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Abstract

Naturally occurring surface patterns often exhibit micro and nano-scale topography with various
functionalities, including displaying optical and photonic effects. One such natural topography
that contributes to structural colour is the presence of wrinkles. This thesis explores the con-
trolled wrinkling of bi-layered materials as a powerful patterning method to create bioinspired
topographies, and examines their optical properties. The primary method employed in this work
involves the use of plasma oxidation of polydimethylsiloxane, combined with mechanical strain,
to create wrinkles with varying topographies, ranging from nano to micronscales, by controlling
the plasma and strain conditions, as well as the superposition of various generations of wrin-
kles with prescribed relative angle of orientation. This work firstly investigates the formation
of one-dimensional uniaxial wrinkles acting as tunable sinusoidal phase gratings, and quantita-
tively models the diffractive behaviour of the wrinkled surfaces as a function of strain. Under
white light, these wrinkles exhibit iridescent, structural colour on the surfaces that depends on
the observation angles and incident light spectrum, and we explored the concept of optical and
colour directionality by creating gradient and isotropic wrinkles. In addition to surface diffrac-
tion in reflection, we found that the wrinkled materials could act as transmission gratings, lead-
ing to multi-faceted structural colour through diffraction combined by total internal reflection.
Finally, we investigated the potential and limitations of sequential two-dimensional wrinkling
and its structural colour properties. The results of this study provide promising directions for

using structural coloured wrinkles in applications such as sensors, displays, and packaging.
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Chapter 1

Introduction

1.1 Surface topography and optical properties

1.1.1 Role and importance of surface topography

The surfaces of materials often consist of undulations, slopes, and pores, which collectively
form the surface topography. Describing this topography can be challenging, as it requires
more than just a few parameters. However, the surface topography is a vital factor that sig-
nificantly affects the performance of various applications. These properties closely resemble
the functionalities that are naturally present in the environment, such as adherance [1], optical
properties [2], and wettability [3]. The surface topography found in nature is responsible for
many of its biological functions, inspiring the field of biomimetics or biologically inspired tech-
nology. Over 515 million years of evolution, biological species have developed highly intricate
and multifunctional natural surfaces that allow them to interact with the environment in various
ways [4]. With the advancements in technology, scientists can now better understand the natural
surfaces by using spectroscopy techniques. This allows for further research into the relationship
between the structure and performance of natural biomaterials, which serves as the basis for the

development of biomimetic structures and materials.

1
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Figure 1.1: Summary of the functionality that can be found in insects and the structures respon-
sible for them. Reproduced from [5] under the Creative Commons Attribution-Non Commercial

4.0 International Licence (CC BY-NC).

The structures of natural surfaces exhibit many functionalities. For example, some leaves have
tiny bumps that cause water to bead up and roll off the surface, helping to keep the leaf clean
and dry [6]. Gecko feet have millions of tiny hairs that allow them to climb smooth surfaces,
increasing the van der Waals forces between the foot and the surface [7]. Many animals, such
as chameleons [8] and octopuses [9], use surface topography to blend in with their surround-
ings, while the surface topography of the human tongue allows us to sense the texture of food
[10]. Finally, the surface topography of some butterfly wings and shark skin is characterised
by microscopic ridges and grooves that prevent dirt and bacteria from adhering to the surface,

helping to reduce the risk of infection and disease.
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In this thesis, we center on the investigation of the optical characteristics associated with surface
topography, specifically on the role of diffraction properties surface topography may exhibit in

producing structural colour.

1.1.2 Structural colour mechanisms in nature

The origins of colour can be attributed to a variety of physical mechanisms, which can be cat-
egorised into five groups, with four chemical and one physical [11]. The physical mechanisms
are classified as interference, scattering, or diffraction, based on how they interact with light.
While chemical pigments produce observable colours that are not affected by the angle of obser-
vation, iridescence can result from micro- or nano-structures, with the observed colour changing
depending on the angle of observation. The colours produced by structural colouration are often
more vivid and intense than those produced by pigments or dyes. This is because the physical
structure of the material can interact with light waves in a more complex and precise way than
a simple chemical pigment. In addition, structural colours can be more durable and resistant to

fading or discolouration over time.

In nature, the mechanisms responsible for structural colouration can be divided into two main
categories: "surface" mechanisms, which include diffraction gratings and scattering, and "bulk"
mechanisms, which consist of multilayer interference and photonic crystals. When electromag-
netic radiation, such as visible light or ultraviolet light, interacts with spatial variations in a
material’s dielectric properties that are similar in size to the incident light, it can result in the
production of structural colour. The interactions of surfaces with light causing structural colours
can be described as either interference, scattering or diffraction of the structures. Iridescence
can be produced from micro or nano-structures [12], where the observed colour is dependent on
the angle from which is viewed while chemical pigments on the hand, produces colour that is
independent of angle. As in feathers and butterfly wing scales, structures can be a single layer
acting as a thin film. While in outer shell of beetles and opals, they act as multilayers and a

complex photonic crystal respectively.
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Figure 1.2: Five fundamental physical optical processes: A) thin-film interference, B) multi-
layer interference, C) diffraction grating, D, E) scattering (coherent and non-coherent) F, G, H)
photonic crystals (1-D, 2-D, 3-D). Adapted from [2] with permission from Royal Society of

Chemistry.

In optics, a thin film refers to a layer of material with thickness ranging from sub-nanometer
to micron levels. When light strikes the surface of the film, it can either be reflected or trans-
mitted at the surface. If the light undergoes transmission through the film, it can be reflected
or transmitted once again at the bottom surface. These two processes result in reflected light
interfering with each other. The extent of constructive or destructive interference on the light
waves depend on the difference in phase between them, which can be influenced by the film
thickness, its refractive index, and the angle at which the original wave is incident on the film.
Thin film interference are commonly see in the case of soap bubble, an oil slick on water and

on the surface of a CD, producing iridescent colours [2].

Multilayer interference, on the other hand, occurs when light interacts with multiple layers of
materials. Each layer of the structure have a different refractive index and thickness, allowing
it to produce its own thin-film interference pattern. The resultant interference pattern generated

by the layers can cause certain colours to be enhanced or suppressed, and it can be modified by
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changing the thickness and refractive index of the layers in the multilayer structure. Multilayer
interference is the most commonly observed form of structural colour in nature, whereas thin-

film interference is less frequently observed [13].

Photonic crystals, or PCs have garnered significant attention within the field of materials sci-
ence. These materials exhibit a periodic variation in refractive index, resulting in a photonic
band gap (PBG) which prohibits certain wavelengths of light within the PBG from transmitting
through the material. Depending on the spatial period and refractive index variations, PCs can
be categorised into one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D)
structures [14]. The vibrant visual characteristics of photonic crystal materials can be explained
by the concepts of interference and reflection, and can be commonly seen in nature, such as in

the structure of opals [15], feathers [16] and beetles [17].

Although diffraction grating-type structural colouration is not commonly found in nature, it is
a powerful mechanism due to the periodic nature of the grating that enhances its effect. This
is likely due to the variation of colours it produces rather than a specific colour, which may
not adapt to the purposes of animals [13]. However, diffraction grating structures can be found
in a variety of natural structures, such as on the petals of flowers [18], butterfly scales [19],
mollusc shells [20], beetles [21, 22], and meat surfaces [23, 24]. These diffraction structures
often work together with one or more of the previous mechanisms described. These structures
use diffraction gratings to separate white light into its component parts and produce a rainbow

effect.

1.1.3 Optical effects of natural occurring structures

So far, we have detailed the different type of mechanisms that can occur to produce structural
colour in nature. Colour is at the heart of most optical effects found in natural structures. They
play a vital role in nature by attracting mates, warning predators, or camouflaging animals.
Although multilayer interference and photonic crystals are fascinating mechanisms occuring in

nature, in this thesis we focus on the phenomenon of diffraction grating structures in producing
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structural colours. Here, we detail a couple of examples of some well known optical effects

observed in nature involving diffraction.

Figure 1.3: (a) Queen of the Night tulip petals exhibit an iridescent and glossy colour due to the
diffraction and scattering of light [25]. (b) Morpho butterfly’s distinctive blue colouration is due
to a combination of mechanisms involving multilayer interference, diffraction and scattering
[26]. (c) Mollusc Haliotis Glabra mollusc has fine-scale diffraction grating structure, together
with interference they are responsibile for its iridescence [27] (d) Male Aglyptinus tumerus
beetles have the presence parallel grating structures giving iridescence effects, which are absent

in females [28, 29]

The intricate nanostructures on the surface of butterfly wings create an optical phenomenon
known as structural colour, which results in a wide range of iridescent hues and tones. The
Morpho butterfly which is famous for its brilliant blue colouration, has physical composition
and colouration that creates a unique interplay of optical phenomena, resulting in specific ef-
fects. These includes: 1) quasi-multilayer interference, which enhances reflectivity in the blue
region, 2) diffusive reflection caused by the narrow width and irregular height of the ridge, 3)

pigmentation that amplifies the contrast of blue colouration through the absorption of green to
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red light, and 4) transparent scales that act as an optical diffuser, covering the butterfly’s struc-
ture [13]. For over a century, scientists have attributed the colour and reflective properties of the
Morpho butterfly’s wings to merely interference of light caused by the layered structure of its
cuticle and air. However, it has since been established that the combined action of interference
and diffraction is crucial in explaining the structural colour exhibited by the butterfly, where the
diffraction grating model in the wings allow for the explanation their uniform blue reflection
in a broad angular range of their wings [30]. The diffraction effect on the Morpho butterfly’s
wings serves to increase the range of angles at which incident light is reflected - as if the wings

were to reflect light purely spectrally, the range of observable angles would be severely limited
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Figure 1.4: Principles of observed blue colour in the Morpho butterfly. Adapted from [13] with

permission from John Wiley and Sons.

Feathers are among the most striking examples of structural colouration found in the natural
world. Birds use their feathers not only for flight and insulation, but also for communication,
camouflage, and social signaling [32]. Structural colouration in feathers is produced by the
interaction of light with the microscopic structures within the feather, which can produce a
wide range of vivid and iridescent colours. The most common type of structural colouration

in feathers is produced by the scattering of light by microstructures such as barbs, barbules,
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and melanosomes [33]. The microscopic structure of the feather surface can create grooves
or ridges that act as a diffraction grating, splitting incoming light into its component colours
and producing iridescence. The arrangement and spacing of these structures can determine the

specific colours and patterns that are observed [34].

Molluscs, such as abalone and pearl oysters, are also capable of producing structural colouration
through their shells [35]. An example is the mollusc Haliotis Glabra, or more commonly known
as abalone, exhibits striking iridiscence hues on its polished shell. Upon closer inspection,
the shell’s surface reveals a fine-scale diffraction grating structure, while below the surface are
stacks of thin crystalline layers or platelets known as nacre [36]. These features indicate that the
shell’s iridescence is created by a combination of diffraction and interference. Specifically, the
high density of grooves on the shell’s surface leads to diffraction, resulting in intense colours.
Meanwhile, the uniform stacking of nacre layers beneath the surface produces interference

effects that also contribute to the iridescence of the shell [27].

In some natural occurring plants and insects such as petals of Queen of the Night tulip [25],
Hibiscus trionum [37, 38] and daisies [39], as well as in the hindwings of the Rhyothemis re-
splendens dragonfly [40], they have wrinkle-like structures contributing to their optical proper-
ties. In particular, the petals possess hierarchical structures which imparts structural colour and
also allows for broadened diffraction signals and specular reflection. In the case of flowers, a
petal cuticle is composed of the cuticular layer and the cuticle proper, and a layer of epicuticular
wax covers the surface of the cuticle, serving as a barrier against moisture and protecting the
underlying tissues. As a result of the different rates in the growth of the epidermal cells and the
epicuticular wax layer, they undergo different levels of strain. When the compressive strain in
the wax layer exceeds a certain threshold, the surface of the petal becomes wrinkled, creating
tiny creases. As a result, the wax layer of the petal remains smooth during the initial stages
of blooming, but becomes wrinkled as the petal continues to grow [39, 41, 42]. In the wing
membrane of the dragonfly, a multilayer structure is present and the wrinkling increases the
angle over which incident light is backscattered. This causes the wings to be more visible over

a broader angle range than the wings of other dragonflies with smooth multilayers, allowing the
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wings to be more noticeable [40].

1.1.4 Theory of Diffraction Grating

Diffraction gratings, which are essential components in optics, were first discovered through
the study of bird feathers. James Gregory studied feathers and discovered the principles of the
diffraction grating, leading to the development of modern diffraction gratings that are now used
in various applications, such as lasers and spectrometers. Diffraction gratings can be reflective
or transmissive and are composed of a set of slits with a spacing of d. The interaction of light
with the slits in the grating is the basis of diffraction gratings. The diffracted waves can interfere

with each other to form constructive or destructive interference patterns.

Bragg’s Law states that for constructive interference to occur between waves diffracted by ad-
jacent crystal planes, the path difference between the waves must be an integer multiple of the

wavelength. Mathematically, this can be expressed as:

2dsin@ = ni (1.1)

where d is the spacing between crystal planes, 0 is the angle of incidence of the incoming beam
with respect to the crystal planes, 7 is an integer representing the order of the diffraction, and A

is the wavelength of the incident light.

For a diffraction grating, the crystal planes are replaced by a series of equally spaced slits, so
the spacing d between the slits is used instead. Using Huygens’ principle, which states that
every point on a wavefront can be considered as a source of secondary spherical waves. We
consider that each slit acts as a source of secondary wavelets, which interfere constructively
and destructively to produce a diffraction pattern on a screen. Assuming that the screen is far
enough away from the grating that the rays can be treated as parallel, we can use the geometry
of the diffraction pattern to relate the angle of diffraction 6 to the spacing between the slits and

the wavelength of light. The path difference between the waves from adjacent lines is given
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by dsin 0, where d is the spacing between the lines and 0 is the angle of diffraction. If the
path difference is equal to an integer multiple of the wavelength A, the waves will interfere

constructively and a bright spot will be observed in the diffraction pattern.

For constructive interference, the path difference must be an integer multiple of the wavelength,

SO we can write:

dsin = ni (1.2)

where n is an integer representing the order of the diffraction. This is the diffraction equation,

which relates the angle of diffraction to the wavelength and the spacing between the slits.

Grating normal

Figure 1.5: Schematic of a diffraction grating, accounting for incident beam # normal. Two
parallel rays of beam, labelled Ray 1 and Ray 2, are incident on the grating at an angle of 6;
and the diffracted beams are at an angle of 6,, measured from the normal. Upon diffraction,
the geometrical path difference between light from adjacent grooves is seen to be dsin; + dsin,.
Conventionally, the angle is denoted as negative when the diffracted beam is on the opposite
side of the normal compared to the incident beam.

When light is incident at an angle 6; to the grating normal, we can then express the path differ-
ence between adjacent grooves in terms of both 6; and 6,. The total difference in path length is
dsin0; + dsin6,, as shown in Figure 1.5. To obtain the condition for constructive interference,

we set this path difference equal to an integer multiple n of the wavelength A:
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d(sin 6; +sin 6,) = nA (1.3)

This formula gives the condition for constructive interference of the diffracted beams for a
diffraction grating, taking into account both the angle of incidence and the angle of diffraction.
Conventionally, the angles of incidence and diffraction are gauged in relation to the grating
normal to the beam. In the case of reflection or transmission gratings, if the two angles are
measured from opposite sides of the grating normal, their algebraic signs will differ where one

angle would be denoted with a 4+ and the other a —.

1.2 Influence of natural surfaces in photonic application

The influence of natural surfaces in photonic applications is vast and diverse, having a signif-
icant influence on photonic applications, both as a source of inspiration for new materials and
structures, and as a subtrate or interface for photonic devices. Optics and photonics are essen-
tial fields in modern technology with vast applications such as communication, data storage,
medicine, cosmetics, manufacturing, and security. The optical properties of periodic or rough
interfacial microstructures are crucial components in optical engineering as they influence the
modulation of the optical state through refraction and reflection [43]. Scientists have been
inspired by optical features found in nature, leading to investigations, applications, and adapta-
tions of similar structures in various fields, including sensors, anti-counterfeiting devices, and
organic photovoltaics. These applications can be achieved by either precisely replicating the
structures found in nature or by extracting new principles from the structures and implement-
ing them to produce similar effects [44]. Famously, the structural colouration of the morpho
butterfly’s wings has inspired the development of new materials with similar structures and
properties, with a wide range of potential applications including displays, sensing and optical

communications [45, 46, 47, 48, 49, 50].
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1.2.1 Wrinkle structures

We have previously mentioned how the occurrence of wrinkle structures found in nature can
contribute to optical effects observed. Wrinkle structures are advantageous due to their tunabil-
ity and flexibility - they are able to be stretched, compressed and deformed [51], dynamically
tuned through various methods such as stretching [52], light [53] and moisture response [54].
This makes them attractive to be implemented into electronics such as photovoltaics, sensors

and displays.

A study from Kim et al. have investigated the role of wrinkles and deep folds structures in the
context of photovoltaics [55]. In this research, they find that polymer solar cells benefit from
folds as they cause light to be trapped and guided within the photo-active layer, leading to a sig-
nificant increase in light harvesting efficiency. The folds are particularly useful because they can
extend light absorption beyond the range that is normally useful for energy conversion by the
organic semiconductor constituents of the layer. This simple, non-chemical method enhances
and extends the absorption range of these devices, including those that use low-bandgap materi-
als. In addition, these structures are easy to implement and have been shown to be mechanically
robust. Consequently, they hold great potential for creating low-cost opto-electronics on a large

scale.

The use of wrinkles in smart windows have been reported in several studies. The development
of smart windows is a response to the need to reduce energy consumption in buildings. These
windows can save on air conditioning costs by becoming opaque on hot days to block or reflect
sunlight, and they can improve light harvesting and capture free heat from the sun by returning
to a transparent state when lighting conditions are low [56, 57]. Smart windows are frequently
created using polymer-dispersed liquid crystals (PDLC) and electrochromic windows, but they
are often expensive, require complicated manufacturing processes and have limited tuning ca-
pabilities in the case of PDLC or are prone to deterioration [58]. Therefore, low-cost tunable
window devices have been developed using elastomeric tunable optical diffusers consisting of
deformable transparent elastomer substrates. The optical properties of window or coating ma-

terials are altered by an external stimulus-triggered switch in chemistry and/or morphology to
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generate a change in optical properties [59]. These smart windows use reversible wrinkle pat-
terns to modulate the optical transmittance. The surface roughness of these substrates can be
altered with mechanical compression, resulting in a change in their transparency. They are
transparent when flat, but they scatter light by refraction or diffraction when the surfaces are
roughened. Studies have shown the design of smart windows using different materials such
as TiO, nanometric films [60], Fe304 nanochains array in an elastic polyacrylamide matrix
[61], carbon nanotube-containing PDMS [53] as well as various skin layer materials on PDMS
[52, 62]. Smart windows incorporating these materials exhibit impressive control over opti-
cal diffusion, and their switchable characteristics can be completely restored after undergoing
1000 cycles of stretching and releasing [52, 59, 60]. One of the simplest fabrication methods to
produce such materials have been reported by Li ef al. [52], where they developed a straightfor-
ward, inexpensive, and highly efficient one-step manufacturing process for producing durable
elastomeric films with an extremely broad range of optical transmittance tuning. They fabricate
these through ultraviolet/ozone (UVO) etching of the surface of a freestanding PDMS film to
create a thin layer of SiO, on the PDMS film. When the PDMS film is mechanically stretched
and released, it produces wrinkling-cracking patterns on the surface, resulting in a significant
change in optical transmittance from transparent to opaque states. A similar study was also done
by Wu et al. [63], however instead of mechanical stretching they controlled the reversibility and

stability of the surface through solvents, creating solvent-responsive wrinkling.

Engineered wrinkle formation have been investigated in the use of ultrasensitive flexible sen-
sors, such as in the development of strain [64, 65, 66], pressure [67, 68], temperature [69] and
chemical sensors [70]. In many cases, the sensors use optical signalling in their applications,
such as a change in colour or light transmittance. Lee et al. [69] developed an user-interactive
electronic skin that is stretchable, thermochromic and thermotherapeutic by using nanocompos-
ites of silver nanowires (AgNWs) and thermochromic dyes in stretchable PDMS elastomers.
They demonstrated that the AgNWs could be spontaneously patterned on PDMS surfaces with
surface wrinkles which allows for control and adjustment of the electrical performance of the
stretchable devices. Furthermore, they found that a thermochromic film on a stretchable strain

sensor could undergo variation of colour under different external strains. Some strain sensors
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Cracks

Uniaxial Stretching

 ——

Figure 1.6: (a) Fabrication process of surface wrinkling-cracking patterns through straining
of UVO treated PDMS b) Optical images of a PDMS film that demonstrate reversible light
transmittance from a state of high transparency (left, not stretched) to a state of opacity (right,
stretched). Reproduced from [52] with permission from John Wiley and Sons.

fabricated on the foundations of wrinkle structures can produce optical signals due to diffrac-
tion. In a study by Ma er al. [71], they fabricate wearable optical sensor based on surface wrin-
kles made with spin coated anthracene-containing copolymer (PAN-BA) on PDMS. During the
initial formation of the film, random wrinkles were formed due to a mismatch in elastic moduli
and thermal expansion coefficients between the film and substrate. These wrinkles were gener-
ated through thermal treatment and subsequent cooling to room temperature. The initial state
of the wrinkles resulted in diffraction observed as concentric rings. When strain was applied
to the random wrinkles, they became ordered, resulting in a transformation of the diffraction
pattern from concentric rings to a line. The visual response to this transformation could be
seen through the interference colour of the film. The initial state of the wrinkles caused strong
light scattering, while the specular reflection only allowed for viewing from a specific single
direction. This led to a clear observation of colour switching, which was sensitive to strain.
The diffraction of wrinkles has also been applied in other studies, such as the development
of mechanochromic responsive substrates. These wrinkles structures are capable of exhibiting

structural colour sensitive to strain [72, 73].
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Figure 1.7: Schematic illustration of optical signal change in a wearable optical sensor: initial
random wrinkles show concentric ring diffraction pattern, while upon strain wrinkles become
ordered and show diffraction pattern in a line. Adapted from [71] with permission from Royal
Society of Chemistry.

1.2.2 Sinusoidal Phase Grating

Through the examples in nature and bioinspired device, we observe that when a surface is
wrinkled, the wrinkles can act as a diffraction grating that scatters light and is able to produce a
pattern of bright and dark fringes. The wrinkles act as a type of sinusoidal phase grating because
they produce a sinusoidal variation in the surface height or refractive index, that consists of a
periodic pattern of alternating regions of different optical path lengths. The grating is typically
composed of a transparent substrate with a thin film of material that produces a phase shift in the
transmitted light. The grating period d and the modulation depth of the phase shift determine the
angular and spatial distribution of the diffracted light. The intensity of the diffracted light varies
with the diffraction angle and can be calculated using the Fraunhofer diffraction formula, which
relates the intensity distribution of the diffracted light to the Fourier transform of the grating
structure. Sinusoidal phase gratings are commonly used in a variety of optical applications,
including spectroscopy, interferometry, and optical communications. They can be designed to
operate at specific wavelengths and angles of incidence, and can be optimised for high efficiency

and low scattering.

Here, we proceed to derive the diffraction intensity of a sinusoidal phase grating. The theory of
the sinusoidal phase grating has been described by Goodman [74]. For a grating, bounded by
an aperture of half-width w, illuminated by a unit-amplitude normally incident plane wave has

its amplitude transmittance function defined as:
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ta(&E,m) =exp j%sin (27tf0§)] rect (2%) rect (%) (1.4)

The average phase delay through the grating has been ignored through this derivation. The

parameter m represents the peak-to-peak excursion of the sinusoidal phase variation.

By making use of the Bessel function identity:
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where J, is a Bessel function of the first kind, with order p.
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Figure 1.8: Visual representation of the Bessel function of the first kind as a function of m/2.

Adapted from [74].

The Fourier transform of the field strength can thus be expressed as:
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Therefore, the field strength of the Fraunhofer diffraction pattern can be written:

U(x,y) = lﬁz exp™exp’ i (P h?) Z Jp (m> sinc {i—w(x—pfolz)} sinc (ZA_WZy> (1.8)

With the assumption that there are many grating periods within the bounding aperture, the

various diffracted terms have negligible overlap within them. The intensity pattern becomes:

A

I(xy) ~ (Tz) Y J, > (%) sine? [i—t(x—pfoaz)] sinc? (%y) (1.9)

p= —o

Following this derivation, we can use the following relations to relate the size of the aperture
or diffractive element (W) to the size of the diffraction pattern (w) at a given distance from the
element (z) and the wavelength of the light (A). The 7 in the equation %~ /’L = % comes from the

definition of the period of a sinusoidal function:

2w W 2pw
v Y it
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which result in:
2w 1% 2
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Substituting this relation into the expression for I(x,y) and rearranging, we get:
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The sinc function is said to be orthogonal if the integral of the product of two sinc functions over
a given interval is zero, except when the two functions are equal. Using the orthogonality of
the sinc function, we can simplify this expression. In addition, we change notation of position
x into q (wavenumber), and now transform the intensity argument as a function of q to give the

final equation that we will reference subsequently as [75]:
N y/m\ ., |W 2pm
g~ Y 7 <5)smc [; (q—T)] (1.12)

1.3 The Project

The study of natural occurring wrinkled surface patterns and their role in optics, specifically
through diffraction is the inspiration of this research. This research work seeks to understand
how the mechanical instabilities of soft matter enables a fabrication framework to obtain uniax-
ial and complex patterns to explore their optical effects, including the fabrication of structural
colour. This work is structured as follows: in Chapter 2, the controlled wrinkling pattern for-
mation is described starting from the fundamentals of wrinkling instabilities and formation of
uniaxial and non-uniaxial patterns. In Chapter 3, the experimental techniques employed in this
research work are detailed. Chapter 4 describes the development and modelling of plasma-
oxidised wrinkles for tunable gratings. These wrinkles, acting as sinusoidal phase grating can
modulate their diffraction intensities through the application of strain. In Chapter 5, we ex-
plore the application in the diffraction of these wrinkles in terms of their structural colours and
mechanochromic responses, exploring wrinkles ranging from the nano to micro meter range. In
Chapter 6, the combination of diffraction in reflection as well as transmission mode was investi-
gated to result in the observation of multi-faceted structural colour due to the occurence of total

internal reflection (TIR) within the medium. In Chapter 7, we extend the study of structural
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colour of wrinkling patterns beyond the one dimension, fabricating 2D patterns through both

simultaneous and sequential methods. Finally in Chapter 8, a brief summary of the finding of

this work and future perspectives are presented.



Chapter 2

Mechanisms and methods of wrinkling

2.1 Introduction

Numerous methods attempting to replicate the exceptional properties of natural surfaces have
either proven unsuccessful or requires the use of complex and expensive techniques. Polymer
surface development has mostly been associated with technological advancements, but alterna-
tive methods have recently emerged. These approaches utilize surface instabilities rather than
refined fabrication techniques to generate surface patterns. Surface instabilities can arise in-
trinsically in thin films or induced through external factors such as heating, electric fields, or
exposure to solutions with varying pH levels. Depending on the stimuli and external conditions,
various surface patterns can manifest. Surface wrinkles are one of the most extensively studied
patterns produced through surface instabilities. Surface wrinkles can be obtained through dif-
ferent materials (hydrogels, elastomers, or thermoplastics), external stimuli (heating, swelling,

mechanical stretching, etc.), and film structures (bilayer, gradient, and homogeneous films).

In this chapter, we seek to explore the mechanisms and methods of wrinkling formation, which
occurs through mechanical instabilities in soft matter. As we have seen from Chapter 1, wrin-
kling occurs in nature to contribute to the appearance of optical effects. However, this is a

common phenomenon that can be observed in a much wider scope, occurring with length scales

20
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Figure 2.1: (a) Wrinkles found in skin can be caused due to compression of the layers, resulting
in buckling of the surface and thus the formation of wrinkles. Schematic adapted from [76]. (b)
Geological formations such as mountains can be formed through compression when continental
plates collide, resulting in folded mountains. (c) Process of buckling and creasing in the brain’s
evolution has a function of expanding the surface area of the cortex, resulting in a greater quan-
tity of neural connections.

spanning many orders of magnitude, from microscopic to macroscopic scales. It is a result of
the interplay between mechanical forces and material properties, and can be observed in a wide

range of systems, including biological tissues and geological formations.

One of the most well-known examples of wrinkling in nature is seen in skins of human. Our
skin is made up of three layers: the epidermis, dermis, and hypodermis. The outer layer, the
epidermis which consists of the stratum corneum and visible epidermis, is stiff and is followed
by a thick dermis layer and then the underlying hypodermis [77]. As the body ages, various
biological changes occur in the different layers of the skin, such as changes in moisture and col-
lagen fiber density levels. These changes alter the morphology and mechanical strength of the

skin, leading to the formation of wrinkles. When compressive stresses of sufficient magnitude
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are applied to the epidermis layer, it can lead to skin wrinkling [76].

On a larger scale, wrinkling can also be observed in the geological formations on the surface
of Earth and other planets [78, 79, 80]. For example, the formation of mountain ranges is often
accompanied by wrinkling of the Earth’s crust. This is caused by the tectonic forces acting
on the Earth’s surface, which create stresses that deform the crust and cause it to wrinkle and
fold [81]. At the microscopic scale, wrinkling can be observed in biological tissues such as the
human brain [82]. The brain is composed of a highly folded structure that allows for efficient
processing and communication of neural signals. The wrinkling of the brain is caused by a
combination of mechanical forces and the growth and development of the brain tissue [83].
In all of these examples, wrinkling is a result of the interplay between mechanical forces and
material properties. The specific form of the wrinkles depends on the type of material, the

nature of the forces acting on it, and the length scale of the system.

2.1.1 Bilayer model

Sinusoidal surface undulations can occur spontaneously due to a mechanical instability that
is common in sandwiched structures or bilayers that are formed through techniques such as
film sputtering, deposition, lamination, or chemical modification of an elastomeric substrate.
This phenomenon has been well-documented in the literature, with several studies reporting
on it [84, 85, 86, 87]. The instability arises when a thin sheet of material, which is stiffer
than the substrate, is bonded to an elastomeric substrate, causing a mismatch in mechanical
properties within the bilayer. When a compressive strain is applied to the bilayer, a buckling
instability is induced, leading to sinusoidal surface undulations. The undulations result from

the minimization of energy of bulk deformation and skin bending.

At low deformations where the strain is < 10%, the wavelength and amplitude of the sinusoidal

surface profile are well described by [89]:

3
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Figure 2.2: Illustration depicting the general formation of wrinkles in a bilayer comprising of
a thin stiff film on an elastic substrate. Upon compression exceeding critical strain, buckling
that occurs can lead to a sinusoidal pattern with characteristic wavelength A and amplitude A.
Reproduced from [88] with permission from John Wiley and Sons.
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where /4 is the film thickness, E and E, are the in-plane strain moduli of the film and substrate
respectively, given by E = E/(1 —v?), where E is the Young’s modulus and v is the Poisson

ratio (=~ 0.5 for PDMS). A critical strain must be exceeded to trigger the buckling instability:
1 (36,3
g=- =2 (2.3)
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In this limit, the amplitude alone depends on strain, thus allowing for A and A to be decoupled

in surface patterning. Generally, at ‘high-deformation’ (HD)[90], the wrinkling wavelength too

becomes strain dependent and
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where & = 5¢(1+ €)/32, accounting for the non-linearity of the stress-strain relationship of the
substrate in the finite deformation regime (i.e., non-Hookean response), with A and A given by
Eqn. 2.1,2.2. Under high deformation conditions, uniaxial strain leads to a transition from the
low deformation sinusoidal patterns into further modes, such as the formation of folds, period-

doubling and ridges or to failure modes such as delamination [91].

Figure 2.3: Three-dimensional phase diagram computed to illustrated different surface instabil-
ity patterns caused by mismatch strains and the associate schematic representation of the bilayer
surface instabilities. The instability pattern is determined by three non-dimensional parameters:
mismatch strain &y, modulus ratio u¢/u, and normalised adhesion energy I'/usHy. Adapted
from [91] under the Creative Commons Attribution-Non Commercial 4.0 International Licence
(CC BY-NO).

Fig 2.3 represents a phase diagram that tracks the development of mechanical instabilities in
bilayered sandwiches. The diagram illustrates the ratio of shear modulus between the film and
substrate (Uy/lLs) in relation to applied strain, indicating the degree of mismatch in mechanical
properties. When the shear moduli are similar, no instabilities or patterns arise. However, a
significant mismatch in the bilayer’s mechanical properties triggers sinusoidal wrinkling within
a specific strain range (0% < € < 20%). Higher deformations can induce a range of instabilities
and failures, including the upward delamination of the top film. As the strain increases, a
frequency doubling effect occurs, leading to structures with higher aspect ratios and deviation

from the sinusoidal regime, such as outward ridges and inward folds.
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2.1.2 Approaches to bilayer formation

There are various methodologies to induce wrinkles on a surface, but one commonly used tech-
nique involves inducing a strain mismatch between a bilayer of a thin film and a soft substrate,
which causes instability and wrinkling of the film. To create the bilayer, one of the simplest
methods is thin film deposition, which is usually done through floating or vapour film depo-
sition. In this process, the substrate and thin film are selected independently to achieve the

required modulus mismatch, resulting in a perfect bilayer system.

To float thin polymer films, a dilute solution of the material is spin-coated onto a silicon wafer
or glass slide. As the solvent evaporates, a film is formed which can then be transferred to
the substrate to create the bilayer. The thickness of the film can be controlled by adjusting
the solution concentration and spin rate. One way to transfer the film to the substrate is by
peeling it off using water-based methods [92]. The force required to transfer a thin elastic film is
dependent on the interfacial surface energy, peeling angle, and the thickness and elasticity of the
film. To ensure minimal residual stress in the transferred film, it’s crucial to use a hydrophobic
material coated on a hydrophilic slide, transfer slowly to avoid energy dissipation, and then
transfer the film to a prestrained substrate, such as PDMS, which can be compressed to create

the wrinkles.

An attractive route to PDMS patterning is via surface oxidation using an oxygen (or air) plasma
source, generating a gradient glassy skin that can induce sinusoidal features [93, 94, 95, 96, 97].
Plasma oxidation involves the use of a low-pressure gas discharge plasma to expose a material
to highly reactive species, which can cause surface modifications. In the case of PDMS, oxygen
plasma is commonly used due to its ability to introduce hydrophilic functional groups onto the
surface. The plasma can be generated in various ways, including radiofrequency (RF) discharge
or corona discharge, with the latter being preferred for its lower cost and simpler setup. Dur-
ing plasma oxidation, the highly reactive oxygen species react with the surface of the PDMS,
breaking its Si-C bonds and generating reactive sites. These sites can then react with the oxygen
species to form polar functional groups, such as hydroxyl (-OH) and carbonyl (C=0) groups.

The density and type of functional groups introduced depend on the duration and intensity of the
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plasma treatment, as well as the initial properties of the PDMS. This methodology is suited for
fabrication of patterns ranging from nanometre scales to several hundreds microns by several
by tuning the oxidation and strain conditions. PDMS can either undergo UV ozonolysis (UVO)
or plasma oxidation resulting in a thin glassy layer to form upon conversion from the bulk ma-
terial, providing a mismatch in elastic modulus compared to the softer substrate underneath.
Although both UVO and plasma oxidation are fundamentally similar, the surface wavelength
in which is accessible differs — plasma oxidation is able to achieve periodicity of 100s nm to
10 um while UVO, typically 1-100 um. The wrinkling instability can be mechanically induced
through a predetermined extensional or compressive strain, with ~ ttm resolution, allowing for
a precise pattern control, as compared to drying and thermal alternatives to skin deposition and

strain.

A model, comparable to one of frontal photopolymerisation can be used describe the skin
growth of the glassy layer on top of PDMS [95, 96]. This model describes the rate of change
of conversion fraction of the film with respect to depth from the surface and plasma oxidation
exposure time. The skin formation via oxidation proceeds where an increase in skin thickness
is accompanied by surface densification by cleaving of Si — CH3 groups. The rate of change
is expected to depend on the fraction of sites available for conversion, the local intensity of
ionised or radical oxygen species at any point in the material and a coefficient that represents
the overall reaction rate constant from unconverted to converted species. The rate of conver-
sion fraction of the glassy skin thin film follows a sigmoidal profile with respect to depth from
the surface, leading to a gradient bilayer system in a three-step process:‘‘induction”, where no
evidence of wrinkling is found, “formation", where the build-up of the glassy layer develops
and “film propagation", during which the fully-propagated glassy layer propagates normal to

the surface, increasing the skin thickness.

The conversion profiles for skin formation can be seen in Figure 2.4 where it shows the con-
version ¢ with thickness of the PDMS. The surface conversion quickly rises as dose increases,
where a thin film of completely converted PDMS is first formed. After the initial layers of

conversion, sigmoidal profiles depicting the conversion of the bulk of PDMS with time can be
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Figure 2.4: Frontal photopolymerisation profile of surface conversation of plasma-oxidised
PDMS with dose, showing a gradient bilayer. Reproduced from [95] with permission from
Royal Society of Chemistry.

seen. This results in a gradient bilayer with varying levels of conversion of PDMS to the glassy

silicon layer with respect to thickness.

2.2 Methods to induce wrinkles

The formation of wrinkles of various sizes (ranging from nano- to micrometers) and orientations
(random, parallel, or following pre-patterned substrate morphologies), are caused by factors
such as swelling, temperature changes, and mechanical stretching which ultimately are ways
to apply strain to a bilayer. One of the most common ways to apply strain is by utilizing the
elastic mechanical properties of a polymer substrate. This technique usually involves applying
uniaxial strain to the substrate, followed by depositing a film onto it. When the stress is released,
wrinkles form on the surface of the elastic foundation. The application of uniaxial stretching
causes the surface of the PDMS to buckle and form wrinkles perpendicular to the direction of
the strain. By controlling the pre-strain and the rate of strain, the wavelength and amplitude of
the wrinkles can be tuned. The creation of these surface wrinkles occurs due to the difference in

Young’s modulus between the rigid top layer (with a modulus of E ~ GPa) and the polymeric
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substrate (with a modulus of E ~ MPa), which causes out-of-plane deformation. By altering the
sequence of application of strain, for example when a strain is applied after the deposition of a
film, this can lead to ‘OFF’ samples, which only forms wrinkles when a strain is being applied.

Conventionally, ‘ON’ samples are fabricated, where a wrinkling pattern is apparent at rest [73].

Wrinkle patterns can also be achieved by inducing swelling using a monomer solution or sol-
vents [98, 99, 100]. Regular wrinkles are formed when the layered film is immersed in a solvent
vapor or a monomer mixture. In this case, the final wrinkle characteristics and morphology can
be precisely controlled by considering solvent diffusion kinetics and film characteristics, such
as the geometry of the diffusion front or the cross-linking density [101]. Typically, swelling-
induced surface patterns originate from the selective swelling of the top of the film because the

bottom of the polymer films is constrained due to the rigid interface [102].

