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Abstract

Polymer distributed Bragg reflectors (DBRs) were prepared by spin-casting
alternating layers of polystyrene (PS) and poly(vinylpyrrolidone) (PVP) from
mutually exclusive (orthogonal) solvents. These all polymer photonic struc-
tures were prepared using a purpose built automated spin-coater system. Sam-
ples were prepared with targeted optical properties such as the wavelength
position, intensity and bandwidth of reflection peaks. The wavelength position
of the reflection peaks was controlled by the deposition spin-speed used during
sample preparation. Reflectance was controlled by the number of layers de-
posited onto the sample. The bandwidth was increased by chirping the layers
in the photonic structure.

Reflection bands were measured in the UV /visible region of the spectrum us-
ing two different (transmission and reflection mode) purpose built spectrometer
set-ups. Measured reflection bands had narrow bandwidths between 10nm and
20nm. Chirping these photonic structures broadened the peaks to bandwidths
of ~ 50nm. A 100 layer PVP/PS DBR had a total reflectance of 93+1%. The
wavelength of the reflection peaks from flat DBR samples blue-shifted when
measured away from normal incidence. This was reduced when corrugating a
DBR by wrinkling the films with mechanical strain. The wavelength of the
reflection band from a corrugated DBR remained constant when the sample
was rotated. Thus improving the angular dependence of the structures.

Fourier transform infra-red spectroscopy was used to measure reflection
bands which were between wavelengths of 1600nm and 2700nm. These reflec-
tion bands had narrow bandwidths between ~ 40nm and 60nm. The largest
reflectance measured within the infra-red spectra was 80 4+ 1% from a 50 layer
PVP/PS DBR.

A modified optical transfer matrix method was used to model the optical
properties of the DBRs. Changes in the refractive index contrast (between
0.020 and 0.028 for 30 layer PVP/PS DBRs) were needed to fit the model to



the measured UV /visible spectra. It was concluded that trapped solvent (from
sample preparation) was lowering the refractive indices of the layers.

The polymer-polymer interface widths of spin-cast polymer multi-layers
were measured using neutron reflectivity. Each polymer-polymer interface
width was less than 1nm throughout the DBR samples.

The polymer multi-layer samples were measured using time of flight sec-
ondary ion mass spectrometry (TOF-SIMS). An Aryo " sputtering source was
used to etch through the multi-layer samples. It was concluded that the thick-
ness of spin-cast films did not change when preparing a multi-layer structure.
However, other techniques, such as ellipsometry, are more suitable for measur-
ing the thickness of films. The TOF-SIMS technique was unable to measure
polymer-polymer interface widths in multi-layer samples. This was due to the
sputtering beam roughening/mixing the polymers at the interfaces.

It was concluded that PVP/PS DBRs could be used as inexpensive nar-
rowband reflectors/filters. However, alternative polymer systems may be more
useful for other applications which require a greater reflectance. This includes
creating resonant cavities to improve the efficiency of optical devices (such as
LEDS and solar cells). The results and techniques from these experiments are
useful for further development in polymer photonic structures and polymer

multi-layer devices.
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Chapter 1
Motivation

Optical devices are becoming increasingly important as they are being used
in a growing number of applications. Improving our control of light could
lead towards better optical filters [1,2], sensors [3], displays [4,5], lasers [6,
7] and solar cells [8,9]. Making these devices is often challenging as optical
devices require thoughtful design and are often difficult to make. The following

properties should be considered when building a photonic structure;

e Choice of materials: The pigmentation, refractive index and structural
arrangement of materials will change the optical properties of a device
[10,11,12]. For this research, the materials were required to be optically
transparent and have a sufficient refractive index contrast between lay-
ers (this is discussed further in chapters 2 and 3). Also, the materials
must be capable of being processed into a defect-free photonic struc-
ture. Depositing layers with poor homogeneity (non-uniform throughout
the layer) and topography (surface roughness) reduces the efficiency of a

photonic structure by scattering light [10, 11].

e Design of the structure: Thoughtful design is needed to create an effi-
cient optical device. The spatial separation between materials (because
of differences in refractive indices) will change the optical properties of a
photonic device (this is discussed further in chapters 2 and 3) [10,13,14].

e High precision fabrication: UV /visible wavelength optical devices are sen-
sitive to changes on the nm scale. Fabrication techniques must be able
to prepare samples which have defect free and nano-scale features. Any
discrepancies in the structural arrangement and/or defects in the sample

will reduce the efficiency of the device [5,7].
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Materials and techniques from the semi-conductor industry have contributed
significantly towards the development of man-made photonic devices. For ex-
ample, 1D photonic structures are frequently made using ultra high vacuum
(UHV) deposition of semiconductor materials, such as heavily doped Silicon
and/or Gallium [4,15,16]. However, this techniques is expensive and the ma-
terials used are environmentally unfriendly.

Polymers are significantly cheaper than the specialised inorganic materi-
als/techniques needed to make inorganic optical devices. Polymer processing
techniques do not require UHV deposition or high temperatures. Instead, they
can be solution processed at room temperature [17,18]. However, the thickness
of films, which are used to make multi-layer UV /visible photonic devices, need
to be within the um — nm length scale [12]. Processing polymer structures
within these length scales is difficult, as using the wrong techniques will dam-
age a sample (discussed in section 4.3). Overcoming these challenges would
significantly reduce the cost of optical devices.

There have been previous attempts to make all polymer and composite
polymer /in-organic material devices [19,20,21]. However, the motivation for
this research was to prepare functioning optical mirrors which were ‘all poly-
mer’. These samples were prepared from cheap, readily available polymers,
which could be easily processed.

Distributed Bragg reflectors (DBRs) were prepared with reflection bands in
the UV /visible wavelength (between 450nm and 650nm) which are useful for
optical filters [1,2] (discussed in section 4.3 and chapters 5 and 6). Samples were
also prepared with reflection bands in the infra-red wavelength range which
is useful for telecommunications [10] (discussed in chapter 7). For example,
optical fibre telecommunication cables operate between wavelengths of 1.3um
and 1.6um [22]. The polymers used to prepare these samples (which is discussed
in section 4.3) were non-absorbing and did not degrade in either the UV /visible
or infra-red wavelengths tested. Although not yet tested, these DBRs could be
used to make new sensors by adding ‘functional’ components which change the
refractive indices and/or structure of the sample [3]. DBRs can also be used
to make resonant cavities which will improve the efficiency of displays [4, 5],
lasers [6,7] and solar cells [8,9] etc.

Applications would benefit from the ability to control the optical properties
of a device. The following are examples of optical properties which could be

controlled;
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e Magnitude of the reflectance (discussed in sections 5.4 and 7.3.2 and
chapter 6).

e Position of the reflection bands with respect to wave-length (discussed in
sections 5.2 and 7.3.1).

e Bandwidth of the reflection bands (discussed in section 5.6).

e Angular dependence of the reflection band wavelength (Discussed in sec-
tion 5.5 and chapter 10)

Analysis of nano-scale polymer structures is not limited to research for opti-
cal devices. Complex polymer nano-structures are currently being investigated
for making drug delivery systems [23, 24|, chemical sensors [25] and polymer
electronics [5,26,27]. Hence, any investigation into measuring the properties of
polymer multi-layer structures is beneficial to these other emerging research ar-
eas. The polymer-polymer interface widths between deposited polymer layers
(using solution processing) were measured using neutron reflectivity (discussed
in chapter 8). Also, the multi-layer structure was investigated using time of
flight secondary ion mass spectrometry (TOF-SIMS) (discussed in chapter 9).
These results enabled the properties of the polymer samples to be measured,
discussed and compared with optical spectra which were measured from poly-

mer multi-layers.
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Chapter 2

Literature review

2.1 Introduction

A brief history, theory, examples and application of photonic structures are
discussed in this chapter. Photonic structures are being researched due to
their interesting optical properties, which could be used in applications such as
optical filters [1,2], sensors [3], displays [4, 5], lasers [6,7] and solar cells [8,9].
The research in this thesis focused specifically on distributed Bragg reflectors
(DBRs) which are a type of photonic structure [10,12,13].

2.2 Structural colour and Bragg reflection

Interesting optical properties (for light of wavelength A) occur when the refrac-
tive index of a material spatially varies on length scales which are of the order
of the wavelength of light A. This is known as a photonic structure, as the op-
tical response of the sample is due to spatial variations of the refractive index
and not pigmentation [10,12,13]. There are many different types of structures

which produce different optical effects. These include [12];

e Reflection.

Refraction.

Light scattering.

Diffraction.

Thin film interference.

13



Figure 2.1: The wide range of reflected colours in soap bubbles are due to thin
film interference [10,12]. Patches of white are due to light being scattered by
the ‘foamy’ regions of the soap bubbles [10,12].

14



Incident Reflected

Transmitted

Figure 2.2: A diagram of thin film interference where n,;. = refractive index
of air, npy, = refractive index of film (in this case ngiy, > nair), 0; = angle of
incidence and reflection, 6, = angle of refraction and 6; = angle of transmission
(which in this case is equal to #;). The incident light is reflected off both the
top and bottom interfaces, which then undergo interference [28].

15



e Photonic crystals.

This research focused mostly on photonic crystals (specifically DBRs). The
optical properties of these samples are best introduced by considering the sim-
plest example of structural colour, thin film interference. Some of the most
common examples of thin film interference are soap bubbles (shown in figure
2.1) and a oil film spread across water. Both examples are from materials which
have weak or no pigmentation, but display a variety of colours when reduced
to thin films [10,12]. Figure 2.2 is a diagram of reflected light undergoing thin
film interference. Incident light is reflected from both the top (air—film) and
bottom (film—air) interfaces of the thin film. The film preferentially reflects
wavelengths of light which constructively interfere. This is controlled by the
separation of the interfaces in the film [10,11]. The speed a light wave travelling
through a material is controlled by the refractive index of the material. Light

transmits slower through media with a higher refractive index [10],

v; = ¢/ni, (2.1)

Where v = velocity of light in medium ¢, ¢ = speed of light in a vacuum and
n; = refractive index of medium 1
The frequency of the light is unchanged, but the wavelength decreases if

the refractive index is greater [10],

Where \; = wavelength in medium ¢ and Ay = wavelength in a vacuum.
The optical path length of light travelling through a film is calculated by
[10],

OPL = dpiymnriim/ cos(Orim) (2.3)

Where, dgi,,, = film thickness, ngy,, = refractive index of the film, 0py,, =
angle of transmission through the film.

Decreasing the film thickness dgj,,, or the refractive index ng;, will de-
crease the optical path length. Doing this to a thin film will blue-shift the
reflected spectra, since smaller wavelengths are required for the reflected waves
to constructively interference. The wavelength of light reflected by a Bragg

reflector, when measured at normal incidence, is calculated by [12];

16



Figure 2.3: A ray diagram of a multi-layer structure with alternating refractive
indices ny and ny (where ny > ns). An incident wave transmits through the ma-
terial and partially reflects off each interface where the refractive index changes.
Each interface always causes the light to partially reflect and transmit. This
includes any rays which have previously been partially transmitted/reflected
by a interface.

2

Where ny and ny are the refractive indices of media ‘1" and ‘2’ respectively, d;
and ds are thickness of alternating polymer layers ‘1" and ‘2’ respectively and
M=1,2,3,..., etc.

Multiple reflection peaks may be reflected by the same sample. Reflection
peaks which correspond to the longest wavelength are calculated when M = 1.
Increasing M decreases the wavelength of the reflection peak being measured.

If the optical path length of the two alternating layers are the same (dyn; =
dang), then some reflection peaks disappear because of de-constructive inter-
ference (which is discussed further in section 6.3). The wavelengths of the

reflection bands, when dyn; = dans, are calculated by,

2
2M -1

Where M =1,2,3, ..., etc.
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Equations 2.4 and 2.5 cannot calculate the wavelength of a reflection peak
when the incident light is not normal to the sample surface (6; # 0). Instead,
the wavelength of the reflection peaks are calculated using a modified optical
transfer matrix method (see chapter 3).

Moving the incident beam away from the surface normal (6; # 0) results
in the wavelength of the reflected beam blue-shifting. This initially appears to
be counter-intuitive, as the optical path length of the beam within the sample
is increased when 6; > 0. However, only wavelengths which constructively
interfere are reflected by the sample [10] (shown in figure 2.2). This is discussed
further in section 5.5. Both the variation in film thickness and the different
angles of incidence are why, examples such as, soap bubbles show a variety of
colours [11,13].

The properties of light can be controlled further by using more complex
photonic structures than single layer films. This includes distributed Bragg
reflectors (DBRs), which were the main focus of the research in this thesis.
DBRs are prepared by depositing an alternating stack of thin films with dif-
fering refractive indices to make a multi-layer (shown in figure 2.3). This type
of structure leads to optical confinement in one dimension, which results in
the sample having interesting optical properties [10,12] (discussed further in
chapter 3). There are many applications which would benefit from the use and
integration of DBRs (which is discussed in section 2.5).

Distributed Bragg reflectors inherited their name from Sir William Lawrence
Bragg [10,11]. He developed x-ray crystallography, which measures the prop-
erties of atomic lattices by their diffraction properties [11]. The 1D photonic
structures in this thesis are similar to crystal lattices, but are made of al-
ternating layers with differing refractive induces (shown in figure 2.3) instead
of an atomic lattice. The separation between the interfaces is ~ A. This is
comparable to when x-rays are used to measure atomic lattice spacings [29].

There is an interface at the point where the refractive index changes between
two layers, which causes incident light to partially reflect or transmit [10, 11].
Figure 2.3 is a diagram of a DBR which is a multi-layer sample made by
routinely stacking two alternating materials of differing refractive indices. The
diagram shows an incident wave as it passes through the sample. At each
interface there is a partial reflection and transmission (which transmits through
to the next interface). Light which has previously transmitted or reflected will

also undergo the same process if it encounters another interface. This continues
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to occurs, at each interface, until it is reflected or transmitted out from the
entire sample [10,11,12,13,14]. Layers are deposited so the spacing between
interfaces is of the order the wavelength of the reflected light \. However,
the photonic structure only reflects rays which constructively interfere. The
other wavelengths are not partially reflected, but instead transmit through the
sample. This creates a photonic band-gap, where only wavelengths within the
band-gap are reflected [10,11,12,13,14].

The magnitude of the partial reflection is greater when the contrast of
the refractive index between the two materials is larger [10,11,12,13]. Increas-
ing/decreasing the optical contrast between layers respectively increases/decreases
the total reflectance. This is because the total reflectance is due to the con-
structive interference of the partial reflections. Increasing the refractive index

contrast increases the magnitude of the partial reflections.

2.3 Structural colour in nature

Photonic structures which occur in nature are discussed in this section to pro-
vide historical context and insight into the development of man-made equiva-
lents. Nature has been using structural colour ever since the Cambrian explo-
ston. This period of time (approximately 515 million years ago) was when life
was at its most diverse [12]. Fish scales, peacock feathers, beetle shells and
butterfly wings are all examples of photonic structures in nature [12,31]. The
bright colours from these examples are not due to pigmentation. Instead, they
are due to the structural arrangement of materials on the surface [12,31]. Pho-
tonic structures offer a wider range of capability to control light when compared
to pigmentation. Nature uses structural colour (from photonic structures) to
lure in prey, confuse predators, and/or attract a mate [12,31].

Structural colour was first discovered during the investigation of a peacock
feather by Hook [10,31]. Another commonly studied and described examples
of structural colour in nature, specifically Bragg reflection, are butterfly wings
(shown in figure 2.4 caption [a]). Electron microscopy has enabled researchers
to study these types of samples with greater detail (such as Anderson and
Richards in 1942) [30,31,32]. The captions [b] and [c] in figure 2.4 respectively
show cross section images of Morpho rhetenor and Morpho didius butterfly
wings. These images where taken by Pete Vukusic and J. Roy Sambles at the
School of Physics, University of Exeter, UK. Both of the cross-section images
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Figure 2.4: This image was captured by Pete Vukusic and J. Roy Sambles at the
School of Physics, University of Exeter, UK [30]. It is reproduced in this thesis
with permission from the Nature publishing group. [a] A photographic image of
the intense blue colour reflected from a Morpho rhetenor butterfly wing. [b] A
transmission electron microscope (TEM) image of a Morpho rhetenor butterfly
wing cross section. The multi-layer ‘ridge’ features function as a distributed
Bragg reflector [30]. [c] A (TEM) image of a Morpho didius butterfly wing
cross section. The secondary layer of ridges diffract the light which diffuses the
reflected light [30]. The scale bars in figures [b] and [c] are 1.8um and 1.3um
respectively.
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were measured using transmission electron microscopy (TEM). They reveal the
multi-layer structures of the butterfly wings [30]. Both of the wings are covered
in fibrous structures, which have well defined spatially separated scales along
their length. The intense reflection of the butterfly wing is due to the separation
of the scales being comparable to the wavelength of blue light [12,30]. The
multi-layer in figure 2.3 is an approximation of the butterfly wing structure. It
would be difficult to fabricate the same structure that Morpho butterflies use
for Bragg reflection in the UV /visible wavelengths. The closest attempt was by
3D printing the butterfly wing structure on the centimetre length scale. This
was shown to function as a Bragg reflector at microwave wavelengths [33].

In the early 20" century, Lord Rayleigh successfully modelled the properties
of multi-layer dielectric films using electromagnetic theory [12]. He supported
his argument by observing the iridescence (variation in reflected colour with
respect to angle of incidence) of natural examples of structural colour (beetle
shells and butterfly wings). These optical effects do not occur when colour is
caused by pigmentation. This clarified that the interesting optical properties
of the biological samples were due to the structural arrangement of material
(rather than pigmentation). Furthermore, the mathematical theory showed
that these properties could be replicated by processing dielectric materials into

similar multi-layer structures [12].

2.4 Man-made photonic structures

Photonic structures are usually made using inorganic materials (such as SiOs,
Ti0y and ZrO, [15]) as it is possible to prepare DBRs with a large refractive
index contrast between layers (typically An ~ 0.5 [4]). A larger optical contrast
means that fewer layers are required to make a sample with a high reflectance
(this is discussed in chapter 3). Ultra high vacuum (UHV) deposition is com-
monly used to prepare multi-layer dielectric structures [4,15]. These multi-layer
structures are prepared by controlled deposition of each layer in sequence. This
is a well understood technique since it is used in a variety of other applications
such as micro-electronics [4,15]. However, the inorganic materials used in these
DBRs using UHV deposition are expensive. Furthermore, the materials need to
be carefully selected since each layer is a thin dielectric crystal. Mismatches in
the lattice spacing cause strain between the layers. The strain can be sufficient

to overcome the stability of the sample and cause defects/cracks to appear in
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Figure 2.5: Diagram of more complex photonic structures which could be used
for potential applications. The etched optical trap and etched micro-pillars
are fabricated from a 1D photonic crystal. Etched wave-guides are made by
milling a series of periodic holes into the multi-layer and/or nano-imprinting
[16,36]. The central hole is left intact to confine photons within a small region
of the structure. Etched wave-guides and micro-pillars are both examples of
2D photonic crystals. The 3D colloidal photonic crystal is a self assembled
structure which uses a high refractive index colloid and air as the alternating
materials [37,38].

the structure [34].

Recently, there have been advancements in making hybrid devices which
use a combination of both polymer and inorganic materials [35]. Using rel-
atively cheap polymers can reduce the cost these mirrors/devices. However,
the costs are not significantly reduced and the processing procedures are rela-
tively complex [35]. Recently, all-polymer DBRs have been attempted [6, 20].
Polymer materials and thin film polymer processing techniques are significantly
cheaper than their inorganic alternatives. However, processing polymer films
into multi-layers presents its own challenges. For example, the solvent which is
used to solution process one type of polymer may dissolve previously deposited
polymer films. The optical contrast between polymers is also significantly less
than what is available with in-organic materials. However, this can be compen-
sated for by adding more layers to the photonic structure (discussed in section
5.4). These challenges are outweighed by their significant reduction in cost.

There has been significant research into pattering multi-layer photonic struc-
tures to create 2D photonic crystals, wave-guides and optical traps [16] (dis-
cussed further in section 2.5 and illustrated in figure 2.5). The multi-layer is
etched using an ion beam and/or lithography [36]. Both techniques are well
established since they are extensively used in the semi-conductor industry. The
most common etching patterns used are micro-pillar or a lattice of holes, which
have well defined spatial distributions [16]. Etching these structures is often

time consuming and therefore expensive. These techniques are not suitable
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for large scale optical devices because of the patterning areas needed. Instead,
these techniques are only applied to small-scale integrated devices, such as
optical ‘lab on a chip’ sensors [39] and small telecommunications devices [16].

Fabrication of 3D photonic structures is significantly more challenging than
1D and 2D structures. Early investigations used large scale models (m — cm
length scales) which were analysed in the microwaves [40]. However, photonic
structures which have UV /visible optical properties must have features which
are tens of nano-metres in scale [12]. Research into these structures has been
limited because of the challenges associated with preparing samples on such a
small scale. The ‘woodpile’ array is one of the most common techniques pre-
viously used to prepare 3D optical structures. It uses stacks of equally spaced
strips, which are prepared by etching each layer deposited onto the sample [41].
This is impractical because of the lengthy preparation time. The most promis-
ing technique is by using self-assembly to created ordered structures (illustrated
in figure 2.5). Colloids are nano-scale particles which are suspended in a solu-
tion. These particles self assemble into 3D periodic structures when carefully
dried [37,38]. The spatial separation of the interfaces is dependent upon the
size of the colloid particles. This offers limited control, as changing the optical
properties of a sample requires different materials to be used [16,37,38].

Only 1D photonic structures were prepared in this thesis. However, it is
worth keeping more complex photonic structures in mind for future develop-

ments and applications.

2.5 Optical devices which make use of pho-

tonic structure

Photonic structures have reflection peaks over a narrow range of wavelengths
(bandwidth). This is also known as the photonic band-gap as reflected light
is removed in the transmission spectra of the samples. The reflectance of the
sample depends on the thickness and refractive index contrast between the
layers. The materials used should be non-absorbing and non-scattering so that
it is possible to attain a reflectance greater than 99% [42,43]. It is possible
to control the position of reflection bands and the bandwidth (with respect to
wavelength) by changing the film thickness and/or the refractive index of the
layers within the sample. These properties have enabled DBRs to be used as
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Figure 2.6: A diagram of a basic VSCEL laser design. An active/lasing material
is placed between a optical cavity using two high reflecting DBR mirrors. The
top mirror has a slightly lower reflectance for the laser light to emit through.

band-pass and band-stop filters for communication and sensors [1,2].

Encapsulating a medium between two high reflecting DBRs results in a
photonic cavity [4]. Light within the cavity is continuously reflected in between
the DBR mirrors. Constructive interference occurs when the spacing between
the mirrors is multiples of A/2. This creates a resonant cavity where the ‘active
layer’ of a optical device can be placed. The DBR mirrors are tuned to the
same wavelength which stimulates the active layer. This significantly reduces
the density of states for the active layer. Vertical cavity surface emission lasers
(VCSELs, which is shown in figure 2.6) depend on resonant cavities to function
by optically pumping the lasing medium [11,43,44]. The efficiency of other
optical devices can also be improved by placing them in a resonant cavity layer
(such as LEDs [4,45] and solar cells [8]).

Reducing the number of dimensions of a photonic structure further reduces
the number of energy states. This is because the propagation of the photon
is confined within a reduced number of dimensions. This can further improve
the efficiency of optical devices (such as displays, solar cells) [46]. The optical
properties of these devices are also more sensitive to changes in film thickness
and/or refractive index. This has lead towards research into using 2D photonic

crystals as chemical and biological sensors [39].
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2.6 Polymer multi-layer devices

Polymers are long molecules which are made from smaller molecular subunits
(monomers), which are linked together by covalent bonds. Biological structures
such as proteins and DNA are examples of polymers which occur in nature
[17,18]. Polystyrene (PS) and Polyvinylpyrrolidone (PVP) are examples of
synthetic polymers [18,47,48]. Most polymers are based on long chains of
carbon. The simplest polymer structures have a main chain of carbon, which
have two covalently bonded hydrogen atoms per carbon atom. However, other
elements such as oxygen, nitrogen, fluorine and silicon can also be part of a
polymer structure. Furthermore, the arrangement of atoms can also include
smaller chains and/or loops of atoms which are side-groups to the backbone of
the monomer chain. Differences in the composition and arrangement of atoms
in a polymer will change its chemical properties [18,47,49]. Polymers can be
dissolved using solvents to make a solution. However, this depends on the
chemical properties of the polymer and the solvent [18,47,49]. For example,
polystyrene is hydrophobic (repels water) and will not dissolve in water. On
the other hand, polyvinylpyrrolidone is hydrophilic (attracted to water) and
does dissolve in water.

The physical properties of a polymers should also be considered when using
them in applications. There are many characteristics which are universal to
the physical properties of polymers. This is due to them being long, ‘string-
like’, molecular chains. For example, changes in the molecular length of a
polymer will change the level of entanglement in the sample. Entanglement
result in polymer solutions having viscoelastic properties (both viscous and
elastic characteristics) [18,47]. Cross-linking (physically interconnecting long
polymer chains) a polymer melt (above its glass transition temperature 7,)
gives it ‘rubbery’ properties. The polymer chains in the rubber will unbundle
when the material is stretched. This lowers the entropy of the polymers in
the sample. However, the polymer chains will fluctuate back into a bundle (a
higher entropy state) if the force stretching the polymer is removed. This is
known as entropic elasticity. This entropic elasticity returns the rubber sample
back to its original shape [18,47].

Polymer materials are readily available and are therefore cheap. Further-
more, polymers can be readily processed. For example, solution processing

(handling solvents when they are suspended in a solvent) can be used to make
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thin films at room temperature [17]. There are a broad range of diverse prop-
erties from different polymers. The specific properties of a certain polymer can
be used to make useful materials and devices for applications [18,47]. Organic
materials are also relatively cheap and specialised molecules can often be mass
produced [27].

There is a growing demand to make devices which are easy to process, cheap
and efficient. Devices made from polymer materials are an emerging technol-
ogy and gaining research momentum [9,17,27]. This is because polymers are
cheap and can be processed without the need for UHV deposition and/or high
temperatures. Polymers can be processed using a variety of techniques such as
solution processing (spin-coating and dip-coating), spraying and printing [9].

Nano-structures are utilised to manipulate light (for example) at the small-
est length-scales possible. Interesting optical effects occur when you control
the nano-structure of a material [6,20]. Nature has already demonstrated how
efficient systems can be made from organic materials at the nano-scale [17,20].
There are many challenges which must be investigated and overcome to man-
ufacture devices which are made from nano-scale polymer structures.

Polymers nano-structures are also being used in other applications such as;

o Drug delivery systems: The permeability, solubility and structure of poly-
mer materials is being used for controlled drug release and prolong the
products shelf-life [23].

e Polymer electronics: Functional polymer materials are currently being
researched to create cheap, efficient and flexible devices. These devices
are prepared by depositing layers of different organic materials on top of
one another [26,27]. Polymer electronics and devices can also be stacked

multiple devices onto the same substrate to save space [50].

These devices are relevant to the research in this thesis, as they all used
layered deposition of polymer materials. Researching a relatively simple poly-
mer multi-layer (like the polymer DBRs) may contribute towards the analysis

of other devices which use structured polymer materials.

26



Chapter 3

The physics of reflection from

films and multi-layers

3.1 Introduction

This chapter discusses the physics of reflection from films and multi-layers.
The optical properties of single layer and multi-layer samples were measured
throughout this thesis. A modified optical transfer matrix method was used
to model the reflection spectra in the UV /visible and infra-red wavelengths.
Ellipsometry data was also analysed using this technique (discussed in section
4.4). Measurements from neutron reflectivity were also modelled using transfer
matrix methods (discussed in section 4.7). The model uses a series of bound-
ary and transmission matrices, which describe the reflectance at interfaces and
transmission through the individual layers of the DBR [11,51,52]. This tech-
nique uses a series of different steps/calculations which are discussed within

this chapter.

3.2 Fresnel reflection and transmission coeffi-

cients

Figure 3.1 illustrates a light ray as it is incident on a sample with layers of
differing refractive indices. There is a interface between each layer because of
the changes in refractive index. This causes incident light to partially reflect
and transmit. The angle of incidence 6; is equal the angle of reflection 6, as the

reflection is specular. The angle of refraction is calculated according to Snell’s
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Incident Reflected

Figure 3.1: Light is partially reflected and transmitted by a dielectric interface,
which is created by a change refractive index between one medium (n;) and
another (ny). The angle of the reflected light 6,. is equal to the angle of incidence
0; (specular reflection) [10]. Snell’s law calculates the angle of refraction [10].

law of refraction [10].

The magnitude of the transmitted and reflected light is different for polari-
sations which are parallel to perpendicular (p and s respectively) to the plane
of incidence [10]. The electric field of the two polarisations is calculated sepa-
rately for both the partial reflection and transmission. The Fresnel coefficients

give the p and s reflection coefficients as [10];

ny cos(6;) — ng cos(6;)
s = ’
nq cos(6;) + na cos(6y)

ng cos(6;) — ny cos(6;)
1y cos(f;) + ny cos(6;)’

2n; cos(6;)
t, = , .
ny cos(6;) + ng cos(6y) (33)
= 2n, cos(0;) (3.4)

ny cos(6;) + ny cos(6;)
Where ry and r, are the reflection coefficients for the s and p polarisations
respectively. Likewise, ¢t and ¢, are the transmission coefficients for the s and
p polarisations respectively. n; and no are the refractive indices of the first and

second media respectively. §; = angle of incidence and #; = angle of refraction
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which were illustrated in figure 3.1.

The reflectance R and transmittance 1" are calculated by the fraction of the
beams reflected or transmitted power respectively. For a beam with polarisa-
tion s and passing through a single interface the reflectance and transmittance

are calculated respectively by [10];

RS = |7"S’2’ (35)
and,
ng cos(6y)
T, = |t 3.6
£ ny cos(6;) (36)
Likewise, R, = [r,|*> and T), = [t,[*:2 Zzzgetg calculate the reflectance and

transmittance of a single interface for p polarisation. ngcos(6:)/n; cos(;) in
equation 3.6 was used to correct for when 60; # 60, # 0. Also, ny changes the
speed of the transmitted light with respect to the incident light in n,. Both
change the flux [Jm~2s7!] of the transmitted beam and hence the transmittance
[10,11].

A DBR consists of many dielectric layers which are stacked to make multiple
dielectric interfaces. A partial reflection and transmission occurs from the first
interface as the beam passes through. The second interface partially reflects
and transmits light which was transmitted by the first interface. This process
repeats at each interface in the sample. All of the partially reflected light rays
from each interface interfere and contribute towards the total reflectance of
the sample. However, only light from select wavelengths are reflected by the
sample, whilst the remaining wavelengths are transmitted through the sample.
This is controlled by the spatial separation of the interfaces and the refractive
indices of the materials [10,11].

The optical properties of a multi-layer sample cannot be adequately mod-
elled by using only the Fresnel equations. This is due to the spatial separation
between the interfaces in the multi-layer. The medium and separation between
each interface must be considered because the phase of the the light changes
as it travels through the sample [11,52].

A modified optical transfer matrix method was used to calculate the optical
properties of DBR samples [11,12,52]. Each interface was characterised by a
2 x 2 boundary matriz. Likewise, changes in the phase of the travelling light

between each interface was modelled by a 2 x 2 transmission matriz. Each
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Figure 3.2: This diagram is as a visual aid for the notation used in the optical
transfer matrix method.

matrix was multiplied together in a sequence to result in a final 2 x 2 matrix
which characterises the entire sample [13,51]. This is derived in the following

sections.

3.3 Boundary matrix

Figure 3.2 is a visual aid to assist with the assumptions when modelling a
travelling wave. We consider light at two points z; and z,. The properties of
the wave are with respect to only one dimension z. This model considers the
electric field of a wave when it is travelling in either positive +z or negative
—z direction at points z; and zy [13,52,53]. The magnitudes of the electric
fields £1, and Es, are for waves moving in the +z direction at points z; and
29 respectively. Likewise, E/;_ and F,_ are the magnitudes of the electric fields
of waves moving in the —z direction at points z; and z, respectively [13,51].

The electric field of the waves in the z; media with respect to the waves in
the 2o media are initially considered. FE;_ and FE;, are calculated separately
and it is assumed that their magnitudes are can be written in terms of Fs,
and E,_. Hence [13,51],

ElJr = a11E2+ + OélgEQ,, (37)

and,

El_ = OleE2+ + CYQQEQ_. (38)

Where a1, aqs ,a91 and awgy are coefficients which are determined later.

Equations 3.7 and 3.8 can be written in the following [13,51],
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Figure 3.3: The wave (represented by the magnitude of its electric field E;_)
is partially reflected by the interface between the two media z; and zy. Esy is
the magnitude of the electric field for the transmitted wave. F,_ is not shown
as there is no interface for the transmitted wave to be reflect back. No light
travels in the —z direction in the zs medium.

E E k.
I+ _ 11 Oa2 2+ | _ By, 2+ ‘ (39)
Eq_ Qo1 (g9 Ey_ Ey

The boundary matrix B is calculated by assuming there is a interface be-
tween z; and zy (shown in figure 3.3). This creates a boundary for the light
to partially transmit and reflect. There are no other interfaces as both of the
media are semi-infinite. Furthermore, both of the media are assumed to be ho-
mogeneous and non-absorbing, so light does not scatter or get absorbed [13,51].

The light was initially considered to be propagating from the z; medium
into the positive z-direction only. FE;, is the electric field of a wave propagating
towards medium z,. An electric field of a reflected wave FE;_ is created by
partially reflecting off the interface between z; and z5. The wave is also partially
transmitted at the interface and has an electric field E5,. There is no wave
travelling in the —z direction in region zo (Es_ = 0). This is due to the semi-
infinite approximation which assumes there are no interfaces to reflect the light
from Fy, back. Equations 3.7 and 3.8 are reduced to [13,51];

E1+ = a11E2+, (310)

and,

El_ = 0421E2+. (311)

The transmission and reflection coefficients of light respectively are [10];
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p= =t 3.12
= (312)
and,
E,
_ o 3.13
"TE (3.13)

Where E; = electric field in the incident wave, E, = electric field in the reflected
wave and E, = electric field in the transmitted wave.
Equation 3.10 is compared with equation 3.12 to determine the coefficient

11,

By, 1
b= T an
14+ 11
! (3.14)
o = —.
11 t12

Where t1, = transmission coefficient for a boundary from medium 1 — 2.
The s coefficient is calculated by dividing 3.11 by 3.10 such that,

. Eq_ . Eoy 01
ro1 = B 0421—E = o Qa1tor,
1+ 1+ 11 . (315)
12
Q91 — —.
t12

Where 115, = reflection coefficient for a boundary from medium 1 — 2.
The 15 and agyy coefficients were calculated by reversing the problem.
Whereby, the incident light is from region 2z, and propagates into the —z di-

rection. Hence, via a lengthy calculation;

19 = —, (316)
12
and,
1
Qg9 = —, (317)
t12

Substituting these coefficients back into equation 3.9 results in the boundary
matriz. This 2 X 2 matrix calculates the reflection/refraction properties of the

boundary at each interface [13,51,52]. The boundary matrix for the interface
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Figure 3.4: A light wave passes through the medium between z; and 25 in the
positive +z direction. The wave is not passing through interfaces at z; or 2o
as this simplifies the calculation. The separation between the interfaces is d,.

12 is written as;

Bl — ( 1/t 7’12/t12> . (3.18)

ri2/tiz 1/t1s

3.4 Transmission matrix

The speed and phase of the wave changes when it is transmitted in a medium
of differing refractive indices. Changing the thickness of the layer also changes
the phase difference introduced between interfaces [10,13,51]. The diagram in
figure 3.4 and the following steps are used to calculate the transmission matrix
for each layer.

