if y_row_displacement == 1
for i = 1:no_columns
y_coordinates(:,i) = y_coordinates(:,i) + ...
round((y_displacement_range * rand - max_y_displacement));
end
end

%% Non-Cumulative X and Y Disorder
if x_nc_disorder == 1 || y_nc_disorder == 1
for i = 1:no_rows
for j = 1:no_columns
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if x_nc_disorder == 1
x_coordinates(i,j) = x_coordinates(i,j) + ...
round((x_dist_range * rand - max_x_dist));
end
if y_nc_disorder == 1
y_coordinates(i,j) = y_coordinates(i,j) + ...
round((y_dist_range * rand - max_y_dist));
end
end
end
end

%% Draw Spheres
for i = 1:no_columns
for j = 1:no_rows
centre_y = y_coordinates(j,i);
centre_x = x_coordinates(j,i);
sphere_pixels_temp = (y_mesh - centre_y).^2 + ...
(x_mesh - centre_x).^2 <= radius^2;
sphere_pixels = sphere_pixels + sphere_pixels_temp;
end
end

%% Image Collation
full_image_bw = image + sphere_pixels;
full_image_bw(full_image_bw > 1) = 1;

full_image = full_image_bw == 0;

fs = resolution;

% microscope resolution (pixels per micron)

[L_x,L_y] = size(full_image);
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x = 1/fs*(1:L_x);
y = 1/fs*(1:L_y);
nfft_x = L_x;
nfft_y = L_y;
f_x = fs/2*(-1:2/nfft_x:1);
f_y = fs/2*(-1:2/nfft_y:1);

ff_full_image_raw = fftshift(fft2(full_image,nfft_x * ...
padding,nfft_y*padding));
%ff_full_image_log = log2(ff_full_image_raw-10);
ff_full_image_log = log2(ff_full_image_raw/max(ff_full_image_raw(:)));
ff_full_image = abs(ff_full_image_log);

[ff_image_y, ff_image_x] = size(ff_full_image);
mid_ff_x = round(ff_image_x/2);
mid_ff_y = round(ff_image_y/2);

ff_x_range1 = mid_ff_x - round(mid_ff_x/4.2475);
ff_x_range2 = mid_ff_x + round(mid_ff_x/4.2475);
ff_y_range1 = mid_ff_y - round(mid_ff_y/4.2475);
ff_y_range2 = mid_ff_y + round(mid_ff_y/4.2475);

figure
imagesc(imcomplement(full_image_bw))

ff_full_image_plot = ff_full_image;
ff_full_image_plot(ff_full_image > 10) = 10; % Thresholding
figure(’Position’, [100, 100, 640, 640])
%imagesc(f_x, f_y, imcomplement(ff_full_image_plot))
imagesc(f_x/4.2475, f_y/4.2475, ff_full_image_plot ...
(ff_y_range1:ff_y_range2,ff_x_range1:ff_x_range2));
colormap gray;
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%colormap (flipud (gray));

imwrite(full_image_bw,’Full Image.jpg’)
imwrite(ff_full_image_plot,’Full Image FFT.jpg’)
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