Finally, the formation of wrinkles can result from thermal variations based on the different
expansion coefficients between the top layer and the foundation. Wrinkles are formed sponta-
neously when the applied stress (caused by either heating or cooling) exceeds a critical value,
specific to each system, due to the mismatch in thermal expansion coefficients between the
substrate and the capping layer. When the substrate is heated, expansion occurs, and either
a physical process is used to treat the substrate [103] or polymer/metal is deposited onto it
[87, 104]. Upon cooling the bilayered system, a compressive stress is created in the stiff surface
layer, causing surface buckling and ultimately forming wrinkles that remain intact when the
sample is cooled down [105]. Thermal wrinkling usually results in random wrinkles on the sur-
face due to the compressive stress generated during thermal annealing. For example, Bowden et
al. [87] presented an instance of the fabrication of isotropic wrinkles by depositing thin layers
of gold on thick PDMS at high temperatures, which induced compressive stresses in the sam-
ples. When the substrate was cooled, these stresses were alleviated, resulting in the formation
of periodic buckles with wavelengths ranging from 20 to 50 um. The buckling pattern can be
ascertained using laser light diffraction, where isotropic buckling results in a concentric circular

pattern [106].
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Figure 2.5: (a) laser light diffraction, (b) optical microscopy, and (c) AFM. The top row of im-
ages corresponds to oriented buckling whereas the bottom row corresponds to isotropic buck-
ling. Reproduced from [106] with permission from Elsevier.

2.2.1 2D wrinkling

In general, one-dimensional wrinkles have been formed through either stretching or compres-
sion in a single direction. However, some other groups have investigated the option of stretching
in different directions. For example, Lin and Yang [107] demonstrated this alternative by creat-
ing various submicron wrinkle patterns on polydimethylsiloxane films. The authors were able
to transition these patterns from one-dimensional ripples to two-dimensional herringbone struc-
tures by applying mechanical forces that allowed them to control the amount and timing of the
strain on both planar directions separately, either at simultaneously or sequentially. The use of
bi- or multi-axial strains produces more intricate wrinkle patterns, such as dimples, herringbone
(chevron), square (checkerboard), or labyrinthine features. These patterns are selected based on

the minimization of overall elastic and bending energy [94, 108, 109, 110, 111].

Simultaneous 2D wrinkling is a phenomenon where a thin film undergoes multiple simultaneous
deformations in two dimensions. This can occur when the film is subject to biaxial compression,

such as when it is stretched in two perpendicular direction. When subjected to simultaneous bi-
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Figure 2.6: (a) Experimental observations of 1D mode, square checkerboard mode, hexagonal
mode and herringbone mode. (b) Associated normalised elastic energy/area diagram as a func-
tion of buckling overstress. Adapted from [108] with permission from Elsevier.

dimensional strain, the herringbone or chevron pattern is typically preferred due to its lower
surface energy [110], although other patterns, including checkerboards, may appear as defects

[111].

Although herringbone patterns are predicted to be equilibrium equi-biaxial structures, they are
often difficult to achieve experimentally due to the imprecise control of biaxial stress or its rapid
release. An alternative method for creating and adjusting 2D or hierarchical wrinkled structures
is through sequential application of strain or sequential 2D wrinkling. By using this method,
a variety of unique patterns can be generated, and their characteristic features can be adjusted
independently [94]. Davis et al. [109] reported that 2D wrinkled morphologies were produced
by a two-step film floating process shifted by 90°. The curing ratio and time of the PDMS
substrate were adjusted to control the pattern features. Various bilayer formation processes

can be used to create the sequential 2D patterns. For instance, Watanabe [112] utilized UV
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ozonolysis to generate the first 1D wrinkling along the x-axis, and wrinkles parallel to the y-
axis were formed by swelling the sample with acetonitrile. Chiche et al.[94] demonstrated
that the production of well-defined checkerboard structures can be performed through a multi-
step approach involving multiple strain-oxidation cycles and a replication step. The process
begins with the creation of a 1D pattern by applying uniaxial stress and plasma exposure. After
octadecylchlorosilane (ODS) adsorption/grafting onto the wrinkled PDMS surface, replication
is performed. Finally, the 2D structure is obtained by a second exposure step, which orients
the replica along the orthogonal direction to the first 1D direction. This process enables the
fabrication of structures with a sequence of peaks and saddles. Similarly, Pellegrino et al.
has also recently done a study on the formation of checkerboards [111] and sand ripples [113]
(where the angle 0 between generations range from 0 < 6 < 90°) through a sequential wrinkling
step with the plasma oxidation of PDMS, and establishing a superposition model to describe 2D

wrinkled surfaces which can be readily calculated from 1D wrinkling behaviour.

1D wrinkling Replication 2D wrinkling
15t generation 2" generation

’ L 0=90°
Extension + . | ,»«/;*
plasma oxidation m 'W $\

0<6<90°

N

Figure 2.7: Schematic of sequential 2D wrinkling fabrication: the 1st generation of wrinkles
(‘1D master’) is generated through strain and plasma oxidation which undergo replication. A
sequential wrinkling step is then performed on the 1D master to generate 2D wrinkling through
a second wrinkling step at 6 angle. Orthogonal wrinkling performed at 90° can form checker-
boards while sand ripples can be fabricated when 0 < 6 90°. Adapted from [111] with permis-
sion from Royal Society of Chemistry.

In order to account for the resultant wrinkles fabricated in 2D wrinkling, the second pattern
cannot simply be added onto the first, but must be superimposed on. A simple and effective

mathematical description of these 2D wrinkling waves involves modelling the pattern forma-
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tion as sequence of interfering buckling events [114]. In this framework, we approximate each
generation to a single sinusoidal wave, which are superposed at a prescribed 6, and with stan-
dard wrinkling equations for a bilayer model [64, 87, 115, 116]. Considering the surface as

defined by the sum of two cosine waves

w(x,y) = Ajcos(kixy) +Azcos(kaxz), (2.6)

we select the x; axis, corresponding to the second generation, to coincide with the x axis (thus
x» = x), and where the x| axis is oriented with respect to the x axis with (compression) angle 0;

consequently x| = xcos(0) + ysin(0).

The surface topography Eqn. (2.6) can be expressed in terms of the principal co-ordinates x and

yas

w(x,y) = Ajcos(kj cos(6x))cos(k; sin(Oy))—
2.7)

—A| sin(kj cos(0x)) sin(k; sin(0y)) + Ap cos(kax)

describing a surface where a xy interference is generated by the diagonal superposition of the
two wrinkling waves. When both wrinkling generations are fabricated using the same plasma
and strain conditions, Eqn. 2.7 can be simplified since A| = A, = A and k| = k; = k. This model

despite being simple, has been reported to describe experimental results well [113].
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Experimental Methodologies

3.1 Samples preparation and fabrication

3.1.1 PDMS Substrate fabrication

Polydimethylsiloxane (PDMS) was used as the substrate material in the experiments - chosen
for its favorable properties such as optical transparency, chemical inertness and good thermal
stability. PDMS is a two-component system consisting of a polymer (PDMS), and a curing
agent, which is a cross-linker. The mixing ratio between these two components determines the
amount of curing agent added to the PDMS polymer. The mixing ratio can significantly affect
the properties of PDMS. As the mixing ratio of PDMS to curing agent increases, the resulting
PDMS material becomes harder, less elastic and less tacky. This is due to the excess curing
agent creating more cross-links, which increases the degree of cross-linking in the material
resulting in a stiffer and less flexible material [117]. Conversely, as the mixing ratio decreases,
the PDMS becomes softer, more elastic, and more tacky. This is because there are fewer cross-
links in the material, resulting in a more flexible and less stiff material. In addition, the mixing
ratio can also affect PDMS’s adhesion to different surfaces and its optical properties, amongst

others [118].

33
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Typically, PDMS is prepared with a mass ratio of 10:1 of prepolymer to curing agent, which we
employ in the majority of the following experiments. In addition to this, we also utilise PDMS
prepared with a 20:1 mixing ratio to increase its tackiness for the adhesion of polystyrene to
its surface by floating (Chapter 7). The PDMS utilised in this work is obtained from Dow
Corning - Sylgard 184. The PDMS is first thoroughly mixed with the required cross-linker ratio
(either 10:1 or 20:1) through vigorous stirring and subsequently degassed for 30 minutes in a
vacuum dessicator to eliminate bubbles that were formed during mixing due to the introduction
of air. A glass surface was used to cast the mixture to achieve substrate thickness of ~ 2.5
mm (or other thicknesses as required). The thermal curing process was performed at 75 °C for
an hour. The curing temperature is a crucial factor in determining the stiffness of the PDMS
elastomer. Longer curing times at lower temperatures or quicker curing at higher temperatures
can influence the final stiffness. However, curing processes carried out at very high temperatures
and for short durations can lead to increased stiffness and reduced mechanical homogeneity of

the material.

3.1.2 Strain application

Amongst the different methods to induce wrinkling on bilayers, mechanical strain was the pri-
mary method employed through the use of a strain stage. In the following experiments, three
different types of strain stages were used - a 1D ‘small’ strain stage, a motorised strain stage
equipped with a 25 mm travel linear actuator, and a biaxial strain stage to fabricate 2D herring-

bone surfaces.

The principles of the strain stages are the same - the sample is clamped on the strain stage, and
is elongated using by adjusting the screws. The length in between the clamps is first measured
(Lo), and the final length (L; can be calculated by stipulating the desired strain (€) through the

following equation:

L
£% = (1 - L—l) % 100 (3.1)

0
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(a) 1D ‘small’ strain stage (b) Motorised strain stage  (c) 2D biaxial strain stage

Figure 3.1: Custom built strain stages used to stretch PDMS substrates prior to oxidation. (a)
1D ‘small’ strain stage, employed for use in 1D samples and in sequential 2D samples. (b)
Motorised strain stage attached to a linear actuator, controlled by an external stepper motor. (c)
2D strain stage employed in the fabrication of simultaneous 2D samples (herringbones) with 4
movables clamps using built-in screws.

where the lengths are measured with a precision of +0.01 mm.

The strain application could be performed before or after the plasma oxidation of the PDMS
sample, where it would result in ‘ON’ or ‘OFF’ samples respectively. ‘ON’ samples refer to
those showing wrinkles in their relaxed state, while ’OFF’ samples only show wrinkles upon the
application of strain after the initial plasma oxidation of a non-strained coupon. The wrinkling

experiments performed in this work are ‘ON’ samples.

3.1.3 Surface Oxidation

The surface oxidation of the PDMS surface was employed throughout experiments to create
a thin glassy layer on top of the PDMS bulk. Two plasma chambers were employed for the
oxidation of PDMS - a Harrick Plasma Cleaner (PDC-002) and a Diener Plasma Oven (Femto).
The Harrick Plasma cleaner generates an oscillating electric field with a frequency of 8-14
MHz and is usually referred to as MHz plasma chamber. The system comprises an RF coil
and a three power settings (7, 10, 30 W) and equipped with a pressure sensor with gas inputs
with flow rate controls. The Diener plasma oven has a frequency of 40 kHz and referred to as
kHz plasma where it has a single gas input and power setting ranging from 10 to 99 W. In a

plasma chamber, gas molecules are ionized and become plasma when accelerated ions in the
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gas collide with them under sufficiently low pressure and caused by high frequency oscillations
of the electromagnetic field. When PDMS is exposed to the plasma, the ionized gas particles
in the plasma interact with the solid surface placed in the same environment by modifying or
enhancing the physical and chemical characteristics of the surface. The type of interaction
between the plasma and the surface depends on parameters such as the intensity and frequency
of the radio frequency (RF) power used to excite the plasma, the type of gas that are ionized,
the pressure and flow rate of the gas, the type of sample and the amount of time the surface is

exposed to the plasma.

Harrick Plasma Cleaner (b) Diener Plasma Oven

@

Figure 3.2: (a) Harrick Plasma Cleaner (PDC-002), referred as MHz plasma. (b) Diener Plasma
Oven (FEMTO), referred as kHz plasma.

With the 40 kHz plasma chamber, there is higher ion density compared to that of the MHz
plasma. This increases the efficiency and improve the uniformity of the particles. As a result,
the two plasma chambers have different effects on the skin formation on the exposed PDMS
surfaces. The Diener Plasma forms stiffer and thicker skins, which can result in wrinkle period-
icities ranging from ~ 1 yum up to 10 um. Conversely, the Harrick chamber produces thinner
and softer skins, allowing it to fabricate wrinkles in the nanometres to couple of um. In the
experimental conditions reported through the thesis, PDMS samples are initially loaded onto
the strain stage having undergone application of strain, and placed in the plasma chamber. The

pressure in the chamber is evacuated down to 0.2 mbar, before allowing oxygen to flow in for 5
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minutes to allow for the stabilisation at the desired pressure. Subsequently, the plasma is ignited

at the desired power for the chosen exposure time.

3.1.4 Replica moulding

To create a higher elastic modulus required for bilayer formation and generate wrinkling pat-
terns, the surface of PDMS can be oxidized through plasma or UV methods, resulting in a
glassy skin layer with silanol groups Si-OH. However, if the surface is further subjected to
mechanical deformations after strain application, extensive cracking can occur, which partially
destroys the original topography. Therefore, if additional strain applications are necessary to
increase pattern complexity, the surface must be replicated into an un-oxidized sample to reset
residual stresses and avoid cracking. The replication process allows for the creation of a new
PDMS sample with the same surface pattern without residual stresses, enabling further strain

applications to generate more complex patterns.

The replication of PDMS samples using octadecyltrichlorosilane, CH3(CH;)7SiCl3 (OTS) is a
common technique used to create surface patterns on PDMS. The process involves first creating
a master mold on a substrate, typically using a lithographic technique such as photolithography
or electron beam lithography. The master mold is then coated with a self-assembled monolayer
(SAM) of OTS, which serves as a release agent for the replication process. OTS has several
properties that make it useful as a release agent for PDMS replication. First, it has a high
surface energy, which allows it to strongly bond to the substrate and form a stable SAM layer.
OTS has a high surface energy when it is bonded to the substrate because the silanol groups (-Si-
OH) on the OTS molecules can interact strongly with the surface, forming a covalent bond. This
strong bond leads to a high surface energy, which means that the surface of the substrate coated
with OTS is highly wettable by polar solvents and can easily attract other molecules to adhere
to its surface. On the other hand, when the PDMS is poured onto the OTS-coated substrate, the
PDMS molecules interact more strongly with the OTS layer than with the substrate underneath.
This interaction leads to a low surface energy because the PDMS does not strongly bond with

the substrate, making it difficult for other molecules to adhere to its surface. This low surface
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energy allows the PDMS to be easily peeled off from the OTS layer, leaving behind a replica of

the surface pattern.

In the experiments, to prepare the PDMS masters for replication, a dessicator is used with 5 ml
of OTS (>90% solution, CAS 112-04-9, Sigma-Aldrich) placed in a small petri dish to faciliate
the evaporation process. The dessicator is then connected to a vacuum pump and evacuated
for 5 minutes, creating a low-pressure environment that enhances the OTS evaporation rate and
generates a saturated atmosphere. The system is allowed to sit for 30 minutes to ensure the
silanes are properly adsorbed onto the surface of the master. Following the silanisation process,
PDMS frames were created and placed on to the silanised masters. Fresh PDMS at a 10: 1 ratio
was then cast into the molds and baked at 75 °C for one hour. After the curing process, the

replica was carefully peeled off from the master.

Another method of fabricating replicas of the topography is through using UV curable photore-
sist, Norlad Optical Adhesive (NOA 81). NOA is a type of adhesive that is specifically designed
for use in optical and optoelectronic applications. It is a clear liquid that cures when exposed to
ultraviolet (UV) light. The adhesive is transparent and has excellent optical properties, making
it ideal for use in applications where high optical clarity is required. With this method, we only
require a replica of the surface and not the entire sample. In order to achieve this, drops of
NOA can be cased onto the wrinkle sample before covering it with a glass slide, ensuring that
the photoresist is spread evenly beneath it. The sample is cured under UV light for 5 minutes,

before gently peeling off the glass slide resulting in a replica.

3.2 Surface Characterisation

3.2.1 Optical Microscopy

An optical reflection microscope, Olympus BX41M was used in the characterisation of the
wrinkling patterns. As a result of the optical transparency of the PDMS, a reflection mode set up

is preferable in the acquisition of the microscopic images of the patterns, where its homogeneity
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and the characteristic wavelengths can be estimated. Images were obtained utilising lenses of
different magnification, 5x, 10x, and 50x and an initial calibration through imaging a micro-
graded ruler was used. One limitation of optical microscopy is its resolution, which is limited
by the diffraction of light. The smallest structures that can be resolved by traditional optical

microscopy are on the order of a few hundred nanometers.

3.2.2 Atomic Force Microscopy

In comparison to the optical microscope with a micron-resolution, Atomic Force Microscopy
(AFM), with a nanoscale resolution, is more accurate and suitable for smaller scale features.
The AFM is a surface analysis technique for topographic and spatial surface chemistry char-
acterisation. The topographical analysis was performed in tapping mode, where the sample is
mounted and its surface scanned by a probe supported by a cantilever. The cantilever vibrates
at its resonance frequency using a piezoelectric element, with vibration amplitudes typically on
the order of a few nanometers. As the cantilever tip scans over the surface of the sample, the
interaction between the tip and the sample causes a deflection in the cantilever. The deflection is
measured using a laser beam that reflects off the back of the cantilever and is detected by piezo-
electric detector sensitive to the position. Through the use of a four quadrant photo piezoelectric

detector, the position deflected transforms the electrical signal into 3D micrograph images.

The tip-sample interaction can also be used to measure other properties of the sample such as
its mechanical properties or electrical conductivity. For example, the cantilever can be used to
apply a small force to the sample and measure the resulting displacement, which can be used
to calculate the sample’s stiffness or elasticity. The resolution of the AFM image is determined
by the size and shape of the tip, as well as the interaction between the tip and the sample.
AFM images can be optimised by adjusting the scanning frequency and proportional-integral-
derivative (PID) parameters in the AFM. The optimisation of these parameters are verified by

recording the forward and backward height profiles of the sample of interest.

A Bruker Innova microscope, in tapping mode, equipped with Al-coated Si tips (MPP-11100-
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W, Bruker) was employed in the characterisation of surface topographies in this work. The
measurements were performed at scanning frequencies ranging from 0.1 to 1.0 Hz, adjusted
accordingly to the desired spatial resolution. The resultant graphs obtained from the AFM
allows for the wavelengths A and amplitudes A of the samples to be extracted with NanoScope

9.3 Software or a freeware analysis software, Gwyddion.

3.2.3 Static Light Scattering

Another method of characterisation of wrinkled samples is the use of Static Light Scattering
(SLS). When the laser shines through a PDMS wrinkled sample, the sample acts as a sinu-
soidal diffraction grating and creates a diffraction pattern. Since a diffraction pattern is the
two-dimensional Fourier transform of the function of the aperture, information about the grat-

ing apertures can be extracted from the images captured.

Figure 3.3: SLS setup depicting the (i) 533 nm diode laser, (ii) ND filter wheel, (iii) 45° mirror,
(iv) motorised linear strain stage, (v) diffraction pattern imaged on a screen, and recorded by a
cooled CCD detector.

The SLS set up consist of a 100 mW 532 nm diode pumped laser (Crystalaser), Prior stage,
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Neutral Density filters (Thor Labs) on a double rotating filter wheel, consisting of two sets of
filters - 0.2-0.6 and 1.0-4.0, an imaging screen, and a 16-bit Hammamatsu Orca camera cooled
to -40 °C to improve signal to noise ratio of the captured image. The laser light is reflected by a
mirror (iii) at 45° and passes perpendicular through the sample. The distance from the sample

to the screen is 10 cm.

The correlation between pixel distance in the images and the wavenumber g was obtained using

a standard 200 lines/mm diffraction grating, using:

B 4mngsin (%)

g=—"7 (3.2)

where 6 is the angle of diffraction, A, the wavelength of the laser light; n is the order of diffrac-

tion, to obtain the resultant relationship of:

g = —0.000153(pixels)* + 0.084469(pixels) (3.3)
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Figure 3.4: Correlation of pixels to wavenumber in SLS image for SLS system
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Neutral density (ND) filters, which reduce the transmission of light were required in taking the
measurements due to the saturation limit of the camera sensor. Various ND filters were used
in experiments due to the tunability of intensities between and within each order — selected to
obtain the highest non-saturated readings possible. This allows for the optimisation of signal to
noise ratio. The ND filters are placed on two adjacent filter wheels, one with filters ranging from
0.2-0.6 and the other with filters from 1.0 to 4.0. The optical density (OD) values of ND filters
are additive when combined in series. For a wavelength of 532 nm, the transmission value, T

can be obtained from the optical densities of as follows:

ND Filters OD 0.2 0.3 0.4 0.5 0.6 1.0 2.0 3.0 40
% Tat532nm 6.55 x 107 5.09 x 101 3.90 x 10T 3.63 x 107 2,51 x 107 1.01 x 101 9.62 x 10T 7.65 x 102 7.25 x 1073

Table 3.1: Transmission attenuation values of neutral density filters

3.3 Material characterisation

3.3.1 UV Vis Spectrometry

UV-Vis spectrometry is a technique that involves measuring the absorption or transmission of
light by a sample in the ultraviolet (UV) and visible (Vis) regions of the electromagnetic spec-
trum. There are various ways in which matter can react when exposed to radiation such as
scattering, reflection, absorbance, fluorescence or phosphorescence, and photochemical reac-
tions. In most cases, the absorbance of the sample is measured when determining its UV-visible
spectrum. The absorption of light by matter results in the increase of energy content in the
molecules or atoms of the matter since light is a form of energy. The overall potential energy of

a molecule can be determined by adding up its electronic, vibrational, and rotational energies.

When light passes through or is reflected from a sample, the amount of light absorbed is the
difference between the incident radiation (I ) and the transmitted radiation (/). The amount of
light absorbed is expressed as absorbance. According to the Beer-Lambert law, there is a linear

relationship between the absorbance and path length, given by
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[ =Iyexp ™ (3.4)

where 1 is the intensity, [ the initial intensity, u is the absorption coefficient and x is the thick-

ness of the sample.

The transmittance, or light that passes through a sample can be obtained by T = I/l while

absorbance is defined as A = —log(T).

3.3.2 Tensile Strain Measurements

Tensile strain measurements can be performed to measure the elastic modulus of materials.
In this thesis, these measurements of PDMS were performed employing Lloyd EZ50 Tensile
Strain Machine - a testing instrument designed for measuring the mechanical properties of ma-
terials under tension. The EZ50 Tensile Strain Machine is designed to apply a constant rate of
deformation to the material being tested, typically between 0.1 and 500 mm/min. The machine
consists of two arms that are fixed to the ends of the material at a fixed distance apart, as the
material is subjected to tensile force, the arms move apart with the deformation and applying
tension to the material. The load cell measures the force being applied, and the machine records

the force and displacement data.

Figure 3.5: Dimensions of tensile test specimen according to ASTM D412. Adapted from [119]

These measurements are typically performed on samples of a specific shape and size to ensure

accurate and repeatable results. The most commonly used shape for tensile testing is a straight
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cylindrical or rectangular bar, also known as a dog-bone or dumb bell specimen, with a uni-
form cross-section along its length. From the displacement results, the elastic modulus can be

calculated.

3.3.3 Thin film Analyser

Film thicknesses can be measured using optical interferometry. Filmetrics F20-UV is a thin-film
measurement tool that is commonly used to analyse the thickness and optical properties on thin
films. The properties of a thin film, including its thickness, optical constants, and roughness,
determine how light is reflected off it. To determine these characteristics, the F20 measures the
amount of light reflected from the thin film across various wavelengths, known as the reflectance
spectrum. Then, it analyzes this data by comparing it to a set of calculated reflectance spectra.
This method allows for the determination of thin-film properties using the F20. It is equipped
with a UV spectrometer that operates in the wavelength of 200 to 1100 nm, and the device
is capable of measuring films with thicknesses ranging from a few nanometers up to several

micrometers.



Chapter 4

Plasma-oxidised Wrinkles for Tunable

Phase Gratings

Part of the work presented in this chapter has been published in ACS Applied Polymeric Ma-
terials 2021, 3, 10, 5162-5170 [120]. Dr. Luca Pellegrino (co-author) assisted with the opti-
misation of the static light scattering set up, and guided in the replication of topography with

NOA.

4.1 Introduction

Wrinkling instabilities in polymeric bilayers have been exploited as optical phase gratings with
tuneable performance. While this approach can be implemented via polymer [75] and metal
[121] thin film deposition, surface oxidation of PDMS provides an attractive, facile route to
PDMS patterning that has recently been explored to control opacity of otherwise transparent
films [122]. Through the use of sinusoidal phase gratings, efficiency of gratings can be ad-
justed, allowing for different distributions of energy in the diffraction orders, which has practi-
cal applications in optics like projection systems [123], optical switches [124] and lasers [125].

Transmission phase gratings are transparent optical elements that can have periodic refractive

45
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index variations or surface reliefs, which can be created by exciting sinusoidal wrinkles on a

surface.

This chapter focuses on exploring the fabrication and use of sinusoidal phase gratings created
by plasma-oxidised PDMS, specifically investigating the effect of compressive strain and the
mechanical response of the samples on grating efficiency. Significantly, the surface oxidation
of PDMS using an oxygen (or air) plasma source, generates a gradient glassy skin [93, 94, 95,
96, 97] whose density, and thus refractive index, varies in the direction normal to the surface. In
order to explore the fabrication of tuneable phase gratings by wrinkling of oxidised PDMS, we
consider quantitatively the impact of such gradients, intrinsic to this ubiquitous approach in soft
matter patterning. The intensity modulation of diffraction patterns using static light scattering
(SLS) was tracked and quantitatively examined, and the role of the gradient oxide layer in
the light diffraction response was modelled. The reconstruction of real-space patterns from a
combination of a simple optical model and diffraction images obtained by SLS was successfully

shown.

4.2 Methodology

4.2.1 Sample preparation

PDMS elastomer samples were obtained by mixing the prepolymer and crosslinker (Sylgard
184, Dow Corning) at a 10:1 ratio by mass and stirred vigorously with a spatula. The resulting
mixture was degassed under vacuum, deposited on a glass slab, and cured at 75°C in a convec-
tion oven for 1 hour to create an elastomer. The PDMS slab was then cut into coupons with
dimensions of 2.5 cm x 3 cm and a thickness of 2.5 mm. The samples were clamped onto a
strain stage attached to a motor actuator and strained at a speed of 0.02 mm/s to the desired

Eprestrain With a precision of &= 0.001 mm.

Surface plasma oxidation was performed using a 40 kHz Diener Plasma (Femto), fitted with a

pressure sensor (TM 101, Thermovac) and an oxygen gas cylinder (BOC, 99.5% purity). The
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chambers were evacuated to a pressure of (.2 mbar, before flowing the gas for 5 min until
the desired pressure was reached and stabilised. The plasma was then ignited, at the required
power, and exposure, controlled with a timer. Power setting of p =70 W and oxygen pressure

of P =1 mbar was used, with exposure time 7= 420 s.

4.2.2 Replication of wrinkle topography using Norland Optical Adhesive
(NOA)

In order to obtain scans of wrinkle topography while it undergo compressive strains, a drop of
NOA was casted onto the wrinkle sample before covering it with a square glass slide, ensuring
that the NOA is spread evenly beneath it. The sample was then placed under UV exposure for
5 minutes, allowing it to cure. The glass slide was subsequently removed resulting in a replica

produced at a specific intermediary strain.

4.2.3 Tensile strain measurement

Tensile strain measurements of PDMS were performed employing Lloyd EZ50 Tensile Strain
Machine. The PDMS samples tested were cut according to the required specimen shape (Chap-
ter 3.3) before being loaded on the strain machine. The resultant force and displacement data
can be computed within the system to produce a stress-strain plot, with an example of a PDMS

sample with 2.5 cm thickness in Figure 4.1.

The resultant stress-strain graph can be used to obtain the elastic modulus of the material, by
calculating the slope of the linear portion of the graph by dividing the change in stress (Ac) by
the corresponding change in strain (A€). The equation for this calculation is Elastic modulus =

Ao/Ae.
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Figure 4.1: Example of a stress-strain plot obtained from Lloyd EZ 50 Tensile Machine for a
PDMS sample of thickness 2.5 cm

4.2.4 Pattern characterisation

Atomic Force Microscopy

Wrinkling morphology of samples were evaluated by means of atomic force microscopy (AFM)
employing a Bruker Innova microscope in tapping mode, equipped with with Si tips (MPP-
11100-W, Bruker), at 0.2 Hz , and analysed with the in-built Nanoscope software. Wavelengths
and amplitudes were averaged over a series of three measurements recorded over areas of 50

um x 50 pm scanning windows.

Static Light Scattering

Characterisation of the surfaces were performed using Static light scattering, with its setup
consisting of a Diode Pumped Crystalaser (532 nm, 500 mW), Neutral density filter wheel
consisting of 2 sets of filters - 0.2-0.6 and 1.0-4.0 (Thor Labs). The laser light is reflected by

a mirror at 45° and passes perpendicular through the sample. The distance from the sample
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to the screen is 10 cm. The diffraction patterns formed on the screen are monitored when the
sample undergo light scattering as it undergoes motorised compression through an automated
strain stage to form sinusoidal wrinkles. SLS images are collected by means of a 16-bit CCD

cooled camera (Hamamatsu Orca), controlled by the in-built software Wasabi.

The SLS images were then analysed using ImagelJ software. Wavelengths of the wrinkled sur-
faces can be obtained by first measuring the distance (in pixels) between the first order diffrac-
tion and the central beam. This can then be converted to the corresponding wavenumber and

hence wavelength as per SLS calibration (Chapter 3.2).

(b)

h Photodiode
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Figure 4.2: (a) SLS image for diffraction pattern observed when a plasma oxidised sample of
PDMS undergo compressive strain. The intensity of a diffraction order is taken by subtracting
adjacent ROI along the line of diffraction from the cumulative intensity in the diffraction order
ROLI. (b) SLS set-up using photodiode detector attached to a digital console. The use of the
sensor removes the need for a screen, reducing the diffusion of the diffraction orders.

Due to scattering effects of the screen, the finalised intensities for the diffraction orders were
obtained through a background correction. A square region of interest (ROI) was taken around
each order with the cumulative intensity measured. A background intensity summative of two
neighbouring ROI (each half of the original) along the line of diffraction was then subtracted
from the original, to obtain the intensity. The obtained intensity from ImagelJ is corrected by

the appropriate attenuation depending on the ND filter used. A photodiode attached to a digital
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console (Thorlabs, PM121D Digital Power and Energy Console with Si Sensor) was used to
check the individual diffraction orders without the screen. The photodiode can be used to check
for the zeroth and first order accurately. However for subsequent orders, the diffraction was too

diffused to allow the photodiode sensor to pick up its intensity accurately.

4.3 Wrinkled bilayer characterisation

When an uniaxial strain (€pesrain) 18 applied to a flat PDMS coupon from Ly (initial length)
to L; (final length), which undergoes plasma-oxidisation, a stiff skin gradient bilayer is cre-
ated. The gradient interface is generated, conversely to lamination and floating methodologies
[86, 126, 127], through a temporal conversion of the bulk material into a mixed silicon oxide
layer, where thickness and modulus increase with applied plasma exposure time. [94, 89, 128]
Wrinkles are generated in the glassy skin upon compression of the bilayer due to a strain release,
creating a buckled surface when a strain exceeding the critical strain €. is applied. The appli-
cation of oxygen plasma conditions at 70W for 7 minutes on a range of PDMS samples with
different prestrains produces various wavelengths and amplitudes. The surface of the PDMS
samples were examined using AFM to measure wavelength and amplitude, and SLS to measure
wavelength only (Figure 4.3). Good agreement was shown between the results obtained from
both techniques. The data obtained from the experiments are represented by the black and red
dashed lines, respectively, until €p5r4in = 0.1. This corresponds to the low deformation model
for wavelength A and amplitude A, which is given by Eqn. 2.1 and 2.2. We can estimate that the
elastic modulus of the PDMS samples increases from 1.02 MPa (for pure PDMS) to 40 GPa for
the glassy skin layer formed due to wrinkling. This estimate is based on the aspect ratio of the
wrinkles and a film thickness of about 30 nm, as determined by X-ray reflectivity measurements

[95].

The elastic modulus of the glassy thin film from plasma oxidation can be directly estimated
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Figure 4.3: (a) Schematic of the formation of a 1D wrinkled surface on PDMS by pre-straining
(&Eprestrain) an elastomer coupon, followed by plasma oxidation and relaxation of strain; the
resulting glassy skin layer exhibits a conversion gradient normal to the surface. (b) Wrinkling
wavelength (A4, red) and amplitude (A, black) measured by AFM (M) and SLS (o) as a function
of prestrain €,,e5rqin for plasma-treated (40 kHz) PDMS coupons at power P = 70 W for a
duration 7 = 7 min. The dashed and solids lines correspond to the low and high-deformation
models, respectively (see text). The vertical dashed lines correspond the AFM scans on the
right, representative of (i) low-deformation, (ii) high-deformation, and (iii) period-doubling.

through the aspect ratio (A/A) of the wrinkles, derived from Eqn. 2.1 and 2.2 to obtain:

_ 2
1 1 (3Es\3
A/A’ —E 8—80—E E—Z(_ ) 4.1)

A series of samples are fabricated at € =0.20 at 70 W with varying exposure time. The wrinkling
behaviour shows a plateau in aspect ratio beyond exposure time, T of 90 s showing no significant
change of the elastic modulus of the glassy film where film propagation occurs. At the plateau

region where the aspect ratio can be approximated to 0.142, we can estimate £ to 40 GPa.

While this skin thickness is in line with previous literature [95, 96, 97, 129], this modulus is

higher than those estimated by nanoindentation for UVO [130], or MHz plasma exposure [129]
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Figure 4.4: Aspect ratio of wrinkles with exposure time, showing a plateau as exposure time >
90 s, indicating film propagation without a change in film elastic modulus.

(up to ~7 GPa), which we associate with the more aggressive and faster 40 kHz process con-
ditions [96]. The amplitude model predicts a square root dependency directly proportional to
the thickness of the glassy layer and the critical strain €. while A is described by a straight line
with dependence on h and the mismatch in the elastic modulus of the bilayer, expressed as a
constant elastic moduli ratio E f/E 5. However, this representation is not sufficient to describe the
experimental data in this PDMS/SiO, system due to the progressive build up in the glassy skin
thickness and ultimately elastic modulus in “induction” and “formation" stages [95]. In order to
take into account the evolution of A and A beyond prestrain of 0.1 two solid lines are represented
solid, corresponding to a implemented “high deformation model" for wrinkling instabilities de-
veloped employing prestrains above 0.2, described by Eqn. 2.4 and 2.5 respectively, where a
bellow mechanics model is introduced to take into account deviations from linearity of the elas-
tic modulus of PDMS with strain [90]. The evolution of initially sinusoidal wrinkled bilayers

with strain can be visualised in the 3D AFM micrographs reported in Figure 4.3 (1), (i1), (ii1),
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showing a 25 yum by 25 um region of the surface structures in samples having a prestrains € of
0.115 and in the higher deformation region where € = 0.4 and 0.45, respectively. As prestrain
increases, the surface deviates from the original sinusoidal regime towards more complex buck-
ling instabilities, such as period-doubling, characterised by a splitting in the original periodicity,

induced by lateral compression due to the increase in the applied prestrain.

4.3.1 Diffracted intensity modulation in wrinkled tuneable gratings

Upon analyzing the preliminary results, we seek to gain a deeper understanding of the processes
that contribute to the formation of gradient tuneable phase gratings. In addition, we aim to
establish a connection between the diffraction patterns observed and the operational conditions
utilized during the plasma oxidation stage. As a result, we investigate a series of fabrication
conditions that permit access to various pattern wavelengths and amplitudes, which will be
characterized using the SLS setup described in Chapter 3. This will enable us to observe,

modulate, and track the evolution of these gratings up to the third diffraction order.

Figure 4.5: Series of diffraction patterns obtained at varying €., and constant ND attenuation,
for a PDMS sample pre-strained at €,,e5rqin = 0.3 and plasma treated at P = 70 W for 7 min.
The intensity of diffraction orders 0/ h (red), 15 ( ), 2" (blue), 3" ( ) is tuneable with

Ecomp-

To investigate the diffraction characteristics present in wrinkled skins, we employed SLS to
monitor the motorized release of a plasma-oxidized sample with an initial prestrain of € = 0.3,

at a rate of 0.005 mm/s in increments of 0.5%. Prior to being released under extensional strain
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conditions (€:,mp = 0), the sample did not exhibit any diffraction pattern and only the direct
beam was observed. The buckling instability can only be stimulated, as the bilayer model re-
ports, once a particular critical strain is surpassed. This results in the laser light only beginning
to diffract after the critical strain is exceeded while a compressive strain is being applied, in-
dicating the formation of sinusoidal undulations on the sample surface and allowing for the
presence of a diffraction pattern in the form of a phase grating. The use of Neutral Density
(ND) filters allowed for the control of the amount of transmitted light, allowing the maximum
amount of light to pass through without saturating the CCD camera sensor, and adjusting for
each order as required. Wrinkles that resemble phase gratings can be created using the same
set of ND filters (0.2 and 2.0) when a strained sample is slowly released and buckles as a result
of the applied compressive strain. Figure 4.5 visually captures the modulation of intensities of
the different orders as the sample undergoes compressive strain (€¢o,p) using a single set of ND
filters. The compressive strain (€,m,p) can be calculated by subtracting € from the prestrain,
Eprestrain- FOr example, if a sample starting at a prestrain of 0.30 is released to 0.20, the result-
ing €comp would be 0.10. The intensities of the orders can be adjusted by the amount of applied
compressive strain. At €= 0.20, the zero-th, first, second, and third orders (red, green, blue,
and yellow circles, respectively) can be observed using the same set of ND filters, indicating
that their intensities are of the same order of magnitude. To observe other orders, the ND filters

must be adjusted to increase or decrease the attenuation factor based on the compressive strain.

The individual orders’ intensities are normalized based on the zero-th order’s intensity at €qo,p =
0.0 (I/1 (g=0, €=0)), and their mapping is presented as a function of wavenumber ¢ (um_l) and
compressive strain. The ability to exhibit strain-dependent phase grating behavior is demon-
strated by a sample prestrained at €pegq4in = 0.3 and plasma treated at 70 W for 7 min upon
compression, as shown in Figure 4.6a. Harrison previously reported similar behavior in wrin-
kled bilayers fabricated via polystyrene film floating [75]. Within the explored strain range, the
light intensity of the four observable orders modulates quantitatively with strain. The zero-th
order can be seen to modulate through a minimum and maximum, while the other orders have
intensities reaching a maximum before decreasing with strain. The g range in Figure 4.6b re-

flects the transition from the low deformation (LD) regime to the high deformation regime for
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Figure 4.6: (a) Dependence of (normalised) diffraction intensities with €., and ¢ for a
PDMS sample at €,/e5rqin = 0.3 and plasma treated at P = 70 W for 7 min (shown in Fig
2b). Note the modulation of intensity and presence of well-defined maxima and minima with
Ecomp (= Eprestrain — €, see text). (b) Contour plot of the diffraction data, showing the variation
of wavenumber g, with strain &.,,,,,. The white lines represent the theoretical wavenumber cal-
culated from Agp, and vertical black line indicates the approximate boundary for applicability
of the LD model.

the wavelength. The wavenumber ¢ has an inverse relationship with the wavelength A. In the
LD regime, the orders’ positioning is independent of strain; therefore, the g range of the con-

tour plots is independent of strain below € = 0.1, which is the LD limit. However, past this
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threshold, the ¢ dependence in the experimental data "fans out," following the high deforma-
tion approximation, where the pattern wavelength is strain-dependent due to non-linearities in
the stress-strain response of the sample [90]. To compute this strain dependence, we need to
employ the high deformation wavelength Eqn. 2.4. Following this behaviour, we are able to
quantitatively characterise the angular variation of each diffraction order and its intensity in our

phase grating.