A wave is considered as it propagates through space in the +z direction
[10,51],

E,(z) = Eye'@tk=2), (3.19)

Where k, is the magnitude of the wave-vector |k,| which is expanded as, [51],

k. = 2mncos(6;)/\. (3.20)

Where Ey = the maximum of the amplitude, n = refractive index of the ma-
terial, 6; angle of refracted light as it is transmitted through the material and
A = wavelength of the light.

It was assumed that the wave is only travelling in the +z direction. Fur-
thermore, 2; is considered to be the beginning of the material and the wave
is initially described by F1+. The thickness of the material is defined as d,
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which is where the medium ends at z,. The resulting wave at the end of the
material is described by FEs+. This is illustrated in figure 3.4. This model
only considers the medium between the interfaces. The interaction between
the wave and the interfaces is not considered. No waves are reflected into the
negative z direction. Hence, £y = Ey = 0 [13,51,52]. The wave-equation
shown in 3.19 is re-written for the medium between z; and z as;

E1,(0) = Ege™", (3.21)

and

By, (d.) = Ege™te k== (3.22)

Equation 3.22 is re-written as,

By (d.) = Bype =% (3.23)

Like the boundary matrix problem, the transmission of the wave is consid-
ered as a 2 x 2 matrix [13,51,52]. Hence,

E1+ _ 611 512 E2+ (3 24)
El— 521 /822 E2— . .

However, Fy_ = E5_ = 0 as the light does not travel in the —z direction

[13,51]. Solving equation 3.24 results in;

E1+ - B11E2+ (325)

The coefficient (311 is re-written as,

E .
B = —— = ettheds, (3.26)

The coefficient (9 is solved by;

0= 521E2+7

5 o (3.27)
21 = U.

Like the boundary matrix problem, this method was calculated for when

the wave is moving in the —z direction. This results in;
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b2 =0, (3.28)

and,

Py = e =iz, (3.29)

The coefficients are substituted back into equation 3.24, which results in

the transmission matrix,

T(d,) = (ew 0 > . (3.30)

where 6 = 27nd, cos(0)/\.

Changing the thickness of a layer (d,) will change the phase of the light
at the end of the medium (dy) [13,51,52]. Only reflections which are in phase
will constructively interfere. Therefore, the transmission matrix contributes

towards calculating the wavelength which is reflected by the DBR.

3.5 The optical matrix method

The simplicity of a single film is considered before extending this approach to
model a multi-layer. Figure 3.5 illustrates a free standing thin film which has
2 interfaces (which are air-polymer and polymer-air) and a single medium for
transmission (which is the film). The free standing film ‘sample’ is modelled
by multiplying the boundary and transmission matrices in sequential order
[13,51,52]. This is from left to right in the diagram. For a single free standing
film [51],

M = 812T2(dz)823 (331)

Which is expanded to;

M — 1/tis ria/tiz) (€2 O 1/tas  7o3/tas\ [ Ers
ri2/tiz 1/t 0 e® ros/tas  1/tas Ey_

_ mi1 Mmi2 E3+

ma1 M2 Es_

(3.32)
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Figure 3.5: A visual interpretation of the modified optical transfer matrix
method being used to model a free standing film. There are three mediums
(n1, ny and ng), two interfaces (Bjo and Bag) and a transmission medium (75)
which spans over layer thickness dy. The magnitude of the electric field for a
wave is considered for each medium.

Where M = the matrix which represents the optical properties of the sam-
ple, B,,, = the boundary matrix for the appropriate interface and T,, = the
transmission matrix for the appropriate medium.

Multiplying the matrices together results in a 2 x 2 matrix which has the

corresponding elements;

7”127”236_216 + 1

miy = - 3.33
" t1otoze™® ( )
—2i8
T12€ + o3
myg = ————— 3.34
tyatoze™® ( )
2§
793€ +r
mo1 = 23—‘512’ (335)
t1otoze™"
and,
—2i8
e + 127923
12023

The total reflection and transmission coefficients of the whole sample are
calculated by considering the magnitude of the electric fields in the first and
final region after passing through the tri-layer [13,51,52]. Bags is the final
interface of the tri-layer and no light travels in the negative direction in the

final medium (E5_ = 0). Ey, and E;_ are solved using equation 3.31;
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E1+ = m11E3+, (337)

and,

Ei_ =ma b3, (3.38)

The total reflection for the sample is calculated by substituting these two
equations into the reflection coefficient [10,13,51,52],
By
Protal = — = 2L, (3.39)

E1+ mi

Substituting in the coefficients from equations 3.33 and 3.35 results in,

T1g + ro3e 20

14 rigroge=29

TI'Total =

(3.40)

This is also a well known formula for the reflection coefficient of a free
standing thin film [10,13]. The total transmission coefficient tr.4; of the sample
is calculated by considering it as the ratio of transmitted light with respect to
the incident light (Fs./E1+4) [10,13,51,52]. Comparing this with equation

3.37 and substituting in the coefficient from equation 3.33 results in;

Eror Esy
Total — 77
Fus
1
= — 3.41
o~ (3.41)
tiotoze™™

Ty T197T93€ 20"
3.6 Application to multi-layers

The modified matrix method technique can calculate the optical properties
of multi-layers, since the 2 x 2 matrix with ‘m’ coefficients in equation 3.31
can be extended [13,51,52]. More layers are included by multiplying more
boundary and transmission matrices in sequence. Hence, a sample of N layers

is calculated by;
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myr m
M7otar = M1,2T2(d2)M2,3---TN(d[N+1})M[N+1],[N+2] = < H 12) . (3.42)
mMo1 M2

Mzotar is @ 2 x 2 matrix for any number of N layers [13,51, 52]. Fur-
thermore, the total reflection and total transmission are still calculated by
TTotal = Ma1/M11 and troe = 1/my; respectively [13,51,52].

The reflectance of the sample is calculated by [10,13,51],

R= ‘rTotal‘2 = rTotalr}otal- (343)
Where r7,,,, is the complex conjugate of the total reflection coefficient 7744
Likewise, the transmittance is calculated by [10,13,51],

ns cos(6;)

(3.44)

T = |trow]® = tTotalt}omlans(Qi)'

Where ny cos(6;)/ny cos(6;) corrects for the change in flux of transmitted light
when not at normal incidence. This was also shown in equation 3.6.

It is important to note that the matrix method should be calculated for
both s and p polarisations separately [13,51]. The total reflectance Ry and
total transmittance T for s polarisation should be calculated using the reflec-
tion 7s and transmission ¢, Fresnel coefficients (shown in equations 3.1 and 3.3
respectively). Likewise, the total reflectance R, and total transmittance T,
for p polarisation should be calculated using the reflection r, and transmission
t, Fresnel coefficients (shown in equations 3.2 and 3.4 respectively). This is
because the magnitude of the electric field will be different for the two polari-
sations when they are partially transmitted and reflected from the interfaces if
the angle of incidence 6; # 0 [10,13,51]. The total reflectance of the sample is
the average of the total reflectance for the s and p waves [10,13,51],

Rs+ R
R= % (3.45)
This is also the case when calculating the transmittance [10].
T, + 1T,
T = %. (3.46)
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3.7 Modelling diffuse interfaces

UV /visible spectroscopic measurements (discussed in chapter 5) showed that
the reflectance of polymer DBR samples were not as large as those predicted
by the optical matrix method model. Broad polymer-polymer interface widths
were considered as an explanation for the loss in reflectance. Previously, the
model inaccurately assumed that the interfaces were sharp (the transition from
one medium to another is instantaneous) and broad interfacial widths were not
considered. However, polymer-polymer interfaces are likely to have intrinsic
roughness due to the interfacial mixing. The interface widths become diffuse
and broaden by polymer-polymer intermixing [18]. Each reflection coefficient

(shown in in equation 3.18) was modified by a factor such that [11,52,54],

2
Tint = T €XP {—8 (%) } ) (3.47)

Where 0 = width of polymer-polymer interface [m], ny,; = refractive index
of the medium the light is passing in to.

Increasing the widths of the interfaces o, decreases the magnitude of the
reflection coefficient r for the relevant interface [54]. This is discussed in
greater detail in section 5.3.1. Neutron reflectivity was later used to mea-
sure the polymer-polymer interface widths o (discussed in chapter 8). All of

the polymer-polymer interfaces were less than 1nm.

3.8 Summary

The modified optical transfer matrix method is able to calculate the reflec-
tion properties of DBRs. Each interface is assigned a boundary matrix and
the medium in each layer is assigned a transmission matrix. Diffuse polymer-
polymer interface widths were also considered in these calculations. The re-
flection spectra of DBRs measured later in this thesis were modelled using this
technique.

Ellipsometry measurements were modelled using the total reflection coeffi-
cients of the s and p polarisations (see section 4.4). These results were used to
extract the refractive index and thickness of spin-cast films.

A similar transfer matrix method was also used to model the specular reflec-
tion of a neutron beam from multi-layer samples (see section 4.7). The internal

structure of a sample is measured by the interference between partially reflected
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neutron beams. This ‘optical method’ can be applied to neutron reflectivity

due to the particle-wave duality of neutrons [55].
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Chapter 4

Experimental techniques

4.1 Introduction

A brief overview of the most common experimental techniques used in this re-
search are discussed in this chapter. This includes preparation of single layer
and multi-layer samples. It also includes techniques used to measure the prop-

erties of the samples.

4.2 Spin-coating thin films

Spin-coating is a technique commonly used to cast polymer solutions into uni-
form thin films. The polymer solution is deposited onto a substrate which is
then quickly rotated to spread and dry the solution to make a thin film. This
technique is capable of producing uniform films which are ~ 10nm to a few
microns in thickness [56, 57, 58]. Spin-coating was used to cast single layer
and also multi-layer polymer films during this research. The technique is rel-
atively quick, does not require a ultra-high vacuum environment and sample
preparation is also at room temperature.

Polymer solutions were deposited and then spin-cast onto substrates of ei-
ther freshly cleaved silicon wafers or glass slides. The glass slides were cleaned
prior to use by sonicating them in methanol for several hours. The spin-coating
process is illustrated in figure 4.1).

Spin-cast films may require annealing to remove any residual solvent. Films
are annealed by heating them above their glass transition temperature (7).
The solvent more readily leaves the polymer film during this rubber-like state
when it is heated above it’s T, [18].
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Step 1 Step 2 Step 3

Step 4 Step 5 Step 6

Figure 4.1: The spin-coating process is illustrated in a series of steps; Step I -
secure a substrate to the spin-coater using a vacuum seal. Step 2 - thoroughly
wet the center of the substrate with deposited solution. Step 3 - wet the sample
with the polymer solution by rotating the substrate at a constant spin-speed.
Step / - excess solution is ejected off the substrate. Step 5 - the film thins
as the remaining solvent from the remaining solution is evaporated. Step 6 -
spinning is stopped when the film is dry and stable. The sample may require
annealing to remove any residual solvent in the film.
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There are several parameters which change the features and quality of a
spin-cast film. The following parameters were considered when casting polymer

films during this research;

e Spin speed: A faster spin-speed ejects more polymer solution off the
substrate during spin-casting. Less solution is left in contact with the
substrate, which results in less polymer remaining on the surface of the
substrate. Thinner films are prepared by rotating the sample at a faster
spin-speed [57,59].

e Viscosity: Solutions with a higher polymer concentration are usually
more viscous. This results in less solution being ejected off the substrate
during spin-coating. Depositing a solution with a higher polymer con-

centration will result in a thicker spin-cast film [57,59].

e Solvent selection: A solvent which evaporates too readily will result in
a rough film. The solvent on the surface of the liquid film evaporates
too quickly. This results in a solid ‘skin’ above a liquid film. The whole
of the film is prevented from drying uniformly and results in the surface
becoming roughened [60]. On the other hand, a non-volatile solvent may
take too long to dry. This results in a film which needs a longer spin-

coating duration and/or annealing to stabilise and dry.

e [nterfaces: The solvent and/or polymer may not be able to sufficiently
bond to the substrate. A low adhesion energy between the substrate and
the polymer solution results in a film which has ‘streaks’ on its surface
(the Marangoni effect [61,62]).

4.2.1 Polymer and solvent selection

Polymers were dissolved into solvents to prepare solutions for spin-coating.
Homogeneous films were needed to make efficient 1D Bragg reflectors as defects
will scatter reflected and transmitted light. These solutions must be capable
of being cast into homogeneous films of an appropriate thickness onto silicon,
glass and polymer substrates (to make multi-layers).

The solvent used to spin-cast a film must not dissolve and/or damage any
previously deposited polymer by swelling the film. Swelling previously de-

posited layers can cause them to strain and crack the sample. If a solvent was
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Polymer Solvent
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Figure 4.2: The chemical structures of the polymers and solvents used to make
spin-cast polymer multi-layer films. Each polymer is shown alongside the ap-
propriate solvent which was used to make the solutions. Polar and non-polar
chemicals were used so that the multi-layer could be prepared using an orthog-
onal solvent system. More detailed information about the polymers are shown
in table 4.1
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used to dissolve polymer ‘A’, it must not be allowed to dissolve the alternate
polymer ‘B’ and vice-versa. This is known as a orthogonal solvent system and
was used to prepare polymer multi-layers. Previously deposited layers would
be damaged by depositing new layers if an orthogonal solvent system was not
used [15].

Using an orthogonal system significantly reduces the selection of polymers
and solvents which can be used for sample preparation. This problem was
solved by initially considering solvents which are orthogonal with respect to
one another. It is well known that polar and non-polar solvents do not mix
[63,64]. A molecule is polar when the distribution of electric charge is not evenly
distributed. This occurs when there is unequal sharing of electron pairs in
covalent bonds. The atoms in the molecule are in a non-symmetric arrangement
and the charge distribution is equivalent to a pair of separate and opposite
charges [49].

Polar and non-polar polymer materials were also considered and paired
with their appropriate solvents. Four different polymers and four different
solvents/mixtures were used to make solutions for sample preparation. The
polymers and their solvents which they were dissolved in are shown in table
4.1. The chemical structure of the polymers and solvents are illustrated in
figure 4.2.

Two different polymer/solvent systems were tested when making the multi-
layer samples. Most of the experiments were made by depositing alternating
layers of polyvinylpyrrolidone (PVP) and polystyrene (PS). These materials are
cheap, readily available and easy to process into solutions and spin-coated. The
contrast in refractive between the two polymers (An = 0.07) was sufficient for
reflection bands to be measured (which is discussed in chapter 5). The other
multi-layer technique used cellulose acetate (CA) and poly(9-vinylcarbazole)
(PVK), which is discussed in chapter 10.

Experiments showed that spin-casting PVP from either ethanol or ace-
tonitrile solution resulted in poor quality films. However, solutions using a
50:50 mixture of both solvents were known to produce good quality spin-cast
films [61]. PS was dissolved into toluene which spin-coated into homogeneous
films. Tests showed that each polymer was immiscible in the solvent used for

the alternate polymer layer.
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4.3 Multi-layer sample preparation

The polymer distributed Bragg reflectors were prepared by spin-coating alter-
nate polymer films on top of one another. This section discusses the techniques
used to prepare PVP/PS multi-layers. Preparation of multi-layers made from
CA and PVK are discussed in section 10.3.2.

Initial attempts to make PVP/PS multi-layers resulted in poor quality/
cracked samples. Defects such as cracks would cause the samples to scatter
light and reduce their efficiency as DBRs. Cracking occurred when a PVP
layer was sandwiched between two PS films. Specifically, it is when a PS layer
is deposited on top of a PVP(top)—PS(bottom) bilayer. The toluene solvent
in the PS solution attempted to penetrate through the intermediate PVP layer.
This swells the underlying PS film which creates a strain and cracks the rigid
PVP film. The PVP layers were protected by swelling them with hydrochloric
acid (HCI) vapour. This prevented the toluene (from a freshly deposited PS
layer) penetrating through the PVP layer and damaging the sample. Using
this protective step enabled multi-layers of PVP/PS to be prepared without
cracks. Fourier transform infra-red (FTIR) spectroscopy was used to measure
any chemical changes when swelling the polymers with HCl vapour (this is
discussed in chapter 7). The results indicated that neither PVP or PS films
chemically reacted with HCI vapour. Furthermore, all of the HCI vapour was
removed from the multi-layers during annealing.

Preparation of the PVP/PS multi-layers is shown in the flow diagram in
figure 4.3. All of the polymer solutions were deposited at spin-speeds between
1.0krpm and 4.5krpm. Spin-speed which were slower than 1.0krpm resulted
in poor film uniformity. The vacuum pump was unable to keep the substrate
secured the sample were spun faster than 4.0krpm.

These samples were finished by annealing them for 5 hours at 110°C’ under
a ~ lmtorr vacuum. This is above the glass transition 7, temperature of
PS, but not PVP. The glass transition temperature of PS and PVP are 97°C
and 170°C' respectively [65]. A polymer below its T, is relatively rigid and
brittle. Whilst above the T}, the polymer is more malleable and rubber-like [18].
Annealing releases residual spin-coating stresses and enables residual solvent
to more readily escape the polymer films [18,47]. Unfortunately, not all of the
solvent would have been released from the multi-layer samples due to annealing

below the T, of PVP. The solvent from underlying PS layers may have also
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Step 1: Clean glass slide

A microscope slide was cleaned
by sonicating it in methanol for
approximately 5 hours. The
glass slide is then dried using
lens tissue and place onto the

spin-coater.

Step 2: Deposit PVP solution

The PVP - 50:50 ethanol:
acetonitrile solution should be o
deposited at the centre of the
glass slide.  Enough solution
should be used to wet the area

being spin-coated.

Step 3: Spin-cast PVP

Spin-cast the PVP solution for 30 Yy

seconds at a constant spin- ‘
speed. This should be sufficient \

time to wet the substrate and * 1

dry into a homogeneous film.

=

[

Step 4: Swell PVP film with Step 7: Make multi-layer

HCI vapour d Steps 26 should be repeated
Thoroughly swell the PVP film for the number of Ilayers
with HCl vapour. Exposing the required to make the multi-layer
sample over a reservoir of HCl sample.

for a few seconds should be

sufficient.

Step 5: Deposit PS solution
Deposit the PS - toluene solution

while the PVP film is swelled o
with the HCl vapour. The PS
solution should be deposited at

the centre of the sample.

Step 6: Spin-cast PS

Spin-cast the PS solution for 30

seconds at a constant spin- \
speed. This should be sufficient \

time to wet the substrate and
dry into a homogeneous film.

Step 8: Anneal sample

The sample should be annealed
for 5 hours at 110°C under

vacuum. This should remove
any residual solvent and spin-

coating stresses. Then the

sample is complete.

Figure 4.3: Flow diagram illustrating the preparation procedure for making
PVP/PS multilayer samples. The wavelength of the reflection peak was con-
trolled by changing the spin-speed. Adding or removing the number of layers
deposited changed the reflectance of the reflection peak. This process was later
automated using a computer control system.
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struggled to penetrate through the un-annealed PVP layers [66]. The possible
effects of trapped solvent discussed in chapter 5 as it was a likely cause for

reductions in the reflectance of the DBRs.

4.3.1 Automated sample preparation

Samples were initially prepared by hand and it typically took approximately
one hour to make a 50 layer sample. An automated system was developed so
samples could be prepared without the need for continuous attention. The com-
puter control system was later used to make chirped DBR samples (discussed in
section 5.6). Figure 4.4 shows a diagram of the automated spin-coater design.
A photograph of the system is shown in figure 4.5 and how the pre-existing
spin-coater (Dr James Sharp had built the spin-coater before this research had
begun) was modified. The automated system was designed and built by my-
self for controlled multi-layer sample preparation. Credit should also be given
to the University of Nottingham School of Physics and Astronomy workshop
team for manufacturing bespoke components for these modifications. The au-
tomated set-up consisted of many components which are listed below. Each

number in the list corresponds to the labelling numbers in figure 4.4;

1. Reservoirs of solutions and HCI: Large quantities of polymer solutions
were prepared so samples could be made without interruption. The solu-
tion bottles were sufficiently sealed to prevent evaporation. This would
otherwise lead to the concentration of the solutions changing during sam-
ple preparation. A bottle of HCI solution was used to syphon HCI vapour

onto the sample and swell PVP layers when needed.

2. Peristaltic pumps: The polymer solutions and HCI vapour were delivered
onto the sample by using peristaltic pumps and Viton tubing (both were
supplied by Williamson manufacturing company UK). The peristaltic
pumps enabled a controlled the flow of solution/vapour by applying a
voltage using a computer control card (National instruments USB DAQ
control card). The Viton tubing did not chemically react with any of the
solvents or vapour. Viton does swell in toluene, but this did not hinder

the preparation of samples.

3. Hypodermic needles: Both polymer solutions were deposited onto the cen-

ter of the substrate by using hypodermic needles. Capillary action/surface
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'Needles
| depositing
_solution

. =

Sample loaded
into spin-coater

~ Computer,
control
- system

Figure 4.5: Photograph of the modified spin-coater for automated sample
preparation. The automated spin-coater modifications were designed and built
by myself and the workshop team at the School of Physics and Astronomy at the
University of Nottingham. The home-built spin-coater was made by Dr James
Sharp before my research in this thesis had begun. All of the modifications
were easily removed so the spin-coater could be used for other experiments.
The automated spin-coater was used to prepare samples without the need for
continuous user input. A computer control card and a self written Matlab
program were used to prepare multi-layer samples with specific film thickness
values. A schematic of the automated spin-coater was shown in figure 4.4.
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tension was sufficiently high to prevent the solutions from depositing onto

the samples when the peristaltic pumps were not in motion.

. HCI delivery tube: A large metal tube was used to deliver and spray HCI
vapour onto the sample. This was positioned as close to the substrate as
possible to reduce the quantities of HCl needed to swell the PVP films.

. Glass slide: A cleaned glass slide was placed into the spin-coater where it
remained until all of the layer depositions were complete. The system was
designed so the sample would not have to be removed out of the spin-
coating chamber during sample preparation. This also includes when
swelling each PVP film with HCI vapour.

. Spin-coater: The home-built spin-coater was made by Dr James Sharp
and was used throughout this research. Spin-speed was increased /decreased
by raising/lowering the applied voltage respectively. The computer con-
trol card was able to change the voltage applied to the spin-coater to
control the spin-speed. Modifications used to automate sample prepara-
tion could be readily removed so the spin-coater could be used for other

experiments.

. Vacuum pump: Substrates were secured to the rotation stage of the spin-

coater using a vacuum seal.

. Nitrogen feed: A continuous flow of nitrogen gas was fed into the sample
chamber to purge the atmosphere of residual organic solvent and HCI
vapour. Too much residual vapour would reduce sample quality. This
was due to the films not adequately drying when surrounded by a solvent

atmosphere.

. Computer control system: A Matlab program was written by myself to
control the sample preparation. The program allowed samples to be pre-
pared with tailored optical properties. This was achieved by controlling
the spin-speed (which changes the layer thickness and the wavelength
of the reflection peak) and number of layers deposited (which changes
the reflectance of the reflection peaks). Chirped samples were also pre-
pared by programming the spin-coater to incrementally change the layer

thickness during sample preparation (discussed in section 5.6).
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4.3.2 Multi-layer film thickness

DBR samples were prepared using the techniques discussed in sections 4.3.
The most efficient DBR structure is when the optical thickness of each layer is
A/4 [12] (this is discussed further in chapters 6 and 7). However, attempts to
make PVP/PS DBRs with layers as thin as d ~ \/4n, resulted in cracked and
inhomogeneous samples. This occurred despite attempting various methods to

reduce cracking which included;

o Swelling deposited films using various solvents (including HCI vapour):
Swelling the PVP layer helps prevent the toluene in the PS solution from
penetrating through the PVP film. This would occur when depositing a
PS solution on top of a PVP film which had an underlying PS layer.

e [ntermediate annealing to remove residual solvent and spin-coating stresses:
Lingering solvent is removed by annealing past the glassing temperature
T, of polymer films. Residual stresses which occurred due to spin-coating

would have also been reduced during annealing.

e Depositing solutions while spinning the substrate: This reduces the con-

tact time of solvents onto the pre-deposited multi-layers.

Unfortunately, these experiments did not result in any significant improve-
ments in A\/4 sample preparation. Therefore, it was not possible to make \/4
multi-layer PVP/PS samples. Hence, thicker films were used to make multi-
layer samples. However, it is worth noting that the PVP films still needed
protecting by swelling them with HCI vapour swelling (which was discussed in

section 4.3).

4.3.3 Annealing DBR samples

Figure 4.6 shows the UV /visible spectra of an early attempt at making a poly-
mer DBR. The reflection spectra was measured before and after annealing using
a UV /visible spectrometer. This sample was 40 layers of alternative 423 + 1nm
PVP and 426 + 1nm PS (measured using comparable single layer films using
ellipsometry) and annealed for 5 hours at 110°C' under ~ lmtorr atmosphere
after the initial measurement. Reflection spectra was remeasured after the
sample was annealed. The plot (in figure 4.6) indicates that the position of the

reflection band blue-shifted after annealing.
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Figure 4.6: UV /visible reflection spectra of a 40 layer DBR with dpyp =
423 + 1nm and dpg = 426 = 1nm. The green and blue curves are the reflection
spectra measured before and after the sample was annealed respectively. The
blue curve is the reflection spectra measured after the sample was annealed for
5 hours at 110°C' under a Imtorr vacuum. Annealing the sample de-swelled
the layers within the sample which blue-shifted the reflection peak.
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] Solvent \ Refractive index ‘

Toluene 1.496
Ethanol 1.362
Acetonitrile 1.344

Table 4.2: Refractive indices of the different solvents used to dissolve the poly-
mers for spin-casting. All values for the refractive indices were from the product
specification sheets from Sigma-Aldrich for the appropriate solvents.

A large proportion of the residual solvent was removed during annealing.
Residual solvent causes the layers to swell and increase their thickness. Solvents
within the polymer would also lower the refractive index of the film. This is
because the solvents have a much lower refractive index than the polymer
(refractive indices of the polymers are npyp = 1.516 and npg = 1.586). Table
4.2 shows the refractive indices of the solvents. The refractive index contrast of
the polymer layers in a DBR are reduced when swollen with solvent. Residual
solvent changes the wavelength and intensity of the reflection band because of

the following;

e Film thickness: The optical path length between each interface in the
sample changes with respect to layer thickness. Increasing the layer thick-
ness will also increase the optical path length (OPL = d im0 fitm/ cos(8 fiim)
[10]). Interference between the partially reflected waves is changed when
the separation between the interfaces is shifted. This changes the optical
properties of the sample, which includes reflectance (which is discussed

in section 5.3).

e Refractive index: The partial reflections within the photonic structure are
due to the optical contrast between the layers. Increasing/decreasing the
optical contrast increases/decreases the reflectance of the sample respec-
tively. Changing the refractive index of a layer also changes its optical
path length. The optical path length of a film will increase/decrease if

its refractive index is larger/smaller respectively [10].

4.4 Ellipsometry

The film thickness and refractive index of the polymer films were measured
using ellipsometry throughout this research. Ellipsometry is able to measure

the thickness of homogeneous films with a resolution of ~ 1A [51]. Samples were
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Figure 4.7: [Left panel] Photograph of the ellipsometer set-up. [Right panel]
Schematic of the consisting parts of the ellipsometer.

prepared by spin-coating polymer solutions onto freshly cleaved silicon wafers.
The ellipsometer was used to measure film thickness changes with respect to
spin-speed and also solution concentration (discussed later in this section).
Measurements of film thickness and refractive index were used to model the
optical properties of DBRs using a modified optical transfer matrix method
(discussed in chapter 3). These results were used to refine the preparation
of the polymer photonic structures by controlling the thickness of deposited
layers.

Figure 4.7 shows an image of the home-built ellipsometer and an illustration
of it’s constituent parts and function. The Ellipsometer was built by Dr James
Sharp before I joined the Polymer Physics group. A light source (which was a
632.8nm HeNe laser) emits a collimated beam through a linear polariser. The
linearly polarised light then passes through quarter wave-plate which elliptically
polarises the laser light. Rotating the polariser also changes the orientation of
the ellipically polarised light. This falls incident onto a pre-prepared sample at
a fixed angle of incidence #;. The sample was a polymer film which was spin-cast
onto a freshly cleaved silicon (100) substrate. An Analyser (a linear polariser
which is rotated to change its orientation) was used to test the polarisation
of light reflected from the sample. A photodiode was used to measure the
intensity of light which has passed through the analyser [51,67].

The polarisation of the reflected light is changed by the optical properties
of the sample. This is illustrated in figure 4.8, which shows how incident
light is partially reflected from the top and bottom interfaces of a single layer
film. Interference between the partially reflected rays contribute towards the

reflectance of the sample. The polarisation of the partially reflected waves
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Incident Reflected

Figure 4.8: Thin film interference is utilised by an ellipsometer to measure
the thickness of the films. The incident light is reflected by interfaces at the
top and the bottom of the film. Interference between the two rays changes
the amplitude of the reflectance. The interface changes the magnitude of the
rays electric field components which are parallel and perpendicular (p and s
respectively) to the surface. Reflected light from a thin film can have a different
polarisation (when compared to the incident light) because changes in the p
and s electric field magnitudes.

electric fields should also be considered, as their magnitudes change when light
is not perpendicular to the sample surface (6; # 0) [51,67]. Component waves
which have electric fields polarised normal and parallel the sample surface are
represented by the s and p notations respectively. The total reflectance of
the s and p polarisations (R, and R,) is calculated by the square of their
corresponding Fresnel reflection coefficients (rs and r,). This is shown in the

following equations [10,51,67];

) ny cos(6;) — ny cos(6;) 2
pu— pu— .1
Re=rs {nl cos(6;) + ng cos(6y) (1)
and
. [ngcos(8;) —nycos(6,)]”
= = . 4.2
iy =1y [nl cos(6;) + na cos(6;) 2

Where R, = reflectance of the wave with respect to the s polarisation, R,
= reflectance of the wave with respect to the p polarisation, r, = reflection

coefficient for the s polarisation, 7, = reflection coefficient for the p polarisation,
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Incident Reflected

Figure 4.9: Incident light is reflected by a sample which consists of a polymer
film on top of a silicon substrate. The oxide layer on top of the silicon substrate
should be considered in modelling calculations as it contributes towards the
optical properties of the sample. Changing the angle of incidence, refractive
index of the layers and/or thickness of the films will change the properties of
the light reflected by the sample.

ny = refractive index of the incident and reflected medium, n, = incident of
the medium for the transmitted wave, §; = angle of incidence [degrees| and 6,
= angle of reflectance [degrees].

The quarter wave plate combination (shown in figure 4.7) elliptically po-
larises the light before it is incident on the sample. The orientation of the
elliptically polarised light is controlled by the angle of the polariser. Under
specific conditions, the sample can change the polarisation state of the ellipti-
cally polarised light into linearly polarised light [51,67]. The photodiode does
not detect any light when the analyser is orientated perpendicular to the polar-
isation of the linearly polarised light reflected from the sample. This is known
as ‘nulling’ and it only occurs when the polariser P and analyser A accurately
aligned for each sample [51,67]. The optical properties of the samples are cal-
culated by measuring P, A and 6#;. A model of samples optical properties is
used to extract the film thickness and refractive index of the polymer film from
the measurements of P, A and 6.

It is not possible to calculate the optical properties of these samples using
only the Fresnel equations. This is due to the spatial separation of the interfaces
and the refractive index of each layer. Changing these variables will change

the optical path length of each layer and how the partial reflections interfere.
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Alr Bair-Fiim

Polymer film

Figure 4.10: This diagram illustrates the structure used to model the optical
properties of samples measured using ellipsometry. The reflection from each
interface are characterised by a 2 x 2 boundary matrix. The effects of the
spatial separation and media between interfaces are characterised by a 2 x 2
transmission matrix. These matrices are used to calculate the optical properties
of the entire sample.

This is illustrated in figure 4.9 where the angle of incidence, film thickness and
refractive index of the layers can vary the interference of the partially reflected
waves. The optical path length is calculated by [10],
nd
OPL = m, (4.3)
Where OPL = optical path length [m], n = refractive index, d = thickness of
film [m] and 6 = angle with respect to the surface normal [degrees].

A modified optical transfer matrix model was used to calculate the optical
properties of the sample (this was more thoroughly discussed in chapter 3).
Each interface is represented by a 2 x 2 boundary matriz and each medium is
represented by a 2 x 2 transmission matriz (illustrated in figure 4.10). The
boundary (B) and transmission (T) matrices are multiplied in sequence and
results in a 2 x 2 matrix which represents the optical properties of the whole
sample [10,13,51]. Hence;

MTotal = BAir—FilmTFilm BFilm—Ozide~TOzide BOa:ide—Silicon- (44)

Where B = boundary matrix and Ty, = transmission matrix.

Reflection coefficients for s and p polarisations (rs and ,) can be extracted
from the matrix My in equation 4.4 (this was more thoroughly discussed in
chapter 3) [10,13,51]. These reflection coefficients are used to calculated the
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reflectance ratio,

p="17 (4.5)

Ts
p was used to determine psi ¢ and delta A which are parameters used in

ellipsometry calculations. ¢ and A are calculated by [51];

¥ = tan™"(|p|), (4.6)
p= tan(z/J)e’A, (4.7)

— tan~! Im(p)
st (1), "

The orientations of the polariser P and analyser A are related to ¢ and A

by the following equations;

P= % — 45°. (4.9)
A=90°— A (4.10)

Figure 4.11 is a plot of P vs A of modelled (solid line) and measured
(data-points) ellipsometry data for spin-cast PVP films. Each data-point cor-
responded to a sample with a different film thickness d. A range of modelled
P and A values were calculated for films with refractive index n, but differ-
ent values of d. Plotting these values (over a wide range of different d values)
resulted in a ‘loop’ which increased/decreased in size when the modelled re-
fractive index n was larger /smaller respectively. The least squares method was
used to fit the size of the loop to the measured data-points. This was used to
extract the refractive index of the samples.

The film thickness of samples were extracted by comparing measurements
to modelled data. P and A were modelled for samples which had refractive
index n. The modelled film thickness d was varied to calculate a range of
corresponding P and A values. These modelled values were compared with
measurements to extract the film thickness of the samples.

Each sample was measured five times and an average value was used as the

final result. The standard deviation of these measurements was calculated and

60



Analyser (deg.)
n (9] (o)) ~l
o o o o

W
o

20

Figure 4.11: The refractive index of PVP (npyp = 1.5164+0.001) was measured
using ellipsometry. Each data-point corresponds to P and A measurements of
samples with a different PVP layer thickness. The grey ‘loop’ corresponds to
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used as the error.

4.4.1 Film thickness calibration

Ellipsometry was used to measure the thickness of polymer films which were
spin-cast at different spin-speeds and solution concentrations. Figure 4.12
shows that the film thickness decreased as the deposition spin-speed increased.
The film thickness also decreased if the solution concentration was reduced.

Samples were initially prepared from solutions of 4.0% wt PVP and 4.0%
wt PS. DBRs were prepared with reflection bands between 450nm and 650nm
by depositing films between 1.0krpm and 4.5krpm (this is discussed further in
chapter 3.7). Sample preparation was later improved by reducing the concen-
tration of the PVP solution to 3.2% (this is discussed further in chapter 6). The
concentration of the polymer solutions were kept constant and spin-speed was
used to control layer thickness during sample preparation. Figure 4.12 was used
to calculate the film thickness of spin-cast films within the multi-layer struc-
ture (by recording the spin-speed used during preparation). This data was also
used to prepare samples with a specific structure/spectra by controlling the
thickness of deposited films.