4.3.2 Modelling of plasma-oxidised tuneable grating: Effect of gradient

interface on diffraction

As previously discussed in Chapter 1.2, the diffraction pattern of a sinusoidal phase grating can

be modelled for all diffraction orders p according to [74, 75]:

I~ Y 7 (%) sine? {% <q— 2137”)] 4.2)

p=—o°

where J), is a Bessel function of the first kind, W is the half-width of the aperture, d is the
wrinkling wavelength (referred to as A in the experimental data), m/2 is the maximum phase
shift impart to the light and p is an index accounting for the p’” diffraction order. Often W ~
0.5 mm, determined by the typical profile of laser beam (in the Fraunhofer limit conditions).
The maximum intensity of the p™* order can be approximated to be proportional to the Bessel
function Jp2 (m/2) as the sinc function is narrowly distributed in g about each order without
significant overlap between adjacent orders. The phase shift, m(A) can be rationalised in terms

of the wrinkling bilayer model of amplitude, A(A) by

ma) _, A8 n—1] 4.3)

where A(A) is taken from the high deformation model as described in Eqn. 2.5, with n is the

refractive index, and here A is the laser wavelength (532 nm in our work).
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Figure 4.7: (a) Zero-th diffraction order intensity as function of pattern amplitude (red data
points), modelled by Eqn. 4.4 by assuming an exponential distribution of refractive index (from
n=1.41, pure PDMS to 1.55, silica; shown in inset and described in the text), shown by the solid
red line. The dashed lines correspond to model predictions from single n values. (b) Schematic
of the conversion in a gradient bilayer towards silicon oxide when PDMS is exposed to oxygen
plasma. (c) X-ray reflectivity data [95] supports the refractive index distribution in graded
bilayers fabricated by means of oxygen plasma through an increase in the scattering length
density in the formation of thicker glassy skin layer, reported by several authors (e.g., [131]).
(d) Representative TEM data [129] illustrating the skin conversion with thickness, progressing
from a darker region, corresponding to the denser silicon oxide gradient to a lighter background
value, corresponding to untreated PDMS. (e) The distribution described in (a) and (b) is then
applied in modelling the modulation of experimental diffraction patterns from zero-th to third
order (red, green, blue and yellow solid lines respectively) (o), as function of (e) strain, €:opp,
and (f) amplitude, A.

The diffraction pattern and individual diffraction intensities of each order in a sinusoidal phase
grating with a single refractive index n can be described using the model by Eqn. 4.2 and 4.3.
When thin polymer film is deposited onto PDMS, a sharp interface is created to the bulk, and

a single refractive index (that of bulk PDMS) is sufficient to model the diffraction pattern [75].
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The value of  shifts the positions of the minima and the depth of the individual orders, describ-
ing the specific strain and intensity modulation for the diffraction apttern. When n increases,
there is a ‘left’ shift in a graph of intensity vs amplitude (or strain), as depicted by the dashed
lines of Figure 4.7, calculated with the model. However in this case, a single refractive index
phase grating model is not enough to fully explain the experimental data. This is believed to be
due to the different nature of plasma oxidised bilayers, which creates a gradient interface. The
plasma oxidation process induces a heterogenous, frontal conversion that results in a different

refractive index distribution of the skin, generating a leading to a “gradient skin phase grating".

Evidence for gradient bilayer (illustrated in Figure 4.7) formation in plasma oxidised PDMS
abounds, as previously reported by X-ray reflectivity (XRR) [95] (data reproduced in Figure
4.7c) and transmission electron microscopy (TEM) [129] (data reproduced in Figure 4.7d).
XRR can be employed to determine the scattering length density profile for surface-oxidised
PDMS and, in Figure 4.7c¢, such profile indicates that the densification of the top layer increases
with plasma exposure time at a given power, with a gradual surface to bulk interface with thick-
ness showing the plasma conversion in the PDMS. A frontal model has been used to describe
the skin growth of the glassy layer, where the hydrogen and methyl groups are substituted with
hydroxyl groups and oxide links, creating a thin, silica-like skin layer [132]. This conversion is
dependent on the plasma dose applied, and creates a logarithmic dependence conversion profile
with thickness, where the surface of the layer is fully reacted into a denser silica-like layer with
decreasing conversion in the subsequent intermediate layers [95]. A representative TEM data by
Behafy also supports the gradient nature through width contrast. The chemical modification and
surface densification due to plasma treatment is responsible for the contrast observed in a TEM
image [129]. By tracing a line through the image, spanning from a plasma-oxidised PDMS
surface to the bulk, a qualitative graph can be extrapolated, showing contrast variation from
fully converted plasma surface - where illustrative contrast = 0, to pure PDMS - where contrast
approaches 1. The contrast width, reflecting the gradient skin thickness, can be approximated

to 20 nm.

Due to the nature of the wavefront kinetics of film growth in the plasma oxidation of PDMS, this
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system is unlike to behave as a perfect bilayer phase grating, where a single, sharp interface is
usually defined. Therefore, to account for the graded silicon-oxide interface, instead of using a
single refractive index for the skin as in Eqn. 4.3, we define a refractive index distribution, which
is able to better represent the densification from the bulk PDMS (n ~1.41) to glass (n ~1.46-
1.55) as reported from XRR and TEM experiments. Hence, we consider the signal to arise from

a distribution of n values with an exponential decay function, such that

_ 8
I(x,y) ~ Y Aoe ™ L; (x,y) (4.4)
i=0

where n; ranges 1.41 to 1.55. The choice of 9 (or more) terms to implement the normalised
exponential curve is supported by the subsequent TEM and XRR data, where A = 8.0 x 10'®
and k = 31.5. In Figure 4.7a, this resultant model using a distribution (red solid line) quanti-
tatively captures the representation the data (red circles) for zero-th order intensities. We find
that a Gaussian distribution (among others) can also adequately model the data. For simplicity
we can also consider the signal to arise from a distribution of n values with a Gaussian profile,
such that:

1 (nj—(n)?
e 202 Ini(xvy) (45)

I(x,y)=~Y,

= V27mo?

~

where n; ranges from (n) +20. The use of the distribution effectively replaces a well defined n
by (n), and includes one additional parameter to the model, namely the width of the distribution
o. The choice of 9 (or more) terms to implement the normalised Gaussian ensures that the
profile is smooth (Figure 4.8b), but the model parameters are largely insensitive to the number
of terms employed. When (n) =1.41 with 6=0.045, the Gaussian distribution can also effec-
tively describe the model with little variation from the exponential distribution (Figure 4.8c, d),

supporting the need for a gradient use of refractive indices in the data.

The results of the model with the gradient distribution of refractive index for the zero-th and
the other orders (first to third) are presented in Figure 4.7e, where solid lines indicate good
agreement with experimental data. Based on the correlation between strain and amplitude es-

tablished in the bilayer model Eqn. 2.2, we can obtain a relationship between the intensity of
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Figure 4.8: (a) Exponential distribution (Ag = 8.0 x 10'®, k = 31.5) supported by XRD and
TEM (b) Gaussian distribution ((n) =1.41, 6=0.045) (c) Resultant zeroth order model using the
different distribution functions both accurately describe the data with little variation between
them (d) Gaussian distribution model implemented for all the orders in the low deformation

tunable grating

orders and amplitude in Figure 4.7f. This intensity modulation of orders describes the depen-
dence of diffraction efficiency on the profile of the grating as a function of strain or amplitude.
The diffraction efficiencies of the first to third orders can be represented linearly as a function of
strain. The maximum efficiency of the grating is estimated when the zero-th order goes through
the main minimum around €., = 0.11 or A = 0.45, with an efficiency of 48% (Figure 4.9a).
However, there is a deviation between the experimental and theoretical efficiencies, which may
be attributed to the development of cracks in the sample with increasing strain, leading to the
scattering of light (Figure 4.9b). The diffused nature of the higher orders can also account for

the disparity between the model and data in the 2nd and 3rd order.

Here the other three orders modulate towards a maximum, progressively increasing the amount

of diffracted light. This can be calculated as a percentage with respect to the total diffracted
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Figure 4.9: (a) Theoretical diffraction efficiency of st (green), 2nd (blue) and 3rd order (yel-
low) linearly as a function of strain. (b) Total diffraction efficiency as a function of strain,
experimental and theoretical

intensity (zero-th order at O strain or Amplitude), reaching ~ 30% of the total light for the first
and second order, and 5% for the third order. The residual loss might be ascribed to adsorp-

tion/diffusion phenomena due to the PDMS thickness, and additional light coming from the

zero-th order.

4.3.3 Effect of PDMS mechanical properties on diffraction of tuneable

gratings

When samples with various initial prestrains are subjected to the same plasma treatment with
identical power and exposure time, the modulation of intensities is found to be dependent on
the amplitude versus strain evolution of the wrinkles. In particular, we observed that when we
compared the intensity of the zero-th order in samples with prestrains of 19%, 29%, 36%, and
51%, we observed initial discrepancies in intensity against €. By plotting the intensities
with respect to €yp, we found that the position of the minimum for the highest €p5yqin dif-
fered from the lower three (as shown in Figure 4.10b). This can be attributed to the non-linear
behavior of the mechanical properties of PDMS with strain, which leads to two different values
for the elastic modulus (i) and (ii) (as shown in the inset in Figure 4.10a) when a PDMS coupon
is stretched beyond € = 0.4. Since the elastic modulus of PDMS directly affects & and hence

A, we were able to remodel the A vs €.y curve by accounting for the different mechanical
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Figure 4.10: (a) Dependence of pattern amplitude on compressive strain €., employing dif-
ferent prestrains. The disparity between the two lines (from &pe5r4in = 19-36% and 51%) is
ascribed to the onset of non-Hookean behaviour in PDMS in high-deformation conditions, and
non-linearity in the stress-strain relationship shown in inset. (b) Normalised zero-th order in-
tensities comparing experimental data (o) and modelled profile (- -) at different prestrains. The
slight variation in the minimum position, at the highest prestrain (0.51), is due to the non-
Hookean behaviour of E, resulting in a higher critical strain. (c) Near collapse of all zero-th
order normalised intensity data when plotted as function of pattern amplitude (demonstrating
that apparent offsets in (b) arise from the mechanical history of the material.

responses at a given prestrain. After converting the Intensity vs € graphs to Intensity vs A using
the relationship between € and A, we found that the results for the different prestrains collapsed
onto a single curve, implying that the intensities are solely dependent on the amplitude evolution

of the samples for a given condition.
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Figure 4.11: (a) Normalised intensities comparing experimental (o) and modelled (- -) first order
at different prestrains. The slight variation in the breadth of maximum, at the highest prestrain
(0.51), is due to the non-Hookean behaviour of E, previously discussed (c) Collapsed first order
normalised intensities when plotted as function of the amplitude
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Similarly to the zeroth order, the intensity vs amplitude curves for the first order collapsed into a
single curve (4.11). This observation suggests that the modulation of intensities is dependent on
the amplitude evolution of the samples and not on the initial prestrain or the plasma treatment.
Therefore, the modulation of intensities in our experimental setup can be explained by the
amplitude evolution of the wrinkles alone, and this phenomenon is not unique to a particular

prestrain or plasma treatment.

4.3.4 Additional diffraction orders at high deformations: period doubling

instability

We next seek to investigate the effect of high deformations, specifically for prestrain above
50% on the sample. An initial €,e5qin Of 0.6 was applied to the PDMS coupon undergoing
plasma treatment and the observation of the buckling development as the sample relaxes was
assessed using a photopolymer. As the sample is partially released, a drop of Norland Optical
Adhesive (NOA) is placed on the surface and covered with a glass slide. The NOA is UV cured
and the glass slide is removed to produce a replica at a specific intermediate strain. This is
repeated to produce a series at varying compressive strains and the wavelengths of the replicas
are characterised via AFM and SLS. As expected, the primary wavelength A; decreases with
increasing strain, as per Eqn. 2.4. However as €., increases, the initially sinusoidal-like
buckling (Figure 4.12c(ii1)) deviates into a period doubling regime (Figure 4.12c(i)), resulting

in the arise of a secondary wavelength, A, when €., > 0.36.

This transition to frequency doubling can be observed and quantified with SLS. The occurrence
of an additional order can be clearly seen between the zero-th and first order, giving rise to
wavelengths corresponding to A,. The order has a smaller wavenumber due to the formation of
a larger wavelength in a period doubling. By monitoring the intensity of the new order as the
sample is continually released, we are able to observe more accurately the point of transition
from sinusoidal to period doubling. In Figure 4.12e, the grey circles indicate the formation

of a new order, where its intensity increases as the period doubling formation becomes more
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Figure 4.12: (a) Schematic describing the process of characterisation of wrinkled samples in
partial release, using a photopolymer (NOA) replica. (b) Pattern wavelength A and secondary
period-doubling A, obtained by AFM (M) and SLS (o) measurements of the replicas. (¢) AFM
cross-sectional line profiles of conditions in the (ii1) sinusoidal-like regime, (ii) transition, and
(1) period doubling regime. (d) SLS images showing the onset of period doubling as an addi-
tional observable order (light grey) between the original zero-th and first orders, whose intensity
becomes increasingly pronounced with &.,,,. (¢) Dependence of the normalised diffraction in-
tensities of the 0?-3"¢ order with strain into high deformation regime, depicting the emergence
of period doubling at €.y, 2 0.3.

prominent. For the other orders, the experimental (o) and model (—) were plotted accordingly
with strain, and there shows good agreement for the zero-th and first order. The discrepancies
for the second and third order, where the experimental data show lower intensities compared to
the model curves could be attributed to the light being redirected towards the formation of the

new additional order, causing therefore a different phase shift in the phase grating.
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4.3.5 Real-space reconstruction from diffraction pattern (1D)

Up till now, we have established the relationships between the wavenumber ¢, the wavelength
A, and the intensity and amplitude A of the graded wrinkled gratings. With this knowledge,
we devise a method to reconstruct the pattern of the real space structure from an SLS image.
For example, in Figure 4.13a, we observe three diffraction orders in the SLS image, and we
can readily obtain the wrinkling wavelengths from the spatially calibrated SLS data, as shown
under Methodologies in this chapter. To compare the intensity ratios between adjacent orders,
we further develop the model that we reported in Figure 4.7. By comparing the intensity ra-
tios between adjacent orders, we eliminate the need for a reference intensity (at zero strain for
the zero-th order), leaving the dependency to the intensities of the orders solely within the im-
age. We only require two sets of adjacent orders (Iy/I}, I} /1) to extrapolate the corresponding
amplitude of the sample. We choose the first three orders (Oth to 2nd) because they have the

smallest standard error between the experimental results and the model.
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Figure 4.13: Reconstruction of a real-space image using a SLS diffraction patterns. (a) A
standard 1D SLS image with its zero-th, first and second order intensities identified. (b) The
purple and blue line represent model Iy/I; and I;/I, with amplitude of the pattern, reported in
Figure 4.7. Intersecting the equivalent intensity ratios from the experimental SLS image with
the model curve ratios, the surface amplitude can be extrapolated. (c) Reconstructed AFM
image obtained plotting a sinusoidal profile with Amplitude and wavelength extracted using the
previous analysis, compared with the relative experimental AFM profile.

For a given SLS image, we can calculate the ratio of intensities for the two sets of orders, which

allows us to determine the corresponding amplitude of the wrinkles. With both the wavelength
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and amplitude, we are able to create the real space image by inputting A and A in a sine wave

equation describing the wrinkled surface where f(x) = Asin(27x/A). This produces Figure

4.13c, which agrees well with the experimentally measured AFM profile.

4.4 Conclusion

* We have explored the fabrication of 1D and 2D strain-tuneable phase gratings by means

of the mechanical wrinkling of plasma oxidised PDMS. While 1D phase gratings have
been previously demonstrated by the wrinkling of bilayers comprising a polymer thin-
film supported onto PDMS[75, 84], the fabrication method employed here is considerably
simpler, removing the need to float and deposit the glassy film, as well as more robust, by

ensuring covalent bonding of the skin layer and preventing delamination or crumpling.

We resolve and quantify up to 4 diffraction orders resulting from plasma-oxidised PDMS
samples, which are strain-controlled and thus tuneable, or fixed (or static) by the release
of a selected pre-strain condition. The intensity of the various diffraction orders is mod-
ulated by strain, as the sample undergoes relaxation (€.omp), providing a maximum total

diffraction efficiency of 48%.

Phase gratings fabricated via this method cannot be described by conventional sinusoidal
phase grating equations. We attribute this fact to the gradient nature of the glassy skin
layer, originating from the directional conversion process that emanates from the top sur-
face during plasma oxidation. By incorporating a distribution of refractive index in the
skin formed, we succeed in quantitatively modelling the diffraction data. Further, the
precise data modelling of the strain dependence of the diffraction data requires the con-
sideration of non-Hookean properties of PDMS, due to the change in elastic modulus at

sufficiently high strain affecting primarily the buckling amplitude.

We then also examine the optical behaviour of these phase grating at higher deformation,
when buckling deviates from the sinusoidal regime towards period doubling. This leads

to the emergence of an additional diffraction order, as a result of a secondary wavelength
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formed upon ‘doubling’ events. The precise strain of period doubling formation can be
monitored through light scattering, where the increase in intensity of the new order is an

indication of its development.

* Diffraction patterns can be used to fully resolve the surface structure in simple manner.
The real-space image of a wrinkled sample can be effectively reconstructed by obtaining

the wavelength and amplitude through a diffraction image



Chapter 5

Tunable structural colour and
mechanochromic response of wrinkles: 1D

and multiaxial

Part of the work presented in this chapter has been published in Advanced Optical Materials
2022, 10(17), 2200964 [133]. Co-author Zain Ahmad assisted with the fabrication and charac-

terisation of gradient wrinkle structures.

5.1 Introduction

So far, we have demonstrate that wrinkling of plasma oxidised PDMS is an effective method to
produce a phase grating that can be tuned in the context of a monochromatic light source. How-
ever, to broaden the range of applications of this technique, it is necessary to investigate how
these wrinkles behave under white light. Inspired by the abundance of structural color in nature
[8, 31, 134, 135, 136, 137, 138], a range of material synthesis and processing approaches have
been developed to design nano- and microstructures, including multilayer films [139, 140], pho-

tonic crystals [141, 142], and metasurfaces [143, 144], exhibiting static and variable structural

68
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colors, tailored to various practical applications [145, 146, 147, 148].

Wrinkled surface structures, found in flowers and insects [39, 38, 40] have been shown to act as
surface diffraction gratings, imparting structural color to flower petals such as in the Queen of
the Night tulip [25] and the Hibiscus trionum [37], as well as enhancing the diffuse reflection
in dragonflies Rhyothemis resplendens [40]. Randomly oriented wrinkles were demonstrated to
produce uniform bright structural colors with broad viewable angles, which can further be tun-
able using light sensitive polymers skins [149]. Mechanochromic response, i.e. the change of
color under stress, of wrinkled structures has been recently reported, employing various bilayer
film structures [37, 61, 150]. The use of soft matter substrates, including elastomers, is advan-
tageous as it readily allows optical properties to be tuned by the applied strain, by adjusting
surface periodicity and amplitude, in addition to film thickness and mechanical modulus. Fur-
ther, a wide range of surface patterns, including uni- and multiaxial and hierarchical wrinkles,
can be readily fabricated. Similar to the work in the previous chapter, we can take advantage
of the wide range of wavelengths and amplitudes that can be achieved through different plasma
conditions. In this chapter, we present a study that demonstrates how colour tunability and
mechanochromic response can be easily achieved by adjusting plasma and strain parameters,
and by dynamically varying strain (with a maximum of € < 50%). To further explore the ca-
pabilities of this technique, we use different parameters such as strain directionality, employing
uniaxial, isotropic and gradient strain, as well as skin thickness (and thus d) and amplitude gra-
dients. These facile and scalable fabrication approaches lead to striking spatial colour variation,
homogeneity and directionality, expanding the possibilities of this method for a wide range of

applications.

In this study, we build upon the phenomenon of structural color and mechanochromic response
exhibited by 1D plasma oxidized wrinkled PDMS topographies, ranging from nano to the mi-
cronscale. Our goal is to not only qualitatively examine these phenomena, but to also quan-
titatively investigate the emergence of color mixing by the superposition of diffraction orders
of distinct colors at similar observation angles. This involves a comprehensive analysis of the

joint roles of amplitude and periodicity in determining color brightness, which is an important
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aspect of this technique. Additionally, we investigate the potential for colour modulation and
directionality using gradient wrinkles, where the surfaces have spatially varying periodicity, as
well as isotropic patterns that can be easily fabricated. The results of this study demonstrate
that these methods can produce both uniform and spatially varying colors, depending on the

observation angle.
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Figure 5.1: (a) Schematic of the formation of 1D and isotropic wrinkling samples. 1D wrinkles:
plasma oxidation on a prestrained PDMS elastomer coupon and relaxation of strain. Isotropic
wrinkles: plasma oxidation on a flat, round PDMS elastomer coupon, heated to 200° for 30 min
to induce strain through thermal expansion, and cooled to induce the wrinkles. (b) Diffraction
pattern for the 1D (99 W, 120 s) shows orders 0" to 27 and a ring diffraction of 1* order
for the isotropic (20 W, 120 s). (c¢) Wrinkling periodicity (d) and amplitude (A) measured as
a function of plasma exposure time (s) for treated PDMS coupons with different power and
plasma frequency (13.6 MHz: 10.5 W, 40 kHz: 20 W, 50 W, 99 W). (d) Schematic of light
diffraction of wrinkled samples showing up to three orders (-1, +1, +2): a white LED light at
6;, observer/camera at 6,;.

Specifically, in this work we fabricate 1D structures by uniaxial mechanical strain, and isotropic
structures by a thermal cycling treatment, expanding and contracting the bilayer as illustrated
in Figure 5.1a. By diffracting a laser light, we have been able to observe that the periodic
1D surfaces respond as planar (tunable) 1D phase gratings [75, 120], displaying a series of
point symmetric with respect to the direct beam (center), and their spacing in the reciprocal

space reflects pattern periodicity in the real space. On the other hand, isotropic wrinkles yield
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single-frequency centro-symmetric diffraction patterns, with a circular annulus reflecting the
average pattern periodicity, as shown in Figure 5.1b. The experimentally measured logarithmic
dependence of d and A on plasma exposure time [95, 96] for both a 13.6 MHz and 40 kHz

plasma chambers employed in this work, is shown in Figure 5.1c.

In a 1D wrinkled sample, light diffraction occurs perpendicular to the direction of the wrinkles
(Figure 5.1d). As the periodicity of the wrinkles increase, multiple orders of diffracted light can
be seen. Positive orders are defined as those located between the incident light and the reflected
0" order, while negative orders are those located on the opposite side. The observation angle,
denoted as 8,, refers to the position of the observer or camera. By varying 6,,,, we have
been able to observe different structural colors. This allows us to examine the behavior of the

wrinkled structures under different conditions.

5.2 Methodologies

5.2.1 Sample preparation

A carbon-black PDMS (CB-PDMS) (Sylgard 184, Dow Corning) substrate was prepared by
casting a mixture of prepolymer, curing, and carbon black acetylene powder (50% compressed,
99.9+%, VWR) at a 10:1:0.03 mass ratio for 1D and 2D samples, and a mass ratio of 20:1:0.03
for isotropic samples. The mixture was stirred vigorously, degassed under vacuum, deposited
onto a glass plate and cured at 75°C in a convection oven for 1 h to crosslink into an elastomer

with the resultant CB-PDMS with a thickness of 2.5 mm.

Surface plasma oxidation of the samples were performed using two different plasma chambers:
a 13.6 MHz Harrick Plasma PDC-002 at P = 10.5 W for sub-micron wrinkle periodicity samples,
and a 40kHz Diener Plasma (Femto), fitted with a pressure sensor (TM 101, Thermovac) at P =
20, 50, 99 W and variable exposure times for samples with a larger wrinkle periodicity. Oxygen

(BOC, 99.5%) supplied both plasma chambers. The chambers were evacuated to a pressure of
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0.2 mbar, before flowing the gas for 5 min until the desired pressure was reached and stabilized.

The plasma was then ignited, at the required power and exposure time.

1D, regular periodic sinusoidal patterns were fabricated through uniaxial strain of a PDMS

coupon (2.5 cm X 2.5 cm) using a strain stage. The applied prestrain is calculated with respect

to the initial (L) and final distance (L) between the clamps, €prestrain = L L_o Lo The sample is
stretched with a prestrain of 0.2, before it undergo plasma oxidation and subsequently released
to form sinusoidal wrinkles. Samples with a varying periodic structure were fabricated either a
step-wise plasma oxidation or by changing the geometry of the sample to a trapezoidal shape.
Isotropic samples were fabricated through the plasma treatment of an unstretched circular CB-

PDMS coupon (2.5 cm radius) which then undergo thermal heating to 200°C for 30 min and

cooled to room temperature to form the isotropic wrinkles.

5.2.2 Material characterisation

The use of UV-Vis was employed to study the absorption of light in various concentration
of carbon-doped PDMS (0 - 5%/wt). UV-Vis spectrophotometer (Shimadzu UV-2600) was

employed to measure the material’s absorbances which was recorded using UVProbe software.

The carbon-doped PDMS of various concentrations was also measured for its elastic modu-
lus using Lloyd EZ50 Tensile Strain Machine. These samples were prepared in the required

specimen shape as discussed in Chapter 3.3 for testing.

5.2.3 Surface characterisation

Surface topographies were characterized by atomic force microscopy (AFM) using a Bruker In-
nova microscope, in tapping mode at 0.2 Hz, equipped with Al-coated Si tips (MPP-11100-W,
Bruker) and analysed with the in-built Nanoscope software. The diffraction patterns were ob-
tained through static light scattering (SLS), using a 532 nm diode pumped laser (CrystaLaser).

The mechanochromic phenomena were observed and recorded on an optical camera with a
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white light source (Advanced Illumination) in a dark environment, which were then analysed

with ImageJ software.

In this work, the intensity of the structural colour produced in the samples were measured
indirectly through the optical images captured. The optical images were analysed using the
software ImageJ. The desired area of structural colour was selected within ImageJ, and the

intensity was obtained through measuring the integrated density of RGB/3.

5.3 Structural color from nano- to microscale wrinkles

Diffraction of white light from wrinkled surfaces, acting as phase gratings, can yield brilliant
structural colors which depend on pattern periodicity d as well as observation angle 6,,;. De-
pending on the plasma oxidation conditions and strain, the wrinkling periodicity and amplitude
can be precisely tuned to select the color observed from the surface. The relation between pat-
tern topography and observation diffraction angle, given by Eqn. 1.2 enables the prediction of
the color wavelength A at all angles, 0° > 6,,, > 90°, for instance when the incident white
light is normal to the sample surface (6; = 0°). Practically, beyond 6,,, = 70°, the observer’s
field of the surface becomes restricted. Figure 5.2a shows the first diffraction order for wrin-
kled surfaces with periodicities up to d = 800 nm. When wrinkles display periodicities shorter
than the wavelength of visible light, no color will be seen to be diffracted from the surface. In
these regions, UV and X-ray diffraction could be accessed. MHz plasma oxidation allows for
the fabrication of sub-micron structures, yielding single structural color diffraction at accessible
observation angles. By varying the plasma exposure time, d ranging from 490 nm to 710 nm
were achieved as shown in AFM micrographs in Figure 5.2b. The resulting diffracted colors
were captured at different 6,,;;. For d= 490 nm, diffracted wavelengths are limited to larger 0,
where color is only accessible beyond 60° (Figure 5.2¢(i)). As plasma exposure time increases,
resulting in larger d, a red-shift is observed with 6,,; with colors detected at lower observation

angles. When d = 710 nm, a red color can be observed for 6,,, = 70° (Figure 5.2c(iv)).

The structural colors are optimally observed by minimising light reflection and scattering from
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Figure 5.2: (a) Nano-wrinkled samples displaying discrete angular dependency of colors when
white light is shone normal to the sample, 6; = 0°. color observed in the first order with ob-
servation angle 6,,; and wrinkling periodicity, d up to 800 nm. White boxes indicates the
region of colors accessible (+ 3°) for each sample (i-iv), at different 6,;,, corresponding to
Figure5.2c. Below the threshold light wavelength of 380 nm, diffraction limits of UV and X-
ray are reached. (b) AFM scans corresponding to the samples i-iv. (c¢) Single color diffraction
observed in plasma-treated samples at exposure times of 360 s, 480 s, 600 s and 750 s yielding
periodicities of 490, 540, 630 and 710 nm respectively.

the substrate. This can be achieved through doping the PDMS elastomer, for instance with
carbon-black, resulting in uniform light absorbance in the visible range. The effect on opti-
cal and mechanical properties of PDMS doped with varying concentrations of carbon-black
was investigated, by measuring the absorbance and elastic modulus of carbon-black PDMS
(CB-PDMS). Carbon black is a convenient dopant as it absorbs uniformly across the visible
range, and can be uniformly dispersed within PDMS, thus with high absorption and low scat-
tering, allowing for excellent visualisation of structural colour. With increasing carbon-black

concentration, the absorbance increases (Figure 5.3a) as a result of the increasing attenuation
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Figure 5.3: Effect of carbon black on PDMS: Absorbance (a) and attenuation constants (b)
of PDMS with concentrations of carbon-black 0-5% measured with 2.5 mm thick coupons. (c)
Elastic modulus of CB-PDMS with varying carbon-black concentration, measured with a Lloyd
EZ50 Tensile Testing Machine. Comparison between 0.3% and 2.5% CB concentration showed
insignificant color difference and similar modulus (1.6 MPa).

constant of the resulting material (Figure 5.3b). The addition of small amounts of carbon-black
(0.1%) decreases the transmission of light by < 99.9%. A carbon-black loading of 0.3% w/w
is selected, as it yields a comparable elastic modulus to neat (clear) PDMS. When structural
color is formed with CB-PDMS of different concentration, an indistinguishable difference in
the diffracted colors can be observed. Measured intensity (RGB/3) of the color from 0.3 and
2.5% CB-PDMS measures to be 61 and 60 respectively. However, with increasing CB con-
centration, agglomeration and high viscosity prevents PDMS samples from forming uniform

smooth surfaces.

In order to examine the impact of CB, wrinkled clear PDMS and CB-PDMS were subjected to
while light illumination and compared, as shown in Figure 5.4. Due to the optical transparency
of neat PDMS, the observed color is also dependent on its background, as shown in Figure

5.4 (top row). Clear PDMS placed on colored background results in observed colors that are
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Figure 5.4: (a) Comparison of observed diffracted structural colour between clear PDMS (wrin-
kle periodicity ~1.1 um) and CB-PDMS (periodicity 1 um) with different coloured back-
grounds, and (b) black background. In all cases, 6; = 0° and 6, is indicated.

largely dominated by the background and the contribution from the additional, diffracted color
is minimal. By contrast CB-PDMS is insensitive to the background color. In Figure 5.4b, PDMS
and CB-PDMS are compared using a black background. Here, the reflected light is considerably
suppressed allowing for the diffracted light (and thus ‘structural color’) in clear PDMS to be
observed with high contrast. Again here, CB-PDMS is insensitive, exhibiting the same color
regardless of colored or black background underlayer. As a result, the incorporation of carbon-
black in PDMS yields more vibrant colors, regardless of background. In simple terms, CB

effectively incorporates an absorbing, intrinsic ‘black background’ within the system.

In the case of micron-scale surface wrinkles, additional diffraction orders can be observed.
The diffraction orders, initially discrete and well separated at low surface periodicities, start to
overlap resulting in color mixing when d 2 1.1 um. The color mixing arises from the contri-
bution of different diffraction orders at the same 6, at fixed periodicity. Figure 5.5a shows
the expected resulting colors by taking into consideration diffraction order mixing (computed
by expressing and combined each diffracted color in RGB format). Plasma oxidation at KHz,
performed at 99 W at different exposure times, allows the development of d ranging from 1.3
um to 3.4 um (Figure 5.5b). The observed colors at varying 6, are shown in Figure 5.5¢c, with

the contributing orders labelled within each image. When d = 1.3 um, single color diffraction
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Figure 5.5: (a) Micro-wrinkled samples formed using 99 W, kHz plasma exhibiting colors
contributed from up to 7 diffraction orders. From the 2nd diffraction order, overlap of different
orders becomes prominent, resulting in mixed colors with increasing angles. (b) AFM scans
corresponding to the samples i-iv. (c¢) color diffraction for plasma-treated samples at P = 99 W
and exposure time of 30, 120, 300 and 420 s yielding wavelengths of 1.3, 2.3, 2.9 and 3.4 um
respectively. The diffraction orders contributing to the final color are reported at the top right
corners of each condition.

is observed until 6,,, > 60° where the resulting “magenta" color is a contribution from the 2nd
and 3rd order. As the wrinkle wavelengths increase, the overlap of two or more orders results

in non-discrete colors.

From the previous chapter, it has been theoretically established that the diffraction intensities
for colored wrinkled structures can be quantified for each order modifying Eqn. 4.2 to account

for the gradient glassy skin [120]:

_ 8
I(x,y) ~ Y Aoe ML (x,y) (5.1)
i=0

where n; ranges 1.41 to 1.55, Ag = 8.0 X 10'8 and k = 31.5. From this, we use the relationship
between exposure time with d and A to get an intensity plot, which is also dependent on the

wavelength of light A. We would expect that for a given condition and diffraction order, the in-
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tensity of a longer wavelength of light like red light (760 nm) would have a lower intensity than
a violet light (380 nm). In Figure 5.6, the theoretical dependence of diffraction intensities with
exposure time for different wavelengths of light - from violet of 380 nm to red of 760 nm are
plotted for the first order. Assuming that the incident white light has uniform intensity across
the visible range, the intensity of the color for the first order can be modelled according to Eqn.
5.1. Increasing exposure time, increases the surface wrinkle periodicity and amplitude accord-
ingly. By using the equation with corresponding d and A at each exposure time 7, it follows that
shorter wavelengths of light (violet, A = 380 nm) exhibit considerably higher intensities than
those of longer wavelengths (red, A = 760 nm), as shown in Figure 5.6. The intensity for larger
wavelength of light are lower and the intensities can be seen to modulate with exposure time, as

a result of the evolution of wrinkling periodicity and amplitudes.

In the event that color mixing occurs due to the contributions from multiple orders, the intensity
of colors arising from the different orders can be computed in a similar manner. In Figure 5.6b
we plot the intensities of green light (533 nm) up to the 6th order. For a single wavelength of
light, one expects highers orders to have lower intensities than a lower order. However, due to
the spread of intensities with one order from red to violet, higher orders exhibit an overlap of
intensities, which would mean that a violet from a 6th order would have higher intensity than a

red in the 5th order, for example.

5.3.1 Mechanochromic response: tuning colors with strain

The mechanochromic response of wrinkled surfaces can be tuned modulating the compressive
strain release after the plasma oxidation step. The sensitivity in color variation can be adjusted
by considering the relationship between pattern periodicity d and strain, ensuring than only the
first diffraction order (n = 1) contributes at the accessible 6,,,. For a range of applications,
including strain sensing, avoidance of color mixing is desirable. This requires a selection of
a d-range appropriated for the intended 6,,;. The dependence of diffracted color on 6,,; and
d, depicted in Figure 5.7, can be used to select adequate surface periodicity and the window

of strain (or d) of interest. Figure 5.7 illustrates that for a system that experiences small d
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Figure 5.6: (a) Intensity of the first diffraction order with increasing plasma (99 W, 40 kHz, O,)
exposure time, exhibiting higher intensity for shorter wavelengths of light, and lower for longer
wavelengths (i.e. from purple to red). (b) Intensity of up to 6 orders of diffraction computed for
green light (A = 533 nm).

changes, a low d value and high 6,,; would give optimal strain response. Conversely with
larger periodicity changes, sensing would be optimal with surfaces of larger d at lower 0,,,.with
larger d changes, a large d and small 6,,, should be used. The design of such responses can be

tuned by changing the plasma conditions, where the bilayer film parameters can be designed to

achieve the appropriate periodicity range through altering / and E.

The observed color at a given 6,,, can be readily calculated as a function of strain €, by com-

bining Eqn. 1.2 and 2.4 to yield:

L 2nh(E;/BE))

—SinB,ps (5.2)
(14+€e)(1+&)3
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Figure 5.7: Color map depicting the dependence of diffracted color with d and 6,,,. Small
changes in d can optimally be monitored at high 6,,, while large changes in d at low 0,;.

Specifically, Figure 5.8a reports the color shifting from red (buckling onset) to blue (full release)
as function of compressive strain € for a sample treated at P=50 W and 7 =30 s and prestrained
to 0.5. At a fixed 0,,, the diffracted color observed can be manipulated by a change in the
wrinkling periodicity, d. When 6,,, = 31°, the spectrum of the rainbow can be observed when
d is tuned between 0.9 to 1.5 um as described in Figure 5.8b. Due to the intrinsic nature
of the buckling relaxation process and as described by Eqn. 2.4, we are able to exploit this
relationship to create tunable colors with strain. The decrease of the wrinkling periodicity
with strain fulfills the required range to tune the sample to the color of the spectrum. As the
sample experiences compressive strain the wrinkling amplitude increases with strain, therefore
it is possible to determine the theoretical relationship with diffraction intensity through the

previously established diffraction model in Eqn. 5.1.

Following the ability to tune the wrinkling periodicity and amplitude with strain, we would
expect the sample to experience a continuous increase in intensity from red to blue (Figure 5.6).
However, this model alone assumes an equal intensity of the white light at all wavelengths,
and it is thus insufficient to explain the intensity exhibited by the samples at their respective
colors. Unsurprisingly, there is an effect on the intensity of the light source with the resultant

intensity of the color observed. Therefore, modelled color intensity was parametrized by the
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Figure 5.8: (a) Mechanochromic variation in CB-PDMS samples oxidized at S0W 30s under-
going compressive strains from i € = 0.5 to vi € = 0.05, at 6,,, = 31°. (b) First order colors
observed at wrinkling periodicity from 300-1500 nm. Series of colors in the first order ob-
served from A ~ 700 nm (red), when d =~ 1.4 um, to A =~ 450 nm (blue), when d ~ 900 nm.
White boxes i-vi corresponds to the color areal region reported in Figure5.8a. (c) Wrinkling
periodicity, d as a function of strain for samples i-vi. The solid line corresponds to Eqn.(6.1).
Each d corresponds to an observed diffracted wavelength, A on the right y-axis. (d) Amplitude
of wrinkles as a function of strain with the solid line corresponding to Eqn.(6.2). (e) Calculated
diffracted intensity (black line) as function of A, parametrized by the white light and CB-PDMS
absorbance across the spectrum. Measured intensities (blue points) were extracted via RGB de-
composition (RGB/3) of i-vi.

light spectrum and the absorbance of the CB-PDMS in the required range.

Figure 5.9 shows the spectrum of the white light, which has a non-uniform intensity across the
visible spectrum of light, with 2 peaks around A = 460 nm and 580 nm. The UV-Vis absorbance
of CB-PDMS were performed at different thicknesses, from 1.0 - 3.0 mm. Initially as the thick-
ness increase, the absorbance increases accordingly. However the absorbance value reaches a
plateau with increasing thickness past 2.0 mm. Absorbance value for thickness of 2.5 mm is

taken into consideration in the final modelling of intensities. From Figure 5.8c, the expected
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wavelength of light can be calculated with each d and hence A. As a result, the corresponding

d and A can be inserted into Eqn. 5.1, yielding the intensities for each wavelength.
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Figure 5.9: (a) Light spectrum of incident white light (b) UV-Vis absorbance of carbon-black
doped PDMS (CB-PDMYS) of different thickness, from 1.0 mm to 3.0 mm (c) Intensity expected
for each wavelength of light, independent of lightsource spectrum, as the sample exhibits colour
response with mechanical strain.