Ellipsometry was also used to measure the film thickness of bi-layers. Specif-
ically, it was used to test if film thickness was the same whenever spin-coating
onto both polymer and silicon substrates. Film thickness measurements were
used to model the reflection spectra of DBR samples. The modelled spectra
would be inaccurate if there were large errors in the film thickness measure-
ments. Two sets of single layer samples were prepared, which were 265 &+ 1nm
PVP and 221 4+ 1nm. PS layers were then spin-cast on top of the single layer
PVP films to make bi-layer samples. Likewise, PVP films were also spin-cast
on top of the single-layer PS films. These bi-layer samples were prepared with
a variety of different top layer film thickness. Figure 4.13 is a diagram of a
polymer bi-layer which has been prepared on a silicon substrate. The ellipsom-
etry model was extended to include the bottom polymer film in the bi-layer
as part of the substrate structure (polymer film — oxide — silicon). This was
because the thickness of the bottom layer was kept constant for all samples.
The bi-layer samples were measured using ellipsometry and the film thickness
of the top layer was calculated using the extended model.

Figures 4.14 and 4.15 show the thickness of the top film in a bi-layer sample

when cast at different spin-speeds. The film thickness of single layer samples is
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Figure 4.12: Ellipsometry film thickness measurements of PVP (top panel) and
PS (bottom panel) films which were spin-cast at different spin-speeds and con-
centrations. The curves are free-hand plotted and the errors in the data-points
were calculated using the standard deviation of five repeat measurements.

PVP +  1.0%
2.0%

i“'
'

—F— —C
AN TN N TN N [N N N TN AN TN TN TN N AN N NN T N N NN N MO

1.5 2.0 2.5 3.0 ) 4.0
Spin speed (krpm)

- PS + 1.0%

15 2.0 2.5 i 38 4.0
Spin speed (krpm)

63



Figure 4.13: This diagram represents a polymer bi-layers which was spin-cast
on to a silicon substrate. The thickness of the top layer d; was calculated by
carefully measuring the thickness and refractive indices of all the other layers.
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Figure 4.14: Comparison of the PVP layer thickness when spin-cast on top of
silicon (blue data-points) and PS substrates (black data-points). The curves are
free hand plotted and the errors were calculated using the standard deviation
from 5 repeat measurements.
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Figure 4.15: Comparison of the PS layer thickness when spin-cast on top of sil-
icon (red data-points) and PVP substrates (black data-points). The curves are
free hand plotted and the errors were calculated using the standard deviation
from 5 repeat measurements.
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also shown for comparison. These results showed that the thickness of PVP and
PS did not significantly change when spin-cast on top of the alternate polymer
layer. Therefore, the samples could be modelled using thickness values obtained

from ellipsometry measurements of single layer PVP and PS films.

4.4.2 Spectroscopic ellipsometry

The home-built-ellipsometer could only measure the refractive index of samples
at the wavelength of its laser light (A = 633nm). However, the refractive index
of a sample is not the same for all wavelengths. There is no general equation to
model the dispersion of the refractive index with respect to wavelength for an
arbitrary material [11]. A J. A. Woolman Alpha-SE spectroscopic ellipsometer
(shown in figure 4.16) was used to measure the dispersion of the refractive
index for spin cast polymer films and glass slide substrates.

The spectroscopic ellipsometer measures the optical properties of samples
at various wavelengths of light. Psi ¥ and Delta A (which were discussed in
section 4.4) were measured between wavelengths of 350nm and 900nm for each
sample . The Complete EASE software on the spectroscopic ellipsometer was
used to model the optical properties of the samples. The number of layers, film
thickness, refractive index and angle of incidence are parameters which could
be fitted or constrained in the software. A variable is more accurately fitted
when the error/uncertainty in the other variables are small. Independent mea-
surements (the home-built ellipsometer was used to measure layer thickness)
and accepted literature values (refractive indices of silicon and its native oxide
layer [68]) were used to reduced the number of free-parameters when fitting
data.

Figure 4.17 illustrates the modelled sample structure of the single layer
polymer samples. Accepted literature values were used to model the wave-
length dispersion of the refractive indices for the silicon dioxide ng;o,(A) and
silicon substrate ng;(A) [68]. The film thickness of the silicon dioxide layer
dsio, was measured with the home-built ellipsometer. Furthermore, the film
thickness dp,, and refractive index (at 633nm) of the polymer film were also
measured using the home-built ellipsometer. Only the wavelength dispersion
of the refractive index of the polymer np,, () film was unknown.

Measurements of ¥ and A were compared with the optical model of the
sample to calculate np;, () for each wavelength measured. The dispersion

2nd

curve of npi,(A) was modelled using a Cauchy function (2"* order approxima-
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Figure 4.16: The J. A. Woolman Alpha-SE spectroscopic ellipsometer. A white
light source was incident on the spin-cast polymer sample which was then
measured using the detector. It is capable of measuring changes in refractive
index with respect to wavelength for polymer samples.

Material |Thickness |Dispersion curve
Assumed that n=1 throughout

Air Semi-infinite | | |
visible wavelengths

Polymer
filrr? Varied Fitted using a Cauchy function
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Figure 4.17: A diagram of sample structure and a table of properties val-
ues/modelling assumptions used to calculate the refractive indices of the poly-
mers. The thickness of the polymer films were measured using the home-
built ellipsometer. ‘Reference data’ from well established literature were used
to model the refractive indices of the silicon substrate and its native oxide
layer [68].
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tion) [10],

B
nrim(A) = A+ = + — + ... (4.11)

Where n = wavelength dispersion of the refractive index for the polymer film, A
= wavelength of light, A, B and C' = coefficients which are material dependent.

Unfortunately, measurements of ¥ and A for the polymer films were not re-
producible when using the spectroscopic ellipsometer. There were large errors
when attempting to fit ngy,(A). Sample quality was tested by remeasuring
the film thickness at 6 different sections of each sample using the homebuilt
ellipsometer. Each measurement had an error of +1nm and the standard devi-
ation of the measurements was £2nm for all samples. This indicated that the
films were relatively flat over the sample surface.

The refractive index of the polymer films were previously measured at
A = 633nm using the home-built ellipsometer. These refractive index mea-
surements were comparable with literature values [65] and should have also
been consistent with the spectroscopic ellipsometer measurements. The spec-
troscopic ellipsometry data was re-fitted so the refractive index was equal to
the home-built ellipsometer measurement at A = 633nm. Increasing/decreasing
the modelled film thickness respectively decreased /increased the calculated re-
fractive index of the polymer film. This was used to fit the spectroscopic
ellipsometer model to the home-built ellipsometer measurements of the refrac-
tive index at A = 633nm. The film thickness error was increased to £10nm
to fit the refractive index at A = 633nm. This was despite the home-built
ellipsometer measuring the error in film thickness to be +2nm over the entire
sample. The reason for the large increase in film thickness error needed to fit
the refractive indices of the polymer was not completely understood. However,
the technique improve the quality of the measured refractive index data.

Each sample was measured 10 times (repositioning the sample after each
measurement) and fitted at A = 633nm by changing the modelled film thick-
ness. An average was calculated to reduce the occurrence of any errors from
the measurements. Two different thickness films were prepared and measured
for all of the polymer materials tested. Figure 4.18 is a plot of the refractive
index for two PVP samples with respect to wavelength. These samples were
analysed using the techniques which were previously discussed. The results
showed that these measurements were reproducible, despite the overestimated

error when modelling the film thickness.
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Figure 4.18: Comparison of the dispersion for two PVP films of thickness
343.5 + 1nm and 308.3 &+ 1nm (film thickness was measured using the home-
built ellipsometer). Both curves are an average of ten measurements whereby
the sample was repositioned in between each measurement using the spectro-
scopic ellipsometer. Comparing the curves demonstrates that the results are
reproducible. This is despite inaccuracies in the sample alignment and the
modelled film thickness adjustments when calculating the dispersion.
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Figure 4.19: The dispersion PVP, PS and glass. These samples were measured
using the spectroscopic ellipsometer. Two different samples (with different
thickness films) were prepared for each polymer. Each sample was measured ten
times and repositioned after each measurement. The dispersion curve for the
polymers is an average of twenty measurements, because two different samples
were prepared for each polymer.
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The wavelength dispersion of the refractive index for PS, PVP and a glass
slide are shown in figure 4.19. The analysis of the glass slide only had a single
interface (the substrate was a semi-infinite medium). Black tape was attached
to the underside of the glass slide to reduce secondary reflections from the bot-
tom interface (glass — air). The secondary reflections would otherwise interfere
with the reflections from the top interface and change the measurements (air

— glass) [10].

4.5 UV /visible spectrometry

UV /visible spectrometry was used to measure the optical properties of polymer
films and DBR samples. This technique can be used to measure the optical
absorption, transmission and reflection of a sample. The materials used in this
research needed to be non-absorbing in the UV /visible spectrum. Absorption
bands would reduce the reflectance of a DBR reflection peak (if the refection
peak and absorption bands overlapped). This equipment was also used to
measure the UV /visible reflection bands of DBR samples.

A white light source emitting in the UV /visible wavelengths and a Ocean
Optics RedTide USB650 spectrometer were integrated into two different optical
set-ups. The optical spectra were recorded and analysed on a computer.

A transmission spectrometer was built to measure samples prepared on top
of transparent glass slide substrates. A reflection spectrometer set-up (a.k.a.
reflectometer) was also built and used to measure samples which were prepared
on opaque substrates. The set-ups were aligned so the beam from the light
source reflected off the sample and into the spectrometer. A high reflectance
silver mirror was used to align the beam for the reflectometer. A background
was recorded before the optical properties of the samples were measured. The
sample was then placed into the spectrometer set-up (replacing the silver mirror
in the reflectometer) and the spectra was measured. Reflectance and transmit-
tance were measured by calculating the ratio of the intensities obtained in the

sample and the background spectra.

4.5.1 UV /visible spectra measured in transmission

The optical spectra of samples which were spin-cast onto glass slide substrates

could be measured in transmission. Spectroscopic measurements of thick poly-
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Figure 4.20: Optical arrangement for the transmission set-up spectrometer.
This was used to measure the UV /visible transmission of samples which had
transparent substrates. The beam from a white light source was passed through
and collimating lens via an optical cable. This was transmitted through the
sample and another collimating lens focused the light into the spectrometer.
The spectra was recorded using a computer.

mer films, cast onto glass-slide substrates, were used to measure any absorp-
tion in the spectra of the samples in the UV /visible wavelengths. These results
showed that the polymer films were non-absorbing between 350nm — 900nm
wavelengths. Optical microscopy, ellipsometry and atomic force microscopy
(AFM) showed that the films were uniform, homogeneous and defect free. Ab-
sorption and scattering losses were negligible, so light was either transmitted or
reflected by the sample. The following approximation was used to calculate the
reflectance of a sample when measuring it with the transmission spectrometer
set-up [10],

R=100% —T. (4.12)

Where R = reflectance [%] and T' = transmittance of the sample [%].

Figure 4.20 shows the transmission UV /visible spectrometer set-up. White
light was passed through a collimating lens via an optical fibre. The intensity
of the light beam was attenuated using a neutral density filter to prevent the
spectrometer from saturating. A sample was secured onto a rotation mounting
stage (for angular measurements which are discussed more thoroughly in section

5.5). The transmitted light was collected using another collimating lens. Light
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Figure 4.21: The reflectometer optical set-up. This used various components
which were mounted onto a goniometer. The beam from a white light source
was passed through two pinholes to align and collimate the beam. A sample was
placed onto a sample stage which intercepted the incident light. The sampled
was aligned by adjusting the translation stages which were built into the sample
stage. Reflected light was passed through two aligning pin-holes and into the
spectrometer. The orientation of the light source, sample stage and detector
could be changed and measured by using the goniometer.

was then passed to the spectrometer via an optical fibre. Spectra Suite (Ocean
Optics) software was used to analyse the spectrometer data.

The equipment was designed so that it would be possible for angular mea-
surements of the sample. Rotating the sample stage changes the angle of inci-
dence. This also changes the angle of refraction for light propagating through
the sample (Snell’s law of refraction n; sin(6;) = nasin(6;) [10]). The path of
the beam was diverged slightly as the sample was rotated away from normal
incidence. The path of the transmitted light id deviated/shifted. A large col-
lection lens was used to collect all of the transmitted light. This included when

the transmitted beam path was deviated by rotating the sample.

4.5.2 UV /visible spectra measured in reflection

Some samples could not be measured in transmission because their substrates
were opaque. The optical spectra of these samples had to be measured in
reflection. A purpose built reflectomer was constructed (figure 4.21). The

white light source illuminated the sample with a collimated beam. This set-
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Figure 4.22: [Left panel] The Digilab FTS4000 FTIR spectrometer which was
used to measure the infra-red properties of polymer DBR samples. [Right
panel] Schematic of the infra-red beam path in a FTIR set-up [69].

up used 3 translation and 2 rotation stages were used to adjust the position
of the sample and align the path of the beam. The reflected light was then
measured using the Ocean Optics RedTide USB650 spectrometer. All of the
components were mounted onto a goniometer. This enabled the light source
and the spectrometer to be rotated about the sample which was positioned at
the centre of rotation. Pin-holes were used to collimate and align the beam
so the samples reflectance could be measured at different angles of incidence

and /or reflection. This is discussed in greater detail in chapter 10.

4.6 Fourier transform infra-red spectroscopy

Fourier transform infra-red (FTIR) spectrometers are used for measuring the
chemical composition of samples [69]. Most FTIR spectrometers consist of a
broadband infra-red light source, Michelson interferometer, sample stage and
detector (illustrated in the right panel in figure 4.22). The measured spectra
is analysed using a computer [69,70]. A Digilab FTS/000 spectrometer was
used to measure the samples described in this thesis (shown in the left panel
in figure 4.22).

The right panel in figure 4.22 illustrates the FTIR spectrometer set-up. A
beam from a broadband infra-red light source is transmitted into a Michelson
interferometer [69,70]. For simplicity, a mono-chromatic infra-red light source
with a well defined wavelength A is initially considered. The two reflected
beams in the interferometer undergo recombination and constructively inter-

fere when the path difference between the beam splitter and both mirrors is
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Figure 4.23: [Left panel] Representation of the intensity of a monochromatic
beam as it is being modulated by the movable mirror changing position. [Right
panel] A representation of a broadband beam which has been modulated by
varying the position of the movable mirror.

equal to one another. However, if the movable mirror were displaced by A/4,
the optical path difference would change by A/2. This is due to the beam trav-
elling twice the spatial distance. De-constructive interference occurs when the
optical path difference between the two beams is § = A/2. The two beams will
constructively interfere when the mirror is moved by a distance of n\/2 (where
n = 0,1,2,etc), which results in the optical path difference between the two
beams becoming 0 = nA [70]. Moving the mirror in a constant direction causes
the intensity of the measured beam to oscillate sinusoidally (illustrated in figure
4.23 [left]). The same process occurs for broadband sources, but moving the
mirror would cause the intensity of each wavelength to modulate (figure 4.23
[right]). Therefore, the interferogram (measured intensity signal) of the beam
incident onto the sample is changed by varying the mirror position in the inter-
ferometer [69]. FTIR measures the intensity at all wavelengths with respect to
mirror position. This data is analysed using a Fourier transform to calculate
the intensity of the spectra with respect to wavelength [70]. Measurements of
samples must be ratioed to background measurements before being analysed
with the Fourier transform. This is so only the properties of the sample are
analysed and effects due to instrumentation and optics are removed. Equa-
tions 4.13 and 4.14 are calculations for the intensity of the beam incident on

the detector (1(§)) and the spectral power density for a particular wave-number

(B(v)) respectively [70];

1(0) = /_+OO B(v)cos(2mvd)dv (4.13)

o0
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and

B(p) = / " 1(8)cos(2ni6)d5 (4.14)

Where I(6) = intensity of the beam incident on the detector [%], B(r) =
intensity of the beam with respect to wave-number (%], 7 = wave-number of
the wavelength being analysed [cm™!] and § = optical path difference between
the reconstructed beams from the interferometer [cm)].

The wave-number 7 is the inverse of the wavelength and conventionally
written in units of em™! [70]. However, the results in this thesis are plotted
with respect to wavelength instead of wave-number. This is so the FTIR data

is easier to compare with the UV /visible data. The wavelength was calculated
by;

A=1/v=c/v (4.15)

where ¢ = speed of light [em/s|, v = frequency of the wave [s] and the wave-
length is written in units of c¢m.

FTIR can be used to measure the infra-red absorption bands of molecules
to help identify its chemical composition and structure. The incident infra-red
energy excites the molecule from its ground state into a vibrational and/or
bending mode. These discrete absorption states correspond to the ‘missing’
absorption bands measured in the transmission spectra [69,70]. Changing any

of the following will also change the absorption spectra of a molecule;

e Mass of the atoms: Like a mass on a spring, more energy would be needed
to drive a system with larger massed bodies than one consisting of smaller

masses [70].

e Strength of the bond between atoms: More energy is required to drive
a system which has a stronger bond between two atoms [70]. This is
equivalent to trying to oscillate two masses coupled with a spring of high

spring constant.

e Geometry of the molecule: A polar molecule has more rotational degrees
of freedom than a linear molecule. More degrees of rotation results in

higher orders of vibrational modes [69].

The components of a molecule (like O — H in water) have their own absorp-

tion bands due to rotational and vibrational energy modes. Literature values
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and FTIR measurements can be cross-compared to determine the chemical
composition of a sample [69,70].

The absorption spectra of a sample is different when there has been a chemi-
cal change. For example, swelling will introduce a new chemical into the sample
and new absorption bands will appear. Likewise, de-swelling will remove abor-
tion bands as the chemical has been removed. The absorption spectra also
changes if there has been a chemical reaction. This is due to the chemical
structure of the sample being changed by the chemical reaction [69,70].

The O — H bond in water is a strong infra-red absorber. Its presence can
dominate the spectra and prevent more discrete absorption peaks from being
detected (such as C —H). Removal of water was needed to measure smaller
peaks. The FTIR sample chamber was continuously purged with dry air to
improve the quality of results [69]. This was necessary for the PVP/PS DBRs

because PVP swells with water.

4.7 Neutron reflectivity

Neutron reflectometry is used to measure the properties of thin films which
may be difficult to measure with other techniques such as x-ray reflectome-
try. X-rays are easier to produce, focus, filter and are readily available [55].
However, despite having a wavelength comparable to atomic spacing (~ IA),
x-ray reflectivity experiments are not able to resolve smaller atoms such as hy-
drogen. Polymer samples are also difficult to measure as, like hydrogen, they
only weakly scatter x-rays because of their low electron density. Large doses
of x-ray radiation are needed to measure polymer samples. This can burn and
damage the samples while they are being measured. Furthermore, the contrast
between different polymer samples is very low as they have similar chemical
structures and composition. Hence, x-ray reflectometry is not a suitable tech-
nique for measuring the structure of multi-component polymer samples [55,71].
Neutron reflectivity is a better technique for investigating polymer structures.
Using deuterated polymer adds contrast between polymer samples (which is
discussed in greater detail later in this section). Soft matter samples, such as
polymers, can be scanned without being burnt.

A typical neutron reflectomer set-up is shown in figure 4.24. The polymer
samples were measured using the Inter reflectometer at the ISIS facility in Ox-

fordshire, UK. Neutrons are produced at that facility by bombarding a tungsten

7



Neutron
source

Beryllium
filter

Variable
slits

Variable

slits Coarse

slits

Frame overlap

Detector mirrors

Sample

Figure 4.24: This diagram represents a typical neutron reflectometer set-up
[71]. Measurements from this type of set-up were used to measure the polymer-
polymer interface widths within polymer multi-layers.

target which accelerated protons. The production of neutrons was pulsed so
that the high velocity neutrons can be removed by using a ‘chopper’. Neu-
trons allowed past the chopper were slowed using a beryllium filter. Beryllium
has a large scattering cross section which inelastically scatters the neutrons for
them to lose a sufficient proportion of their energy. The beam passed through
coarse and variable slits to focus it onto the sample. Slow moving neutrons
were removed by passing the beam through frame overlap mirrors. Without
these mirrors, the slow neutrons would fall incident onto the sample in between
pulses. This would add unnecessary background noise to the measurements.
The remaining neutrons were reflected from the sample and measured with the
detector [71].

Neutrons have a de Broglie wavelength which is comparable to atomic spac-
ing (~ 1A) and a high penetration depth [55,71]. The wavelength of a neutron
is calculated by [71],

h

mpv

(4.16)

/\N eutron —

Where m,, = mass of a neutron [1.675 x 107*"kg] and v = neutron velocity

[ms™1].
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Neutrons have no electric charge and are not scattered by electrons. In-
stead, the reflection of neutrons is by inelastic scattering with the nuclei of
the sample [55]. Incident neutrons collide with, but do not penetrate into the
nuclei of samples. The neutron scattering properties of nuclei are not the same
for different isotopes of the same element. This is because of the differences in
the atomic mass [55]. Polymer molecules are predominantly made from carbon
and hydrogen atoms. It would be difficult for neutron reflectivity experiments
to differentiate between different polymers because they share similar chemi-
cal composition and structures. However, the hydrogen atoms in a polymer
molecule can be replaced with its heavier isotope deuterium. Deuterating the
polymer does not change its chemical properties as deuterium is a isotope of
hydrogen. Samples made from a deuterated polymer can be prepared using
the same techniques as their non-deuterated equivalent. Neutron reflectivity
is able to measure the difference in scattering properties between deuterated
and non-deuterated polymers [55, 71]. The structure of the multi-layer poly-
mer samples was measured using neutron reflectivity by replacing the PS layers
with a fully deuterated equivalent (this is discussed more thoroughly in section
4.7.1).

Neutrons have a magnetic moment of p = —1.913uy (where the nuclear
magneton uy = 5.051 x 10727 JT 1), which is due to it’s quantum mechanical
spin S = 1/2 [55]. Magnetic fields are used to control the path direction and
focus a neutron beam. However, the magnetic moment of the samples nuclei
is not strong enough to significantly scatter the neutron beam. The neutron
beam is scattered by elastically colliding with the nuclei within a sample. This
enables the neutron beam to penetrate deep into the sample, as only a fraction
of the space within a sample is occupied by its nuclei [55].

Elastic neutron scattering occurs when a slow moving electron is scattered
by a collision with a nucleus and no/little energy is lost (shown in figure 4.25).
The magnitude of the incident wave-vector is equal to the scattered/final wave-
vector [71];

b=l = el = o (117

Where |k;| = initial neutron wave-vector [m~'], |k¢| = final neutron wave-vector
[m~!] and A\ = wavelength of neutron [m].

For intuitive simplicity, it is easier to approach the problem as if it were

an optical system with multiple interfaces and differing refractive indices. This
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Figure 4.25: Diagram of an incident beam of neutrons which are scattered by
the nuclei of the sample. k; and k; are the initial and final neutron beam
wave-vectors respectively. A is the wavelength of the neutron beam. A\ is
the phase difference between scattered beam which undergo interference. The
beam is scattered by 26 since the x-axis of the reference frame is parallel to the
path of the incident neutron beam.

approach makes it easier to calculate the properties of multi-layer samples
and it is also comparable to the modified optical transfer matrix method used
throughout this research (which is discussed in chapter 3). Figure 4.26 is a
diagram of a neutron beam as it is reflected by multiple interfaces. The ‘re-
fractive index’ of the media are calculated by the wave-vector of the neutron
beam as it passes through air (ko) and the polymer layer (k;, where j = 1, 2,
3,..., etc). Therefore, the ‘refractive index’ of a neutron beam in air is ng = 1.

The ‘refractive index’ for a neutron beam passing through a media j is [55],

k.
n; = k—g (4.18)
This is also written as [72],
n=1-NA+i\B. (4.19)
Where [72];
N
A= —b, (4.20)
2T



Incident Reflected

Transmitted

Figure 4.26: Diagram of an incident neutron beam which is partially reflected
and transmitted by multi-layer interfaces. This occurs for whenever the beam
encounters an interface (only beams which have been partially reflected once
are shown in the diagram). Partial reflections from each interface constructively
interfere to contribute towards the total reflection. Unlike optics, the angle of
the incident and refracted beams was measured with respect to the surface and
not the surface normal.
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and

No
B==—2 4.21
ym (4.21)

Where N = atomic number density [m 3], b = bound coherent scattering length

[m], o, = absorption cross-section [m?] and A\ = neutron wavelength [m].

The absorption cross-section o, is often ignored (B = 0) unless the sample
is a strong neutron absorber (B # 0). Equation 4.19 can be extended to
include magnetic scattering. However, this is also unnecessary for the analysis
of polymer samples [72].

Fresnel’s law of refraction predicts the existence of a critical angle 6. which
results in total internal reflection when the angle of incidence 6 > 6.. This
occurs when the incident light is not refracted into the second medium and is
only reflected from the interface [10]. There is an equivalent critical glancing
angle for neutron reflectivity and it is conventionally measured with respect
to the sample surface [71] (whereas optical measurements are conventionally
measured with respect to the surface normal). The critical glancing angle 6, is

calculated by assuming that the initial interface is air-polymer [72];

ny sin(fy) = ny sin(6y),

nysin(r — 7/2) = 1 x sin(7 — 6,.),

(4.22)

)
—6.)
ny cos(m/2) = 1 x cos(f.),
0c).

ny = cos(f,

It is assumed that the small angle approximation cos(f) = 1 — (0*/2) is
suitable for 6, [72]. Hence,

62 AZNb
Ly =1-"—
;;b (4.23)
0, =\ —.
m

Neutron reflectivity measures the sample at an angle which is close to but
not smaller than 6.. Measuring at smaller angles of incidence increases the
resolution of the experiment [55,71]. However, the neutron beam is totally

internally reflected if the sample is measured at an angle below .. This results
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in non of the internal structure of the sample being measured. Samples are
measured at a grazing angle of incidence which is slightly greater than 6, [55,71].
Solid surfaces are typically measured at 0.5° and above with respect to the
surface [71].

The reflectance for a single interface of two bulk media is equivalent to the

reflectance obtained from Fresnel’s equations [10,72],

nosin(0y) — nysin(6y) |?
Ry =

(4.24)

nosin(fy) + nisin(6)
Samples consisting of more than a few layers are better calculated using
the modified optical matrix method (which is discussed further in chapter 3).

Each layer is calculated as [72],

M, = [ cos(5;) —(i/pj)sm(ﬁj)] | (4.25)
—(ip;)sin(B;) cos(f;)
where,
p; = n;sin(6;), (4.26)
and

Where d; = the thickness of the layer j which the neutron beam is propagating
through, 8 = optical path length of layer j.
The entire multi-layer sample is calculated by multiplying all of the matrix

components of equation 4.25. Hence,

Mtotal = MlMQMg...Mn (428)

The total reflectance is calculated by the components of the matrix [55,72],

(M1 + Misps)pa — (May + Mao)ps ?
(M1 + Miops)pa + (Moy + Mag)ps|

Where p, and p, correspond to equation 4.26 to include the initial air and final

R:

(4.29)

substrate interfaces respectfully.
However, the matrix method used thus far has assumed that interfaces are

have no roughness and are sharp. The intensity of a reflected beam from a
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single interface is calculated as [72];

I(\) = Ig(A)e~0nl@?® (4.30)

Where,

Where I = reflection intensity without roughness [counts], (o) = root mean
square roughness of the interface [m?].

It was assumed that the roughness of an interface could be suitably modelled
by a Gaussian curve (shown in equation 4.30). The following equation is a single

interface Fresnel coefficient which has been modified using equation 4.30,

ry = (p—" _pj) e~ 05a0a1()”, (4.32)
Di +Dj

Where p; & p; are given in equation 4.26.

This is comparable to the diffuse interface approximations which were dis-
cussed for optical calculations (See section 3.7). However, it is difficult to
substitute equation 4.32 into equation 4.29. This method does not calculate
the reflectance using a series of single reflectance coefficients. Instead, a similar

matrix technique known as Abeles method is used [72],

Cpp = (4.33)

Tme_i5m71 6_1'5777,71

eiﬁmfl frmezﬁmll

Each layer m is defined by a 2 x 2 matrix C,,. Multiplying all of the matrices
together results in a 2 x 2 matrix which characterises the entire sample (as
was shown in equation 4.28). The reflectance was calculated by taking the
ratio of the appropriate components and multiplying them by their complex
conjugate [10,72],

R = Mallyy (4.34)
My My,

Finally, it is conventional to measure neutron reflectivity data with respect

to the scattering-vector Q [55],

Q=k; -k, (4.35)

The magnitude of the wave-vector for inelastic scattering (|ks| = |k;|) is
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calculated by;

Q= |Q|2 = (ky — ki)2

= [k¢” + [kil* — 2ksk;

— iy + [kl — 2lk ki cos(26)
= 2k* — k* cos(26) (4.36)

= 2k*[1 — cos(26)]

= 2k” [2sin’(6)]

= 4k*sin?(0).

Note that the wave was scattered by an angle of 26 since the x-axis is parallel
to the direction of the incident wave (see figure 4.25). Also, the trigonometric
relation cos(20) = 1 — 2sin?(#) [73] was used to solve the previous equation.

Hence,

Q) = 2ksin(0)

4 . (4.37)
= sin(0).

The reflectance of the sample was measured with respect to changes in
the neutron wave-vector. Q is a dispersive function, which is dependent upon
the neutron wave-length A\. The dispersion is measured by varying the angle
of incidence 6, or energy of the scattered neutrons (which can also calculate
A) [55].

The equations provided in this section can be used to build a computer
model of the sample. The properties of the sample were calculated by fitting
variables in the model. A fitting program was used (Motofit [74]) to analyse

the measured neutron data for different polymer samples.

4.7.1 Preparation of neutron reflectivity samples

Single layer and multi-layer polymer samples were prepared for neutron reflec-
tivity experiments. The polymer-polymer interfaces between spin-cast polymer
layers were measured using the samples discussed in this section. PS was re-
placed with fully deuterated PS (dPS) to increase the contrast in neutron scat-
tering length density between PVP/PS layers. The only difference between
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the two molecules is the hydrogen atoms being a heavier isotope. Therefore,
deuterated PS has the same chemical and optical (refractive index) properties
as non-deuterated PS.

The thickness of layers within the neutron reflectivity samples were thinner
(reduced to between 140nm and 200mm) than previously prepared PVP/PS
multi-layers (typically between 200nm — 530nm). This was because thinner
films were needed to measure Kiessig fringes for single and multi layer films
(which are shown in section 8.2). Kiessig fringes occur from the interference
between partial reflections from interfaces and are useful for measuring the film
thickness [55].

Unfortunately, changes to sample preparation (compared with the PVP/PS
multilayer preparation discussed in section 4.3) were needed to make the PVP/dPS
multi-layer samples. The deuterated PS was a close, but not an exact, approx-
imate to the non-deuterated PS polymer. For example, the molecular weight
of the non-deuterate polystyrene was ~ 192, 000, whereas the molecular weight
of the deuterate polystyrene was ~ 190,000. However, PS and dPS are chemi-
cally the same so the two materials were comparable. It was more challenging
to prepare defect free multi-layer samples which were made from thinner spin-
cast polymer layers. The sample preparation technique was modified slightly
to improve sample quality (which is discussed later in this section). How-
ever, the preparation of PVP/dPS multi-layers was not significantly different
from when PVP/PS multi-layers which were previously prepared. UV /visible
spectroscopy measurements of a PVP/dPS DBR showed that it had similar
optical properties to a PVP/PS DBR. This indicated that the properties of
the polymer multi-layer were not significantly changed by the modified sample
preparation technique.

The spin-cast films were made thinner by reducing the concentration of
the polymer solutions to 2.9% PVP and 3.0% dPS which were dissolved into
a mixture of 50:50 ethanol:acetonitrile and toluene respectively. Using the
same preparation technique which was used to make the PVP/PS multi-layers
resulted in inhomogeneous cracked multi-layers. This was due to the previously
deposited films being swollen by solvent when depositing new layers. The
sample was protected by reducing its exposure to large quantities of solvent.
This was achieved by depositing the solution while the sample was being rotated
at 4.0krpm. Most of the solution was ejected off the substrate during the first

few moments of exposure to the sample. The sample was spun for 30 seconds
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after deposition to ensure that the film was dry. In comparison, the PVP/PS
multi-layers were prepared by depositing solutions onto the substrate when it
was stationary. HCl vapour was used to swell/protect the PVP layers during
both PVP/PS and PVP/dPS multi-layer preparation techniques. The samples
were also annealed for 5 hours at 110°C' under a ~ 1mtorr vacuum after all of
the layers were deposited.

Six samples were prepared, but only three could be measured using neutron
reflectivity. This was because experimental time was lost when the neutron
beam went down. We were informed that an error had occurred during routine
maintenance. The beam was switched off to enable repairs. However, three
samples were measured and their analysis lead towards useful results.

The following samples were prepared and measured using neutron reflectiv-

ity. The purpose for each measurement is provided after each sample name;

o Single deuterated PS layer: The film thickness and surface roughness
of the deuterated polystyrene was measured using neutron reflectivity.
These results were later compared with ellipsometery and AFM mea-

surements.

e PVP (top)—dPS (bottom) bi-layer: This sample was prepared to measure
the PVP—dPS interface. The width of the PVP—dPS interface may not
have been the same as the dPS—PVP interface due to how the samples

were prepared using solution processing.

e 10 layer PVP/dPS structure: A multi-layer sample was prepared to test if
the interfacial width changes with respect to the number of layers within
the structure. For example, does adding more layers increase the interface
widths? Does topographical roughening and/or residual solvent broaden
the interfacial widths?

The following samples were also prepared, but were not measured using
neutron reflectivity. A more complete set of data would have been gathered if

the samples were measured because of the following reasons;

e Uncoated silicon substrate: The silicon substrate has a native oxide layer
which is measurable when using neutron reflectivity. The same type of
silicon wafer were used as substrates for the polymer layer samples. This
substrate should have be measured independently so the polymer samples

could have been more accurately modelled and measured.
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e Single PVP layer: The film thickness of the PVP films were measured
using ellipsometry. The surface roughness of the PVP film was also mea-
sured using an AFM. Neutron reflectivity would have been used to com-

plement the previous measurements.

e dPS (top) —PVP (bottom) bi-layer: This sample was prepared to mea-
sure the dPS—PVP interface. The interfacial width of dPS—PVP may
not be the same as PVP—dPS because of the sample being solution pro-

cessed.

4.8 Time of flight secondary ion mass spec-

trometry

Time of flight secondary ion mass spectrometry (TOF-SIMS) was used to mea-
sure the internal structure of the DBR multi-layers. This included the film
thickness of layers and polymer-polymer interface widths. The multi-layer
samples were also ideal for testing a new TOF-SIMS sputtering source. It
was concluded that TOF-SIMS was useful for measuring complex structures,
despite having a poor resolution (when compared with ellipsometry and neu-
tron reflectivity for example). Unfortunately, it could not accurately measure
the polymer-polymer interface widths. This is discussed further in chapter 9.
Samples are depth profiled by controlled etching using electrons, ions, neu-
tral particles or high energy photon beams. The research in this thesis used
clustered beams of ionised atoms (Ar2000+) to sputter neutral and ionised atoms
away from the sample surface (illustrated in figure 4.27). These experiments
must be done in a high vacuum so the ionised particles ejected from the sample
can be measured [75]. TOF-SIMS usually uses two different etching beams.
The sputter source was used to etch through the sample with high precision,
but it does not yield a large quantity of ionised particles which are detectable.
The analysis beam was used to produce a large yield of ionised particles, but
the sample etch rate was not easily controlled [75]. Alternating between the
two beams enables controlled etching and analysis. Both beams raster over the
surface (100um x 100um area), etching through the sample and scanning its
freshly sputtered surface. The secondary ions produced by the analysis beam
were measured using an ion detector (illustrated in figure 4.28) and recorded

onto a computer.
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Figure 4.27: An incident ion beam (blue) strikes the surface of a sample (pur-
ple). This ejects a mixture of neutral (purple) and charged/secondary ions
(red) and electrons (yellow) off the sample. The charged ions are then detected
using a mass spectrometer. Analysis was used to measure which ionised molec-
ular fragments had been sputtered off the surface by the ion beam. This was
used to determine which chemicals are in the sample and where.