By normalising the light spectrum and absorbance, combining with the previous description,
we attain the final model. The intensity of the samples were taken by normalizing the RGB
values to 1 through ImageJ. From Figure 5.8e, we find that the experimental results agree well
with the model, taking into account the spectrum of the light source. The experimental results
can also be normalised with respect to the light source to obtain the data in Figure 5.9¢, where

the trend of intensities with wavelength agree with the model.
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5.3.2 Effect of relative illumination and viewing angles on colour percep-

tion

So far, we have only considered cases for when incident light is normal to the sample. With
this condition, the range of observed structural colour is limited. To explore a larger range of
colours being exhibited in the nano-scale samples, the variation in incident angle of light with

respect to the sample can be implemented.

When the angle between the incident light and camera is fixed at 50° with the sample being
rotated along its axis, this allows for the simultaneous change in 6; and 6, as reported in the
schematic in Figure 5.10a(i-ii1). By using Eqn. 1.3, we can predict the color wavelength while
rotating the sample. Conventionally, when 6,,, and 6; are on opposite sides with respect to
the normal, 6,,; would be denoted as a negative angle. When a plasma treated sample with
wrinkling periodicity of 490 nm is observed at 6,,, with a simultaneous change in 6;, color
wavelengths up to ~ 650 nm in the first order can be viewed between 50° < 70°, while no color
can be seen at other angles (Figure 5.10a). By changing the incident light angle, the sample can
exhibit up to a yellow hue when 6; = 70° (Figure 5.10b), compared to the limited accessibility in
color when 6; is fixed at the normal, where only blue can be accessed at higher viewing angles
(Figure 5.2c(i)). For d of 630 nm, 3 distinct orders (-1, +1, +2) can be observed while rotating
the sample such that 0° < 6; < 70°. Between 8° < 6; < 44°, no color can be observed. At 0°
< 6; < 8°, the -1* order can be seen, the +1 order at 44° < 6; < 70° and +2 order at 68° < 6,
< 70°. (Figure 5.10c). As a result, up to a red hue at A = 760 nm is observable when 6;= 70°

and 6,,, = 20°, as compared to a green visible when 6; is fixed at 0° (Figure 5.2c(iii)).
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Figure 5.10: (a) Color variation observed changing simultaneously 6; and 6,,,, for a MHz
plasma-treated sample at 10.5 W, 360 s yielding d of 490 nm. (b) Images of sample showing
increase range of accessible wavelength diffracted compared to in Fig. 5.2c¢(i) with blue color
observed at 50° while yellow at 70°. (c) Color variation observed on a sample for MHz plasma-
treated sample at 10.5 W, 600 s yielding d of 630 nm. Light can be observed to be diffracted in
-1 order from 0° to 6°, +1 order from 45° to 68°, and +2 order from 68° to 70°. (d) Images of
sample showing corresponding diffracted colors.
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5.3.3 Azimuthal viewing angle and color of 1D and isotropic wrinkles

1D surfaces have structural colors limited to the direction of diffraction. When a 1D sample
(kHz, 99 W, 60 s) is rotated about ¢ (6; = 0°, 0,;,, = 40°), the intensity of the colored sample
can be monitored and observed as function of the angle as showed in Figure 5.11a. When ¢
= (, the intensity of the sample, measured by (R+G+B)/3 can be seen at a maximum. As ¢
increases, the intensity can be seen to decrease until it reaches a minimum at ¢ ~ 7/6. (Figure
5.11b) This occurs when the direction of diffraction of the sample becomes out of line with the
observer. As the diffraction of sinusoidal wrinkles are perpendicular to the wrinkle direction,
this only allows observance of the color in 1 axis with respect to the sample. (Figure 5.11¢) The

inset shows the 1" diffraction order pattern of a 1D structure.

In order to increase the viewing angle of structural colors, isotropic wrinkles can be employed.
When an isotropic sample is fabricated under the same plasma conditions, it exhibits structural
color as the sample rotates 27 about ¢. The intensity (a.u.) of the color was measured to be
comparatively lower between 40-60° while undergoing rotation, displaying color at every ¢ (6;
=0°, 6,,; = 40°) as reported in Figure 5.11d. These isotropic structures have a ring diffraction
pattern, diffracting light in all directions. Due to the light being diffracted in all directions, the
line diffraction pattern is of a much lower intensity than the peaks in the 1D. An azimuthal
average measurement can be used to clearly show the comparison between the two structures.
In the 1D diffraction, 2 distinct intensity peaks are seen, reflecting the position of structural
color observation. In the isotropic sample, the azimuthal average stays relatively constant, with

structural color reflected about 27 of ¢.
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Figure 5.11: (a) Schematic of the rotation of wrinkled sample along ¢ (b) Plot of normalized
intensity for a 1D sample (kHz plasma, 99W, 60 s) with ¢ shows a decreasing intensity from O to
/6. (c) The 1D diffraction pattern intensity where 0/ and 1% diffraction orders are shown, with
the light scattering image shown in the inset. (d) Plot of normalized intensity for an isotropic
sample (kHz plasma, 99W, 60 s) when rotated along ¢. (e) The diffraction intensity of isotropic
diffraction along a line. The grey dotted line reflects the middle beam where a beam stopped was
used. (f) Azimuthal averages for 1D and isotropic diffraction patterns. In the 1D diffraction, 2
intensity peaks are seen which reflects the positions of observed structural color. In the isotropic,
the azimuthal average stays relatively constant range of 0.001, reflecting structural color 27
about ¢.

5.3.4 Homogeneity and directional color

An implication arising from the fabrication of regular 1D wrinkling structures with homogenous

wrinkling periodicity is a characteristic “rainbow" color perceived especially for large areas,
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which is enhanced at a close observation distance. As the colors viewed are sensitive to 0,,, a
small change can lead to different colors being seen at a single wrinkle periodicity. The spread
of color occurs as the light reaching the observer has different viewing angles from the top and
bottom of the sample (6,,1 and 6, respectively), thus yielding different wavelengths (4.
A2). (Figure 5.13a). The respective 6, can be calculated with respect to the position of the

observer:

L
O,ps1 = 90 — arctanz (5.3)

L—W)

0,0 =90 —arctan 5.4
where h and L describes the vertical and horizontal position of the observer, and W the distance

between the observed reflected light.

Conversely, it is possible to create a variable structure to create local spatial periods required
to only see a specific color, depending on the position of the observer. Previously, Voisiat et
al. have demonstrated that the homogeneity of large samples can be improved through creating
varying periodic spacing using Direct Laser Interference Patterning [151]. The resulting period-
icity gradient can produce a distinct diffracted wavelength of light at a given angular range. The
spatial period change required to produce a single color can be calculated, from the incidence

angle of the light source and the position of the observer.

nA
d= 5.5
sin6; — sin6,p0 (5-5)

where 0; is the incident angle and 6,,,; is the observer angle.

Using the color plots, the expected color for varying periodic structures can be predicted and
designed, as illustrated in Figure 5.12. When variable periodic samples are viewed at 45°
< B,ps < 55° (corresponding to sample of 50 mm viewed at a distance of ~12 cm) with a

wavelength of 700-900 nm, either a homogeneous color or a “rainbow" effect can be obtained.
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The arrow in Figure 5.12(a) shows the expected color path for decreasing d with increasing 6,

and conversely in Figure 5.12(b), for a gradient with increasing d and increasing 6,;.
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Figure 5.12: Plot of 1*" order colors observed with wavelengths up to 1500 nm. Schematic
arrows showing color along sample with periodicity ranging from 700-900 nm at 45-55°, with
increasing 6,,, a (a) homogeneous sample when viewing with decreasing d (b) enhanced rain-
bow when viewing with increasing d.

In the two methods employed, no significant variation of the wrinkling amplitude was observed,
thus with a negligible impact on the color intensity. For the first approach, here referred to as
step-wise plasma oxidation, different sections of the same area treated at different exposure
times, yielding varying periodicities and amplitudes. Increasing the plasma exposure time in-
creases the film thickness and accordingly the pattern periodicity and the amplitude. Lee et
al. [152] reported the fabrication of stepwise gradient wrinkles by placing glass plates onto
stretched PDMS. The glass plate partially blocks the oxygen plasma and by varying the plasma
exposed region in each step the gradient in the film thickness is generated. However, a sharp
discontinuity is induced between two adjacent regions of discrete periodicities. Based on the
findings reported by Hiltl and co-authors [153], the discontinuity in periodicity and amplitude
along the sample can be minimised by increasing the distance of the glass plates from the PDMS

substrate.

Figure 5.14 describes the fabrication process to achieve variable wrinkle structure through se-
quential plasma exposure by the partial covering of PDMS using multiple glass slides. PDMS
coupon of length 3.5 cm, 1 cm wide, and 0.25 cm thick was subjected to a strain of 20% and ex-

posed to plasma by partially shielding with four glass slides and reducing the number of slides
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Figure 5.13: Structural color behaviour at various observation angles for (a) a 1D wrinkle sur-
face, displaying a heterogenous colored surface; (b) Step-wise gradient 1D wrinkles, observed
from the longest periodicity (d=900 nm) , showing a homogeneous red color; (¢) The same sam-
ple in (b), observed from the shortest periodicity (d=700 nm), exhibiting an accentuated “rain-
bow" effect; (d) Samples prepared employing geometric graded coupons, exhibiting curved
wrinkles directional color when rotated about ¢. (1), (i1), (iil) show homogeneous strips of yel-
low while (iv) showing a ‘rainbow* effect.

after each step. The plasma exposure was carried out in 40 kHz Diener Plasma (Femto) at power
50 W and an oxygen pressure of 0.5 mbar. The first four steps of sequential plasma exposure are
responsible for the gradient in film thickness, where the PDMS is exposed to plasma for a short
duration of 15 s and after each exposure a glass slide is removed to increase the PDMS exposed
area. Plasma exposure is performed for 100 s on unshielded PDMS slide to induce significant
film thickness for wrinkle formation in the most shielded region. Subsequent removal of strain
results in gradient wrinkles ranging from ~700 nm to 900 nm in periodicity. When a stepwise
sample (Figure 5.14) is viewed from a position with L = 10 cm, W = 3 cm and h = 7 cm, this
gives rise to B,,,1 = 55° and 0,50 = 45°. The result wrinkle periodicities ranging 700 nm to
900 nm, viewed from the end of the sample with largest periodicity, exhibits a homogeneous
red color spanning the sample can be observed as A; = A,. Conversely, when the same gradient
structured sample is viewed from the other end of the sample, the ‘rainbow’ effect of colors are

accentuated, where the periodic change leads to an even greater variation in color observed.

The second approach allows for the fabrication of varying periodic structure by altering the

geometry of the stretched sample, by using a trapezoidal shape for example (Figure 5.15). Gra-
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Figure 5.14: (a-d) Prestretched PDMS undergo short plasma exposures (15 s, 40 kHz, 50 W, 0.5
mbar) with increasing exposed area by removing a glass slide, (e) followed by a longer plasma
exposure (100 s, 40 kHz, 50 W, 0.5 mbar). (f) Variable periodic structure with increasing
periodicity and amplitude achieved upon relaxation of strain.

dient wrinkling topographies can be induced either tuning the thickness of the exposed glassy
skin generated by plasma oxidation or by applying a gradient strain field, changing the geom-
etry of the sample and therefore altering the strain components. Previously, Raayai-Ardakani
et al. [154] demonstrated that the wrinkling of a polystyrene film on a graded PDMS coupon
can achieve varying periodicity and amplitudes across a sample. Here, we employ the same
principle for a plasma-oxidation of a pre-strained trapezoidal PDMS sample. Due to the strain
distribution of the sample, there is a higher strain region close to the shorter side of trapezoid,
and conversely a smaller strain region towards the larger side. From the bilayer model equations
in the high deformation regime, a higher strain results in a larger amplitude but lower periodic-
ity. This induces a torsional strain field that is reflected in a curvature of the wrinkling pattern.
The sample experiences a higher strain at the narrow side, and lower strain on the wider side.
The overall pattern can be rationalized as a damped sine wave evolving from the narrow side, or
higher strain region. As a result, the amplitude decreases with the increase in the periodicity of
wrinkles, yielding the wrinkle structure obtained in Figure 5.15a. PDMS coupon was obtained
by cutting a trapezoid from an isosceles triangle having an apex angle of 30°. The distance
between the parallel sides of the trapezoid was 3.5 cm and the length of the shorter side was

2 cm. This trapezoidal sample when stretched and exposed to plasma treatment for 50 W, 90
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Figure 5.15: (a) Directional wrinkles with a gradient in periodicity and amplitude fabricated
by plasma oxidation of a prestretched trapezoidal PDMS coupon. (b) Optical images acquired
in different regions of the wrinkled trapezoidal PDMS, exhibiting induced curvature and direc-
tionality.

s at 0.5 mbar resulted in periodicity spanning from ~800-1000 nm and amplitudes of 60-40
nm, from the long to short side respectively. Additionally, the non-uniform direction of stress
across the sample results in the curvature of wrinkles. The curvature of the wrinkles can be ma-
nipulated by changing the apex angle of the original isosceles triangle. The trapezoid coupons
were further trimmed from the longer side to form a circular arc. In order to view the curvature
optically under the microscope, larger periodicity of ~ 2.5 um on the same geometric gradient
sample were fabricated by undergoing plasma treatment for 50 W, 5 mins at 0.2 mbar (Figure
5.15b). From the microscope images, it is apparent that there is curvature at the edges of the

sample (i-1i1, vii-ix), while the middle of the sample has straight wrinkles.

The curve graded wrinkles display directional structural color, as the 1D wrinkles can only
diffract perpendicular to the wrinkling direction (Figure 5.13d). When the wrinkles are convex
with respect to the viewer, the sides of the sample are such that it diffracts color out of plane
with respect to the centre of the sample. Strips of homogeneous color can be manipulated
and seen dependent on the viewing angle ¢. When ¢ = 0°, a strip in the centre can be seen

(Figure 5.13d(i)). Upon rotation of +15°, the strip of color can be seen to move towards the
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concave with respect to the viewer, the diffraction of the wrinkles converge onto the viewer and

a ‘rainbow’ effect can be seen to be exhibited by the entire sample (Figure 5.13d(iv)).

5.4 Conclusion

In this chapter, we have demonstrated the generation of both simple and intricate tunable struc-
tural colour response in 1D and isotropic wrinkling patterns, fabricated by plasma oxidation of

PDMS and mechanical or thermally-induced buckling. Our main findings are as follows:

* By using carbon-doped PDMS, the fabrication of wrinkles on this surface can produce
brilliant structural colours on the surface, minimising the scattering of light. We bench-
mark and quantify the impact of surface periodicity of 1D wrinkling structures, in both
nano and micron scales, on accessible colours. The effect of colour mixing induced by
overlap of multiple diffraction orders were evaluated, showing that micro-wrinkles ex-

hibit non-discrete structural colours.

* Quantitative relations between color intensity, the interplay between illumination and
viewing angles were established, accounting for the wrinkling mechanics and diffraction

phenomena.

* Owing to the nature of the gradient glassy skin, the model incorporates a gradient re-
fractive indices to reflect this, alongside the established phase grating optics system, to

quantitatively model the intensity of the various diffraction orders.

* The effect of complex topographies on the structural color response, inducing a gradi-
ent in pattern periodicity and amplitude by either tuning the glassy skin thickness (via
stepwise exposure) or by inducing gradient strain field (via a non-rectangular sample ge-
ometry, e.g. trapezoidal) were investigated. The facile method of plasma-oxidised PDMS
allows for the simplicity in surface patterns exhibiting either spatially uniform colour or

enhanced ‘rainbow’ colour, depending on the observation angle.
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* Structural colour of isotropic wrinkled surfaces exhibiting color at all ¢ angles, i.e. ‘around’
the patterned surface were studied. Isotropic surfaces can overcome the limitations in di-

rectionality of 1D surfaces.



Chapter 6

Structural colour through TIR

The work presented in this chapter has been published in Molecules 2023, 28(4), 1710 under
Special Issue Polymeric Photonic Materials [155]. Co-author Zain Ahmad assisted with the
fabrication of GRISMs in this work. Fruitful discussions with Prof. Pete Vukusic helped in the

direction of spectroscopy measurements and analysis of the work.

6.1 Introduction

Naturally occurring materials exhibiting structural colour generally often exhibit colour and
colour modulations across multiple viewing angles. By contrast, colour generated from surface
diffraction is directional, even in isotropic or multiaxial diffractive surfaces [133, 149], contrast-
ing with the appearance of bulk photonic and anisotropic structures. We therefore explore the
feasibility of designing multi-faceted and modulated structural colour through the combination
of wrinkling and diffraction and TIR selection and propagation. We expect that such multi-
faceted structurally coloured materials can approximate more closely ‘bulk’ structural colours

found in nature [156].

Visible light diffraction through reflection can lead to the emergence of structural colour from

patterned surfaces, of appropriate periodicity and amplitude, which varies with observation an-

94
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Figure 6.1: (a) Schematic of light diffraction from a 1D wrinkled surface, with normal incident
light, and total internal reflection (TIR) leading to light propagation onto the sample facet. (b)
Experimental geometry, defining different observation angles 0pg, defined from the normal
of the diffraction grating; 6.4¢., defined from the normal of the sample edge, or facet; 6p¢,
defined for the ‘edge observer’ from the normal of the diffraction grating when 6,4, = 6pg.
The lines from the facet (orange and blue) correspond to a (fixed) sample-observer distance of
£. (c) Cross-sectional schematic of TIR propagation, illustrated for two incident wavelengths
(A= 450 and 730 nm) and surface periodicity d=700 nm: for the shorter A, the 1*" diffraction
order is below the critical angle on the sample’s bottom surface and is thus refracted out of the
sample, while the 2" order propagates by TIR and exits at the sample edge; the 1 diffraction
order of the longer A undergoes TIR thus also contributes to the edge colour. (d) Visualisation
of TIR within a 5 mm thick PDMS coupon, with a monochromatic beam (laser A=533 nm) at a
high incident angle.

gle, as illustrated in Figure 6.1. Evidently, the surface can also act as a transmission grating
where the light diffracts into the sample. If the material properties support TIR, we envisage
that structural colour can be indirectly observed at the facet (or facets) of the material, which we
term here ‘facet TIR colour’ (Figure 6.1a). However, light diffraction will generate a distribu-
tion of wavelengths at different angles, and several diffraction of varying intensities; therefore,
such colour may differ from the original diffraction spectrum owing to TIR propagation rules.

With structural colour observable from two (or more) different viewing perspectives for such a
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material, we introduce the different nomenclatures for the observation angles with respect to the
surface normal, one associated with the surface, Opg, and the other with the facet, Bedge. The
offset angle when viewing the surface with respect to Op¢ is termed 6p;/, which depends on the
length of unwrinkled material L,4q. (Figure 6.1b). Figure 6.1c¢ depicts the cross-sectional pro-
file of light diffracting into the medium, and propagating through the medium, by total internal
reflection, toward a facet (Figure 6.1c). Ray tracing for two wavelengths, 450 and 730 nm, is
shown, to illustrate the colour and diffraction order selection, indicating that different colours
to those diffracted by the surface pattern may be expected at the material facets. Figure 6.1d

demonstrates the TIR of monochromatic light (A = 532 nm laser) within a slab of PDMS.

6.2 Methodologies

6.2.1 Sample preparation

PDMS (Sylgard 184, Dow Corning) coupons were prepared by casting a mixture of prepolymer
and curing agent with a mass ratio of 10:1. The liquid mixture was stirred vigorously, degassed
under vacuum, deposited onto a glass plate and cured at 75 °C in a convection oven for 1 h to
crosslink into a PDMS elastomer slab with the required thickness (ranging from 2.0 to 3.0 mm).

The coupons of 1.5 cm in width and varying lengths (4—8 cm) were then cut with a blade.

In order to create a bilayer with a glassy skin, surface plasma oxidation of the PDMS coupon
samples was performed with a 40 kHz Diener Plasma (Femto), fitted with a pressure sensor
(TM 101, Thermovac) and connected to oxygen (BOC, 99.5%). Samples were treated under
plasma at 10 W intervals from P = 20 to 60 W, with exposure time kept constant at T = 30 s.
The chambers were evacuated to a pressure of 0.1 mbar, before introducing oxygen for 5 min
until the pressure reached 0.2 mbar and stabilised. The plasma was then ignited, at the required

power and exposure time.

One-dimensional (1D), regular, sinusoidal patterns were fabricated by imposing uniaxial strain

on a PDMS coupon (typically 2.5 cm long x 1.5 cm wide) using a strain stage. The strain
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clamps were placed 1 cm apart onto the PDMS coupon, and the samples were stretched to a

prestrain of 0.5, before undergoing plasma oxidation, and subsequently released from strain,

yielding a sinusoidal diffraction grating (1 cm long) of prescribed wavelength and amplitude.

The prestrain is calculated with respect to the initial (Lg) and final distance (L) between the
1—Lo

L
clamps, € = o

6.2.2 Surface Characterisation

The surface topographies were characterised by atomic force microscopy (AFM) using a Bruker
Innova microscope, in tapping mode at 0.2 Hz, equipped with Al-coated Si tips (MPP-11100-
W, Bruker) and analysed with the in-built Nanoscope software. Structural colour spectra were
recorded using BLACK-Comet UV-VIS Spectrometer (StellarNet Inc) with F600-VIS-NIR
fiber optic cable with a white light source (Advanced Illumination) in a dark environment. Op-

tical photos were taken with a digital camera.

6.2.3 Light source and spectrum calibration

The spectrum of our light source is presented as ‘Ref’ in Figure 6.2a. The optical attenuation
of PDMS was measured using a range of PDMS slabs with varying thicknesses, up to 12 cm.
Optical transmission data are shown in Figure 6.2b. The transmission was then computed as 7 =
(Lsampie — Ibackground) /Iref — Ibackgrouna)» Where I,y corresponds to the reference spectrum and
Ipackgrouna 18 the background spectrum accounted for by the spectrometer for the environmental
—0.021h

background. The calibration of the spectrometer with the PDMS system yields T = e

where 4 is the PDMS thickness, as shown in Fig 6.2(c).
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Figure 6.2: Spectrometer measurements with different thicknesses of PDMS: (a) Measurement
intensity spectra; (b) Computed transmission data as a function of PDMS thickness; (c) Cali-
brated transmission dependence on thickness, yielding 7 = ¢~?921" where h is PDMS thick-
ness.

6.3 Structural colour of wrinkled surfaces through surface

diffraction

We have fabricated a range of one-dimensional (1D) wrinkled structures by applying uni-axial
mechanical strain (¢ = 0.5) on PDMS coupons, subsequently exposed to oxygen plasma at
varying power (20-60 W). Upon relaxation of strain, the bilayer yields a sinusoidal profile,
at sufficiently low deformations (Figure 6.3a). Wrinkles of different periodicities are readily
obtained from the variation in plasma power (at constant exposure time), as shown by the atomic
force microscopy (AFM) profiles in Figure 6.3b. The associated periodicity d and amplitude A

can be expressed as [93, 90],
_ _ 1
. 2mh (E¢/(3Ey))?

- 6.1)
(1+€e)(1+&)3

A h(e/fc—l)z 1 62)
(1+€)2(1+8&)

where h is the converted film thickness, E¢ and E; are the in-plane strain moduli of the film
and substrate respectively, given by E = E /(1 — v?), where E is Young’s modulus and v the
Poisson ratio (~ 0.5 for PDMS); & = 5¢(1 +¢€) /32, accounting for the nonlinearity of the stress-
strain relationship of the substrate in the finite deformation regime (i.e., non-Hookean response).

Here, we refer to the surface periodicity as d, instead of the customary surface wavelength A,
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to avoid confusion with the wavelength of light. In order to trigger the mechanical instability, a

certain ‘critical’ strain € must be exceeded:
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Figure 6.3: (a) Schematic of the fabrication of a 1D wrinkled sample: a PDMS elastomer
coupon is mechanically strained and then exposed to oxygen plasma. Upon strain relaxation, a
wrinkled surface remains (at rest conditions). (b) AFM scans of samples fabricated at different
plasma powers (P = 20 W to 60 W) and fixed exposure time T = 30 s, and pre-strain € = 0.5;
the scale bar corresponds to 2 um. (c) Wrinkling periodicity (d) and amplitude (A) measured
for the samples above; the shaded area corresponds to an induction stage for glassy skin and
wrinkling onset. (d) Structural colour map computed for incident white light at 6,=0, surface
periodicity 300 < d < 1200 nm, and observation angle 0 < Opg < 90°, considering the first two
diffraction orders. At lower d (< 380 nm), UV can take place.
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6.3.1 Total Internal Reflection (TIR) and selection of facet colour

Similarly to surface structural colour derived from the diffraction of light in reflection from a
wrinkled surface, the observation of facet TIR colour is also expected to be angle-dependent.
Light diffracted in transmission can be further propagated via TIR, under specific conditions,
resulting in structural colour (indirectly) appearing on the facets of transparent materials. Figure
6.4a shows a series of optical images, taken at varying observation angles, of a sample with
surface grating periodicity d = 700 nm (fabricated with plasma conditions P = 20 W, 7 = 30
s, € = 0.5), that exhibits a range of structural colours. For clarity, the sample was placed on a
mirror that acts as a reflective substrate and was observed at 6,4, at 10° intervals of observation
angle, from 20 to 60°. Concurrently, the surface structural colour can also be viewed, but with
an offset angle of Op¢ ranging from 30 to 65° when / = 10 cm and L,g44, = 2 cm. The white line
on the optical images indicates the boundaries between facet colour, and the mirror reflection.
Figure 6.4b shows a schematic of the sample set-up, including the role of the ‘TIR (mirror)’
where refracted rays from the facet impinging onto the mirror result in an additional colour

perceived (which can be different from the facet colour).

As 6,44, increases, the facet colour transitions from purple/red to dark blue while the surface
colour is red-shifted from blue to orange. Transmission measurements were taken with respect
to both facet and surface. The associated spectroscopy measurements at the facet are shown
in Figure 6.4, indicating that the reflectance peak shifts from the red region (= 730 nm) to the
blue region (=~ 450-480 nm). For surface structural colour, 2 different sets of spectroscopy
measurements are represented: Figure 6.4d shows the spectra when the measurements are taken
with respect to Opg, where Opg = 6,44, While Figure 6.4e show measurements taken at 6p¢,
where the angle is offset with respect to 6,44, (relationship shown in inset). The transmission
spectra are recorded and then normalised for background and incident light intensities. Both
spectra show that, as the observation angle increases, the measured spectra are red-shifted as

the peak shifts from the blue region at A ~ 450 nm to A ~ 650 nm.
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Figure 6.4: (a) Optical image of the structural colour of a 1D surface wrinkled sample with d =
700 nm (P =20 W, 7 =30s, € =0.5): reflective diffraction (top) and TIR (facet) lead to distinct
colours at fixed observation angles. (b) Experimental setup depicting the sample support on a
mirror (reflecting also the downward refracted light) the dashed line in (a) demarcates the lower
sample edge. (c) Spectroscopic measurements of (TIR) structural colour at the facet at varying
Bcage- (d) Spectra of reflected diffracted light, measured as a function of 6pg, and (e) Opg, the
offset in observation angle when 6,4, = 6p¢, defined in Figure 6.1, and related to 6,4, are
shown in the inset.

6.3.2 A minimal model for facet colour: TIR and incident light dispersion

The resulting structural colour at the facet can be modelled using the principles of TIR within
a medium. The angular dispersion of the incident white light from a flood-illuminating source
is also included in the model, to reflect practically-relevant conditions. We first describe the
behaviour of a sample with a surface diffraction grating of periodicity d = 700 nm, depicted in
Figure 6.4. Figure 6.5a is a schematic diagram showing three selected wavelengths, A = 450,
480 and 730 nm, of light incident on the diffracting surface of the sample. These wavelengths
were chosen due to their peak positions in the transmission measurements. We first consider
that the rays are incident on the grating where 6; = 0°. Within the medium, the general diffrac-
tion equation can be modified for a transmission diffraction grating to take into account the

respective refractive index (ng in air, n; in PDMS):
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mA = d(nysin6; + nysinb,) (6.4)

where 0, denotes the angle at which light is diffracted into the sample. A = 450 nm diffracts at
27.1° (1% order) and 65.8° (2"¢ order), A = 480 nm at 29.1° (1*' order) and 76.6° (2"? order),
and A = 730 nm at 45.17° (1*' order). When the angle of light in the medium (with respect to
the normal) exceeds the critical angle, the light undergoes total internal reflection. The critical
angle within PDMS, taking into account the refractive index of air (ng = 1) and of PDMS (1] ~
1.41) is estimated to be

6, — arcsin(Z—?) —45.17° (6.5)
As the 1% order of 450 nm and 480 nm wavelengths does not exceed the critical angle, the ray of
light refracts out of the sample without being reflected internally when reaching the boundary
of the sample. On the other hand, as the angle of diffraction for the 2"¢ order of A = 450 nm and
480 nm and 1% order of 730 nm exceeds that of the critical angle for the system, these undergo
TIR and propagate through the sample before exiting at the edge we term the ‘facet’ with an
angle of 6,,, with respect to the (horizontal) facet normal, where 6, = 90° - 6,. From there,

we can calculate 6,4,, from Equation 6.6, which is the complementary angle to that of the ray

refracted at the facet:

Bedge = 90° — arcsin (1) X sin6y) (6.6)

Refracted rays at the facet can either exit towards the mirror (below the sample) or the observer.
Due to the size of the incident beam spot, light is incident across the entirety of the grating. As
a result, it is insufficient to consider the pathway of only a singular ray incident on the grating,
but it is also important to consider incidence at different points along the wrinkles (transparent
lines). By considering this, it offers a better understanding of the colours emerging at the facet,
thereby leaving the sample at an angle of 6,» with respect to the facet’s normal, and refracting

towards the observer/ mirror with 6,44.. This effect is also affected by the geometry of the
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Figure 6.5: (a) Schematic diagram representing the modelling calculations, for a given coupon
dimensions (height &, length Lpg + Leqg.) and periodicity d, each individual wavelength is
ray-traced, diffraction orders that do not meet TIR conditions are excluded, and the refracted
colours at the edge computed as a function of 6,4e.. (b) Schematic depicting the distribution of
incident angles 6; onto a point in the sample and illustrative of angular dispersion, described by
a Gaussian profile with a half-width at half-maximum (HWHM) of 10°. (c) Computed relation
between (6,4¢.) and A at fixed 6; for the 1 and 2" diffraction orders. Representative fixed 6.y4¢
angles are shown by the horizontal lines. (d) Predicted spectra for the edge colour, assuming
the Gaussian distribution shown in (b), and accounting for the light source A distribution (SI
Fig x). At this d, the edge colour is expected to change from red-dominant to blue-dominant
upon increasing 6,44, in agreement with Figures 6.4a and 3c.

sample, by changing the optical path of the rays travelling in the medium. When the TIR rays
exit the PDMS at the facet, we can capture the signal where rays are refracted towards the mirror,
by employing a reflective surface, for instance, a mirror. Radiation exiting towards the mirror
can be observed in reflection, and its colour spectrum can be analysed. Employing reference
conditions (P =20 W, 7=30s, € =0.5), samples of two slightly different thicknesses (h = 2.75
mm and 3 mm) were prepared, keeping the length constant where Legq, = 1.5 cm. From Figure
6.6a, we observe that at 6,4, = 30° and 40°, there is a slight difference in the optical images
between h =2.75 mm and 3 mm, where the facet colour appearing from the facet and the mirror

‘reflection’ is apparently switched between the two thicknesses. This is a geometric effect, that
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can be readily explained by ray tracing, shown in Figure 6.6b. At these two 6,44, we find the
spectra in Figure 6.6¢c have a maximum at ~ 750 nm, which is responsible for the contribution
in red colour. The single ray tracing diagram from the centre of the diffraction grating surface
illustrates the observation: When 4 = 2.75 mm, the ray exits downwards, towards the reflective
surface, and a red-dominant component is observed through the mirror. Conversely when A
= 3 mm, the depicted ray exits upwards, towards the observer, and a dominant red colour is
then observed at the facet. Figure 6.6¢c shows the associated spectra relating to the samples at
the various 6,4,.. The shape of the spectra is similar to that of samples of the same condition,
showing that the colours observed are dependent on the wrinkle periodicities. The intensity
of the thicker sample is lower than that of the thinner ones, due to the longer pathlength and

associated light attenuation.

(a) (b)E % =750 nm d =e700 nm Ledge =1.5cm
b N ]
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Figure 6.6: (a) Optical images of structural colour of a 1D surface wrinkled sample with d =
700 nm (P =20 W, 7 = 30 s, €=0.5), with L.4e = 1.5 cm and different thicknesses h = 2.75
mm and 3 mm, observed with increasing 6,4¢.. (b) Ray tracing diagram of a 750 nm ray for
both sample thicknesses, depicting the different direction of ray exit at the facet. (c) Recorded
transmission spectra for each sample at corresponding 6,4¢,.

In order to describe the experimental observations, we also consider the intrinsic divergence
of most incident light sources and account for the distribution of angles of incidence (variable
0,) on the surface grating. We model our results using a Gaussian distribution of 6;, ranging

from -20° to 20°(Figure 6.5b). Combining equations 6.4 - 6.6, we compute the wavelength
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of light A observable at 6,44, accounting for an incident angle 6; distribution (Figure 6.5c¢).
When d = 700 nm, light diffracts up to two diffraction orders within the medium, where the
observation of higher wavelengths arises due to the contribution of the 1* order, while the
lower wavelengths are due to the 2"? order. Graphically, for each fixed Bcdge» the intersection
with the 6; dispersion curves yields a series of A values. In other words, imposing 6,4 (6;,4) =
fixed value (e.g. 20° leads to a A(6;) series. The intensity T(A) of each (A, 6;) pair (sampled
every 2.5°) is then assigned the corresponding Gaussian pre-factor attributed in Figure 6.5b,
namely g(6;) = exp(6?/(202))/(v/2mo) (with ¢ ~10, to match experimental observation).
This results in the spectra shown in panel (d); the expression is discretised with 17 terms and
normalised to 1. Taking 6.4, = 20° for example, A = 730 nm is expected to be observed
when 6; = 0° (Figure 6.5c). As our model assumes this incident angle experiences a maximum,
Figure 6.5d indicates this was associated with maximum intensity at 730 nm. Similarly, there
is a minimum at A ~ 480 nm due to the smallest weighting when 6; = +20°. Below 480 nm,
the contributions of wavelengths are due to the diffraction of the 2" order, while above this, it
is contributed by the 1* order. From this model, we observe that when 6,4, is 20° and 30°, the
measured spectrum shows that the colour observed is red in appearance while for 40-60°, it is
blue in appearance. This is in line with the experimental results, where we observe that there
is a greater contribution in red at the facet at smaller 6,4,, While at 40-60° the facet has a more
discernible blue hue to it. The profile of the modelled spectrum agrees with the experimental
results in Figure 6.4c. The spectral signature of the incident white light source does not emit
below 400 nm, and therefore, the model does not yield results below 400 nm. The measured
intensities are also dependent on the geometry of the sample which affects the distance over
which each ray travels; accordingly, longer ray paths lead to lower intensities recorded for their

observed wavelengths.

Additional specimens of different lengths were prepared under otherwise the same conditions as
those of Figure 6.5, and Figure 6.6, namely with € = 0.5, P =20 W, 7 =30 s, where Lyg4, = 2.5
cm and 4 cm. Upon clamping the PDMS coupons with different lengths, scotch tape was used
to cover up the exposed areas, ensuring that the edge portion did not undergo plasma treatment.

This experiment serves to show the feasibility of manipulating the geometry of PDMS coupons
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Figure 6.7: Optical images of the structural colour of wrinkled samples with d = 700 nm and &
= 2.1 mm, with lengths (a) Legge = 2.5 cm, (b) Legge = 4 cm. (c) Measured spectra for samples
with the different L4, as a function of observation angle.

to accommodate longer samples. As in previous experiments, Figure 6.7 shows the structural
colours of the sample, surface and facet when 6,4, varies from 20 to 60°. For these geometries,
the facet colours are similar, only decreasing in intensity with increasing length (and thus light
attenuation along the pathlength, and losses at each surface reflection). The structural colour of

the surface differs slightly due to the offset in angle 0p ¢, affected by Legge-

From the modelling of the structural colour, we establish that the colour observed is only de-
pendent on the periodicity of the wrinkles and the observation angle (which themselves are
affected by the incidence angle on the grating surface). We can take advantage of the tunabil-
ity of plasma oxidation of PDMS to fabricate a range of structural colour designs that would
achieve multifaceted structural colours. By increasing plasma oxidation power from 20 to 60 W
in 10 W increments, we design wrinkles with periodicities ranging from 700 to 1150 nm. View-
ing each sample at different 6,4, angles, 20°, 40° and 60°, a gamut of colours is observed. The
surface structural colour can be predicted based on previous work (Figure 6.3d) [120, 133]. A
similar colour map can also be used to design and predict the observed facet colour at 6,4, With
d. This map was constructed from d = 300 to 1200 nm, which includes up to three diffraction
orders, with the assumption that 6; = 0° and only taking into account the dominant colour with

no colour mixing from contributions of different orders, and is shown in Figure 6.8b. Overall,
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Figure 6.8: Effect of surface periodicity d on top (reflective diffraction) and facet (TIR) struc-
tural colour. (a) Optical images of illustrative samples of varying d (from 700-1150 nm) pre-
pared through varying oxygen plasma power exposure (P=20-60 W, 7=30 s, £€=0.5), acquired
at 6,44,=20, 40 and 60°. (b) Computed colour map for TIR facet colour, as a function of d and
B,dge- for the first three diffraction orders. The star markers indicate conditions investigated ex-
perimentally in (a), showing qualitative agreement (see text). (c) Measured spectra of TIR facet
colour, corresponding to the samples shown in (a) at the reference 6,4¢, = 20°, 40° and 60°. As
P increases, the observed colour is red-shifted and/or transitions into a higher diffraction order
at a lower wavelength.

the model shows good agreement with the experimental results. Transmission spectra were also
taken for each sample at the different angles, quantitatively showing that the structural colour is

red-shifted, or shifted into higher orders, as the periodicity and 6,44, increases.

Beyond 1.2 um, we reach the limits in the observation of the facet colour, as the sample gener-
ates increasing numbers of diffraction orders mixing additively together (Figure 6.9). A series

of samples with higher periodicities were fabricated with plasma conditions P = 20 W, € =
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Figure 6.9: (a) Optical images of samples fabricated at P =20 W, € = 0.2, and exposure times
from 7 = 90 to 240 s. These samples show the decreasing manifestation of facet TIR colours
with increasing d. (b) Colour map of facet TIR for d = 1.2 to 2.1 um, showing the mixing of
up to 6 diffraction orders.

0.2, at increasing exposure times from 90 to 240 s. These conditions were selected as a lower
prestrain allows higher periodicities to be achieved. With increasing periodicities, facet TIR
colour becomes progressively less visible. At 1.2 um, a faded purple hue can be observed at
0.4gc = 20°, while the other conditions, up to 2 um, display no observable facet colour. As
d increases, additional orders diffract within the medium, causing wavelengths from different
orders to undergo mixing. In addition, wavelengths from higher diffraction orders also exhibit
lower intensities. As a result of the combination of both effects, we conclude that facet TIR can

be prominently observed when wrinkle surfaces are fabricated at the nano-scale.