The analysis beam used bismuth as an ion since it produces some of the best
ionised atoms/molecules for organic materials [76]. An Argon cluster Arago™
beam was used to etch through the samples. The beam fires a cluster of atoms
which is approximately 2000 argon atoms per ion. This was an improvement
over the popular Cg"" sputter beam, which is unable to etch through materi-
als such as polyethylene, polystyrene and conjugated polymers (which will be
referred to as ‘challenging polymers’ in this thesis) [77,78,79]. However, it is
capable of etching through other polymers like PVP. The inability of ion beams,
like Cg" ", to etch through challenging polymers is because the beam breaks
molecular bonds within the polymer sample whilst etching. The radical poly-
mer chains have unstable electron structures (due to unpaired valence electrons
or an electron shell which has not been filled) which causes them to be highly
reactive [49]. The radical chains chemically react with the other polymer chains
in the sample which causes them to ‘cross-link’. These intermolecular polymer
bonds increase the rigidity and integrity of the polymer sample. Cross-linking
of challenging polymers decreases the etching rate of ion beams, like Cg" ", to
near negligible. Arop" overcomes this problem by significantly reducing the

number of radical polymer chains created during etching [78,79]. This is due
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Figure 4.28: [Left panel] A controlled cluster of ions is fired from the ion gun at
the surface of the sample. Secondary ions are ejected off the sample and passed
through filters. The remaining ions are measured using an ion detector. The
ion beam etches in pulses as it rasters over the surface of the sample. [Right
panel] Photograph of the TOF-SIMS set-up used at NPL for measuring the
polymer DBRs.
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to the ion cluster mass/charge ratio being larger.

Experiments had already shown that Arygp™ has a relatively constant sput-
ter yields and excellent resolution [80,81]. This made the beam an ideal tech-
nique to measure the structure of layered polymer samples. The polymer DBRs
which were previously made are also simple multi-layer 1D polymer structures.
The film thickness of the polymer layers was previously measured using ellip-
sometry. UV /visible spectroscopy of these samples showed that the thickness
of the polymer films within the multi-layers were well defined. These samples
were used to test the depth profiling capabilities and accuracy of the Aragge™
sputter source through a multi-layer polymer sample.

Analysis of TOF-SIMS data is often lengthy and requires several processes.

Therefore, each process is discussed in the following subsections;

4.8.1 Chemical analysis of mass spectra

TOF-SIMS can be used to chemically profile a sample while etching through
it. The mass spectrometer detected the secondary ions which were sputtered
off the sample during etching. Each ionised atom and molecule has it’s own
distinct peak with respect to the detected mass of the ionised molecular com-
ponent. It was possible to determine which chemicals are in a sample by the
constituent parts of the mass spectrometer peaks [82]. The spectra shown in
figure 4.29 is the mass spectrometry of a PVP/PS multi-layer (shown in the
ION-TOF software used to analyse the TOF-SIMS measured data). These
peaks represent some of the detected ions throughout the experiment over a
100pum x 100um sputtered sample surface area. A significant number of the
peaks will be shared between the two polymers, since they are both predomi-
nantly hydrocarbon structures. However, there are distinct chemical differences
between the two polymers which are each represented by their own mass peaks.
The best chemical peak markers for PVP and PS were CsHioNs" and C;H;"
respectively. Furthermore, the Si™ peak was also considered so that the sub-
strate could be detected during measurements. The intensity of the Cs H;oN3™,
C7H,;" and SiT peaks were measured while the sputter beams raster and etched
through the samples. A large CsHoN3t peak and a low C;H;" peak would
indicate that the sputter beams were etching through a PVP layer. Likewise,
large C;H;" peak and a low C5H;oN3™ peak would indicate that the sputter
beams were etching through a PS layer. A large Si™ would indicate that the

sputter beams had etched through all of the polymer layers and was in contact
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with the substrate. It is important to note that the magnitude of the peak
(ion counts with respect to ion mass) does not necessarily indicate that more
material is being sputtered from the sample. For example, it does not mean
that there is twice as much of material ‘A’ when compared with material ‘B’, if
the measurement for peak ‘A’ were twice as large as peak ‘B’. Material ‘A’ may
more readily ionise than material ‘B’, which results in a stronger signal for ‘A’
being measured [82]. The ‘etch rate’ (sputtered sample ion count with respect
to incident ion beam dose) is a more important measurement, as it calculates
how quickly the ion beam etches through a material. This is discussed later in
this thesis.

4.8.2 Selecting regions of interest

There were problems with the experimental set-up of TOF-SIMS which caused
the depth profile to be misinterpreted. Careful analysis was used to improve
the quality of results by understanding the limitations of the TOF-SIMS ex-
perimental technique. Unfortunately the TOF-SIMS ion beam was not able to
independently measure lateral variation in the topography of a surface. This
caused errors in how depth profiling data was analysed. It assumed that any
measured samples had a flat surface [82]. Previous measurements of PVP/PS
spin-cast multi-layer samples showed that there was a surface roughness be-
tween 1mm — 4nm. These samples were measured over a 40um x 40pm sur-
face area using the AFM (which is comparable to the 100um x 100um surface
area measured using TOF-SIMS). All of the samples were spin-cast onto silicon
wafers which had a surface roughness less than 1nm. Therefore, the samples
were not perfectly flat and there is a measurable roughness on their surface.
However, TOF-SIMS measured the underlying films as being rough, instead of
the surface (illustrate in figure 4.30).

Controlled etching was used to measure the structure of a sample when
using TOF-SIMS. However, the etch rate of the ion beam can be disturbed
by inhomogeneity in density of the film and/or contaminants from unwanted
chemicals. This may also include the chemical composition of the film not
being uniform, such as trapped solvent within the layers. These defects would
change the etch rate through the sample and result in the film thickness being
incorrectly measured [82,83]. The quality of results also degraded during the
experiment, as the surface of the sample was continuously roughened by the

sputter beams [82]. Anomalies in results are often difficult to correct since the
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Cross section Depth profile

£

Figure 4.30: [Left panel] An illustration of a rough film which was cast on top
of a silicon substrate when viewed as a cross section. The image is a cross-
section of the hypothetical sample. [Right panel] The TOF-SIMS depth profile
representation of the same hypothetical sample which was illustrated in the left
panel. TOF-SIMS is unable to measure the initial topography of the sample’s
surface. It assumes that the top of the sample is flat and any roughness at
the surface is not measured. The ion beam etches through the sample and
inadvertently measured the flat interface (film—substrate) as being rough.

proportions of the depth profile are misaligned for subsequent measurements
[82]. Any disruption in depth profiling are carried through with the rest of the
experiment as it is being etched (illustrated in figure 4.30).

‘Regions of interest” were selected to reduce the effects of poor depth profile
homogeneity. It was assumed that the top and the bottom of the polymer
multi-layers were relatively flat (using the results from previous AFM mea-
surements). A cross section of the silicon-polymer interface was analysed after
measuring the sample by depth profiling through it (shown in figure 4.31). To-
pographically flat regions were selected and are represented in figure 4.31 as
‘islands’ of continuous ‘hue’. Five large (and non-square) regions of interest
were selected and each were between 10% — 20% of the total scanned surface
area for each sample. These large areas were analysed to minimise experimen-
tal noise and repeats were used to improve the quality of results. The depth
profile was re-calculated so that each region of interest was re-analysed as if it

were an independent sample.

4.8.3 Depth profiling and calibration of sputter rate

The intensity of the mass spectra for PVP (C5HyoNs™), PS (C7H; ") and silicon
(Si™) for each region of interest were plotted with respect to sputter dose of
the ion beam. The sputter dose is the number of incident ions (Arsget) per
square meter which were fired onto the surface of the sample. The dose of

the incident Arggo™ etching beam increases with respect to time. Figure 4.32
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Figure 4.31: This is a cross section of the PVP—silicon interface for a single
layer PVP films. TOF-SIMS had measured topographical roughness in the
PVP—silicon interface. However, AFM measured a low surface roughness for
the silicon substrate and the single layer PVP film. The TOF-SIMS measured
roughness of the PVP—silicon interface is a defect in the sputtering technique.
Results were improved by measuring five different regions of interest (repre-
sented by the coloured outlines in the figure) and calculating the average. Re-
gions were selected by their homogeneity, as it was known the the PVP—silicon
interface should have been flat. Each region was between 10% — 20% of the
total surface area scanned (100pum x 100um).

Material | Ellipsometry: Depth pro- | Depth Etch rate | Film Interface
Thickness | file: Thick- | profile: (x10~18 thickness | width
(nm) ness (dose | Inter- nm/dose) (nm) (nm)
x10'8) face (dose
x10'8)
PVP 206.3+1.0 | 17.674+0.12 | 0.58 £0.03 11.66 2060 + | 6.84+04
1.4
PS 218.7+1.0 | 14.83+0.17 | 0.30+0.06 | 14.77 219.0 £+ | 93+£20
5.3

Table 4.3: TOF-SIMS dose calibration of PVP and PS spin cast films. The
thickness of the films were measured using ellipsometry and were used to cal-
culate the etch rate of the polymers with respect to incident Arsggo™ ion dose.
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Figure 4.32: [Top panel] TOF-SIMS depth profiling of a single layer PVP film
(green data-points). [Bottom panel] Depth profile of a single layer PS film
(purple data-points). Both samples were measured over a 100um x 100um
surface area. The polymer—ssilicon interfaces were fitted with a error function
to calculate (red curve) its position (with respect to sputter dose) and inter-
face width. The widths of these depth profile curves are proportional to the
thickness of the polymer films. These depth profile measurements were com-
pared with ellipsometry measurements of the same samples. This was used to
calculate the etch rate of the incident Arsgg™
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shows the depth profile for single layer PVP and PS films. It was assumed
that the Aryggo™ sputter beam was capable of etching through both PVP and
PS at a constant rate. The widths of each curve correspond to when the
relevant material was being sputtered off the sample by the Ary™ etching
beam. However, the transition from one medium to another is not immediate
(which is discussed in greater detail later in this section). Instead, there is an
interface width which was modelled by a error function (represented by the red

curves in figure 4.32) [73],

f@%:%b+eﬁ(ii%%)} (4.38)

Where p1 = mean of the error function and g p. = standard deviation of error

function.

Equation 4.38 was modified to consider the analysis of TOF-SIMS,

ﬂ@:é1+m<£@2ﬂ>

5 +C. (4.39)

OInt

Where A = amplitude of depth profile curve [sputtered ion counts|, d = dose
of Arggee™ ions, [ion beam counts|, i = dose of Arygee™ needed to etch through
layer [ion beam counts|, 20¢.p. = 01, = width of interface between layers [ion

beam counts| and C' = baseline of the depth profile [sputtered ion counts].

The mid-point of an interface p is the transition point where one material
changes to another. Equation 4.39 was always calculated with respect to the
bottom of a film (which corresponds to the intensity of the curve reducing).
The separation between the interfaces 1 was used to measure the thickness of
the films. It was assumed that any intermixing of the two polymers would not

significantly change the etch rate.

The sharp peak at the bottom of the PS film (at the PS—Si interface,
shown in figure 4.32) was not due to the quantity of PS rapidly increasing.
Instead, the sputtered material is more readily ionised when it is closer to the
silicon interface. The peak was due to an increase in the number of ions being
detected [82]. The inflection was ignored when fitting the Gaussian function

since it is a error in the measurement system.

The widths of the depth profile curves (shown in figure 4.32) from five dif-
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ferent regions of interest each were compared with ellipsometry measurements
of the same PVP and PS samples. This was used to calculate the etch rates for
each of the polymers. The etch rate of PVP was 11.66 x 107!® nm/dose and
PS was 14.77 x 107'® nm/dose (shown in table 4.3). This was used to measure
the film thickness of polymer layers from TOF-SIMS depth profile data. This

calculation was also used to measure the widths of interfaces, using TOF-SIMS.
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Chapter 5

UV /visible properties of
PVP/PS DBRs

5.1 Introduction

PVP/PS DBRs were prepared using the techniques discussed in section 4.3.
The optical properties of the samples were measured in the UV /visible spec-
trum using the transmission spectrometer described in section 4.5.1. Samples
with different numbers of layers and different layer thickness values were pre-
pared, measured and analysed. These experiments were used to measure and

control the reflection properties of polymer DBR samples [84].

5.2 Controlling the wavelength of the reflec-

tion bands

The graph at the top of figure 5.1 shows the UV /visible reflectance spectrum
of a 30 layer DBR. Each layer was spin-cast from 4.0% w.t. PVP in 50:50
ethanol:actonitrile and 4.0% w.t. PS in toluene, using the preparation tech-
niques which were discussed in chapter 4.3. Single layer samples were also
prepared by spin-casting the films onto silicon substrates. These samples were
prepared using the same solution concentrations and spin-speeds as the multi-

layer samples for comparison. The thickness of the single layer films were
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Figure 5.1: [Top panel] The UV /visible spectrum of a 30 DBR made from lay-
ers of 439 + 1nm PVP and 271 + 1nm PS. The position of the reflection band
can be controlled by keeping the solution concentrations constant and chang-
ing the deposition spin-speed. Despositing thinner/thicker layers will blue-
shifted /red-shifted the wavelength of the reflection peak respectively. [Bottom
panel] Wavelength of the reflection peak plotted with respect to deposition
spin speed. The data points represent sample measurements. Each sample was
measured five times and the standard deviation was used as the error. The
curve was free-hand drawn.
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dpyp = 459 + Inm and dps = 271 £+ 1nm, which were measured using ellip-
sometry (discussed in section 4.4). These results were used as a measurement of
the corresponding thickness of layers in the DBR sample. The 30 layer polymer
DBR at the top of figure 5.1 had a reflection peak at 550nm (when measured
at normal incidence). A series of other 30 layer samples were also prepared
using the same techniques and polymer solution concentrations. However, the

deposition spin-speed was changed to make the layers thicker or thinner.

The graph at the bottom of figure 5.1 is the wavelength of the peak reflection
band with respect to the deposition spin-speed. The thickness of the spin-cast
PVP layers were between ~ 360nm and ~ 530nm. Likewise, the thickness of
the PS layers were between ~ 210 and ~ 320. Each data-point (in the plot at
the bottom of figure 5.1) corresponds to a different 30 layer DBR sample which
was prepared using a different spin-speed. Layer thickness increased /decreased

when then deposition spin-speed was faster/slower respectively.

The following equation is used to calculate the position of the reflection
peak with respect to wavelength. However, this equation only applies for when
the sample is being measured at normal incidence. The wavelength position of

the reflection peak is calculated by [10],

A= 2 (n1dy + nadsy) (5.1)

N
Where n; = refractive index of alternating layer 1, ny = refractive index of
alternating layer 2, d; = film thickness of alternating layer 1, d = film thickness
of alternating layer 2 and N = reflection peak number 1, 2, 3, ..., etc. The
reflection peak with the largest possible reflection peak wavelength is when

N =1.

A DBR sample which has thinner/thicker layers would respectively blue-
shift /red-shift the wavelength of the reflection peak. Samples were prepared
with reflection band wavelengths between 450nm — 650nm by depositing so-
lutions at spin-speeds between 1.0krpm — 4.0krpm. The calibration curve
in the bottom plot in figure 5.1 was used to prepare samples with targeted
peak reflection band wavelengths. This was controlled by keeping the solution
concentrations constant and changing the deposition spin-speed for different

wavelength reflection bands.
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Figure 5.2: Three different samples were prepared using the calibration curve
‘Blue’ [top panel], ‘Green’ [middle panel] and ‘Red’ [bottom
panel] were prepared with reflection peaks positioned at wavelengths ~ 450nm,
~ 550nm and ~ 650nm respectively.
the spectroscopic measurements of three different 30 layer samples. The solid
lines represent spectra which was modelled using the modified optical transfer
matrix method (which was discussed in chapter 3). Calculations which include
estimates for polymer-polymer interface widths (discussed in section 3.7) are

in figure 5.1.

Wavelength (nm)

represented by the dashed lines.
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Three 30 layer samples were prepared with targeted reflection peak wave-
lengths at 450nm, 550nm and 650nm (which are respectively labelled as ‘Blue’,
‘Green” and ‘Red’ DBRs throughout this thesis). The UV /visible reflection
spectra of these three samples are shown in figure 5.2. Spectroscopic measure-
ments of the reflectance from each sample are represented by the data-points.
The solid curves represent spectra which were modelled using the modified
optical transfer matrix method (discussed in chapter 3). Those calculations
assumed perfectly sharp interfaces (o = 0). Models which did include polymer-
polymer interface width estimates o were calculated separately. The spectra
from these calculations are represented by the dashed curves in figure 5.2.
Polymer-polymer interface width estimates are discussed more thoroughly in

section 5.3.1.

The modified optical transfer matrix method used film thickness (figure
4.12) and dispersion of the refractive index measurements (figure 4.19) to cal-
culate the reflection properties of the DBRs. However, the film thickness mea-
surements were adjusted to fit the modelled spectra with spectroscopic mea-
surements of the DBR samples. It was not possible to determine the thickness
corrections needed for each individual layer in the DBR sample. Instead, the
film thickness corrections were applied equally to all of the modelled layers.
The layer thickness measurements and corrections used to improve the fit of

the model are shown in table 5.1.

The small difference between the modelled and measured refection band
(when using the ellipsometry measurement of single layer films) could be caused

by a number of different factors;

e Errors in ellipsometry measurements: Typically, errors in ellipsometry
measurements of the film thickness of single layer polymers were between
Inm and 4nm. Measuring the thickness of the top layer film in a bi-
layer is more difficult than measuring a single layer film. The optical
properties of these samples are sensitive to small changes. Film thickness
of the bottom layer and the refractive index of all the layers in the bi-
layer sample must be accurately measured. Inaccurate measurements of
these parameters/quantities would increase the top layer film thickness
error when measuring the bi-layer sample. Comparisons between polymer

layers which were spin-cast on top of silicon or polymer substrates were
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discussed in section 4.4.1. Figures 4.14 and 4.15 showed that there was a
small change in film thickness when spin-coating onto silicon or polymer
substrates. Although, these changes could have contributed towards the

film thickness errors used in the calculations.

o Wavelength dependence of refractive index: The error of the film thick-
ness was overestimated to fit the dispersion measurements 4.4.2. This
suggests that there could be errors within the dispersion measurements.
The dispersion measurements were used to model the UV /visible spec-
trum of the DBR samples. A layer would need to thicker/thinner if the
refractive index was under/over estimate respectively to maintain the

same optical path length OPLg;;,, = dpiymnram of the layers [10].

o Residual solvent: All samples were annealed at 110°C' for 5 hours under
vacuum. This is above the glass transition temperature of PS (7, ~ 100°¢
[65]) but not the T, of PVP (T, ~ 150 — 180°¢ [65]). Solvent would not
as readily diffuse out of the PVP layers as it would have for the PS
layers. Furthermore, the multi-layer structure may restrict the toluene
diffusing out of the sample. Residual solvent within the polymer layers
would swell the polymers (increasing the layer thickness) and reduce their
refractive index (decreasing their optical path length). This would change
the optical properties of the photonic structure, such as the wavelength

of the reflection peak.

5.3 Inefficiencies and defects which reduce DBR

peak reflectance

The measured reflectance of the DBR reflection peak was not as large as the
modified optical transfer matrix method had calculated (spectra shown in fig-
ure 5.2). This indicated that there were other properties of the DBR samples
which should be considered. For example, the polymer-polymer interfaces be-
ing broad instead of sharp (discussed in section 5.3.1), lower refractive index
contrast between layers (discussed in section 5.3.2) and disorder in the photonic

structure (discussed in section 5.3.3).
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5.3.1 Polymer-polymer interfaces

The modified optical transfer matrix model previously assumed that the polymer-
polymer interfaces between layers were sharp. However, the layers are made
from polymer films which were spin-cast on top of polymer substrates (which
are also previously deposited layers). Previous experiments have measured
broad polymer-polymer interface widths, which were ~ 10nm, for similar spin-
cast polymer layered samples [85]. Interfaces between spin-cast polymer layers
should be considered when modelling the optical properties of DBR samples.
The following points are different types of interfaces which also correspond to

the illustration in figure 5.3;

e Sharp interfaces: The two materials are not intermixed and the surfaces

between the two layers are perfectly flat.

e Diffuse interfaces: This is a intermixed blend of both of the materials at
the interface. The transition from one material to another is gradual and
can be modelled using an error function [86]. Polymer chains can intermix
and broaden the interface. Solution processing swells the surface polymer
chains and increases their mobility [18,86]. Furthermore, the polymer
chains between two separate polymers will tend to intermix when they

are swollen by residual solvent.

e Roughened interfaces: The topography of the sample is not flat and the
surfaces of the polymers at the interface are naturally rough. This causes
the two materials to penetrate into one another. Solvent evaporation
during spin-coating will cause roughening on the surface of a spin-coated
film [62,85]. Spin-coating a film on top of rough films will not remove

the roughness at the newly formed interface.

e Diffuse and roughened interfaces (combined): The polymer-polymer in-
terfaces are likely to be a combination of both the diffuse and roughened
interface [18,86].

AFM was used to measure the surface roughness of multi-layer polymer
films. The root mean square surface roughness measurements were between
~ 1.2+ 0.4nm and 4.1 + 0.3nm. Unfortunately, AFM is only able to measure

the surface of a sample. The internal polymer-polymer interfaces would have
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Sharp Diffuse Roughening Combination

Figure 5.3: These diagram represent the different types of interfaces which
should be considered for spin-coated polymer multi-layers. Sharp interfaces
are when the transition from one medium to another is well defined. Diffuse
interfaces are caused by the two materials intermixing. Rough interfaces are
caused by the topography of the interfaces penetrating into both materials.
The interface of the polymer films is likely to be a combination of both diffuse
and roughened interfaces.
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Figure 5.4: The reflectance of the reflection peak from a modelled 30 layer
‘Green” ~ 550nm (dpyp = 450 & 9nm and dps = 262 + 9nm) DBR was
plotted with respect to changing polymer-polymer interface width. Increasing
the modelled polymer-polymer interface width reduces the total reflectance of
the modelled reflection peak.
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to be measured using other techniques such as neutron reflectivity (see chapter
8) and TOF-SIMS (see chapter 9). Measuring the surface roughness after each
film deposition would not be an accurate technique to measure the interface
widths between layers. The polymer films could swell and intermixing (at small
length scales) during sample preparation. Polymer chains on the surface of a
sample can still be mobile when in an orthogonal solvent [18,87]. Hence, the

two different polymer materials could have mixed when depositing layers.

The surface roughness of the spin-cast films were two orders of magnitude
less than the wavelength of incident light. Reflected light was considered to
be specular as the quantity of scattered light was negligible because of the
relatively small surface roughness [54]. In this case, the optical properties of
topographical roughness are indistinguishable and significantly less than the
optical effects of diffuse interfaces. The calculations for polymer-polymer in-
terface widths were simplified by treating the roughening and diffuse interface
as a single problem. A single approximation for diffuse interfaces, which cor-
rects the reflection coefficient r, was used to model the combined effects of

diffusion between layers and roughening (which was also discussed in section
3.7),

(5.2)

7T071N+1)1

Tint rexp{ 3

Increasing the interface width o results in the magnitude of the reflection
coefficient at a given interface being reduced. This reduces the total reflectance
of the reflection peak. Figure 5.4 illustrates the reduction in the reflectance of
a modelled reflection peak of a 30 layer ‘Green’ DBR sample as ¢ increases.
The widths of all the interfaces were assumed to be the same throughout the
sample. This would not necessarily be the case for real samples. For example,
depositing a PVP film on top of a PS layer could result in a broader interface
than when depositing a PS film on top of a PVP layer (or vice versa). This
is because one polymer may be more or less orthogonal to the solvent used to
dissolve the alternate polymer [18,86]. The difference of the two cannot be
measured by modelling optical spectra, so neutron reflectivity or TOF-SIMS

measurements must be used instead.

The dashed lines shown in figure 5.2 are modelled curves which include esti-

mates for polymer-polymer interfaces widths. These calculations were used to
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improve the modelled fit with respect to the UV /visible spectrometry measure-
ments. Changing the widths of the interfaces does not change the wavelength
position of the reflection bands. This is because the average/effective film
thickness and refractive index of the layers are unchanged. Values for the in-
terface widths estimates used to fit the measurements in figure 5.2 are shown
in table 5.1. The polymer-polymer interface widths were estimated to be be-
tween 20nm — 30nm. These estimated interface widths were larger than those

measured from comparable polymer layered samples [85].

The polymer-polymer interface widths of the PVP/PS multi-layer samples
were later measured using neutron reflectivity (discussed in chapter 8). The
interface width of PS(top)—PVP(bottom) interfaces were 0.61+1nm. Whereas
the PVP(top)—PS(bottom) interfaces were 0.96 £ 1nm. These measurements
are significantly smaller than the estimates calculated by fitting the modelled
spectra to UV /visible measurements. The samples were remodelled using the
measured interface widths. However, there is negligible difference between the
remodelled spectra (using neutron reflectivity measurements) and modelled

spectra which assumed the sample had sharp interfaces.

The reduction in the reflectance of the measured DBR reflection band (when
compared with modelled spectra) was not due to large polymer-polymer inter-
face widths. Instead, the reduction in reflectance could be due lingering solvent
left over from sample preparation. This is discussed further in the next sub-

section.

5.3.2 Reduction of refractive index contrast

Neutron reflectivity measured the polymer-polymer interfaces to be small (all of
the measured interfaces were less than 1nm wide). The measured reflectance of
the reflection bands were lower than what the modelled spectra had estimated.
This could have been due to trapped solvent reducing the refractive index
contrast between layers. Solvent may have lingered within the polymer layers
during sample preparation. It was later discovered that the reflectance of the
DBRs increased towards the modelled reflectance (see section 6.2). This could

have been due to the lingering solvent diffusing out of the sample over time.

The refractive indices of ethanol (n = 1.363), acetonitrile (n = 1.344) and
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toluene (n = 1.496) are smaller than the refractive indices of PVP (n = 1.516)
and PS (n = 1.586). Trapped solvent would have lowered the refractive in-
dex of the polymer films. This could also reduce the refractive index contrast
between the polymer materials. Figure 5.5 shows the reflectance spectra of
the ‘Blue’, ‘Green’ and ‘Red’ 30 layer DBRs with reflection peaks at wave-
lengths ~ 450nm, ~ 550nm and ~ 650nm respectively (which are the same
samples shown previously in figure 5.2). The data-points represent the mea-
sured UV /visible reflection spectra of the DBR samples. The dashed lines are
modelled spectra with the refractive index contrast between the polymer layers
An reduced.

The modelled spectra in figure 5.5 were fitted by decreasing the contrast of
the refractive index between the layers (An = npgs — npyp) by a value 6(An),

using the following equations;

[nPVP<)\)]Corrected = [nPVP()\)]Measured + 5(A7’l)/2, (53)

and,

[nps(N)]correctea = [Mps(N)|arcasured — 0(AN) /2. (5.4)

Where 6(An) = change in the refractive index contrast between layers, [npy p(A)|reasured
and [npg(N\)]measured 1S the measured wavelength dispersion of the refractive in-
dex for PVP and PS respectively.

These ‘corrected’ refractive index values are approximations for changes
in the refractive index of the polymer layers. It was not possible to measure
the refractive index of the solvent swelled polymer layers within the sample.
Instead, these calculations were only used to model the effects of a smaller
optical contrast between layers An. The refractive index of PVP decreases
when it is swelled with 50:50 ethanol:acetonitrile. However, it was simpler to
increase the modelled refractive index of PVP to reduce An. Likewise, the
modelled refractive index of PS was reduced to lower An. The magnitude of
d(An) was applied equally to the measured refractive index of PVP and PS.
Table 5.2 shows the film thickness and refractive index contrast changes used
to model the spectra. The thickness of the layers had to be increased to keep

the position of the reflection peak constant. This was due to the optical path
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Figure 5.5: The UV/visible reflectance measurements (data-points) of the
‘Blue’ [top panel], ‘Green’ [middle panel] and ‘Red’ [bottom panel] were re-
modelled using the modified optical transfer matrix method (dashed curves).
This included estimates for reductions in the refractive index contrast An be-
tween the polymer layers. Changes in the refractive index contrast as large
as 0(An) = 0.028 £ 1 were needed to reduce the modelled reflectance to fit
measured spectra. The reduction in contrast may have been due to residual

solvent trapped in the multi-layers.

111



‘POIOMO] SeM JSBIJU0D XOPUI DAT}ORIJOI 9} UM Paonpal pey syead UOI0opal paf[opowt oY)
JO eouR)OLPal o ], “BI00dS paInsesul o) 0] PI[[POUW 9] JO 9OURIISYSI o) 11 0} Popeall sem (Uyy)¢ ISRIJUO0D XoPUI dAIJORIAI Ul
9SURD © 98IR] MOY JS9) 0) Pash oIom sjudWLIddXe SUI[[PPOW 9S9Y) ‘PrIISU] "SW[Y o) Ul JuaA[0s padder) a1em o191} JI 9seaIOUL
1 Up[noM SIOAR] JA J U2 JO XOPUI 9ATIDRIAI 9} 9SS ST SIY T, “sojdures Y (] POINSBIW JO 9AIIRIUOSOIAOT 10U OI€ SO[(RLIRA 9SOT[}
JO soneA ¢ pue ¢'¢ suoryenbo Juisn Aq poSueyo sem sioAe] G pue JAJ Ueom)o( JSRINUOD XoPUIL SAIJORII O], :¢'C 9[qe],

100°0 F 020°0 ¢ FGIe IFLIE ¢ F Ges T F L2S 09 ~ Py
100°0 F 220°0 6 F 29T I F 1T 6 F 0S¥ I F 6SF 0SG ~ || UueaIH
1000 F8200 | 9T F¥IC IF02% | 9T F09¢ T F9LE 0S¥ ~ onig
(ww) Sdp | (wu) Sdp | (wu) dAdp | (wu) Adp ()
(uy)g Iseruod | [Ppowr Ul SSOUMIIT[) | [opouw Ul SSOUIIT) UoT)IS
Xopurl OAIJORIJ | posn  ssou | §J  IoAe[ | posn  ssou | JAJ IoAe[ | -od  pueq
1 Ut edueyy | PIY)  §d o[suIg | PIY) JAd o[dulg | uonapey | odureg

112



length (OPLgim = npamdram) of the polymer layer reducing as the refractive

index decreased [10].

Reductions of A,, between 0.020 and 0.028 were needed to fit the modelled
spectra with UV /visible spectrometry measurements. The following Lorentz-
Lorenz equation was used to calculate the refractive index of a polymer /solvent

mixture [88];

2 2 2
Mafie — 1 nPoly —1 NSty — 1
TMiz 2 My g0l 5.5
n?%m + 2 ¢P " n%oly + 2 ¢S : n%olv +2 ( )

Where npsiz, npoy and ngep, are the refractive indices of the polymer/solvent
mixture, polymer and solvent respectively. ¢py, and ¢g., are the volume

fractions of the polymer and solvent components in the mixture.

Up to 20% of the volume in a spin-cast PS film can consist of residual
toluene [89]. A literature refractive index value for toluene and the ellipsomtry
measurement, of PS were used to calculate the refractive index of a swelled PS
film [65]. The calculated reduction in refractive index for a swelled PS film was
Anpg = 0.018. This is slightly lower than the 6(An) which was used to fit the
optical transfer matrix method to measured spectra. However, residual solvent
in the PVP films would reduce the refractive index contrast between the layers.
The Lorentz-Lorenz equation indicates that the reduction in reflectance could
be due to trapped solvent. Therefore, more experiments are needed to measure
the refractive index and film thickness of the swelled PVP and PS layers in the
DBR samples. This would help model and understand the optical properties
of the DBR samples further.

5.3.3 Effects of disorder in layer thickness

All of the DBR modelling data previously assumed that the thickness of the
PVP (dpyp) and PS (dpg) remain constant. However, the film thickness of
the deposited layers may change throughout the DBR. This could be due to an
increased error when spin-coating on of polymer layers, differences in swelling
from residual solvent, or warping because of residual stresses [86]. Disorder
in the layer thickness would change the photonic structure and shape of the

reflection peak (which is similar to the chirped reflection spectra shown in
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Figure 5.6: The reflectance of modelled reflection peaks are reduced as the
thickness of the modelled DBR layers become disordered. Each modelled layer
was modified by randomly changing the thickness within a range of error
0dgrror- This plot models disorder in a hypothetical 30 layer ‘Green’ DBR
(dpyp = 410nm and dpg = 262nm when ddg..o, = Onm). Each data-point
was the average of reflectance from ten modelled samples with random layer
thickness disorder applied. Standard deviation was used to calculate the errors.
The curve is a quadratic polynomial fit. UV /visible measurements of a 30 layer
‘Green’ DBR (data-points) and the modelled spectra when ddg,.o, = 10nm
(green curve) are shown in the inserted panel.
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section 5.6). A 30 layer ‘Green’ DBR sample was remodelled with included
layer thickness disorder. Each layer thickness was modified by;

5d rror
Arodified = Arnitial £ Ez : (5.6)

Where dasogifiea = layer film thickness after being adjusted by applying a small

error, drmiria = original single layer film measurement and ddg,.., = size of the

random film thickness error.

The initial film thickness of the layers were consistent with the modelled
‘Green’ DBR sample shown in table 5.1. Each film thickness was modified
slight by adding or subtracting a random error within a pre-determined range
0dgrror. For example, the thickness of each film would be changed by a random
error within —1nm and +1nm if ddg,..., = 2nm. The reflectance of a 30 layer
550nm ‘Green’ DBR (with sharp interfaces) was modelled for different ranges
of ddg,ror. Each test of ddg,.or was modelled 10 times. The average and
standard deviation were calculated to demonstrate the variation in results.
Figure 5.6 shows that the reflectance decreased when ddg,,., had increased.
The reflectance only decreased by ~ 1% when ddg,,., = 10nm. Irregularities
in the modelled reflection spectra start to occur when dd g, is increased as the
model diverges away from the shape of the measured spectra. This is illustrated
by the caption in figure 5.6 which is a model of a 30 layer ‘Green’ DBR which has
a random film thickness error range of ddg,.., = 10nm. The modelled spectra
(solid line) does not fit the shape or reflectance of the measured spectra (data-
points). Hence, the reduction in reflection between measured and modelled

data is unlikely to be entirely due to random variations in film thickness.

5.3.4 Asymmetry in the layer thickness

The single layer ellipsometry measurements were used to model the reflection
band of 30 layer DBRs (shown in figure 5.2). Slight corrections to the film
thickness measurements (shown in table 5.1) were needed to improve the fit
of the modelled spectra with respect to measured spectra. Corrections to film
thickness were applied equally to both PVP and PS layers. However, any vari-
ation between modelled and actual film thickness may not have been equal for

all the polymer layers. The film thickness correction for one of the polymer
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Figure 5.7: The modelled reflectance of a 30 ‘Green’ DBR (originally dpyp =
410nm and dpg = 262nm) was calculated for small changes in layer thickness.
Reflectance of the reflection peak was calculated for different layer thickness
values, which were within error of the calculations. However, equal and opposite
changes were needed to keep the wavelength of the modelled reflection band
consistent with the measurements. Changes in the film thickness (within error)
were not large enough to significantly reduce the modelled reflectance, to fit
the measured data.
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layers may have needed to be larger than the alternate polymer layers. For
example, the PVP or PS layers may be swollen by trapped solvent. A hypo-
thetical 30 layer ‘Green’ DBR was modelled for this experiment. Layers with
thickness dpyp = 440nm and dpg = 262nm from table 5.1 were used to model
the reflection spectra. Asymmetry was then introduced adding or subtracting
incremental changes in layer thickness dd. The position of the reflection band
was kept within 550 4+ 1nm by decreasing the layer thickness of PVP /PS by dd,
when the layer thickness of PS/PVP was increased by dd respectively. Hence,
the total film thickness of each PVP/PS bi-layer was kept constant. However,
the ratio between the PVP and PS film thickness was changed.

Figure 5.7 is a plot of the modelled reflectance of a ‘Green’ 30 layer DBR
reflection band with respect to changes in the film thickness of PVP and PS.
The reflectance changed as the asymmetry between dpyp and dpg was varied.
However, corrections as large as dd = £10nm were needed to significantly
change the reflectance of the DBR reflection peak by ~ 1.3%. Large changes
in the film thickness may have occurred if the films were swollen with residual
solvent. Although, the refractive index of the polymer layers would have also
reduced. Therefore, the optical path length should be considered OPLg;,, =
npimdrim/ cos(@pium) as it would change the optical properties of the sample
[10]. A combination of changing film thickness and refractive index, by residual

solvent, may have reduced the reflectance of the DBR reflection peaks.

These results also demonstrated that more efficient photonic structures can
be prepared by tuning the thickness of layers. This is discussed further in

section 6.3.

5.4 Controlling the reflectance

Increasing the number of layers in a sample also increases the number of inter-
faces. This also increases the number of partial reflections which contribute to
the total reflectance of the sample. Therefore, the magnitude of the reflection
peak is increased by adding more layers to the sample. Figure 5.8 shows the re-
flectance of the reflection peaks for ‘Red’; ‘Green’ and ‘Blue’ DBRs, which were
each prepared with different numbers of deposited layers (10, 20, 30, 40 and

50). Each data-point represents the reflectance of a measured reflection peak
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Figure 5.8: The reflectances of ‘Blue’, ‘Green’ and ‘Red” DBRs (coloured ap-
propriated in this figure) with reflection bands at ~ 450nm, ~ 550nm and
~ 650nm respectively, are plotted with respect to the number of layers de-
posited. UV /visible spectrometry measurements are represented by the data-
points. Result is an average of five measurements and the errors are their
standard deviations. The solid lines represent the reflectance of modelled sam-
ples which have sharp interfaces. The dashed lines represent modelled spectra
which have had refractive index contrast between layers reduced (using the
values in table 5.2.
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from a DBR sample. All of the samples were modelled using the modified opti-
cal transfer matrix method. Values from table 5.1 were used to model samples
which had sharp interface widths (represented by the solid curves in figure 5.8).
Likewise, the values in table 5.2 were used to model any possible reduction in
refractive index contrast between the layers An. Lingering solvent within the
samples would have lowered the refractive indices of the polymer layers (see
section 5.3.2). Reducing the refractive index contrast of the polymer layers
by dAn had improved fitting the modelled spectra to sample measurements

(represented by the dashed curves in figure 5.8).

All of the measurements and modelled data in figure 5.8 show that the
reflectance of the reflection peak increases when more layers are added to the
sample. However, the sharp interface model overestimates the reflectance of the
DBR reflection peaks. This worsens as the number of layers increases because of
additional properties which are not being modelled. Adding more layers could
reduce the reflectance decrease by, trapping more solvent and adding defects
(such as contaminants). Furthermore, the thickness of the sample is increasing,

which approaches above the coherence length of the reflected light [10,11,14].

The modelled data which included reduced refractive index contrast dAn
had improved fitting with measured results. However, this model underesti-
mated the reflectance of the DBR peaks when the number of layers is less than
30. It also over estimated the reflectance of the DBR peaks when the number
of layers is greater than 30. This was due to all of the curves being calculated
using the 30 layer spectra fit. Hence, the reduction of the refractive index
between layers may be smaller/larger for less/more than 30 layers deposited
during sample preparation respectively. It is more difficult for residual solvent

to diffuse out of the sample when there are more layers [66].

The reflectance of the DBR can be controlled by changing the number
of layers deposited (shown in figure 5.8). However, there were no significant
gains in reflectance for samples of more than 50 layers, when using this sample
preparation technique. This was most likely due to trapped solvent within the
layers of the DBR (discussed in chapters 6 and 8). The total reflectance of the
DBRs was later improved by periodically annealing during sample preparation.
This allowed more layers to be added to the sample and increased the total

reflectance possible (this is discussed further in section 6.4).
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5.5 Angular dependence of DBR spectra

Changing the angle of incident light will change the wavelength of a reflec-
tion peak from a DBR sample. This is known as iridescence [10,12]. The
transmission UV /visible spectrometer shown in figure 4.20 was built to include
variable angle measurements. Rotating the sample changes the angle of inci-
dence with respect to the sample surface. This would cause the beam path of
the transmitted light to slightly deviate away from the centre of the collection
lens (due to the initial air—polymer and final glass—air interfaces being dif-
ferent). However, the collection lens was large enough for this problem to be

neglected.

The reflection spectra of the 30 layer ‘Blue’, ‘Green’ and ‘Red” DBRs were
measured at different angles of incidence. These samples were also modelled
using the modified optical transfer matrix method. This included modelling
samples with sharp interfaces (values were provided in table 5.1) and reduc-
ing the refractive index contrast between the polymer layers An (values were
provided in table 5.2). Reducing the refractive index contrast between the
layers improved the fit of the modelled spectra to the corresponding reflection

measurements.

Figure 5.9 shows the wavelength of the reflection peak for the 30 layer ‘Red’,
‘Green’ and ‘Blue’ samples with respect to the angle of incident light. All of
the measurements showed the reflection peaks blue-shift when the angle of
incident light deviated /increased away from the normal of the sample surface
(data-points). Only the modelled spectra for samples with sharp interfaces are
shown in figure 5.9 (solid curves). Modelled spectra for samples with reduced
refractive index contrast An were also calculated. However, there was negligible
difference between the two different types of modelled samples. The data from
both models had accurately calculated the wavelength dependence/iridescence

of reflection spectra measured from DBR samples.

Blue-shifting of the reflection peaks would appear to be counter intuitive
as the optical path length between interfaces increases as the light moves away
from normal incidence (OPLgim = nrimdrim/ cos(0ram) [10]). Figure 5.10
illustrates that the optical path length of the transmitted light increases when
the angle of refraction 6, is raised. However, this causes a phase difference

0 between the rays reflected from the top and bottom of the film. Only rays
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Figure 5.9: The wavelength of measured reflection bands for the 30 layer ‘Red’,
‘Green’ and ‘Blue’ DBRs (represented by data-points and coloured appropri-
ately in the figure) plotted with respect to the angle of incident light. The
modified optical transfer matrix method was used to model the measured data
(solid curves). Only modelled results for sharp interfaces are shown. Modelled
samples which had a reduced refractive index contrast were also calculated.
However, the difference, when compared to the sharp interface model, was
negligible. All of the results showed the wavelength of the reflection band
blue-shifting as the incidence increased.
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Figure 5.10: Changes in the reflected colour (irridescence) are discussed for a
single layer thin film for simplicity. However, these same principles would apply
for a multi-layer sample. Moving the light source away from normal incidence
(0;) changes the optical path length of transmitted light in the film and also the
angle of refraction (6,). The top and bottom reflected waves interfere, but only
rays which constructively interfere are reflected by the sample. The reflected
wave is blue-shifted to maintain constructive interference.
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Figure 5.11: This diagram illustrates the phase difference between the top and
bottom reflected waves when changing the angle of incidence. The increased op-
tical path length A—B does not red-shift the reflected light. Instead, the path
length A—D causes a phase difference between the two reflected rays. Only
waves which constructively interfere are reflected by the thin film. Therefore,
the reflection band is blue-shifted to compensate for the changes in phase.

which constructively interfere are reflected by the DBR samples. A given wave-
length of light which was previously reflected at normal incidence would not
constructively interfere when 6; # 0. However, a smaller wavelength would

constructively interfere and is reflected by the DBR sample.

The iridescent properties of photonic structures can be explained using sim-
ple geometrical arguements. A single thin film is considered for simplicity, but
the effect of iridescence would be the same for a multi-layer. However, the
modified optical transfer matrix method should be used when calculating the
angular properties of reflection spectra of a multi-layer sample. Figure 5.11 is
provided as a visual aid for calculating the iridescence of a single layer film.
Consider the two rays coming out of the film and have the magnitude F;, and
Es,.. For simplicity, we consider the two rays to be emitted from a light source
which is beneath the thin film. The optical path difference A between the two
reflected beams is given by [10];
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(5.7)

Where ngy, = refractive index of the film and n4;, = refractive index of air.

This is expanded by,

A S5Yal dFilm
(4B) = (BC) = it

Where dgj;,,, = thickness of film and 6, = angle of refraction

Hence, equation 5.7 becomes,

2d pitmn Fitm —
AN=—""""_n4. (AD).
cos(6,) nair (AD)

The magnitude of (E) is also re-written as,

(AD) = (AC) sin(6;).
Where 6; = angle of incidence.

This is changed by substituting sin(f;) into Snell’s law [10],

(AD) = (AC) “E™™ gin(6,).

N Air

Using figure 5.11, the magnitude of (E) is also calculated by,

(A_C) = 2szlm tan(@,,).

Substituting this into equation 5.11 results in,

(AD) = 2dpamnrim o0 0 sin(6,).

N Asr

Which is substituted into equation 5.9
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A:M—nm(ﬁ)

cos(6,)
- SRR | S ) sin(s))
e gy O
_ —ngggzgjﬂm [cos?(6,)]

= 2d pitmn Figm cos(6;).

The phase difference of the optical path length ¢ is calculated by multiplying
the wave-vector of the ray when it is reflected into the air medium k4, with

the optical path length difference A. The wave-vector in air is;

21

)\Air

kAir - (515)

Where A4;, = wavelength of the light in air.

Furthermore, waves will undergo a phase shift of 7 radians when reflected
from an interface if the incident medium has a lower refractive index than the
transmitted medium [10]. Therefore, for a thin film suspended in air, there is

a relatively phase shift of +£7 radians. Hence, the phase difference between the

two reflected beams is;

(S:kIQAj:ﬂ'

27

= |i)\AiT:| [deﬂmnpilm COS(HT)] + 7 (516)
_ TAFimMN Film OS(GT):ETF,

)\Air

The two rays constructively interfere when the phase difference is § = 2ma
(where N = 0, 1, 2, 3...etc). Furthermore, the +r is simplified to —7 since

there is no difference in which sign 7 it takes. Hence,

4 ilm
d=2mm = W;Fl dpiym cos(0,) — m, (5.17)
Air
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Hence,

4 ilm
m—FldFilm cos(#,) —m = 2mm,
)\Air
2 ilm
i dpitm cos(6,) — 1 = m, (5.18)
>\Ai7’
/\Air

dpiim cos(6,) = (m + 1)

Y

2npim

This shows what the wavelength of reflected light (Aa;.) decreases with re-
spect to increasing angle of refraction 6, (which decreases cos(6,)). Interference
such as this is why the curve in figure 5.9 is a maximum at 6; = 0 and decreases

in wavelength when 6; > 0.

Figure 5.12 is a plot of the measured and modelled reflectance for 30 layer
‘Blue’, ‘Green’ and ‘Red’ DBR reflection peaks with respect to angle of incident
light. Reflectance of the measured sample reflection peaks (data-points) started
to decay as #; increased. This was most likely due to imperfections in the sample
which reduced the reflectance of the DBR. Moving the incident light towards
a grazing angle illuminates a larger area of the sample. Therefore, unwanted
imperfections may have been measured by mistake. Modelled data with sharp
interfaces (represented by solid lines) were relatively constant as 6; increased.
However, the modelled data which had the refractive index contrast between
layers reduced (dashed lines), increased as the incident light deviated away
from the normal of the sample surface. It was difficult to model the reflectance
of the DBR samples which are swelled with residual solvent. This thickness of
the layers increases and the refractive index decreases. Hence, the optical path
length of the layers is changed OPL = npymdpim cos(0pim). This changes
how the partially reflected waves constructively interfere. The reflectance will
increase if the constructive interference of the partially reflected light is more
efficient. This is comparable to tuning the layers of the DBR sample into a

more efficient structure, which was discussed in section 5.3.4.
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Figure 5.12: Reflectance of 30 layer ‘Red’, ‘Green’ and ‘Blue’ DBR reflection
peaks were measured with respect to angle of incidence. Measurements of
DBR samples are represented by the data-points. The average of five repeat
measurements were used. Errors were calculated using the standard deviation.
The modelled data with sharp interfaces is represented by the solid line. Both
results showed the reflectance of the DBR staying relatively constant as they
were rotated. The measured ‘Blue’ sample did drop in reflectance, but this
could be due to the incident beam measuring a surface defect. Results were also
calculated for modelled samples which have a reduced refractive index contrast
(dashed lines). The reflectance from these samples was increased when the
angle of incidence was larger. This is probably due to the optical path length
of the layers being changed by modifying the value of the refractive indices.

127



3rd bilayer -

2nd bilayer -

1st bilayer -

Figure 5.13: A representation of the incremental increase in the bi-layer film
thickness of chirped structures. The thickness of each bi-layer increases slightly
by Ad after each bi-layer deposition. This was achieved during sample prepa-
ration by decreasing the deposition speed when spin-casting a film. Changes
in the spin-speed were controlled using a self written Matlab program and the
automated spin-cater set up.

5.6 Chirping the photonic structure

Sample preparation was modified by designing and building an automated spin-
coater (which was discussed in section 4.3.1). The data in figures 4.12 and 4.19
were used to calibrate the automated system. This technique was extended
to make chirped samples. The narrow reflection bands of the polymer DBRs
may be of benefit to some applications such as optical filters [1,2]. However,
some applications which may require a broader reflection bands. This can be
achieved by chirping the photonic structure. Chirping is when there are small
incremental changes in the thickness of the multi-layer films are added while
they are being prepared (illustrated in figure 5.13). This results in a broader

reflection band which is composited of discrete reflection peaks.

A chirped sample was prepared for the purpose of optical measurements
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Initial PVP | Initial PS | Chirp per bi- | Fitted change in
layer  thick- | layer  thick- | layer 6d (nm) | refractive index

ness dpyp | ness dps contrast §(An)
(nm) (nm)
[250+1 [250+1 [ F1+1 [ 18+1 |

Table 5.3: The variables used to model the chirped DBR sample (UV /visible
spectra of the sample is shown in figure 5.14). The refractive index contrast
was reduced to improve the fit of the DBR model.

and modelling. This sample was made by initially depositing a bi-layer with
dpyp = 250+ 1nm and dpg = 250 & 1nm thickness layers. More bi-layers were
deposited onto the sample as it was being prepared. However, each bi-layer
deposition was increased by dd = +1 + 1nm until 25 bi-layers (50 layers in
total) were deposited. The sample was annealed for 5 hours at 110°C' under a

~ 1Imtorr vacuum.

A UV /visible spectrum measured from the chirped DBR sample (data-
points) is shown in figure 5.14. The reflection properties of the sample were
modelled using the optical transfer matrix method (discussed in section 3),
which was modified to include the incremental changes in film thickness. A
chirped sample with sharp interfaces was modelled and is represented in figure
5.14 by the solid grey curve. Another model was calculated to improve the
reflectance fit by changing the refractive index contrast between the polymers
(represented by the dashed black curve). The variables used to model the data

are shown in table 5.3.

The measured and modelled spectra showed how chirping the structure
broadens the reflection band. Non-chirped samples had reflection bands which
were ~ 15nm wide (FWHM), whereas the chirped samples had reflection
bands which were ~ 40nm wide. The discrete peaks of the chirped reflection
band were not accurately modelled using the modified optical transfer matrix
method. This was likely due to be limited by the film thickness resolution
obtained during spin-coating (which is typically +1nm). The samples were
chirped by adding +1 + 1nm to each bi-layer during sample preparation. It
was not possible to model the spectra of the chirped sample with high precision

because of the errors in spin-cast film thickness.

The reflectance of the chirped DBR sample (~ 32.7%) was significantly less
than a comparable non-chirped 50 layer sample (~ 52%). All of the partial re-
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Figure 5.14: UV /visible reflection spectra of a chirped DBR. This is a 50 layer
sample whereby, the initial thickness of the PVP and PS layers were both 250+
1nm. The thickness of both layers increased by 14 1nm per bi-layer deposited.
This broadens the reflection band. The data-points and interconnecting green
curve are the UV /visible spectroscopic measurements of the sample. The solid
grey curve are the results for a modelled sample with sharp interfaces. The
dashed black curve is spectra which was modelled for a sample with reduced
refractive index contrast between layers.
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flections are contributing towards a single wavelength in a non-chirped sample.
Whereas, the partial reflections in a chirped sample are contributing towards

a broader range of wavelengths.

5.7 Summary

Polymer DBR samples were successfully prepared by spin-coating PVP and PS
films into a multi-layer structure. The wavelength of the reflection band could
be controlled by varying the thickness of the polymer layers. This was possible
by controlling the spin-speed when depositing layers. Thinner/thicker films
were prepared by spin-coating at a faster/slower spin-speed respectively. Mak-
ing the DBR layers thicker/thinner would red-shift /blue-shift the wavelength

position of the reflection peak respectively.

The reflectance of the DBR was controlled by the number of layers deposited
onto the sample. Increasing the number of layers also increases the number of
interfaces. More partial reflections occur when there are more interfaces. These
partial reflections contribute towards the total reflectance of the DBR sample.
A total reflectance of ~ 55% was possible with a 50 layer sample. Adding
more than 50 layers did not increase the reflectance when using this technique.
However, this was later improved by changing the sample preparation technique

(which is discussed in the next chapter).

There was a large difference between the reflectance of measured and mod-
elled reflection peaks. Various possible explanations were investigated to de-
termine why the reflectance of the samples were reduced. This included large
polymer-polymer interface widths, disorder in the layer thickness and dispro-
portionate layer thickness. However, it was concluded that residual solvent

(left over from sample preparation) was the most likely cause of the problem.

The angular dependence of the DBRs was measured by using the rotation
stage in the transmission set-up spectrometer (see section 4.5.1). Diverging the
incident light away from the surface normal of the sample had blue-shifted the
wavelengths of the reflection peak. The measurements showed the reflectance of
the DBRs staying constant when the angle of incidence was changed. However,
this was difficult to model because of the refractive index being changed by

the residual solvent in the DBRs layers. These values were different from the
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spectroscopic ellipsometry measurements which were used in the calculations.
Attempting to correct for changes in the refractive index (by reducing An)
resulted in the model misrepresenting the reflectance of the measured spectrum

when changing the angle of incidence.

The bandwidth of the reflection peak was increased by chirping the multi-
layer structure. This technique used the automated spin-coater set-up to in-
crementally increase the layer thickness per bi-layer deposition. The width of

the reflection band was increased from ~ 15nm to ~ 40nm wide.
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Chapter 6

Improving the preparation and
reflectance of PVP/PS DBRs

6.1 Introduction

The optical measurements in chapter 5 showed that the PVP/PS DBRs had
a lower reflectance than what was predicted by the model. Those samples
were prepared using techniques discussed in section 4.3. A total reflectance
of ~ 55% was possible with a 50 layer DBR. However, adding more than
50 layers did not increase the reflectance, when using the same preparation
technique. A larger reflectance would be needed before integrating these DBRs
into devices [4]. This chapter discusses preparation techniques used to increase
the reflectance of PVP/PS DBR samples. The total reflectance of PVP/PS
DBRs was increased to ~ 93% (with a 100 layer DBR) by modifying the sample

preparation procedure.

6.2 DBR samples after ageing

The DBR samples in sections 5.2 and 5.4 were remeasured approximately one
year after their preparation. It was discovered that the reflectance of the sam-
ples reflection peaks had increased over time. The wavelength of the samples
reflection peaks had also slightly red-shifted after ageing. Figure 6.1 shows the
UV /visible spectra of a ‘Green’ 30 layer (top caption) and 50 layer (bottom
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Figure 6.1: The reflection spectra of the 30 layer [top panel] and 50 layer
[bottom panel] ‘Green’” DBR samples were remeasured approximately one year
after their preparation (red data-points and curves). These measurements were
compared with the original results (green data-points and curves) for compar-
ison. The wavelength of the reflection bands had red-shifted and their re-
flectances had increased. Results for a modelled DBR with sharp interfaces
(grey curves) were calculated for the remeasured spectra. Likewise, a modelled
DBR with reduced refractive index contrast (grey curves) were calculated for
the remeasured spectra. There was only a small change in refractive indices
(6(An) = 0.006 £ 0.001 for the 30 layer sample and §An = 0.007 + 0.001 for
the 50 layer sample). This suggested that trapped solvent was diffusing out of
the samples as they aged.
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Spectra Modelling PVP layer | PS layer | Reduction in
measured | technique thickness thickness refractive in-
values used | values used | dex contrast
dpvp (nm) dps (nm) 5<ATL)
P Sharp inter- | 450 +9 262+ 9 NA
Old
faces
Reduced An | 450 +9 262+ 9 0.022 £ 0.001
. , Sharp inter- | 466 + 7 278+ 7 NA
New
faces
Reduced An | 466 +7 278 + 7 0.006 £ 0.001

Figure 6.2: Values used to model the 30 layer ‘Green’” DBR samples for their
‘original’/‘old” and ‘remeasured’/‘new’ reflectance measurements. The thick-
ness of the modelled layers had increased and the change in refractive index
contrast d(A) had decreased.

Spectra Modelling PVP layer | PS layer | Reduction in
measured | technique thickness thickness refractive in-
values used | values used | dex contrast
dpvp (nm) dps (nm) 5(An)
R Sharp inter- | 447 + 12 259 + 12 NA
Old
faces
Reduced An | 446 + 13 258 + 13 0.031 £ 0.001
. , Sharp inter- | 472 + 13 284 +13 NA
New
faces
Reduced An | 472+ 13 284 + 13 0.007 £ 0.001

Figure 6.3: Values used to model the 50 layer ‘Green’ DBR samples for their
‘original’/‘old” and ‘remeasured’/‘new’ reflectance measurements. The thick-
ness of the modelled layers had increased and the change in refractive index
contrast §(A) had decreased.
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caption) DBR. The original/old spectrometry measurements are represented
by the green data-points and interconnecting solid green curves. The remea-
sured /new spectra are represented by the red data-points and interconnecting
solid red curves. Both samples were modelled using the modified optical trans-
fer matrix method. The values used to fit the model to the measured spectra
of the 30 and 50 layer samples are shown in tables 6.2 and 6.3 respectively.
However, only the models for the remeasured/new spectra are shown in fig-
ure 6.1. The solid grey curves represent modelled DBR samples with sharp
interfaces. The dashed black curves are modelled spectra which were fitted to
measured spectra by reducing the refractive index contrast between the poly-
mers by (An) (shown in tables 6.2 and 6.3).

The reflection spectra of both the 30 and 50 layer samples were measured
shortly after their preparation. The calibration curve from figure 4.12 was
used to calculate the film thickness of the polymer layers in the DBR samples.
These layer thickness values were corrected (up to £12nm) to improve the fit
of the modelled reflection peak. The measured reflectance, of the reflection
peak, for the 30 layer DBR sample was 38 4+ 1%. This reflectance was 15 +
1% less than the modelled reflection peak for a 30 layer DBR sample with
sharp interfaces (53+1%). The reflectance of the modelled reflection peak was
improved /decreased by reducing the refractive index contrast of the polymer
layers by 0(An) = 0.022. Likewise, the measured reflectance of the reflection
band for the 50 layer sample was 52 4+ 1%. This was 28 4+ 1% smaller than the
reflection peak of a modelled 50 layer sample with sharp interfaces (80 £ 1%).
The agreement between the measured and modelled reflectance of the reflection
peaks was improved by reducing the refractive index contrast of the polymers
by 6(An) = 0.031. A larger value of 6(An) was needed to fit the reflectance of
the 50 layer sample, compared to the value of §(An) needed to fit the 30 layer
sample. It would be more difficult for solvent to diffuse out of a sample which
has more layers/interfaces. There was proportionally more trapped solvent in

the 50 layer sample than the 30 layer sample.

The reflection peaks of both the 30 and the 50 layer ‘Green” DBR, samples
had red-shifted after ageing. The wavelength of the 30 layer DBR reflection
peak had red-shifted by 23 + 1nm. Likewise, the wavelength of the 50 layer
DBR reflection peak had red-shifted by 38 + 1nm. The refractive index of the

polymer layers would have increased when residual solvent diffused out of the
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sample as it aged. However, the layers would have also de-swelled and their
thickness would have decreased. However, the optical path length of the layers
(OPLEim = nramdrim/ cos(0pim) [10]) would have increased if the change in
refractive index was proportionally greater than the change in film thickness.
Furthermore, changes in the refractive index could have increased the refractive
index contrast between the layers. This would have increased the reflectance

of the reflection peaks.

The remeasured spectra were re-modelled using the modified optical transfer
matrix method. Tables 6.2 and 6.3 show a comparison of the values for film
thickness (dpyp and dpg) and change in refractive index contrast (§(An)) for
modelled spectra of ‘Old” and ‘New’ measurements. The thickness of the layers
for the modelled 30 layer DBR had increased by 16nm when recalculated for the
remeasured spectra. Likewise, the layer thickness of the modelled 50 layer DBR
had increased by 25mm. There was a greater change in the optical properties
of the 50 layer DBR than the 30 layer DBR over time. This was due to more

solvent lingering in the 50 layer sample after preparation.

The peak reflectance value for the 30 and 50 layer samples had increased
after ageing. Furthermore, the difference between the reflectance of the reflec-
tion peaks for the measured and modelled (with sharp interfaces) DBRs were
reduced after ageing. The measured and modelled reflectance of the 30 layer
DBR were 49 + 1% and 53 £ 1% respectively after ageing. A reduction in the
refractive index contrast of §(An) = 0.006 4 0.001 was needed to improve the
modelled reflectance (shown in figure 6.1). Likewise, the measured and mod-
elled reflectance of the reflection peak for the 50 layer sample were 73+ 1% and
79 + 1% respectively after ageing. A reduction in the refractive index contrast
of §(An) = 0.007£0.001 was needed to improve the modelled reflectance. This
could be due to trapped solvent still lingering in the sample and/or errors in the
ellipsometry measurements of refractive index and layer thickness. These mag-
nitude of changes in refractive index contrast were much smaller than those
previously calculated for the 30 layer (0(An) = 0.022 £ 0.001) and 50 layer
(6(An) = 0.031 £ 0.001) modelled reflection spectra. The refractive index of
the polymer layers had increased because of residual solvent diffusing out of
the sample as it aged. The refractive indices of the layers in the DBRs (after
ageing) were more comparable with the previous measurements of single layer

films (discussed in section 4.4.2).
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The calculated thickness of layers used to model the remeasured DBR spec-
tra were larger than the original single layer measurements. An increase of 7Tnm,
compared to the single layer measurement, was needed to fit the model to the
remeasured spectra of the 30 layer sample. Likewise, an increase of 13nm was
needed to fit the model to the remeasured spectra of the 50 layer sample. This
may be due to increases in the film thickness and/or refractive index, as both
increase the optical path length of the layer. There are several explanations
which could cause changes in thickness and/or refractive index of the polymer

layers;

e Remouwal of residual solvent: The solvents used to process the polymer so-
lutions have a much lower refractive index than their respective polymers
(Ngotuene = 1.496, Nethanor = 1.360 and nacetonitrite = 1.344). Both the sin-
gle layer and the multi-layer samples were annealed at 110°C for 5 hours
under a Imtorr vacuum. This is above the glass transition temperature of
PS (T, of PS = 97°C [65]), but not PVP (T, of PVP = 170°C [65]). Some
of the solvent could have been trapped within the multi-layer sample as
PVP remained in a glassy state [18]. It would have been more difficult
for solvent to diffuse out of/through the PVP layers. Most of the solvent
should have diffused out of the PS single layer films as they were not
caped with layers of PVP. However, there may have been residual solvent
in the PVP layers during ellipsometry measurements. Residual solvent
would have changed the optical path length of the films. This would
have also changed film thickness and refractive index measurements of
the PVP films. Unfortunately, a series of aged PVP samples were not

able to be remeasured using ellipsometry.

o Swelled by water vapour: PVP is known to readily swell in the presence
of water vapour, which includes room humidity [90]. The multi-layer
structure may have had the water removed during annealing. However,
the water may have then diffused back into the structure from the sur-
rounding humidity of the air. This would swell the PVP layers, reduce
its refractive index and increase the optical contrast between polymer
layers. However, all of the DBR samples were capped with a layer of PS
which is also hydrophobic. This would repel and water trying to pene-
trate into the sample [18]. The PS layers were also relatively thick, so
it would be very difficult for water to penetrate through the layers and
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swell the PVP films. Although, experiments did show the positions of the
reflection bands red-shift when the sample was swelled in water vapour
(results are not shown). The reflection bands also blue-shifted when the
sample was placed in a dry air atmosphere. However, the reflection band
relaxed into it’s original reflection band wavelength within a few minutes
after each experiment. This demonstrated that water vapour is able to

penetrate through the multi-layer sample.

6.3 Asymmetry and symmetry of film thick-

ness

The samples which were discussed previously in chapter 5 were prepared by
spin casting solutions of 4.0% wt PVP in 50:50 ethanol:acetonitrile and 4.0% wt
PS in toluene. All of the films were spin-cast at spin-speeds between 1.0krpm
and 4.5krpm. The DBR samples from these experiments partially reflected
light from each interface, which constructively interfered and resulted in the
reflection peak. Each bi-layer within the DBR samples had an optical path
length which was double the wavelength of light (2)). There are also reflection

peaks at other wavelengths which are calculated by,

2
Mt = = [dim () + doma ()] (6.1)

Where n; and ngy are the refractive indices of media ‘1’ and ‘2’ respectively, d;
and dy are thickness of alternating polymer layers ‘1’ and ‘2’ respectively and

M =1,2,3,...etc.

The reflection peaks which occur from even values of ‘M’ disappear when
diny = dyny. DBRs which have din; = dyns structures are referred to ‘sym-
metric samples’ in this thesis. Likewise, samples which have a din, # dons are
referred to as asymmetric samples. The wavelength position of reflection peaks

from a symmetric DBRs are calculated by,

2

Aoy —
M= oM —1

[leLl()\) + dgng()\)] s (62)
DBR samples were prepared with a layer thickness of dpm = 3\ /4npim.
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Figure 6.4: Film thickness of spin-cast polymer films with respect to polymer
concentration. This experiment was used to select the best concentration for
sample preparation. Specifically, when the thickness of the layer is d = 3\/4n
for reflection peaks that are between wavelengths of 450nm and 650nm. This
is within a layer thickness between 223nm to 322nm for PVP and 213nm to
307nm for PS (which are shown by the dashed lines on both plots). The curved
lines are free hand drawn.
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It was not possible to make samples with a layer thickness of dp;;, = A\/4npim
without cracks forming during sample preparation. However, DBR samples
should be prepared with the smallest layer thickness as possible. Thicker films
deviate away from the coherence length of light, which reduces the efficiency of
the DBR [12,14]. The coherence length of light reflected by the DBR sample

is calculated using the following equation [11],

. 22 A
C_TWlFilmAA’

(6.3)

Where ¢ = coherence length, ng;,,, = refractive index of film, A\ = wave-

length of reflection peak and A\ = full width half maximum of reflection peak.

Equation 6.3 was used to calculate the coherence length of light reflected
by a 30 layer ‘green’ DBR (shown in figure 5.2). The coherence length was
10pm, which is much larger than layers which are 3\/4n gy, thick.

Layers with optical path length of 3A\/4 could not be prepared by spin-
casting from solution concentrations of 4.0% wt PVP and 4.0% wt PS. Re-
ducing the film thickness further would have required spin-speeds greater than
4.5krpm. This was not possible as the vacuum seal on the spin-coater could
not keep the sample secure at faster spin-speeds. Instead, the concentration of

the polymer solutions were reduced to decrease the layer thickness.

Figure 6.4 shows different thickness of films which were spin-cast from dif-
ferent concentrations of PVP and PS solutions. The red curves correspond to
samples which were spin-cast at the lower spin-speed limit (1.0krpm). The
green curves correspond to samples which were spin-cast at the upper spin-
speed limit (4.5krpm). A film of thickness d can be prepared by any of the
solutions within the red and green curves. Figure 6.4 was used to calculate
the best concentration to prepare films with an optical path length of 3\/4
when measured at normal incidence. The thickness of a film with a optical
path length of 3)\/4 at normal incidence for reflected light of wavelength A is
calculated by,

3\

Anpim

dFilm - (64)

DBRs were prepared with reflection peaks at wavelengths between 450nm
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and 650nm. Equation 6.4 was used to calculate the thickness of the PVP and
PS layers needed to make DBRs with reflection peaks at wavelengths between
450nm and 650nm. The lower (DBRs with reflection bands at A = 450nm)
and upper (DBRs with reflection bands at A = 650nm) are indicated by the
guidelines in figure 6.4. The blue coloured regions indicate the film thickness
and solution concentration ranges needed make a DBR with a reflection peak
between wavelengths of 450nm and 650nm. The PS concentration was kept at
4.0% wt. However, the PVP concentration was reduced to 3.2% wt. The film
thickness with respect to spin-speed calibration curve for films spin-cast from

a 3.2% wt PVP solution was shown in figure 4.12.

The dispersion of the refractive index (shown previously in figure 4.19),
layer thickness with respect to spin-speed (shown previously in figure 4.12)
and equation 6.4 were used to calculate the spin-speed used to prepare a layer
with optical path length 3A\/4 at normal incidence. This was written into a
computer program which was used to control the automated spin-coater. The
thickness of each deposited layer was controlled by changing the spin-speed.
Samples with the same optical path length for ever layer could be prepared

using this technique.

Figure 6.5 shows the UV /visible reflection spectra of two different DBR
samples. The red curve represents the reflection spectra from a 50 layer ‘Green’
DBR. It had a bi-layer optical path length of 2\ and the optical path length
of each layer were not all equal (dpypnpyp # dpsnpsg). This was named as a
asymmetric sample. The grey curve represents a 50 layer DBR sample which
has a bi-layer optical path length of 3A/2. All of the layers have same optical
path length (dpypnpyp = dpsnps) and this was named as a symmetric DBR

sample.

The reflectance of the asymmetric 50 layer DBR reflection peak was 52 4+
1%. This was only 2% smaller than the reflectance of the symmetric DBR
reflection peak (which is within error of the two spectrometer measurements).
The symmetric DBR structure did not significantly increase the reflectance of
the DBR samples. All of the layers are swelled with trapped solvent, which
changes their optical path lengths. The symmetric sample is not likely to have
the intended dpy pnpyp = dpsnpg structure, unless the solvent has diffused out
of the sample. However, the photonic structure is distinctively different from

the asymmetric sample. This was demonstrated by the symmetric sample not
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Figure 6.5: Comparison of two samples which are tuned close to 550nm. The
red curve the reflection spectra from a 50 layer DBR with layers of thickness
npvpdpvp 7é npsdps, where dpvp = 360 £ 16nm and dpvp = 214 £+ 16nm
(optical thickness asymmetry). The black curve spectra is 50 layer DBR where
the optical thickness of the layers is closer to npypdpyp = npsdps, where
dpyp = 272 + Inm and dpyp = 259 + Inm (optical thickness symmetry).
Furthermore, the DBR structure was changed by reducing the optical thickness
of the bi-layer from A (red curve) to 3\/4 (black curve). Both changes improve
the reflectance of the DBR spectra slightly.
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having a reflection peak at 722 4+ 1nm. Changing the photonic structure and
removing unwanted ‘secondary’ reflection peaks could be useful for applications
such as notch filters [1,2].