6.3.3 Colour changes induced by environmental conditions

Structural colour can reflect environmental conditions that affect the surface grating nanostruc-
ture. Environmental factors can include the presence of solvents in a liquid or gas atmosphere,
or a medium with different refractive indices. When PDMS is exposed to a range of solvents,

it can swell and deform significantly. Wrinkled samples (P = 30 W, 7 = 30 s) were soaked in
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Figure 6.10: Top and facet structural colour change upon solvent-induced swelling. (a) Optical
images of illuminated wrinkled samples with d = 830 nm (P =30 W, 7 = 30 s, € = (.5) after
immersion in ethyl acetate, toluene and chloroform (in increasing order of swelling) for 10
min, at 6,44, = 20, 40 and 60°. (b) AFM line scans showing the decrease in amplitude A, and
marginal increase in d upon immersion, and air drying by excess solvent removal (see text). (c)
Measured spectra of the TIR facet colour after soaking in ethyl acetate (dash), toluene (dash-
dot), chloroform (solid), at observation angles 6,45, = 20° (blue), 40° (green), 60° (yellow).
The reference dry images and spectra are shown in Fig 6.8a (second column) and c.

different solvents, ethyl acetate, toluene, and chloroform for 10 minutes each. These solvents
were chosen for their different swelling ratios: 1.18, 1.31, and 1.39 respectively [157]. Prior
to optical and AFM imaging, solvent-soaked PDMS coupons were carefully pad-dried with ab-
sorbent tissue paper to remove excess solvent, and allowed to air-dry for 2 min. Care was taken
not to over-dry the sample and reverse swelling (as demonstrated with toluene and chloroform,
for instance) [157, 158, 159]. The solvent-soaked samples can be seen in the optical images
in Figure 6.10a, viewed at increasing 6,44, at 20, 40 and 60°. When the samples are exposed
to solvents with increasing swelling ratios, the facet colours appear to be disproportionately
affected, decreasing in intensity. From the AFM scans of the solvent-exposed samples in Figure

6.10b, we observe that the wrinkling amplitude decreases from its original to a greater extent
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with solvents of higher swelling ratios (from A ~ 175 nm with no solvent to 12 nm with chlo-
roform) while experiencing a marginal increase in periodicity (d = 830 nm to ~ 900 nm). The
marginal increase in periodicity results in a negligible change in structural colour on the sur-
face, however, the decrease in amplitude causes a decrease in measured transmission intensity,
shown in Figure 6.10c. Due to the reversibility of the swelling process [160], such systems have

potential uses in sensor technology.

6.3.4 Specimen geometry in producing structural colour

Figure 6.11: (a) Effect of polyhedron shape, illustrated with a diamond cut and relative orienta-
tion of the 1D wrinkled surface. The top row d = 620 nm (P =20 W, 7 =30 s, € = 0.7) depicts
increasing 6,44., and the row below (d =700 nm, P =20 W, 7= 30, € =0.5) to varying rotation
angle ¢. (b) Ray tracing diagrams schematically show the observations described from the side
and top view

Specimen geometry can be exploited to further expand the variation of multifaceted structural
colours. So far, results for 1D samples prepared using a rectangular slab were presented, result-
ing in facet colour to be observed in the same direction as that from the wrinkled surface. From
such samples, the edges can be subsequently cut at different angles, to examine the impact of
geometry. Cutting is done only after the fabrication of wrinkles to prevent any inhomogeneities
in strain application. A schematic of the side and top view shows the expected direction travel
of light rays while exiting a sample as shown in Figure 6.11a. In a rectangular sample, we only

need to consider the side view to determine the pathway of ray travel. As previously shown,
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we can determine the 6,44, for observed wavelengths, and the facet colours are observed in
the same direction as the surface. However, in a cut sample, we also have to consider another
dimension for light refraction, where the direction of observation of facet colour is offset from

that of the surface colour.

To demonstrate this effect, Figure 6.11a shows two samples with ‘diamond’ cuts at the edges,
the top row sample prepared at P =20 W, 7 =30 s, € = 0.7 with periodicity d = 620 nm, while
the bottom at P =20 W, 7 =30 s, € = 0.5 with d = 700 nm. The sample with periodicity d =
620 nm was observed with increasing 6,44, at an angle ¢ = 40° offset, where ¢ is defined as
the angle about the sample’s horizontal axis (Figure 6.1a), causing the wrinkling direction to be
non-perpendicular to the observer. Since uniaxial wrinkled surfaces act as 1D phase gratings
[75], these diffract light solely in the direction perpendicular to that of the orientation of the
wrinkles. As a result, structural colour is only observable along that direction, and within a
narrow off-specular range (of approximately A¢+ 5-10°, associated with wrinkling disorder
and finite illuminated spot size). Structural colour is otherwise not observable away from this
diffraction plane, as illustrated in Figure 6.11a where only edge colour, due to facet TIR, is

visible.

As with the other samples, the colour of the facet can be seen to change with increasing 6,44,
where it transitions from yellow to red. In the ond sample, where d = 700 nm, the sample was
observed at a fixed 6,44, = 50°, and rotated about ¢. We observe that the surface colour yellow
can be effectively ‘switched on or off” along with the facet colours. By exploiting different
directions of cuts in the samples, we can manipulate different variations and combinations in

the multi-faceted structural colours of these samples.

6.3.5 Structural colour TIR in GRISM

Incorporating a surface grating with a prism, we demonstrated the fabrication of GRISMs. In
this context, a GRISM is a compound optical element that significantly reduces the influence of

light dispersion from the individual elements. A prism deflects violet light more than red, while
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a diffraction grating deflects red more than violet. By combining the two, light can be separated

into its components while offsetting the beam deviations resulting from each element.

3cm

SNad

SINAd:sse9

Figure 6.12: (a) Illustration of the fabrication of a ’GRISM’ by combining a prism and a wrin-
kled PDMS layer onto its side surface. (b) Isosceles right-angled glass prism, with side length
of 3 cm and width of 3 cm, coupled with a wrinkled surface, to demonstrate the dispersion of
colours on the two surfaces of the prism. (c) A PMMA mould is utilised to create a PDMS
prism. The mould is obtained by joining individual PMMA laser-cut pieces of thickness 3
mm. (d) Experimental realisation of the coupling of a grating (on a facet) and a prism, termed
“grism’, whose setup is illustrated in the sketch. Optical images obtained for PDMS (top) and
glass (bottom) prisms, obtained with d =980 nm (P =40 W, 7 =30 s, € =0.5). Colour disper-
sion can be finely tuned by these two optical elements.

Here, we demonstrate the fabrication of a GRISM structure by placing an isosceles, right-angle
prism, atop a wrinkled surface, with the wrinkles in contact with the prism, shown in Figure

6.12(a). We use two materials for the prisms: glass and PDMS. The setup with glass prism
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(Edmund Optics) can be seen in Figure 6.12(b), with length and width of 3 cm each. The
PDMS prism was fabricated using a PMMA mould, made by laser cutting and solvent bonding,
as shown in Figure 6.12(c). Fresh PDMS was then poured into the mould and cured, and the
PMMA mould was unmounted to yield a PDMS prism with identical dimensions as that made
of glass. In a simple realisation of a GRISM, we placed model prisms made of either PDMS
(n =1.41) or glass (n = 1.52) on top of a wrinkled PDMS sample (P = 40 W, d = 980 nm)
to create GRISMs (PDMS, and Glass:PDMS) as shown in the schematic in Figure 6.12b. The
samples were placed such that the wrinkled surface was in contact with the prism. Employing
white light, the GRISMs were viewed at increasing 6,;, from 15° to 40°. 6,,, is taken from the

normal of the base of the GRISM, directly under the centre of the incident light.

GRISMs show a ‘dual’ image of the wrinkled surface exhibiting different colours. When white
light is shone vertically, it illuminates the prism surface at an angle of 45°, and then refracts into
the medium, thus impinging on the grating at an angle, before diffracting back into the medium.
The grating diffracts positive and negative diffraction orders, denoted in the schematic as + and
-. The rays from the positive orders are then incident on the top face of the GRISM and are
refracted out, while those from the negative orders will first hit the side face of the grism. If the
angle of the rays incident on the side face exceeds the critical angle, it undergoes TIR before
exiting from the top. The combination of the two diffraction orders produces dual-coloured
appearances, shown in the optical images. From an observer’s perspective in an optical image,
the top colour is produced by the negative diffraction order while the bottom is from the positive
order. As 0, increases, we observe a gamut of different colours, which can also be manipulated
by changing the material composition of the prism. Figure 6.12d shows that by changing the
refractive index of the medium (PDMS to glass), we are able to obtain distinct colours in the

GRISMs.
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6.4 Conclusion

In this chapter, a further exploration of structural colour of wrinkled surface was performed,
where we successfully fabricate multi-faceted structural colour exploiting the combination of
diffraction in reflection as well as transmission mode where total internal reflection can take

place. The main findings in this work are as follows:

* The design and fabrication of multi-faceted structural colour on a transparent elastomeric
material (PDMS) has been demonstrated in this work, through the patterning of a surface
diffraction grating and exploiting TIR. The surface grating was generated by the facile
method of mechanical wrinkling and oxygen plasma oxidation, enabling periodicities
of wrinkles tunable for optical diffraction of visible light wavelengths to be achieved.
Wrinkled surfaces can yield striking structural by colour acting as reflective diffraction

gratings, whose response we model and validate experimentally.

* TIR process is selective - where only a certain sub-set of diffracted colours at distinct
angles, and diffaraction orders of each colour will be propagated by TIR. The combina-
tion of surface diffraction and transmission diffraction (combined with TIR) allows for
different colours to be observed on the respective facets. The colours can be well defined

with rules established and described in the chapter.

* As elastomeric materials can respond significantly to environmental changes, of gas or
liquid medium, we demonstrate a simple concept for a colour sensor. The use of macro-
scopic shape of the 3D objects can impact light propagation and colour appearances, and
we generate a ‘GRISM’ to illustrate the possible designs of using mediums of different

refractive indices to exploit the TIR mechanism.

* This works shows that the design parameter space for inducing ‘multifaceted” colour by
combining diffraction and TIR, as well as coupling these with other optical elements, ap-
pears to be very large and promising. We therefore anticipate our findings will be relevant

across a wide range of applications, including in displays, packaging, and sensors.



Chapter 7

2D Diffraction Interference and Structural

Colour

This chapter is constructed through a collection of work that has been published in Physi-
cal Review Letters 2022, 128, 058001 [113], ACS Applied Polymeric Materials 2021, 3, 10,
5162-5170 [120], Advanced Optical Materials 2022, 10(17), 2200964 [133] and Molecules
2023, 28(4), 1710 under Special Issue Polymeric Photonic Materials [155], along with some un-
published material. In this work, experiments were collaboratively carried out by Annabelle Tan
and Dr Luca Pellegrino. The initial experiments in laying down foundations for non/orthogonal
wrinkling superposition were primarily carried out by Dr Pellegrino, supported by Annabelle.
While the 2D film lamination, reconstruction of 2D diffraction pattern and the investigation in

structural colour of 2D samples were primarily performed by Annabelle.
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7.1 Introduction

Up till now, we have explored mainly the fabrication of 1D wrinkle surfaces with its optical
effects and associated structural colour. These versatile surfaces although can be varied and
tunable, lack directionality in diffraction - where it only diffracts light in one direction, per-
pendicular to that of the wrinkles. As previously discussed in Chapter 2.2, the application of
bi- or multi-axial strains give rise to more complex patterns including dimples, herringbone
(chevrons), square (checkerboard) or labyrinthine features [94, 108, 109, 110, 111]. The se-
lection of a particular wrinkling mode is determined by the minimization of overall elastic and
bending energy. Wave interference patterns can also be observed in layered rock formations
where folded geological layers buckle in two or three dimensions [161, 162]. The superim-
posed buckling instabilities can lead to different modes such as domes and basin’ or non-planar
non-cylindrical folds with hinge replacement’ depending on the interference angle [163, 164].
One way to create a large area checkerboard or ‘spiky’ topography is to first generate a one-
dimensional wrinkled surface and then replicate it, allowing for a second, orthogonal generation

to be superposed onto the first with individually set amplitudes and wavelengths [94, 109, 111].

Taking inspiration from the aforementioned concepts, in this chapter we investigate the possi-
bilities and limitations of using wrinkling wave superposition as a tool for designing surface
patterns for the application of structural colours with variation in directionality. Our approach
involves exploring the sequential placement of two wrinkling generations induced by uniax-
ial strain of a bilayer, with the angle between them being allowed to vary. This methodology
presents non-trivial aspects that need to be considered. For instance, the second wrinkling event
no longer takes place on a planar bilayer, resulting in a coupling effect with the pre-existing
wrinkled topography. Therefore, we must take into account the interactions between the two
generations of wrinkles, and how they may influence the final pattern and colour observed on
the surface. Finally, we also investigated how the different processes of sequential or simultane-
ous wrinkling in the fabrication of orthogonal wrinkles can affect the directionality of structural

colour displayed.
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7.2 Methodologies

7.2.1 Simultaneous and sequential 2D wrinkling

Simultaneous 90° samples can be created through a biaxial strain of a PDMS coupon using the
2D biaxial strain stage described in Chapter 3.1.2. In the experiment, the sample is clamped
and stretched with a biaxial strain of 10% in the x and y direction, before undergoing plasma
treatment (P =20 W, 7 = 60 s). The simultaneous release of strain of the sample in a controlled

manner results in a herringbone structure.

i

1D wrinkled (glassy) Replication

B-rotation & exposure 2D wave
under strain superposition

Figure 7.1: Schematic of 2D wrinkling pattern formation: An initial 1D wrinkled sample is
replicated with fresh PDMS. The replica is then stretched uni-axially, rotated at an angle 0 and
exposed to a second plasma oxidation. Upon release of the secondary strain, a secondary pattern
is formed as result of a 2D Fourier wave superposition.

In the fabrication of 2D wrinkling through a sequential step, the first generation of wrinkles is
referred to as “parallel” || and the second generation referred to as “xz”. In the first instance, a
standard 1D sample is fabricated through the plasma oxidation of a uniaxially stretched PDMS
to produce a 1D pattern with periodicity )’H and amplitude A, which are determined by the
plasma and strain conditions. To achieve a 2D structure, the 1D master undergoes a replication
step as described in Chapter 3.1.4. This replication steps involves the sample being coated with
OTS by adsorption in the vapour phase in a dessicator for 30 minutes, before fresh PDMS is
casted onto the the 1D master and cured at 75 °C for 1 h and carefully peeled off to produce
the replica. The replicated sample is tilted to align the 1D pattern with the desired compression
angle, and subsequently cropped into a rectangle to ensure uniformity during the secondary

strain application and plasma oxidation step. After the strain is released, a 2Dy pattern emerges
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with a wavelength 6y, and amplitude A,;, which determines the final topography through the

interference of two superimposing wrinkling waves.

7.2.2 2D floating and lamination

The first generation specimen is then replicated by casting liquid PDMS made with 20:1 ratio
of pre-polymer to curing agent onto the wrinkled ‘master’, previously coated with octadecyl
trichlorosilane (OTS) (Acros Organics, 95%) from the vapour phase. The higher ratio is to
induce higher tackiness for film adherence. The cast PDMS is then crossliked at 75 °C for
1 hour and peeled off from the master. The replicated PDMS coupons were then stretched
to the required prestrain, and polystyrene (PS) thin films were deposited on the surface using
well-established floating procedures. Polystyrene (M,, = 100 kg/mol) films were prepared by
polymer dissolution into toluene to make up the appropriate concentrations for the film thick-
ness required (0.01 mass fraction of polystyrene to toluene to make up a thickness of 30 nm).
The solutions were then spun coated for 30 s at a speed of 2000 rpm to allow for the evaporation
of solvent and the film formation, onto Si wafers which were cut into 1 cm? pieces and treated
under UV ozonolysis (UVO) for 15 min to ensure hydrophilicity of its surface. The PS-coated
wafer was then placed on the PDMS prestretched at a certain angle, with the PS side adhering
to the surface. The sandwich was subsequently transferred to a petri dish filled with deionised
water. Due to different surface energies, water preferentially adsorbs to the Si wafer, and de-
taches the film allowing it to be transferred to the PDMS surface. After 10 min, the Si wafer
was carefully removed from the surface to prevent any delamination and the sample was dried

under vacuum for 2 h under room temperature.

7.2.3 Thin film measurement

The thickness of polystyrene films were obtained with Filmetrics F20-UV. Prior to using the
instrument, it must be first calibrated using a set of reference samples with known thickness

and optical properties. The reference samples used for calibration have a simmilar structure
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and composition to the samples being measured, and in this case we use SiO, films on silicon
substrate. After the calibration, the F20-UV can be used to accurately measure the thickness
and optical properties of unknown thin films. The polystyrene samples were scanned within
wavelengths of 200 - 1000 nm and checked with a goodness of at least 90%. Averages of the

film at three different positions were taken to obtain the final film measurements.

7.2.4 Pattern Characterisation

Wrinkle surfaces were obtained by atomic force microscopy (AFM) using a Bruker Innova
microscope in tapping mode at 0.5 Hz with a Si tip (MPP-11100-W, Bruker). SLS experiments
were carried out using the set up described in Chapter 3.2, comprising of a 532 nm, 100 mW
diode pumped laser (Crystalaser), spatial filter, double rotating filter wheel, imaging screen
and 16-bit Hammamatsu Orca camera, cooled to -40 °C to improve signal-to-noise ratio. To
reduce the intensity of the direct beam, a circular beam stop that is opaque and black is used.
Additionally, a neutral density filter wheel is used to attenuate the first and second generation
orders selectively, in order to obtain more accurate measurements of distances and intensities.
The camera is focused on the imaging screen, which captures pictures with 512x512 pixels.
These pictures are processed using ImagelJ software. To measure the wavelength, the distance
from the first diffraction order to the central direct beam is measured in both directions and
then averaged. The compression angle is measured by determining the angle formed by two
diffraction orders on either the right or left side and the direct beam. The images obtained
from the SLS were analysed using ImagelJ, to obtain the wavelengths and intensity. The optical
microscopy analysis was carried out using an Olympus BX41M microscope in reflection mode
using a 50X magnification, acquiring three images of 500x500 mum per sample, in different

locations.
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7.3 Wrinkling Superposition at various 0

Non-orthogonal wrinkles were fabricated using the sequential method detailed in methodolo-
gies to examine individually the effect of 8 from 0° to 90°. In these initial experiments, the sur-
faces were fabricated employing symmetric couples of exposure times 7; = T =120 s, prestrain
€1 = & =10% and plasma power P=20 W. Upon release of the secondary strain application in
the second wrinkling generation, a 2Dy pattern is generated, which incorporates new features,
denoted as Axz and A, due to the superposition of the two 1D wrinkling waves. This approach
produces a diverse range of patterns, as illustrated in Fig. 7.2, that are distinct from previously
reported bi or multiaxial wrinkling patterns. For instance, when the angle between the gener-
ations is approximately ~ 30 — 60°, patterns resembling sand ripples are formed, exhibiting a
unique buckling instability in the xy plane. On the other hand, an orthogonal (90°) superposition

results in checkerboard structures.
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Figure 7.2: Schematic shows compression 6 angles, defined between first generation (cyan
arrow) and second generation (blue, vertical arrow), with respective wavelength, 7L|| and A,,.
Characterisation of sequential wrinkling topographies with 0 = 0 to 90° performed by means of
optical microscopy, static light scattering (SLS) and atomic force microscopy (AFM)

The topographical characterisation on 2D patterns at the various compression angles were ob-
tained using different resolutions and magnifications, and presented in Fig. 7.2. Schematic

representations of the two wrinkling generations are used to explain the specific orientations
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that contribute to the final 2D pattern. The first generation is represented by a cyan arrow, ori-
ented at the given angle 6, while the second generation represented by a blue angle, which is
always directed along the y axis. Each generation is characterised by a defined wavelength, l”
for the first generation and A,,, formed by the superposition of the second generation in the xz
plane. The pattern charactersiation was carried out using optical and atomic force microscopy
(AFM), as well as static light scattering (SLS). Optical images showed changes in the xy plane,
from a vertical stripe arrangement for 6 = 0° to a sinusoidal oscillation developed in the xy
plane due to the interference of two superposed waves at two different orientations. Further
increase in 0 led to a transition from ‘sand ripple’ to ‘checkerboard’ patterns, eventually reach-
ing a “symmetric checkerboard" regime at 90°. The Fourier Transform images of the patterns
were used to decouple the interference of the two wrinkling generations and to measure the
compression angle 6 experimentally. When the samples were illuminated by a 532 nm laser
diode, the diffraction pattern observed comprised of two series of spots representing the Fourier
Transform of the two wrinkling generations in Fourier space, and symmetric with respect to the
direct beam. From the spacing d between spots, the real space wave wrinkling wavelengths,

and relative orientation of diffraction orders can be readily computed.

2D film lamination

In order to establish the generality of our approach, an alternative bilayer formation procedure
was explored, namely via polymer thin film deposition. To choose suitable conditions for the
polystyrene film to match the wavelength required, a calibration of film thickness with mass

fraction of polystyrene in toluene (PS-toluene) was first carried out.

In the 2D film lamination approach, we employ films made with a mass fraction of 0.01 to
form the second generation. As per previous experiments, the formation of the first generation
wrinkles was fabricated through the use of oxygen plasma exposure of PDMS, strain release and
replicated. Subsequently, the polystyrene films were laminated on the prestrained 1D master at
the desired 6 as described under the methodologies. In this case, the angles used were 6 = 20°

and 70°. Once the films were adhered, the strain was released to result in the 2D pattern.
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Figure 7.3: Calibration of PS film thickness with mass fraction of polystyrene-toluene solution
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Figure 7.4: AFM structures of polystyrene film onto a pre patterned PDMS surface at 20° and
70°

AFM micrographs reported in Fig. 7.4 demonstrate the generality of the sand dunes interference
pattern approach, whereby instead of glassy PDMS skins, the bilayer is now formed by con-
ventional thin film lamination. Given the variation of mechanical moduli and film thicknesses
accessible with different polymers and M,,, the accessible surface materials and topographies

establish the versatility of the technique.
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7.4 Real space reconstruction from 2D Diffraction Pattern

From Chapter 4, we have seen that 1D wrinkle surfaces can be ‘reconstructed’ from their diffrac-
tion patterns. Similarly, this concept can be applied to 2D surfaces as well with their diffraction
properties. When 2D sample undergoes relaxation of its second generation strain, creating a
’sand ripple’- like pattern which can be tuned with angle, 2 sets of first order intensities can be

observed under SLS, each set corresponding to either the first or second generation.

In the reconstruction of the 2D real space image from the diffraction pattern, wavelengths and
amplitudes from a 1D plasma-oxidised PDMS, P = 20W, 7 = 120s were used in modelling the
Ist order diffraction, shown in Fig. 7.5a. These values can be implemented to get intensity as a

function of strain for this system, which can then be translated into amplitude.
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Figure 7.5: (a) Wavelength and amplitude models for plasma-oxidised PDMS at P =20 W, 120
s. The values for A and A are subsequently used in modelling the first diffraction order for
the 2D samples (b) Modelled normalised intensity of first order for the sample as a function of
strain, €

In a similar manner to the 1D case in Chapter 4, an intensity-A model (Fig. 7.6b) can be
established given wavelength and amplitude data (Fig. 8) with strain for the given conditions,
according to Eqn. 5.1. From this relationship, by taking the ratio of intensities between the
generations, the amplitudes of both the generations can be deduced from a model (Fig. 7.6a).

For a 1D sample, the A for the maximum &€ of 0.10 is 0.115 um. When 2D samples with
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Figure 7.6: (a) Green solid line shows the first order intensity model at P = 20 W, t = 120 s.
Black solid line shows the amplitude and intensity at € = 0.1 (experimental prestrain), with A =
0.11 (maximum amplitude). At smaller angles, below the range of 35-45°, the first generation
component in the maximum amplitude is predominant, while at larger angles the 2nd generation
component takes over. (c) Construction of a real space image of a 2D pattern. The SLS image
of a 2D pattern with 8 = 20° shows two sets of 1st order diffraction, belonging to the first and
second generation, at an angle 8. Wavelengths and amplitudes can be extracted and used to
build a real-space image from the 2D SLS, shown in (ii). (d) For 8 = 50°, the SLS image shows
2 sets of first order intensities separated by 50°, with intensity of the 2nd generation brighter
than the 1st. The amplitude and wavelengths from the SLS allows for the reconstruction of real
space image in (ii), agreeing with the experimental in (iii).

angles ranging from 20° to 90° are measured under light scattering, it is observed that there is a
boundary between 35-45°, where the intensity of the first generation exceeds that of the second
below this range while the converse happens beyond. The evolution of 2D wrinkles with respect
to the angular dependence can be observed via SLS. Due to the relationship between diffraction
intensities and amplitude, the boundary where the 2nd generation of wrinkles dominates the 1st
can be noted using the ratio of their respective 1st order diffraction intensities. We observe that
this switch occurs within the boundary of 35-45°, as a result we can ascertain that below this

range, the first generation dominates the second while > 45°, the converse occurs.

As a result, it can be observed that at 20°, the Ist generation is brighter than the 2nd (Fig.
7.6b), while at 50° the 2nd generation is more promient (Fig. 7.6c). At lower angles where 0
< 35°, the development of amplitude of the first generation takes precedence over the second,

while when 6 > 45°, the second generation formation dominates the first (Fig. 7.7). This
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Figure 7.7: Ratio of diffraction intensities of the 1st generation to the 2nd generation are plotted
against angular dependency. Below 45° where the ratio of intensities are more than 1.0, this
indicates that the intensity of the 1st generation are greater than the 2nd, thus the domination of
Ist generation compared to the 2nd. Where the ratio of intensities are less than 1.0 (> 45°), the
2nd generation can be shown to dominate.

is due to the relation of formation of the surface topography with respect to its principal co-
ordinates x and y. When the second generation has a larger strain component in the y direction
than x, it suppresses the amplitude in the first generation. As a result, when 6 = 20° we can
take the maximum amplitude to belong to the first generation while for 6 = 50°, to the second
generation. Subsequently, by taking the ratio of intensities of the two generations, the other
generation can be deduced using the model. The wavelengths of the individual generations can
be gathered as in the 1D case from the model in Fig. 7.5a. With both information of amplitude
and wavelengths of the two cosine waves, a real space image can be reconstructed employing
the model of superposition of waves as described in Eqn. 2.7, which is agreeable with the

experimental AFM images.
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7.5 Structural Colour of 2D samples

7.5.1 Varying 0 angle 2D samples

Following from the 2D SLS images observed, we can expect these ‘sand ripples’ to exhibit
colour about its ¢ rotation (defined in Chapter 5 as the angle about the sample’s horizontal
plane). This allows us to extend the idea of directionality first introduced in Chapter 5, where
we aim to fabricate surfaces that can exhibit colours beyond a uniaxial direction. We thus
investigate the effect of 2D structures in the context of structural colours, where we can further

manipulate the colours exhibited depending on the observers’ perspective.

P=50W,1t=30s

€, =g, Crack density SLS AFM 1stgen 2" gen
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Figure 7.8: Characterisation of sequential wrinkling topographies with 6 = 30° at varying
strains where € = & from 20 to 50%, performed by optical microscopy, static light scattering,
and atomic microscopy. Structural colour images from the surfaces are observed with respect
to their 1st and 2nd generation. Intensity of 1st generation decreases with increasing strain.

We first explore the effect of strain variation on these 2D samples at a fixed 6 = 30°, varying
€1 = & from 20 to 50%. According to the bilayer equation, when strain is increased we can

expect wrinkles to form with higher amplitudes, which could result in higher intensities. The
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fabrication of 2D samples at a fixed angle between generation of 8 = 30° was performed to
explore the effect of strain in the structural colour observed. In both generations, the sample
was exposed to plasma conditions of P =50 W, 7 =30 s, while both generations of strain £ and

& were changed simultaneously.

As € increases, we find an increase in crack density in the surfaces when investigated under
the optical microscope (Fig. 7.8). This is not surprising as, during plasma oxidation, reactive
oxygen species are introduced to the surface of PDMS which can lead to the formation of cracks
in the material. In general, higher strain during plasma oxidation of PDMS can result in more
cracks in the sample as the increased strain causes the material to undergo more deformation.
This in turn creates more opportunities for cracks to form. Additionally, the cracks that do form
tend to be longer and more interconnected when the material is subjected to higher strain. As
a result of the cracks, the first generation becomes less prominent as strain increases as shown
in the SLS diffraction pattern. AFM images also start to deviate from a ‘sand ripple’ pattern
towards a distorted 1D-like image with a less pronounced ripple-like topography. Converse to
the initial hypothesis of a brighter structural colour resulting from a higher strain, we observe
that the structural colour of the 1st generation significantly decreases in intensity, from a purple
hue to white/colourless. This is likely owed to the formation of cracks in the first generation,

leading to a scattering of light as € approaches 50%.

Following from the investigation on the effect of strain, we proceed with the next set of exper-
iments using € = 20% to minimise crack formation in the first generation, particularly through
the replication step, to allow for structural colour to be better observed. We next investigate
the effect of 8 on structural colour in the two generations, fabricating samples with the same
plasma conditions as before (P = 50 W, 7 = 30 s) with 0 from 20° to 70° with 7; = 75 = 20%.
In Fig. 7.9, the surface characteristion of these surfaces were performed with SLS, AFM and
optical imaging. In the SLS characterisation, the first generation of wrinkles are represented
by the horizontal diffraction patterns, as seen in Fig. 7.2, and the second generation are at an
angle of 0 with respect to the horizontal. The intensity of the second generation can be seen to

decrease as 0 increases, where it becomes barely visible when 6 > 50°. In the optical imag-
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€,=€,=20%, P=50 W, 1=30s
0 SLS AFM 1st gen 2" gen

200

30°

50°

70°

0 260 nm

Figure 7.9: Characterisation of 2D surfaces at varying 0 from 20° to 70°, (P =50 W, 7 =30s, &
= & = 20%) using SLS, AFM and optical imaging of 1st and 2nd generation. Structural colour
of 1st generation decreases with increasing 6.

ing, the first generation and second generation images refer to the structural colour displayed
when perpendicular to the direction of the wrinkles from that generation. As the samples were
fabricated with the same plasma and strain conditions, we would expect the same colour to be
observed for all samples. While the structural colour displayed with respect to the second gen-
eration appears to experience little deviation with 0, it is apparent that this is not the case with
the first generation. As 0 increases from 20° where the first generation clearly exhibits a strong
purple, the intensity decreases when 0 approaches 70° where it appears to show no structural

colour. This is the result of the relationship between the formation of the surface topography
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and its principal coordinates x and y. When the second generation has a larger strain component
in the y direction compared to the x direction, it suppresses the amplitude in the first generation
to a greater extent. In this case, the first generation is dominated by the second and the resultant

2D topography acts similar to a 1D surface.

As a result of the observations in varying 6, we seek to investigate the conditions in which
structural colour could be observed in the first generation at high 6, in particular when 0 =
70°. In order to observe any structural colour in the first generation at high ¢, a large mismatch
in strain and plasma conditions is required to compensate for the decrease in amplitude in the
Ist generation. As a result, the 2D samples were fabricated at & = 70° with the conditions of
the first generation at P} = 50 W, 71 = 30 s, & = 50%, while decreasing the strain and plasma

parameters of the second generations.

&, = 50%, P, = 50W, t, = 30s
6 = 70°

g, AFM SLS 1st gen Betweengen 2"9gen
, ' = AL

15%

80 nm i 5 .
0 i ¢ ; 4
-80 nm § 2 )
- J |

P, =20W, 1, = 30s

20%
130 nm : ‘. |
-130 nm > /

Figure 7.10: 2D structural colour parameters for 8 = 70° to induce a mismatch in strain and
plasma conditions: first generation conditions at P; = 50 W, 71 = 30s, & = 50%, second gener-
ation conditions at P, =20 W, 7, = 30s, & = 15% (top row) or 20% (bottom row). Topography
characterisation obtained by AFM, SLS and optical imaging. Optical imaging taken with re-
spect to 1st generation, second generation and ‘between generation’ where ¢ = 6/2 with respect
to the first generation.

In Fig. 7.10, samples were fabricated with second generation plasma conditions of P» =20 W, 17,
= 30s, and strain of either & = 15% (Fig. 7.10 top row) or 20% (bottom row). The lower plasma

and strain conditions give rise to lower amplitudes in the secondary generation, which allows for
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the first generation to be less ‘dominated’ by the second despite the larger strain component in
the y direction. When & = 15%, the resultant 2D surface give rise to three distinct colours that
can be observed on the surface. When the observation angle 6, is at 35°, the first generation
gives a red hue while the second generation gives a blue-purple hue. A ‘between generation’
was also taken, which represents the perspective in the direction in between the two generations,
where ¢ = 6/2 at 35°, and this direction gives a blue hue. This is a result of the superposition
of waves giving rise to a third intrinsic wavelength in the xy plane. When the strain is higher
at & = 20%, the first generation can be seen with a lower intensity, with a similar red hue due
to the same first generation parameters. However the colour of the second variation changes
slightly due to the higher strain, where the second generation shows a blue hue while ‘between
generation” shows a green-blue hue. This experiment shows not only that the conditions can be
manipulated to overcome the domination of first generation wrinkles at higher 8 in 2D surfaces,

but also we are able to fabricate surfaces to be multi-coloured with directionality.

7.5.2 Comparing 90° simultaneous vs sequential 2D samples

Finally, we explore the structural colour of orthogonal 2D surfaces. As previously mentioned,
these topographies can be fabricated either through a sequential or simultaneous step, where

they will result in a checkerboard or herringbone pattern respectively.

A symmetrical checkerboard was achieved through a sequential step performed at 90° with the
conditions stated in the experimental, achieving d = 680 nm. When observed at 6,,, = 40°,
a blue structural color can be observed at intervals of 90° along ¢, with no color exhibited at
other angles, reflecting the orthogonal superimposed 1 and 2nd generation wrinkling waves,
respectively at ¢ = 0° and ¢ = 90°. Therefore, the overall structural color is exhibited only
alongside the specific generation orientation and not visible at other angles. On the other hand
in a herringbone structure, arising from the simultaneous relaxation of a two-directional strain
field, structural color can be observed for different ¢, however with varying intensities. Specif-
ically, at ¢ = 0°, a lower intensity is observed progressively increasing at ¢ = 45° and ¢ = 90°.

This can be ascribed to the more complex intrinsic morphology exhibited by the herringbone
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Figure 7.11: Structural color in 90° 2D wrinkled surfaces. (a) Symmetrical checkerboard ex-
hibiting colors in phases of 90°. At 6,;, of 40°, a blue can be seen at ¢ = 0° and ¢ = 90° which
“switches off" at ¢ = 45°. (b) In a herringbone structure, a rotation through ¢= 0 to 90° shows
a blue hue that varies in intensity.

pattern, where the color observed at ¢ =45° is given by the overlap of two different periodicity,
namely a “long" d (xy plane) along ¢ = 90°, giving a stronger blue reflectance, a “short" d (xz

plane) showing a dimmer blue color.

7.6 Conclusion

This chapter investigates the use of non/orthogonal superposition of 1D wrinkling generations,
with bilayer skins achieved through plasma oxidation and polymer film floating. Additionally,
it examines the structural color displayed by different 2D structures. The main findings are as

follows:



132

Chapter 7. 2D Diftfraction Interference and Structural Colour

* By utilizing a variable compression angle in the sequential 2D wrinkling process, it be-

comes possible to create new 2D structures in a controlled manner. These structures, such
as sand ripple patterns, resemble various natural formations such as geological metamor-
phic folds which occur due to the interference pattern of two superimposed wrinkling

waves.

It is possible to apply the same method to various bilayers by using a hard polymer thin
film like polystyrene and laminating it onto a pre-patterned PDMS coupon. This leads to

the creation of similar undulated structures.

Structural colour observed through these fabricated 2D structures can be tuned through
varying the angle of wave superposition 6 along with plasma and strain conditions. At
higher 0, strain mismatch can be induced to tailor the surface topography such that struc-

tural colour is visible from both generations fabricated.

This method provides the possibility to explore and create large-scale patterns that would
not normally be selected due to unfavourable energetic conditions, and allow for the de-

sign of multi-coloured surfaces with directionality.
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Conclusions

This thesis has explored the formation and fabrication of bioinspired topographies by means of
wrinkling, specifically uniaxial, isotropic and sequential wave superpositions structures which
can exhibit optical properties such as structural colour. These surfaces can act as diffraction
gratings, allowing them to have optical properties which can be tuned by fabrication condi-
tions. We take advantage of inducing pattern formation on elastomeric substrates by utilising
mechanical buckling instability phenomena found in both natural and synthetic soft materials.
This can be achieved through the plasma oxidation of PDMS and subsequent application of
mechanical strain on the resulting bilayer structure. By carefully selecting and adjusting the
experimental parameters, this approach is considerably simpler, removing the need to float and
deposit the glassy film, as well as more robust, by ensuring covalent bonding of the skin layer

and preventing delamination or crumpling.

We first started this project in Chapter 4 by employing the use of plasma oxidation of PDMS
in the fabrication of a simple tunable, sinusoidal phase grating in uniaxial direction. We sought
to understand and model the behaviour of this phase grating, which is able to modulate its
diffraction intensity with strain. Due to the gradient nature of the glassy skin layer as a result of
the plasma oxidation process, we were able to incorporate a distribution of refractive index in the
skin formed in order to successfully model and quantify the diffraction data. We also considered

the non-Hookean properties of PDMS due to the change in elastic modulus at sufficiently high

133
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strain. Significantly, the process of monitoring this tunable phase grating under static light
scattering (SLS) allows for the observation in the emergence of an additional diffraction order
when the grating undergoes sufficiently high strain to form ‘period doubling’. We have also
established the method of SLS to be a fast and efficient tool for determining the surface topology

of such gratings through their diffraction patterns.

Having established how these tunable sinusoidal phase gratings behave under monochromatic
light, we proceed to investigate its properties under white light where we begin to explore the
structural colour of these surfaces in Chapter 4. The generation of 1D surfaces and isotropic
wrinkling patterns were fabricated by plasma oxidation of carbon-doped PDMS and mechani-
cal or thermally-induced buckling. With plasma oxidation of PDMS, the characteristic wave-
length and amplitude of the resultant sinusoidal patterns are proportional to the thickness and
elastic modulus of the film and decrease with substrate stiffness. With this, by employing the
two plasma chambers available we were able to fabricate wrinkles ranging from hundreds of
nanometres to a few microns. We could then benchmark and quantity the impact of surface
periodicity in the accessible colours upon inspection of the mechanochromic responses of these
surfaces. We evaluated the effect of colour mixing due to the overlap of diffraction orders and
the interplay between illumination and viewing angles. Expanding on uniaxially strained sur-
faces, we fabricated more complex topographies through inducing a gradient in pattern period-
icity and amplitude through stepwise exposure or a gradient strain field. These surface patterns
are able to exhibit either spatially uniform colour or enhanced ‘rainbow’ colour depending on
the observation angle. In this chapter, we also start to explore the idea of directionality of struc-
tural colour through the fabrication of isotropic wrinkled surfaces which can exhibit colour at

all ¢ angles around the patterned surface.

In Chapter 6, we built on the previous chapter’s foundations to explore the fabrication of multi-
facet structural colours on wrinkled surfaces. Although the principles of diffraction grating
produce typically only surface structural colour, this concept allows the wrinkled material to
exhibit a ‘3D-like’ structural colour. When fabricating wrinkles on undoped PDMS, diffraction

can occur in reflection mode (which we saw in Chapter 5), or in transmission mode. Light that
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is diffracted in transmission mode can undergo total internal reflection, eventually exited on the
edge of the sample which we term the facet to result in facet TIR colour. With this mechanism,
we establish and validate design principles in which only a certain sub-set of diffracted colours
at distinct angles, will be propagated by TIR, while the remainder is refracted out of the material
resulting in a colour selection that is distinct from the diffracted surface colours. In this work,
we also show that there is a limit in which this facet colour can manifest due to the interference
of colours as the wrinkle periodicities increase. This phenomenon is only limited to wrinkle
periodicities below ~ 1.2 um. Additionally, we have also demonstrated that a change in external
environment such as the shape of the sample, the presence of solvents, or integrating it with
different materials can alter the appearance of structural colour of the facets of the wrinkled

samples.