6.4 Periodically annealing during sample prepa-

ration

It was discussed in section 5.4 that the reflectance from PVP/PS DBRs could
not be increased by adding more than 50 layers. There was also a large dif-
ference between reflectance of the reflection peaks for measured and modelled
DBRs. This worsened as the number of layers increased (which was illustrated
in figure 5.8). The reflectance of the reflection peaks increased as the sam-
ples aged. Trapped solvent from sample preparation may have slowly diffused
out of the sample as it aged (which was discussed in section 6.2). Waiting a
year for the reflectance of the reflection bands to increase is impractical. Fur-
thermore, the wavelength of the reflection peaks would red-shift as the sample
ages. Annealing the samples above the glass transition temperature of PVP
(T, = 170°C) was attempted. However, the samples would burn despite being

annealed in a ~ 1mtorr vacuum.

The DBR samples in chapter 5 were prepared by depositing all of the layers
onto the substrate and then annealing the whole sample at once. This resulted
in lingering solvent being trapped in the DBR sample. Trapped solvent would
more readily diffuse out of samples which have less layers deposited. This is
because the solvent would not have to penetrate through as many layers to
diffuse out of the sample. The preparation technique was changed by periodi-
cally annealing the sample after approximately every 20 layers deposited. All
annealing stages were at 110°C' for 5 hours under a ~ Imtorr vacuum. This
allowed the solvent from freshly deposited layers to diffuse out of the sample

during annealing.

Initial experiments demonstrated that the top layer would always have to
be PVP when depositing more layers after annealing. The sample would crack
if more layers were added to an annealed multi-layer which was capped with
a PS film. This was due to top PS film being de-swollen after annealing.

The un-swollen layer was unprotected when depositing the PVP solution on
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Figure 6.6: Reflection spectra from the 100 layer PVP/PS DBR. This samples
was made by annealing at 110°C' for 5 hours under a ~ Imtorr vacuum every
20 layers (approximately). Periodically annealing the sample during prepara-
tion helps to removed more residual solvent within the DBR. This improved the
reflectance of the sample and allowed more than 50 layer (the previous limita-
tion) to be added. ~ 93% (shown here) was the highest reflectance measured.
A 150 layer DBR sample did not increase the reflectance any further.

top. Solvent from the PVP solution would attempt to penetrate through the
unprotected PS layer and swell the underlying PVP films. This would strain
the PS film and crack the sample. However, an annealed PVP layer could
still be protected by swelling the film with HCl vapour. The samples were
always capped with a PVP layer for annealing steps before the end of sample
preparation. A final layer of PS was used to cap the sample at the end of its
preparation. This PS capping layer was used to protected the underlying PVP

layers from being swollen by air humidity.

Annealing periodically during sample preparation improved the reflectance
of DBR reflection peaks. Furthermore, it enabled more layers to be deposited
onto the sample. This increased the total reflectance possible with PVP/PS
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DBRs. Figure 6.6 show the UV /visible reflection spectra of a 100 layer PVP /PS
DBR. All of the layers were tuned to have the same optical thickness nid; =
nady = 3X/4. The total reflectance of the reflection peak was ~ 934+1%. A 150
layer sample (data not shown) was also prepared, but it did not increase the
reflectance beyond ~ 93+1%. Adding more than 50 layers did not increase the
reflectance of the reflection peaks when using the previous sample preparation
technique (discussed in section 4.3). The number of layers which contributed to
the reflectance was increased by periodically annealing during sample prepara-
tion. A maximum of 100 ‘useful’ layers can be prepared using the preparation
technique discussed in this section. However, adding more than 100 layers (us-
ing this preparation technique) did not increase the reflectance of the DBR
reflection peaks. This could be due the quality of the sample degrading as each
new layer is added. Specifically defects are carried through to any new layers
which are deposited on top of the sample. It become increasingly more difficult

to add more layers to a sample whilst also improving its reflectance.

6.5 Summary

Both the reflectance and wavelength position of the DBR reflection peaks was
shown to increase as the PVP/PS DBR samples aged. This was due to residual
solvent diffusing out of the DBRs over time. Removal of the solvent de-swells
the polymer layers and increases their refractive index. The increase in re-
fractive index had also increased the optical path length of the layers. This
red-shifted the position of the reflection peaks. The refractive index contrast
between the layers had also increased when the solvent diffused out of the sam-
ple. This increased the reflectance of the DBR reflection peaks. Changes in the
reflection peak wavelength, for example, may be a problem when using these
devices in applications, such as band-stop mirrors. Ideally, there would have

been no residual solvent trapped in the DBR layers during sample preparation.

The reflectance was only slightly improved when the optical path length
of the bi-layer was reduced to 3\/4, instead of 2\. However, the number
of reflection peaks in the UV /visible spectrum was reduced because of the
differences in photonic structure. This may be useful in applications such as
band-stop mirrors, which may only want a single wavelength removed from a

spectrum.
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The reflectance of the DBR reflection peak was increased by periodically
annealing the sample during preparation. A total reflectance of ~ 93% was
measured from a 100 layer sample which was prepared using this technique.
Periodically annealing helped remove residual solvent during sample prepara-
tion. Less solvent was left lingering in the sample after preparation. However,
there were only a small number of experiments which tested this preparation
technique. This could be investigated further to determine why periodically an-
nealing the sample enables more ‘useful’ layers (which increase the reflectance

of the sample) to be deposited onto the sample.
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Chapter 7

Infra-red measurements and

properties of polymer DBRs

7.1 Introduction

The RGB DBR samples in figure 5.2 were designed to function as UV /visible
reflectors. Light was partially reflected by the interfaces in the DBR sam-
ple. Each bi-layer in the structure had an optical path length of npypdpyp +
npsdps = 2\ (where A is the wavelength of UV /visible light). However, other
wavelengths of light can also be reflected by the DBR. The largest wavelength
which can be reflected by a DBR is when npy pdpyp+npsdps = A/2 [12]. This
corresponds to a wavelength which is twice the optical path length of the re-
peating bi-layer in the DBR. The RGB DBRs were able to reflect wavelengths
which were in the infra-red. A Fourier transform infra-red (FTIR) spectrometer

was used to measure the infra-red reflection peaks of the DBRs [91].

FTIR spectrometry was also used to measure the chemical composition of
the DBR samples. Specifically, to determine if the polymer films underwent

chemical changes when swelled with HCI vapour [91].
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7.2 Measuring the effects of HCI swelling

The PVP layers were swollen with HCI to protect the films during sample
preparation (which was discussed in section 4.3). FTIR was used to measure
any chemical changes which could have occurred when swelling the samples
with HCI vapour. Thick (~ 500nm) films of PVP and PS were spin-cast onto
calcium fluoride optical windows (CaFs). The CaF, substrate is often used in
FTIR studies since it is non-absorbing in the Infra-red spectrum. Each of the
samples were placed into the FTIR and their infra-red absorption spectra were
separately measured. The samples were then taken out of the FTIR sample
chamber and swelled using a large reservoir of HCI vapour. DBRs which were
swollen with HCI vapour (which were previously made for the experiments in
chapter 5) had a different reflection colour from samples which were not swollen
with HCI vapour. This was due to the film thickness and refractive indices of
the layers changing after being swollen with HCI vapour. The reflection colour
did not change any further after a few seconds of exposure. This was because
the polymer layers were saturated with HCI vapour. It was assumed that a few
seconds of HCI vapour exposure was an adequate length of time to saturate
thick single layer polymer films. The samples were placed back into the FTIR
spectrometer and the absorption spectra were remeasured. Each sample was
remeasured at different time intervals to measure the effects of swelling PVP

with HCI vapour over time.

Carboxyclic acid (such as Acyl chloride) are used to cross-link polymers [49].
HCI is a highly reactive acid which may have cross-linked, degraded and/or
chemically reacted with the polymers. Any of these examples would have
changed the chemical structure of the polymers. FTIR was used to measure
changes in the absorption spectra of the polymer films before and after being
swollen with HCI vapour. Chemical reactions (such as cross linking and/or
degradation) would have changed the intensity of the absorption bands, be-
cause the chemical structure of the sample would have changed. New absorp-
tion peaks would indicate that there are new chemical structures in the sample.
This could be due to a chemical reaction, or a new chemical being introduced
into the sample [69,70].

Results showed that the PS film was unaffected by its exposure to HCI

vapour (results not shown). The polymer did not undergo a chemical reac-
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Figure 7.1: FTIR spectra of a PVP film measured under different conditions.
The peaks at ~ 1280cm ™! and ~ 1420cm ! correspond to the C — N and C — H
vibration bonds respectively. Likewise, the large peak at ~ 1670cm~! is due
to the C = O carbonyl group [92,93].
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tion, retain any HCI vapour, or swell in HCI vapour at all. FTIR absorbance
measurements did show changes in the PVP film when it was exposed to HCI
vapour. However, this was not due to any chemical reactions. The changes in
absorption spectra were due to lingering HCI vapour within the polymer film.
Figure 7.1 shows the FTIR absorbance spectra of the PVP sample measured

at different time intervals after HCI vapour exposure.

There were 3 distinctive peaks which were measured in the FTIR absorbance
spectra of the the PVP film (shown in figure 7.1). Each peak corresponded to an
absorption from different chemical bonds in the PVP molecule. The chemical
formula for PVP is (CgHgNO), and the chemical structure was shown in figure
4.2. The first FTIR absorption bands were at ~ 1280cm ™! and ~ 1420cm !
which correspond to the accepted C — N and C — H vibrations respectively [70].
The final peak was measured at ~ 1670cm ™!, which corresponds with vibra-

tions from carbonyl groups within the polymer [70].

Swelling the PVP film with HCl vapour caused the absorption peaks to
broaden and decrease in absorbance. This also occurred when measuring the
FTIR spectra of as cast PVP films, which were not annealed before FTIR mea-
surements. These samples were swollen with residual 50:50 ethanol:acetonitrile
solvent in the PVP film. The intensity of the absorption peaks increased and
also their widths decreased when residual 50:50 ethanol:acetonitrile solvent dif-
fused out of the PVP film by annealing the sample. This also occurred when
the HCI vapour diffused out of the PVP film when the sample was annealed.

Comparison of the pre-swollen and annealed (which was previously swollen)
spectra showed that the intensity of the absorption peaks were unchanged.
New peaks in the PVP absorbance spectra did not appear after HCl vapour
exposure. No chemical reactions had occurred (including cross-linking) in the
PVP film during/after HCI vapour exposure. The HCI vapour only swelled the

PVP layers during sample preparation.

The FTIR experiments showed that the HCI vapour slowly diffused out of
the PVP film over time without annealing. A single layer PVP film should take
a few hours to de-swell HCIl vapour after exposure. It takes ~ 30 seconds to
spin-cast a new polymer layer during sample preparation. A 50 layer sample
took approximately an hour to prepare. The multi-layer would have retained a

lot of HCI vapour and also residual organic solvent (50:50 ethanol:acetonitrile
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and toluene) during sample preparation. UV /visible reflectance of the reflec-
tion peaks from DBR samples did not increased when adding more than 50
layers (which was discussed in section 5.4). However, more layers could be
added, which increased the reflectance of the DBR, by annealing the sample
after approximately every 20 layers were deposited (which was discussed in
section 6.4). Residual solvent more readily diffused out of the DBR when it
was periodically annealed during sample preparation. Therefore, too much

lingering solvent may reduce the quality of samples during their preparation.

7.3 DBR reflection bands in FTIR spectra

Figure 7.2 shows the FTIR measurements for 50 layer ‘Red’, ‘Green’ and ‘Blue’
PVP/PS DBR samples. They are the same samples which were measured using
UV /visible spectroscopy. Measurements of single layer PVP and PS showed
that there are no chemical absorption bands for those materials between 1.6um
and 2.7um in these samples (data not shown). The FTIR spectra measured
between 1.6um and 2.7um are DBR reflection bands. These results are shown
with respect to wavelength instead of wave-number. Wavelength was used so
that the results could be compared with UV /visible measurements. Note that
the samples were measured with respect to transmittance. However, the follow-
ing figures show the results with respect to reflectance, which were calculated

by using the following equation,

R=100%—T — A, (7.1)
Where R = reflectance and A = absorbance of the sample.

There were no absorption bands within the 1.6um and 2.7um wavelengths,
so A=0.

7.3.1 Position of the reflection bands

The infra-red spectra of the 50 layer ‘Blue’, ‘Green’ and ‘Red” DBRs are
shown in figure 7.2. The data-points represent data which was measured us-
ing the FTIR spectrometer. Like the UV /visible spectra, the infra-red reflec-
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Figure 7.2: The 50 layer ‘Blue’ [top panel], ‘Green’ [middle panel], and ‘Red’
[bottom panel] DBRs were measured using FTIR (data-points). They are the
same samples which were measured in UV /visible spectroscopy experiments.
FTIR measurements of single layer polymers and the glass substrate showed
that there were no absorption bands between 1.6pum and 2.7um. Therefore, the
curves in the figure are reflection bands from the DBR structure and controlled
by the film thickness of the samples. All of the spectra was modelled using the
optical transfer matrix method (solid curves). The ‘noisy’ spectra near 2.6um
in the ‘Blue’ and ‘Green’ samples were due to absorption from residual water.
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tion bands are ‘blue-shifted’/‘red-shifted” when the thickness of the layers in
the DBR are made thinner/thicker respectively. The thickness of the layers
were controlled by the rotation speed during spin-coating. Spin-cast films are
made thinner/thicker by increasing/decreasing the deposition spin-speed re-
spectively. The ability to control the position of narrow (~ 0.15um) reflection
bands within 1.6um and 2.7um may be useful to telecommunications using fi-
bre optics [10,22]. These reflection bands could be used as notch filters in fibre

optics to select or remove signals at specific wavelengths and remove noise.

The widths of the reflection peaks were between 120nm and 180nm when
measured in the infra-red spectrum. This is much larger then the widths mea-
sured in the UV /visible spectrum, which were between 10nm and 17nm. The
increase in bandwidth is due to an increase in coherence length, which is dis-

cussed more thoroughly in the next section.

Infra-red spectrometry measurements were modelled using the modified op-
tical transfer matrix method (which was discussed in chapter 3). Ellipsome-
try film thickness measurements and modelling film thickness adjustments are
shown in table 7.1. The film thickness corrections used to improve the fit be-
tween the measured and modelled spectra (shown in table 7.1), are not the same
as those used for the UV /visible spectrum calculations (shown in table 5.1).
Residual solvent in the DBR samples would have changed the refractive index,
layer thickness (due to swelling) and optical path length (OPL = nd/ cos(f))
of the polymer layers. The optical path length in the UV /visible is not the
same as in the infra-red wavelengths, because of differences in the refractive

index values. This was compensated by adjusting the thickness of the layers.

Only spectra for modelled DBRs with sharp polymer-polymer interface
widths are shown in the figures (represented by the solid curves in figure 7.2).
Modelled spectra which included possible changes in the refractive index con-
trast (6(An)) were not calculated. This was because of uncertainly in the
refractive indices when modelling infra-red spectra of the samples. The refrac-
tive index of the polymers (and contrast between layers) would have changed
because of lingering solvent. There are also errors in the infra-red refractive

index calculations, which are discussed further in section 7.4.1.
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7.3.2 Controlling the reflectance of infra-red DBRs

The infra-red reflectance of the PVP/PS DBR samples (shown in figure 7.2)
increased by adding more layers to the DBR structure. Adding more layers adds
more interfaces, which increases the reflectance of the DBR reflection peaks.
Therefore, the magnitude of the reflectance can be controlled by increasing or

decreasing the number of layers deposited.

The reflectance of the reflection peaks in the infra-red (shown in figure 7.3)
are much larger than the reflectance of the UV /visible reflection peaks (shown
in figure 5.4). The largest reflectance measured in the infra-red was ~ 80%
from the 50 layer ‘Red’ DBR sample. Whereas ~ 55% was the largest reflection
peak measured in the UV /visible from the 50 layer ‘Blue’ DBR sample. The
reflectance would have increased if the refractive index contrast An between
the layers was larger. However, the refractive index contrast in the infra-red
An ~ 0.062) was smaller than the contrast in the UV /visible (An =~ 0.075).
The increase in reflectance is not entirely due to the refractive index of the layers
changing. Instead, it is due to the properties of how the partially reflected light

interferes from each interface.

Constructive interference occurs when two ‘light sources’ are emitting light
which are coherent with respect to one another. This is comparable to reflec-
tions from two separate interfaces in a DBR sample. Constructive interference
is more prominent when the separation between the interfaces is much less
than the coherence length [10,13]. The coherence length of infra-red is larger
in these DBR samples (with respect to UV /visible light) because of a longer
wavelength and smaller refractive index (see equation 6.3). This leads to the in-
terference of reflected infra-red light being more prominent than the UV /visible
reflections [10, 13].

The reflectance was modelled using the optical transfer matrix method
(which was discussed in section 3). This is represented in figure 7.3 by the
solid lines. The model suggested that there should only be a small difference in
the reflectance of the 50 layer ‘Blue’ (R = 67+1%), ‘Green’ (R = 69+1%) and
‘Red’ (R = 67 + 1%) reflection peaks. However, there were large differences
between the measured reflectance of the reflection peaks of the 50 layer ‘Blue’
(R=52+1%), ‘Green’ (R = 68 +1%) and ‘Red’ (R = 81 + 1%) DBRs. Dif-

ferences between the measured and modelled spectra could have been due to
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Figure 7.3: Reflectance of the ‘Blue’, ‘Green’ and ‘Red” DBR samples were
measured in the infra-red (data-points) with respect to the number of layers
deposited. Each sample ‘colour’ is appropriately labelled in the plot. All of the
curves were free hand drawn. The reflectance of the samples were also modelled
for a sample with sharp interfaces (solid lines). Increasing the number of layers
also increases the reflectance of the DBR. The differences between the measured
and modelled data are due to errors in the values used to model the reflectance.

157



residual solvent in the DBR layers, which changes their refractive indices. This
would have also changed refractive index contrast between the polymer layers.
Reducing/raising the refractive index contrast would have increased/decreased
the reflectance of the reflection peaks respectively. Section 7.4.1 discusses the
method used to calculate the refractive index of the polymer in the infra-red
spectrum. These calculations were used to model the DBR infra-red spectrum.
Errors in the refractive index calculations would have inaccurately modelled

the reflectance of the infra-red reflection spectra.

7.4 Modelling infra-red DBR spectra

The modified optical transfer matrix method was used to model the infra-
red spectra of PVP/PS DBRs. The film thickness and refractive index of the
polymer layers were measured for use in the calculations. Film thickness was
measured by spin-casting single layer polymer films were onto silicon wafers
and using ellipsometry. The film thickness were corrected slightly to improve
modelled data fit (shown in table 7.1). These values were slightly different from
the corrections used to model the reflection peaks in the UV /visible measure-
ments. This was because the refractive indices of the films are not the same
for different wavelengths. The optical path length of the DBRs layers, when
transmitting infra-red light, is not the same as when transmitting UV /visible

light through the layers (OPLgim = drjmn () pim at normal incidence [10]).

7.4.1 Wavelength dependence of refractive index

Unfortunately, it was not possible to get access to equipment which is an infra-
red analogue of a spectroscopic ellipsometer. Instead, alternative methods
were used to determine the refractive indices of the polymer films at infra-red

wavelengths.

A free-standing PS film was prepared in an effort to calculate the refractive
index of the polymer in the infra-red. The infra-red reflection spectra of the
free-standing PS film was measured using the FTIR spectrometer. A duplicate
of the free-standing PS film was spin-cast on a silicon substrate and the film

thickness was measured using ellipsometry. The infra-red reflection spectra of
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the free-standing polymer was modelled using the modified optical transfer ma-
trix method. This model could be used to calculate the refractive index values
of PS as it was the only unknown variable. However, the FTIR measurements
of the free-standing film were not reproducible. It was not possible to measure
the refractive index values of PS in the infra-red spectrum using the equipment

available.

The spectroscopic ellipsometer (which was discussed in section 4.4.2) mea-
sured the dispersion of the refractive index from the UV /visible to the near
infra-red (0.9um). Refractive index measurements from the spectroscopic el-
lipsometer were fitted using a Cauchy function. The data was re-analysed
for wavelengths measured in the um instead of the nm length scale. Ideally,
the measurements would have been in the infra-red wavelengths. However, it
was assumed that the dispersion functions for both UV/visible and infra-red
wavelengths are the same. The following equations are the Cauchy fits for PS,
PVP and glass calculated to the 3" order approximation with respect to um

wavelengths;

6.270 x 1073 0.428 x 10~
nps()) = 1.568 + i .

A2 A ’
2.702 x 107 0.315 x 1073
npvp()\) == 1507+ )\2 + )\4 3 (72>
4.563 x 1072 0.201 x 1073
Nglass(A) = 1.425 + 2 + i )

The second and third terms become very small when A is large. Therefore,
the refractive index is nearly constant when extrapolating the refractive index
values into the infra-red. Hence, these extended dispersion curves were used to

model the refractive index of the materials in the infra-red.

These assumptions are supported by previous studies which measured the
refractive index of various polymer (polystyrene, Polycarbonate and Poly (methyl
methacrylate)) within wavelengths of 0.4um and 1.6mu using a purpose built
interferometer. Their results demonstrated that the refractive indices were
approaching a constant magnitude in the near infra-red (1.6mu). The data
was also analysed using a Cauchy fit to calculate refractive index values of the

polymers [94].
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The refractive index calculations were used with the optical transfer ma-
trix method to calculate the reflection spectra of the DBRs in the infra-red.
Figure 7.2 showed that the model could calculate the wavelength position of
the reflection peaks. However, more thorough measurements of the refractive
indices in the polymers should be used to accurately model the reflectance of

the reflection peaks.

7.5 Summary

DBR reflection peaks were measured between 1.6um and 2.7um in the infra-
red spectrum. The wavelength position of the reflection peaks were controlled
by changing the layer thickness of the films in the DBR samples. This was

controlled by the deposition spin-speed when preparing samples.

The infra-red reflectance of the DBR samples was controlled by changing
the number of layers deposited onto the sample. Adding more layers increases
the reflectance of the reflection peak, because more interfaces are added to the
DBR structure. A total reflectance of ~ 81% was measured in the infra-red
spectra from a 50 layer sample. The 100 layer sample which was discussed in
section 6.4 was not measured using FTIR spectroscopy. It may have had a
greater reflectance than the 50 layer sample when measured in the infra-red

spectrum.

The wavelength of the reflection peaks were successfully modelled using
the modified optical transfer matrix method. However, the reflectance of the
infra-red reflection peaks could not be adequately modelled. This was due to
errors in how the refractive indices of the polymer layers were calculated. Un-
fortunately, it was not possible to measure the refractive indices of the polymer
layers in the infra-red wavelengths at the time of these experiments. Measuring
the refractive indices (rather than extracting values form extended UV /visible
wavelength measurements and equations) would be more accurate when mod-

elling the reflection spectrum of the DBRs in the infra-red spectrum.

The chemical absorption bands of the polymers were measured using F'TIR
spectrometry. Exposing the samples to HCI vapour (during sample prepara-
tion) did not cross-link or degrade the polymer layers. Only the PVP layers

were swollen by the HCI vapour during sample preparation.
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Chapter 8

Neutron reflectivity
measurements of polymer

multi-layers

8.1 Introduction

Neutron reflectivity was used to measure the polymer-polymer interfaces in
PVP-PS bi-layers and multi-layers. The wavelength of neutrons is much smaller
than visible light and fine-scale structures (like polymer-polymer interface widths)
can be measured. Neutrons are able to penetrate into a sample to measure its

internal structure [55,71].

Diffuse polymer-polymer interfaces o were suggested as a possible explana-
tion as to why the measured reflectance was lower than predicted in chapter
5. Estimates for o were calculated by fitting the modelled spectra to mea-
surements. The polymer-polymer interfaces widths of 30 layer PVP/PS DBRs
were estimated as between 21nm and 28nm. These values were larger than ex-
periments measuring the polymer-polymer interfaces widths of similar polymer

samples [85].
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8.2 Measuring and modelling polymer samples

Unfortunately, only 3 out of the 6 prepared samples could be measured (which
was discussed in section 4.7.1). However, the samples which were measured

were analysed and some useful information was extracted.

8.2.1 Deuterated PS

The properties of the single deuterated PS (dPS) sample were measured using
neutron reflectivity and analysed using the Motofit fitting program [74]. Ellip-
sometry was used to measure the film thickness of the silicon oxide layer and
polymer films. AFM was used to measure the surface roughness of the substrate
and spin-cast polymer films. Literature values were used for variables such as
the interface roughness between silicon and its native oxide layer [95]. The
Scattering length density calculator within the MotoFit program [74] was used
to calculate the neutron scattering length density p of all materials. Hence,
as many variables as possible were measured or calculated before fitting the
modelled spectra in the MotoFit program. The input and fitted variables are

shown in table 8.1.

Specular neutron reflectivity cannot discern between rough and diffuse in-
terfaces as the entire sample surface is measured simultaneously [71]. Off spec-
ular reflection spectra was not measured during these experiments. There is
no diffuse interface between the SiOy and the polymer film, as the two mate-
rials cannot intermix. The surface roughness of the Si0O, layer was measured
using AFM. This was used to calculate the roughness between SiO, and the
polymer film og; _4ps and was kept constant during data fitting. Likewise, the
dPS-Air interface was measured using an AFM, but this was fitted during
modelling. This was to test the quality of the fit by comparing it with the

AFM measurements.

The film thickness of the SiO; layer (measured using ellipsometry) was kept
constant during modelling. Ellipsometry was used to measure the film thickness
of the dPS layer. The thickness value of dPS was used as an initial guess in the
fitting program. Its thickness was allowed to vary slightly to improve the quality
of the fit with respect to neutron reflectivity measurements. Variations in film

thickness, as small as 1nm, can dramatically change the modelled reflection
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Figure 8.1: Neutron reflectivity measurements (data-points) and fitted model
(red curve) for a single layer of deuterated PS which was spin-cast onto a sili-
con substrate. Keeping all of the variables were kept constant except for dypg
and o4ps when fitting the model to the measurement. The neutron reflectivity
and AFM measurement of o;pg were the same. The film thickness was modi-
fied slightly when fitting the data, but it was within error of the ellipsometry
measurement.
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spectra.

Figure 8.1 shows the neutron reflectivity measurements (data-points) and
the fitted model using Motofit (red curve). The fitted data is within good
agreement of the neutron reflectivity measurements. Surface roughness mea-
surements of the dPS film were unchanged during fitting. Furthermore, the
thickness of the dPS film only changed by ~ 1nm which was within error of
the ellipsometry measurements. Therefore, the measurements and assumptions

of the S7 and Si0, layers were a good approximation for the substrate.

8.2.2 PVP (top) — dPS (bottom) bi-layer

Unfortunately, only one of the bi-layer samples was measured, which was the
PVP (top) — dPS (bottom) bi-layer. The input film thickness of each layer
was measured using ellipsometry. A single layer dPS film was used to measure
the film thickness of the bottom layer in the sample. Whereas, the thickness of
the PVP (top layer) was measured using Ellipsometry measurements of the bi-
layer were used to calculate the thickness of the PVP (top) layer. The surface
roughness of the bi-layer was measured using AFM and was kept constant
during fitting. The surface roughness of a single layer dPS was measured using
AFM. This was used as an initial guess for the interface width of opyp_4ps.

The initial film thickness and interface width variables are shown in table 8.2.

Figure 8.2 shows the neutron reflectivity measurements (data-points) and
model (green curve) of the PVP(top)—PS(bottom) bi-layer sample. The data
was modelled by varying the thickness of the polymer films dpy p and dgps and
polymer-polymer interface width opyp_qps (shown in table 8.2 as the ‘Fitted
- Roughness’ for dPS) with respect to the neutron reflectivity measurements.
Both the neutron reflectivity measurements of the film thickness dpyp and
dgaps were thinner than the ellipsometry measurements. The difference in dpy p
thickness was within error of ellipsometry. However, the change in the thickness
of dPS (bottom layer) was from 147.0 £ 2.0nm (measured using ellipsometry)
to 142.9 + 0.1nm (measured using neutron reflectivity). The change in layer
thickness was slightly larger than the ellipsometry measurement error. Fur-
thermore, the neutron reflectivity measurement of dPS in this experiment was
slightly less (by 3nm) than the neutron reflectivity measurement from section

8.2.1. Preparing the sample by depositing the solution while the substrate is
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Figure 8.2: Neutron reflectivity measurements (data-points) and modelled data
(green curve) of a PVP(top)—dPS(bottom) bi-layer. The modelled data was
within good agreement of the neutron reflectivity measurements. Variables
used to fit the data are shown in table 8.2. The film thickness of dyps and
dpyp were reduced to fit the measured data. Results showed that the inter-
face width of opyp_4ps increased slightly from the surface roughness of dPS.
This suggested that a small increase in interface width did occur from diffuse
polymer-polymer mixing at the interface.
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spinning (discussed in section 4.7.1) may results in film thickness changes. This
is when compared to depositing the solution onto a stationary substrate and

then spin-casting.

The polymer-polymer interface width opy p_,qps was slightly larger than the
surface roughness o4pg measured in section 8.2.1. This shows that polymer-
polymer diffuse intermixing is occurring when preparing the DBR multi-layers.
However, neutron reflectivity measured the polymer interface widths as opy p_sqps =
0.61 £+ 0.01nm which is two orders of magnitude less than the initial diffuse
interface estimates (which were approximately ~ 25nm) obtained from opti-
cal methods. Neutron reflectivity spectra were calculated for larger interface
widths, but the data was a poor fit of the measurements. Therefore, previ-
ous polymer-polymer interface width calculations using the DBR optical spec-
troscopy data are a huge over-estimate of the actual polymer-polymer interface
widths. The low reflectivity of the DBR samples when compared to the model
is likely due to other properties, such as lingering solvent in the polymer lay-
ers. This would change the refractive index contrast in the samples. A lower
refractive index contrast would reduce the reflectance of the DBR reflection

peaks.

8.2.3 10 layer PVP/dPS structure

The dPS(top)—=PVP(bottom) bi-layer sample was not able to be measured due
to time restrictions. However, the 10 layer PVP/dPS sample was measured
which should allow the dPS—PVP interface o4ps_,pvp to be estimated from
the neutron data fit.

The sample was made from alternating layers of PVP and dPS which were
spin-cast on top of a silicon substrate. PVP was the first polymer layer to
be deposited and PS was the last. It was assumed that any small differences
between each layer are negligible since it would not be possible to model each
layer independently. The surface roughness of the 10 layer sample was 0.47 +
0.08nm, measured over a 40um x 40um surface area using AFM. This was
only 0.21nm smaller than the PVP(top)—dPS interface opyp_qps (which was
measured in section 8.2.2). The model was simplified by periodically stacking
5 dPS(top)—PVP(bottom) bi-layers on top of a silicon substrate to make the

multi-layer. This replaced the modelled surface roughness of the sample with
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Figure 8.3: Neutron reflectivity measurements (data-points) and modelled
spectra (blue curve) of a 10 layer PVP/dPS structure. The thickness of the
polymer layers (dpyp and dpg) and the dPS—PVP interface (sigmagps_pvp)
were fitted whilst all other variables were kept constant. Table 8.3 shows the
input and fitted values used to measure the film thickness and polymer-polymer
interface widths. These results measured the dPS(top)—PVP interface as
oaps—pyvp = 0.96 + 0.01. This was slightly smaller, but just under the er-
ror, of the surface roughness a dPS film which was measured using AFM.
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a PVP—dPS polymer-polymer interface width for simplicity. However, the
difference between the surface roughness and PVP(top)—dPS interface was

considered to be negligible.

Figure 8.3 shows the neutron reflectivity measurements (data-points) and
model (blue curve) of the 10 layer sample PVP/dPS sample. Table 8.3 shows
the input and fitted values used to model the neutron reflectivity measurements.
Ellipsometry measurements were used as the input film thickness values in the
model (shown under ‘Fitted - Film thickness’ in table 8.3). Specifically, the
thickness of the top layer in bi-layer samples were measured and used in the
calculations. Hence, the measurements were of films which were spin-cast on

top of polymer substrates.

Neutron reflectivity was previously used to measure the opyp_4ps in a
PVP(top)—PS(bottom) bi-layer (see section 8.2.2). This interface was equiva-
lent to any opyp_,qps interfaces in the multi-layer. The value of this interface
was kept constant when modelling the neutron reflectivity measurements of the

10 layer sample.

The o4ps_pyp interface width was the only unknown variable for the 10
layer neutron reflectivity measurement. AFM was used to measure the sur-
face roughness of a PVP(top)—PS(bottom) bi-layer. This was used as an
initial approximation for the o4ps_, py p interface width. The neutron reflectiv-
ity model was fitted by varying the thickness of the layers (dpyp and dpg) and

the o4ps_, pyp interface width.

The extracted neutron reflectivity measurement of dpyp was within error
of the ellipsometry measurement. However, the extracted neutron reflectivity
measurement of dgps was 0.7nm larger than the error of the ellipsometry mea-
surement. The sample preparation technique was changed when making these
samples (the solution was deposited while the substrate was spinning). This
technique may not be as reproducible as when depositing the solution onto a
stationary substrate. However, more investigation would be needed to confirm
this.

The extracted neutron reflectivity measurement of the o ps_.pyp interface
was slightly smaller than the surface roughness of the PVP(top)—PS(bottom)
bi-layer. This change was within error of the AFM measurement, so the in-

terface width may not have necessarily shrank. The results suggests that non
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of the polymer-polymer interfaces do not broaden by solution processing the
PVP/PS DBR samples.

Samples with larger interface widths of o,ps_. pyp Were simulated using the
Motofit program. However, the neutron reflectivity calculations would not ade-
quately fit to the measured reflection spectra. Therefore, the low reflectance of
the PVP/PS DBRs (when compared with the modelled sharp interface spec-
tra) was not due to polymer-polymer interface widths or surface roughness.
The neutron reflectivity results support the argument that residual solvent is

altering the reflection properties of the DBR samples.

8.3 Comparison with UV /visible spectra

A 50 layer DBR was prepared using the same techniques and polymer solutions
(which was discussed in section 4.7.1) as those used to make the samples for
neutron reflectivity measurements. However, the sample was prepared on a
glass slide substrate. The reflection spectra of the 50 layer ‘neutron sample’
DBR was measured using the UV /visible spectrometer. Any significant changes
in the UV /visible reflection spectra would indicate that the neutron reflectivity
samples were not the same as the DBR samples from chapter 5. For example,
the polymer-polymer interfaces could be different because of the slight change

in sample preparation technique.

The layer thickness of the neutron reflectivity films/samples were reduced
so that Kiessig fringes could be measured during neutron reflectivity measure-
ments [55]. Unfortunately, this does not result in a large reflectance peak in the
visible region of the EM spectrum (see figure 8.4). The measured peak was at
the near infra-red (A = 986 £ 1nm), which was close to the cut-off wavelength
of the UV /visible spectrometer. This resulted in some of the reflection peaks

being cut-off from the spectra.