In the final section of this thesis, we further extended the patterning possibility to the fabrication
of 2D structures through wave superposition and explored their structural colour properties. The
initial focus of our study involved creating 2D wrinkling patterns that were not orthogonal. We
accomplished this by utilizing varying compression angles between the two generations in the
sequential 2D wrinkling process. As a result, we were able to produce novel 2D interference
structures that resemble patterns found in sand ripples. This technique is both easy to imple-
ment and can be scaled up, allowing for the creation of a diverse array of undulated patterns.
These patterns can be further modified by adjusting plasma and strain parameters, as well as
controlling the superposition angle 6. Furthermore, this method is not limited to the plasma ox-
idation of PDMS but can be extended to different bilayers. We show that these patterns can be
fabricated by laminating a polystyrene thin film onto a pre-patterned PDMS sample, which re-
sults in similar topography. We next explore the optical properties of these 2D structures, which
produce two sets of diffraction patterns under monochromatic light. Similar to Chapter 4, a re-
construction of their topography can be performed utilising their intensities of their diffraction
image. The structural colour of these 2D surfaces were studied in terms of varying strain, 0,
where we found that structural colour in the first generation diminishes with increasing 6. As
a result, we sought to explore conditions that would allow structural colour to be visible with

respect to both the first and second generation when 6 = 70°. Finally, we fabricated orthogo-



136 Chapter 8. Conclusions

nal 2D surfaces through sequential and simultaneous methods which resulted in checkerboard
and herringbone patterns respectively, comparing the behaviour of structural colour between the

two.

All the results presented highlight how wrinkling serves as an effective means to fabricate vary-
ing topographies to achieve a library of structural colours. Although the use of plasma oxida-
tion have been a primary method to fabricate such surfaces in this work, there are many other
means to achieve similar topographies which could also exhibit colour through the principles of

diffraction grating.

Numerous possibilities remain open for future research on structural colour from wrinkling
methods. Beyond simple uniaxial patterns, a wrinkling process that has not been covered
within the scope of the thesis are hierarchical structures. Hierarchical structures can be fab-
ricated where the topography consists of wrinkles of different periodicities and are commonly
produced through sequential strain release [165] or via the use of wrinkled templates [166].
Although studies have shown that these structures contribute to broad-angle structural colour
[38], a possible effect that could arise due to the different periodicities is colour mixing. When
wrinkles of different periodicities interact with light, this could result in different wavelengths
of light diffracted from the surface which could potentially show interesting structural colours.
Additionally within the scope of this research, we find limitations with the method employed,
such as the occurrence of cracking on the surface upon wrinkling generation where we have
observed in Chapter 7 can become an issue in the generation of structural colour in 2D surfaces.
Some studies have shown that by generating a soft skin on the PDMS surface such as the use
of fluoropolymer skin, this enables the formation of crack-free wrinkles [167]. Future work
could include the use of such skins in the design of structural coloured wrinkles, allowing for
reversible mechanochromic responses that can be cycled repeatedly with minimal development

of cracks.

Additionally, although wrinkling is found to occur naturally on soft matter due to buckling
when strain is applied to a bi-layer of mismatched elastic modulus, wrinkles could be replicated

onto a harder, more durable substrate. PDMS, despite having many advantageous such as its



137

CHF, RIE Pre-strained 0, RIE
l— PDMS —l
L=L1+e,)

hi T e— \/ y
Releasel l Release
A TN
]
A
StrelchL T Release StretchL T Release
“ &
—
S
- - >
A, TN <
73

Figure 8.1: Treatment of PDMS skin with CH F3 yields softer skin yielding crack-free wrinkles
upon strain, compared to that with O, which results in a harder skin, prone to cracking with
strain. Reproduced from [167] with permission from John Wiley and Sons.

optical transparency and its easily tunable properties, its tackiness can cause issues in the field
of optics due to its ability to attract dirt and dust on its surface. This was found to affect
the quality of colours displayed by the wrinkled PDMS surfaces in some instances due to the
optical clarity. Further research could be carried out on different types of materials, to explore
the ideal material for different applications as required. As with nature, wrinkled topographies
can also be incorporated with other structural colour mechanisms such as photonic crystals in
order to enhance their optical effects. For example, recent works by Lim ef al. [168] report
the fabrication of wrinkled photonic crystal papers to demonstrate the consistent reflection of

colors regardless of viewing angles.

Overall, there is clearly plenty more to explore in this design space with wrinkling and structural
colour observation, and we anticipate that the findings in this work to be relevant across a wide

range of applications including in displays, packaging and sensors.
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ABSTRACT: Wrinkling instabilities in polymeric bilayers have been
exploited as optical phase gratings with tunable performance. Here,
we report strain modulated 1D and 2D phase gratings fabricated by
the ubiquitous process of plasma-oxidation of polydimethylsiloxane
(PDMS). While surface oxidation provides a remarkably facile glassy
skin formation approach, minimizing delamination and debonding, it
inherently results in a gradient conversion profile emanating from the
top film interface. We examine and quantitatively model the
consequences of this gradient layer on the optical properties of the
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resulting strain-tunable phase gratings. Diffraction efficiencies up to

48% are demonstrated. We then develop and validate a surface reconstruction methodology based on the diffraction pattern of our
sinusoidal gratings and our model, which we extend to the high deformation regimes and to 2D gratings, obtained by superposition
of two wrinkling generations, where both amplitudes and wavelengths can be independently tuned. Overall, this approach provides a
rapid, robust and predictive framework for the design and fabrication of tunable, single, and multiaxial surface gratings.

KEYWORDS: PDMS, wrinkling, plasma oxidation, phase grating, diffraction, optics

H INTRODUCTION

Patterned micro- and nanostructured topographies abound in
natural and synthetic surfaces and can impart or modulate
various functionalities, including surface wetting and spreading,
adhesion, mechanical, and optical properties.' > Complemen-
tary to established patterning methods, such as photo-
lithography, nanoimprint lithography, and ion-beam lithog-
raphy,™” spontaneous and mask-less processes, such as surface
wrinkling offer attractive routes for large-scale and versatile
patterning.6 While wrinkling can be detrimental for material
performance, for example, degrading electronic thin film
properties,7 it can also impart or augment device functionality
such as in solar panels,” organic lasers,” and phase gratings."’
Surface wrinkling can yield highly ordered mono and
multidimensional periodical patterns, depending on the nature
of the mechanical instability involved and the applied strain
field. Among the plethora of achievable patterns are 1-
dimensional sinusoidal patterns and 2-dimensional herring-
bones, hexagonal and checkerboard structures of varying
wavelength and amplitude, and hierarchical (or nested) and
multifrequency patterns.'~**

Spontaneous wrinkling can occur via a well-understood
mechanical instability, specifically in sandwiched structures or
bilayers often fabricated through film sputtering, deposition
and lamination, or chemical modification of an elastomeric
substrate.'”~'® When a thin sheet of relatively stiffer material is
adhered strongly to a thick elastomeric substrate, a mismatch
in the mechanical properties in the bilayer is produced. By

© 2021 American Chemical Society
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subjecting a bilayer to an uniaxial, compressive strain, a
buckling instability can be excited, producing sinusoidal surface
undulations arising from the minimization of energy of bulk
deformation and skin bending. At low deformations (strain €
10%), the wavelength and amplitude of the sinusoidal surface
profile are well described by’

E 1/3
A= w{—ﬁ)
3E

s

€Y

1/2
A= h(i - 1)
€ 2)

where h is the film thickness, E; and E; are the in-plane strain
moduli of the film and substrate, respectively, given by E = E/
(1 — 1?), where E is the Young’s modulus and v is the Poisson
ratio (0.5 for PDMS). A critical strain must be exceeded to
trigger the buckling instability:
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In this limit, the amplitude alone depends on strain, thus
allowing for 4 and A to be decoupled in surface patterning.
Generally, at “high-deformation” (HD),”® the wrinkling
wavelength too becomes strain dependent and

g = ———

(1+e)(1+¢)7 )
Ayp = 4

(1+e)2(1+ &) ()

where & = Se(1 + €)/32, accounting for the nonlinearity of the
stress—strain relationship of the substrate in the finite
deformation regime (ie., non-Hookean response), with A
and A given by eq 1,2). Under high deformation conditions,
uniaxial strain leads to a transition from the low deformation
sinusoidal patterns into further modes, such as the formation
of folds, period-doubling, and ridges.”!

B PHASE GRATINGS GENERATED BY WRINKLING
OF PLASMA-OXIDIZED PDMS SURFACES

The use of wrinkling bilayers in the fabrication of tunable
phase grating has been previously demonstrated with thin
polymer films (deposited or laminated) supported onto an
elastomer, such as polydimethylsiloxane (PDMS).>>™>*
Grating efficiencies can be tuned by employing sinusoidal
phase gratings, where the distribution of energy in the
diffraction orders can be varied.>** This property has
applications in optics, such as projection systems,”’ optical
switches,”® and lasers.”” Transmission phase gratings are thin
transparent optical elements that can consist of periodic
refractive index variations or of a periodic surface relieves, and
these can be fabricated exciting sinusoidal wrinkles on a
surface. The diffraction pattern of the resulting phase grating
can be modeled for all diffraction orders p according to***°

0 w 2
I~ Z ]pz(%)sincz[;(q - %)] ©

p=—00
where ], is a Bessel function of the first kind, W is the half-
width of the aperture, d is the wrinkling wavelength (referred
to as A in the experimental data), m/2 is the maximum phase
shift impart to the light, and p is an index accounting for the
pth diffraction order. Often W ~ 0.5 mm, determined by the
typical profile of laser beam (in the Fraunhofer limit
conditions). The maximum intensity of the pth order can be
approximated to be proportional to the Bessel function ]pz(m/
2) as the sinc function is narrowly distributed in q about each
order without significant overlap between adjacent orders. The
phase contrast, m(A), can be rationalized in terms of the
wrinkling bilayer model of amplitude, A(A), by

() | AW,

2 1

(7)
where A(A) is taken from the high deformation model as
described in eq S, with n is the refractive index, and here, 1 is
the laser wavelength (532 nm in our work).

While this approach can be implemented via polymer*> and
metal” thin film deposition, surface oxidation of PDMS
provides an attractive, facile route to PDMS patterning that has
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recently been e:?lored to control opacity of otherwise
transparent films.”® Significantly, the surface oxidation of
PDMS using an oxygen (or air) plasma source, generates a
gradient glassy skin,' ' 73* whose density and, thus, refractive
index varies in the direction normal to the surface. To explore
the fabrication of tunable phase gratings by wrinkling of
oxidized PDMS, we consider quantitatively the impact of such
gradients, intrinsic to this ubiquitous approach in soft matter
patterning.

Plasma-oxidation of PDMS results in a thin glassy skin layer
to form upon conversion from the bulk material, therefore
inducing a mismatch in elastic moduli between the thin skin
and the soft substrate. This methodology is suited for
fabrication of patterns ranging from nanometer scales to
several hundreds microns by several by tuning the oxidation
and strain conditions. The wrinkling instability can be
mechanically induced through a predetermined extensional
or compressive strain, with approximately micrometer
resolution, allowing for a precise pattern control, as compared
to drying and thermal alternatives to skin deposition and strain.
The skin formation via oxidation proceeds via a frontal
process,”** where an increase in skin thickness is accom-
panied by surface densification by cleaving of Si—CH, groups.
The rate of conversion fraction of the glassy skin thin film
follows a sigmoidal profile with respect to depth from the
surface, leading to a gradient bilayer system in a three-step
process: “induction”, where no evidence of wrinkling is found,
“formation”, where the buildup of the glassy layer develops,
and “film propagation”, during which the fully propagated
glassy layer propagates normal to the surface, increasing the
skin thickness. This fabrication method allows for the
production of ON or OFF samples, where a strain is applied
before or after plasma-treatment of the sample, respectively.’®
ON samples lead to a wrinkling pattern at rest, while OFF
samples, only when strain is applied.

In this work, we explore the fabrication and use of single and
multifrequency sinusoidal phase gratings generated by plasma-
oxidized PDMS, where additional generations can be obtained
by superlposition of sinusoidal waves at variable angles between
them.'"™ Specifically, we explore the effect of compressive
strain and the overall mechanical response of ON samples, on
its grating efficiency by means of tracking intensity modulation
of the diffraction patterns using static light scattering (SLS).
Novel aspects of our work include quantitatively examining
and modeling the role of the gradient oxide layer in the light
diffraction response, and evaluating the diffraction from
multifrequency and multiangle wrinkled surfaces. Further, we
investigate the reconstruction of real-space patterns from the
combination of a simple optical model and diffraction images
obtained by SLS.

B RESULTS AND DISCUSSION

Wrinkled Bilayer Characterization. When an uniaxial
strain (eprest,am) is applied to a flat PDMS coupon from L,
(initial length) to L, (final length), which undergoes plasma-
oxidization, a stiff skin gradient bilayer is created. The gradient
interface is generated, conversely to lamination and floating
methodologies,'”*** through a temporal conversion of the
bulk material into a mixed silicon oxide layer, where thickness
and modulus increase with applied plasma exposure
time.'""'**® Wrinkles are generated in the glassy skin upon
compression of the bilayer because of a strain release, creating
a buckled surface when a strain exceeding the critical strain €,

https://doi.org/10.1021/acsapm.1c00906
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is applied. When a range of PDMS samples are treated with
oxygen plasma conditions of 70 W for 7 min at different
applied prestrains, a set of different wavelengths and
amplitudes are obtained. The characterization of the PDMS
surfaces was performed on the samples by means of AFM (4
and A) and SLS (4 only) (Figure 1), showing good agreement

(a)

uniaxial wrinkling

L

Gradient
glassy skin

0, plasma

N

N ™
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Figure 1. (a) Schematic of the formation of a 1D wrinkled surface on
PDMS by prestraining (€presmin) an elastomer coupon, followed by
plasma oxidation and relaxation of strain; the resulting glassy skin
layer exhibits a conversion gradient normal to the surface. (b)
Wrinkling wavelength (4, red) and amplitude (4, black) measured by
AFM (M) and SLS (deg) as a function of prestrain ey for plasma-
treated (40 kHz) PDMS coupons at power P = 70 W for a duration ¢
= 7 min. The dashed and solids lines correspond to the low and high-
deformation models, respectively (see text). The vertical dashed lines
correspond the AFM scans on the right, representative of (i) low-
deformation, (ii) high-deformation, and (iii) period-doubling.

between the two techniques. The experimental data are initially
described by the red and black dashed lines until €prerain = 0.1,
corresponding to the low deformation model for wavelength A
and amplitude A as expressed by eq 1 and 2. Assuming the
bilayer model, we can estimate that the elastic modulus
increases from 1.02 MPa (for neat PDMS) to 40 GPa for the
glassy skin (obtained from the wrinkling aspect ratio, as shown
in Figure S1), and a film thickness of ~30 nm (corroborated
by X-ray reflectivity measurements®”). While this skin
thickness is in line with previous literature,*">** the modulus
is higher than those estimated by nanoindentation for UVO™*’
or MHz plasma exposure® (up to ~7 GPa), which we
associate with the more aggressive and faster 40 kHz process
conditions.*> The amplitude model predicts a square root
dependency directly proportional to the thickness of the glassy
layer and the critical strain €, while 4 is described by a straight
line with dependence on h and the mismatch in the elastic
modulus of the bilayer, expressed as a constant elastic moduli
ratio E;/E,. However, this representation is not sufficient to
describe the experimental data in this PDMS/SiO, system
because of the progressive build up in the glassy skin thickness
and ultimately elastic modulus in “induction” and “formation”
stages.”” In order to take into account the evolution of A and A
beyond prestrain of 0.1 two solid lines are represented solid,
corresponding to a implemented “high deformation model” for
wrinkling instabilities developed employing prestrains above
0.2, described by eqs 4 and S, respectively, where a bellow
mechanics model is introduced to take into account deviations
from linearity of the elastic modulus of PDMS with strain.”
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The evolution of initially sinusoidal wrinkled bilayers with
strain can be visualized in the 3D AFM micrographs reported
in Figure 1b (i—iii), showing a 25 by 25 um region of the
surface structures in samples having a prestrains € of 0.115 and
in the higher deformation region where ¢ = 0.4 and 0.4S,
respectively. As prestrain increases, the surface deviates from
the original sinusoidal regime toward more complex buckling
instabilities, such as period-doubling, characterized by a
splitting in the original periodicity, induced by lateral
compression because of the increase in applied prestrain.

On the basis of these initial findings, we seek to elucidate the
mechanisms behind the formation of gradient-interface phase
gratings and the correlation between the observed diffraction
patterns with the operative conditions employed in the plasma
oxidation step. We, therefore, explore a set of fabrication
conditions enabling the access of a range of pattern
wavelengths and amplitudes characterized with the SLS setup
depicted in Figure 2a to accommodate the observation,
modulation, and evolution up to the third diffraction order
(Figure 2b).

(a)

(i)

(b)

€ =0.040

comp

Ecomp
Figure 2. (a) SLS setup depicting the (i) 532 nm diode laser, (ii) ND
filter wheel, (iii) 45° mirror, (iv) motorized linear strain stage, (v)
diffraction pattern imaged on a screen, and recorded by a cooled CCD
detector. (b) Series of diffraction patterns obtained at varying €comp
and constant ND attenuation, for a PDMS sample prestrained at
€prestrain = 0-3 and plasma treated at P = 70 W for 7 min. The intensity
of diffraction orders Oth (red), 1st (green), 2nd (blue), and 3rd
(yellow) is tunable with €

comp*

Diffracted Intensity Modulation in Wrinkled Tunable
Gratings. To evaluate the diffraction properties of the
wrinkled skins, a motorized strain release rate of 0.00S mm/
s, in increments of 0.5% and a plasma-oxidized sample with
initial prestrain € = 0.3, were employed while monitoring under
SLS. Prior to release under extensional strain conditions (Smmp
= 0), the sample shows no diffraction pattern with only the
direct beam observed. Despite the presence of the glassy skin,
the buckling instability can only be excited, as expected from
the model, above a specific critical strain. Indeed, laser light
diffraction is only observed past the critical strain, reflecting the

https://doi.org/10.1021/acsapm.1c00906
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development of sinusoidal undulations on the sample surface,
into a phase grating. The use of neutral density (ND) filters
allows for the control of the light intensity, avoiding the
saturation of the CCD camera sensor, adjusted for each order
as required. Diffraction patterns resembling phase gratings can
be obtained through formation of wrinkles observed with the
same set of ND filters (0.2 and 2.0), when a strained sample is
slowly released and buckles because of the applied compressive
strain. With a single set of ND filters, Figure 2b visually
captures the modulation of intensities of the different orders as
the sample undergoes compressive strain (€omp). The
compressive strain (€cm,) can be calculated by €presrain — €
where for example a sample starting at a prestrain of 0.30
released to 0.20 would give €.,y of 0.10. The intensities of the
orders can be tuned by the amount of applied compressive
strain. At € = 0.20, zeroth, first, second, and third orders (red,
green, blue, yellow circles, respectively) are observable using
the same set of ND filters, indicative that the intensities are of
the same order of magnitude to one another. Varying the
compressive strain, ND filters need to be adjusted to increase
or decrease the attenuation factor for other orders to be
observed, within the finite dynamic range and background of
our setup.

The intensities of these individual orders are normalized
with respect to the intensity of the zeroth order at €., = 0.0
(I/I (9 = 0, € = 0)) and mapped out as a function of
compressive strain and wavenumber q (um™'). Figure 3a
demonstrates that a sample prestrained at €,qain = 0.3 and

€,

comp

Figure 3. (a) Dependence of (normalized) diffraction intensities with
€comp and g for a PDMS sample at €;eqrain = 0.3 and plasma treated at
P =70 W for 7 min (shown in Figure 2b). Note the modulation of
intensity and presence of well-defined maxima and minima with € om,
(= €prestrain — € see text). (b) Contour plot of the diffraction data,
showing the variation of wavenumber g, with strain €., The white
lines represent the theoretical wavenumber calculated from Ayp, and
vertical black line indicates the approximate boundary for applicability
of the LD model.
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plasma treated at 70 W for 7 min is able, upon compression, to
exhibit strain-dependent phase grating behavior, similar to
previously reported by Harrison et al.”> in wrinkled bilayers
fabricated via polystyrene film floating onto PDMS. The light
intensity of the four observable orders is quantitatively
modulated with strain. Within the explored strain range, the
zeroth order can be seen to modulate through a minimum and
maximum while the other orders have intensities reaching a
maximum before decreasing with strain. The transition from
low to high deformation regime for the wavelength, is reflected
in the g range in Figure 3b. By definition, wavenumber g shows
an inverse relationship with wavelength A. In the LD regime,
the positioning of the orders is independent of strain and
hence, the g range of the contour plots shows its independence
from strain below ¢ = 0.1, accounted as LD limit. Past this
threshold, however, the q dependence in the experimental data
“fans out”, following the high deformation approximation, as
the pattern wavelength depends on strain because of
nonlinearities in the stress—strain response of the sample.”’
To compute this strain dependence, the high deformation
wavelength eq 4 needs to be employed instead. Following this
behavior, we are able to quantitatively characterize the angular
variation of each diffraction order and corresponding intensity
in these phase gratings.

Modeling of Plasma-Oxidized Tunable Grating: Effect
of Gradient Interface on Diffraction. In a sinusoidal phase
grating with a single refractive index n, the model described by
eqs 6 and 7 is expected to account for the diffraction pattern
and the individual diffraction intensities of each order. In
bilayers obtained by thin polymer film deposition (with
thickness much smaller than the A of light) onto PDMS, a
sharp interface is formed to the bulk, and a single refractive
index (that of bulk PDMS) suffices to model the diffraction
pattern.22 Following the diffraction model, in practice, the
value of n shifts the positions of the minima and depth of the
individual orders, describing the specific strain and intensity
modulation for the diffraction pattern. An increase in n results
in a “left” shift in a graph of intensity versus amplitude (or
strain), as shown by the dashed lines of Figure 4a, calculated
with the model. We find that in our case, however, a single
refractive index phase grating mode does not suffice to
quantitatively describe the experimental data. We hypothesize
that this discrepancy can be due to the different nature of
plasma oxidized bilayers, which are known to yield a gradient
conversion layer toward bulk PDMS, in contrast to laminated
bilayers. Therefore, the heterogeneous, frontal, conversion
induced by plasma oxidation, is expected to introduce a
distribution of refractive indices n within the skin, effectively
yielding a “gradient skin” phase grating.

Evidence for gradient bilayer (illustrated in Figure 4)
formation in plasma oxidized PDMS abounds, as previously
reported by X-ray reflectivity (XRR)** (data reproduced in
Figure 4c) and transmission electron microscopy (TEM)*
(data reproduced in Figure 4d). XRR can be employed to
determine the scattering length density profile for surface-
oxidized PDMS, and in Figure 4c, such profile indicates that
the densification of the top layer increases with plasma
exposure time at a given power, with a gradual surface to bulk
interface with thickness showing the plasma conversion in the
PDMS. A frontal model has been used to describe the skin
growth of the glassy layer, where the hydrogen and methyl
groups are substituted with hydroxyl groups and oxide links,
creating a thin, silica-like skin layer.”” This conversion is

https://doi.org/10.1021/acsapm.1c00906
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ACS Applied Polymer Materials

pubs.acs.org/acsapm

@ (b) 0, plasma
1 S0, Gradient
glassy skin
0.1 SLD, p (10°A?) Illustrative contrast (a.u.)
s 04 08 12 16 00 05 1.0
Rl T 1
= |l
S 0.01 Es n y
kA 3 10nm
= €10 i R
0.001 a % L
5'5 E g s, Béfahy, 2010
= 12 <
1E-4 §Z° g8 2 136MHZ © o
| & 60W 60's *
(e) (f)
1
=)
T 01
=
n
koA
= 0.01
0.001
0.0 0.1 0.2 0.3 0.0 02 04 0.6
Ecomp A (um)

Figure 4. (a) Zeroth diffraction order intensity as a function of
pattern amplitude (red data points), modeled by eq 8 by assuming an
exponential distribution of refractive index (from n = 1.41, pure
PDMS to 1.55, silica; shown in inset and described in the text), shown
by the solid red line. The dashed lines correspond to model
predictions from single n values. (b) Schematic of the conversion in a
gradient bilayer toward silicon oxide when PDMS is exposed to
oxygen plasma. (c) X-ray reflectivity data® supports the refractive
index distribution in graded bilayers fabricated by means of oxygen
plasma through an increase in the scattering length density in the
formation of thicker glassy skin layer, reported by several authors
(e.g., ref 41). Data reproduced with permission from ref 32. Copyright
2014 Royal Society of Chemistry. (d) Representative TEM data™
illustrating the skin conversion with thickness, progressing from a
darker region, corresponding to the denser silicon oxide gradient to a
lighter background value, corresponding to untreated PDMS. Inset
image reproduced with permission from ref 39. Copyright 2010
American Chemical Society. (e) The distribution described in panels
a and b is, then, applied in modeling the modulation of experimental
diffraction patterns from zeroth to third order (red, green, blue, and
yellow solid lines respectively) (°), as a function of (e) strain, €omy
and (f) amplitude, A.

dependent on the plasma dose applied and creates a
logarithmic dependence conversion profile with thickness,

where the surface of the layer is fully reacted into a denser
silica-like layer with decreasing conversion in the subsequent
intermediate layers.>> A representative TEM data by Befahy et
al. also supports the gradient nature through width contrast.
The chemical modification and surface densification because of
plasma treatment is responsible for the contrast observed in a
TEM image.”® By tracing a line through the image, spanning
from a plasma-oxidized PDMS surface to the bulk, a qualitative
profile can be estimated, showing contrast variation from fully
converted plasma surface, with illustrative contrast = 0, to pure
PDMS, approaching 1. The width, reflecting the gradient skin
thickness, can be approximated to 20 nm.

Because of the nature of the wavefront kinetics of film
growth in the plasma oxidation of PDMS, this system is unlike
to behave as a perfect bilayer phase grating, where a single,
sharp interface is usually defined. Therefore, to account for the
graded silicon-oxide interface, instead of using a single
refractive index for the skin as in eq 7, we define a refractive
index distribution, which is able to better represent the
densification from the bulk PDMS (n =~ 1.41) to glass (n
1.46—1.55) as suggested by XRR and TEM experiments.
Hence, we consider the signal to arise from a distribution of n
values with an exponential decay function, such that

~

8
I(x,y) = ZAOe_k"‘Im(x, )
i=0

(8)

where n; ranges from 1.41 to 1.5S. The choice of 9 (or more)
terms to implement the normalized exponential curve is
supported by the subsequent TEM and XRR data, where A, =
8.0 X 10" and k = 31.5. In Figure 4a, this resultant model
using a distribution (red solid line) quantitatively captures the
representation the data (red circles) for zeroth order
intensities. We find that a Gaussian distribution (among
others) can also adequately model the data (Figure S2). The
application of the gradient distribution of refractive index
implemented in the model for the zeroth and the other orders
(first to third) is reported in Figure 4e, where the models (in
solid lines) show an agreeable representation of the
experimental data. Because of the correlation of strain and
amplitude established in the bilayer model eq 2, we are able to
obtain a relationship between the intensity of orders with
amplitude in Figure 4f. The intensity modulation of the orders
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< So6 J I8
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Figure S. (a) Dependence of pattern amplitude on compressive strain € o, employing different prestrains. The disparity between the two lines

(from €reqirain

=19-36% and 51%) is ascribed to the onset of non-Hookean behavior in PDMS in high-deformation conditions, and nonlinearity in

the stress—strain relationship shown in inset. (b) Normalized zeroth order intensities comparing experimental data (°) and modeled profile (- -) at
different prestrains. The slight variation in the minimum position, at the highest prestrain (0.51), is due to the non-Hookean behavior of E,
resulting in a higher critical strain. (c) Near collapse of all zeroth order normalized intensity data when plotted as a function of pattern amplitude
(demonstrating that apparent offsets in panel b arise from the mechanical history of the material).
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describes the diffraction efficiency dependence on the profile of
the grating as a function of strain or amplitude. Specifically, the
maximum efficiency for the grating can be estimated when the
zeroth order goes through the main minimum around € o, &
0.11 or A ~ 0.4S. (Figure S3) Here, the other three orders
modulate toward a maximum, progressively increasing the
amount of diffracted light. This can be calculated as a
percentage with respect to the total diffracted intensity (zeroth
order at 0 strain or amplitude), reaching ~30% of the total
light for the first and second order, and 5% for the third order.
The residual loss might be ascribed to adsorption/diffusion
phenomena because of the PDMS thickness and additional
light coming from the zeroth order.

Effect of PDMS Mechanical Properties on Diffraction
of Tunable Gratings. When samples with different initial
prestrains undergo an identical plasma treatment (i.e., same
power and exposure time), we observe that the modulation of
intensities is dependent on the amplitude versus strain
evolution of the wrinkles. When the intensity of the zeroth
order is compared in samples having prestrains of 19%, 29%,
36%, and S51%, initial discrepancies in intensity against €comp
were observed. When the intensities are plotted with € oy, it
appears that the position of the minimum for the highest
€prestrain differs from the lower three, in Figure Sb. This can be
ascribed to the non-Hookean behavior of the PDMS
mechanical properties with strain. When a PDMS coupon is
stretched beyond € = 0.4, the linearity of the stress—strain
relationship deviates leading to two different values for the
elastic modulus, curves i and ii as shown in the inset in Figure
Sa. Since the elastic modulus of PDMS directly affects €, and
hence A, we are able to remodel the A versus €.y, curve
accounting for the different mechanical response at a given
prestrain. When the intensity versus € graphs are converted to
intensity versus A (using the relationship between ¢ and A),
the results for the different prestrains collapse onto one curve,
implying that the intensities are solely dependent on the
amplitude evolution of the samples for a given condition
(demonstrated also for the first diffraction order in Figure S$4).

Additional Diffraction Orders at High Deformations:
Period Doubling Instability. We next seek to investigate the
effect of high deformations, specifically for prestrain above 50%
on the sample. An initial €preqrain Of 0.6 Was applied to the
PDMS coupon undergoing plasma treatment, and the
observation of the buckling development as the sample relaxes
was assessed using a photopolymer. As the sample is partially
released, a drop of Norland Optical Adhesive (NOA) is placed
on the surface and covered with a glass slide. The NOA is UV
cured, and the glass slide is removed to produce a replica at a
specific intermediate strain. This is repeated to produce a series
at varying compressive strains and the wavelengths of the
replicas are characterized via AFM and SLS. As expected, the
primary wavelength A, decreases with increasing strain, as per
eq 4. However, as €.y, increases, the initially sinusoidal-like
buckling (Figure 6c(iii)) deviates into a period doubling
regime (Figure 6c(i)), resulting in the arise of a secondary
wavelength, 4, when € o, > 0.36.

This transition to frequency doubling can be observed and
quantified with SLS. The occurrence of an additional order can
be clearly seen between the zeroth and first order, giving rise to
wavelengths corresponding to A,. The order has a smaller
wavenumber because of the formation of a larger wavelength in
a period doubling. By monitoring the intensity of the new
order as the sample is continually released, we are able to

5167

(a) 3\ € (b) 4 (c)
2, R A
partial 8 period 1\l
release 7 doubling| < (i)
6 "
€5
S & e O | (i
uv < 4 A 1.0
curing :
N 2 £ 05
=00 (i)
Ve <05
> 0 -1.0
02 03 04 05 0 10 20 30 40 50
intermediate replica series Coomp i)
@ = .
Ecomp
- 4 -*®§ -
045 | _
| S
T
S
" ?
S
(] =
| = onset
0.001 period
03 o $-d @ o) doubling
1
(iii) 1E-4
00 01 02 03 04 05

Ecomp

Figure 6. (a) Schematic describing the process of characterization of
wrinkled samples in partial release, using a photopolymer (NOA)
replica. (b) Pattern wavelength A and secondary period-doubling 4,
obtained by AFM (M) and SLS (°) measurements of the replicas. (c)
AFM cross-sectional line profiles of conditions in the (iii) sinusoidal-
like regime, (ii) transition, and (i) period doubling regime. (d) SLS
images showing the onset of period doubling as an additional
observable order (light gray) between the original zeroth and first
orders, whose intensity becomes increasingly pronounced with € -
(e) Dependence of the normalized diffraction intensities of the Oth—
3rd order with strain into high deformation regime, depicting the
emergence of period doubling at € 2 0.3.

comp ~

observe more accurately the point of transition from sinusoidal
to period doubling. In Figure 6e, the gray circles indicate the
formation of a new order, where its intensity increases as the
period doubling formation becomes more prominent. For the
other orders, the experimental data (°) and model (—) were
plotted accordingly with strain, showing good agreement for
the zeroth and first order. The discrepancies for the second
and third order, where the experimental data show lower
intensities compared to the model curves could be attributed
to the light being redirected toward the formation of the new
additional order, causing therefore a different phase shift in the
phase grating.

Real-Space Reconstruction from Diffraction Pattern
(1D). With the relationships between wavenumber g and 4, as
well as the intensity and A established for the graded wrinkled
gratings, we devise a way to reconstruct a pattern real space
structure from a SLS image. For a given SLS image, such as
one in Figure 7a, we can observe three diffraction orders.
Wrinkling wavelengths can be readily obtained for spatially
calibrated SLS data, as shown in Figure S5. We, further,
develop the model reported in Figure 4 to compare intensity
ratios between adjacent orders. This eliminates the need for a
reference intensity (at zero strain for zeroth order), leaving the
dependency to the intensities of the orders solely within the
image. Only 2 sets of adjacent orders are required (I,/I,, I,/1,)
to extrapolate the corresponding amplitude of the sample. The
first three orders (Oth to 2nd) are chosen because of the
smallest standard error between the experimental results and
the model. For a given SLS image, we can calculate the ratio of
intensities for the two set of orders, intersecting the
corresponding amplitude of the wrinkles. With both the
wavelength and amplitude, we are able to create the real space
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Figure 7. Reconstruction of a real-space image using a SLS diffraction
patterns. (a) A standard 1D SLS image with its zeroth, first, and
second order intensities identified. (b) The purple and blue line
represent model I/I; and I,/I, with amplitude of the pattern,
reported in Figure 4. Intersecting the equivalent intensity ratios from
the experimental SLS image with the model curve ratios, the surface
amplitude can be extrapolated. (c) Reconstructed AFM image
obtained plotting a sinusoidal profile with amplitude and wavelength
extracted using the previous analysis, compared with the relative
experimental AFM profile.
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image by inputting A and A in a sine wave equation describing
the wrinkled surface where f(x) = A sin(27x/1), producing
Figure 7c, which agrees well with the experimentally measured
AFM profile.

Real-Space Reconstruction from Diffraction Pattern
(2D). The diffraction of buckled samples is of course not only
limited to one-dimensional profiles. Two-dimensional wrinkles
can also exhibit varying diffraction patterns, possessing two
different sets of orders depending on the fabrication
conditions. 2D wrinkling patterns can be fabricated through
an intermediary replication step, to minimize crack-forma-
tion.'* A 2D wrinkling pattern was fabricated through the
replication of an initial 1D sample where the sample has an
initial €preqtrain = 0.10, undergoing plasma treatment of 20 W for
2 min. The replica was subsequently rotated through an angle
0, before undergoing the same conditions of exposure under
strain. When released, this results in a 2D wave superposition
creating “sand ripple”-like patterns, which can be tuned with
angle with a final pattern morphology described as a
superposition of sine waves. Therefore, 2 sets of first order
intensities can be observed, each set corresponding to either
the first or second generation. An intensity—A model (Figure
8b) can be established given wavelength and amplitude data
(Figure 8) with strain for the given conditions. In a similar
manner to the 1D, by taking the ratio of intensities between
the generations, the amplitudes of both the generations can be
deduced from a model. For a 1D sample, the A for the
maximum € of 0.10 is 0.115 gm. When 2D samples with angles
ranging from 20° to 90° are measured under light scattering, it
is observed that there is a boundary between 35° and 45°,
where the intensity of the first generation exceeds that of the
second below this range, while the converse happens beyond
(Figure S6). As a result, it can be observed that at 20°, the first
generation is brighter than the second, while at 50° the second
generation is more prominent. At lower angles where 8 < 35°,
the development of amplitude of the first generation takes
precedence over the second, while when 6 > 45°, the second
generation formation dominates the first. This is due to the
relation of formation of the surface topography with respect to
its principal coordinates x and y. When the second generation
has a larger strain component in the y direction than x, it
suppresses the amplitude in the first generation. As a result,
when 6 = 20°, we can take the maximum amplitude to belong
to the first generation, while for 6 = 50°, we can take it to
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Figure 8. (a) Schematic of 2D wrinkling pattern formation: An initial
1D wrinkled sample (P = 20 W, t = 120 s, € = 0.1) is replicated with
fresh PDMS. The replica is, then, stretched uniaxially, rotated at an
angle 6, and exposed to a second plasma oxidation. Upon release of
the secondary strain, a secondary pattern is formed as result of a 2D
Fourier wave superposition. (b) Green solid line shows the first-order
intensity model at P = 20 W and ¢ = 120 s. Black solid line shows the
amplitude and intensity at € = 0.1 (experimental prestrain), with A =
0.11 (maximum amplitude). At smaller angles, below the range of
35—45°, the first generation component in the maximum amplitude is
predominant, while at larger angles, the second generation component
takes over. (c) Construction of a real space image of a 2D pattern.
The SLS image of a 2D pattern with 6 = 20° shows two sets of first-
order diffraction, belonging to the first and second generation, at an
angle 6. Wavelengths and amplitudes can be extracted and used to
build a real-space image from the 2D SLS, shown in curve ii. (d) For 6
= 50°, the SLS image shows 2 sets of first-order intensities separated
by 50°, with intensity of the second generation brighter than the first.
The amplitude and wavelengths from the SLS allows for the
reconstruction of real space image in curve ii, agreeing with the
experimental in curve iii.

belong to the second generation. Subsequently, by taking the
ratio of intensities of the two generations, the other generation
can be deduced using the model. The wavelengths of the
individual generations can be gathered as in the 1D case
(Figure S7). With both information on amplitude and
wavelengths of the two cosine waves, a real space image can
be reconstructed, in good agreement with the experimental
AFM images.

Bl CONCLUSIONS

We have explored the fabrication of 1D and 2D strain-tunable
phase gratings by means of the mechanical wrinkling of plasma
oxidized PDMS employing, respectively, uni- and biaxial strain
fields. While 1D phase gratings have been previously
demonstrated by the wrinkling of bilayers comprising a
polymer thin-film supported onto PDMS, > the fabrication
method employed, here, is considerably simpler, removing the
need to float and deposit the glassy film, as well as more
robust, by ensuring covalent bonding of the skin layer and
preventing delamination or crumpling. We resolve and quantify
up to 4 diffraction orders resulting from plasma-oxidized
PDMS samples, which are strain-controlled and thus tunable,
or fixed (or static) by the release of a selected prestrain
condition. The intensity of the various diffraction orders is
modulated by strain, as the sample undergoes relaxation
(€comp), providing a maximum total diffraction efficiency of
48%.

https://doi.org/10.1021/acsapm.1c00906
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We find that phase gratings fabricated via this method
cannot, however, be described by conventional sinusoidal
phase grating equations. We attribute this fact to the gradient
nature of the glassy skin layer, originating from the directional
conversion process that emanates from the top surface during
plasma oxidation. By incorporating a distribution of refractive
index in the skin formed, we succeed in quantitatively
modeling the diffraction data. Further, the precise data
modeling of the strain dependence of the diffraction data
requires the consideration of non-Hookean properties of
PDMS because of the change in elastic modulus at sufficiently
high strain affecting primarily the buckling amplitude.