Table 8.4 shows the ellipsometry measurements used to model the reflection
band using the modified optical transfer matrix method. This was the same
technique used to model the spectra of PVP/PS samples in chapter 5. The
film thickness of the PVP and dPS films were both reduced by 5nm to improve
the modelled fit with the measured spectra. This is comparable with the film

thickness corrections needed to fit the modelled data with spectra measured
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Figure 8.4: UV/NIR reflection spectra of a 50 layer DBR made from PVP and
dPS which was spin-cast onto a glass slide substrate. The sample was prepared
using the same techniques as those made for neutron reflectivity experiments
(discussed in section 4.7.1). The reflection band is in the near infra-red and
was measured using the transmission set-up spectrometer (data-points). Mod-
elled spectra (using the modified optical transfer matrix method) with sharp
interfaces is represented by the blue solid line. Spectra which assumed interface
widths of ~ Inm were indistinguishable from modelled data with sharp inter-
faces (not shown). The dashed red curve represents modelled spectra which
was fitted using large interface width approximations o = 25+ 1nm. Therefore,
the overestimation of large interface widths would have also been calculated for
the Ineutron reflectivity’ samples. A reduction in refractive index contrast of
d(An) = 0.008 £ 1 was needed to fit the model to the measured spectra (shown
by the green curve in the caption).
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from PVP/PS DBRs (see table 5.1).

The modelled data initially assumed that the interfaces were sharp (shown
by the blue curve in figure 8.4). However, the reflectance of the modelled spec-
tra was larger than the measured spectra (represented by data-points in figure
8.4). 1nm interface widths were included in the calculations to measure the
change in modelled reflectance. This was used as a comparison to the interface
widths which were measured using neutron reflectivity experiments. Changes
in the modelled spectra with respect to 1nm and sharp interface widths were
negligible. Therefore, the lower reflectance, when comparing measurements to

the predicted spectra, are not due to the finite interface widths.

The reflectance of the PVP /dPS DBR reflection peak (within the UV /visible
wavelengths) was modelled with diffuse interface width approximations in-
cluded (represented by the dashed red curve in figure 8.4). A polymer-polymer
interface width of o = 25 + 1nm was needed to fit the model to the measured
UV /visible reflection peak from the PVP/dPS DBR. This was comparable
to the polymer-polymer interface width estimates which were calculated for

PVP/PS DBRs (see table 5.1).

The UV /visible reflection spectra of the PVP/dPS DBR was also remod-
elled with reduced refractive index contrast 6(An) approximations (shown in
the caption in figure 8.4). A reduction of 6(An) = 0.008 £+ 1 was needed to
model to the measured reflectance of the PVP/dPS DBR reflection peak. The
reduction in refractive index contrast §(An) required to fit the reflectance of the
PVP/PS DBRs were between 0.020 and 0.030. Less of a change in §(An) was
needed when modelling the PVP/dPS DBR (when compared to the PVP/PS
DBRs). This implies that there was less residual solvent in the PVP/dPS DBR
sample. The thickness of the PVP/dPS layers were thinner than the layers in
the PVP/PS DBRs. Thinner layers may have enabled the residual solvent to
more readily diffused out of the PVP/dPS DBR during annealing.

The Bragg peak in figure 8.4 (R = 66 4+ 1%) was larger than the 50 layer
PVP/PS DBRs (R ~ 55%) shown in chapter 5. This was due to the optical
path length of each layer being ~ \/4. A similar increase in the reflectance was
observed when measuring the RGB DBRs in the infra-red (which was discussed

in chapter 7).

The modified preparation technique for the PVP/dPS DBRs (see section
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4.7.1) did not change the underlying problem which caused the reflectance
to be lower than expected. Hence, the neutron reflectivity measurements are
relevant to the PVP/PS DBRs discussed in chapter 5. The measurements also
proved that the interface widths were significantly smaller than the previous
diffuse interface width estimations. Trapped solvent was most likely the cause

for losses in reflectance.

8.4 Summary

Not all of the samples which were prepared for neutron reflectivity experiments
could be measured. This was due to experimental time being lost when the
neutron beam was taken off-line. Measuring all of the samples would have
lead to a more complete data-set. However, It was still possible to analyse the

neutron reflectivity spectrum from the samples which were measured.

The polymer-polymer interface widths were not between 20nm to 30nm,
which were previously estimated by fitting modelled spectra to UV /visible mea-~
surements (see section 5.3.1). Instead, neutron reflectivity measured the all of
the polymer-polymer interface widths to be less than 1nm. It was not possible
to fit the neutron reflectivity data with polymer-polymer interface widths that
were between 20nm and 30nm. Hence, the reduction in measured reflectance
of the reflection peaks (when compared with the model), were definitely not

due to large polymer-polymer interface widths.

A DBR sample was prepared using the same materials and preparation tech-
niques as the deuterated (PVP/dPS) DBR samples. The reflection properties
of the PVP/dPS sample was measured using the UV /visible spectrometer. Its
optical properties were similar to the PVP/PS DBR samples prepared in chap-
ters 5 and 6. Hence, variables which change the optical properties of a DBR
(such as polymer-polymer interface widths) were comparable between the two

samples.
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Chapter 9

Using polymer multi-layers to
calibrate TOF-SIMS

experiments

9.1 Introduction

Time of flight secondary ion mass spectrometry (TOF-SIMS) is an analysis tool
used to measure the chemical composition of a sample surface or thin film. It
is often referred to as a surface science technique. Initially, TOF-SIMS was de-
veloped to measure the outer surface layers of materials [82]. This is important
since surface atoms/molecules often contribute towards the properties of a bulk
material, despite their low number compared with the rest of the sample [83].
Further work on depth profiling techniques extended it to be used to measure
mono-layers, multi-layers and 3D structures. Samples are typically measured

on the ym and nm length-scale.

TOF-SIMS is currently being used to research drug delivery systems [23,24],
polymer electronics [26] and ink-jet printing [96]. These examples are made
from nm length scale composite polymer structures. It is difficult to distin-
guish between different types of polymer in these structured sample. This
is because polymers are predominantly hydrocarbon structures. TOF-SIMS
etches through polymer samples with a resolution on the nm length scale. It

is able to distinguish different polymers by measuring ions which are sput-
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tered away from the sample surface during scanning [82]. However, there are
a number of polymers that are used in applications (and are therefore are of
interest to investigate) that are challenging to etch through. This includes PS,
as the polymer is susceptible to cross-linking during etching [77]. Several dif-
ferent types of etching beam and techniques have been previously developed to

overcome these challenges in an effort to measure a broader range of materials.

In this chapter a new Aroggo " etching beam source was used to depth profile
through PVP/PS multi-layer structures. Depth profiling enabled the spatial
structure of the DBR and individual layers to be measured. TOF-SIMS was
also used to try and measure the polymer-polymer interface widths between

layers.

9.2 Bi-layers

Bi-layers of PVP and PS were prepared using the spin-coating techniques dis-
cussed in section 4.3. This includes swelling the PVP layers with HCI vapour.
These samples were prepared to test if there were differences in layer thick-
ness when spin-cast onto a silicon or polymer substrates. Three samples were

prepared;

e PVP(top)—PS(bottom): PVP was spin-cast on top of a previously spin-
cast PS film.

e PS(top)—PVP(bottom): PS was spin-cast on top of a previously spin-
cast PVP film.

e Floated PS(top)—»PVP(bottom): A free-standing PS film was deposited

onto a PVP substrate to make a bi-layer.

The floated PS(top)—PVP(bottom) sample was prepared by spin-coating
a single layer PS film onto a glass slide substrate. A water bath was used to
float the PS film off the glass slide. The PS film was lifted from the water bath
using a ‘cradle’ (metal sheet with a ~ 2c¢m hole at the center) and then left
to dry. This free-standing PS film was transferred/deposited on top of a single
layer spin-cast PVP film (illustrated in figure 9.1). Interfacial tension pulled
the free-standing PS film flat onto the PVP film [97]. The bi-layer sample was
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Figure 9.1: A free-standing film which is being held using a metal cradle. The
free-standing film was lowered onto a single layer spin-cast film. Interfacial
tension pulls the free-standing film flat onto the single layer film. This technique
was used to prepared a bi-layer sample which did not involve the second/top
layer being deposited by solution processing techniques.

annealed for 5 hours at 110°C' under a ~ Imtorr vacuum. This experiment was
used to measure any polymer-polymer interface width changes when solution

processing was not used to deposit films onto polymer substrates.

TOF-SIMS was used to measure the thickness of the polymer layers as well
as polymer-polymer interface widths. Depth profile measurements of single
layer films were used to calibrate the etch rate of the Arygy™ sputter beam
(discussed in section 4.8.3). The etch rate of the two polymers were PVP=
(11.66 £0.10) x 10~'®nm/dose and PS= (14.77 +0.18) x 10~ *®nm/dose. These
values were used to extract the film thickness measured using TOF-SIMS. The
depth profile width (which corresponds to layer thickness) was measured by
calculating the dose of the sputtering beam between each interface. This value

was multiplied by the etch rate to calculate the thickness of the layer.

The etch rate of the ion beam would change as it passed through an in-
terface. This was due to the interface being a gradual blend of two differ-
ent materials. However, it was not possible to measure the changes in the
etch rate as it passed through the interface. This was especially true for the
last polymer—ssilicon interface, as the ion beam was not able to properly etch

through silicon and cannot be calibrated. Instead, the width of the inter-
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Layer 2

Figure 9.2: Illustration of a bilayer sample where each layer has a film thickness
and is separated by an interface. The layers are numbered from top to bottom
and the interface number are named from the previous medium.

face (with respect to dose) was multiplied by the sputter rate of the previous
layer [78]. There was a 26.7% difference between the etch rate of PVP and PS,
which would modify the measurement of the interface widths. This is discussed

in more detail later in this chapter.

The sputtering beam etches from the top to the bottom of a sample. This
corresponds to the last deposited layer being measured first, and the silicon
interface being measured last. Each different layer was counted from the top
down (illustrated in figure 9.2). The interfaces between each layer was num-
bered after the previous layer. For example, ‘interface 1’ is between layers 1
and 2. TOF-SIMS is unable to measure the surface topography of the sample,
so the top air-polymer interface was assumed to be sharp (which is why it was

ignored in analysis).

Results from the ellipsometry and TOF-SIMS measurements of the PVP(top)
— PS(bottom), PS(top) — PVP(bottom) and floated PS(top) — PVP(bottom)
bi-layers are shown in tables 9.1, 9.2 and 9.3 respectively. Most of the TOF-
SIMS depth profiling measurements were within good agreement with the el-
lipsometry measurements. However, the TOF-SIMS thickness measurement
of the lower PS layer in the PVP(top)—PS(bottom) bi-layer, was 7nm larger
than the ellipsometry measurement. This may have been due to the sharp in-
crease in measured ions at the PS—silicon interface (see figure 9.3). The error
function, which was used to measure interface position and width, was fitted
to the shape of the depth profile (see figure 9.3). Changes in the depth profile
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Layer (top | Polymer Ellipsometry: Film | Depth profile: | Interface width
— bottom) thickness (nm) Thickness (nm) (nm)

1 PVP 206.3 £ 1.0 207.5£1.9 12.6 £0.7

2 PS 218.7+1.0 225.6 +2.9 7.4+£0.9

Table 9.1: Each layer thickness of the the films in the PVP(top)—PS(bottom)
bilayer were measured using ellipsometry. These errors were calculated using
the standard deviation of five repeat measurements. The film thickness and
interface widths were remeasured using TOF-SIMS depth profiling. Each inter-
face was labelled with respect to the previous layer (illustrated in figure 9.2). In
this case, interface 1 is between PVP and PS. Likewise, interface 2 is between
PS and the silicon substrate. The TOF-SIMS measurements of the PS layer
thickness was larger than ellipsometry measurement. This may have been due
to the sharp increase in the measured PS ions at the PS—silicon interface.

Layer (top | Polymer Ellipsometry: Film | Depth profile: | Interface width
— bottom) thickness (nm) Thickness (nm) (nm)

1 PS 218.7+1.0 220.8+ 0.6 6.9+ 0.5

2 PVP 206.3 + 1.0 205.3+1.0 6.8 £0.3

Table 9.2: Each layer thickness of the films in the PS(top)—PVP(bottom)
bilayer were measured using ellipsometry. The film thickness and interface
widths were also measured using TOF-SIMS depth profiling. Each interface
was labelled with respect to the previous layer (illustrated in figure 9.2). In
this case, interface 1 is between PS and PVP. Likewise, interface 2 is between
PVP and the silicon substrate. The TOF-SIMS and ellipsometry film thickness
measurements are within agreement of one another.

Layer (top | Polymer Ellipsometry: Film | Depth profile: | Interface width
— bottom) thickness (nm) Thickness (nm) (nm)
1 floated 218.7£1.0 225.1£0.8 6.7£0.5
PS
2 PVP 206.3 £1.0 203.2+24 6.4+1.0

Table 9.3: Floated PS(top)—PVP(bottom) bilayer was prepared and measured
using ellipsometry and TOF-SIMS. The thickness of the PS layer was larger
than the ellipsometry measurement. However, the film thickness would have
been the same for a single layer film as it was not spun-cast on top of a poly-
mer film. This indicates that there may be inaccuracies in the TOF-SIMS
measurements.
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would have also changed the error function and the extracted position of the

interface.

The TOF-SIMS layer thickness measurement of the floated PS(top) —
PVP(bottom) also showed some disagreement with the ellipsometry model.
TOF-SIMS had measured the top PS layer to be ~ 6nm less than the ellip-
sometry measurement. The thickness of the floated PS layer should have been
the same as a single layer PS film. This was due to the floated film being origi-
nally spin-cast as a single layer, which was then transferred onto the PVP film.
TOF-SIMS may not be able to etch through the polymer layers at a constant
rate. This could be due to small imperfections in the film, such as inhomo-
geneity in the polymer density or film thickness. It could also be due to PS
being a ‘challenging polymer’ [78]. However, there was only a ~ 3% difference
between the TOF-SIMS and ellipsometry film thickness measurements of the
floated PS film. TOF-SIMS is able to measure the distribution of layers in a
sample, but more specialised equipment (such as ellipsometry) should be used

for film thickness measurements.

The interface widths in TOF-SIMS measurements are much larger than the
neutron reflectivity results (see section 8.2). Specifically, the polymer—silicon
interface width. TOF-SIMS measured the polymer—silicon interface width as
being between 6.4nm and 7.4nm. However, the interface between polymer and
silicon was known to be sharp (~ 1nm). The region of interest selection (which
was discussed in section 4.8.2) was used to remove large sputtering anomalies
and anything which would smear the measurement of the interface (such as
tilting and sample orientation). Errors in the interface width calculations may
be due to the TOF-SIMS experimental method. There are several properties

which can decrease depth profile resolution;

e Sputter rate: The sputtering beam etches in pulses over the sample sur-
face. Each pulse may etch several nm deep into the sample [82]. PS had
a larger etch rate than PVP, which would increase the length measured
per sputtering dose. This suggests that the sputter rate can reduce the
depth resolution of TOF-SIMS.

e Roughening: The sputter beam can cause the surface to roughen as
it etches through the sample. This causes the sputtering resolution to

worsen as the sample is being measured [82].
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Figure 9.3: Depth profile of polymer bilayers. [Top panel] Depth profile of
a PVP(top)—PS(bottom) bi-layer sample which was spin-cast onto a silicon
substrate. [Bottom panel|] Depth profile of a PS(top)—+PVP(bottom) bi-layer
sample which was spin-cast onto a silicon substrate. The red curves are the er-
ror functions which were fitted to measure the interface positions and interface
widths with respect to ion dose.
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e Mizing: The energy of the sputtering beam can penetrate through both
materials and force them to mix. Secondary ions are detected from both
materials due to them mixing. This causes the measured interfaces to
widen [82].

e Alignment: Changes in the alignment of the substrate or any inhomoge-

neous layers should broaden the interface widths.

The interface widths measurements between polymer-polymer (including
the floated PS sample) and polymer-silicon were all between 7nm and 13nm.
These measurements were less than the polymer-polymer interface width es-
timates (between 20nm to 30nm) which were extracted from the UV /visible
spectrometry measurements (see section 5.3.1). The reduction in measured
reflectance (when compared to the model) were not due to polymer-polymer
interfaces as wide as 20nm to 30nm. However, the TOF-SIMS interface mea-
surements were much larger than the neutron reflectivity measurements. This
is due to TOF-SIMS not being able to resolve sharp interfaces. For example,
this technique had measured the polymer-silicon interface between 6.4nm and
7.4nm, when it was known to be closer to ~ 1nm. Correcting for changes in
sputter rate through an interface would not significantly improve the TOF-
SIMS results. The interfaces would still be too large, even if the etch rate of
PVP (which was smaller than PS) was used to calibrate all of the interface

widths in the sample.

9.3 Asymmetric multi-layers

The etch rate of the Arao ™ sputter beam may not stay constant during depth
profile measurements. Roughening, contamination variations in layer thickness
and inhomogeneity in density will change the sputter rate of the etching beam
through a sample [82,83]. T'wo thick 10 layer samples (with a total thickness of
~ 1.25um) were prepared using the sample preparation techniques discussed in
section 4.3. However, the PS layer was disproportionally smaller than the PVP
layers. The thickness of the PS layers were between 40nm and 60nm, whereas
the PVP layers were between 180nm and 220nm. These samples have been
named as ‘asymmetric samples’, because of the large differences in PVP and PS
layer thickness. The ratio between the thickness of the PVP and PS layers are
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Figure 9.4: Illustration of multilayer samples with a large difference in the
thickness between layers of PVP (green) and PS (purple). These samples were
used to test the depth profiling accuracy when measuring the thickness of
polymer composite samples.
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not comparable with the previously prepared DBRs (see chapter 5). The thin
PS layers in the asymmetric samples were used as ‘chemical markers’, which
were used to measure different points in the sample during etching. These
experiments were comparable to TOF-SIMS measurement by A. G. Shard [81].
He also used a Arsg™ cluster beam to depth profile through a multi-layer
polymer sample (made by vacuum deposition of alternating Irganox 1010 and
Irganox 3114 layers [81]). The samples in this chapter were spin-coated and
had PS layers which are ‘challenging’ to etch through when a Aryo™" sputter

source is not being used [77,78].

The first polymer sample was prepared by spin-casting alternating layers
with 200nm PVP and 50nm PS film thickness. This is called the ‘non-chirped
sample’ as the thickness of PVP and PS layers were kept constant. The thick-
ness of the PVP and PS layers were not kept constant when preparing the
second polymer sample. This sample was used to test if TOF-SIMS could
measure small changes in layer thickness. PVP was initially deposited with a
layer thickness of 180 4+ 1nm, which increased by 10 £ 1nm after each PVP
layer was deposited. The final PVP layer was deposited with a film thickness
of 220 + 1nm. Likewise, the initial PS layer thickness was 60 4+ 1nm, which
decreased by 5 &+ 1nm after each PS layer was deposited. The final PS layer
was deposited with a film thickness of 40 4+ 1nm. This was called the ‘chirped
sample’ as the thickness of PVP and PS change throughout the multi-layer
structure. The structure of both non-chirped and chirped structures are illus-

trated in figure 9.4.

9.3.1 Non-chirped samples

The TOF-SIMS depth profile results for the non-chirped sample are shown in
figure 9.5. The periodicity of PVP and PS layers are clearly visible in the
depth profile curves. Note that the PVP and PS layers have a different layer
thickness. However, the magnitude of the PS depth profile bands (blue data-
points in figure 9.5) were diminishing slightly as the sample was being etched.
Reduction in ion count of the PS layers when depth profiling was due to them
being too thin. This was due to the resolution of the system reducing while the
ion beam was etching through the sample. This could have been caused by the

etching beam roughening the surface of the sample, encountering a contaminant
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Figure 9.5: Depth profile of non-chirped 10 layer PVP/PS sample. These
results are of the whole 100um x 100um depth profiled area. PVP and PS films
were spin-cast with a film thickness of 200 & 1nm and 50 4+ 1nm respectively.
The intensity of the PS film decreases as the Arypn™ beam continues to etch
through the sample. An error in the sputtering measurement (possibly due to
contamination) roughened the surface while the ion beam was etching. The PS
layers were too thin for the reduced resolution of the ion beam to adequately
measure.
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Figure 9.6: Film thickness measurements of 10 layer asymmetric PVP/PS non-
chirped films using TOF-SIMS. The data points correspond to the average
value measured from five regions of interest. The error was calculated using
the standard deviation. Ellipsometry results from comparable single layer mea-
surements are represented by the dashed lines.
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Figure 9.7: Widths of polymer-polymer and polymer-silicon interfaces for 10
layer asymmetric PVP/PS non-chirped sample. The first interface is PS—PVP
and the second interface is PVP—PS. This alternates until the final tenth inter-
face which is PVP—Si. Each data point represents an average of measurements
from five regions of interest. Errors were calculated using the standard devia-
tion. There is a large increase in measured width at the fourth interface. This
may be due to a contamination and/or film thickness irregularity in the layer
between the third and fourth interface.
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and/or poor layer thickness uniformity [82,83].

The widths of the depth profile bands (shown in figure 9.5) were used to
calculate the thickness of the layers (see section 4.8.3). Figure 9.6 shows the
calculated TOF-SIMS film thickness (data-points), with the ellipsometry film
thickness estimates (dashed lines). Both sets of results were in close agreement
with one another. The thickness of the polymer films were constant during

sample preparation.

The errors in the film thickness measurements had increased as the ion
beam continued to etch through the sample. This is most likely a defect from
data analysis. TOF-SIMS is unable to measure the surface topography of a
sample and it was falsely assumed that it was flat. Any imperfections would
continue to be measured as the beam etched through the sample. For example,
consider a flat substrate which has a rough polymer film on top. TOF-SIMS
would inadvertently measure the top of the polymer film as being flat and the
substrate as being rough [82]. The same problem could be occurring for the
layer thickness measurements in figure 9.6. Any variations in layer thickness
would become more noticeable in depth profile measurements as the beam

continued to etch through the sample.

Figure 9.7 is a plot of the extracted TOF-SIMS measurements of the inter-
face widths with respect to the interface number. The interfaces are labelled
from the top of the sample through to the bottom. This is interpreted with
respect to the leading material. The polymer—air interface was not considered,
because TOF-SIMS measures the layer as being flat. Therefore, PS—PVP and
PVP—PS are the first and second interface respectively. The two interfaces
alternative until the final/10th PVP—silicon interface.

The interface width measurements (shown in figure 9.7) were 8nm to 10nm
for the first three interfaces measured. However, the interfaces had increased
to widths between 15nm and 20nm after the third interface. This must have
been due to a disruption in the interface width measurements between the
third and fourth interface (which is the fourth layer from the top to bottom of
the sample). Something in the sample changed the topography of the surface
as it was being sputtered. This could have been contamination, or poor film
thickness uniformity [82,83]. The profile of the roughness would have remained

in the depth profile as the sputter through the rest of the sample. This is a
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problem when measuring thick samples, as defects in the top layers are still

visible when measuring the bottom layers.

9.3.2 Chirped

A chirped multi-layer sample was prepared to test the Aryg™ sputter source’s
ability to measure a sample with varying film thickness. The depth profile of
the chirped sample structure is shown in figure 9.8. The intensity of the PS
(C4H19N3") secondary ions did not diminish. This was despite some of the PS
layers in the chirped sample (figure 9.8) being thinner than the non-chirped
sample (figure 9.5). The surface of the chirped sample did not roughen as
much as the non-chirped sample during etching. This may have been due to
the chirped sample having fewer defects than the non-chirped sample. However,

this would need to be investigated further for a more thorough conclusion.

Figure 9.9 shows the measured thickness of films using TOF-SIMS (data-
points) and ellipsometry measurements (dashed-lines) with respect to layer
number. The greatest difference between layer thickness measurements were
approximately ~ 20nm for the PVP layers. Layer thickness corrections which
were needed to improve the fit of modelled data to UV /visible spectrometry
measurements were not as large as ~ 20nm (see chapter 5). The differences
between the TOF-SIMS and ellipsometry measurements may have been due
to small changes in the TOF-SIMS etch rate and/or calibration. Despite this,
the general trend of the changing layer thickness (PVP increasing and PS de-
creasing from top to bottom of the sample) was observed. TOF-SIMS was
able to measure the structure of the sample, but more suitable techniques (like

ellipsometry) should be used for measuring film thickness.

Figure 9.10 shows the measured TOF-SIMS interface widths in the chirped
sample. The first interface is PS(top) — PVP(bottom) and the last is PVP(top)
— silicon(bottom). Interface widths for the chirped sample stayed relatively
constant (between 8nm and 12nm). These interfaces widths were narrower and
less diverse than the interface widths from the non-chirped sample (between
15nm and 20nm). The Argy™ beam may not have roughened the surface
of the chirped sample as much as the non-chirped sample during etching. A
rough surface would broaden the interface width. Although, the TOF-SIMS

measurement of the polymer-silicon interface was broad (10 & 1nm). The in-
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Figure 9.8: Depth profile of a chirped 10 layer PVP/PS sample. These re-
sults are of the whole 100um x 100um depth profiled area. PVP and PS
layers were spin-cast films with an initial thickness (bottom to top of sample)
dpyp = 220 &+ Inm and dpgs = 40 &+ Inm. The PVP film was changed thick-
ness by —10 & 1nm per bi-layer deposited. Likewise, the PS film thickness was
changed by +5 4+ 1nm per bi-layer deposited. The thickness of the final layers
deposited were dpyp = 180+ 1nm and dpg = 60+ 1nm. Note that TOF-SIMS
measures top—bottom, so the measurement of the layer thickness is inverted
when compared to the order of layers deposited..
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Figure 9.9: Film thickness measurements of a 10 layer asymmetric chirped
PVP/PS sample structure. The data-points are an average of measurements
from five regions of interest. Errors were calculated using the standard devi-
ation. Single layer ellipsometry measurements are represented by the dashed
lines. The largest difference in the film thickness measurements was ~ 20nm.
However, the progressive changes in the film thickness of the chirped layers can
be seen.
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Figure 9.10: Widths of polymer-polymer and polymer-silicon interfaces for 10
layer asymmetric PVP/PS chirped sample. The first interface is PS—PVP
and the second interface is PVP—PS. This alternates until the final 10th in-
terface which is PVP—Si. Each data-point is an average of five measurements
from different regions of interest. Errors were calculated using the standard
deviation. The measurements of the interface widths were relatively constant
at ~ 10nm. This data suggests that the etching beam did not significantly
roughen the surface of the sample.
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terface should have been measured as sharp (< 1nm), which TOF-SIMS was

unable to resolve.

9.4 Multi-layers of thicker films

Multi-layer samples were prepared with films of a larger thickness (all films
where approximately between ~ 200nm and ~ 380nm). Three different six
layer samples were prepared with differing thickness films. All of these samples
were prepared using the same techniques as the polymer DBRs (discussed in
section 4.3). The thickness of the layers in these TOF-SIMS sample were
comparable to the layers in the polymer DBR samples (PVP layers between
360nm and 530nm, PS layers between 210nm and 320nm). These samples

were used to test for variations in layer thickness in the DBR samples.

Figure 9.11 illustrates the depth profile for one of the samples. The Araggo™
beam was able to etch through the thicker PS layers without degradation in the
secondary ion count. This would not be possible with pre-existing sputter beam

types such as C¢0" [78]. Those beams could have been halted by cross-linking.

Figure 9.12 shows a comparison of film thickness measurements using TOF-
SIMS (data-points) and ellipsometry (dashed lines) for all 3 samples. The
TOF-SIMS measurements of the film thickness are relatively constant for all
samples. However, all of the TOF-SIMS measurements are larger (~ 25nm)
than the ellipsometry measurement of the PS layer thickness. This may be
due to the etch rate of PS changing, or not being properly calibrated (PS=
(14.7740.18) x 10~ *®¥nm /dose). However, the thickness of the layers remained
constant, which indicated that spatial separation between the layers was well
defined. The reduction in DBR reflectance was not due to the thickness of the

layers being disordered.

The polymer-polymer interface widths were measured for all 3 samples us-
ing TOF-SIMS. Figure 9.13 illustrates that the polymer interface widths are
still relatively large (~ 10mm), which also included the PVP—ssilicon interface.
Hence, TOF-SIMS was unable to measure sharp (< 1nm) interface widths. Al-
though, the TOF-SIMS measured interface widths were less than the polymer-
polymer interface widths which were estimated when modelling UV /visible re-

flectivity measurements (see section 5.3.1). The original estimates were wrong
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Figure 9.11: Depth profile measurement of a 6 layer PVP/PS over 100um x
100pum surface area. The thickness of the PVP layers are dpyp = 297.44+2.2nm
and dpg = 239.0 4+ 1.3nm respectively. This sample is more comparable to the
DBR samples which were measured in chapters 5 and 7. The ion count of PS
remains constant despite PS being known as a ‘challenging polymer’ because it
is susceptible to cross-linking when etched. The Aryg™ etching beam is more
capable of etching through PS than other etching beams like Cgg [78].
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Figure 9.14: The layer thickness difference between the ellipsometry and TOF-
SIMS results were calculated for all measurements. A Gaussian distribution
(grey curve) was fitted using the measured data (data points) shown in this
histogram. The most common difference between the two measurements were
between 5nm and 10nm.

and the reduction in reflectance was not due to large polymer-polymer interface
widths.

9.5 Analysis of errors in TOF-SIMS measure-

ments

The difference between the ellipsometry and TOF-SIMS layer thickness results
were calculated for all measurements. Figure 9.14 shows a histogram of the
difference between the two sets of measurements. The fitted Gaussian curve
showed that the most frequent differences between ellipsometry and TOF-SIMS
measurements were between 5nm and 10nm. This indicates that the original
calibration of the PVP and PS etch rates need improving. A more accurate
measurement, of the etch rates would improve results, such as using an aver-

age of several calibration samples/measurements. Although, the difference be-
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tween the ellipsometry and TOF-SIMS measurements were shown to be large
as 30nm. The broad range between these measurements demonstrates that

TOF-SIMS is not a good technique for accurately measuring film thickness.

9.6 Summary

The Arsggy” ion beam was able to etch through the PS layers without the
measurements degrading. This enabled the multi-layer structure of PVP/PS
samples to be measured. However, the etch rate of the ion beam may have
changed while the samples were measured. Only small changes were needed to
off-set film thickness measurements. TOF-SIMS measurements of layer thick-
ness were not always within error of the ellipsometry measurements. TOF-
SIMS is capable of measuring the structure of multi-layer samples. However,
more specialised /reliable techniques, like ellipsometry, should be used when

measuring the thickness of films.

The TOF-SIMS measurements of layer thickness did not varying signifi-
cantly with respect to one another. This demonstrated that the thickness of
the spin-cast layers did not change significantly throughout the structure. Re-
ductions in the measured sample reflectance were not due to disorder in the

polymer layers.

Measurements of the interface widths was attempted by using TOF-SIMS.
However, sharp interface widths, like the polymer-silicon interface, could not
be resolved. The interface width measurements were typically ~ 10nm, when
they should have been closer to 1nm. Roughening of the sample surface (by
contamination and/or inhomogeneity) had broadened the measured interface
widths further. However, these measurements were smaller than the polymer-
polymer interface width measurements which where extracted from UV /visible
reflection measurements, which were between 20nm and 30nm wide (see section
5.3.1).

The measured reduction in DBR peak reflectance (when compared to the
transfer matrix model) was not solely due to large polymer-polymer interface
widths, or disorder in the structure. Other properties, such as trapped resid-
ual solvent, are more likely to be changing the optical properties of the DBR

samples.
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Chapter 10

Improving the angular
dependence by corrugating DBR

films

10.1 Introduction

It was shown in section 5.5 that flat DBR surfaces are susceptible to iridescence.
This occurs when the reflection band blue-shifts due to changes in the angle
of incidence. Iridescence can be a problem for various devices such as optical
filters [1,2], sensors [3], displays [4, 5] and solar cells [8,9]. For example, the
efficiency of LED’s can be improved by encapsulating them within a photonic
cavity using a Bragg reflector [4]. However, the Bragg reflector is susceptible
to iridescence and the colour of the LED is only clearly seen when viewed at

normal incidence.

One way to avoid this effect is to add curvature to the DBR. Ideally, the
structure would be designed in such as way that incident light is always prop-
agating parallel to the surface normal of the DBR. Other research groups have
previously prepared curved DBR surfaces using various techniques. This in-
cludes rolling polymer bi-layers around a cylinder [21], spin-casting films onto
a corrugated/blazed surface [98], blowing an elastomer multi-layer into a bub-
ble [99] and swelling films to be moulded or patterned while being pressed
with a pre-patterned PDMS stamp [100]. However, these techniques do not
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Figure 10.1: A curved DBR will reflect incident light into a wide range of
directions. The wavelength of the reflections will blue-shift if the angle between
the incident and reflected light is increased. Rotating the sample will not
change the wavelength of the reflected light in the direction it is being measured.
The curved DBR offers surfaces which are orientated over a wide broad of angles
and this property is not lost when the sample is rotated.

have controlled film deposition over large surface areas. Applications, such
as LED displays, would benefit from being prepared over large surface areas.
Some of the previously mentioned techniques require the substrate to be pre-

patterned [98,100], which is a lengthy process.

10.2 Optical properties of curved DBRs

Figure 10.1 shows diagram of a curved DBR reflecting light. The spot size of
the incident light covers the entire curvature of the sample. A curved DBR
offers a broad range of angles of incidence on the sample surface. Likewise,
the sample also offers a broad range of reflection angles. This is illustrated in
the figure 10.1 by the DBR reflecting ‘red’, ‘green’ and ‘blue’ wavelength light.
‘Red’ is longest wavelength reflected by this example (this curved DBR would
reflect ‘red’ light if it were made flat and measured at normal incidence). The

longest wavelength is only measured when the angle of incidence and reflection
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Incident

Figure 10.2: The wavelength of the reflected light is longest when the incident
beam is normal to the curvature of the surface. However, the wavelength
of the reflected beam is blue-shifted when the incident beam is not normal
to the curvature of the surface. The angle between incident and reflected is
0; + 0, = AQ. This is used to calculate the wavelength of the reflection peak,
by using the modified optical transfer matrix method.

are both perpendicular to the curved surface of the sample. This is comparable
to when the DBR is flat and measured at normal incidence. The ‘green’ and
‘blue’ light are DBR reflections which have shorter wavelength reflection peaks
because their angle of incidence is not normal to the curved surface. Different

wavelengths of light are reflected at different angles of reflection.

Figure 10.2 is a diagram of a small section of a curved DBR film being illu-
minated at the angle of incidence ;. Light with wavelength X is preferentially
reflected at the angle of reflection 6, by the DBR. The angle between 6; and 6,
is calculated by,

AB = |6, + 6], (10.1)

Where Af = angle between incident and reflected light [degrees|, 8; = angle
of incidence [degrees] and 6, = angle of reflection [degrees|. Note that by
convention 6; and 6, are usually on opposite sides of the surface normal. The

magnitude of either #; or 6, is negative if they are both on the same side of the
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surface normal.

The wavelength of the reflected light is blue-shifted when increasing the
magnitude of Af. Reflections from an infinitely small section of the surface
are approximately specular. This infinitely small section of the surface can
be approximated as a flat DBR. The modified optical transfer matrix method
(discussed in chapter 3) was used to calculate the wavelength of light reflected
from a small section of a curved DBR.. Replacing the modelled angle of incidence
with Af/2 calculates the wavelength of the reflection peak A from a curved
DBR.