We, then, also examine the optical behavior of these phase
grating at higher deformation, when buckling deviates from the
sinusoidal regime toward period doubling. This leads to the
emergence of an additional diffraction order, as a result of a
secondary wavelength formed upon “doubling” events. The
precise strain of period doubling formation can be monitored
through light scattering, where the increase in intensity of the
new order is an indication of its development.

Significantly, we find that diffraction patterns can be used to
fully resolve the surface structure in simple manner. The real-
space image of a wrinkled sample can be effectively
reconstructed by obtaining the wavelength and amplitude
through a diffraction image, and this can be extended beyond
the one-dimensional to two-dimensional samples showing
double sets of diffraction series corresponding to the respective
generations. Light scattering is thus demonstrated as an rapid
and effective tool to resolve the surface topology of these
systems.

We believe that our findings are relevant to a range of
applications, including the development of flexible responsive
optics benefiting for a facile manufacturing route. The
structural color exhibited from such gratings could also give
rise to mechanochromic functionalities with potential
applications in displays and smart windows.

B EXPERIMENTAL SECTION

Sample Preparation. Sylgard 184 (Dow Corning) was employed
by mixing the prepolymer and cross-linker at a 10:1 ratio by mass; the
mixture was vigorously stirred with a spatula, degassed under vacuum,
deposited on a glass slab, and cured at 75 °C in a convection oven for
1 h to cross-link into an elastomer that, despite containing several
additives, we term polydimethylsiloxane (PDMS) for simplicity. The
PDMS slab obtained, with a thickness of 2.5 mm, was cut into
coupons of 2.5 cm X 3 cm. Samples were clamped onto a strain stage
attached by a motor actuator and strained to the required €,eqrain at 2
speed of 0.02 mm? with a precision of +0.001 mm. The applied
prestrain is calculated with respect to the initial and final distance
between the clamps before and after stretching, L, and L,
respectively: €preqrain = (Li — Lo)/Lo.

Surface Oxidation. Surface plasma oxidation was performed
using a 40 kHz Diener Plasma (Femto), fitted with a pressure sensor
(TM 101, Thermovac) and an oxygen gas cylinder (BOC, 99.5%
purity). The chambers were evacuated to a pressure of 0.2 mbar,
before flowing the gas for 5 min until the desired pressure was reached
and stabilized. The plasma was then ignited, at the required power,
and exposure, controlled with a timer. Power setting of p = 70 W and
oxygen pressure of P = 1 mbar was used, with exposure time t = 420 s.

Pattern Characterization. Wrinkling morphology of samples
were evaluated by means of atomic force microscopy (AFM)
employing a Bruker Innova microscope in tapping mode, equipped
with Si tips (MPP-11100-W, Bruker), at 0.2 Hz, and analyzed with the
in-built Nanoscope software. Wavelengths and amplitudes were
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averaged over a series of three measurements recorded over areas
of 50 um X 50 pm scanning windows.

Static Light Scattering. Static light scattering setup consisting of
a diode-pumped CrystaLaser (532 nm, S00 mW) (Figure 2a (i)) and
neutral density filter wheel consisting of 2 sets of filters —0.2—0.6 and
1.0—4.0 (Thor Laboratories) (ii). The laser light is reflected by a
mirror (jii) at 45° and passes perpendicular through the sample. The
distance from the sample to the screen is 10 cm. The diffraction
patterns (v) formed on the screen are monitored when the sample
undergo light scattering as it undergoes motorized compression
through an automated strain stage (iv) to form sinusoidal wrinkles.
SLS images are collected by means of a 16-bit CCD cooled camera
(Hamamatsu Orca), controlled by the in-built software Wasabi. The
use of a photodiode attached to a digital console (Thor Laboratories)
was also supplemented to monitor single point diffraction orders
(Figure S8). The range of ND filters utilized were varied throughout
the experiment to maximize the intensities observed without
saturating the CCD camera.
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Tunable Structural Color with Gradient and Multiaxial

Polydimethylsiloxane Wrinkling

Annabelle Tan, Luca Pellegrino, Zain Ahmad, and Jodo T. Cabral*

The generation of structural color from wrinkled polydimethylsiloxane
(PDMS) surfaces, fabricated by plasma exposure, subjected to uni- and
multi-axial, and sequential strain fields is examined. The approach is based
on the well-known, mechanically-induced, buckling instability of a supported
bilayer, whereby the top glassy “skin” is formed by plasma oxidation. Surface
periodicities 200 nm S d S 3 pm, encompassing the visible spectrum, are
investigated in terms of the observed color, intensity spectrum, and color
mixing from different diffraction orders, exhibiting good agreement with
model predictions. By contrast with complex fabrication methods, color
tunability and mechanochromic response are readily achieved by adjusting
plasma and strain parameters, and by dynamically varying strain (¢ S 50%).
Prescribed strain directionality, employing uniaxial, isotropic, gradient strain,
and wave-sum wrinkling superposition, as well as skin thickness (and thus d)

in dragonflies Rhyothemis resplendens.l?%)
Randomly oriented wrinkles were demon-
strated to produce uniform bright struc-
tural colors with broad viewable angles,
which can further be tunable using light
sensitive polymers skins.?*!
Mechanochromic response, that is,
the change of color under stress, of
wrinkled structures has been recently
reported, employing various bilayer film
structures.?>?#2% The use of soft matter
substrates, including elastomers, is advan-
tageous as it readily allows optical proper-
ties to be tuned by the applied strain, by
adjusting surface periodicity and ampli-
tude, in addition to film thickness and

and amplitude gradients, using facile and scalable fabrication approaches,
yield striking spatial color variation, homogeneity, and directionality.

1. Introduction

Inspired by the abundance of structural color in nature,!']
a range of material synthesis and processing approaches
have been developed to design nano- and microstructures,
including multilayer films,®°! photonic crystals,!® and meta-
surfaces, >3 exhibiting static and variable structural colors,
tailored to various practical applications.*] Wrinkled surface
structures, found in flowers and insects!®2% have been shown
to act as surface diffraction gratings, imparting structural color
to flower petals such as in the queen of the night tulip??!l and the
Hibiscus trionum,[??l as well as enhancing the diffuse reflection

A. Tan, L. Pellegrino, Z. Ahmad, ). T. Cabral
Department of Chemical Engineering
Imperial College London

London SW7 2AZ, UK

E-mail: j.cabral@imperial.ac.uk

A. Tan, ). T. Cabral

Centre for Processable Electronics
Imperial College London

London SW7 2AZ, UK

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202200964.

© 2022 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adom.202200964

Adv. Optical Mater. 2022, 2200964 2200964 (10f11)

mechanical modulus. Further, a wide
range of surface patterns, including uni-
and multiaxial and hierarchical wrinkles,
can be readily fabricated. Bilayers are gen-
erally fabricated by deposition or lamina-
tion of a thin and stiff film, typically a few 10-100 nm and GPa
modulus, atop a thicker (mm) and softer (=MPa), for instance
an evaporated metal of a spun-coated glassy polymer supported
by a polydimethylsiloxane (PDMS) elastomer. The mismatch
in mechanical properties between films, provided that there
is strong adhesion between them (to minimize delamination,
crack formation, etc.), leads to surface buckling under strain.
Strain can be induced thermally, by film evaporation/shrinkage,
and commonly, by mechanical strain.

Plasma oxidation provides a facile route to generating a
thin, glass-like film onto PDMS,[?¢l enabling precise control of
film thickness growth kinetics.””-2%) We have previously dem-
onstrated the design of tunable optical gratingsi*® using this
method (building on the previous demonstrations with polymer
bilayer laminates®!). The impact of the PDMS substrate thick-
ness on the mechanochromic response of 1D plasma oxidized
PDMS films has been recently reported,*233 and color tun-
ability according to illumination and viewing angle examined.
Recently, the incorporation of polystyrene nanoparticles and
the use of wire-bar coating (yielding regular arrays) was dem-
onstrated to produce both angle-independent and -dependent
structural colors, upon plasma exposure and wrinkling.3*

In this study, we build upon the structural color and mecha-
nochromic response exhibited by 1D plasma oxidized wrinkled
PDMS topographies ranging from nano to the micronscale,
and quantitatively examines the emergence of color mixing, by
superposition of diffraction orders of distinct colors at similar
observation angles. We then quantify the joint roles of ampli-
tude and periodicity in color brightness, and finally consider

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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color modulation and directionality with gradient wrinkles (i.e.,
surfaces with spatially varying periodicity) and multi-axial (bidi-
rectional and isotropic) patterns that can be readily fabricated.
We demonstrate both uniform and spatially varying colors with
observation angle, and further expand the palette of pattern
complexity by leveraging wrinkling wave superposition in both
simultaneous and sequential steps,>>3¢ to yield directional
color resulting from the interference and relative orientation of
wrinkling generations.

2. Results and Discussion

2.1. Plasma Oxidation of PDMS and Surface Wrinkling

Plasma oxidation of PDMS provides an effective means of gen-
erating glassy skin films onto bulk PDMS (and thus a bilayer)
with precisely tunable thickness, which therefore yield a library
of surfaces of varying wrinkling periodicity (d) and amplitude
(A). By varying the strain field, a range of 1D, 2D, and isotropic
structures can be formed. In short, if the plasma exposure is
carried out under (pre-)strain conditions, wrinkled surfaces
form upon strain relaxation, termed “on” samples; conversely,
if plasma exposure is carried out when PDMS is in its relaxed
state, then the sample is termed “oft”, and thus surface wrin-
kling is induced upon the (active) application of strain. Spe-
cifically, in this work we fabricate 1D structures by uniaxial
mechanical strain, and isotropic structures by a thermal cycling
treatment, expanding and contracting the bilayer as illustrated
in Figure 1a. Furthermore, we take advantage of simultaneous
and sequential wrinkling wave superposition to access different
2D topographies. By diffracting a narrow light beam (e.g., a

a) 0, plasma : b)
spreslrain 1D
‘ Heat 200°C

Isotropic

www.advopticalmat.de

laser), periodic 1D surfaces respond as planar (tunable) 1D
phase gratings,3%3" displaying a series of diffraction spots sym-
metric with respect to the direct beam (center), whose spacing
in reciprocal space reflects the pattern periodicity in real space.
Isotropic wrinkles yield single-frequency centro-symmetric dif-
fraction patterns, with a circular annulus reflecting the average
pattern periodicity, as shown in Figure 1b.

The mechanisms and kinetics of the frontal growth and
propagation of the glassy skin layer on PDMS by oxygen plasma
has been previously reported,?®3”) and can be effectively tuned
by plasma power, oxygen pressure, and exposure time. Upon
strain, the bilayer yields a sinusoidal profile with periodicity d
and amplitude A which can be generally expressed as(*®!

1
3

i 27h(E; /(311)1) 1
(1+e)(1+&)
L @)

(1+£)5(1+.§)%

where h is the glassy film thickness, E; and E, are, respectively,
the in-plane strain moduli of the film and substrate, given
by E=E/(1-Vv*), where E is the Young’s modulus and v the
Poisson ratio (= 0.5 for PDMS); & = 5¢(1 + €)/32, accounting
for the non-linearity of the stress— strain relationship of the
substrate in the finite deformation regime (i.e., non-Hookean
response). Note that we refer to d, instead of the customary sur-
face wavelength A, as the surface periodicity to avoid confusion
with the wavelength of light. A critical strain must be exceeded
to trigger the mechanical instability, &

Eprestrain = 20% 99 W USH_Z]- 1
Q,Q,;‘ 50 (kHZ)L
/Q/ _A e S
2
10‘5‘W(MHJZ)
B T e i
__ 4
-
99 W (KHZ)
ST anwn
/f/;"/"fﬁ/‘
Yt
x
14, 10.5 W (MHz)
._.‘-—l~r""'*—'

0 100 200 300 400 500 600 700 800
Exposure time (s)

Figure 1. a) Schematic of the formation of 1D and isotropic wrinkling samples. 1D wrinkles: plasma oxidation on a prestrained PDMS elastomer coupon
and relaxation of strain. Isotropic wrinkles: plasma oxidation on a flat, round PDMS elastomer coupon, heated to 200 °C for 30 min to induce strain
through thermal expansion, and cooled to induce the wrinkles. b) Diffraction pattern for the 1D (99 W, 120 s) shows orders zeroth to second and a
ring diffraction of first order for the isotropic (20 W, 120 s). c¢) Wrinkling periodicity (d) and amplitude (A) measured as a function of plasma exposure
time (s) for treated PDMS coupons with different power and plasma frequency (13.6 MHz: 10.5 W; 40 kHz: 20, 50, and 99 W). d) Schematic of light
diffraction of wrinkled samples showing up to three orders (-1, +1, +2): a white LED light at 6, observer/camera at Op.
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In the low deformation limit (¢ < 0.1), the amplitude alone
depends on strain, thus allowing for d and A to be decoupled
in surface patterning. At high strains (€ 2 0.5) sinusoidal pat-
terns give rise to further modes, including the formation of
folds, period-doubling, and ridges.*”) The experimentally meas-
ured logarithmic dependence of d and A on plasma exposure
time,1?®%] for both a 13.6 MHz and 40 kHz plasma chambers
employed in this work, is shown in Figure lc. More com-
plex wrinkling geometries, beyond 1D and isotropic gratings,
were readily generated with different strain field or exposure
arrangements. Gradient wrinkled surfaces, varying both perio-
dicity and amplitude, can be fabricated using tapered PDMS
coupons (which spatially vary &),*0*!] or a stepped, or gradient,
plasma oxidation process (with spatially varying h).*>=] Multi-
axial strain fields can induce a plethora of patterns; for instance
2D wrinkles can be fabricated, either through the simultaneous
or sequential application of strain in two directions, yielding
hexagonal, checkerboard, and herringbone wrinkled struc-
tures.[*#8] Sequential wrinkling approaches,3>3? use surface
wave superposition at varying angles (from 0° to 90°) to tune
wrinkled surfaces from 1D to checkerboard, creating a variety
of “s and ripple” structures, with additional in-plane (xy) perio-
dicities. Representative topographies were designed and fabri-
cated to yield desired optical effects detailed below.

2.2. Wrinkled Surfaces as Phase Gratings

Wrinkled bilayers have been used in the fabrication of diffrac-
tion gratings exhibiting mechanochromic properties,*’) whose
diffraction pattern can be readily computed from Bragg’s Law.
For a incident light at an angle 6, the pathway difference
between the incident light on the adjacent wrinkle crest is
d x sin@, where d represents the wrinkling spacing. Similarly,
the pathway difference between the reflected light on the adja-
cent wrinkle crest is —d x sin6, where 6, is the angle of detec-
tion, yielding

nA =d(sin6; +sin6,) )

where integer n is the diffraction order of light wavelength A.
Tunable phase gratings have been previously demonstrated in
case of thin polymer films deposition or lamination onto an
elastomeric foundation,?%31 giving access to a variable distri-
bution of energy in the diffraction orders. In a phase grating,
the resulting diffraction pattern can be modeled for all diffrac-
tion orders p according tol*">2]

2o o)

p=—oo

where Jpisa Bessel function of the first kind, W is the half-
width of the aperture, d is the wrinkling periodicity, m/2 is the
maximum phase shift impart to the light, and p is an index
accounting for the pth diffraction order. Often W ~ 0.5 mm,
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determined by the typical profile of laser beam (in the Fraun-
hofer limit conditions). The maximum intensity of the pth
order can be approximated to be proportional to the Bessel
function J,%(m/2) as the sinc function is narrowly distributed in
q about each order without significant overlap between adjacent
orders. The phase contrast, m(A) can be rationalized in terms of
the wrinkling bilayer model of amplitude, A(g) by

@:m%[n—u ()

where A(g) is extracted from the wrinkling high deformation
model (Equation (2)), n is the refractive index, and A the light
wavelength. In a simple bilayer with a sufficiently thin skin,
the refractive index n can be approximated by that of the bulk
material. 1

In a 1D wrinkled sample, light diffraction is perpendicular to
the direction of the wrinkles (Figure 1d). For sufficiently large
wrinkling periodicity, multiple orders of diffracted light can be
observed, where positive orders are denoted as those in between
the incident light and the reflected Oth order, and conversely for
negative orders. The observation angle 6, represents the posi-
tion of the observer or camera. The variation in 6, allows for
different structural colors to be viewed.

2.3. Structural Color from Nano- to Microscale Wrinkles

Diffraction of white light from wrinkled surfaces, acting as
phase gratings, can yield brilliant structural colors which
depend on pattern periodicity d as well as observation angle
O,ps- Such colors are optimally observed by minimizing light
reflection and scattering from the substrate. This can be
achieved through doping the PDMS elastomer, for instance
with carbon-black, resulting in uniform light absorbance in
the visible range (Figures S1 and S2, Supporting Informa-
tion). Depending on the plasma oxidation conditions and
strain, the wrinkling periodicity and amplitude can be pre-
cisely tuned to select the color observed from the surface. The
relation between pattern topography and observation diffrac-
tion angle, given by Equation (4) enables the prediction of the
color wavelength A at all angles, 0° > 6,,, = 90°, for instance
when the incident white light is normal to the sample surface
(6; = 0°). Practically, beyond 6,,; = 70°, the observer’s field of
the surface becomes restricted. Figure 2a shows the first dif-
fraction order for wrinkled surfaces with periodicities up to d =
800 nm. When wrinkles display periodicities shorter than the
wavelength of visible light, no color will be seen to be diffracted
from the surface. In these regions, UV and X-ray diffraction
could be accessed. MHz plasma oxidation allows for the fab-
rication of sub-micron structures, yielding single structural
color diffraction at accessible observation angles. By varying
the plasma exposure time, d ranging from 490-710 nm were
achieved as shown in atomic force microscopy (AFM) micro-
graphs in Figure 2b. The resulting diffracted colors were cap-
tured at different 6. For d = 490 nm, diffracted wavelengths
are limited to larger 0, where color is only accessible beyond
60° (Figure 2c(i)). As plasma exposure time increases, resulting
in larger d, a red-shift is observed with 6, with colors detected

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Exposure time/ s
360 480 600 750

n

70 £ 302

0 =)
300 400 500 600 700 800

490 540 630 710
b)
d/ nm
i

10.5 W, MHZ 40 0 40nm

Figure 2. a) Nano-wrinkled samples formed using 10.5 W, MHz plasma
displaying discrete angular dependency of colors when white light is
shone normal to the sample, 6 = 0°. Color observed in the first order
with observation angle 6,5 and wrinkling periodicity, d up to 800 nm.
White boxes indicates the region of colors accessible (+3°) for each
sample (i-iv), at different 6,p, corresponding to Figure 2c. Below the
threshold light wavelength of 380 nm, diffraction limits of UV and X-ray
are reached. b) AFM scans corresponding to the samples (i-iv). c) Single
color diffraction observed in plasma-treated samples at exposure times
of 360, 480, 600, and 750 s yielding periodicities of 490, 540, 630, and
710 nm respectively.

at lower observation angles. When d = 710 nm, a red color can
be observed for 6, = 70° (Figure 2c(iv)).

In the case of micron-scale surface wrinkles, additional dif-
fraction orders can be observed. The diffraction orders, initially
discrete and well separated at low surface periodicities, start to
overlap resulting in color mixing when d 2 1.1 um. The color

2nd i
i
I

a)
90

b)

99W, kHz

www.advopticalmat.de

mixing arises from the contribution of different diffraction
orders at the same 6,,; at fixed periodicity. Figure 3a shows
the expected resulting colors by taking into consideration dif-
fraction order mixing (computed by expressing and combined
each diffracted color in RGB format). Plasma oxidation at
KHz, performed at 99 W at different exposure times, allows
the development of d ranging from 1.3-3.4 um (Figure 3b).
The observed colors at varying 6y, are shown in Figure 3c,
with the contributing orders labeled within each image. When
d = 1.3 um, single color diffraction is observed until 6, = 60°
where the resulting “magenta” color is a contribution from the
second and third order. As the wrinkle wavelengths increase,
the overlap of two or more orders results in non-discrete colors.
[Mlumination with a red light instead (1 = 650 nm), induces dif-
fracted red colors at different intensities as the contribution in
red increases with the wrinkling periodicity d (Figure S3, Sup-
porting Information).

Theoretically, diffraction intensities for colored wrinkled
structures can be quantified for each order modifying Equa-
tion (5) to account for the gradient glassy skin/*"l

8
1(%.y) = LA™ L(x.) )

=0
where n; ranges from 1.41-1.55, A = 8.0 x 10'%, and k = 31.5.
From this, we use the relationship between exposure time with
d and A to compute an intensity plot, which is also dependent
on the wavelength of light 1. We would expect that for a given
condition and diffraction order, the intensity of a longer wave-
length of light like red light (760 nm) would have a lower inten-
sity than a violet light (380 nm). In Figure S4a, Supporting
Information, the theoretical dependence of diffraction inten-
sities with exposure time for different wavelengths of light—
from violet of 380 nm to red of 760 nm are plotted for the first

Exposure time/ s

) || 120 i 300 _iv 420
5 3+4+5|  4+5+64+5+6+7
o
& _
0 S cm
6
(o]
0
~
[=}
o
(32
o]
wn
45 -
220 nm
0
-220 nm

Figure 3. a) Micro-wrinkled samples formed using 99 W, kHz plasma exhibiting colors contributed from up to seven diffraction orders. From the second
diffraction order, overlap of different orders becomes prominent, resulting in mixed colors with increasing angles. b) AFM scans corresponding to the

samples (i-iv).

c) Color diffraction for plasma-treated samples at p = 99 W and exposure time of 30, 120, 300, and 420 s yielding wavelengths of 1.3,

2.3, 2.9, and 3.4 um, respectively. The diffraction orders contributing to the final color are reported at the top right corners of each condition.
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order. The intensity for larger wavelength of light are lower and
the intensities can be seen to modulate with exposure time, as a
result of the evolution of wrinkling periodicity and amplitudes.
With increasing order, it is expected that the intensities of light
decrease for a single wavelength. In Figure S4b, Supporting
Information, the plot of intensities for 533 nm wavelength of
light is shown from the first tosixth order. Due to the spread of
intensities from shorter to longer wavelength, intensity of dif-
ferent colors from adjacent orders can occur. Indeed, the inten-
sities for longer wavelengths of the fifth order would overlap
with those of the shorter wavelengths from the sixth.

2.4. Mechanochromic Response: Tuning Colors with Strain

The mechanochromic response of wrinkled surfaces can be
tuned modulating the compressive strain release after the
plasma oxidation step. The sensitivity in color variation can
be adjusted by considering the relationship between pattern
periodicity d and strain, ensuring that only the first diffraction
order (n = 1) contributes at the accessible 6, to avoid color
mixing. The bilayer film parameters can be designed to achieve
the appropriate periodicity range. For a system with a smaller
periodicity change under strain, (single) color sensing would be
optimal with surfaces of smaller wrinkling periodicity at higher
6,ps; conversely with larger periodicity changes, sensing would

www.advopticalmat.de

be optimal with surfaces of larger d at lower 6, as detailed
in Figure S5, Supporting Information. The observed color at a
given 6, can be readily calculated as a function of strain &, by
combining Equations (1)—(4) to yield

l=2ﬂME}K3EQ§

Sin O (8)
(1+g)(1+&)

Specifically, Figure 4a reports the color shifting from red
(buckling onset) to blue (full release) as a function of compres-
sive strain € for a sample treated at p =50 W and ¢t =~30 s and
prestrained to 0.5. At a fixed 0y, the diffracted color observed
can be manipulated by a change in the wrinkling periodicity, d.
When 6, = 31°, the spectrum of the rainbow can be observed
when d is tuned between 0.9 and 1.5 um as described in
Figure 4b. Due to the intrinsic nature of the buckling relaxa-
tion process and as described by Equation (1), we are able to
exploit this relationship to create tunable colors with strain.
Indeed, the decrease of the wrinkling periodicity with strain ful-
fills the required range to tune the sample to the color of the
spectrum. As the sample experiences compressive strain, the
wrinkling amplitude increases with strain, therefore it is pos-
sible to determine the theoretical relationship with diffraction
intensity through the previously established diffraction model
in Equation (7). Following the ability to tune the wrinkling

0, plasma 50W30s
75 A 0.06
[= q ®
60 - Eprestrain E 7 °
20.04 ®
o <
245 4
PR 0.02 ®
30 ?
0.00 =
0.5 0.4 03 0.2 0.1 0.0
154 3
e) 0025 T
0 - : " |
300 600 900 1200 1500 3 0.020
d/ nm =
C) 1.6 T T T T = I- 800 z
14] 50W30s y 7 0013
. i [ 7% E 0.010
1.2 L = 0.0101
E o1 600 £ g
3 104 500 R 2 0.005
0.8 Strain release girec(ionf 400
0.6 : : - - 300 0.0001 ).0
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Figure 4. a) Mechanochromic variation in CB-PDMS samples oxidized at 50 W, 30 s undergoing compressive strains from (i) £=0.5 to (vi) £=0.05, at
B,ps = 31°. b) First order colors observed at wrinkling periodicity from 300-1500 nm. Series of colors in the first order observed from 4 =700 nm (red),
when d=1.4um, to =450 nm (blue), when d = 900 nm. White boxes (i—vi) correspond to the color areal region reported in (a). c) Wrinkling periodicity,
d, as a function of strain for samples (i-vi). The solid line corresponds to Equation (1). Each d corresponds to an observed diffracted wavelength, 4
on the right y-axis. d) Amplitude of wrinkles as a function of strain with the solid line corresponding to Equation (2). e) Calculated diffracted intensity
(black line) as function of A, parametrized by the white light and CB-PDMS absorbance across the spectrum. Measured intensities (blue points) were
extracted via RGB decomposition (RGB/3) of (i-vi).
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periodicity and amplitude with strain, we would expect the
sample to experience a continuous increase in intensity from
red to blue (Figure S4, Supporting Information). However, this
model alone assumes an equal intensity of the white light at all
wavelengths, and it is thus insufficient to explain the intensity
exhibited by the samples at their respective colors. Unsurpris-
ingly, there is an effect on the intensity of the light source with
the resultant intensity of the color observed. Therefore, mod-
eled color intensity was parametrized by the light spectrum
and the absorbance of the CB-PDMS in the required range
(Figure S6, Supporting Information). The light spectrum and
absorbance were normalized, and combined with the previous
description to attain the final model. The intensity of the sam-
ples were taken by normalizing the RGB values to one through
Image]. From Figure 4e, we find that the experimental results
agree well with the model, taking into account the spectrum of
the light source.

2.5. Effect of Relative Illumination and Viewing Angles on
Color Perception

The variation in incident angle of light with respect to the
sample extends the range of colors observed for structures with
smaller wrinkling periodicities instead of incident light normal
to the sample. When the angle between the incident light and
the camera is fixed at 50° with the sample being rotated along
its axis, this allows for the simultaneous change in 6; and
O.bs as reported in the schematic in Figure 5a(i-iii). By using
Equation (4), we can predict the color wavelength while rotating
the sample. Conventionally, when 6,,; and 6; are on opposite
sides with respect to the normal, 6,,; would be denoted as a
negative angle. When a plasma treated sample with wrinkling
periodicity of 490 nm is observed at 6,,, with a simultaneous
change in 6, color wavelengths up to =650 nm in the first
order can be viewed between 50° < 70°, while no color can be
seen at other angles (Figure 5a). By changing the incident light
angle, the sample can exhibit up to a yellow hue when 6; = 70°
(Figure 5b), compared to the limited accessibility in color when
6; is fixed at the normal, where only blue can be accessed at
higher viewing angles (Figure 2c(i)). For d of 630 nm, three
distinct orders (-1, +1, +2) can be observed while rotating the
sample such that 0° < 6; < 70°. Between 8° < 6; < 44°, no color
can be observed. At 0° < 6; < 8°, the -1 order can be seen,
the +1 order at 44° < 6. < 70°, and +2 order at 68° < 0, < 70°
(Figure 5c). As a result, up to a red hue at A =760 nm is observ-
able when 6, =70° and 6,),; = 20°, as compared to a green visible
when 6, is fixed at 0° (Figure 2c(iii)).

2.6. Azimuthal Viewing Angle and Color of 1D and
Isotropic Wrinkles

1D surfaces have structural colors limited to the direction of dif-
fraction. When a 1D sample (kHz, 99 W, 60 s) is rotated about
@ (6;=0°, 6, = 40°), the intensity of the colored sample can be
monitored and observed as function of the angle as showed in
Figure 6a. When ¢ = 0, the intensity of the sample, measured
by (R + G + B)/3 can be seen at a maximum. As ¢ increases, the
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Figure 5. a) Color variation observed changing simultaneously 6, and
Oyps, for a MHz plasma-treated sample at 10.5 W, 360 s yielding d of
490 nm. b) Images of sample showing increase range of accessible wave-
length diffracted compared to in Figure 2c(i) with blue color observed at
50° while yellow at 70°. c) Color variation observed on a sample for MHz
plasma-treated sample at 10.5 W, 600 s yielding d of 630 nm. Light can
be observed to be diffracted in —1 order from 0° to 6°, +1 order from 45°
to 68°, and +2 order from 68° to 70°. d) Images of sample showing cor-
responding diffracted colors.

intensity can be seen to decrease until it reaches a minimum
at ¢ = 7/6 (Figure 6b). This occurs when the direction of dif-
fraction of the sample becomes out of line with the observer.
As the diffraction of sinusoidal wrinkles are perpendicular to
the wrinkle direction, this only allows observance of the color in
one axis with respect to the sample (Figure 6c¢). The inset shows
the first diffraction order pattern of a 1D structure.

In order to increase the viewing angle of structural colors,
isotropic wrinkles can be employed. When an isotropic sample
is fabricated under the same plasma conditions, it exhibits
structural color as the sample rotates 27 about ¢. The inten-
sity (a.u.) of the color was measured to be comparatively lower
between 40°-60° while undergoing rotation, displaying color
at every ¢ (6, = 0°, 6,,s = 40°) as reported in Figure 6d. These
isotropic structures have a ring diffraction pattern, diffracting
light in all directions. Due to the light being diffracted in all
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Figure 6. a) Schematic of the rotation of wrinkled sample along ¢. b) Plot of normalized intensity for a 1D sample (kHz plasma, 99 W, 60 s) with ¢
shows a decreasing intensity from 0 to 7/6. c) The 1D diffraction pattern intensity where zeroth and first diffraction orders are shown, with the light
scattering image shown in the inset. d) Plot of normalized intensity for an isotropic sample (kHz plasma, 99 W, 60 s) when rotated along ¢. e) The
diffraction intensity of isotropic diffraction along a line. The gray dotted line reflects the middle beam where a beam stopped was used. f) Azimuthal
averages for 1D and isotropic diffraction patterns. In the 1D diffraction, two intensity peaks are seen which reflects the positions of observed structural
color. In the isotropic, the azimuthal average stays relatively in a constant range of 0.001, reflecting structural color 27 about ¢.

directions, the line diffraction pattern is of a much lower inten-
sity than the peaks in the 1D. An azimuthal average measure-
ment can be used to clearly show the comparison between
the two structures. In the 1D diffraction, two distinct intensity
peaks are seen, reflecting the position of structural color obser-
vation. In the isotropic sample, the azimuthal average stays
relatively constant, with structural color reflected about 27 of ¢.

2.7. Homogeneity and Directional Color

An implication arising from the fabrication of regular 1D wrin-
kling structures with homogenous wrinkling periodicity is a
characteristic “rainbow” color perceived especially for large
areas, which is enhanced at a close observation distance. As
the colors viewed are sensitive to 6, a small change can lead
to different colors being seen at a single wrinkle periodicity.
The spread of color occurs as the light reaching the observer
has different viewing angles from the top and bottom of the
sample (6,51 and B,y respectively), thus yielding different
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wavelengths (A;. ;) (Figure 7a). The respective 6,,; can be cal-
culated with respect to the position of the observer

Oyps1 =90 — arctan% 9)

B2 =90 —arctan (10)

(L-W)
h
where h and L describes the vertical and horizontal position of
the observer, and W the distance between the observed reflected
light. Conversely, it is possible to create a variable structure to
create local spatial periods required to only see a specific color,
depending on the position of the observer (Figure S7, Sup-
porting Information). Previously, Voisiat et al., have demon-
strated that the homogeneity of large samples can be improved
through creating varying periodic spacing using direct laser
interference patterning.l*®l Gradient wrinkling topographies can
be induced either tuning the thickness of the exposed glassy
skin generated by plasma oxidation or by applying a gradient
strain field, changing the geometry of the sample and therefore
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Figure 7. Structural color behavior at various observation angles for a) a 1D wrinkle surface, displaying a heterogenous colored surface; b) step-wise
gradient 1D wrinkles, observed from the longest periodicity (d = 900 nm), showing a homogeneous red color. c) The same sample in (b), observed
from the shortest periodicity (d = 700 nm), exhibiting an accentuated “rainbow” effect. d) Samples prepared employing geometric graded coupons,
exhibiting curved wrinkles directional color when rotated about ¢, (i—iii) show homogeneous strips of yellow while (iv) showing a “rainbow” effect.

altering the strain components. The resulting periodicity gra-
dient can produce a distinct diffracted wavelength of light at a
given angular range. In both methods, no significant variation
of the wrinkling amplitude was observed, thus with a negli-
gible impact on the color intensity. For the first approach, here
referred to as step-wise plasma oxidation, different sections of
the same area treated at different exposure times, yielding
varying periodicities and amplitudes. As the exposure time for
an area increases, this give rise to larger periodicity and ampli-
tudes. When a stepwise sample (Figure S8, Supporting Infor-
mation) is viewed from a position with L = 10 cm, W = 3 cm,
and h =7 cm, this gives rise to Gy = 55° and Gy, = 45°. The
resulting wrinkling periodicities, ranging 700-900 nm, when
viewed from the end of the sample with largest periodicity,
exhibit a homogeneous red color spanning the entirety of the
sample, as A; = 4;. Conversely, when the same gradient struc-
tured sample is viewed from the other end of the sample, the
“rainbow” effect of colors are accentuated, where the periodic
change leads to an even greater variation in color observed
(Figure 7b,c).

The second approach allows for the fabrication of varying
periodic structure by altering the geometry of the stretched
sample, by using a trapezoidal shape for example (Figure S9,
Supporting Information). When a non-rectangular shape
undergoes an extensional or compressive uni-axial strain, the
magnitude of the strain will scale with the sample surface
area. In the case of a trapezoidal shape, this induces a torsional
strain field that is reflected in a curvature of the wrinkling pat-
tern. The sample experiences a higher strain at the narrow side,
and lower strain on the wider side. The overall patterns can be
rationalized as a damped sine wave evolving from the narrow
side, or higher strain region. The curve graded wrinkles display
directional structural color, as the 1D wrinkles can only diffract
perpendicular to the wrinkling direction (Figure 7d). When the
wrinkles are convex with respect to the viewer, the sides of the
sample are such that it diffracts color out of plane with respect
to the center of the sample. Strips of homogeneous color can be
manipulated and seen dependent on the viewing angle ¢. When
¢ = 0°, a strip in the center can be seen (Figure 7d(i)). Upon
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rotation of £15°, the strip of color can be seen to move toward
positioned such that the wrinkles concave with respect to the
viewer, the diffraction of the wrinkles converge onto the viewer
and a “rainbow” effect can be seen to be exhibited by the entire
sample (Figure 7d(iv)). Similarly, we have also demonstrated
that these varying periodic structures can be extended beyond
the 1D to isotropic samples. Such radial-gradient isotropic sam-
ples exhibit “rainbow” colors in a crescent formation, attributed
to the change in periodicity across the sample as well as ,, as
detailed in Figure S10, Supporting Information.

The idea of directionality of wrinkle surfaces can be extended
to that of 2D structures, where we can further manipulate the
colors exhibited depending on the observer’s perspective. As
previously mentioned, 2D structures can be fabricated through
either a simultaneous or sequential step,3>364l where the
sequential step can be performed at different angles. A sym-
metrical checkerboard was achieved through a sequential step
performed at 90° with the conditions stated in the Experimental
Section, achieving d = 680 nm. When observed at 6,,; = 40°, a
blue structural color can be observed at intervals of 90° along
¢, with no color exhibited at other angles, reflecting the orthog-
onal superimposed first and second generation wrinkling
waves, respectively at ¢ = 0° and ¢ = 90°. Therefore, the overall
structural color is exhibited only alongside the specific genera-
tion orientation and not visible at other angles. On the other
hand in a herringbone structure, arising from the simultaneous
relaxation of a two-directional strain field, structural color can
be observed for different ¢, however with varying intensities.
Specifically, at ¢ = 0°, a lower intensity is observed progressively
increasing at ¢ = 45° and ¢ = 90°. This can be ascribed to the
more complex intrinsic morphology exhibited by the herring-
bone pattern, where the color observed at ¢ = 45° is given by the
overlap of two different periodicity, namely a “long” d (xy plane)
along ¢ = 90°, giving a stronger blue reflectance, a “short” d
(xz plane) showing a dimmer blue color. For “sand ripple” pat-
terns, generated by sequential wrinkling superposition, and in
this case a 20° pattern (Figure 8c), is able to exhibit color up to
¢ rotation of 45°. Initially when ¢ is at 0°, the contribution of
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Figure 8. Structural color in 2D wrinkled surfaces. a) Symmetrical checkerboard exhibiting colors in phases of 90°. At 6, of 40°, a blue can be seen at
¢=0°and ¢=90° which “switches off” at ¢=45°. b) In a herringbone structure, a rotation through ¢ =0°-90° shows a blue hue that varies in intensity.
c) A 2D 20° “sand ripple” structure exhibiting a blue color as a result of the second generation 1D structure at ¢ = 0°. As ¢ increases, it transitions to
a yellow hue until beyond 45° where it goes beyond the direction of diffracted light.

color is primarily due to the second generation of wrinkles. As
¢ increases, color mixing arises reaching ¢ = 20°, orientation
of the first generation pattern, transitioning from a blue to a
yellow and opalescent shade. From ¢ = 45°, the overall struc-
tural color decreases in intensity and ultimately at ¢ = 90° the
only contribution to the overall structural color is given by 4,,,
arising from the superposition of the two wrinkling waves.

3. Conclusions

In this paper, we demonstrate the generation of both simple
and intricate tunable structural color response in 1D and
2D (biaxial and sequential) and isotropic wrinkling patterns,
fabricated by plasma oxidation of PDMS and mechanical
or thermally-induced buckling. From the inspection of the
mechanochromic response in both micron and nanoscale 1D
wrinkling structures we benchmark and quantify the impact
of surface periodicity in the accessible colors. From these con-
solidated foundations, we evaluate the effect of color mixing
induced by overlap of multiple diffraction orders. We estab-
lish quantitative relations between color intensity, the interplay
between illumination and viewing angles, accounting for the
wrinkling mechanics and diffraction phenomena. Our model
incorporates the gradient nature of the glassy skin, alongside
the established phase grating optics system, to quantitatively
model the intensity of the various diffraction orders. We inspect
the effect of complex topographies on the structural color
response, inducing a gradient in pattern periodicity and ampli-
tude by either tuning the glassy skin thickness (via stepwise
exposure) or by inducing gradient strain field (via a non-rectan-
gular sample geometry, e.g., trapezoidal). We demonstrate how
these surface patterns exhibit either spatially uniform color or
enhanced “rainbow” color depending on the observation angle.
Furthermore, we report isotropic wrinkled surfaces exhibiting
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color at all ¢ angles, that is, “ around” the patterned surface.
We explore the concept of optical and color directionality by
creating multi-frequency patterns, achieved by superposing two
independent wrinkling waves onto the same surface (by analogy
to birefringent media), fabricated either by the application of a
simultaneous bi-axial strain (in which the two wrinkling gen-
erations are strongly coupled) or a sequential wrinkling process
with greater flexibility in d and A of each generation, as well
as their relative angle, and thus of the corresponding optical
axes. Overall, we expect our findings to be relevant to a range of
applications such as packaging, smart displays, wearable elec-
tronic devices, and sensors.