A curved DBR offers surfaces which enable a broad range of angles of inci-
dence and reflection (unlike a flat DBR which has a single angle of incidence).
This property is not lost when rotating a curved DBR. The wavelength depen-
dence of the reflection peaks are unaffected when rotating the sample because

of the curvature of its surface.

10.3 Corrugating thin films

Continuously curving the DBR’s surface would provide a broad distribution of
angled reflection surfaces. Making the sample flat over large surface areas (like
on a chip) would be more practical for devices such as LEDs and solar cells.
Corrugating the DBR films is a possible solution, as it adds curvature to a film

over a flat area.

Previous experiments have corrugated unstrained thin films by using spon-
taneous pattern formation techniques [100,101]. A rigid film is deposited /bonded
onto a pre-strained rubber substrate (illustrated by the diagram in figure 10.3).
The rubber substrate attempts to return back to its original shape (due to
entropic elasticity) when the pre-strain has been removed [18]. This adds a
in-plane compressive stress to the previously unstrained thin film. The film
attempts to resolve these stresses by bending. However, the substrate is much
thicker (~ mm thick) than the thin film (between pm and nm thick) and
it remains flat. This results in the film corrugating across the surface of the
substrate as a result of the compressive stress [100, 101]. The spatial separa-
tion between each corrugation wrinkle is periodic. Previous experiments, using

this technique, have measured corrugation wavelengths ¢. between pum and nm
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Figure 10.3: Diagram of a thin film being corrugated. Strain is applied to a
rubber substrate by stretching it. An un-strained thin film is deposited onto
the substrate. The substrate returns back to its original shape/size when the
applied strain is removed. This applies a compressive stress to the thin film
which causes it to corrugate.

length scales [101]. It was possible to corrugate a DBR (which is a multi-
layer thin film) using this technique over a large surface area (approximately

lem x 1em).

10.3.1 Preparing the elastomer substrate

An elastomer was used as the rubbery substrate in this experiment. Elastomers
consist of long molecular chains which are randomly cross-linked. These ma-
terials have a low Young’s modulus (they are ‘rubbery’), high strain failure
(it is difficult to deform them permanently) and capable of storing strain en-
ergy [18,49]. The elastomer will returned back to its original shape when the

strain is removed.

Figure 10.4 shows the preparation procedure for the elastomer substrate.
The elastomer was made from polyisoprene which was cross-linked by curing it
with dicumyl peroxide in toluene. These substrates were placed into a purpose
built ‘strain-rig’ (shown in figure 10.5). The in-built micrometer on the strain
rig was used to apply a controlled strain to the elastomer substrate. A pre-
strain of €,,. = 0.025£0.001 was used to prepared the corrugated sample which

is discussed later in this chapter.

10.3.2 Preparing the CA/PVK DBR

Thicker films are more difficult to corrugate when compressing them with a pre-
strained rubber substrate [100,101,102]. The PVP/PS DBRs were too thick

(total thickness of ~ 14um for a 50 layer sample) to corrugated when using this
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Step 1 :Prepare
elastomer mixture

Polyisoprene was mixed with a
dicumyl peroxide - toluene
solution.  This mixture was
degassed in a vacuum.

Step 2: Pour mixture

into mould

The mixture was encapsulated
within a PTFE mould and glass
slides.

Step 3: Cure mixture

The sample was cured at 170 +
1°C for 5 hours under a
nitrogen atmosphere to
prepared the elastomer
substrate.

Step 4: Place elastomer
into strain rig

The elastomer was removed
from the mould and

transferred into the strain rig.

Step 5: Heat sample to

release strain

The sample was heat at 110 +
1°C for 20 minutes under a
nitrogen atmosphere to
release unwanted strain.

Step 6: Apply pre-strain
The sample was cooled to ‘
room temperature and the
strain-rig was used to stretch

the elastomer substrate.

Figure 10.4: Flow diagram illustrating the sample preparation procedure of
a cross-linked polyisoprene elastomer. The elastomer was transferred onto a
strain-rig and stretched. This was used as the ‘pre-strain’ substrate for the
corrugated DBR.
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Corrugated
wsample

Figure 10.5: Photograph of the ‘strain rig’ which was used to apply strain to
an elastomer substrate. The elastomer was placed into the sample stage. This
is made from two sections which are interconnected by rails. A micrometer was
used to push the opposing section away. Therefore, the sample stage separates
outward. This stretched and strained the sample as it was ‘opened out’. Fur-
thermore, the scale on the micrometer was used to calculate and control the
applied strain. Turning the micrometer back into its original position enabled
the sample stage to recede back into its unstrained position. This photograph
also shows a DBR which had been corrugated using the strain-rig.

technique. Attempts to corrugate a 50 layer PVP/PS sample resulted in the
films de-laminating from the substrate. A different polymer multi-layer system
had to be used instead.

A DBR was prepared by spin-casting alternating layers of cellulose acetate
(CA) and poly(9-vinylcarbazole) (PVK) [20,103]. The refractive index contrast
between CA and PVK (Anca/pvx = 0.201 £ 0.001) was greater than the
refractive index contrast between PVP and PS (Anpyp/ps = 0.070 £ 0.001).
Fewer layers were needed to prepare a CA/PVK DBR with a reflectance which
was equal to a PVP/PS DBR. The layer thickness of the CA/PVK DBR layers
were approximately four times thinner than the comparable PVP/PS DBR
layers. Each layer in the CA/PVK DBRs had an optical path length of ~ \/4,
whereas the optical path length in each PVP/PS layer was ~ A.

Figure 10.6 shows a comparison between a PVP/PS DBR and a CA/PVK
DBR reflection spectra. The CA/PVK DBR has a much larger reflection peak
when compared to the PVP/PS DBR. This is due to the CA/PVK sample
having a larger refractive index contrast and the thickness of the layers (doa =
107 + 6nm and dpyx = 66 + 6nm) being much smaller than the coherence

length of reflected light. Decreasing the layer thickness with respect to the
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Figure 10.6: UV /visible reflection spectra of a 50 layer PVP/PS DBR and a
20 layer CA/PVK DBR. The CA/PVK DBR has a much larger reflection peak
due to the layers being thinner and having a larger refractive index contrast.
The increase in band-width is due to the thickness of each layer being much
smaller than the coherence length of the reflected light.
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Step 1: Place multi-
layer and substrate into
water bath

The substrate is lowered into
water while the multi-layer is
floated onto the surface

Step 2: Lower the film

onto the substrate -
The water is siphoned away to

lower the film onto the ¥ -
substrate. The entire sample is

Step 3: Bond the film to

then left to dry.

the substrate

The sample is annealed at 110
+ 1°C for 3 minutes and then

cooled to room temperature.

Step 4: Release the

strain

The strain is released from the
substrate which causes the
multi-layer to corrugate.

Step 5: Transfer sample
to glass slide

The sample is taken out of the
strain rig and secured to a
glass slide using double sided
tape.

Figure 10.8: Flow diagram illustrating the DBR being deposited onto the elas-
tomer substrate. The DBR film was bonded to the substrate by heating the
sample for a short duration. Corrugations were created when the strain was
removed from the elastomer substrate. The sample was transferred onto a glass
slide so it could be easily handled during experiments.
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coherence length also increases the bandwidth.

The benefits of using PVP/PS DBRs instead of the CA/PVK DBRs is that
the sample preparation procedure is simpler (discussed later) and the solvents
used are not as damaging to the environment. For example, chlorobenzene is
less environmentally friendly than toluene [104,105]. Another advantage may
be the narrower reflection band of the PVP/PS DBRs, which may be useful

for narrow-band filtering.

Figure 10.7 shows the sample preparation procedure for CA/PVK DBRs.
Diacetone alcohol was used to dissolve CA into a solution and chlorobenzene
was used to dissolve PVK. A 30 layer CA/PVK sample was prepared for the
experiments discussed later in this chapter. The thickness of the CA and PVK
layers used in the sample were dgyq = 123.0 + 2.0nm and dpy g = 73.4 £+ 2nm

respectively.

10.3.3 Corrugating the CA/PVK DBR

Figure 10.8 shows a flow diagram of the preparation procedure used to corrugate
the DBR film. A water bath was used to lower the CA/DBR film onto the pre-
strained elastomer substrate. This was then left to dry before heating the
sample for 3 minutes at 110°C' to bond the film to the substrate. The sample
was then released from the strain rig. Corrugations in the DBR film emerged

as the elastomer relaxed back to its original shape.

10.4 Physical properties of the corrugated DBR

Figure 10.9 shows a optical microscope image of the corrugated DBR. Each
bright fringe is either a maxima or a minima of the corrugated film. This

micrograph image shows that the corrugations are equally spaced and parallel.

A profileometer was used to measure surface topography of the corrugated
DBR. Measurements were along its path of corrugation (see figure 10.9). The
data-points in figure 10.10 represent the profileometer measurements. The
red sinusoidal curve is an approximation used to calculate the amplitude A¢q

and corrugation wavelength ¢o of the sample. These results showed that the
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Figure 10.9: A x5 magnification optical microscope image of a 30 layer
CA/PVK DBR which has been corrugated by a pre-strained polyisoprene elas-
tomer. The bright fringes are reflections which are from surfaces orientated
perpendicular to the incident light. Each bright fringe is from the alternate
top and bottom peaks of the corrugated surface. The path of corrugation is
label to clarify that it is in the direction of varying amplitude. This is also
perpendicular to the direction of constant amplitude.
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Figure 10.10: Profilometer measurement of a corrugated CA/PVK DBR (black
data-points). The red curve is a cosine approximation used to determine the
corrugation wavelength (¢c = 220 &+ 5um) and average amplitude (Ac = 10 £+
3um). The wavelength of the corrugation was relatively periodic. However,
the amplitude of the sample was shown to vary over the surface.
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corrugations are periodic and have a corrugation wavelength of wavelength
le = 220 & 5pm. This is much larger than the wavelength of visible light. The
optical properties discussed later in this chapter are not due to diffraction from

the corrugated surface [10].

The average amplitude of the corrugations was A = 10£3um. This was 22
times smaller than ¢-. The corrugations are very shallow, but are still visible

in the micrograph image (shown in figure 10.9).

10.5 UV /visible properties of corrugated DBRs

The UV /visible reflection properties of two CA/PVK DBR samples (deposited
onto elastomer substrates) were measured and compared with each another.
One of the samples was corrugated and the other sample was not. Both of the
samples were made from 30 layer CA/PVK. The thickness of the CA layers
where doa = 123.0 + 2.0nm and the PVK layers where dpyx = 73.4 + 2.0nm.

The reflection spectrum from these samples were measured using the re-
fractometer (discussed in section 4.5.2). The angle of incidence 6; is the angle
of the incident light. Likewise, the angle of reflection 6, is the angle of the
detector. Both measurements are with respect to the surface normal of the

substrate (not the curvature of the corrugations).

Various experiments were used to measure the optical properties of the

samples. This included;
e Specular reflection: The optical properties of the samples were measured
when the angle of incidence 6; and angle of reflection 6, were equal.

e Changing measured angle of reflection 0,: Off specular measurements of

the corrugated DBR were measured at different angle of reflection 6,.

e Changing angle of incidence 0;: The reflection properties of the corru-
gated DBR samples were measured when changing the angle of incidence

0;.

e Rotating the sample: The corrugated DBR samples were rotated, which

changed both the angle of incidence #; and reflection 6, with respect to the
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Figure 10.11: Reflectance of a 30 layer CA/PVK DBR which was deposited
onto a un-strained elastomer substrate. The sample was measured at 6; = 0, =
20 £ 1°. UV /visible reflectance spectra was measured (red data-points) using
the reflectometer. Reflectance spectra was also modelled using the modified
optical transfer matrix method (grey curve). The optical properties of the
CA/PVK DBR were not lost when depositing the CA/PVK DBR onto a un-
strained elastomer substrate.

normal of the substrate. However, the angle between 6; and 6, remained

constant.

The reflectance of the corrugated DBR was also discussed towards the end

of this chapter.

10.5.1 Specular reflection measurements

Figure 10.11 shows the UV /visible reflection spectrum from the flat DBR when
0; = 20 £ 1° (this is a specular reflection measurement so 0; = 6, = 20 £ 1°).
It was not possible to measure light at normal incidence (6; = 0) as the light

source and spectrometer cannot occupy the same space on the reflectometer
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Figure 10.12: Illustration of the experimental set-up for measuring flat [left
panel] and corrugated [right panel] DBRs. The experiment in this section
measured the specular reflection (6; = 6,) from the DBR samples . Results
were measured with respect to the angle of incidence 6;.

set-up. This CA/PVK DBR had a larger reflectance (~ 80%) and broader re-
flection band (~ 75nm) then the PVP/PS DBRs. The modified optical trans-
fer matrix method was able to model the wavelength position of the reflection
peak by using ellipsometry measurements (data not shown). This experiment
demonstrated that the CA/PVK could be transferred to an elastomer substrate

without significant degradation in reflectance.

The flat PVP/PS DBRs showed iridescence when their angular dependence
was measured in section 5.5. All of the reflections from the flat DBR were
specular and can only be measured when ; = 6,. Changing either 6; or 6, will

misalign the reflected beam and nothing will be measured by the spectrometer.

Figure 10.12 is a diagram of the experimental procedure/set-up. The left
panel is the collimated specular reflection of the flat DBR. The right panel is
reflected light which is scattered over a broad range of different wavelengths.
Both 6; and 6, are always with respect to the normal of the substrate. Reflection
spectra was measured from both samples for different angles of incidence 6;
(between 20° and 70°). The measured angle of reflection 6, was also changed

so 0; = 0, during this experiment.

The specular reflection measurements of the flat CA/PVK DBR (red data-
pints) and corrugated DBR (blue data-pints) are shown in figure 10.13. Both
results showed the wavelength of their reflection peaks blue-shift when 6; had
diverged away from the surface normal of the substrate. The angular depen-

dence of both samples (wavelength of the reflection peak) were comparable.
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Figure 10.13: Comparison of the specular reflection measurements (when
0; = 0,) of the reflection peak wavelength from a flat CA/PVK DBR (red
data-points) and corrugated DBR (blue data-points). The wavelength of the
reflection band from both samples had blue-shifted when the angle of incidence
diverged away from the normal to the substrate. These two results are com-
parable and were modelled using the modified optical transfer matrix method
(grey curve).
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This was modelled using the modified optical transfer matrix method (grey
line). The model predicted that the longest wavelength of the reflection peak
would have been A ~ 610nm. This would occur in both samples if they were

measured at normal incidence 6; = 0.

The flat CA/PVK DBR showed the same angular dependence as the PVP /PS
DBRs discussed in section 5.5. Angular dependence was also measured in the
corrugated DBR during specular reflection measurements. All of the measured
spectra in this experiment would have been from the maxima and minima sec-
tions of the corrugated DBR. The surfaces of these small maxima and minima
sections are parallel to the surface plane of the substrate. Hence, the wave-
length properties of these reflection peaks are approximately the same as a
flat DBR. The angular dependence of specular reflections was not improved by

corrugating the DBR.

10.5.2 Changing measured angle of reflection 6,

Figure 10.14 shows a diagram of a flat DBR being measured with a reflectome-
ter. The reflection from the sample is specular and can only be measured when
0; = 0,. Changing the measured angle of reflection 6,, misaligns the set-up and

no reflection spectrum is measured.

Figure 10.15 shows a diagram of a corrugated DBR being measured with
the refractometer. The reflected light was scattered (off specular reflection)
along the direction of corrugation. Reflection spectra was still measured when
changing the measured angle of reflection 6,. However, the wavelength of the

measured reflection peak changed.

The corrugated DBR sample was measured at different angles of reflection
0., with respect to the surface normal of the substrate. Incident light was kept
at a fixed angle of §; = 40° (also with respect to the surface normal of the
substrate) during this experiment. Figure 10.16 shows the measured reflection
spectrum from the corrugated DBR. The top, middle and bottom panels show
the measured reflection spectrum at 60°, 40° and 20° angles of reflection 6,
respectively. These results showed the wavelength of the reflection peak red-
shifting when moving the angle of reflection 6, closer to the angle to incidence

0;. This is also illustrated in figure 10.17, which is a plot of the wavelength
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Figure 10.14: [Left panel] An incident collimated light beam at 6; reflects off
the sample at an angle of reflection 6,.. [Right panel] The spectrometer is
moved to a new value of #,.. No reflection spectrum is measured as the set-up
is misaligned.

dependence of the corrugated DBR reflection peaks with respect to measured
angle of reflection 6,.. The measurements are represented by the purple data-
points. This data was also modelled using the modified optical transfer matrix
method (grey curve). The modelled wavelength of the reflection peak was

extracted by substituting the angle of incidence with the following correction,

A0 10, + 0,
2 2 7

Where 6041 = angle of incidence used in the model (which should not to be

Orodel = (10.2)

confused with the angle of incidence with respect to the surface normal of the

substrate ¢;) and Af = difference between angle of incidence 6; and reflection

0.

The corrugated DBR offers a broad range of angles of incidence with respect
to the curvature of the surface. This curved surface reflects light over a broad
range of angles and at different wavelengths. The measured beam of light,
during the experiment, is reflected from a small section of the corrugated DBR’s
surface. This small section orientated perpendicular to the angle between 6; and
0, (shown previously in figure 10.1). The wavelength of the measured reflection
peak was blue-shifted when the angle between 6; and 6, (Af) had increased.
Deviating 6, away from 6; increases Af, which results in the wavelength of the
measured reflection peak blue-shifting. The model predicted that the longest

wavelength would have occurred if the angle incidence were parallel to the
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Figure 10.15: [Left panel] A collimated light beam illuminating a corrugated
DBR at 6;. A small sample of the reflected light is being measured with the
spectrometer. [Right panel] The wavelength of the measured reflection peak
is red-shifted when the detector 6, is moved towards the angle of the incident

angle of reflection (A# = 0). This would have also been the same wavelength
of the reflection peak (A =~ 610nm) if the corrugated DBR were made flat and

measured at normal incidence.

No reflection spectrum was measured from the flat DBR when 6; # 0, (off-
specular). The corrugated DBR was able to reflect light over a broad range of
reflection angles. However, the wavelength of the reflection peak changed with
respect to 6,.. This is unique to the corrugated DBR, as the same optical prop-
erties were not possible with the flat DBR. Although, there was still angular

dependence in the wavelength of reflection peaks during in this experiment.

10.5.3 Changing angle of incidence 6;

Figure 10.18 is a diagram showing incident light reflecting off a flat DBR sam-
ple. The wavelength of the reflected light will red-shift when the light source
approaches normal incidence. However, the reflection is specular, so the beam

path is misaligned by moving the light source. No reflection spectrum is mea-
sured when 6; # 0,.

Figure 10.19 is a diagram of light being reflected by a corrugated DBR.
Reflection spectra was still measured when changing the angle of incidence 6;
as the corrugated DBR reflects light over a broad range of angles. However,

changing the angle of incidence also changes the the angle between 6; and 6,
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Figure 10.16: UV /visible spectrum measured from a corrugated DBR at dif-
ferent angles of reflection 6,, which were 60° [top panel], 40° [middle panel]
and 20° [bottom panel]. The angle of incidence was fixed at 40° with respect
to the surface normal of the substrate (see figure 10.15). Moving the angle of
reflection 6, closer to the angle of incidence 6; red shifts the measured reflection
peak.
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Figure 10.17: The wavelength of the reflection peak was measured with respect
to the angle of reflection 6,.. Reflection measurements from the corrugated DBR
are represented by the purple data-points. Error bars were determined by the
resolution of the spectrometer. Moving the angle of reflection 6, closer to the
angle of incidence 6; red-shifted the measured reflection peak (see figure 10.15).
This angular dependence was modelled using the modified optical transfer ma-
trix method (grey curve). The model predicted that the longest wavelength
(A =~ 610nm) would have been measured if there were not separation between
the angle of incidence and reflection (A6 = |6, + 6;| = 0).

222



Light
source

Light

source Spectrometer Spectrometer

¥

Flat DBR

Flat DBR

Sample stage Sample stage

Figure 10.18: [Left Panel] The angle of incidence equals the angle of reflection
for a flat DBR (0; = 6,.). [Right panel] The set-up is misaligned by changing
the angle of incidence #;, but not reflection 6,..
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Figure 10.19: [Left panel] A corrugated DBR reflecting incident light into a
broad range of angles and wavelengths. [Right panel] The measured reflection
peak is red-shifted when the incident beam 6; is moved toward the angle of the
detector 0,.
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Figure 10.20: The measured reflection spectrum from a corrugated DBR when
the angle of reflection was kept constant (6, = 40 4 1°), while different angles
of incidence 6; were tested. The top, middle and bottom captions are plots of
reflection spectrum which were measured at 60°?, 40° and 20° angles of incidence
respectively. Moving the angle of incidence 6; closer to the angle of reflection
6, red-shifted the wavelength of the reflection peak.
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Figure 10.21: The wavelength of the reflection peak from the corrugated DBR
was plotted with respect to the angle of incidence ;. Measurements are repre-
sented by the blue data-points. Error bars were determined by the resolution of
the spectrometer. The angular dependence was modelled by the modified opti-
cal transfer matrix method (represented by the grey curve). Moving the angle
of incidence 6; closer to the angle of reflection 6, red-shifted the wavelength of
the reflection peak. This was due to the corrugated DBR offering a wide range
of surfaces to reflect the incident light. The wavelength is its longest when the
two beams are parallel (6; + 6, = 0).
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(because 0, is constant in this experiment). Section 10.5.2 showed the wave-
length of the reflection peak blue-shift when the angle between and 6#; and 6,
was greater. The experiment in this section tested the optical properties of
the corrugated DBR sample when angle of incidence 6; varied and the angle
of reflection was kept fixed 6, = 40°. Both 6; and 6, are with respect to the

surface normal of the substrate (not the curvature of the corrugations).

Figure 10.20 shows the reflection spectrum of the corrugated DBR when the
angle of incidence was 60° (top caption), 40° (middle caption) and 20° (bottom
caption). Moving the angle of incidence 6; closer to the angle of reflection 6, red-
shifted the wavelength of the reflection peak. This is also shown in figure 10.21,
which is a plot of the wavelength of the reflection peak with respect to angle of
incidence 6;. Reflection measurements of the corrugated DBR are represented
by the blue data-points. The angle between 6; and 6, (A0 = |6; + 6,|) was
used to extract the wavelength of the reflection peak from the modified optical

transfer matrix model (represented by the grey curve in figure 10.21).

Unlike the flat DBR, the reflection spectrum from the corrugated DBR can
still be measured during off specular measurements (when 6; # 6,.). However,
the wavelength of the reflection peak changed with respect to ;. This experi-
ment confirmed that increasing angle between 6; and 6, (A6 = |0;+06,|) changes
the wavelength of the measured reflection peak. Hence, the wavelength of the

reflection peak from a corrugated DBR is angular dependent when changing
0;.

10.5.4 Rotating the corrugated sample

Figure 10.22 is a diagram of a flat DBR which is being measured as the sample is
being rotated. The angle of incidence 6; and the measured angle of reflection 6,
are with respect to the surface normal of the substrate. Sample rotation 6, was
measured with respect to the original position of the substrate surface plain.
This was when 0, = 6, with respect to the surface normal of the substrate.
Rotating the sample changes the angles of both 6; and 6,.. Rotating the sample
away from its original position (when 6; = 6,.) misaligns the beam path (6; #
0,). The reflected beam diverges away from the spectrometer and the reflection

spectrum is not measured.
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Figure 10.22: [Left panel] A flat DBR reflecting a beam of light. [Right panel]
The flat DBR is rotated, which changes the angle of incidence and reflection.
Changing the angle of incidence also changes the wavelength of the reflected
beam, which cannot be detected since the set-up is misaligned.
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Figure 10.23: [Left panel] A corrugated DBR reflecting light over a broad
range of angles and wavelengths. [Right panel] The distribution of the reflected
wavelengths remains unchanged. Therefore, changing the orientation of the
sample does change the wavelength of the reflection band measured at 6,.
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Figure 10.24: The measured spectra when the sample was rotated. The orienta-
tion of the sample 6, is with respect to its original position when 6, = 6, = 40°.
Rotating the sample changes the magnitude of §; and 6, with respect to the sur-
face normal of the substrate. However, the angle between 6#; and 6, remained
constant at A6 = 80°. Reflection spectrum was measured when the sample
was rotated —20° (top caption), 0° (middle caption) and 20° (bottom caption)
from its original position. The wavelength of the reflection band did not change
when the sample was rotated. Angular dependence of the corrugated DBR was
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removed during this experiment.
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Figure 10.25: Wavelength of the reflection peak with respect to the sample
rotation angle . The angle between the incident and the reflected light was
kept constant at Af = 80°. The sample was at its original position when 6; =
0, = 20°. Measurements are represented by the red data-points. Errors were
determined by the resolution of the UV /visible spectrometer. The grey line
represents the modelled data. Rotating the sample did not significantly change
the wavelength of reflection peak. This demonstrates that the wavelength of
the reflection peak from a corrugated DBR is not angular dependent when it
is rotated.
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Figure 10.23 is a diagram of a corrugated being measured as it is being
rotated. Unlike the flat DBR, reflection spectra from the corrugated DBR can
still be measured when the sample is rotated. This is due to the broad range of
reflections from the curvature of the corrugations. Previous experiments (see
sections 10.5.2 and 10.5.3) showed that the wavelength of the reflection peaks
had blue-shifted when 6, deviated away from #; and vice versa. However, the
angle between the incident and reflected light is constant when only the orien-
tation/angle of the sample is rotated (A# = |0, — 0;| = constant). Although,
the angles of both 6; and 6, are changed with respect to the surface normal of

the substrate when the sample is rotated (see figure 10.23).

Figure 10.24 shows three plots of the measured reflection spectrum from
the corrugated DBR when it was being rotated. The angle between the inci-
dent and reflected light were Af = |0, — ;| = 80° during these measurements.
The reflection spectrum was measured when the sample was rotated —20° (top
panel), 0° (middle panel) and 20°(bottom panel). The wavelength of the re-
flection peak stayed constant A = 557 £ 2nm during this experiment. Figure
10.25 showed the same result for more measurements (red data-points) of the
same experiment. The grey curve is the modelled wavelength with respect to
the orientation of the sample. All of the modelled data remained constant as

the angle between 6; and 6, was constant.

The beam path from a flat DBR is misaligned when it is rotated, where
as the curvature of the DBR reduces misalignment. A corrugated DBR has
a broad distribution of angled reflection surfaces due to its curvature. This
curvature is not lost when the sample is rotated. There are surfaces which
reflect incident light 6; at a reflection angle of 6,., even when the sample is
rotated. Furthermore, the wavelength of the reflection band from a corrugated
DBR remains constant when the sample is rotated. The angular dependence of

the reflection band wavelength was reduced when rotating a corrugated DBR.

10.6 Reflectance of the corrugated DBR

The reflectance of the corrugated DBRs were significantly less than the flat
DBRs. Both the flat and the corrugated DBRs were made from 30 alter-
nating layers of CA/PVK. Reflectance of the the reflection peaks from the flat
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Figure 10.26: Change in the reflectance of a corrugated DBR when it is rotated.
The angle between the incident was reflected light was kept constant during this
experiment (Af = 40°). The sample was in its ‘original position’ (f; = 0) when
the angle of incidence and reflection were both 6; = 6, = 20° with respect to the
surface normal of the substrate. Measurements are represented by the data-
points and the errors were determined by the resolution of the spectrometer.
The grey curve is a quadratic polynomial fit. Rotating the corrugated DBR
away from its original position €, # 0 reduced the reflectance of the measured
reflection peak.

231



DBR (when deposited onto an elastomer substrate) were approximately ~ 80%.
However, the reflectance of the reflection peaks form the corrugated DBR were
approximately ~ 5.5% for similar experiments. Furthermore, the reflectance of
the corrugated DBR’s reflection peak decreased when off specular reflections

were being measured.

Figure 10.26 is a plot of the measured reflectance from the corrugated DBR
with respect to the sample rotation angle 6,. The angular separation between
the angle of incidence and reflection was constant (A6 = 40°) during this
experiment. However, the angle of incidence and reflection were not equal
0; # 0, (with respect to the surface normal of the substrate) when the sample

was rotated (65 # 0). The measurements were off-specular and the reflectance
reduced when 6 # 0.

A corrugated DBR is approximately flat when the amplitude of the corruga-
tions approach zero (A. — 0) and the wavelength tends to infinity (¢, — o00).
All of the incident light remains collimated when it is reflected. Whereas a
corrugated DBR reflects light over a wider area. The intensity (power per unit
area) is reduced as the light is measured further away from the sample (so

energy is conserved [10].

The reflectance in figure 10.26 was its largest when the measured reflection
was specular. This was due to the DBR being relatively shallow (4. < /.),
which keeps specular reflection intensity high and scattered intensity low. In-
creasing the curvature in the sample (A. =~ ¢.) would most likely reduce/increase
the intensity of the specular/non-specular reflections respectively. However,
this was not tested and more experiments would be needed to make a thor-

ough conclusion.

10.7 Summary

The reflection from a flat DBR is specular and can only be measured when
0; = 6,.. A corrugated DBR reflects incident light over a wide distribution of
angles. However, angular dependence was still present in the corrugated DBR
when Af = |6, +6;| had changed. Although, these optical properties are unique

to the corrugated DBR as there are no off-specular reflections from a flat DBR.

232



The angular dependence when rotating a DBR was reduced by corrugating
the multi-layer film. Wavelength of the reflection peak remained constant when
the sample was being rotated. This was due to the curvature of the corrugated
surface, offering a broad range of angles of incidence and reflection. Rotating
the sample does not change this property of the corrugated DBR surface. Mea-
suring the reflection spectrum from a flat DBR is only possible when 6; = 6,.
Rotating a flat DBR would misalign the beam path (6; # 6,.) and no reflectance

would be measured.

The corrugated DBR could be useful in optical devices such as light emitting
displays [4] and solar cells [8]. Although, placing the corrugated DBR on top
of a flat device may not be very useful. This is discussed by using an LED as
an example. The angular dependence of the corrugated DBR would only be
removed when the angle between LED (light source) and the observer (detector)
is constant. This is not practical as someone may not want to be directly in
front of the display. However, corrugating a flexible organic LED with the DBR
may be a better solution. The LED would be encapsulated within a resonant
cavity over a wide range of angles. A more thorough investigation would be

needed to test if this technique would work.
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Chapter 11
Conclusion and future work

Distributed Bragg reflectors were made by routinely spin-coating alternating
polymer layers. Reflection bands were measured in both the UV /visible [84]
and the infra-red [91] wavelengths. The wavelength positions of the reflection
bands were easily changed by controlling the rotation speed of the spin-coater
during sample preparation. Reflectance of the reflection bands was controlled
by the number of layers deposited. Broadening of the reflection band was also
possible by periodically increasing the thickness of layers (chirping) during sam-
ple preparation. All of these variables were controlled when preparing samples
with a self-built automated spin-coater [84]. Furthermore, the polymers and

solvents used to prepare samples are commonly available and cheap.

The benefits of this system are that the optical properties of the samples
can be readily changed. Preparation of other polymer photonic structures,
such as using block-copolymers or colloids [19, 37, 38|, do not have the high
level of control for all of the variables discussed throughout this thesis. This
is due to the specific properties of the block-copolymers or colloids restricting
the variation possible when preparing samples. It is difficult to change the
bandwidth of the reflection peak, for example, since all of the units making the

photonic structure are of a fixed size.

There are already pre-existing all-polymer Bragg reflectors, such as the
CA/PVK DBRs [20,103]. However, the PVP/PS DBR samples in this thesis
are cheap and require less harmful solvents for sample preparation (toluene is
less harmful to the environment than chlorobenzene [104,105]). The PVP/PS

DBRs were also shown to have controllable reflection bands in the infra-red [91],
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which could be useful for applications such as telecommunications [10,22].

Neutron reflectivity and the remeasured UV /visible spectra from old sam-
ples, had shown that there was trapped solvent the PVP/PS DBR samples
from their preparation. This was also determined when modelling the opti-
cal properties of the DBR, using a modified optical transfer matrix method.
The modelled reflection spectrum was compared to the measurements and im-
proved by lowering the refractive index contrast between the polymer layers.
However, it was not possible to measure the quantity of solvent lingering in the
multi-layer. I would suggest focusing on improving sample preparation, rather
than researching techniques to improve the model. Spending time modelling
the optical properties of defective samples wouldn’t lead to results which would
progress this research further. The residual solvent was an unwanted problem
which should have been removed. Annealing the DBRs above the glass transi-
tion temperature of PVP (T, = 170°C') burned the samples. Other techniques
should be investigated further (like periodically annealing the sample).

Sample quality was improved by annealing the DBR periodically during its
preparation (approximately after every 20 layers were deposited). More layers
which contributed to the total reflectance could be added to the sample. The
exact reasons for why more layers could be added to the sample are not yet
thoroughly understood. Testing the limits of large multi-layered structures may
be useful for other applications such as polymer electronics, sensors, organic
LEDs and organic solar cells are currently being prepared using multi-layered
structures [5,27,106]. These devices could be integrated on top of one another
to save space [50]. Understanding the limits of stacked multi-layer polymer

structures may help make more complex all polymer integrated devices.

Other sample preparation techniques may be more useful for large scale
multi-layer production than spin-coating. For example, melt processing [44],
roll to roll processing [64] and screen printing [107] are alternative techniques
which can produce thin film structures over a large scale. Any mass production
of these DBR should be tested using these manufacturing techniques to reduce
costs further. However, sample quality should be maintained and tested by us-

ing techniques such as ellipsometry, AFM, TOF-SIMS and neutron reflectivity.

Corrugating the Bragg reflectors did improve their angular dependence.

However, this was only the case when rotating the sample. Angular dependence
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was still measured when changing the separation between the angle of incidence
and/or reflection. More experiments would be needed to see if corrugated DBRs

would be useful for applications such as displays and solar cells.

TOF-SIMS measurements showed that the thickness of the layers in the
PVP/PS multi-layer were reproducible and could be controlled. The resolu-
tion of the TOF-SIMS set-up did have errors as large as ~ 20nm. However,
the Aryge™ etching beam was shown to be far superior then other systems.
Especially since the beam was etching through a ‘challenging polymer’ which
is susceptible to cross-linking [78]. The PVP/PS DBRs could be used to test
the Arygee™ sputter beam further. For example, do you get a better resolution

when the ion beam is fired with less energy?

The multi-layer PVP/PS samples could also be used to calibrate other
sputtering analysis techniques, such as Plasma Assisted Desorption Ionisation
(PADI) [108]. This technique functions by etching the surface of a sample
with plasma (which is created in ambient atmosphere). lonised particles are

sputtered off the sample and measured using a mass spectrometer.

The multi-layer structure of polymer DBRs could also be used as gigahertz
acoustic devices. Changes in the density of the polymer layers would create
an interface. The multi-layer structure would reflect phonon, which is compa-
rable to when the Bragg reflector reflects photons. These acoustic multi-layer

structures could be used as gigahertz acoustic mirrors [109,110].

Further development of the DBR samples could be investigated by inte-
grating them into optical devices. This includes creating photonic cavities to
improve the efficiency of displays [4, 5], lasers [6,7] and solar cells [8,9]. It
also includes etching all-polymer optical devices into 2D photonic structures to
improve their efficiency [16]. However, the reflectance of the Bragg reflectors
would need to be greater than 99% [43]. This would be achieved by improving
sample preparation further, or replacing one of the polymers with an alterna-
tive. The replacement polymer should increase the refractive index contrast of
the polymer layers. Another alternative may be preparing samples with layers
of thickness \/4, which may require a different polymer system or preparation
technique. Switching to a different polymer system, like the CA/PVK DBRs,

may be a better solution when integrating polymer DBRs into devices.
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