4. Experimental Section

A carbon-black PDMS (CB-PDMS) (Sylgard 184, Dow Corning) substrate
was prepared by casting a mixture of prepolymer, curing, and carbon
black acetylene powder (50% compressed, 99.9+%, VWR) at a 10:1:0.03
mass ratio for 1D and 2D samples, and a mass ratio of 20:1:0.03 for
isotropic samples. The mixture was stirred vigorously, degassed under
vacuum, deposited onto a glass plate and cured at 75 °C in a convection
oven for 1 h to crosslink into an elastomer with the resultant CB-PDMS
with a thickness of 2.5 mm.

Surface plasma oxidation of the samples were performed using two
different plasma chambers: a 13.6 MHz Harrick Plasma PDC-002 at P =
10.5 W for sub-micron wrinkle periodicity samples, and a 40 kHz Diener
plasma (Femto), fitted with a pressure sensor (TM 101, Thermovac) at P =
20, 50, and 99 W and variable exposure times for samples with a larger
wrinkle periodicity. Oxygen (BOC, 99.5%) supplied both plasma chambers.
The chambers were evacuated to a pressure of 0.2 mbar, before flowing
the gas for 5 min until the desired pressure was reached and stabilized.
The plasma was then ignited, at the required power and exposure time.

1D, regular periodic sinusoidal patterns were fabricated through
uniaxial strain of a PDMS coupon (2.5 cm x 2.5 cm) using a strain
stage. The applied prestrain was calculated with respect to the initial
Li—-Lo

(Lo) and final distance (L;) between the clamps, &prestrain = L
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The sample was stretched with a prestrain of 0.2, before it undergo
plasma oxidation and subsequently released to form sinusoidal wrinkles.
Samples with a varying periodic structure were fabricated either by a
step-wise plasma oxidation or by changing the geometry of the sample
to a trapezoidal shape.

2D samples were fabricated through either a simultaneous or
sequential step. The simultaneous 90° sample was created through
a biaxial strain of 10% of a PDMS coupon which undergo plasma
treatment (P =20 W, € = 0.1) before the simultaneous release of strain
to form a herringbone structure. 2D wrinkles through a sequential step
were created through the replication of a 1D sample on fresh PDMS,
followed by a second generation strain and plasma at an angle before
the release. For a 90° symmetrical checkerboard, the first generation was
performed at P=20 W, 7=60 s, £ = 0.2, and the second generation at
P=20W, 7=25s, £=0.1. The 20° sand ripples were fabricated with
the same conditions in both the generations, P=20 W, 7=120s, £ =
0.2. Isotropic samples were fabricated through the plasma treatment of
an unstretched circular CB-PDMS coupon (2.5 cm radius) which then
undergo thermal heating to 200 °C for 30 min and cooled to room
temperature to form the isotropic wrinkles.

Surface topographies were characterized by AFM using a Bruker
Innova microscope, in tapping mode at 0.2 Hz, equipped with Al-coated
Si tips (MPP-11100-W, Bruker) and analyzed with the in-built Nanoscope
software. The mechanochromic phenomena were observed and recorded
on a Basler acA2040-90uc camera with a white light source (Advanced
Illumination) in a dark environment, which were then analyzed with
Image) software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract: We investigate the combined effects of surface diffraction and total internal reflection (TIR)
in the design of 3-dimensional materials exhibiting distinct structural colour on various facets. We
employ mechanical wrinkling to introduce surface diffraction gratings (from the nano to the micron
scales) on one face of an elastomeric rectangular parallelepiped-shaped slab and explore the roles,
in the perceived colours, of wrinkling pattern, wavelength, the directionality of incident light and
observation angles. We propose a simple model that satisfactorily accounts for all experimental
observations. Employing polydimethylsiloxane (PDMS), which readily swells in the presence of
various liquids and gases, we demonstrate that such multifaceted colours can respond to their
environment. By coupling a right angle triangular prism with a surface grating, we demonstrate
the straightforward fabrication of a so-called GRISM (GRating + prISM). Finally, using a range
of examples, we outline possibilities for a predictive material design using multi-axial wrinkling
patterns and more complex polyhedra.

Keywords: structural colour; multifaceted; diffraction; total internal reflection (TIR); polydimethyl-
siloxane (PDMS); wrinkling; plasma oxidation; multiaxial; polyhedra; GRISM

1. Introduction

Structural colour abounds in nature, in both the animal and plant kingdoms, emerging
from microscopically structured surfaces and bulk materials, able to cause visible light
interference [1-7], with or without the presence of chemical pigments. During the past two
decades or so, a range of bioinspired synthetic and processing strategies have been proposed
to engineer structural colour on surfaces and bulk materials. These include multilayer
film lamination [8,9], the assembly of photonic crystals [10,11] and metasurfaces [12,13],
whose colour can be static or respond to external stimuli [14-17]. Recently, novel structural
coloured films and microscale concave interfaces based on total internal reflection (TIR)
interference have also been reported, combining the effects of thin-film interference and
TIR [18-20]. A number of practical applications of such materials have been reported,
where structural colour sensors and devices based on responsive soft materials have been
fabricated [21-24].

Surface topography and, specifically, undulations caused by buckling or wrinkling, are
found in a range of flowers and insects [25-29], where these wrinkled surfaces, effectively
acting as diffraction gratings, can yield brilliant structural colours which depend on pattern
periodicity d and sufficiently large pattern amplitudes, and observation angle. Pattern
orientation, from uni-directional to isotropic (or random), can further restrict or modulate
the viewable angles of the perceived structural colour [30,31]. When white light impinges
onto a wrinkled surface, it can diffract in transmission or reflection, or both, and propagate
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further. While the combination of TIR and light diffraction has been reported in the charac-
terisation of fluids in microfluidic cells [32] and in the measurement of the refractive index
of liquids [33], to the best of our knowledge, their combination has not been exploited in
the design and fabrication of multi-faceted materials exhibiting structural colour. Natu-
rally occurring materials exhibiting structural colour generally often exhibit colour and
colour modulations across multiple viewing angles. By contrast, colour generated from
surface diffraction is directional, even in isotropic or multiaxial diffractive surfaces [30,31],
contrasting with the appearance of bulk photonic and anisotropic structures. We therefore
explore the feasibility of designing multi-faceted and modulated structural colour through
the combination of wrinkling and diffraction and TIR selection and propagation. We expect
that such multi-faceted structurally coloured materials can approximate more closely ‘bulk’
structural colours found in nature [34].

Visible light diffraction through reflection can lead to the emergence of structural
colour from patterned surfaces, of appropriate periodicity and amplitude, which varies
with observation angle, as illustrated in Figure 1. Evidently, the surface can also act as a
transmission grating where the light diffracts into the sample. If the material properties
support TIR, we envisage that structural colour can be indirectly observed at the facet
(or facets) of the material, which we term here “facet TIR colour” (Figure 1a). However,
light diffraction will generate a distribution of wavelengths at different angles, and several
diffractions of varying intensities; therefore, such colour may differ from the original
diffraction spectrum owing to TIR propagation rules. With structural colour observable
from two (or more) different viewing perspectives for such a material, we introduce the
different nomenclatures for the observation angles with respect to the surface normal,
one associated with the surface, 6pg, and the other with the facet, 6,4¢.. The offset angle
when viewing the surface with respect to 6p¢ is termed 6,5/, which depends on the length
of unwrinkled material Lygq, (Figure 1b). Figure 1c depicts the cross-sectional profile of
light diffracting into the medium, and propagating through the medium, by total internal
reflection, toward a facet (Figure 1c). Ray tracing for two wavelengths, 450 and 730 nm,
is shown, to illustrate the colour and diffraction order selection, indicating that different
colours to those diffracted by the surface pattern may be expected at the material facets.
Figure 1d demonstrates the TIR of monochromatic light (A = 533 nm laser) within a slab
of PDMS.

Soft materials, such as elastomers, are advantageous in the fabrication of stiff-soft
bilayers and wrinkled surfaces, and mechanical strain can readily tune the surface periodic-
ity and amplitude. Typically, bilayers are fabricated through the deposition or lamination
of a thin and stiff film on a soft substrate such as polydimethylsiloxane (PDMS). Mis-
matches between the mechanical properties of two films, provided they adhere strongly
together (to minimize delamination, cracking, etc.), result in surface buckling under strain,
which can be induced commonly through mechanical deformation, through thermal expan-
sion/contraction, volume changes, etc. Plasma oxidation of PDMS provides a convenient
route to generating a glassy (SiOx) thin film atop the PDMS surface [35], inducing a mis-
match in elastic moduli between the thin skin and the bulk. Further, it enables the precise
control of film thickness growth [36-40], and the fabrication of wrinkled surfaces with
varying periodicity (d) and amplitude (A), that can range from the nm scale to several
100s um. Permanent wrinkles can be formed when the plasma exposure is carried out with
the PDMS coupon under pre-strained conditions, while transient wrinkles can be excited
on otherwise planar surfaces upon the application of strain on a bilayer fabricated at rest.
Transparent elastomers, such as PDMS, are well suited for optical devices, and the design
and fabrication of PDMS sinusoidal phase gratings, with tunable periodicity and amplitude,
via plasma-oxidation, has been previously demonstrated, resulting in structural colour and
mechanochromic response [17,31,41-44] for a judicious choice of system parameters (skin
thickness, mechanical moduli, strain, etc.).
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Figure 1. (a) Schematic of light diffraction from a 1D wrinkled surface, with normal incident light,
and total internal reflection (TIR) leading to light propagation onto the sample facet. (b) Experimental
geometry, defining different observation angles 6p¢, defined from the normal of the diffraction
grating; Gedge, defined from the normal of the sample edge, or facet; fp¢/, defined for the “edge
observer” from the normal of the diffraction grating when 6,45, = p. The lines from the facet
(orange and blue) correspond to a (fixed) sample-observer distance of ¢. (c) Cross-sectional schematic
of TIR propagation, illustrated for two incident wavelengths (A = 450 and 730 nm) and surface
periodicity d = 700 nm: for the shorter A, the 1st diffraction order is below the critical angle on the
sample’s bottom surface and is thus refracted out of the sample, while the 2nd order propagates by
TIR and exits at the sample edge; the 1st diffraction order of the longer A undergoes TIR thus also
contributes to the edge colour. (d) Visualisation of TIR within a 5 mm thick PDMS coupon, with a
monochromatic beam (laser A = 533 nm) at a high incident angle.

Building upon previous work on reflective diffraction gratings fabricated by surface
wrinkling, we consider the possible roles of light transmission/refraction, in the design of
materials exhibiting structural colour on various facets. Specifically, we seek to establish
and model the conditions and limits for total internal reflection (TIR), wavelength and
diffraction order selection, the roles played by the geometry of the surface grating, as well
as overall polyhedral shape and environmental conditions, on the resulting colour.

2. Results and Discussion
2.1. Structural Colour of Wrinkled Surfaces through Surface Diffraction

We have fabricated a range of one-dimensional (1D) wrinkled structures by applying
uni-axial mechanical strain (e = 0.5) on PDMS coupons, subsequently exposed to oxygen
plasma at varying power (20-60 W). Upon relaxation of strain, the bilayer yields a sinusoidal
profile, at sufficiently low deformations (Figure 2a). Wrinkles of different periodicities are
readily obtained from the variation in plasma power (at constant exposure time), as shown
by the atomic force microscopy (AFM) profiles in Figure 2b. The associated periodicity d
and amplitude A can be expressed as [45,46],

L 2nh(1§f/(3125))1 o
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where 1 is the converted film thickness, E 7 and E; are the in-plane strain moduli of the film

and substrate, respectively, given by E = E/(1 — v?), where E is Young’s modulus and v
the Poisson ratio (~0.5 for PDMS); & = 5¢(1 + €) /32, accounting for the nonlinearity of
the stress—strain relationship of the substrate in the finite deformation regime (i.e., non-
Hookean response). Here, we refer to the surface periodicity as d, instead of the customary
surface wavelength A, to avoid confusion with the wavelength of light. In order to trigger
the mechanical instability, a certain “critical” strain €, must be exceeded:
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Figure 2. (a) Schematic of the fabrication of a 1D wrinkled sample: a PDMS elastomer coupon
is mechanically strained and then exposed to oxygen plasma. Upon strain relaxation, a wrinkled
surface remains (at rest conditions). (b) AFM scans of samples fabricated at different plasma powers
(P =20 W to 60 W) and fixed exposure time T = 30 s, and pre-strain € = 0.5; the scale bar corresponds
to 2 um. (c¢) Wrinkling periodicity (d) and amplitude (A) measured for the samples above; the shaded
area corresponds to an induction stage for glassy skin and wrinkling onset. (d) Structural colour map
computed for incident white light at 6; = 0, surface periodicity 300 < d < 1200 nm, and observation
angle 0 < Opg < 90°, considering the first two diffraction orders (adapted from Ref. [31]). Atlower d
(<380 nm), UV can take place.

The experimentally measured logarithmic dependence of periodicity and amplitude
with plasma exposure power (20 to 60 W), at a fixed exposure time T = 30 s, is shown in
Figure 2c. This dependence is attributed to the mechanisms and kinetics of the frontal
growth and propagation of the glassy skin layer [37,38]. With this range of conditions,
wrinkle periodicities from 700 nm to 1150 nm can be readily obtained.
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In previous literature, we [31] and others [42-44] have demonstrated that wrinkling
by plasma oxidation of PDMS provides an effective means of fabricating surfaces with
structural colour, via the light diffraction on the surface grating. Control of colour bright-
ness, hue, and viewable-angle mechanochromism were demonstrated. The approach is
attractive due to the versatility of the fabrication method, where the wrinkling profile (d,
A) can be tuned via plasma exposure conditions (defining & and moduli) and/or applied
strain. The behaviour of the diffraction gratings can be described by the general form of
the diffraction equation,

mA = d(sind; + sinfpg) 4)

where integer m is the diffraction order of light of wavelength A. From Equation (4), we
compute the wavelength of light diffracted by wrinkles of varying periodicities across a
range of detection angles, from 0° to 90°. Figure 1d shows the expected light diffraction
at each 0p¢ for wrinkled surfaces with periodicities up to d = 1200 nm, when the incident
light is normal to the surface (6; = 0°). When the periodicity of the wrinkles is shorter than
that of the wavelength of visible light, no colour will be observed at the surface. At this
range of d, discrete structural colours can be observed since the grating diffracts with no
colour mixing of different orders involved.

2.2. Total Internal Reflection (TIR) and Selection of Facet Colour

Similarly to surface structural colour derived from the diffraction of light in reflec-
tion from a wrinkled surface, the observation of facet TIR colour is also expected to be
angle-dependent. Light diffracted in transmission can be further propagated via TIR, under
specific conditions, resulting in structural colour (indirectly) appearing on the facets of
transparent materials. Figure 3a shows a series of optical images, taken at varying obser-
vation angles, of a sample with surface grating periodicity d = 700 nm (fabricated with
plasma conditions P =20 W, T = 30 s, € = 0.5), that exhibits a range of structural colours.
For clarity, the sample was placed on a mirror that acts as a reflective substrate and was
observed at 6,4, at 10° intervals of observation angle, from 20 to 60°. Concurrently, the
surface structural colour can also be viewed, but with an offset angle of 6/ ranging from
30 to 65° when I = 10 cm and Lg, = 2 cm. The white line on the optical images indicates
the boundaries between facet colour and the mirror reflection. Figure 3b shows a schematic
of the sample set-up, including the role of the “TIR (mirror)” where refracted rays from
the facet impinging onto the mirror result in an additional colour perceived (which can be
different from the facet colour).

As 0,4q, increases, the facet colour transitions from purple/red to dark blue while the
surface colour is red-shifted from blue to orange. Transmission measurements were taken
with respect to both facet and surface. The associated spectroscopy measurements at the
facet are shown in Figure 3, indicating that the reflectance peak shifts from the red region
(=730 nm) to the blue region (~450-480 nm). For surface structural colour, 2 different
sets of spectroscopy measurements are represented: Figure 3d shows the spectra when
the measurements are taken with respect to 6pg, where 6pg = 0,44, while Figure 3e show
measurements taken at 6pg/, where the angle is offset with respect to 6,4, (relationship
shown in inset). The transmission spectra are recorded and then normalised for background
and incident light intensities (Figure S1). Both spectra show that, as the observation angle
increases, the measured spectra are red-shifted as the peak shifts from the blue region at
A & 450 nm to A ~ 650 nm.
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Figure 3. (a) Optical image of the structural colour of a 1D surface wrinkled sample with d = 700 nm
(P=20W, T =30s, € =0.5): reflective diffraction (top) and TIR (facet) lead to distinct colours
at fixed observation angles. (b) Experimental setup depicting the sample support on a mirror
(reflecting also the downward refracted light) the dashed line in (a) demarcates the lower sample edge.
(c) Spectroscopic measurements of (TIR) structural colour at the facet at varying 0,4,,. (d) Spectra of
reflected diffracted light, measured as a function of fp¢, and (e) Op¢, the offset in observation angle
when 6,4, = 0pg, defined in Figure 1, and related to 6,4, are shown in the inset.

A Minimal Model for Facet Colour: TIR and Incident Light Dispersion

The resulting structural colour at the facet can be modelled using the principles of
TIR within a medium. The angular dispersion of the incident white light from a flood-
illuminating source is also included in the model, to reflect practically-relevant conditions.
We first describe the behaviour of a sample with a surface diffraction grating of periodicity
d =700 nm, depicted in Figure 3. Figure 4a is a schematic diagram showing three selected
wavelengths, A = 450, 480 and 730 nm, of light incident on the diffracting surface of the
sample. These wavelengths were chosen due to their peak positions in the transmission
measurements. We first consider that the rays are incident on the grating where 6; = 0°.
Within the medium, the general diffraction equation can be modified for a transmission
diffraction grating to take into account the respective refractive index (1 in air, 11 in PDMS):

mA = d(ngsinb; + nysinb,) (5)

where 0, denotes the angle at which light is diffracted into the sample. A = 450 nm diffracts
at 27.1° (1st order) and 65.8° (2nd order), A = 480 nm at 29.1° (1st order) and 76.6° (2nd
order), and A = 730 nm at 45.17° (1st order). When the angle of light in the medium (with
respect to the normal) exceeds the critical angle, the light undergoes total internal reflection.
The critical angle within PDMS, taking into account the refractive index of air (19 = 1) and
of PDMS (n7 =~ 1.41) is estimated to be

0 = arcsin(%) =45.17° (6)
1

As the 1st order of 450 nm and 480 nm wavelengths does not exceed the critical angle,

the ray of light refracts out of the sample without being reflected internally when reaching

the boundary of the sample. On the other hand, as the angle of diffraction for the 2nd

order of A =450 nm and 480 nm and 1st order of 730 nm exceeds that of the critical angle
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for the system, these undergo TIR and propagate through the sample before exiting at the
edge we term the “facet” with an angle of 8,,, with respect to the (horizontal) facet normal,
where 6, = 90° — 6. From there, we can calculate 64, from Equation (7), which is the
complementary angle to that of the ray refracted at the facet:

Bedge = 90° — arcsin (11 x sin6,/) (7)
)
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Figure 4. (a) Schematic diagram representing the modelling calculations, for a given coupon di-
mensions (height &, length Lpg + Legg,) and periodicity d, each individual wavelength is ray-traced,
diffraction orders that do not meet TIR conditions are excluded, and the refracted colours at the edge
computed as a function of 0,4.. (b) Schematic depicting the distribution of incident angles 6; onto
a point in the sample and illustrative of angular dispersion, described by a Gaussian profile with a
half-width at half-maximum (HWHM) of 10°. (c) Computed relation between (644.) and A at fixed 6;
for the 1st and 2nd diffraction orders. Representative fixed 6,4, angles are shown by the horizontal
lines. (d) Predicted spectra for the edge colour, assuming the Gaussian distribution shown in (b), and
accounting for the light source A distribution (Figure S1). At this d, the edge colour is expected to
change from red-dominant to blue-dominant upon increasing 6,g,, in agreement with Figures 3a,c.

Refracted rays at the facet can either exit towards the mirror (below the sample) or
the observer. Due to the size of the incident beam spot, light is incident across the entirety
of the grating. As a result, it is insufficient to consider the pathway of only a singular ray
incident on the grating, but it is also important to consider incidence at different points
along the wrinkles (transparent lines). By considering this, it offers a better understanding
of the colours emerging at the facet, thereby leaving the sample at an angle of 6,, with
respect to the facet’s normal, and refracting towards the observer/ mirror with 6,c,. This
effect is also affected by the geometry of the sample, by changing the optical path of the
rays travelling in the medium (Figure S2).

In order to describe the experimental observations, we also consider the intrinsic
divergence of most incident light sources and account for the distribution of angles of
incidence (variable 6;) on the surface grating. We model our results using a Gaussian
distribution of 8;, ranging from —20° to 20° (Figure 4b). Combining Equations (5)-(7), we
compute the wavelength of light A observable at 6,4, accounting for an incident angle 6;
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distribution (Figure 4c). When d = 700 nm, light diffracts up to two diffraction orders within
the medium, where the observation of higher wavelengths arises due to the contribution of
the 1st order, while the lower wavelengths are due to the 2nd order. Graphically, for each
fixed 0,44, the intersection with the 6; dispersion curves yields a series of A values. In other
words, imposing 0,4e.(6;, A) = fixed value (e.g., 20° leads to a A(6;) series. The intensity
T(A) of each (A, 8;) pair (sampled every 2.5°) is then assigned the corresponding Gaussian
pre-factor attributed in Figure 4b, namely g(6;) = exp(6?/(20?))/(v/2n0) (with ¢ ~ 10,
to match experimental observation). This results in the spectra shown in panel (d); the
expression is discretised with 17 terms and normalised to 1. Taking .44, = 20° for example,
A =730 nm is expected to be observed when 8; = 0° (Figure 4c). As our model assumes
this incident angle experiences a maximum, Figure 4d indicates this was associated with
maximum intensity at 730 nm. Similarly, there is a minimum at A ~ 480 nm due to the
smallest weighting when 6; = £ 20°. Below 480 nm, the contributions of wavelengths are
due to the diffraction of the 2nd order, while above this, it is contributed by the 1st order.
From this model, we observe that when 6,, is 20° and 30°, the measured spectrum shows
that the colour observed is red in appearance while for 40-60°, it is blue in appearance. This
is in line with the experimental results, where we observe that there is a greater contribution
in red at the facet at smaller 6,4, while at 40-60° the facet has a more discernible blue hue
to it. The profile of the modelled spectrum agrees with the experimental results in Figure 3c.
The spectral signature of the incident white light source does not emit below 400 nm, and
therefore, the model does not yield results below 400 nm. The measured intensities are also
dependent on the geometry of the sample which affects the distance over which each ray
travels; accordingly, longer ray paths lead to lower intensities recorded for their observed
wavelengths (Figure S3).

From the modelling of the structural colour, we establish that the colour observed
is only dependent on the periodicity of the wrinkles and the observation angle (which
themselves are affected by the incidence angle on the grating surface). We can take ad-
vantage of the tunability of plasma oxidation of PDMS to fabricate a range of structural
colour designs that would achieve multifaceted structural colours. By increasing plasma
oxidation power from 20 to 60 W in 10 W increments, we design wrinkles with periodicities
ranging from 700 to 1150 nm. Viewing each sample at different 6,¢, angles, 20°, 40° and
60°, a gamut of colours is observed. The surface structural colour can be predicted based
on previous work (Figure 2d) [31,47]. A similar colour map can also be used to design and
predict the observed facet colour at 6,4, with d. This map was constructed from d = 300 to
1200 nm, which includes up to three diffraction orders, with the assumption that 6; = 0° and
only taking into account the dominant colour with no colour mixing from contributions
of different orders, and is shown in Figure 5b. Beyond 1.2 um, we reach the limits in the
observation of the facet colour, as the sample generates increasing numbers of diffraction
orders mixing additively together (Figure S4). Overall, the model shows good agreement
with the experimental results. Transmission spectra were also taken for each sample at the
different angles, quantitatively showing that the structural colour is red-shifted, or shifted
into higher orders, as the periodicity and 6,4, increases.

2.3. Colour Changes Induced by Environmental Conditions

Structural colour can reflect environmental conditions that affect the surface grating
nanostructure. Environmental factors can include the presence of solvents in a liquid or
gas atmosphere, or a medium with different refractive indices. When PDMS is exposed
to a range of solvents, it can swell and deform significantly. Wrinkled samples (P =30 W,
T = 30 s) were soaked in different solvents, ethyl acetate, toluene, and chloroform for 10 min
each. These solvents were chosen for their different swelling ratios: 1.18, 1.31, and 1.39,
respectively [48]. Prior to optical and AFM imaging, solvent-soaked PDMS coupons were
carefully pad-dried with absorbent tissue paper to remove excess solvent, and allowed
to air-dry for 2 min. Care was taken not to over-dry the sample and reverse swelling
(as demonstrated with toluene and chloroform, for instance) [48-50]. The solvent-soaked
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samples can be seen in the optical images in Figure 6a, viewed at increasing 6,4, at 20, 40
and 60°. When the samples are exposed to solvents with increasing swelling ratios, the
facet colours appear to be disproportionately affected, decreasing in intensity. From the
AFM scans of the solvent-exposed samples in Figure 6b, we observe that the wrinkling
amplitude decreases from its original to a greater extent with solvents of higher swelling
ratios (from A ~ 175 nm with no solvent to 12 nm with chloroform) while experiencing
a marginal increase in periodicity (d = 830 nm to ~ 900 nm). The marginal increase in
periodicity results in a negligible change in structural colour on the surface, however, the
decrease in amplitude causes a decrease in measured transmission intensity, shown in
Figure 6¢. Due to the reversibility of the swelling process [51], such systems have potential
uses in sensor technology.
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Figure 5. Effect of surface periodicity d on top (reflective diffraction) and facet (TIR) structural colour.
(a) Optical images of illustrative samples of varying d (from 700 to 1150 nm) prepared through
varying oxygen plasma power exposure (P = 20-60 W, =30 s, € = 0.5), acquired at 0,44, = 20, 40
and 60°. (b) Computed colour map for TIR facet colour, as a function of d and 64,, for the first
three diffraction orders. The star markers indicate conditions investigated experimentally in (a),
showing qualitative agreement (see text). (c) Measured spectra of TIR facet colour, corresponding to
the samples shown in (a) at the reference 0,44, = 20°, 40° and 60°. As P increases, the observed colour
is red-shifted and/or transitions into a higher diffraction order at a lower wavelength.

Specimen geometry can be exploited to further expand the variation of multifaceted
structural colours. To date, results for 1D samples prepared using a rectangular slab were
presented, resulting in facet colour to be observed in the same direction as that from the
wrinkled surface. From such samples, the edges can be subsequently cut at different angles,
to examine the impact of geometry. Cutting is carried out only after the fabrication of
wrinkles to prevent any inhomogeneities in strain application. A schematic of the side
and top view shows the expected direction travel of light rays while exiting a sample as
shown in Figure 7a. In a rectangular sample, we only need to consider the side view to
determine the pathway of ray travel. As previously shown, we can determine the .4,
for observed wavelengths, and the facet colours are observed in the same direction as
the surface. However, in a cut sample, we also have to consider another dimension for
light refraction, where the direction of observation of facet colour is offset from that of the
surface colour.
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Figure 6. Top and facet structural colour change upon solvent-induced swelling. (a) Optical images
of illuminated wrinkled samples with d = 830 nm (P =30 W, T = 30 s, € = 0.5) after immersion in
ethyl acetate, toluene and chloroform (in increasing order of swelling) for 10 min, at 44, = 20, 40
and 60°. (b) AFM line scans showing the decrease in amplitude A, and marginal increase in d upon
immersion, and air drying by excess solvent removal (see text). (c) Measured spectra of the TIR facet
colour after soaking in ethyl acetate (dash), toluene (dash—dot), chloroform (solid), at observation
angles 0,44, = 20° (blue), 40° (green), 60° (yellow). The reference dry images and spectra are shown
in Figure 5a (second column) and Figure 5c.

To demonstrate this effect, Figure 7a shows two samples with “diamond” cuts at
the edges, the top row sample prepared at P = 20 W, T = 30 s, € = 0.7 with periodicity
d = 620 nm, while the bottom at P =20 W, T = 30 s, € = 0.5 with d = 700 nm. The sample with
periodicity d = 620 nm was observed with increasing Beqqe at an angle ¢ = 40° offset, where ¢
is defined as the angle about the sample’s horizontal axis (Figure 1a), causing the wrinkling
direction to be non-perpendicular to the observer. Since uniaxial wrinkled surfaces act as
1D phase gratings [52], these diffract light solely in the direction perpendicular to that of
the orientation of the wrinkles. As a result, structural colour is only observable along that
direction, and within a narrow off-specular range (of approximately A¢=+ 5-10°, associated
with wrinkling disorder and finite illuminated spot size). Structural colour is otherwise not
observable away from this diffraction plane, as illustrated in Figure 7a where only edge
colour, due to facet TIR, is visible. As with the other samples, the colour of the facet can
be seen to change with increasing 0,4,,, Where it transitions from yellow to red. In the 2nd
sample, where d = 700 nm, the sample was observed at a fixed 8,44, = 50°, and rotated about
¢. We observe that the surface colour yellow can be effectively ‘switched on or off” along
with the facet colours. By exploiting different directions of cuts in the samples, we can
manipulate different variations and combinations in the multi-faceted structural colours of
these samples.
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Figure 7. (a) Effect of polyhedron shape, illustrated with a diamond cut and relative orientation of
the 1D wrinkled surface. The top row d = 620 nm (P =20 W, T =30 s, € = 0.7) depicts increasing 4.,
and the row below (d = 700 nm, P =20 W, T = 30 s, € = 0.5) to varying rotation angle ¢; the ray tracing
diagrams schematically show the observations described and discussed in the text. (b) Experimental
realisation of the coupling of a grating (on a facet) and a prism, termed “grism”, whose setup is
illustrated in the sketch. Optical images obtained for PDMS (top) and glass (bottom) prisms, obtained
with d =980 nm (P =40 W, T =30s, € = 0.5). Colour dispersion can be finely tuned by these two optical
elements. (c) AFM scans of 2-dimensional (or biaxial) “sand ripple” wrinkled surfaces, fabricated by
two equal mechanical wrinkling steps with e = 0.2, P =50 W, 7 = 30 s, at an angle of ¢ = 30° between
the two generations; (d) 2D pattern generated with 1st generation €; = 0.5, P =50 W, T = 30 s, and
2nd generation €; = 0.2, P =20 W, T = 30 s, with ¢ = 70° between generations.

Incorporating surface grating with a prism, we demonstrated the fabrication of
GRISMs (Figure S5). In this context, a GRISM is a compound optical element that sig-
nificantly reduces the influence of light dispersion from the individual elements. A prism
deflects violet light more than red, while a diffraction grating deflects red more than violet.
By combining the two, light can be separated into its components while offsetting the beam
deviations resulting from each element. In a simple realisation of a GRISM, we placed
model prisms made of either PDMS (n = 1.41) or glass (1 = 1.52) on top of a wrinkled PDMS
sample (P =40 W, d = 980 nm) to create GRISMs (PDMS, and Glass:PDMS) as shown in the
schematic in Figure 7b. The samples were placed such that the wrinkled surface was in
contact with the prism. Employing white light, the GRISMs were viewed at increasing 6,
from 15° to 40°. 6, is taken from the normal of the base of the GRISM, directly under the
centre of the incident light.

GRISMs show a “dual” image of the wrinkled surface exhibiting different colours.
When white light is shone vertically, it illuminates the prism surface at an angle of 45°,
and then refracts into the medium, thus impinging on the grating at an angle, before
diffracting back into the medium. The grating diffracts positive and negative diffraction
orders, denoted in the schematic as + and —. The rays from the positive orders are then
incident on the top face of the GRISM and are refracted out, while those from the negative
orders will first hit the side face of the grism. If the angle of the rays incident on the side face
exceeds the critical angle, it undergoes TIR before exiting from the top. The combination
of the two diffraction orders produces dual-coloured appearances, shown in the optical
images. From an observer’s perspective in an optical image, the top colour is produced by
the negative diffraction order while the bottom is from the positive order. As 6, increases,
we observe a gamut of different colours, which can also be manipulated by changing the
material composition of the prism. Figure 7b shows that by changing the refractive index
of the medium (PDMS to glass), we are able to obtain distinct colours in the GRISMs.
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Finally, building on our previous work, we explore the manipulation of structural
colour in two-dimensional (2D) samples further [31,53,54]. 2D samples can either be
fabricated in a sequential or simultaneous wrinkling step. Here, the 2D samples are
fabricated through the superposition of wrinkles in a sequential step (details described in
the Methods section). By manipulating the conditions in the first and second steps, we
achieve different intensities and/or colours depending on the orientation of the sample.
Figure 7c illustrates a specimen fabricated with two equal mechanical wrinkling steps with
€=02,P=50W, T=30s, at an angle of ¢ = 30° between the 2 wrinkling generations. The
resulting structure shows a ‘sand ripple” pattern, producing a diffraction grating where two
sets of diffraction orders can be observed. In the light scattering image, the 1st generation
diffraction appears at ¢ = 30° from the horizontal with an associated wrinkle wavelength
of di, while the 2nd generation diffraction pattern is along the horizontal (x) axis with
dy. As the conditions of the two generations are equal, d; = d; and the structural colour
observed by the two generations at a given 6,4, are similar. However, in the superposition
of wrinkles, the 2nd generation suppresses the 1st generation’s amplitude, causing the
intensity of the 2nd generation to be greater than that of the 1st generation.

As the angle between the generations, ¢ increases, the 2nd generation dominates. This
is the result of the relationship between the formation of the surface topography and its
principal coordinates x and y. When the second generation has a larger strain component
in the y direction compared to the x direction, it suppresses the amplitude in the first
generation to a greater extent. Figure 7d shows a 2D sample fabricated under two different
conditions: 1st generation €; = 0.5, P =50 W, T = 30 s, and 2nd generation €, =0.2, P=20 W,
T =30 s, with ¢ = 70° between generations. In order to observe any structural colour in the
1st generation at high ¢, a large mismatch in strain and plasma conditions is required to
compensate for the decrease in amplitude in the 1st generation. This mismatch in conditions
results in different colours being observed in the generations, with a low-intensity red hue
in the 1st generation, and a bright blue observed in the 2nd generation.

3. Materials and Methods

PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) coupons were prepared by
casting a mixture of prepolymer and curing agent with a mass ratio of 10:1. The liquid
mixture was stirred vigorously, degassed under vacuum, deposited onto a glass plate and
cured at 75 °C in a convection oven for 1 h to crosslink into a PDMS elastomer slab with
the required thickness (ranging from 2.0 to 3.0 mm). The coupons of 1.5 cm in width and
varying lengths (4-8 cm) were then cut with a blade.

In order to create a bilayer with a glassy skin, surface plasma oxidation of the PDMS
coupon samples was performed with a 40 kHz Diener Plasma (Femto, Diener Electronic,
Ebhausen, Germany), fitted with a pressure sensor (TM 101, Thermovac, Leybold GmbH,
Cologne , Germany) and connected to oxygen (BOC, 99.5%). Samples were treated under
plasma at 10 W intervals from P = 20 to 60 W, with exposure time kept constant at T = 30 s.
The chambers were evacuated to a pressure of 0.1 mbar, before introducing oxygen for
5 min until the pressure reached 0.2 mbar and stabilised. The plasma was then ignited, at
the required power and exposure time.

One-dimensional (1D), regular, sinusoidal patterns were fabricated by imposing uni-
axial strain on a PDMS coupon (typically 2.5 cm long x 1.5 cm wide) using a strain stage.
The strain clamps were placed 1 cm apart onto the PDMS coupon, and the samples were
stretched to a prestrain of 0.5, before undergoing plasma oxidation, and subsequently
released from strain, yielding a sinusoidal diffraction grating (1 cm long) of prescribed
wavelength and amplitude. The prestrain is calculated with respect to the initial (L) and
final distance (L) between the clamps, ¢ = @

Two dimensional (2D) surfaces were fabricated by a wave superposition method, re-
ported previously [36,53,54]. In short, an initial 1D sample is fabricated and then replicated
onto fresh PDMS. The “replica” is generated by first coating the “master” with octade-
cyl trichlorosilane (OTS) (Acros Organics, 95%) from the vapour phase, and then casting
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liquid PDMS, which is then crosslinked at 75 °C for 1 h and peeled off from the master.
This process offers excellent replication fidelity. The replica is then tilted so that the 1D
pattern is oriented along the desired ¢ angle and cropped in a rectangular shape, to avoid
inhomogeneities during the secondary strain application (€2) and plasma oxidation step
(with independently variable parameters of ¢, P and 7). Once the strain is released a 2D
secondary pattern is formed.

The surface topographies were characterised by atomic force microscopy (AFM) using
a Bruker Innova microscope, in tapping mode at 0.2 Hz, equipped with Al-coated Si tips
(MPP-11100-W, Bruker, Billerica, MA, USA) and analysed with the in-built Nanoscope soft-
ware. Structural colour spectra were recorded using BLACK-Comet UV-VIS Spectrometer
(StellarNet Inc, Tampa, FL, USA) with F600-VIS-NIR fiber optic cable with a white light
source (Advanced Illumination, Rochester, VT, USA) in a dark environment. Optical photos
were taken with a digital camera.

4. Conclusions

In this paper, we demonstrate the design and fabrication of multi-faceted structural
colour on a transparent elastomeric material (PDMS), by patterning surface diffraction
grating via oxygen plasma oxidation and exploiting TIR. Tunable wrinkles on the surface
yield striking structural color by acting as reflective diffraction gratings, whose response
we model and validate experimentally. The main novelty of our paper is the exploration of
TIR as a means to generate structural colour on the other facets of a 3D material, emulating
a range of naturally-occurring materials. TIR selects a limited subset of diffracted colours
which are propagated, while the rest are refracted. The “side” (facet) colour can thus differ
from the surface-diffracted colour and can be controlled by well-defined design rules which
we establish and describe in this work. The design and selection of sample geometry can
pave the way for an extensive library of designs, with “gem cut-like” characteristics. Macro-
scopically shaped objects (such as cuboids, triangles, etc.) thus affect light propagation and
colour appearance, and we generate a so-called GRISM for the illustration of an optical
device. An elastomer colour sensor is also demonstrated since elastomeric materials are
sensitive to some gaseous or liquid medium changes. The design parameter space for
inducing “multifaceted” colour by coupling diffraction and TIR is very large and promising.
Our findings are expected to be relevant to a wide range of applications, including displays,
packaging, and sensors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28041710/s1, Figure S1. Light source spectrum and PDMS
optical attenuation; Figure S2. Effect of sample geometry (thickness); Figure S3. Effect of sample
geometry (length); Figure S4. Limits of facet TIR; Figure S5. Fabrication of an illustrative GRISM.
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